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Simple Summary: Cancer stem cells (CSCs) play a crucial role in tumor development, metastasis,
therapy resistance, and relapse due to their self-renewal and proliferative potential. In this review, we
summarized the application of gold nanoparticle (AuNPs) bioconjugates in enhancing the efficiency
of photodynamic therapy (PDT) in cancer and CSCs. We also highlighted the challenges facing the
translation of AuNPs application in clinical settings.

Abstract: Cancer stem cells (CSCs), also called tumor-initiating cells, are a subpopulation of cancer
cells believed to be the leading cause of cancer initiation, growth, metastasis, and recurrence. Presently
there are no effective treatments targeted at eliminating CSCs. Hence, an urgent need to develop
measures to target CSCs to eliminate potential recurrence and metastasis associated with CSCs.
Cancer stem cells have inherent and unique features that differ from other cancer cells, which they
leverage to resist conventional therapies. Targeting such features with photodynamic therapy (PDT)
could be a promising treatment for drug-resistant cancer stem cells. Photodynamic therapy is a
light-mediated non-invasive treatment modality. However, PDT alone is unable to eliminate cancer
stem cells effectively, hence the need for a targeted approach. Gold nanoparticle bioconjugates with
PDT could be a potential approach for targeted photodynamic therapy of cancer and CSCs. This
approach has the potential for enhanced drug delivery, selective and specific attachment to target
tumor cells/CSCs, as well as the ability to efficiently generate ROS. This review examines the impact
of a smart gold nanoparticle bioconjugate coupled with a photosensitizer (PS) in promoting targeted
PDT of cancer and CSC.

Keywords: gold nanoparticle; bioconjugate; drug-delivery system; photodynamic therapy; cancer
and cancer stem cells

1. Introduction

Cancer is a deadly malignancy that continues to be the leading cause of sickness
and death globally. Cancer accounted for about 9.9 million mortality and 19.2 million
new cases worldwide in 2020. It is projected that by 2040 the global cancer burden will
increase to about 29–37 million new cases of cancer. Some of the top leading types of
cancer with increased cancer-associated death are lung, colorectal, stomach, liver, breast,
esophageal, pancreas, and prostate [1]. Cancer emerges because of defects in the genes
regulating cellular homeostasis between cell proliferation and cell death. These defects
in the regulatory genes result in an imbalance in the cell cycle and apoptosis, leading to
excessive cell growth, the collapse of cellular tissue function, tumor invasion of neighboring
cells, and consequently metastasis and disease progression. Cancer cells have the potential
not to undergo apoptosis and are characterized by aggressive cell proliferation compared
to non-cancerous cells [2].

In recent years, much success has been achieved in cancer treatment. The primary
treatment modalities for cancer treatments are surgery, chemotherapy, and radiotherapy [3].
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The treatment of choice depends on the tumor type, location, histological type, size, stage,
and the presence and level of metastasis. In invasive carcinoma, neoadjuvant chemoradia-
tion therapy (nCRT) and then surgery is the treatment options [4–6]. However, the response
rate is very poor, with over 50% of tumor with partial response and 20% with no response
completely. No doubt, current conventional treatments for cancer have reduced the burden
of cancer to some degree; however, treatment failure and disease progression are still huge
concerns and main challenges to be tackled.

Emerging reports propose that the failure of conventional therapy such as surgery,
chemotherapy, and radiotherapy to eliminate cancer is collectively due to treatment re-
sistance and progression of metastasis. Cancer metastasis and treatment resistance work
hand in hand to invade their surrounding tissues and, upon establishing evasion, continue
to metastasize and migrate to other tissues [7]. As a result, a subpopulation of cancer
called cancer stem cells CSCs can escape therapeutic pressure and establish metastatic
invasion by coordinating several factors such as signaling pathways, DNA/damage repair
programs, anti-apoptotic potential, and metabolic modification. These factors have been
shown to promote stemness, metastasis, drug resistance, recurrence, and poor progno-
sis [7,8]. Therefore, identifying and targeting these common factors that facilitate metastasis
and therapeutic resistance should offer a promising approach to eradicating tumor and
enhancing anticancer treatment.

2. Cancer Stem Cells

Cancer stem cells (CSCs) are a small subset of cells implicated in cancer develop-
ment, growth, spread, treatment resistance, and relapse. Cancer stem cells arise from the
dysregulation of normal tissue stem cells during differentiation. Under chemotherapy
pressures, differentiated cancer cells encounter cell death, while CSCs are resistant to treat-
ment pressure, preventing apoptosis. These residual CSCs can re-establish their presence,
leading to clinical cancer relapse [9,10]. Genetic alterations and epigenetic modification
in normal stem cells often lead to cancer and are promoted by their self-renewal capabil-
ity [8,11]. Cancer stem cells are recognized and characterized by the following features,
uncontrollable proliferation, self-renewal, massive differentiation, immune evasion, and
treatment resistance. Cancer stem cells have been implicated in various cancers following
treatment failure [12–16].

Cancer stem cells are characterized by the incredible ability to develop into any cells
present in the body, high resistance to treatments and the potential to form new tumor
in appropriate animal hosts. The CSCs consist of two phenotypes, the proliferative and
quiescent/dormant states, as demonstrated by their capability to undergo differentiation
and de-differentiation. The CSCs with proliferative phenotypes differentiate from normal
cancer cells, which form the bulk of the tumor tissue mass and are more responsive to
treatment. While the quiescent phenotype CSCs have de-differentiation potentials and are
thought to be the driver of drug resistance, metastasis, and relapse [17,18]. Therefore, it is
crucial to have in-depth knowledge and understanding of the origin and attributes of CSCs
to tackle the challenge of drug resistance, relapse, and metastasis.

2.1. Origin and Theory of Cancer Stem Cells

In 1994 Lapidot and coworkers first identified a subpopulation of CD34+CD38−-
CSCs in acute myeloid leukemia (AML). The expression of CD34 and CD38 were employed
as markers to identify premature cells in the normal bone marrow. The transplant of
CD34+CD38− subpopulation into severe combined immuno-deficient (SCID) mice de-
veloped more tumor growth than CD34+CD38+ or CD34− subpopulations [19]. In 1997,
Bonnet and Dick further confirmed the evidence of these subpopulations CSCs. They
discovered that these subpopulations of cells have distinct characteristics from the pri-
mary cancer cells but have the same properties as normal stem cells from which the term
CSCs was derived [20]. Subsequent reports have identified the presence of CSCs, with
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their unique features and cellular recognition, in various forms of solid tumors, including
esophagus [21,22], colon [23], melanoma [24], breast [25], prostate [26] and brain cancer [27].

The precise mechanism of the development of CSC development is quite not clear.
However, theoretical models have explained their presence in cancer tissue: The classical
or stochastic model proposes that any somatic cells have the inherent potential to develop
into CSCs caused by genetic or epigenetic alteration, as represented in Figure 1A [14,28].
The cancer stem cell or hierarchical model states that CSCs arise from adult stems or adult
progenitor cells through mutation or cell/tumor cell differentiation that acquires stem-like
features in de-differentiation. The initiating tumor cell regenerates during differentiation
forming both CSCs and normal tumor cells. The normal tumor cells form the cells in the
bulk tumor through cell division, as shown in Figure 1B [28,29]. The plasticity/stemness
phenotype model states that cancer cells are comprised of both CSCs and non-CSC phe-
notypes and can interconvert into each other due to their plasticity characteristics and
EMT. In addition, any single fittest and survival cancer cell can initiate a new tumor
Figure 1C [14,28,30].
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Figure 1. Proposed models of cancer stem cells (CSCs) origin in the emergence of cancer. The
development of cancer may originate from somatic cell de-differentiation/mutation, which can self-
renew (A). CSC may arise from a normal stem cell, a normal progenitor cell, or a normal differentiated
cell by mutation/de-differentiation, which turn-on the self-renewal ability (B). In addition, tumor
cells can develop into CSCs through the EMT (C).

2.2. Biomarkers of Cancer Stem Cell and Isolation

Prompt diagnosis is very crucial for efficient treatment and monitoring of cancer.
During cancer development, the cellular components undergo different alterations. These
alterations can help in tumor detection, tracking tumor growth and prognosis. Cancer
stem cells have unique molecules within or outside the cell known as markers and are
employed for their characterization and isolation. Various markers have been recognized
in identifying CSCs, as depicted in Table 1. These markers are used to determine treatment
outcomes. The expression of some of these markers is associated with a poor prognosis. In
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addition, overexpression of the CSCs markers is implicated in the various stages of tumor
initiation, differentiation level, the extent of invasion, and distant metastasis [9,30].

Several techniques for identifying and isolating CSCs from primary tumor and cancer
cell lines have been developed for functional characterization and effective therapeutic tar-
geting. Tumor formation by CSCs in nonobese diabetic/severe combined immune-deficient
(NOD/SCID) mice has been the standard technique for identifying this subpopulation
of cells. Notwithstanding, various in vitro methods, such as fluorescence-activated cell
sorting (FACS) or magnetic cell separation, are presently exploited to identify CSCs based
on the expression of specific extracellular or intracellular recognition molecules [9]. A
vast insight into these markers and their cellular role could help design novel treatments.
Therefore, targeting CSCs is very important for cancer therapy. The limitations of present
cancer treatment modalities to attack CSCs resulted in the urgent quest for new treatment
approaches for cancer and cancer stem cells with reduced side effects.

2.3. Cancer Stem Cell Niche

The CSC niche is a unique tumor microenvironment (TME) that promotes the self-
renewal and continuous proliferation of CSCs. The niche consists of extrinsic signals
(extracellular matrix (ECM) proteins, signaling factors, networks of cytokines, growth
factors, physicochemical factors, etc.) and stromal cells (fibroblastic cells, immune cells,
endothelial and perivascular cells, etc.) located close to CSCs. The distinct physicochemical
factors and the various elements in the niche synergically work together to support tu-
morigenesis, metastasis, and resistance to anticancer treatment [31,32]. With regards to the
complex features of CSCs, conventional anticancer therapy can eliminate less aggressive
cancer cells resulting in the reduction in the tumor size. However, they cannot eliminate
CSCs, leading to relapse and survival of CSCs. The residual CSCs, through the support of
the CSCS niche, develop and re-establish new tumor [33,34].

2.4. Mechanism of Treatment Resistance in Cancer Stem Cells

It is not entirely understood the mechanism CSCs employ to escape treatment pressure.
Meanwhile, some fundamental mechanisms have been established, such as (i) overacti-
vation of detoxification enzymes aldehyde dehydrogenase (ALDH), (ii) improved DNA
repair efficiency, (iii) overstimulation of drug resistance proteins, (iv) upregulation of
anti-apoptotic proteins (Bcl-2, Bcl-xL, Mcl-l, Bcl-w), (v) hyperactivation of drug efflux
pumps (P glycoprotein 1, adenosine triphosphate-binding cassette superfamily G member
2 (ABCG2)) and (vi) alterations in vital signaling molecules have been observed to confer
resistance to anticancer agents in CSCs [8,18]. Hence, targeting these mechanisms offers
a potent strategy for eliminating CSCs. Furthermore, multiple signaling cascades such
as Hedgehog, Wnt/beta-catenin, JAK-STAT3, Notch and Hippo pathways are upregu-
lated in cancer and are found to initiate and maintain CSCs. These pathways promote
self-renewal, uncontrol propagation, and differentiation and cause treatment failure in
cancer expression [9,30]. In addition, abnormal regulation of micro-RNAs, autophagy,
hypoxia and stimulation of epithelial-mesenchymal transition (EMT) can individually or in
synergy trigger the quiescent CSCs through abnormal activation of signaling pathways to
the emergence of cancer relapses and therapeutic failure in cancer [10]. Emerging reports
have shown that targeting these signaling pathways with specific inhibitors could reduce
tumor cells’ stemness [9,10,31].

The mechanisms highlighted above pose a severe threat to CSCs treatment. Presently,
conventional cancer treatments cannot eliminate metastasized tumor and are ineffective at
targeting CSCs. Though there has been advancement in searching for a novel strategy for
CSCs elimination, implementing an effective technique to eliminate resistant tumor cells is
still a concern. A significant limitation to overcome is the development of target-specific
treatment approaches aimed at CSCs alone without affecting the normal stem cells, as some
cell receptors and signaling pathways are expressed in CSCs and normal stem cells [8]. In
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addition, the degree of the adverse effects and low survival rate associated with the current
treatment necessitates the call for an alternative treatment modality.

Table 1. Highlights of CSC biomarkers and their implications in diagnosis and prognosis of cancer.

Cancer Marker Diagnostic/Prognostic
Marker Reference

Esophagus

CD271

EpCAM+ p75NTR (CD271) is associated with metastasis and vascular invasion.
CD90 overexpression is indicative of regional invasion and distant metastasis,

and poor prognosis
[13,21]

ABCG2

CD44

CD90

EpCAM

Ovarian

CD133

CD24 and ABCG2 are associated with cancer development, metastasis, poor
survival, treatment resistance, and relapse

[11,35]

CD44

CD117

CD24

ABCG2

Head and neck

CD44

Overexpression of CD44 is associated with a late staged tumor. CD24 is
indicative of high proliferation, invasion and drug resistance. CD10 is associated

with treatment resistance and relapse.
[15,36]

CD271

CD10

CD24

Lung

CD44

Overexpression of CD44 is associated with advanced-stage cancer. CD166 is
usually found in non-small lung cell tumor without nodular metastasis. [12]

CD166

CD133

ALDH

Melanoma

CD271

CD271 is associated with metastasis and sustains proliferation. ABCB5 induces
drug resistance. ALDH1 facilitates cell proliferation, poor prognosis and

treatment resistance
[37]

CD20

ABCB5

ALDH1

Breast

ALDH1
ALDH1+CD44+/CD24−/low cells exhibits strong stemness features. ALDH1 is

a strong identification marker for breast cancer. Low expression of CD133 is
associated with big tumor mass, advanced stage, and vascular invasion.

HER2-positive breast cancer expresses a high level of CD133 marker.
[16,38]

CD44

CD133

CD24

Liver

EpCAM

EpCAM, CD133, and CD90 are correlated with tumor invasion, migration, and
metastasis and poor prognosis.

[39,40]
CD133

CD44

CD90

Glioma Stem
Cells

CD133

Integrin-α6, A2B5, and CD133 are associated with cell proliferation, tumor
initiation and drug resistance.

[41]
CD15

Integrin-α6

A2B5

3. Photodynamic Therapy

Photodynamic therapy (PDT) is a non-surgical treatment modality employed for
various disorders not effectively eliminated by conventional therapeutic measures, such
as cancer. Photodynamic therapy is seen as an emerging treatment option, demonstrating
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high efficiency with few side effects compared with the several unwanted effects associated
with conventional treatment. Photodynamic therapy consists of three vital components, a
photosensitizer (PS), light and molecular oxygen. The PS (a non-toxic agent) is administered
and localized in the tumor cells, which is then triggered by light of a specific wavelength
that corresponds to its absorption parameters. In the presence of molecular oxygen, the
activated PS, through cascades of photochemical reactions, initiates the selective destruction
of tumor and adjacent blood vessels [42,43].

The photochemical reactions are classified into two, type I and type II. In type I
reaction, reactive oxygen species (such as superoxide radical anion (O2

•−), hydrogen
peroxide (H2O2), and hydroxyl radicals (HO•)) are formed when the excited-state PS either
gain or loses an electron, often from the cellular substrate with less molecular oxygen
concentrations. The ROS generated causes stress to the treated tissues and, finally, cell
death. While type II reaction involves the transfer of energy from a triplet excited state in the
presence of molecular oxygen to generate singlet oxygen (1O2). The singlet oxygen reacts
with a myriad of cellular substrates, stimulating severe oxidative stress and eventually cell
damage. Type II reaction is known as the classical pathway of PDT.

Though type I and type II reactions rely on oxygen, the subcellular oxygen level in the
tumor microenvironment regulates the reaction type [42,43]. The initiation of cell death is
dependent on the subcellular localization of PS and the production of sufficient ROS and
cytotoxic singlet molecular oxygen. A mitochondria-localized PS would possibly initiate
an apoptotic pathway, while PS internalized in the lysosomes stimulate cell death via
cleavage of BID and a necrotic reaction upon a high PDT dose. [44]. Furthermore, the
efficiency of PDT mainly relies on the type of PSs. An effective PS should be chemically
pure, have a light absorption peak within the therapeutic window (600 nm–800 nm), have
a selective preference for tumor cells, possess the potential to generate a long-lasting triplet
excited state, remain inactive in the absence of light, easily cleared from the body, and
have amphiphilic property. Some common PSs employed in PDT are hematoporphyrin,
methylene blue, chlorins, bacteriochlorin, curcumin, phthalocyanines, and hypericin [45].

3.1. Photodynamic Therapy and Route of Administration

The route of PDT administration is determined by the PS, site of treatment and the
light delivery device. Effective PSs should have appropriate administration routes (such as
systemic, oral, or topical). Efficient PDT depends on the ease of administering the treatment
light distinctly to the entire target tissue [46]. The most common routes of administration
employed in preclinical and clinical applications of PDT are intravenous, topical, and
oral administration of PSs. Photosensitizer administered topically and orally is generally
employed due to easy administration, safety, and less expensive, while intravenous and
intravesical administration exhibit reduced skin phototoxicity in vivo. However, more
administration routes with excellent outcomes are emerging, such as intraperitoneal, intra-
arterial, and intratumoral injections. They are more beneficial when compared to intra-
venous injections due to their ability to deliver the PS right at the site of the tumor, shorten
the drug-light interval, minimize the adverse effects and increase survival time [47].

3.2. Photosensitizer OptimumInjection Dosage for PDT

The optimum injection dosage of any PS for PDT is regulated by multiple factors such
as the type of tumor, location of the tumor, the PS pharmacokinetics, tissue oxygenation,
light fluence, and patient variability (intra and inter) [48], as well as the formulation
type [49]. For instance, porfimer sodium (Photofrin) is formulated in phosphate-buffered
saline (PBS) and given through intravenous injection at a dose of 2 mg/kg). Thereafter
within two days after injection, irradiation is applied with a light dose of 100–200 J/cm at
630 nm [50]. Porfimer sodium is recommended for clinical application against early lung
cancer, esophageal cancer, and high-grade Barrett’s esophagus [51].

Temoporfin (Foscan) also known as m-tetrahydroxyphenylchlorin (mTHPC) is formu-
lated in ethanol and propylene glycol in the ratio of 2:3 volume by volume. Temoporfin
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is injected intravenously at a dose of 0.15 mg/kg, and the drug-light interval of one to
four days. It is irradiated with a light dose of 20 J/cm at 652 nm. The potency of Temo-
porfin is remarkably higher than that of porfimer sodium at similar PS dose and light dose.
The advantage of Temoporfin is that it allows the use of a lower drug dose and a shorter
irradiation time. Temoporfin has been approved for clinical application of head cancer
and neck cancer [49,50]. Talaporfin sodium is formulated in a water-soluble medium and
administered via intravenous route at a drug dose of 1 mg/kg with a drug-light interval of
0.25–4 h. Talaporfin sodium is rapidly cleared and has less skin photosensitivity [50].

3.3. Evaluation of Photodynamic Therapeutic Efficiency

An integral part of PDT to targeted tissue is dose/treatment evaluation, and this is vital
for efficient response. Presently, the generation of singlet oxygen (1O2) during PDT is gen-
erally considered to be the main indicator of PDT dose efficiency administered. Therefore,
much interest is directed toward effective detection and measurement of 1O2 generation
and its relation to responsive treatment outcome [52]. Various dose measurement (dosime-
try) techniques can be applied for PDT dose evaluation, such as implicit dosimetry, explicit
dosimetry, direct dosimetry, and biophysical/biological tissue response monitoring [48,52].

Implicit dosimetry measures the loss of fluorescence (photobleaching) caused by 1O2
during treatment. Various studies have shown a remarkably relationship between PS
photobleaching and treatment efficacy. Explicit dosimetry evaluates the PS concentration,
light fluence, and tissue oxygenation. Explicit dosimetry offers a simplified approach to
PDT dosimetry considering the three core elements of PDT. However, it is very challenging
to measure all three elements accurately in a clinical setting. Direct dosimetry measures
the exact 1O2 produced during therapy, which is considered to be the amount inducing
cellular damage. This is achieved by measuring its near-infrared (NIR) luminescence at
1270 nm. Direct singlet oxygen luminescence dosimetry (SOLD) is preferred as it eliminates
the challenges associated with implicit and explicit dosimetry [48,52].

Biophysical and biological tissue response investigation can be utilized as a dosimetric
strategy. This involves measuring vascular obstruction, treatment-mediated tissue damage,
and vascular flow evaluation by laser diffuse correlation spectroscopy or Doppler. New
emerging techniques for PDT dosimetry are on the rise. The most common dosimetry
techniques applied in the clinic are the imaging modalities, such as ultrasound, dynamic
contrast-enhanced (DCE), computed tomography (CT) and DCE magnetic resonance imag-
ing (MRI) [53]. In vivo findings have shown that ultrasound-guided photoacoustic imaging
and non-invasive tumor vascular flow evaluation in the course of treatment can be em-
ployed to predict treatment response [54].

3.4. Benefits and Limitations of PDT

The main benefit of employing PDT is that it promotes preferential cell damage and
has limited effects on neighboring non-cancerous tissues. Photodynamic therapy has shown
to be an efficient anti-tumor therapy and improves prognosis. Its effectiveness is observed
when in combination with other treatment modalities and can be applied as a first resort for
preneoplastic lesions, early staged tumor, and as an independent treatment for palliative
therapy. In addition, it is less invasive, retains the anatomic and functional structure of
many cells, reduces side effects, absence of drug resistance, and permits continual treatment
owing to its minimal toxicity [42,55].

Although PDT has some excellent advantages over conventional treatment, it is still
faced with some drawbacks that limit its full application in the standard management
plan for cancer. A major setback observed is the limited light/PS penetration in deep-
seated and metastasized tumor, thereby rendering PDT ineffective. Furthermore, tumor
hypoxia, a disparate feature of solid tumor, greatly renders PDT ineffective as it depends
on molecular oxygen to produce ROS. Finally, the hydrophobic nature of the PSs results
in systemic aggregation, uneven delivery, decreased cellular localization, and lack of
specificity [42,55–57]. Several tumor-targeting approaches have evolved to overcome these
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setbacks and enhance PDT efficiency in clinical settings. Recent evidence has demonstrated
the advantages of nanotechnology-mediated PDT in overcoming the limitations associated
with PDT efficiency [58–60].

4. Nanotechnology for Enhancing Cancer Therapy

The emergence of nanotechnology has ushered a new trajectory for improved can-
cer therapy. Nanotechnology is a multidisciplinary field emerging from the crosslink of
biology, physics, chemistry, optics, digital analysis, and material science. It involves the
design, synthesis, characterization, modification, and application of different groups of tiny
particles known as nanoparticles (NPs). The evolution of nanotechnology in medicine has
made significant advancements in the diagnosis, drug design, drug-delivery system and
treatment of different diseases, including cancer, due to their unique characteristics [61,62].
Their unique properties are mainly due to their high loading capacity, improved electrical
conductivity, superparamagnetic activity, spectral shift of optical absorption, and superior
fluorescence features. In addition, they exist in different shapes and sizes allowing for easy
functionalization and providing potential strategies for the design of cancer and CSC treat-
ment. Their features are also associated with delivering drugs to targeted tissue, escaping
biological barriers, and interacting with cellular and intracellular molecules [61].

There are different types of NPs, and includes organic (e.g., micelles, liposomes, den-
drimers, ferritin, and polymers NPs), inorganic (e.g., Au, Fe, Al, Ag, Zn, and metal oxides),
and carbon-based NPs (e.g., graphene and Fullerenes) [60]. Among these, nanoparticle gold
(Au) NPs have drawn much attention due to their excellent physicochemical and electro-
optical features. Based on these features, they are employed in various applications such as
drug-delivery systems to targeted cells, biosensors, cancer diagnosis and therapy [62,63].

5. Gold Nanoparticles and Drug Delivery

Gold NPs have been well investigated as promising NPs for several applications in
biomedicine, such as diagnosis, drug delivery, cancer therapy, and treatment of various
diseases. This is due to distinct features such as superior compatibility and stability in
biological systems, flexible surface functionalization/modification, excellent optical prop-
erties for efficient imaging, electroconductivity features, chemical inertness, and different
sizes and shapes [62,64]. The surface chemistry of AuNPs has been well leveraged for
the attachment of targeting molecules, imaging tags, and therapeutic agents with several
multiple applications, especial as a delivery system. AuNPs could be transported to cancer
tissues as drug nanocarriers via passive or active targeting approaches.

In passive targeting, NPs penetrate tumor tissue through the porous blood vessels via
the enhanced permeation and retention (EPR) effect. Based on this concept, highly porous
tumor blood vessel promotes increased movement of AuNPs into the cancer tissue. In addi-
tion, damaged lymphatic drainage prevents the clearance of the AuNPs in tumor, leading to
enhanced retention. These attributes are mainly due to the increased growth rate of cancer
and the disintegration of the blood and lymph vessels [65]. Active targeting of AuNPs is
performed by conjugating ligands with high-affinity potential for surface molecules highly
expressed on tumor cells or TME. Examples of such ligands are peptides, small molecules,
oligosaccharides, and antibodies. These ligands specific to different tumor targets can be
functionalized onto AuNPs for improved tumor targeting and cellular localization [65].

Besides acting as nanocarriers, AuNPs can exhibit photothermal effects on irradiation,
a two-edged sword strategy to eliminate tumor tissues. In addition, their photon emission
potentials and autofluorescence abilities, when irradiated, could be applied as imaging
agents and biosensors for cancer detection. AuNPs have been employed in several anti-
cancer strategies such as targeted therapy, gene therapy, diagnostic and imaging, improved
radiation therapy, enhanced chemotherapy, immunotherapy, photothermal therapy, and
PDT [64–67]. The subsequent sections will emphasize on AuNP-mediated PDT in cancer
and CSCs treatments.
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5.1. Gold Nanoparticle and Photodynamic Therapy

The efficiency of PDT is primarily regulated by the light absorption/penetration of
PS and the generation of ROS. Howbeit, classical PSs are hydrophobic, lack specificity,
and have low absorption potential, thereby limiting the clinical use of PDT for deep-
seated tumors. These setbacks can be overcome through a nanocarrier. Studies have
demonstrated that AuNPs can improve the photodynamic therapy effectiveness of various
PSs. The conjugation of PSs to AuNPs has numerous benefits, such as promoting the
internalization of PS in the cancer cells increasing the quantum yield of PS through its
surface plasmonic resonance activity following light activation, increasing the solubility
of the PS, and the possibility of attaching biomolecules to the PS-AuNP for direct PDT
targeting. AuNPs can also convert light to heat, promoting the thermal destruction of
targeted tumor cells [64,68,69]. In a recent study, a PS AlPcS4Cl was conjugated onto an
AuNP to evaluate its cytotoxic impacts on lung cancer metastasis. The study showed that
PS-AuNP-mediated PDT limits lung cancer’s migratory and invasive potential, inhibits
the cell cycle, and decreases lung cancer proliferation [70]. In addition, a study by Chi
and colleagues (2020) evaluated the PDT effects of 5-aminolevulinic acid (5-ALA)-AuNPs
conjugates on epidermoid carcinoma cells. Their reports showed significant singlet oxygen
production and increased cytotoxic cell death with the nanoconjugate compared to the
free PS [68].

5.2. Gold Nanoparticles Bioconjugation Strategies

Gold NPs unique surface chemistry enables easy bioconjugation with different biomolecules,
such as antibodies, aptamer, peptides, polymers, small molecules, and so on, for specific
cell targeting, the delivery of anticancer agents to the required sites, and to prolong the
drug circulation time at the targeted sites [67]. Surface conjugation is usually employed
to enhance the area-to-volume ratio/drug loading capacity, minimize biodegradation,
increase solubility, enhance tumor localization, and actively target tumor cells [69,71].

Bioconjugation involves the attachment of biomolecules to NPs through chemical
adsorption or physical adsorption to make them stable, functional, and biocompatible. It
offers distinct and enhanced features for an effective anticancer drug-delivery system. To
enhance the bioconjugates’ stability, increase their circulation time and escape biodegra-
dation, they are often decorated or capped with polymers and capping agents such as
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), polyethyleneimine (PEI), cetyl
trimethyl ammonium bromide (CTAB), hyaluronic acid and so on. These decorating agents
can be modified with different bifunctional ligands serving as linkers for further chemical
interaction of biomolecules [72,73].

Chemical adsorption involves the chemical interactions between the biomolecules
and the AuNPs through covalent bonds such as thioester bond, amide bond, hydrazone
bond, disulfide bond, bifunctional linkers, adapter molecules (e.g., biotin and strepta-
vidin) and click chemistry (e.g., EDC (N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride)-NHS (N-hydroxysuccinimide). Chemical adsorption has several advan-
tages, including reducing activity loss, high stability and solubility, prolonged circulation,
increased retention in tumor cells, being highly specific and selective for tumor cells, and
improved treatment efficiency [69,74,75].

Physical adsorption involves a non-covalent attachment between the biomolecules
and AuNPs via electrostatic, hydrophobic, and van der Waals attraction. This type of
conjugation is easy, and surface chemistry functionalization is not needed [69,71]. However,
physical adsorption methods are associated with limitations such as weak bonding, low
stability, biomolecule overloading causing loss of loosely bound antibodies, and the binding
is not specific, resulting in random orientation [76].

5.3. Impacts of Gold Nanoparticle Physiochemical Properties on PDT

The physicochemical properties of nanoparticles, such as size, shape, surface chemistry
and addition of targeting molecules, are extensively explored to enhance the nanoparticle
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biological interactions such as pharmacokinetics and biodistribution. The physiochemical
properties can significantly affect their intracellular action and therapeutic efficiency. Con-
solidated guidelines have been made for rational nanoparticle design; however, further
optimization for each cancer type is required [74,75,77].

Nanoparticle Size: the size of nanoparticles is an essential parameter in examining
their intracellular and therapeutic impacts. Usually, nanoparticles of <5 nm are not used for
drug-delivery applications due to their renal clearance and rapid circulation time, although
ultra-small inorganic nanoparticles are widely used for imaging applications due to their
minimal systemic toxicity. Nanoparticles >5 nm to about 100 nm with near to neutral
surface charge are considered to be suitable for passive tumor localization as a result of
their long-lasting circulation time and ability to escape attack by the immune system [77].

Nanoparticle Shape: Another vital parameter that can influence the efficiency of
NPs is the shape. Generally, spherical NPs are considered to demonstrate rapid cellular
uptake rate and are suitable as therapeutic nano delivery systems among the various
shapes of NPs. Spherical NPs face less membrane hindrance during endocytosis when
compared with other shapes [78]. A study conducted by Chithrani and Chan (2007) showed
that the size and shape of transferrin-coated AuNPs significantly impact their cellular
internalization and exocytosis kinetics. The cellular uptake of the transferrin-coated AuNPs
was through receptor-mediated clathrin-dependent endocytosis and was associated with
the size and shape of the nanoparticle. In contrast, the cellular efflux of the nanoparticle
was basically size-dependent. They also observed that rod-shaped NPs had less cellular
uptake and higher exocytosis when compared to spherical-shaped nanoparticles [79].
Gamaleia and colleagues conjugated hematoporphyrin and gold nanoparticles for PDT
and examined the effects of different diameters. The study showed that larger NPs allowed
for more PS to be delivered to the tumor cells [80]. Furthermore, Khaing Oo and coworkers
demonstrated the effects of AuNPs size on PDT. Their findings showed that AuNPs with
larger sizes are associated with higher ROS production with PS due to increased dispersion
of electromagnetic field surrounding the particles compared to those with smaller sizes [81].

Nanoparticle Surface chemistry: Surface functionalization of AuNPs is considered a
suitable strategy for improving biocompatibility and pharmacokinetics for efficient bio-
interaction. The surface chemistry regulates the physicochemical features of AuNP sur-
face, which include solubility, electrochemical strength, and homogeneity in solution [82].
Surface characteristics govern the intracellular activities of the AuNPs, cell membrane ad-
sorption strength and uptake, immune response, and in vivo internalization [83]. Suitable
surface functionalization/modification of AuNPs can significantly enhance their pharma-
cokinetics and intracellular interactions. The surface chemistry of AuNPs can be achieved
by modifying its surface with coating agents such as protein, peptide, polymers, surfactants,
or other agents [84].

Among the several coating agents, polyethyleneglycol (PEG) coating (PEGylation) is
the most common NP surface functionalization. The PEG molecules form a solubility sheath
on the surface of the NP, which enhances the stability and pharmacokinetics of the NPs
as well as prevents non-specific protein attachment and immunogenic attack. In addition,
PEGylation facilitates cell internalization more than the non-PEGylated AuNPs [72,85].
Gold NPs functionalization with PEG has been applied in PDT. Surface functionalized
AuNRs with mPEG-SH were conjugated with PS AlPcS4. The findings showed that upon
low/high PDT application, the free PS was not toxic to non-malignant cells (Shi et al., 2014).

6. Gold Nanoparticle Bioconjugates for Active Targeted Photodynamic Therapy for
Cancer and Cancer Stem Cells

AuNPs conjugated with PS improve the efficiency of PDT by overcoming the limitation
of conventional PDT for the treatment of deep-seated tumors [73]. The application of
AuNPs allows surface functionalization with multifunctional ligands to increase the affinity
toward cancer cells. The targeting ligands regulate the preferential interaction between
the nanoparticles and specific biomolecules highly expressed on the surface of cancer
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cells/CSCs, sparing the normal cells and consequently increasing cellular uptake [76].
Gold NPs can be modified with biomolecules that have affinities to the various surface
and intracellular receptors expressed by cancer cells and CSCs. Nano-cargos employed
in drug-delivery systems have the potential to deliver anticancer agents to the CSC niche
and improve the treatment effect more than the free anticancer agents. This is achieved by
targeting the various biomarkers, signaling pathways, and TME that promote self-renewal,
differentiation of CSCs, proliferation, drug resistance [34].

6.1. Actively Targeting Biomarkers

Cancer and CSCs can be differentiated from normal cells based on their specific
biomarkers. Several biomarkers are associated with cancer/CSCs, as highlighted in Table 2.
The strong interaction between the biomarkers and their corresponding ligands promotes
improved targeting and increases the anticancer agent’s localization and concentration in
cancer/CSCs. Therefore, actively targeting the biomarkers of cancer and CSCs provides an
excellent target for potential therapeutic measures for eradicating CSCs [34].

Table 2. Gold Nanoparticle Bioconjugates Actively Targeting biomarkers of Cancer and Cancer
Stem Cells.

AuNPs-PS Bioconjugates PS Biomolecules Targets Cancer/CSCs Reference

EGF Peptide–C11Pc–PEG–
AuNPs C11Pc EGF peptide

(AEYLRK) EGFR Lung cancer [86]

Anti-HER-C11Pc-PEG-
AuNPs C11Pc Anti-HER

antibody HER Breast cancer [87]

Tf-AuNP-PSMA-MB MB Transferrin peptide Transferrin
receptor Cervical cancer cells [88]

AuNP-PEG-PSMA-1-Pc4 Pc4 Silicon
phthalocyanine PSMA-1 peptide PSMA receptor Prostate cancer [89]

AuNRs@PEG-MI-
K(Pyro)DKPPR-OH Pyro DKPPR Neuropilin-1

receptor (NRP-1). Glioblastoma [90]

HB-AuNRs@cRGD HB Cyclic RGD
peptide αvβ3 integrin Esophageal cancer [91]

AuNP-PEG-AlPcS4Cl-
Anti-CD133 AlPcS4Cl Anti-CD133

antibody CD133 Lung CSCs [59]

PpIX/FA-MH-AuNP PpIX Folic acid (FA) FA receptor Cervical cancer [92]

In another study, AuNPs were conjugated with a PS C11Pc and an EGFR peptide
AEYLR to target EGFR markers expressed in lung cancer [86]. The study showed improved
PDT effects, no dark toxicity, and the efficiency of a peptide as an excellent option for the
delivery of AuNP-PS to tumor cells. To improve the target specificity of PDT to cervical
cancer cells, Yu and colleagues conjugated transferrin into the AuNP coated with poly
(styrene-altmaleic acid) (PSMA), combined with Methylene blue (MB) as a PS via the
EDC/NHS reaction. The synthesized nano-bioconjugates (Tf-AuNP-PSMA-MB) showed
enhanced affinity and a 2-fold improvement in PDT toward cervical cancer cells compared
to normal cells and the free MB [88].

In addition, a study conducted by Stuchinskaya et al. developed a multicomponent
anticancer agent consisting of phthalocyanine PS, anti-HER2 antibody, PEG and AuNP for
active targeted PDT of breast cancer cells. The anticancer agent showed enhanced PDT
through an increase in ROS generation. The findings demonstrated that the conjugation
of PSs, AuNPs, and biomolecules as in one entity preferentially targeted HER receptors
expressed breast cancer cells [87]. Mangadlao and coworkers conducted another study that
employed actively targeting biomarkers. In this study, prostate-specific membrane antigen
(PSMA) highly overexpressed in prostate cancer was actively targeted using PSMA peptide
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combined with AuNP for targeted delivery of silicon phthalocyanine (Pc4) PS. The findings
showed increased cellular internalization and significant cytotoxic cell death [89].

Furthermore, neuropilin-1 receptor (NRP-1), a biomarker expressed in glioblastoma
cells, was targeted using a nanosystem consisting of a pyropheophorbide-a (Pyro) PS, a
peptide (KDKPPR) and a PEGylated Au nanorod (AuNR). The results showed that the
nanosystem is an efficient target for drug delivery and enhanced PDT [90]. Liu et al. (2021)
synthesized a new PS chlorin e6-C-15-ethyl ester (HB) having the same excitation wave-
length as AuNRs for theranostic application. They developed a nanohybrid of AuNRs
conjugated with the HB and a cyclic RGD (cRGD) peptide (HB-AuNRs@cRGD) for active
targeting esophageal cancer expressing αvβ3 integrin using single activation light wave-
length. They reported that the nanohybrid selectively localized in the tumor cells with
increased cellular uptake significantly enhanced its anticancer effect through the increased
production of ROS and high heat generation [91]. In a recent study, AuNPs were surface
functionalized with 6-mercapto-1-hexanol (MH) and conjugated with protoporphyrin IX
(PpIX) and folic acid (FA) (PpIX/FA-MH-AuNP) aimed at targeting FA receptors overex-
pressed on cervical cancer cells. Findings from the study showed that the nano constructs
enhanced photochemical localization and cell death in the cancer cells [92].

As reviewed above, several biomarkers of CSCs have been identified and designed for
direct targeted delivery of PS to cancer cells for distinct destruction by AuNP-mediated
PDT. However, AuNPs bioconjugates-mediated PDT targeting biomarkers of CSCs are few.
For example, in a study, AuNPs were conjugated with an anti-CD133 antibody and a PS
(aluminum phthalocyanine tetra sulfuric chloride (AlPcS4Cl)) to target CD133 biomarker
overexpressed in lung cancer stems. The study demonstrated increased cellular toxicity and
cell destruction than the PS alone [59]. In another study, aptamers-CSC13, targeted against
prostate CSCs, were conjugated onto gold nanorods. The finding demonstrates efficient
targeting and cell death of CSCs, confirming the efficiency of AuNPs bioconjugation in
eradicating CSCs subpopulation [93].

6.2. Actively Targeting Tumor Signaling Pathways

Several studies have evaluated the impact of AuNP bioconjugates on cell signaling
pathways in different cancers, as depicted in Table 3. Chi et al. (2020) assessed the
effects of 5-aminolaevulinic acid (5-ALA)-AuNPs-mediated PDT on cutaneous squamous
cell carcinoma cells and evaluated signaling pathways. The 5-ALA-AuNP conjugates
significantly impact the STAT3 signaling pathway as depicted with reduced expression of
STAT3 and Bcl-2 and high expression of Bax in the cutaneous squamous cell carcinoma
cells the PDT with the free 5-ALA. In addition, the treatment of 5-ALA-AuNPs improved
PDT efficiency by reducing cell invasion and migration potential and Wnt/β-catenin
signaling effects in the tumor cells [68]. In another report, the phosphatidylinositol 3-kinase
(PI3K) inhibitor drug was conjugated with Au nanorod (NR) to investigate its ability to
inhibit the PI3K/Akt Pathway and related pathways in breast cancer cell lines. The reports
showed the nanoconjugates significantly altered the transcription factors and the protein
expression levels of PI3K involved in several pathways associated with cell differentiation
and proliferation, cell death signaling, and cell cycle arrest than the single components [94].

In addition, a study conducted by Bhowmik and Gomes (2017) demonstrated that
the coupling of AuNP with a cytotoxic protein NKCT1 (AuNP-NKCT1) might promote
breast cancer cell death via the estrogen receptor pathway by the deactivation of CDK4
and PI3K/Akt, ERK1/2 and p38, MAPK signaling pathway having significant inhibi-
tion on NF-κB, and decreasing the action of MMP9 [95]. Furthermore, Balakrishnan and
coworkers coupled quercetin to AuNPs (AuNPs-Qu-5) to evaluate the effects of nano-
bioconjugates on apoptosis and its associated signaling pathways on breast cancer cell
lines. The study revealed a significant increase in apoptotic bodies with high nuclear con-
densation, high expression of pro-apoptotic proteins (Bax, Caspase-3), and low expression
of the anti-apoptotic protein (Bcl-2) following AuNPs-Qu-5 treatment. In addition, EGFR
and its associated signaling components PI3K/Akt/mTOR/GSK-3β were inhibited by
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the nanoconjugates than the free quercetin [96]. In a recent study, AuNP nanoparticles
were conjugated with curcumin and paclitaxel (Au-CP) to examine its anticancer effect
on triple-negative breast cancer cell lines and delineate the signaling genes involved. The
report showed considerable inhibition of VEGF, CYCLIN-D1, and STAT-3 signaling genes
and high expression of the apoptotic Caspase-9 gene [97]. Other anticancer agents for
actively targeting CSCs signaling pathways are summarized in Table 4.

Table 3. Gold nanoparticle bioconjugates actively targeting tumor signaling pathways of cancer.

AuNPs-PS
Bioconjugates PS/Drug/Molecules Effects on Signaling Pathways Cancer Type Reference

5-ALA-AuNPs 5-ALA Inhibit STAT3/Bcl-2 and
Wnt/β-catenin signaling pathways

Cutaneous squamous
cell carcinoma [68]

PI3K-AuNR PI3K inhibitor Inhibit the PI3K/Akt pathway Breast cancer [94]

AuNP-NKCT1 Cytotoxic protein
NKCT1

Deactivation of CDK4 and PI3K/Akt,
ERK1/2 and p38, MAPK signaling

pathways
Breast cancer [95]

AuNPs-Qu-5 Quercetin Inhibit PI3K/Akt/mTOR/GSK-3β
pathways Breast cancer [96]

Au-CP Curcumin and
paclitaxel

VEGF, CYCLIN-D1, and STAT-3
signaling genes

Triple-negative breast
cancer [97]

Table 4. Other anticancer agents targeting CSCs signaling pathways.

Anticancer Agents Targeted Signaling Pathways Cancer Type Reference

Vismodegib (GDC-0449) Hedgehog pathway Multiple basal-cell carcinomas,
gastresophageal junction cancer [98]

Sonidegib Hedgehog pathway Triple-negative breast cancer (TNBC) [99]

Saridegib (IPI-926) Sonic Hedgehog pathway Advanced pancreatic adenocarcinoma [100]

Niclosamide Wnt/β-catenin Ovarian cancer, osteosarcoma [101,102]

Ipafricept (OMP-54F28) Wnt/β-catenin Recurrent platinum-sensitive ovarian
cancer, advanced solid tumor [103,104]

Demcizumab (OMP-21M18) Notch pathway Metastatic non-squamous non-small cell
lung cancer NSCLC [105]

MK-0752 Notch pathway Pancreatic cancer [106]

Alvocidib STAT3 pathway Lung cancer colorectal cancer [107]

Napabucasin STAT3 pathway Liver cancer pancreatic cancer [107]

6.3. Actively Targeting Tumor Microenvironments

The TME consists of cancer cells, the extracellular matrix (ECM), immune and stromal
cells (such as tumor-associated macrophages (TAM), cancer-associated fibroblasts (CAF),
lymphocytes, myofibroblasts, and endothelial cells), mesenchymal cell populations, ex-
osomes, hypoxia, low pH, matrix metalloproteases (MMP), nutritional deficiencies, and
angiogenesis, which mutually work together to promote cancer formation and progression
and drug resistance [32]. Targeting the TME or its different elements has become an essen-
tial approach to enhancing cancer therapy, especially photodynamic therapy (PDT). AuNPs
bioconjugates can serve as a carrier for the delivery of anti-TME agents to the target TME
via passive and active targeting by hindering the development of TME and inhibiting the
formation and metastasis of cancer/CSCs TME that is formed already [108]. In this section,
we will lay more emphasis on AuNP bioconjugates targeting hypoxia, low pH, and MMP,
as shown in Table 5.
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Table 5. Gold nanoparticle bioconjugates targeting the tumor microenvironment.

AuNPs Bioconjugates PS/Drug Tumor
Microenvironment Reference

nMOFs-Au@ZIF-8-Ce6 PS Ce6 Hypoxia [109]

Au@Rh-ICG-CM ICG Hypoxia [110]

AuNC@MnO2 - Hypoxia [111]

AuNCs@mSiO(2)@MnO2 - Hypoxia/Low pH [112]

AuNP-LSC-c(RGDyK) MHDA - pH [113]

AuNR@mSiO-ICG-CS(DMA)-PEG ICG pH [114]

AuNPs@pep1/pep2 - MMP [115]

AuNS@BSA/I-MMP2 R-780 (I) iodides MMP [116]

6.3.1. Targeting Hypoxia

Hypoxia is a general characteristic of the TME that emerges due to increased can-
cer growth rate surpassing the oxygen supply and reduced blood circulation due to the
development of weak vasculature tumors. It has been shown that hypoxic tumor TME
significantly promotes cancer formation, proliferation, and invasion [117]. The efficiency of
PDT is limited by hypoxia since the conventional PDT is oxygen-dependent to produce
lethal ROS. Hence, targeting hypoxia in the TME through oxygen-independent mediated
PDT has emerged as an effective tool to improve PDT. A recent review by Lou-Franco and
a coworker highlighted that AuNPs possess some enzymatic activities such as reductase,
peroxidase, catalase, oxidase, glucose oxidase, and superoxide dismutase, which can be
leveraged to alleviate hypoxia [118]. In one study, an oxygen self-generated nanocarrier
system consisting of nano metal-organic frameworks (nMOFs), AuNPs (Au@ZIF-8), and
Ce6 PS was developed to mitigate the hypoxic TME and enhanced PDT. In this system, the
Au@ZIF-8 utilized its catalase potential by catalyzing the high hydrogen peroxide expressed
in the TME to produce oxygen to alleviate tumor hypoxia, increasing ROS production with
strong cytotoxicity and tumor cell death [109].

Furthermore, to ameliorate tumor hypoxia and enhance PDT, two nanometals made up
of Au and rhodium (Rh) (Au@Rh) with catalase activities were developed as nanoenzyme.
The Au@Rh is conjugated with ICG and PS decorated with the cancer cell membrane (CM)
to form a nanosystem (Au@Rh-ICG-CM). The nanoconjugates catalyzed the hydrogen
peroxide in the TME to oxygen through the action of Au@Rh to increase ROS production
for enhanced PDT. The decoration with tumor CM allows selective targeting through
homology adsorption [110].

In another approach to increase the oxygen level in the hypoxic TME, a nanoplatform
made of core-shell gold nanocage and manganese dioxide (AuNC@MnO2, AM) was de-
signed for oxygen-boosted immunogenic PDT against metastatic triple-negative breast
cancer (mTNBC). The nanoplatform was sensitive to the low pH TME and also served as
TME responsive oxygen generator upon light activation to produce ROS. In the presence
of a hypoxic TME, the MnO2 shell is degraded by the low pH and hydrogen peroxide
present in the TME. The degraded MnO2 results in the excessive generation of oxygen,
thereby enhancing the PDT effect of the nanoplatform following laser irradiation. This
approach demonstrated that the nanoplatform alleviates hypoxia at the primary tumor
site and induces immunogenic cell death (ICD) with systematic anticancer responses
against mTNBC [111].

In a similar strategy, Yin and coworkers constructed a responsive nanoenzyme oxy-
gen generator for enhanced PDT and magnetic resonance (MR) imaging with a smart
switch modulator. The nanoenzyme consists of gold nanoclusters (AuNCs) embedded
in mesoporous silica and encapsulated with MnO2, serving as a switching shield shell
(AuNCs@mSiO(2)@MnO2). In normal physiological conditions, the nanoenzyme inhibits
ROS production by turning off PDT and MR. While in low pH TME, the nanoenzyme
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reacts with hydrogen peroxide resulting in the degradation of MnO2. The MnO2 degra-
dation results in massive oxygen production, which in turn improves PDT and MR. The
study showed that the nanoenzyme could serve as a potential nanoprobe for efficient
theranostic application [112].

6.3.2. Targeting pH in the TME

Low pH is one of the characteristic features of the TME, and it can be employed to acti-
vate responsive nanodrugs that release their contents into the tumor site in a pH-dependent
manner. For example, citraconic amides can undergo hydrolysis to form primary cationic
amines upon a change in pH. Conjugating citraconic amides on NPs can result in the inter-
action of cationic and anionic nanoparticles leading to nanoparticle aggregation that could
be employed for photoacoustic imaging, increasing the signal and preventing efflux [108].

For example, Li and coworkers developed a nanosystem based on the aggregation of
AuNPs mediated by citraconic amides as a diagnostic strategy. The nanosystem consists
of AuNPs modified with 4-(2-(5-(1,2-dithiolan-3-yl)pentanamido)ethylamino)-2-methyl-
4-oxobut-2-enoic acid (LSC) containing a citraconic amide moiety and a cyclic RGDyK
peptide coupled with 16-mercaptohexadecanoic acid (c(RGDyK) MHDA) enabling selective
and active tumor targeting of αvβ3 integrin antigens overexpressed in the tumor [113].
The results from the study showed optimum and enhanced photoacoustic imaging due to
the prolonged circulation time of the nanoconstruct and increased cellular uptake at the
tumor site.

Similarly, this approach has been utilized to improve the efficiency of PDT and pho-
tothermal therapy (PTT). Liu and colleagues 2018, developed a pH nano-responsive system
consisting of mesoporous silica-coated gold nanorods (AuNR@mSiO), loaded with ICG PS
and with 2,3-dimethyl maleic anhydride (DMA)-functionalized chitosan oligosaccharide-
block -poly (ethylene glycol) polymer (CS(DMA)-PEG) as a pH-responsive polymer. Upon
reaching the acidic pH, the amide bonds between CS and DMA are detached, exposing
the RLA ([RLARLAR]2) peptide to promote cellular and mitochondrial localization. While
the activation of light results in the increased generation of ROS and heat, consequently
enhancing the efficacy of PDT and PTT [114].

6.3.3. Targeting Matrix Metalloproteases

Matrix metalloproteases (MMP) belong to the class of zinc-binding metalloproteinases.
They are involved in the catalytic destruction of ECM, facilitating rapid tumor cell migration
out of the local tumor into the adjacent tissue. In addition, MMPs are overexpressed in the
TME and enhance tumor proliferation, invasion, and progression to form metastasis [119].
MMP-2 (Gelatinase A) and MMP-9 (Gelatinase B) are known to significantly contribute
to tumor invasion and progression through their proteolytic actions. The substrates of
these proteinases can be used to preferentially target nano-bioconjugates to the TME. For
instance, Hu and coworkers (2017) developed AuNPs decorated with two peptides that
include MMP-2 substrate CPLGVRGDDRGD (peptide 1) and CKKKLVFF (peptide 2). The
nanosystem AuNPs@pep1/pep2 includes the substrate peptide PLGVRGDD to identify
the presence of MMP-2, an RGD motif for tumor detection, while peptide two functions
as an assembly-activated scaffold. High expression of MMP-2 in the TME resulted in the
cleavage of peptide one on AuNPs@Pep1/Pep2, consequently the activation of peptide two
resulting in the self-aggregation of AuNPs at tumor sites. The aggregated AuNPs increase
cellular uptake and improve treatment efficiency, displaying a high thermal imaging signal
compared to the control groups with non-cleavable peptides by MMP-2 and without
peptide 2 [115].

In another report targeting MMP in the TME, a nanotheranostic system consisting
of Au nanostar (AuNS) surface functionalized with bovine serum albumin (BSA), embed-
ded with R-780 (I) iodides PS, and decorated with MMP2 polypeptides (Ac-GPLGIAGQ)
(AuNS@BSA/I-MMP2) was designed for concurrent diagnosis and treatment of lung cancer
cells. Findings from the study showed that the nanotheranostic system selectively targeted
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the tumor tissue, suppressed tumor proliferation, and significantly reduced the tumor size
by 93% more than the control group without the nanoconstruct [116].

In summary, Figure 2 highlights the potential therapeutic applications of AuNP biocon-
jugates for active targeted PDT, directed at cancer and cancer stem cell signaling pathways,
TME, and biomarkers for efficient tumor elimination.
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7. Current Limitations and Future Perspective of Gold Nanoparticles Application

There are no doubts that the application of AuNPs has demonstrated excellent features
for the management of cancers; however, issues regarding safety are still a call for concern.
The inadequacy of proper safety guidelines for the application of NPs in cancer treatment
poses a major limitation. Immunomodulators and improved surface functionalization
measures could eliminate the potential toxicity/risk impacts [120,121]. Nanoparticles are
rapidly taken up by cells due to their minute size. This could result in a high concentration,
prolonged localization, cellular impairment, and, consequently, increased toxicity in the
body. The combinations of several active bioconjugates in nanoparticles and their likely
physiological effects make it very challenging during standard drug evaluation, limiting its
progress in medical applications [122]. Nanoparticles are commonly applied as delivery
cargos, and not much is known about the impacts of NPs post-delivery. Any promising
treatment modality using NPs as a delivery system should stipulate their possible clear-
ance/elimination from the body. The lack of such stipulation makes the application of NPs
uncertain in cancer management, particularly in clinical trials and other applications [121–123].

Nanoparticles of less than 6 nm are readily excreted through the kidney, while bigger
sizes are picked up by macrophages and Kuffer cells for elimination by the liver and spleen.
Studies have observed prolonged retention time with nanomaterials in the body before
being removed by exocytosis. However, the interval before removal from the body poses a
serious threat with regard to possible long-term toxicity implications. Hence, evaluating the
implication of poor elimination time would provide clarity on the impact of this technology
in the management of cancer [121]. In addition, it is crucial to study the dosimetry of
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PDT [124] and also to take into consideration that AuNPs are not biodegradable, as this
could consequently affect the pharmacokinetics [64,123].

8. Conclusions

Past years have witnessed significant advancement and achievement in cancer treat-
ments due to early screening, diagnosis, and the emergence of new therapies. Consequently,
cancer patients have also experienced better and improved treatment outcomes. Despite
this advancement, the mortality rates each year is still a concern due to the development of
drug resistance and cancer relapse. A critical factor in cancer relapse is the presence of CSCs,
a small population of tumor cells with self-renewal and proliferation potentials. Though
several studies and anticancer agents still focus on reducing tumor size by targeting cancer
cells, recent studies are now focusing on attacking CSCs. For efficient eradication of CSCs,
the identification and characterization of CSCs markers of various tumor tissues are crucial.
These markers can be tailored to therapeutic targets. To date, different markers such as
CD44, CD90, CD133, CD271 ABCB5, and ALDH1 have been detected and characterized on
several tumors. The quest for alternative therapeutic modalities aimed at targeting cancer
cells and CSCs directly with increased efficiency is currently ongoing.

PDT provides a non-invasive and direct treatment approach against cancer. However,
PDT is ineffective for the eradication of CSCs due to the PS’s non-specificity and off-target
toward CSCs. In recent times the application of nanotechnology has been employed to
overcome these limitations. Nanotechnology has also been utilized to identify, characterize,
and eradicate CSCs, and has shown optimum efficiency compared to present techniques.
Functionalization of AuNPs with CSCs biomarkers, inhibitors of signaling pathways, and
components of the TME offers a more target-specific strategy for eliminating CSCs and,
consequently, tumor cells.

Most importantly, caution should be taken, as excessive functionalization could also
result in undesirable adverse effects. For effective application of AuNP bioconjugates active
targeted PDT to take full translation into clinical practice, several challenges need to be
tackled, such as long-term effects in the body, biocompatibility and toxicological reaction,
stability, etc., reproducibility and reliability of production techniques, bulk manufacturing,
and regulatory issues. Therefore, the need to develop a holistic strategy to address the
above limitations.
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clinical, prognostic and therapeutic significance of liver cancer stem cells and their markers. Clin. Res. Hepatol. Gastroenterol. 2021,
45, 101664. [CrossRef]

40. Gramantieri, L.; Giovannini, C.; Suzzi, F.; Leoni, I.; Fornari, F. Hepatic Cancer Stem Cells: Molecular Mechanisms, Therapeutic
Implications, and Circulating Biomarkers. Cancers 2021, 13, 4550. [CrossRef]

41. Biserova, K.; Jakovlevs, A.; Uljanovs, R.; Strumfa, I. Cancer Stem Cells: Significance in Origin, Pathogenesis and Treatment of
Glioblastoma. Cells 2021, 10, 621. [CrossRef]

42. Correia, J.H.; Rodrigues, J.A.; Pimenta, S.; Dong, T.; Yang, Z. Photodynamic Therapy Review: Principles, Photosensitizers,
Applications, and Future Directions. Pharmaceutics 2021, 13, 1332. [CrossRef] [PubMed]

43. Kwiatkowski, S.; Knap, B.; Przystupski, D.; Saczko, J.; Kędzierska, E.; Knap-Czop, K.; Kotlińska, J.; Michel, O.; Kotowski, K.;
Kulbacka, J. Photodynamic therapy - mechanisms, photosensitizers and combinations. Biomed. Pharmacother. 2018, 106, 1098–1107.
[CrossRef] [PubMed]

44. Kessel, D.; Oleinick, N.L. Cell Death Pathways Associated with Photodynamic Therapy: An Update. Photochem. Photobiol. 2018,
94, 213–218. [CrossRef] [PubMed]

45. Abrahamse, H.; Hamblin, M.R. New photosensitizers for photodynamic therapy. Biochem. J. 2016, 473, 347–364. [CrossRef]
46. Kim, M.M.; Darafsheh, A. Light Sources and Dosimetry Techniques for Photodynamic Therapy. Photochem. Photobiol. 2020, 96,

280–294. [CrossRef]
47. Ma, C.H.; Yang, J.; Mueller, J.L.; Huang, H.C. Intratumoral Photosensitizer Delivery and Photodynamic Therapy. Nano Life 2021,

11, 2130003. [CrossRef]
48. Zhao, Y.; Moritz, T.; Hinds, M.F.; Gunn, J.R.; Shell, J.R.; Pogue, B.W.; Davis, S.J. High optical-throughput spectroscopic singlet

oxygen and photosensitizer luminescence dosimeter for monitoring of photodynamic therapy. J. Biophotonics 2021, 14, e202100088.
[CrossRef]

49. Konan, Y.N.; Gurny, R.; Allémann, E. State of the art in the delivery of photosensitizers for photodynamic therapy. J. Photochem.
Photobiol. B Biol. 2002, 66, 89–106. [CrossRef]

50. Hamblin, M.R. Photodynamic Therapy for Cancer: What’s Past is Prologue. Photochem. Photobiol. 2020, 96, 506–516. [CrossRef]
51. Patel, N.M.; Musani, A.I. Clinical Usage of Photodynamic Therapy. In Photodynamic Therapy-From Basic Science to Clinical Research;

Inada, N.M., Buzzá, H.H., Blanco, K.C., Dias, L.D., Eds.; IntechOpen: London, UK, 2021.
52. Li, B.; Lin, L.; Lin, H.; Wilson, B.C. Photosensitized singlet oxygen generation and detection: Recent advances and future

perspectives in cancer photodynamic therapy. J. Biophotonics 2016, 9, 1314–1325. [CrossRef]
53. Pogue, B.W.; Elliott, J.T.; Kanick, S.C.; Davis, S.C.; Samkoe, K.S.; Maytin, E.V.; Pereira, S.P.; Hasan, T. Revisiting photodynamic

therapy dosimetry: Reductionist & surrogate approaches to facilitate clinical success. Phys. Med. Biol. 2016, 61, R57–R89.
[PubMed]

54. Turchin, I.; Bano, S.; Kirillin, M.; Orlova, A.; Perekatova, V.; Plekhanov, V.; Sergeeva, E.; Kurakina, D.; Khilov, A.; Kurnikov,
A. Combined Fluorescence and Optoacoustic Imaging for Monitoring Treatments against CT26 Tumors with Photoactivatable
Liposomes. Cancers 2021, 14, 197. [CrossRef] [PubMed]

55. Park, J.; Lee, Y.K.; Park, I.K.; Hwang, S.R. Current Limitations and Recent Progress in Nanomedicine for Clinically Available
Photodynamic Therapy. Biomedicines 2021, 9, 85. [CrossRef]

56. Niculescu, A.-G.; Grumezescu, A.M. Photodynamic Therapy—An Up-to-Date Review. Appl. Sci. 2021, 11, 3626. [CrossRef]
57. Li, W.-P.; Yen, C.-J.; Wu, B.-S.; Wong, T.-W. Recent Advances in Photodynamic Therapy for Deep-Seated Tumors with the Aid of

Nanomedicine. Biomedicines 2021, 9, 69. [CrossRef] [PubMed]
58. Mfouo Tynga, I.; Abrahamse, H. Nano-Mediated Photodynamic Therapy for Cancer: Enhancement of Cancer Specificity and

Therapeutic Effects. Nanomaterials 2018, 8, 923. [CrossRef] [PubMed]

http://doi.org/10.1002/path.5655
http://doi.org/10.3389/fonc.2021.678333
http://www.ncbi.nlm.nih.gov/pubmed/34262865
http://doi.org/10.1016/j.stem.2015.02.015
http://www.ncbi.nlm.nih.gov/pubmed/25748930
http://doi.org/10.1016/j.apsb.2020.09.016
http://doi.org/10.3390/ijms18112362
http://doi.org/10.1093/carcin/bgz182
http://www.ncbi.nlm.nih.gov/pubmed/31742606
http://doi.org/10.3892/ol.2021.12827
http://doi.org/10.3390/cancers12123765
http://www.ncbi.nlm.nih.gov/pubmed/33327542
http://doi.org/10.1016/j.clinre.2021.101664
http://doi.org/10.3390/cancers13184550
http://doi.org/10.3390/cells10030621
http://doi.org/10.3390/pharmaceutics13091332
http://www.ncbi.nlm.nih.gov/pubmed/34575408
http://doi.org/10.1016/j.biopha.2018.07.049
http://www.ncbi.nlm.nih.gov/pubmed/30119176
http://doi.org/10.1111/php.12857
http://www.ncbi.nlm.nih.gov/pubmed/29143339
http://doi.org/10.1042/BJ20150942
http://doi.org/10.1111/php.13219
http://doi.org/10.1142/S179398442130003X
http://doi.org/10.1002/jbio.202100088
http://doi.org/10.1016/S1011-1344(01)00267-6
http://doi.org/10.1111/php.13190
http://doi.org/10.1002/jbio.201600055
http://www.ncbi.nlm.nih.gov/pubmed/26961864
http://doi.org/10.3390/cancers14010197
http://www.ncbi.nlm.nih.gov/pubmed/35008362
http://doi.org/10.3390/biomedicines9010085
http://doi.org/10.3390/app11083626
http://doi.org/10.3390/biomedicines9010069
http://www.ncbi.nlm.nih.gov/pubmed/33445690
http://doi.org/10.3390/nano8110923
http://www.ncbi.nlm.nih.gov/pubmed/30412991


Cancers 2022, 14, 4558 20 of 22

59. Crous, A.; Abrahamse, H. Effective Gold Nanoparticle-Antibody-Mediated Drug Delivery for Photodynamic Therapy of Lung
Cancer Stem Cells. Int. J. Mol. Sci. 2020, 21, 3742. [CrossRef] [PubMed]

60. Didamson, O.C.; Abrahamse, H. Targeted Photodynamic Diagnosis and Therapy for Esophageal Cancer: Potential Role of
Functionalized Nanomedicine. Pharmaceutics 2021, 13, 1943. [CrossRef]

61. Cheng, Z.; Li, M.; Dey, R.; Chen, Y. Nanomaterials for cancer therapy: Current progress and perspectives. J. Hematol. Oncol. 2021,
14, 85. [CrossRef]

62. Zafar, M.; Ijaz, M.; Iqbal, T. Efficient Au nanostructures for NIR-responsive controlled drug delivery systems. Chem. Pap. 2021, 75,
2277–2293. [CrossRef]

63. Yao, C.; Zhang, L.; Wang, J.; He, Y.; Xin, J.; Wang, S.; Xu, H.; Zhang, Z. Gold Nanoparticle Mediated Phototherapy for Cancer.
J. Nanomater. 2016, 2016, 5497136. [CrossRef]

64. Singh, P.; Mijakovic, I. Advances in gold nanoparticle technology as a tool for diagnostics and treatment of cancer. Expert. Rev.
Mol. Diagn. 2021, 21, 627–630. [CrossRef] [PubMed]

65. Ali, H.S.; El-Haj, B.M.; Saifullah, S.; Kawish, M. Chapter 4 - Gold nanoparticles in cancer diagnosis and therapy. In Metal
Nanoparticles for Drug Delivery and Diagnostic Applications; Shah, M.R., Imran, M., Ullah, S., Eds.; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 43–58.

66. He, J.-s.; Liu, S.-j.; Zhang, Y.-r.; Chu, X.-d.; Lin, Z.-b.; Zhao, Z.; Qiu, S.-h.; Guo, Y.-g.; Ding, H.; Pan, Y.-l.; et al. The Application of
and Strategy for Gold Nanoparticles in Cancer Immunotherapy. Front. Pharmacol. 2021, 12, 687399. [CrossRef]

67. D’Acunto, M.; Cioni, P.; Gabellieri, E.; Presciuttini, G. Exploiting gold nanoparticles for diagnosis and cancer treatments.
Nanotechnology 2021, 32, 192001. [CrossRef] [PubMed]

68. Chi, Y.F.; Qin, J.J.; Li, Z.; Ge, Q.; Zeng, W.H. Enhanced anti-tumor efficacy of 5-aminolevulinic acid-gold nanoparticles-mediated
photodynamic therapy in cutaneous squamous cell carcinoma cells. Braz. J. Med. Biol. Res. 2020, 53, e8457. [CrossRef] [PubMed]

69. Jazayeri, M.H.; Amani, H.; Pourfatollah, A.A.; Pazoki-Toroudi, H.; Sedighimoghaddam, B. Various methods of gold nanoparticles
(GNPs) conjugation to antibodies. Sens. Bio-Sens. Res. 2016, 9, 17–22. [CrossRef]

70. Crous, A.; Abrahamse, H. Photodynamic Therapy with an AlPcS4Cl Gold Nanoparticle Conjugate Decreases Lung Cancer&
Metastatic Potential. Coatings 2022, 12, 199.

71. Zhang, L.; Mazouzi, Y.; Salmain, M.; Liedberg, B.; Boujday, S. Antibody-Gold Nanoparticle Bioconjugates for Biosensors:
Synthesis, Characterization and Selected Applications. Biosens. Bioelectron. 2020, 165, 112370. [CrossRef]

72. Muddineti, O.S.; Ghosh, B.; Biswas, S. Current trends in using polymer coated gold nanoparticles for cancer therapy. Int. J. Pharm.
2015, 484, 252–267. [CrossRef]

73. García Calavia, P.; Bruce, G.; Pérez-García, L.; Russell, D.A. Photosensitiser-gold nanoparticle conjugates for photodynamic
therapy of cancer. Photochem. Photobiol. Sci. 2018, 17, 1534–1552. [CrossRef]

74. Bettencourt, A.; Gonçalves, L.M. Trends in the Design and Evaluation of Polymeric Nanocarriers: The In Vitro Nano-Bio
Interactions. Adv. Exp. Med. Biol. 2022, 1357, 19–41. [PubMed]

75. Fatehbasharzad, P.; Fatehbasharzad, P.; Sillanpää, M.; Shamsi, Z. Investigation of Bioimpacts of Metallic and Metallic Oxide
Nanostructured Materials: Size, Shape, Chemical Composition, and Surface Functionality: A Review. Part. Part. Syst. Charact.
2021, 38, 2100112. [CrossRef]

76. Dallari, C.; Capitini, C.; Calamai, M.; Trabocchi, A.; Pavone, F.S.; Credi, C. Gold Nanostars Bioconjugation for Selective Targeting
and SERS Detection of Biofluids. Nanomaterials 2021, 11, 665. [CrossRef] [PubMed]

77. Mellor, R.D.; Uchegbu, I.F. Ultrasmall-in-Nano: Why Size Matters. Nanomaterials 2022, 12, 2476. [CrossRef] [PubMed]
78. Li, Y.; Kröger, M.; Liu, W.K. Shape effect in cellular uptake of PEGylated nanoparticles: Comparison between sphere, rod, cube

and disk. Nanoscale 2015, 7, 16631–16646. [CrossRef] [PubMed]
79. Chithrani, B.D.; Chan, W.C.W. Elucidating the Mechanism of Cellular Uptake and Removal of Protein-Coated Gold Nanoparticles

of Different Sizes and Shapes. Nano Lett. 2007, 7, 1542–1550. [CrossRef]
80. Gamaleia, N.F.; Shishko, E.D.; Dolinsky, G.A.; Shcherbakov, A.B.; Usatenko, A.V.; Kholin, V.V. Photodynamic activity of

hematoporphyrin conjugates with gold nanoparticles: Experiments in vitro. Exp. Oncol. 2010, 32, 44–47.
81. Khaing Oo, M.K.; Yang, Y.; Hu, Y.; Gomez, M.; Du, H.; Wang, H. Gold Nanoparticle-Enhanced and Size-Dependent Generation of

Reactive Oxygen Species from Protoporphyrin IX. ACS Nano 2012, 6, 1939–1947. [CrossRef]
82. Kang, M.S.; Lee, S.Y.; Kim, K.S.; Han, D.-W. State of the Art Biocompatible Gold Nanoparticles for Cancer Theragnosis.

Pharmaceutics 2020, 12, 701. [CrossRef]
83. Kobayashi, K.; Wei, J.; Iida, R.; Ijiro, K.; Niikura, K. Surface engineering of nanoparticles for therapeutic applications. Polym.

J. 2014, 46, 460–468. [CrossRef]
84. Conde, J.; Dias, J.T.; Grazú, V.; Moros, M.; Baptista, P.V.; de la Fuente, J.M. Revisiting 30 years of biofunctionalization and surface

chemistry of inorganic nanoparticles for nanomedicine. Front. Chem. 2014, 2, 48. [CrossRef] [PubMed]
85. Yang, Q.; Jones, S.W.; Parker, C.L.; Zamboni, W.C.; Bear, J.E.; Lai, S.K. Evading Immune Cell Uptake and Clearance Requires PEG

Grafting at Densities Substantially Exceeding the Minimum for Brush Conformation. Mol. Pharm. 2014, 11, 1250–1258. [CrossRef]
[PubMed]

86. Goddard, Z.R.; Beekman, A.M.; Cominetti, M.M.D.; O’Connell, M.A.; Chambrier, I.; Cook, M.J.; Marín, M.J.; Russell, D.A.; Searcey,
M. Peptide directed phthalocyanine–gold nanoparticles for selective photodynamic therapy of EGFR overexpressing cancers.
RSC Med. Chem. 2021, 12, 288–292. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21113742
http://www.ncbi.nlm.nih.gov/pubmed/32466428
http://doi.org/10.3390/pharmaceutics13111943
http://doi.org/10.1186/s13045-021-01096-0
http://doi.org/10.1007/s11696-020-01465-y
http://doi.org/10.1155/2016/5497136
http://doi.org/10.1080/14737159.2021.1933447
http://www.ncbi.nlm.nih.gov/pubmed/34014787
http://doi.org/10.3389/fphar.2021.687399
http://doi.org/10.1088/1361-6528/abe1ed
http://www.ncbi.nlm.nih.gov/pubmed/33524960
http://doi.org/10.1590/1414-431x20208457
http://www.ncbi.nlm.nih.gov/pubmed/32348428
http://doi.org/10.1016/j.sbsr.2016.04.002
http://doi.org/10.1016/j.bios.2020.112370
http://doi.org/10.1016/j.ijpharm.2015.02.038
http://doi.org/10.1039/C8PP00271A
http://www.ncbi.nlm.nih.gov/pubmed/35583639
http://doi.org/10.1002/ppsc.202100112
http://doi.org/10.3390/nano11030665
http://www.ncbi.nlm.nih.gov/pubmed/33800443
http://doi.org/10.3390/nano12142476
http://www.ncbi.nlm.nih.gov/pubmed/35889699
http://doi.org/10.1039/C5NR02970H
http://www.ncbi.nlm.nih.gov/pubmed/26204104
http://doi.org/10.1021/nl070363y
http://doi.org/10.1021/nn300327c
http://doi.org/10.3390/pharmaceutics12080701
http://doi.org/10.1038/pj.2014.40
http://doi.org/10.3389/fchem.2014.00048
http://www.ncbi.nlm.nih.gov/pubmed/25077142
http://doi.org/10.1021/mp400703d
http://www.ncbi.nlm.nih.gov/pubmed/24521246
http://doi.org/10.1039/D0MD00284D
http://www.ncbi.nlm.nih.gov/pubmed/34041483


Cancers 2022, 14, 4558 21 of 22

87. 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. Photochem. Photobiol. Sci. 2011, 10, 822–831. [CrossRef]

88. Yu, J.; Hsu, C.H.; Huang, C.C.; Chang, P.Y. Development of therapeutic Au-methylene blue nanoparticles for targeted photody-
namic therapy of cervical cancer cells. ACS Appl. Mater. Interfaces 2015, 7, 432–441. [CrossRef]

89. Mangadlao, J.D.; Wang, X.; McCleese, C.; Escamilla, M.; Ramamurthy, G.; Wang, Z.; Govande, M.; Basilion, J.P.; Burda, C.
Prostate-Specific Membrane Antigen Targeted Gold Nanoparticles for Theranostics of Prostate Cancer. ACS Nano 2018, 12,
3714–3725. [CrossRef]

90. Youssef, Z.; Yesmurzayeva, N.; Larue, L.; Jouan-Hureaux, V.; Colombeau, L.; Arnoux, P.; Acherar, S.; Vanderesse, R.; Frochot, C.
New Targeted Gold Nanorods for the Treatment of Glioblastoma by Photodynamic Therapy. J. Clin. Med. 2019, 8, 2205. [CrossRef]

91. Liu, Z.; Xie, F.; Xie, J.; Chen, J.; Li, Y.; Lin, Q.; Luo, F.; Yan, J. New-generation photosensitizer-anchored gold nanorods for a single
near-infrared light-triggered targeted photodynamic-photothermal therapy. Drug Deliv. 2021, 28, 1769–1784. [CrossRef]

92. Imanparast, A.; Attaran, N.; Eshghi, H.; Sazgarnia, A. Surface modification of gold nanoparticles with 6-mercapto-1-hexanol to
facilitate dual conjugation of protoporphyrin IX and folic acid for improving the targeted photochemical internalization. Iran.
J. Basic Med. Sci. 2022, 25. [CrossRef]

93. Wang, J.; Sefah, K.; Altman, M.B.; Chen, T.; You, M.; Zhao, Z.; Huang, C.Z.; Tan, W. Aptamer-conjugated nanorods for targeted
photothermal therapy of prostate cancer stem cells. Chem. Asian J. 2013, 8, 2417–2422. [CrossRef]

94. Mahmoud, N.N.; Abuarqoub, D.; Zaza, R.; Sabbah, D.A.; Khalil, E.A.; Abu-Dahab, R. Gold Nanocomplex Strongly Modulates the
PI3K/Akt Pathway and Other Pathways in MCF-7 Breast Cancer Cell Line. Int. J. Mol. Sci. 2020, 21, 3320. [CrossRef] [PubMed]

95. Bhowmik, T.; Gomes, A. Down-regulation of cyclin-dependent kinase-4 and MAPK through estrogen receptor mediated cell cycle
arrest in human breast cancer induced by gold nanoparticle tagged toxin protein NKCT1. Chem. Biol. Interact. 2017, 268, 119–128.
[CrossRef] [PubMed]

96. Balakrishnan, S.; Mukherjee, S.; Das, S.; Bhat, F.A.; Raja Singh, P.; Patra, C.R.; Arunakaran, J. Gold nanoparticles-conjugated
quercetin induces apoptosis via inhibition of EGFR/PI3K/Akt-mediated pathway in breast cancer cell lines (MCF-7 and MDA-
MB-231). Cell Biochem. Funct. 2017, 35, 217–231. [CrossRef] [PubMed]

97. Vemuri, S.K.; Halder, S.; Banala, R.R.; Rachamalla, H.K.; Devraj, V.M.; Mallarpu, C.S.; Neerudu, U.K.; Bodlapati, R.; Mukherjee, S.;
Venkata, S.G.P.; et al. Modulatory Effects of Biosynthesized Gold Nanoparticles Conjugated with Curcumin and Paclitaxel on
Tumorigenesis and Metastatic Pathways-In Vitro and In Vivo Studies. Int. J. Mol. Sci. 2022, 23, 2150. [CrossRef]

98. Cortes, J.E.; Gutzmer, R.; Kieran, M.W.; Solomon, J.A. Hedgehog signaling inhibitors in solid and hematological cancers. Cancer
Treat. Rev. 2019, 76, 41–50. [CrossRef]

99. Ruiz-Borrego, M.; Jimenez, B.; Antolín, S.; García-Saenz, J.A.; Corral, J.; Jerez, Y.; Trigo, J.; Urruticoechea, A.; Colom, H.; Gonzalo,
N.; et al. A phase Ib study of sonidegib (LDE225), an oral small molecule inhibitor of smoothened or Hedgehog pathway, in
combination with docetaxel in triple negative advanced breast cancer patients: GEICAM/2012-12 (EDALINE) study. Invest. New
Drugs 2019, 37, 98–108. [CrossRef]

100. Ko, A.H.; LoConte, N.; Tempero, M.A.; Walker, E.J.; Kate Kelley, R.; Lewis, S.; Chang, W.C.; Kantoff, E.; Vannier, M.W.;
Catenacci, D.V.; et al. A Phase I Study of FOLFIRINOX Plus IPI-926, a Hedgehog Pathway Inhibitor, for Advanced Pancreatic
Adenocarcinoma. Pancreas 2016, 45, 370–375. [CrossRef]

101. Arend, R.C.; Londoño-Joshi, A.I.; Samant, R.S.; Li, Y.; Conner, M.; Hidalgo, B.; Alvarez, R.D.; Landen, C.N.; Straughn, J.M.;
Buchsbaum, D.J. Inhibition of Wnt/β-catenin pathway by niclosamide: A therapeutic target for ovarian cancer. Gynecol. Oncol.
2014, 134, 112–120. [CrossRef]

102. Yi, Y.; Woo, Y.M.; Hwang, K.H.; Kim, H.S.; Lee, S.H. Niclosamide and Pyrvinium Are Both Potential Therapeutics for Osteosar-
coma, Inhibiting Wnt-Axin2-Snail Cascade. Cancers 2021, 13, 4630. [CrossRef]

103. Jimeno, A.; Gordon, M.; Chugh, R.; Messersmith, W.; Mendelson, D.; Dupont, J.; Stagg, R.; Kapoun, A.M.; Xu, L.; Uttamsingh, S.;
et al. A First-in-Human Phase I Study of the Anticancer Stem Cell Agent Ipafricept (OMP-54F28), a Decoy Receptor for Wnt
Ligands, in Patients with Advanced Solid Tumors. Clin. Cancer Res. 2017, 23, 7490–7497. [CrossRef]

104. Moore, K.N.; Gunderson, C.C.; Sabbatini, P.; McMeekin, D.S.; Mantia-Smaldone, G.; Burger, R.A.; Morgan, M.A.; Kapoun, A.M.;
Brachmann, R.K.; Stagg, R.; et al. A phase 1b dose escalation study of ipafricept (OMP54F28) in combination with paclitaxel and
carboplatin in patients with recurrent platinum-sensitive ovarian cancer. Gynecol. Oncol. 2019, 154, 294–301. [CrossRef] [PubMed]

105. McKeage, M.J.; Kotasek, D.; Markman, B.; Hidalgo, M.; Millward, M.J.; Jameson, M.B.; Harris, D.L.; Stagg, R.J.; Kapoun, A.M.; Xu,
L.; et al. Phase IB Trial of the Anti-Cancer Stem Cell DLL4-Binding Agent Demcizumab with Pemetrexed and Carboplatin as
First-Line Treatment of Metastatic Non-Squamous NSCLC. Target Oncol. 2018, 13, 89–98. [CrossRef]

106. Cook, N.; Basu, B.; Smith, D.M.; Gopinathan, A.; Evans, J.; Steward, W.P.; Palmer, D.; Propper, D.; Venugopal, B.; Hategan, M.;
et al. A phase I trial of the γ-secretase inhibitor MK-0752 in combination with gemcitabine in patients with pancreatic ductal
adenocarcinoma. Br. J. Cancer 2018, 118, 793–801. [CrossRef]

107. Shih, P.-C.; Mei, K.-C. Role of STAT3 signaling transduction pathways in cancer stem cell-associated chemoresistance. Drug
Discov. Today 2021, 26, 1450–1458. [CrossRef]

108. Roma-Rodrigues, C.; Pombo, I.; Raposo, L.; Pedrosa, P.; Fernandes, A.R.; Baptista, P.V. Nanotheranostics Targeting the Tumor
Microenvironment. Front. Bioeng. Biotechnol. 2019, 7, 197. [CrossRef]

109. Ma, Y.C.; Zhu, Y.H.; Tang, X.F.; Hang, L.F.; Jiang, W.; Li, M.; Khan, M.I.; You, Y.Z.; Wang, Y.C. Au nanoparticles with enzyme-
mimicking activity-ornamented ZIF-8 for highly efficient photodynamic therapy. Biomater. Sci. 2019, 7, 2740–2748. [CrossRef]

http://doi.org/10.1039/c1pp05014a
http://doi.org/10.1021/am5064298
http://doi.org/10.1021/acsnano.8b00940
http://doi.org/10.3390/jcm8122205
http://doi.org/10.1080/10717544.2021.1960923
http://doi.org/10.22038/ijbms.2022.63622.14033
http://doi.org/10.1002/asia.201300375
http://doi.org/10.3390/ijms21093320
http://www.ncbi.nlm.nih.gov/pubmed/32397063
http://doi.org/10.1016/j.cbi.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28322778
http://doi.org/10.1002/cbf.3266
http://www.ncbi.nlm.nih.gov/pubmed/28498520
http://doi.org/10.3390/ijms23042150
http://doi.org/10.1016/j.ctrv.2019.04.005
http://doi.org/10.1007/s10637-018-0614-9
http://doi.org/10.1097/MPA.0000000000000458
http://doi.org/10.1016/j.ygyno.2014.04.005
http://doi.org/10.3390/cancers13184630
http://doi.org/10.1158/1078-0432.CCR-17-2157
http://doi.org/10.1016/j.ygyno.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/31174889
http://doi.org/10.1007/s11523-017-0543-0
http://doi.org/10.1038/bjc.2017.495
http://doi.org/10.1016/j.drudis.2020.11.032
http://doi.org/10.3389/fbioe.2019.00197
http://doi.org/10.1039/C9BM00333A


Cancers 2022, 14, 4558 22 of 22

110. Wang, J.; Sun, J.; Hu, W.; Wang, Y.; Chou, T.; Zhang, B.; Zhang, Q.; Ren, L.; Wang, H. A Porous Au@Rh Bimetallic Core-Shell
Nanostructure as an H(2)O(2) -Driven Oxygenerator to Alleviate Tumor Hypoxia for Simultaneous Bimodal Imaging and
Enhanced Photodynamic Therapy. Adv. Mater. 2020, 32, e2001862. [CrossRef]

111. Liang, R.; Liu, L.; He, H.; Chen, Z.; Han, Z.; Luo, Z.; Wu, Z.; Zheng, M.; Ma, Y.; Cai, L. Oxygen-boosted immunogenic
photodynamic therapy with gold nanocages@manganese dioxide to inhibit tumor growth and metastases. Biomaterials 2018, 177,
149–160. [CrossRef]

112. Yin, Z.; Ji, Q.; Wu, D.; Li, Z.; Fan, M.; Zhang, H.; Zhao, X.; Wu, A.; Cheng, L.; Zeng, L. H(2)O(2)-Responsive Gold Nanoclusters @
Mesoporous Silica @ Manganese Dioxide Nanozyme for "Off/On" Modulation and Enhancement of Magnetic Resonance Imaging
and Photodynamic Therapy. ACS Appl. Mater. Interfaces 2021, 13, 14928–14937. [CrossRef]

113. Li, S.; Lui, K.-H.; Tsoi, T.-H.; Lo, W.-S.; Li, X.; Hu, X.; Chi-Shing Tai, W.; Hiu-Ling Hung, C.; Gu, Y.-J.; Wong, W.-T. pH-responsive
targeted gold nanoparticles for in vivo photoacoustic imaging of tumor microenvironments. Nanoscale Adv. 2019, 1, 554–564.
[CrossRef]

114. Liu, J.; Liang, H.; Li, M.; Luo, Z.; Zhang, J.; Guo, X.; Cai, K. Tumor acidity activating multifunctional nanoplatform for NIR-
mediated multiple enhanced photodynamic and photothermal tumor therapy. Biomaterials 2018, 157, 107–124. [CrossRef]
[PubMed]

115. Hu, X.; Yang, P.; He, J.; Liang, R.; Niu, D.; Wang, H.; Li, Y. In vivo self-assembly induced retention of gold nanoparticles for
enhanced photothermal tumor treatment. J. Mater. Chem. B. 2017, 5, 5931–5936. [CrossRef]

116. Xia, F.; Niu, J.; Hong, Y.; Li, C.; Cao, W.; Wang, L.; Hou, W.; Liu, Y.; Cui, D. Matrix metallopeptidase 2 targeted delivery of
gold nanostars decorated with IR-780 iodide for dual-modal imaging and enhanced photothermal/photodynamic therapy. Acta
Biomater. 2019, 89, 289–299. [CrossRef]

117. Emami Nejad, A.; Najafgholian, S.; Rostami, A.; Sistani, A.; Shojaeifar, S.; Esparvarinha, M.; Nedaeinia, R.; Haghjooy Javanmard,
S.; Taherian, M.; Ahmadlou, M.; et al. The role of hypoxia in the tumor microenvironment and development of cancer stem cell:
A novel approach to developing treatment. Cancer Cell Int. 2021, 21, 62. [CrossRef]

118. Lou-Franco, J.; Das, B.; Elliott, C.; Cao, C. Gold Nanozymes: From Concept to Biomedical Applications. Nanomicro Lett. 2020, 13, 10.
[CrossRef]

119. Quintero-Fabián, S.; Arreola, R.; Becerril-Villanueva, E.; Torres-Romero, J.C.; Arana-Argáez, V.; Lara-Riegos, J.; Ramírez-Camacho,
M.A.; Alvarez-Sánchez, M.E. Role of Matrix Metalloproteinases in Angiogenesis and Cancer. Front. Oncol. 2019, 9. [CrossRef]

120. Wolfram, J.; Zhu, M.; Yang, Y.; Shen, J.; Gentile, E.; Paolino, D.; Fresta, M.; Nie, G.; Chen, C.; Shen, H.; et al. Safety of Nanoparticles
in Medicine. Curr. Drug Targets 2015, 16, 1671–1681. [CrossRef]

121. Wang, X.; Zhong, X.; Li, J.; Liu, Z.; Cheng, L. Inorganic nanomaterials with rapid clearance for biomedical applications. Chem. Soc.
Rev. 2021, 50, 8669–8742. [CrossRef]

122. Balfourier, A.; Kolosnjaj-Tabi, J.; Luciani, N.; Carn, F.; Gazeau, F. Gold-based therapy: From past to present. Proc. Natl. Acad. Sci.
USA 2020, 117, 22639–22648. [CrossRef]

123. Singh, P.; Pandit, S.; Mokkapati, V.R.S.S.; Garg, A.; Ravikumar, V.; Mijakovic, I. Gold Nanoparticles in Diagnostics and Therapeutics
for Human Cancer. Int. J. Mol. Sci. 2018, 19, 1979. [CrossRef]

124. Rehman, J.; Iqbal, T.; Tailor, R.; Majid, A.; Ashraf, J.; Khan, I.; Afzal, M.; Ibbott, G.S. Dosimetric comparison among different head
and neck radiotherapy techniques using PRESAGE®dosimeter. Int. J. Cancer Ther. Oncol. 2015, 3, 349. [CrossRef]

http://doi.org/10.1002/adma.202001862
http://doi.org/10.1016/j.biomaterials.2018.05.051
http://doi.org/10.1021/acsami.1c00430
http://doi.org/10.1039/C8NA00190A
http://doi.org/10.1016/j.biomaterials.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29268142
http://doi.org/10.1039/C7TB01268C
http://doi.org/10.1016/j.actbio.2019.03.008
http://doi.org/10.1186/s12935-020-01719-5
http://doi.org/10.1007/s40820-020-00532-z
http://doi.org/10.3389/fonc.2019.01370
http://doi.org/10.2174/1389450115666140804124808
http://doi.org/10.1039/D0CS00461H
http://doi.org/10.1073/pnas.2007285117
http://doi.org/10.3390/ijms19071979
http://doi.org/10.14319/ijcto.34.9

	Introduction 
	Cancer Stem Cells 
	Origin and Theory of Cancer Stem Cells 
	Biomarkers of Cancer Stem Cell and Isolation 
	Cancer Stem Cell Niche 
	Mechanism of Treatment Resistance in Cancer Stem Cells 

	Photodynamic Therapy 
	Photodynamic Therapy and Route of Administration 
	Photosensitizer OptimumInjection Dosage for PDT 
	Evaluation of Photodynamic Therapeutic Efficiency 
	Benefits and Limitations of PDT 

	Nanotechnology for Enhancing Cancer Therapy 
	Gold Nanoparticles and Drug Delivery 
	Gold Nanoparticle and Photodynamic Therapy 
	Gold Nanoparticles Bioconjugation Strategies 
	Impacts of Gold Nanoparticle Physiochemical Properties on PDT 

	Gold Nanoparticle Bioconjugates for Active Targeted Photodynamic Therapy for Cancer and Cancer Stem Cells 
	Actively Targeting Biomarkers 
	Actively Targeting Tumor Signaling Pathways 
	Actively Targeting Tumor Microenvironments 
	Targeting Hypoxia 
	Targeting pH in the TME 
	Targeting Matrix Metalloproteases 


	Current Limitations and Future Perspective of Gold Nanoparticles Application 
	Conclusions 
	References

