Journal of Medical and Biological Engineering
https://doi.org/10.1007/540846-023-00836-6

REVIEW ARTICLE q

Check for
updates

Nanotechnology Potent Photothermal and Photodynamic
Immunotherapies of Cancer

Abduladheem Turki Jalil'® - Noora. G. Al-Fatlawi? - Lubna R. Al-Ameer® - Mustafa Asaad Rasol* -
Jabbar Hassoon Zamil Al-Tamimi’ - Muna S. Merza® - Ronak Taher Ali” - Rahman S. Zabibah?® - Farah Al-Hili°

Received: 6 March 2023 / Accepted: 18 October 2023
© Taiwanese Society of Biomedical Engineering 2023

Abstract

Purpose Nano-photosensitizer-based light-activated treatments are safe for numerous cancer indications. Photodynamic
therapy (PDT) induces chemical damage to targeted lesions, and photothermal therapy (PTT) causes thermal damage. PTT
contrast agents are not required for PDT, but they can boost their effectiveness. PDT uses photosensitizers. Phototherapies
based on nanoparticles exhibit high efficacy, limited invasion, and few harmful effects when used to treat cancers. This review
discusses phototherapies for cancer therapy and developing preclinical methodologies that may improve their effectiveness
and utility.

Methods All the reported works were retrieved from two databases (i.e., PubMed and Google Scholar) using the keywords
“Photothermal therapy” “immunotherapy”, “cancer”, “nanoparticles”, and “photodynamic therapy”. This paper surveyed
studies on nanoparticle-based photo/immunotherapies and examined recent nanoparticle-based PTT and PDT developments.
We also will be discussed difficulties and potential future research areas.

Results Recent research has focused on these phototherapies. Phototherapeutic devices and drugs have been evolved recently
for cancer treatments, however, considerable difficulties have limited their clinical use to a few dermatological disorders.
Combining nano-based photosensitizers with chemotherapies or immunotherapies for targeting or localizing activation could
improve outcomes and reduce adverse effects.

Conclusion These innovative approaches are anticipated to play a significant role in advancing conventional tumor therapy
approaches.
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1 Introduction recent years. But each year has seen a steady rise in the
incidence and death of malignancies, and rising trend in
Radiation therapy, chemotherapy, molecular targeted ther-  the number of young cancer patients [1]. The absence of

apy, and immunotherapy are a few of the several anticancer ~ unpleasant and efficient therapeutic options is critical in this
treatment modalities that have seen significant growth in
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phenomenon. Therefore, it is imperative to create new, effec-
tive anticancer therapies.

In the last ten years, cancer immunotherapy has made
enormous strides [2, 3]. For instance, the development of
oncology therapies has been greatly aided by the effec-
tiveness of immune checkpoint inhibitors (e.g., anti-PD-1/
PD-L1 and anti-cytotoxic T lymphocyte-associated anti-
gen-4) antibodies [4—6]. These advancements have produced
various integrated treatment programs using multiple thera-
peutic modalities (i.e., chemo/immunotherapy, radio/immu-
notherapy, and targeted molecular/immunotherapy) [7-10].
Nevertheless, recent investigations have revealed that these
“miracle medications” were useless for cancers and dis-
played variable therapeutic efficacy in different patients
[11]. The clinical optimization of these techniques has also
been challenged by adverse immunological effects, such as
the impact on the inflammatory mediator’s cascade, toxicity
in the target organ, hematological system malfunction, and
inducing drug resistance [12-15].

Consequently, one important aim is to increase the effec-
tiveness of immunotherapeutic medications and decrease
their adverse effects. Research into novel cancer therapy
methods is ongoing. Malignant tumors are currently being
treated in clinics using a variety of tumor ablations, includ-
ing thermal, cryo, microwave, and ultrasonic ablations,
distinguished by less trauma, controllability, and deaths in
targeted sites [16]. The subsequent tumor cell death dur-
ing tumor ablation can be the potential antigen source to
stimulate the immune response for direct killing [17]. Both
primary and metastatic cancers can be treated with thermal
ablation by inducing an immune response.

The fundamental mechanism in pre-clinical and clinical
investigations is that damaged tumorous cells release spe-
cific antigens (tumor-associated antigens) and can stimu-
late the systemic response [18]. In contrast to traditional
anticancer techniques, nanostructures-based PTT/PDT are
cutting-edge treatment alternatives for tumor erosion. The
applicability of ablations is further expanded using nanopar-
ticles, which incorporate the benefits of nanomedicine (e.g.,
drug-loading, targeting, versatility, and modifiability) into
tumor ablation [19, 20]. Nanoparticle-based PTT and PDT
immunotherapies, can generate lasting antitumor immune
responses and remove tumors by ablation.

2 Pathological Mechanism Tumor Cells
Death by PTT and PDT

Heat shock proteins (HSPs), particularly HSP70, are widely
distributed molecular chaperones that facilitate proper pro-
tein folding and exhibit enhanced expression at elevated
temperature conditions [21, 22]. Hsp70 has an antiapop-
totic influence through its ability to impede the activation
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of caspase-3 and hinder the stress-activated kinase path-
way [23]. The complex formation of anti-apoptosis-related
proteins can be reduced by down-regulation of HSP70 and
BAG3. Wang et al. demonstrated that CTD-TSL@GNPs, by
inhibiting HSP induced by PTT and weakening the antia-
poptotic signal, achieved a practical PTT effect on A431
cells. Furthermore, the irradiation power used in this study
was clinically acceptable [24]. Based on prior research, it
has been observed that the suppression of HSP activity can
disrupt cellular homeostasis and compromise the integrity
of protein interactions. Consequently, this disruption leads
to a decrease in cell thermotolerance and an enhancement
in the efficacy of photothermal therapy [25]. According to
Moustafa R.K. Ali et al., the HSP70 level in Huh7.5 cells
was around one-tenth of that observed in HSC and MCF-7
cells when considering the relative level and resulting out-
comes. In contrast to the other two cell lines, the induction
of programmed cell death (apoptosis) in Huh7.5 cells exhib-
ited a notable and statistically significant increase follow-
ing exposure to PPT [21]. Consequently, targeting HSP70
suppression has been acknowledged as a viable approach in
cancer therapy since it can potentially render cancer cells
more susceptible to PTT. Hsp72 is a prominent constituent
of the molecular chaperone family as well. In contrast to the
reduced expression observed in normal cells, the expression
level in tumor tissues exhibited a substantial rise, presum-
ably as a protective mechanism against apoptotic induc-
tion. Wang et al. developed a nanoscale system comprising
HSP72 /hyaluronic acid and gold nanostare/siRNA. This
system was effectively fabricated using the layer-by-layer
technique [26]. The JAK/STAT signaling pathway, particu-
larly the STAT?3 protein, plays a significant role in the ini-
tiation and progression of carcinogenesis and development
through its regulation of the TARGE gene. The cell cycle
regulators, namely c-fos, meks, cMyc, and cyclinD1, and
the apoptosis inhibitors, including Survivin and Bcl-xL, are
rapid signal transduction pathways facilitating communica-
tion from the extracellular environment to the nuclear com-
partment. The oncogenic nature of STAT3 is evident, as its
activation and overexpression are closely associated with
the malignant conversion of cells [27]. The Bcl-2 family
is categorized into two distinct subfamilies in the context
of apoptosis. There exist anti-apoptotic proteins, such as
START3 downstream target genes Bcl-2 and Bcl-xI, that
experience conformational alterations as they transition from
the cytoplasm to the organelles within the membrane struc-
ture, particularly the outer membrane of the mitochondria.
These changes occur when cells are stimulated by death sig-
nals and pro-apoptotic proteins Bax and Bak, respectively, in
the case of a cell in a stable condition [28]. The experimental
findings demonstrated that the overexpression of STAT3 had
a notable mitigating effect on the inhibitory impact of ALA-
PDT [29]. The cellular uptake of the molecule STAT3 dimer,
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dependent on both dose and light exposure, has emerged
as a valuable indicator of the effectiveness of PDT in labo-
ratory settings and living organisms. This compound can
serve as a biomarker to assess and enhance the therapeu-
tic characteristics of existing and potential PDT candidates
in vivo. Li et al., the integration of ALA-PDT with STAT3
siRNA demonstrates favorable tumor tissue selectivity,
absence of discomfort, and absence of scar formation in
the treatment of squamous cell carcinoma [30]. The EGFR
receptor tyrosine kinase plays a crucial role in safeguarding
against apoptosis by regulating essential cellular processes
like phosphatidylinositol 3’kinase (PI3K)/AKT signaling,
cell cycle progression and survival through proliferation,
as well as MAPK and STAT?3 pathways [28]. In addition to
her findings, Christine edmonds observed that PDT induces
the activation of tyrosine phosphorylation and subsequent
nuclear translocation of the EGFR. Hence, the concurrent
administration of erlotinib, an inhibitor of the EGFR signal,
with PDT can potentially enhance the cytotoxic effects of
PDT through the up-regulation of the apoptotic cell death
pathway [31]. To effectively engage the body’s immune
system and address residual tumor cells and metastatic can-
cer, combining PTT with supplementary immune interven-
tions is necessary. This approach facilitates activating and
coordinating the body’s comprehensive immune response.
Zhou et al. have also devised an interventional photothermal
therapy method incorporating immune adjuvants. According
to reports, chitosan is identified as the precursor of GC. Its
effects include the promotion of DC maturation through the
induction of a type I interferon-induced antigen-specific Thl
response. Additionally, chitosan can increase the release of
interferon-y and tumor necrosis factor-a. However, further
investigation is required to evaluate the immunomodulatory
activity of GC in other studies [32]. The enhanced matura-
tion of dendritic cells induced by the AIBSA-Ce6NPs cre-
ated by Yining Zhu results in increased infiltration of tumors
and lymph nodes by CD8" and CD4™ T cells. This approach
seeks to combat melanoma by utilizing albumin-biominer-
alized nanoparticles to synergize PTT with immunotherapy
[33].

3 Nanomaterial-Based Photothermal
Therapy

A breakthrough approach called photothermal therapy (PTT)
based on nanoparticles uses the conversion of light energy
to heat-induced cancer cells killing. The following distinc-
tive characteristics of PTT stand out compared to current
standard therapies. Using a local fixed-point near-infrared
(NIR) laser that can penetrate muscle tissue is ideal for treat-
ing solid tumors, especially superficial tumors, without suf-
fering from severe side effects [34, 35]. (ii) Nanoparticles

with targetability can deliver therapeutic precisely eradi-
cate malignancies after intravenous injection [36, 37]. (iii)
Fluorescence, magnetic resonance, CT, and photoacoustic
imaging with theranostic nanostructures all permit imag-
ing-guided PTT [38, 39]. (iv) The use of PTT in conjunc-
tion with interventional technologies has been effectively
extended to deep tumors in addition to surface cancers (such
as pancreatic cancer) [40].

The development from organic to inorganic photothermal
nanomaterials, from a PTT to multifunctional nanotheranos-
tics, and from single heat production to dual efficacy and
biosafety nanotechnology are examples advancements that
have undergone ongoing in nanoparticle applications. To
our knowledge, PTT’s anticancer effects in tumor therapy
primarily come from direct thermal ablation (over 42 C).
Heat can physically harm the tumorous cells by rupturing
the cell membrane, preventing DNA synthesis, and disrupt-
ing the cytoskeleton [41, 42]. To increase the hyperthermia
temperature, researchers frequently increase the irradiation
light’s intensity or the number of photothermal agents used,
improving tumor ablation. However, non-neoplastic tissues
risk injury from agent dose or excessive laser power. Low-
power radiation treatment combined with the exact target-
ing of subcellular components may effectively cure this
issue. For instance, mitochondria-targeting nanoparticles
can significantly lower the NIR power density after PTT
while increasing intracellular reactive oxygen species (ROS)
amounts, leading to mitochondrial dysfunction and induc-
ing apoptosis [43, 44]. Pan et al. designed nuclear-targeting
nanoparticles that may cause tumor cells to undergo apop-
tosis by damaging nuclear DNA and preventing DNA repair
when exposed to a weak NIR laser of 0.2 W/cm? [45].

In response to the stress stimuli (e.g., heat, ischemia,
heavy metals, and toxins), to repairing the damaged protein
and prevent cell death protein shock proteins (HSPs) are
overexpressed [46, 47]. Tumor cells have a high heat toler-
ance, this action may ultimately cause PTT to be delayed or
perhaps fail. As a result, inhibiting HSPs, which are closely
related to heat resistance can increase PTT’s effectiveness.
In general, HSP inhibitors or RNA interference agents are
picked [48]. Yang and colleagues designed a PEG-modified
nanofibers loaded with a HSP inhibitor to downregulate
HSP90 and go around the tumor cells’ heat resistance in
PTT [49]. Wang et al. gold nanoshells were used to deliver
HSP70 siRNA in vitro and in vivo, inhibiting HSP70 expres-
sion and specifically sensitizing PTT efficacy on tumors
with few side effects [50]. Quercetin, an HSP70 siRNA and
HSP70 inhibitor, was employed by Ali et al. to improve gold
nanorod-based PTT. They were pleased with the findings,
which included a strong cytotoxic effect on various tumor
tissues at low laser intensity [21]. HSP70 is amplified due
to the inhibition of HSP90 expression, which is terrible for
PTT improvement. On the other hand, HSP90 expression
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decreases and does not increase when HSP70 is inhibited
[51, 52]. As a result, the efficiency of HSP70 inhibitors in
tumor PTT may be excellent.

Addressing the limitation of siRNA and HSP inhibitors,
HSP synthesis at its source should be suppressed (Such as
the poor targeting, excellent stability, and good safety of
siRNA, as well as the HSP inhibitors’ lonesome nature and
hysteresis effect). Chen and colleagues used photo-convert-
ible nanocarriers to loading of glucose transporter inhibitor
(GTI) to target tumor tissues through the interaction of hya-
luronic acid and CD44. The GTI prevents glucose transfer,
which prevents glycolysis, lowers ATP generation, and ulti-
mately lowers the level of HSP expression [48].

PTT has potential anticancer effects in addition to the cell
necrosis and apoptosis brought on by hyperthermia (Fig. 1).
For instance, PTT shows exceptional excellence in eliminat-
ing medication resistance. PTT monotherapy cannot improve
the tumor therapy resistance that induced by drug-efflux
transporters or multidrug resistance [53]. Additionally, PTT
can make tumors’ MDR disappear. It is generally accepted
that the MDR of numerous malignancies is caused by the
overexpression of multidrug resistance-associated protein
1 (MRP1) and p-glycoprotein (p-gp) [54]. Li and collagen-
ous claim that cyanine-loaded nanostructures-based PTT
can reduce MRP1 and decrease the drug resistance [55].
According to Wang et al., PTTs based on carbon and gold
nanoparticles can solve the DOX resistance by encourag-
ing the expression of the HSP factor, which prevents the

Fig. 1 Shows the antitumor
effects of PTT based on nano-
particles (NP) .[ https://doi.org/
10.1002/ijc.31717]. cellmembrane, DNA

synthesis,

Inhibition of drug-efflux
transporters (MRP1,

p-gp, etc.),
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synthesis of p-gp [56, 57]. Additionally, PTT can increase
chemo-sensitive tumor cell by potentially damaging mem-
brane integrity following PTT, which raises the concentra-
tion of the medication in the tumor [58].

3.1 Immune Checkpoint Inhibition in Conjunction
with PTT

The biggest obstacle to treating tumors is metastasis. Chem-
otherapy is the most popular and last resort after substantial
metastasis, despite its poor effectiveness and severe side
effects [59]. Using the immune system to fight metastatic
cancers is a potential alternative. Incorporating immuno-
logical adjuvants with nanoparticle-based PTT can increase
immune cell infiltration at tumor areas, activate both general
and specific immune responses, and trigger inflammatory
factors’ release. Several investigations have lately shown that
the inhibitory action of PTT single is insufficient to prevent
the growth of primary tumors and, even more so, to pre-
vent the spread of distant metastatic cancers [60]. Another
challenge for anticancer immunotherapy is the competing
interactions of cancer cells and the immune system. Cancer
cells seem to be immune-tolerant/even immune-dependent in
some circumstances. For example, several antitumor immu-
nological negative regulatory signals, including CTLA-4 on
regulatory T (Treg), PD-1/PD-L1, and CD47 or signal regu-
latory protein (SIRP), hinder immune cells from performing
their primary purpose of curing cancer [61]. This leads to

Damage membrane
integrity,

Immune cells(DCs, NK
cells, T cells, etc.),
cytokines (IL-1pB, IL-6,
TNF-q, etc.),
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Table 1 Photothermal and photodynamic therapy agents combined with immune checkpoint blockade for photo/immunotherapy

PTT/PDT  Nanoparticle Checkpoint blockade  Effector cells Cytokines Tumors Ref
PTT Agent Prussian blue nano- Anti-CTLA-4 CD4+/CD8+ T cells Neuroblastoma [65]
particle
PEGylated carbon Anti-CTLA-4 DCs,CD41/CDS8*T T 1L-12, IL-1p, IL-6, Murine, breast, and [60]
nanotubes cells, CD20™ TNF-a melanoma
PLGA-ICG-R837 Anti-CTLA-4 DCs,CD41/CD8* T 1L-12, IL-1p, IL-6, Murine, breast, and [62]
cells, TNF-a, IFN-y colorectal cancer
Gold nanostar Anti-PD-L1 CD4%/CDS8*, T cells Bladder tumor [63]
PDT Agent H-MnO,-PEG/C&D Anti-PD-L1 Macrophage, T lym- IL-12, IFN-y, TNF-a ~ Murine and breast [66]
phocytes tumor
(UCNP)-Ce6-R837 Anti-CTLA-4 DCs, CD4/CD8* T IL-12, IFN-y, TNF-a  murine and colorectal ~ [67]
cells, cancer
NCP@pyrolipid Anti-PD-L1 CD4*/CD8* T cells IFN-y, TNF-a Murine and colorectal ~ [68]
cancer
(ZnP @pyro) Anti-PD-L1 Macrophage, DCs IL-6, IFN-y, TNF-a Murine and breast [69]

(IDOi) @ TBC-Hf Indoleamine 2,3-diox-
ygenase inhibitor

(IDO)

Neutrophils, B, NK and IFN-y
cells, DCs,

tumor

Murine and colorectal  [70]
tumor

the failure of immunotherapy. These mechanisms are the
main barriers to the use and advancement of photothermal
immunotherapy. Therefore, reducing these unfavorable sig-
nals can enhance PTT’s therapeutic effects. Photothermal
therapy with SWNTs raises the proportion of CD4" immune
cells, according to Wang et al. This may partially suppress
antitumor immunity. Treatment with anti-CTLA-4 can lower
the number of Treg and, inadvertently, boost the ability of T
cells to kill local and distant tumors. Coupling anti-CTLA-4

Fig.2 Nanomaterial-based PTT
and PDT-induced antitumor
immune responses. Through
either passive or aggressive
targeting, nanoparticles reach
the tumor site. PTT or PDT
both kill tumor cells. Then, cell
debris and tumor-associated
antigens are released to activate
immune effector cells, including
DCs and T lymphocytes, and
cause them to be redistrib- e
uted. These immune effector
cells also express and secrete
cytokines. Checkpoint inhibitors
can improve antitumor immu-
nity when used in combinatorial
forms to treat both primary and
metastatic cancers [https://doi.
org/10.1002/ijc.31717].

Memory T cells

CTLcells Thcells Tregcells

Anti-PD-1

mAb %
™ PD-L1

pD-1 ¥

o ©

with organic nanocomposite PTT made of PLGA-ICGR837
has a more substantial suppressive impact on distant tumors
[60].

Nano-formulated drugs can accumulate in tumor sites
by passive or active targeting strategies; thus, light and
heat radiation can better kill tumor cells. The debris and
associated antigens of tumor cells cause the innate immune
system to become more active, killing any remaining or
metastatic tumors (Fig. 2). Dendritic cells (DCs) the most

PTT
PDT
°0
, éﬁoraﬁ)n
cD47 Anti-CD47 . Q:‘ngj
mAb ot 8 o
Dpa Nae

SIRPa

Necrosis /apoptosis

N TNF-a :
= (Tumor antigens)
Hnti-pD-L1 ( ) IL-6
mAb Macrophage  IFN-y
Anti-CTLA-4 &
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O CTLA-4 - O -t

@ Springer


https://doi.org/10.1002/ijc.31717
https://doi.org/10.1002/ijc.31717

A.T. Jalil et al.

powerful and classical antigen presenting cells (APCs)
that effectively phagocytose, process, and transmit tumor
antigens throughout this process. Mature DCs release
cytokines that further activate the T cell-mediated adap-
tive immune system or draw in macrophages and NK
cells. Additionally, this combined therapy encourages the
development of memory T cells, which prevents tumor
recurrence and results in long-term tumor-free survival
[62]. For the treatment of bladder cancer, gold nanostar-
based PTT using anti-PD-L1 has been investigated. These
findings support the notion that this combination therapy,
which involves immune stimulation and the removal of
the tumor’s defenses before heat ablation, can effectively
treat both local and distant cancers [63]. Table 1 provides
more information and a list of other existing combination
therapies. The expression of PD-L1 in a tumor microenvi-
ronment can be enhanced by anti-CTLA-4 monotherapy,
which is anticipated to impair T cell-mediated antitumor
immunity [64]. Therefore, it is advisable to employ anti-
CTLA-4 and anti-PD-1 in combination.

Numerous clinical trials have shown that combining
anti-CTLA-4 and anti-PD-1 can enhance therapeutic
effects in small-cell sarcoma, melanoma, and lung can-
cer compared to anti-PD-1 or anti-CTLA-4 monotherapy
[71-74]. However, concurrent administration of anti-
CTLA-4 and anti-PD-1 along with PTT hastens the demise
of tumor-bearing mice46, probably due to the combined
therapy’s propensity to result in grade 3 or 4 treatment-
related side events [75]. This finding demonstrates the
importance of considering immunotherapy’s complexity
and safety assessment.

Fig.3 PDT using nanoparticles
to treat cancer more effec-
tively [https://doi.org/10.1002/
ije.31717].

PS
( Insoluble,
unstable,
untargeted)

Light 0,
(Poor penetration,

photo-damage) immune

suppression)

Conventional PDT
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4 Nanomaterial-Based Photodynamic
Therapy

PDT is a clinical procedure with minimal harmful side
effects, few invasive side effects, high selectivity, high
reproducibility, and other benefits [76]. It is a potentially
effective therapy for some cancers [77-80]. Photosensitizers
(PSs) can keep in tumor tissues by a wavelength of stimu-
lus light in the presence of O2 to form singlet oxygen and
ROS, which cause the killing of the cancer cells and become
necrotic [81]. The effectiveness of PDT is constrained by
three crucial factors: PS, excitation light, and oxygen. A
novel therapeutic approach called nanoparticle-based PDT
uses nanomaterials as a carrier or PSs. Due to the distinc-
tive characteristics of nanoparticles, nanostructure-based
PDT has broadened the scope of classic PDT, fostering its
advancement and increasing its applications (Fig. 3).
Traditional PSs are quickly impacted by the body’s inter-
nal environment and substances, poorly soluble, unstable,
and untargeted [82]. PSs’ stability and biocompatibility
are enhanced by targeted molecule-modified nanocarriers
carrying PS to the targeting of cancer cells to enhance the
therapeutic effect and lessen adverse effects [77, 83]. The
short wavelength of the excitation light, primarily in the
UV or visible area, resulting in minimal penetration depth
and easy distribution by various endogenous light chromo-
phores, including melanin, is another disadvantage of con-
ventional PDT [84]. New PSs, like NIR fluorescent dyes,
have been created to address the drawbacks of the PS that
needed a small wavelength of excitation. The multipurpose
PS ICG, IR820, and IR780 rely on NIR laser irradiation for

_Targetingmolecule

(PS: Improving stability, targeting
and biocompatibility)

Liposome

Visible light

(Light: Increasing penetration,

UC nanoparticle reducing consumption)

Catalase .___

ps

PLGA nanoparticle . L .
(0,: Relieving hypoxia, reversing MDR

and immunosuppression)

Nanoparticles Nanoparticle based PDT
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increased PDT penetration and efficacy [85-87]. Addition-
ally, these PSs exhibit robust PTT effects and fluorescence
imaging capabilities, confirming the breadth of their pro-
spective uses in cancer therapy. Common nanomaterials like
gold nanostructures, which used acclaimed for their excel-
lent PTT impact, can help PDT. Vankayala et al. claim that
gold nanorods subjected to NIR light can produce singlet
oxygen and have a powerful PDT. These findings support
controlled tumor therapy because they demonstrate that by
adjusting the excitation light wavelength, nanorods can pre-
vent whether PDT or PTT predominates during the treatment
[88].

Another effective method is using upconversion nano-
materials to change long-wavelength light stimulation into
short-wavelength. Traditional PS-dependent wavelength
excitation can replace NIR light with powerful tissue pen-
etrating characteristics when using upconversion nanoparti-
cles [89]. Gulzar and co-workers employed graphene oxide
(GO) as a carrier for chlorine-6 to use as an imaging-guided
PDT agent [90]. Li and coworkers designed Nd>*-lanthanide
nanostructures loaded with PS to address the shortcomings
of conventional Yb* ions-sensitized upconversion nano-
particles and achieve successful image-guided PDT with-
out diminishing imaging signals [91]. Because solid tumors
consume more oxygen than they produce, the hypoxic tumor
microenvironment (TME) limits the effectiveness of PDT
[92]. The effectiveness of PDT can be improved by increas-
ing the oxygen amount in the tumor site. Hyaluronidase
induces angiogenesis to reduce the hypoxic state and boost
blood flow to tumor tissues for increasing PDT efficacy [93].

Another strategy to boost oxygen concentration in tumors
is encapsulating PS and hemoglobin that can carry oxygen
in the blood [94, 95]. O, can be produced by catalyzing the
hydrogen peroxide in the TME at the tumor site Scientists
have focused on catalase and enzyme-functional nanopar-
ticles and employed them to address this issue. A targeted
nanoparticle with PS and catalase was created by Chen et al.
The catalase in the nanoparticle catalyzed H,0, to create
oxygen as it entered cells, reducing hypoxia and consider-
ably enhanced the effectiveness of PDT [96]. At an acidic
pH, manganese dioxide (MnO,) nanoparticles can create
oxygen through MnO, +H,0,+2 H+Mn** +2H,0+0,.
These PS-loaded nanoparticles improved the tumor-killing
efficacy [97, 98].

For PDT, nanoparticles made of perfluorocarbon, CaO,,
and carbon nitride (C;N,), for instance, have been created
[99-101]. It is impossible to disregard the various issues that
continue to exist, including toxicity, non-selectivity, inad-
equate O,-carrying capacity, and ineffective administration.
PDT primarily induces tumor cells’ apoptosis, autophagy,
and necrosis in treating cancer by producing singlet oxygen
[102]. PDT has favorable anticancer effects, just like PTT. For
instance, co-loading doxorubicin (DOX) and hematoporphyrin

in nanoparticles can roughly 12-fold boost the sensitivity of
chemotherapeutic medicines [103]. The effectiveness of
chemo-PDT based on the silica-nanoparticles encapsulating
with chlorin e6 and Pt co-delivery was increased 47-fold com-
pared to free Pt exposure [104]. Li and coworkers showed that
PDT mediated with PS-loaded could overcome breast cancer
treatment resistance [105]. Numerous investigations have dem-
onstrated that chemo-resistance is caused by hypoxia [106,
107]. Therefore, enhanced PDT efficacy and overcoming
chemo-resistance benefit oxygen self-enriched nanoparticles
[108].

4.1 Immune Checkpoint Inhibition in Conjunction
with PDT

By rectifying the negative regulation between immune and
tumor cells, immune checkpoint blocked (ICB) treatment
enhances PDT antitumor immunological response. Follow-
ing PDT treatment, there is an increase in Treg infiltration and
overexpression of PD-L1 that prevents immune cells like T
lymphocytes from destroying tumors [109]. So, it makes sense
to combine PDT with ICB. PDT and CTLA-4 inhibition were
used in a therapeutic system by Xu et al. With the use of adju-
vants, this method dramatically enhances DC cell activation
during PDT and demonstrates potent antitumor immunity to
stop the spread of local and distant cancers. Additionally, the
developed immunological memory cells can resist the recur-
rence of malignancies for a considerable time [67]. He and
colleagues constructed core-shell nanostructures to administer
the drugs oxaliplatin and PS. Tumor cells were immediately
eliminated at the treatment location by the subsequent chemo-
therapy and PDT. They increased the concentrations of TAAs
and tumor nanovaccines to trigger an immediate immune
response. Combining anti-PD-L1 treatments can significantly
boost survival and the efficacy of untreated distant cancers
[68].

Table 1 offers more information on the combined treat-
ments. Research interest in tumor immunotherapy using mac-
rophages has grown recently. By suppressing the CD47/SIRP
signal, the anti-CD47 can alleviate macrophage immune sup-
pression and have anticancer effects [61]. Leukemia, breast
cancer, and other malignant disorders can all be effectively
treated with this antibody [110-112]. However, due to the
potential adverse effects of the anti-CD47 antibody, no stud-
ies have examined PTT or PDT in combination with the anti-
CD47 antibody. Therefore, it is crucial to close this research

gap.
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5 Multifunctional Nanoparticles for PDT/
PTT

Phototherapy, specifically PTT and PDT, exhibits signifi-
cant potential in the biomedical domain owing to its ability
to achieve precise spatiotemporal control and noninvasive
characteristics [113]. Despite light energy utilization in
both processes, PTT and PDT exhibit distinct character-
istics. PTT agents can capture and transform light energy
into thermal energy, which can be utilized to induce hyper-
thermia and subsequently eliminate cancer cells [4]. On
the other hand, it should be noted that in PDT, the pho-
tosensitizer is responsible for light absorption, leading to
the generation of cytotoxic reactive oxygen species within
cancer cells, provided oxygen is present [114]. Numerous
strategies have been suggested in the literature to enhance
PTT efficiency and improve PDT outcomes. These strate-
gies include increasing the cumulative dosage of the tumor
area, optimizing the laser dosage, guiding the treatment
using imaging techniques, enhancing the photothermal
conversion efficiency, selecting appropriate photosensi-
tizers, utilizing indirect excitation methods, externally
supplying oxygen, and other related approaches [115]. In
recent studies, researchers have provided evidence that
combining multiple phototherapy techniques has improved
effectiveness against cancer cells compared to using PTT
or PDT alone. This is particularly evident in the case
of the synergistic combination of PTT and PDT [116].
Zhang et al. developed a novel class of porphyrin deriva-
tives coupled with graphene quantum dots. These deriva-
tives could generate 'O, upon exposure to a 635 nm laser.
Additionally, they exhibited a remarkable photothermal
effect, achieving a photothermal conversion efficiency of
25.58% when irradiated with a 980 nm laser [117]. Guo
et al. developed a drug delivery system using black phos-
phorus that exhibited responsiveness to changes in pH and
light. The system enabled controlled drug release, 'O, for-
mation upon exposure to a 660 nm laser, and photothermal
activity when subjected to an 808 nm laser [118]. Zhang
et al. presented the findings on synthesizing biocompatible
copper ferrite nanospheres. These nanospheres exhibited
an increased formation of ROS when exposed to a 650 nm
laser, which was attributed to both direct electron transfer
and photo-enhanced Fenton reaction.

Additionally, the nanospheres demonstrated a high
efficiency in converting light into heat when exposed to
an 808 nm laser. While there have been advancements
in synergistic antitumor efficacy, utilizing two lasers
presents operational convenience and financial burden
challenges. Several research have attempted to employ a
combination of phototherapy using a single laser [119].
Yang et al. presented a therapeutic nanoplatform called
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IONCs @Ce6-DOX/PCM. This nanoplatform involved the
incorporation of the photosensitizer chlorin e6 into amine-
functionalized iron oxide nanocrystals. The researchers
demonstrated that this nanoplatform exhibited enhanced
treatment efficacy when exposed to a single 650 nm laser,
thereby highlighting its potential for synergistic therapy
[120]. Xia et al. conducted a study in which they selected
photosensitizers, specifically indocyanine green, and mod-
ified them on the Au/MoS2 hybrid through hydrophobic
interactions and 7—x stacking. By employing a single 808-
nm laser activation, they proposed a strategy known as
simultaneous PDT and synergistic PTT. This approach
effectively reduces the duration of treatment and achieves
a high therapeutic index [121]. The combination of photo-
sensitizers and PTT agents has demonstrated remarkable
efficacy in inhibiting tumor growth when subjected to laser
irradiation. However, a new issue has arisen. The effec-
tiveness of photosensitizer-induced PDT is significantly
hindered by the limited availability of oxygen in tumor
regions despite the appropriate selection of a photosen-
sitizer. Therefore, it is crucial to explore other methods
for addressing these issues. The efficacy of free radical
initiators in generating free radicals via thermal break-
down has been experimentally confirmed in the context
of free radical polymerization [122]. The initial discov-
ery of this oxygen-independent free radical as a potential
agent for PDT in eliminating cancer cells. Subsequently,
Xianzheng Zhang et al. conducted further investigations
to elucidate the mechanism by which this radical induces
cell death in tumor cells under various conditions and its
potential applicability in treating hypoxic malignancies
[123]. Therefore, using this particular free radical initiator
in PDT to overcome malignancies has demonstrated prom-
ising prospects in cancer treatment. The formation rate of
free radicals in the initiator breakdown process depends
on temperature conditions [124]. PTT agents can facili-
tate the provision of thermal energy through light irradia-
tion. Notably, a single laser can fulfill the requirements of
combined therapy, effectively circumventing any issues
associated with using lasers. Hyperthermia is essential
to ensure the prompt production of an adequate quantity
of free radicals in PDT and to induce the photothermal
effect in PTT for tumor treatment. In addition, imaging
techniques, particularly CT imaging, play a pivotal role in
the guidance of phototherapy treatment. Regrettably, the
effectiveness of diagnostic agents is sometimes hindered
by limited X-ray attenuation coefficients [125]. In sum-
mary, a suitable PDT and PTT carrier should satisfy the
following requirements: (1) a substantial carrying capacity
to accommodate an adequate amount of initiators; (2) a
significant photothermal conversion efficiency to generate
hyperthermia and trigger the production of free radicals;
and (3) a strong imaging capability to accurately identify
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the tumor site. The conditions mentioned above are effec-
tively fulfilled by hollow bismuth selenide nanoparticles,
as reported by Rong Chen et al. and Miao Yu et al. These
nanoparticles exhibit a high X-ray attenuation coefficient,
ample loading capacity, and excellent photothermal con-
version performance. Additionally, it has various other
benefits, including cost-effectiveness, ease of synthesis,
and compatibility with biological systems [126, 127].

6 Challenge of PTT/PDT in Clinical
Applications

Nevertheless, despite the advantages above, obstacles still
hinder the complete realization of the synergistic potential
of phototherapy and cancer immunotherapy. A significant
obstacle arises from NIR light’s constrained tissue penetra-
tion depth when targeting tumors at considerable depths
within the body, such as breast cancers. Consequently,
phototherapy is primarily restricted to superficial tissues,
with PDT occasionally being a therapeutic option for cer-
tain skin carcinomas. Currently, several new alternatives
have the potential to offer advantages to counterbalance this
limitation. Despite its general impermeability, it is acknowl-
edged that a minor fraction of NIR light has the potential to
penetrate deeper layers of tissues [128]. Consequently, this
prompted numerous researchers to devise innovative meth-
ods for enhancing current PTT agents’ thermal efficiency
and stability. Moon et al. conducted a study in which they
implemented an additional polydopamine coating on gold
nanoparticles, resulting in enhanced and prolonged absorp-
tion capabilities. Further investigation in this field will
inevitably improve the repertoire of phototherapy agents,
potentially leading to the discovery of a highly successful
agent [129]. Kobayashi et al. demonstrated the potential for
improvisation in the delivery of the light source by com-
bining exterior and interstitial NIR light exposure. This
enhancement increased effectiveness compared to using
only an external NIR light source [130]. In addition, our
research team and other scholars have explored the potential
for enhancing penetration depth by utilizing photothermal
compounds that can effectively absorb near-infrared light in
the second biological window (1000—1700 nm). It is note-
worthy to emphasize that while heavy metal nanoparticles
are generally more effective as agents, careful consideration
should be taken when choosing them due to their tendency
to accumulate in tissues over an extended period. There
are lingering uncertainties regarding the safety and toxic-
ity characteristics of these substances. The phototherapy
agent targeting efficacy can be enhanced by employing
antibody-drug conjugates, leading to augmented accumu-
lation within tumor tissue or remaining tumor cells [131,
132]. Finally, oxygen availability poses a significant barrier

in PDT, as generating an adequate amount of ROS is crucial
to eliminating tumor cells effectively. Lin et al. employed a
novel approach to address the issue of hypoxia, utilizing a
metal-organic framework that facilitated a cascade of events
leading to the conversion of intracellular H,O, into ROS. In
recent studies, scientists have successfully created hybrid
core-shell semiconducting nanoparticles with the inclusion
of MnO, sheets. These nanoparticles have demonstrated
the ability to enhance O, evolution, specifically within
hypoxic solid tumors. The review elucidates that integrat-
ing immune checkpoint immunotherapy with phototherapy
holds significant potential for improving cancer prognosis.
The outstanding matter pertains to identifying immunologi-
cal checkpoints that improve immunosuppression regula-
tion and effectiveness [70, 133]. A potential immunologi-
cal checkpoint involves targeting CD47, a receptor protein
associated with integrins that is prominently expressed on
the cell membrane of diverse cancer cells. The interaction
between CD47 and anti-CD47 disrupts the binding between
CD47 and SIRP-alpha on macrophages and dendritic cells.
This disruption reverses the “don’t eat me” signal, enhanc-
ing anticancer activity. Moon et al. revealed an intriguing
alternate approach, including non-immunotherapeutic meth-
ods to induce an immunotherapeutic response. In addition
to utilizing immunotherapeutic techniques, it is noteworthy
to consider integrating alternative phototherapeutic methods
that may synergistically complement immunotherapy, hence
presenting the potential for achieving complete restoration
of health [70, 134].

7 Conclusion and Perspectives

In conclusion, nanomaterial-based phototherapy can stimu-
late the immune system through the following pathways,
in addition to eradicating tumor cells directly and revers-
ing treatment resistance. After PTT or PDT kills the tumor
cells, the body’s immune system is stimulated by releasing
tumor-associated antigens and cell debris. This results in
the activation and reorganization of immune effector cells
(like NK cells, DCs, T lymphocytes, and macrophages), as
well as the expression and secretion of cytokines. Immune
adjuvants and checkpoint inhibitors can treat both primary
and metastatic cancers while improving antitumor immu-
nity. Despite substantial research into nanomaterial-based
photo/immunotherapy, these studies are still in the labora-
tory and are currently dealing with several difficulties. For
instance, it is essential to consider the targeting and safety
of nanomaterials-based PTT and PDT and their potential use
in metastatic and deep cancers.

Additionally, PTT and PDT-induced immune responses
in vivo are complicated, and it is yet unclear exactly how
they manifest and work. It’s also important to consider the
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8. Ray, A., Das, D. S., Song, Y., Hideshima, T., Tai, Y.-T., Chauhan,
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strength and controllability of immune responses. Therefore,
more research into photothermal and photodynamic immu-
notherapy using nanoparticles is required.
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