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Metal-organic frameworks (MOFs) are porous hybrid structures possessing great potential for application
in therapeutic platforms, particularly phototherapy, owing to the vast number of functional moieties that
can be employed in numerous synthetic procedures to achieve target-oriented structures. Presently,
phototherapy is the most viable and emerging technology with daily advancements in photothermal (PT)
agents to eradicate malignant diseases such as cancer. Over the last decade, nanoscale MOFs have
vigorously bloomed as photodynamic (PD) agents owing to their porosity, biocompatibility, and
photosensitizing ability and as nanocarriers. Besides, MOFs also exhibit synergistic effects of combined
and image-guided therapies efficiently under both in vitro and in vivo conditions. In this review, we
focus on the recent advancements in MOF-modified multifunctional agents for photodynamic therapy
(PDT) and emphasize the light-triggering mechanism of PDT and its role in the destruction of targeted
pathogens. Subsequently, we summarize various types of MOF-based photosensitizers in their parent
and modified forms and their effect in enhancing therapeutic applications. Finally, we present the
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light and a fluorescent dye;® Von Tappeiner introduced the term

“photodynamic reaction”.”

1. Introduction

The effect of light on the treatment of diseases, including
rickets, vitiligo, and skin cancer, dates back to more than
3000 years when the primeval civilization became aware of
the benefits of light." For the first time, the Nobel Prize was
given to Niels Finsen in 1903 for curing cutaneous tuberculosis
and smallpox pustules using UV and red light, which marked
the beginning of “phototherapy”."* Subsequently, in 1975,
Thomas Dougherty explored the use of light in the complete
removal of tumor cells from mice for the first time.* In recent
years, an increasing number of researchers have been exploring the
use of phototherapy for treating both cancer and non-malignant
diseases, leading to significant therapeutic achievements.*” Hence,
among the different available therapeutic methods, as demon-
strated in Fig. 1, phototherapy is an emerging and the most highly
promising therapeutic approach. PDT was discovered a century ago
by Oscar Raab, who was working with Prof. Hermann von Tappei-
ner. Raab explored the degradation of paramecia when exposed to
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Despite the many studies since the early 1900s, the clinical
utility of PDT only started gaining widespread application after
the 1970s.® Thus, PDT is considered a contemporary, non-
invasive, and advanced technique to diagnose many illnesses.
The spatiotemporal selectivity of PDT makes it a promising
therapeutic option for a broad array of non-oncological and
oncological disorders.”'® However, despite its broad and
diverse therapeutic applications, the clinical use of PDT as a
primary oncological treatment is still in its infancy. This is
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Fig. 1 Various therapeutic approaches for cancer therapy.
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primarily due to significant limitations, such as the absence of
ideal photosensitizers (PS), difficulty in formulating PSs, selec-
tion of appropriate light dosimetry for effective treatment, and
monitoring treatment responses; these challenges are the focal
point of this review."' MOFs are promising porous (micro-
porous/mesoporous) hybrid coordination-polymers composed
of metal-ionic clusters as inorganic nodes and organic linkers
as primary building blocks. Various types of MOFs have been
extensively used in the fields of adsorption'* and heteroge-
neous catalysis such as energy generation, organic transforma-
tions and pollutant degradation.”™'® Besides, MOFs are
highly useful for the fabrication of energy storage devices."”
Additionally, they have been extensively employed in biomedi-
cal applications.’® The unique crystalline structure of MOFs
enables them to not only incorporate molecules in their pores
but also allow the molecules of interest to coordinate with
metals, assuming defined positions within their structure as
building units. These characteristics lead to materials in which
both the metals and molecules play crucial roles, offering
numerous applications. In recent years, MOFs have been exten-
sively employed in nanomedicine to enhance the efficacy and
implement advanced strategies. Their tunable pore sizes make
them promising drug carriers and the coordination bonds
present in MOFs allow them to showcase targeted topologies,
which are beneficial for stimuli-responsive drug release.'®*°
Additionally, nanoscale MOFs possess numerous reactive sites,
which can be further modified, such as attaching targeting
molecules, significantly enhancing the selectivity of nano-
particles (NPs) used in therapeutic applications. Through care-
ful design, unique MOFs have been developed, which are
biodegradable, nontoxic, possess minimal side effects and
can be easily cleared from the body.?! Consequently, the use
of MOFs in phototherapeutic applications has been explored in
the past decade and a rapidly increasing trend has observed in
recent years, as shown in Fig. 2. MOFs can directly serve as PSs
or photothermal agents (PTAs) with photo-responsive building
units, thereby forming intrinsic photothermal or photody-
namic MOFs.”>* Alternatively, they can exhibit photo-
responsive capabilities by loading phototherapeutic agents™*
or the formation of core-shell structures and designing differ-
ent composites.> Also, the modification of different MOFs can
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Fig. 2 Number of publications on the use of MOF-based materials in

PDT; result obtained from a Web of Science search conducted on 2nd
June 2024.
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be tailored to increase their light absorption range and electron
transfer pathways by improving the efficacy of reactive oxygen
species (ROS) generation. Furthermore, these modifications can
help the particles better adapt to the physiological environment
by alleviating hypoxia or attaching targeting molecules.>>%>”
The application of MOF-based NPs in PDT also represents a
significant advancement, addressing some of the limitations
associated with traditional PS.>®

In this critical review, initially, we introduce the principles of
PDT and underlying principles of designing nanostructured
MOFs as PSs and photo responsive agents in PDT. Particularly,
we emphasize theranostic MOF agents and all their possible
modifications for achieving benchmark activities in diagnosis
using specific examples from recent publications. Finally, we
offer an extensive overview of the current challenges and future
perspectives of MOFs as PDT agents, highlighting their devel-
opment at each stage. It is imperative to note that the articles
cited in the current review do not detract from other pioneering
contributions by numerous researchers in this field. To date,
although there is significant growth in research on PDT for
therapeutic applications and reports in the form of perspec-
tives, comprehensive reviews, critical reviews, and mini reviews
are available in the literature, there is still a need for a complete
review focusing on the applications of MOF-based function-
alized nanostructured materials in PDT, antimicrobial and anti-
bacterial therapy, wound healing, and beyond.>>%"1826:29
Herein, we compile the relevant information concerning
MOF-based photosensitizing agents for PDT applications. In this
review, we elucidate the underlying mechanism of ROS genera-
tion, which is responsible for disrupting the phagocytic behavior
of diseased cells. Besides, we highlight the unique properties of
MOF-based PDT agents, such as their organic-inorganic porous
structure, which enables the generation of ROS with minimal
cytotoxicity. This review aims to inspire the development of
newly designed hypotoxic MOF-based photosensitizers, thereby
stimulating empirical research in various phototherapy treat-
ments. Again, firstly, we outline the principles of PDT, followed
by a comprehensive summary of the recent advances in
MOFs for PDT, ranging from photo-responsive intrinsic MOFs
to various functionalized MOFs. Subsequently, we classify
numerous methods for the optimization of therapeutic systems.
Our primary focus is discussing the function and contribution of
MOFs in various therapeutic systems. Finally, we discuss the
current challenges and drawbacks in this swiftly evolving
research field.

2. Fundamental insights into PDT

2.1. Photodynamic reaction

PDT is a specialized form of phototherapy, which relies on the
coordinated action of three key components, including a light
source, a PS, and molecular oxygen. Firstly, a PS is injected into
the patient’s body through intravenous or topical applications,
and consequently a critical phase known as the ’drug-light
interval’ ensues.”® During this period, the PS accumulates

Mater. Adv,, 2024, 5, 6030-6051 | 6031
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Scheme 1 Schematic representation of the PDT mechanism.

selectively in the targeted tissue, confirming that the desired
concentration is achieved. Once the ideal distribution is
achieved, light with a specific wavelength is directed at the
targeted area, activating the PS.**' The choice of wavelength
is selected based on the distinctive absorption-spectrum of the
employed PS, which is basically in the absorption spectrum
range of 600 to 850 nm for PDT applications. This wavelength
range defines the spectrum in which PS can efficiently absorb
light. Each wavelength is comprised of the specific energy
required to activate the PS, thereby facilitating energy transi-
tions. The energy of absorbed light precisely matches the energy
difference needed for an electron-transition between energy
levels.**** Upon illumination, the PS absorbs a photon and it
undergoes a transition occurs from the ground state (GS) to a
short-lived singlet excited-state (ES) (1PS*) (Scheme 1). Then, the
excited PS (1PS*) can return to the GS by emitting fluorescence,
which can be utilized clinically for photodetection and imaging.
Alternatively, it undergoes intersystem-crossing, where spin
flipping of the excited electron results in the formation of a
long-lasting triplet-ES (3PS*).** Subsequently, the triplet-ES PS
directly interacts with a substrate, such as a molecule and cell
membrane transferring proton/electron to create anion/cation
radicals. Subsequently, these free radicals react with molecular
oxygen (O,) to generate ROS such as hydrogen peroxides (H,0,),
superoxide anion radical (O,°”), and hydroxyl radicals (HO®)
(type-I reaction). Then, energy transfer directly occurs from the
excited PS to O,, leading to the formation of singlet-oxygen (*0,,
a type II reaction). Actually, 22 kcal mol " (corresponds to a
wavelength of 1274 nm) energy is required for O, to transition
from its ground triplet-state to the singlet excited-state.*® Hence,
a small amount of energy is required to generate '0,.%¢

In PDT, the by-products obtained from type-II and type-I
reactions are the agents responsible for therapeutic effects and
cell-killing. Also, it is imperative to note that both reactions
(type-I and type-II) occur concurrently. However, most reported
studies specify the prevalence of type-II reactions, highlighting
the dominant role of 'O, in PDT.?%3%37
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2.2. Tumor demolition mechanism

After PDT, the rate of photo-induced tumor killing is influenced by
several factors, including the nature, concentration, and position of
the PS within the tumor or sub-cellular location during light
irradiation. Other factors include the duration between light irradia-
tion and PS administration, which is popularly known as the drug-
light-interval, i.e. DLI, light influence rate, rate of total influence,
specific tumor type, and tumor oxygenation level.*®*** The down-
stream targets of PDT involve the tumor microvasculature, normal
microvasculature, tumor cells, and inflammatory immune-host
system. The photo-produced ROS during the PDT reaction are the
called primary effectors, enabling permanent damage to the micro-
vasculature and tumor cells. This procedure activates several of
immune and inflammatory responses, which in combination con-
tribute to achieving long-term tumor cell control.***°

As discussed earlier in Section 2.1, both type-I and type-II
reactions of PDT occur concurrently and contribute to thera-
peutic effects, thereby inducing cell death.>*! Various factors
are responsible for balancing these reactions including the
substrate/target tissue, inherent feature of the PS, binding
affinity of the PS to the substrate and concentration of local
oxygen.*> In both type-I and type-II reactions, initially the PS is
in a singlet excited-state due to the transfer of photon energy
from light illumination. Then, it undergoes intersystem cross-
ing for a transition to a long-lived, more stable, and electro-
nically triplet ES.*" In the type-I reaction, the triplet ES of the PS
interacts directly with the substrate, which can be a cell
membrane or other molecule. This type of biochemical inter-
action enables cell-damage through two basic primary pro-
cesses of electron transfer reactions or hydrogen-atom
abstraction (Scheme 2). Consequently, extremely reactive radi-
cal ions and free radicals are generated from the reactions with
cellular components such as proteins and lipids from the lipid
membrane, leading to instant cell-damage. Moreover, these
free radicals can react with O, to produce various ROS (O,*",
HO*, and H,0,), which cause oxidative damage to biological
structures, ultimately leading to cell death.>?>?%*>*3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Mechanism of PDT in tumor destruction using PSs and photo-produced ROS after light irradiation. Adapted with permission from ref. 43

Copyright Elsevier, 2021.

3. Photosensitizer

An ideal photosensitizer is expected to exhibit preferential
accumulation in tumour tissues, while instantly clearing from
normal tissues. Amphiphilicity is another crucial parameter for
a clinically effective PS, given that it should be able to travel
to the targeted tumor tissue unimpeded when administered
systemically, requiring a degree-of-hydrophilicity, and attach
to the target cells, necessitating a degree-of-lipophilicity.
Additionally, it should have minimal dark-toxicity, an elevated
quantum yield of triplet ES formation, and suitable lifetime of
triplet-state to interact with GS oxygen or other substrates for
the generation of surplus ROS. Basically, the PS should be
induced/activated by light of higher wavelengths (> 700 nm) for
deeper penetration into tissues because the strong light absorp-
tion of haemoglobin below 700 nm inhibits deep penetration in
target tissues.'** Presently, despite the fact that they do not
satisfy all the required criteria, several PSs have been approved
for clinical applications due to their enhanced efficacy execu-
tion in antitumor treatment and some are undergoing clinical
trials. These PSs predominantly belong to the category of first-
and second-generation PSs.

Generally, first-generation-PSs are porphyrin-based materi-
als explored between the 1970s-1980s. For example, hemato-
porphyrin-derivatives (HpD) that contain an exclusive mixture
of porphyrin monomers, oligomers, dimers, and porfimer
sodium (active material in HpD).*>**
numerous advantages such as tumor destruction, easy formu-
lation of water-soluble intravenous delivery and minimal dark
toxicity. However, its narrow light absorption range in the red
part of the solar spectrum (optimal for tissue-penetration) often
necessitates the administration of large amounts of drug to
achieve a benchmark phototherapeutic response.*>

Second-generation-PSs, known as porphyrinoid-based com-
pounds, consist of porphyrin/porphyrin-modified macrocyclic

Porfimer sodium offers

© 2024 The Author(s). Published by the Royal Society of Chemistry

rings, such as chlorins, phthalocyanines, bacteriochlorins,
bacteriopheophorbies, pheophorbides, texaphyrins, and non-
porphyrinoid compounds such as phenothiazines, anthraqui-
nones, cyanines, curcuminoids, and xanthenes.*® They also
include metalated derivatives of PSs, e.g. tin ethyl etiopurpurin
(SnET,), Si(v)-naphthalocyanine (SiNC), and aluminum phtha-
locyanine tetrasulfonate (AlPcS,).*” These PSs were developed
in the late 1980s to address the issues of first-generation PSs
owing to their high extinction coefficients and broad absorption
maxima at longer wavelengths than 630 nm. In general, these
PSs exhibit higher '0, quantum yields and a higher concen-
tration in tumor tissue compared to HpD, enabling an effective
antitumor effect. Moreover, the treatment time can be reduced
owing to their much shorter tissue accumulation time, and most
importantly the PDT procedure can be implemented on the
same day of drug administration. Accordingly, PDT can be an
acceptable outpatient procedure for patients. Furthermore, these
PSs exhibit a shorter window, ie. less than two weeks, of
cutaneous photosensitivity.***°

Third-generation-PSs are activated with longer wavelength
light, enabling minimal photo-sensitivity and improved tumor-
specificity.’® This can be achieved as follows: (a) chemically
conjugating or encapsulating PSs in carriers/delivery-vehicles,
which can transport drugs efficiently in the bloodstream from
the drug-administration site to the targeted tissue and (b)
modifying the pristine PSs with biological conjugates (antibo-
dies, peptides, and antisense molecules) for achieving tumor-
specific targeting of PSs.”" In essence, these PSs represent an
enhancement in second-generation-PSs in terms of targeting
capabilities or delivery. However, although many 3rd-
generation-PSs have been extensively studied and accountable
for selective in vitro targeting, much less PSs have been eval-
uated for clinical applications due to their insufficient in vivo
selectivity.”>>* The various types of PSs used in PDT are
presented in Scheme 3.
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4. Application of MOFs in PDT

The utility of MOFs in PDT has been well explored in recent
times because of their intriguing structural features and wide
range of functional moieties, delivering various physico-
chemical characteristics such as porosity, biocompatibility,
presence of active sites, storage capacity, and feasibility. Some
of these photodynamic agents are discussed below and their
characteristic features together with their reference are pre-
sented in detail in Table 1.

4.1. Intrinsic photodynamic MOFs

4.1.1. Porphyrin-based intrinsic MOFs. Porphyrins and
their variations have been widely employed in PDT as photo-
sensitizers. Utilizing porphyrins and their variations directly as
organic ligands is a prevalent approach in the preparation of
inherent photodynamic MOFs.

The orderly arrangement of porphyrin molecules within the
framework of MOFs enhances their hydrophobicity, inhibits self-
aggregation, and boosts the production of '0,. Additionally, the
MOF structure promotes the efficient drug loading of porphyrin
molecules, facilitates the entry of oxygen, and aids the diffusion
of '0,, thereby preventing self-quenching. Numerous studies
have successfully synthesized MOFs incorporating porphyrins,
which were designed for PDT and combined therapeutic
approaches.

Importantly, these macrocyclic conjugated structures pro-
duce visible light absorption bands and when irradiated,

6034 | Mater. Adv., 2024, 5, 6030-6051

generate fluorescence, making them useful for imaging of the
infected region and leading to diagnosis by analysis of the
obtained spectrum. In this regard, Tian and coworkers designed
a core-satellite porphyrin-based MOF by integrating it with
CuS (HP-PCN@CuS). HP-PCN@CuS possessed a hierarchically
porous structure, where the highly oxygen-efficient PCN-224 is
an intrinsic nano-PS, and thus it delivered a photodynamic
therapeutic effect with easy ROS generation.”> However, its
antitumor effect was restricted by the poor laser penetration
and hypotoxic tumor environment. Thus, to overcome this issue,
CuS NPs were implemented owing to their excellent antitumor
efficacy, promising anti-tumour property, nanosize for easy
removal and deep penetration in tumor cells with low toxicity
to normal cells. Again, in vivo and in vitro studies demonstrated
their combined CDT/PTT/PDT effect to inhibit tumor growth
with low cytotoxicity, as shown in Fig. 3(a).

In another study, Zhao et al. prepared a gold nanocluster-
modified Zr-MOF with PCN-224 nanozyme with enzyme
mimetic activities, which was found to be an excellent probe
for ROS generation under NIR laser light irradiation.’® This
biomaterial of AUNCs@PCN loaded in hydrogel is an excellent
cell repair material, which is useful in diabetic infected wound
healing and modification with Au NC contributes to extreme
stability and biocompatibility. The antibacterial performance of
the material was also evaluated in vitro using MRSA and Amp*
E. coli as representative bacteria. The Au NCs exhibited Fenton-
like activity responsible for ROS generation in the wound site
for CDT and PDT. Also, the ROS within the bacteria were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of recent MOF-based PDT agents used as imaging theranostic platforms

MOF-based Light Imaging method and
therapeutic Particle size source In vitro cell biomedical Type of
agents Precursors (nm) (A, nm) lines In vivo models application delivery Ref.
HP-PCN@CuS H,TCPP 236.8 + 8.1 660 4T1, HepG2, 4T1 tumor PT imaging and anti- Intravenous 54
ZrOCl,-8H,0 Caco-2 and  bearing mice cancer therapy
CuS L02 cells
Au PCN-224 190 380 S. aureus HUVECs Thermal imaging and Intraperitoneal 55
NCs@PCN@H HAuCl, MRSA E. coli HACATSs diabetic wound
NaBH, Amp” healing
PVA E. coli
Alg
siRNA/Zr-FeP H,TBP-Fe 210 635 MCF-7 cells  MCF-7 cells  IR/CT imaging and  Intravenous 56
Zr, clusters injected to anti-cancer therapy
Heat shock protein 70 siRNA underarm of
female mouse
PCN- PCN-600 180 633 4T1 cells 4T1 tumor- MR imaging and Intratumoral 57
DOX@PDA Polydopamine (PDA) bearing mice Tumor Theranostics
Doxorubicin (DOX) model
Ti-TBP TiCl,-2THF 100.1 + 4.0 650 CT26 cells CT26 tumor- Confocal imaging and Intratumoral 58
H,TBP bearing BALB/ antitumor therapy
¢ mice model
HUC-PEG Hf-UiO-AM TAPC 179 671 HelLa cells Cervical can- CT/PT imaging and  Intravenous 59
Terephthaldehyde cer cells of tumor cell treatment
PEG5k-NH, mouse (U14)
CuTz-1- {Cu;[Cus(3,5-Ph,-tz)e]},>" 100 808 HeLa cells 4T1 tumor Removal of hypoxia  Intravenous 60
O,@F127 F127 L1929 cells bearing Balb/c microenvironment,
4T1 cells mice antitumor therapy
DNAzyme/ Cu(NO3),-3H,0 500 660  MCF-7 cells MCF-7 tumor Confocal imaging and Intravenous 61
[Cu(tz)] Htz 808 bearing gene silence therapy,
Cu,O nanoparticles female Balb/c hypoxia removal and
DNAzyme (Cy5-DNAzyme and mice anti-tumor therapy
Ce6-DNAzyme)
UiO-PDT UiO-66 70 525 B16F10 Anti-cancer therapy 62
BODIPYs (12-BDP)
Uio-66 UiO-66 70 420 B16 Control PDT 63
modified TCPP
BCDTE
Ce6@MOF-Gel Zn** 660 Mouse fibro- S. aureus Wound healing and  Topical 64
blasts L929 antibacterial therapy
FMOC-His Mouse
embryo fibro-
blasts 3T3
Ce6b
F127
Alginate
UCZRF UCNPs (B-NaYF,:20%YDb, 40 980 4T1 cellsin  4T1 cellsin  Antitumor effect Intravenous 65
2%Er) BALB/c mice BALB/c mice
ZIF-8
Cu(NO;),-3H,0
Rose Bengal
HDPI HKUST-1 281 808 4T1 cells H22 cancer =~ NIR/MR imaging Intravenous 66
DMSNs-Pt(1v) bearing Balb/c
ICG mice
Cu- Cu(OAc), 30+ 3 650 Bilateral CT26 PT imaging and Intraperitoneal 67
MOF@RCD H;BTC tumor bearing Checkpoint blockade

Red Carbon Dots

© 2024 The Author(s). Published by the Royal Society of Chemistry

7 week old immunotherapy with
female Balb/c anti-PD-L1, multi-
mice modal cancer therapy
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Table 1 (continued)
MOF-based Light Imaging method and
therapeutic Particle size source In vitro cell biomedical Type of
agents Precursors (nm) (A, nm) lines In vivo models application delivery Ref.
PS@MOF-199 MOF-199 150 400- HepG2 cells 4T1 tumor Confocal imaging and Intratumoral/ 68
PS =~ Ce6, TPAAQ 700 NIH-3T3 bearing mice antitumor therapy intravenous
F127
F127- MIL-100 (Fe) 140 400-  4T1 cells 4T1 tumor-  CLSM imaging and  Intravenous 69
TPETCF@MIL- TPETCF 700 bearing mice antitumor therapy
100 F127 model
ZIF-8/DA-0.5/ ZIF-8 295 808 S. aureus and IR thermal imaging Intravenous 70
ICG DOPAMINE (DA) E. coli and antibacterial
ICG Therapy
Pt-carbon ZIF-8 SiO, NaBH, H,PtCl; 122 808 CT26 sub- CT26 sub- PT imaging and tumor Intravenous 71
nanozyme cutaneous cutaneous cell/removal of tumor
tumor model tumor model hypoxia in
microenvironment
NT@PEG@FA NU-1000 100 650 HeLa cells HelLa cells Fluorescence imaging Intravenous 72
TCPP and anti-tumor PDT
PEG
FA
UCNR@MIL- MIL-100(Fe) 980 S. aureus and Antibacterial therapy 73
100(Fe) b-Phase NaYF4:Yb,Tm,Gd E. coli
UCTSCF IL-100(Cu/Fe) 808 1929 or MCF-7 CLSM imaging and 74
chlorin e6 (Ce6) cells antitumor therapy
TFS@mSiO,
Au@MOF-FA [Fe;0(0Ac)6(H,0);]NO;_2H,0 660 CaSki cells CaSki tumor- CLSM imaging and  Intratumoral 75
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detected by the fluorescent probe DCFH-DA. The detailed
underlying mechanism for the antibacterial degradation is
depicted in Fig. 3(b) and (c).

It is worth noting that mixed-metal MOFs with photosensi-
tive ligands as linkers have attracted immense attention owing
to their intriguing features compared to conventional MOFs. To
achieve this, Zhang et al. designed a Zr-ferriporphyrin MOF,
which readily facilitated ROS generation and multimodal

6036 | Mater. Adv, 2024, 5, 6030-6051

imaging, and thus responsible for the theranostic®® effect in
cancer therapy. Zr-FeP was modified by siRNA and PEG and
formed a nano-shuttle, which is a drug vehicle with multi-
functional effects such as easy release under acidic conditions,
good stability, biocompatibility and low cytotoxicity for biome-
dical applications.”® This ideal PS when irradiated in the NIR
region generated both *OH and "O,. Besides, Zr-FeP MOF also
facilitated synergistic applications such as low-temperature PTT
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Fig. 3 (a) Scheme showing the fabrication and mechanism of combined cancer therapy using HP-PCN@CuS. Adapted with permission from ref. 22
Copyright Elsevier, 2022. (b) and (c) High-temperature destruction of MDR pathogens using PDT/CDT/PTT using Au NCs@PCN and disruption of protein
leakage and bacterial membrane structure for promoting epithelial cell repair and angiogenesis through the up-regulation of the expression of many
related factors. Adapted with permission from ref. 55 Copyright ACS, 2022. (d) Schematic showing multimode imaging diagnosis using siRNA/Zr—FeP
MOF nano-shuttle and combined PTT/PDT for cancer treatment. Adapted with permission from ref. 56 Copyright Wiley, 2018.

and silencing Hsp70. The multimode imaging diagnosis using Chen et al. developed an NIR and pH-responsive system
SiRNA/Zr-FeP MOF for cancer treatment is depicted in Fig. 3(d). (PCN-DOX@PDA) for tumor diagnosis and treatment, combin-
The in vitro anti-cancer efficacy of cell death ratio was 87.5%, ing MRI-enabled chemotherapy with photothermal and photo-
showing the good therapeutic use of the fabricated nano-shuttle. ~ dynamic therapy (Fig. 4a).>” This system contained PCN-600, a
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Fig. 4 (a) and (b) Scheme illustrating the design of PCN-DOX@PDA with lethal mechanism model against tumor cells and digital photographs of 4T1
tumor-bearing mice. Adapted with permission from ref. 57 Copyright ACS, 2023. (c) Type-I and Type-Ill PDT mechanism, (d) in vivo anti-cancer outcome
on CT26 tumor-bearing mice, and (e) perspectives of structure of Ti-(Ti-TBP). Reprinted with permission from ref. 58 Copyright RSC, 2024.
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porous MOF, as a carrier for antitumor drugs and polydopa-
mine, with its photosensitive ligand TCPP generating 'O, under
NIR irradiation. The weak acidic tumor environment triggered
the degradation of PCN-DOX@PDA, releasing the drugs in a
controlled manner, which was enhanced by the heating effect
of photothermal therapy. The PCN@PDA nanoparticles exhib-
ited high photothermal efficiency and stability, heating con-
sistently under 808 nm laser and generating singlet oxygen
for photodynamic therapy, as shown by the decrease in absor-
bance at 417 nm. Encapsulating doxorubicin (DOX) in PCN@
PDA increased the drug loading, enhancing its promise for
photothermal therapy and photodynamic treatment. The PCN-
DOX@PDA nanoparticles (NPs) effectively generated reactive
oxygen species (ROS) and exhibited remarkable antitumor
effects under dual 808 nm and 633 nm light irradiation, leading
to a significant increase in apoptotic or dead 4T1 cells, with a
59.1% apoptosis rate. The in vivo experiments on 4T1 tumor-
bearing mice showed that although PCN@PDA NPs with indi-
vidual light irradiation had limited tumor growth inhibition,
the combination of PCN-DOX@PDA NPs with dual light irra-
diation resulted in almost complete tumor ablation without
relapse, demonstrating superior antitumor efficacy (Fig. 4b).
Furthermore, H&E staining confirmed the good biocompatibil-
ity of the NPs. These results suggest that PCN-DOX@PDA NPs
are a promising and efficient tumor treatment strategy with
excellent biocompatibility and therapeutic potential.

A novel nanoscale MOF (nMOF) called Ti-TBP was developed
for PDT by Lin and team to enhance the efficacy in hypoxic

o e 30
- @ \
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solid tumors.’® Ti-TBP was comprised of Ti-oxo chains as
secondary building units (SBUs) and photosensitizing ligands
(5,10,15,20-tetra(p-benzoato)porphyrin  (TBP)), enabling a
hypoxia-tolerant type-I mechanism unlike traditional oxygen-
dependent type-1I PDT (Fig. 4c). Upon light irradiation, Ti-TBP
generates singlet oxygen and facilitates electron transfer from
the excited TBP* moiety to the Ti**-based SBUs, resulting in the
formation of TBP** ligands and Ti*" centers. This process
produces multiple ROSs, as demonstrated by luminescence
quenching, EPR spectra, and scavenging tests. The in vivo
studies on a CT26 tumor-bearing BALB/c mouse model showed
that Ti-TBP treatment led to significant tumor regression,
with a 98.4% reduction in tumor volume and 60% cure rate,
outperforming the Hf-TBP and H,TBP treatments (Fig. 4d). The
histological analyses indicated severe necrosis in the tumor
slices from Ti-TBP treatment, while the steady body weights
and lack of abnormalities in the major organ slices suggested
the absence of systemic toxicity. The proximity of the Ti-oxo
chain SBUs to TBP ligands in Ti-TBP structure, as shown in
Fig. 4(e), facilitates electron transfer, making it a promising
strategy for effective cancer treatment with nMOFs.

4.1.2. Other photodynamic building blocks. Porphyrin-
adapted porous-organic-polymeric structures are promising
candidates towards theranostics. However, their uncontrollable
particle-size and uncertain mechanisms of photoactive reaction
make them the “Achilles’ heels” for the therapeutic applica-
tion. In terms of photodynamic building blocks besides por-
phyrins, Zheng et al. reported the fabrication of an integrated

MOF-POP
Interface

imaging imaging

Endocytosis

1
1
1
1
1
1
§ 1
: Enhanced
- N Ferrm—
Phototherapy
g 1
1
1
1
1
1
1

,__________________
Excitation

Zr-HUC-PEG

Fig. 5

O PPOO® AL
CAE R B

Hf-HUC-PEG

(a) In vitro and in vivo CT/imaging-guided photothermal therapy for HUC-PEG, (b) interface-enhanced phototherapy mechanism, and (c) tumour

photographs with average weight variations in the mice in five groups. Adapted with permission from ref. 59 Copyright Elsevier, 2020.
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nanocomposite MOF@POP-PEG named HUC-PEG by introducing
TAPC (tetrakis(4-aminophenyl)-21H,23H-chlorin), PEG5k-NH, and
terephthalaldehyde on the outer surface of the amine-functional
Hf-Ui0-66 MOF (Hf-UiO-AM) for “proof of principle”.*® The PEG
coating ensured that HUC-PEG remained well-dispersed and
stable in the bloodstream, enhancing the drug accumulation
within tumors. The incorporation of chlorin-based components
improved the photon utilization efficiency, extending the treat-
ment depth and enhancing the in vivo effectiveness. In both
laboratory and animal studies, the HUC-PEG nanocomposite,
comprised of non-photoactive Hf-UiO-AM MOF (0) and photoac-
tive POPs (1), demonstrated an amplification effect (“0 + 1 > 17),
resulting in simultaneous improvements in the PDT and PTT
performance, as shown in Fig. 5(a). The interface effect between
two porous substances plays a major role in the enhancing 'O,
generation for PDT. Thus, the combination of non-photoactive
MOFs such as Hf-UiO-AM (0) and photoactive POPs (1) 0+ 1 > 1
to form a nanocomposite enhances the PDT/PTT effect with
controllable photo-properties. The Zr MOF core containing Hf
element with strong X-ray attenuating and photothermal conver-
sion ability played a role in the CT/PT imaging functions, whereas
POP or COF synthesized from the organic building blocks TAPC
and terephthalaldehyde facilitated ROS generation. The spatial
arrangement of integrated structure together with macrocyclic
conjugated tetratopic chlorin fragment and bimetallic cluster
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