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Activatable supramolecular photosensitizers:
advanced design strategies

Mengyao Yang,® Xingshu Li (2 *° and Juyoung Yoon (2 *?

Activatable photosensitizers (aPSs) are a new, switchable smart photosensitizer (PS) that can enhance
photodynamic therapy (PDT) specificity and efficiency. aPSs are inert in healthy tissues, but can be
switched on by neoplastic-associated endogenous stimuli such as pH, enzymes, and glutathione (GSH)
and reduce damage to normal cells. This review summarizes aPS-based design strategies based on energy or
electron transfer and self-quenching. We supplement the advanced design strategies with newly-developed

rsc.li/frontiers-materials

1 Introduction
1.1 Photodynamic therapy (PDT) action mechanism

Cancer, one of the deadliest diseases, has attracted tremendous
attention around the world. Photodynamic therapy (PDT) is a
promising clinical treatment with non-invasive characteristics,
spatiotemporal selectivity, minimal side effects, immunogenicity,
negligible drug resistance and a rapid, scar-free healing process.'™
Modern PDT applications date back to the 1960s when Schwartz
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molecular aPSs and focus on introducing nano-engineering supramolecular aPS construction.

and Lipson discovered a hematoporphyrin derivative (HPD).” ™
Over the past 30 years, clinical treatments have used PDT on
breast, prostate, bladder, and skin cancer tumors.>™

The core PDT components are photosensitizers (PSs). PSs
generate reactive oxygen species (ROS) when they are irradiated
at particular light wavelengths. The PSs absorb photons, which
excite their electrons and transform them from the ground
state to an excited singlet state. Excited PSs are unstable and
can return to their ground state using fluorescence emission or
thermal decay to release energy.'” Excited PSs can also undergo
intersystem crossing (ISC) to reach a more stable excited triplet
state. Excited PS triplets can generate phosphorescence or
ROS."®' ROS are generated via two processes and mechanisms,
Type I and Type I1.>°*' The Type I mechanism refers to the excited
triplet state reacting directly with the peripheral substance in a
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cellular microenvironment, acquiring an electron or hydrogen
atom to form radicals, including hydroxyl radicals, superoxide
ions and hydrogen peroxide. The Type II mechanism transfers the
excited triplet state’s energy to surrounding oxygen atoms to form
singlet oxygen (*0,).>*** ROS can lead directly to cell apoptosis or

*2% and may cause blood vessel damage, leading to
26,27

necrosis,
hypoxia or starvation.
immune effects.?*>°

They can also cause inflammation and

1.2 Potential PDT disadvantages

Although PDT has many advantages when compared to con-
ventional chemotherapy and radiotherapy,®®*" there are still
some drawbacks. Currently, PDT is an underutilized clinical
treatment and mostly used to treat surficial cancer due to light
penetration depth limitations; propagating light through tissue
is challenging. Second, current PSs generate ROS mainly via the
Type II mechanism, which requires a dependence on oxygen.
A tumor’s hypoxic environment is a major obstacle for this
oxygen dependence.’** Last, PSs are always in a turned on
state. This is a hindrance as it means they can produce ROS
anywhere they are exposed to light irradiation and cannot
distinguish between normal tissue and lesion sites, resulting in
poor selectivity and relatively high toxicity. As a result, patients
receiving PDT need to stay out of light during and after treatment
to avoid side effects. This is a great inconvenience.***°

1.3 Activatable photosensitizer (aPS) significance

Traditional PSs are always in an ‘“on” state, which limits PDT’s
clinical applications. Activatable photosensitizers (aPSs) can
remain in an “off” state in healthy tissue, but be activated in
carcinoma or diseased sites.’”*® Pathological sites’ microenviron-
ments are different from normal tissues due to rapid metabolic
oxidation. They can exhibit higher glutathione (GSH) concentra-
tions, lower pHs, enzyme overexpression, and hypoxia.>*™** aPSs
are designed to respond to neoplastic-associated endogenous stimuli
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Scheme 1 Schematic illustration of design strategies including molecular
and nanoplatform structures, stimuli and typical PSs for aPSs. B is Boron-
dipyrromethene, Pc is phthalocyanine and P is porphyrin.

such as pH, enzyme presence, and GSH concentration.***® aPSs
designed with cancer-specific endogenous stimuli responses
improve PDT’s precision and efficiency for tumor eradication.
They work by controlling the PSs’ spatiotemporal activation,
which decreases the likelihood of side effects to healthy
tissues.””*® aPSs that respond to biomarkers for tumors and
other diseases are of great significance for cancer treatment.

In 2017, we published a summary describing aPS designs that
introduced aPSs based on molecular structures.® In this review,
we describe recent aPS molecule structure developments and
introduce aPS nano-engineered supramolecular structures. The
emphasis is laid on the design strategies such as forster reso-
nance energy transfer (FRET), intramolecular charge transfer
(ICT), photo-induced electron transfer (PET), and aggregation-
induced quenching (AIQ). We provide a representative aPS
response to tumor-related stimuli (pH, enzyme, and GSH) using
these new strategies and advanced aPS applications based on
Boron-dipyrromethenes (BODIPYs), Porphyrins (Ps), and Phthalo-
cyanines (Pcs) (Scheme 1). Finally, we also include aPS defects and
perspectives.

2 aPS design strategies

aPSs are constructed following numerous conventional design
strategies including FRET, ICT, PET, and AIQ.*"' There are
several other emerging aPS development methods such as PS
conjugated structure changes, morphological reorganization
and oxygen isolation.>*™>*

2.1 Engineering molecular structures

Using chemical design, PS structures can modulate ROS genera-
tion by modifying functional groups (e.g. amines and phenolic
subunits) and connecting quenchers using response linkers
(e.g. esters and disulfide linkages).>*>® Therefore, aPSs responsive
to diverse stimuli are created based on the molecular design of
different PSs.

2.1.1 pH activation. Tumor site pHs are lower than normal
tissues due to hypoxic anaerobic glycolysis.>®®! This provides a
good opportunity to activate PSs after targeting the node.®>

PET, where the molecular system uses a spacer to connect a
fluorophore and an electron donor, is often harnessed for
probe molecule design. When it binds to the guest molecule,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 1 (a) PEG2k5c-I and PEG2k5c-OMe-| chemical structures. (b) PEG2k5c-I
and PEG2k5c-OMe-| fluorescence spectra under different pHs. (c) Schematic
illustration of pH-activatable PSs based on BODIPY. PEG2k5c-I *O, generation
with (d) and without (e) 0.1% trifluoroacetic acid. Reproduced with permission
from ref. 63. Copyright 2018 American Chemical Society.

the PET is inhibited or blocked completely and the fluorophore
emits fluorescence for detection. Inspired by this, many
pH-triggered aPSs are designed using this mechanism. The
most common strategy is to leverage an amine species’ proto-
nation and block PET with a pH change. Siegwart and
co-workers successfully developed pH-responsive aPSs based
on this strategy.®®> They connected tetramethyl-BODIPY (the
core scaffold) with a diethylaminophenyl moiety. This rendered
PET feasible and gained PEG2k5c-I and PEG2k5c-OMe-I
(Fig. 1a). The two molecules remain passive at a normal pH,
but are activated in acidic pHs (Fig. 1b). This is attributed to the
amino group’s protonation under acidic conditions neutralizing
the PET process (Fig. 1c). Using 1,3-diphenylisobenzofuran
(DPBF), the 'O, indicator tested whether these two molecules
could generate '0,. Only in the acidic solution was DPBF
absorption diminished; it remained unaltered in the neutral
solution (Fig. 1d and e), proving that lower pH can activate PS
ROS efficiency. There are several aPS studies about PET-capable
amino groups.®”%*°

In addition to amino groups, Resch-Genger and co-workers
prepared a pH-responsive aPS vig introducing a meso-substituted
phenolic subunit into BODIPYs.®® The phenolic subunit’s depro-
tonated form deactivates BODIPYs photo-properties due to PET.
At the same time, it enables a better Pka due to the tunability for
phenolic moieties, which was beneficial for the treatment of
various special cells.

2.1.2 Enzyme activation. Enzymes are crucial cellular system
biocatalysts. Nodes and diseases are often associated with certain
enzyme overexpression. This phenomenon can be exploited for
aPS construction.®”

Enzyme responsive aPSs are created conjugating a quencher
and PS through an enzyme-cleavable linker. The PS energy is
transferred to the quencher but gets separated after enzyme
interaction and is activated. Lo and colleagues reported a cathepsin
B-responsive aPS (Pc-FcQ) utilizing a ferrocenyl BODIPY as a dark
quencher connected to zinc(n) Pc through a cathepsin B-cleavable
linker [Gly-Phe-Leu-Gly-Lys].®® The ferrocenyl BODIPY’s broad

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 2 (a) Schematic mechanism for cathepsin B activation. (b) Fluorescence
spectra (unmodified Pc-COOH as the control). (c) Pc-FcQ and N-Pc-FcQ
cell viability treated with HepG2 cells with and without light irradiation.
(d) Fluorescence images of tumor-bearing mice injected with Pc-FcQ or
N-Pc-FcQ. Reproduced with permission from ref. 68. Copyright 2019 Elsevier.

absorption matched the Pc emission and quenched the Pc’s
photo-activity through FRET. Due to PET, ferrocenyl BODIPY itself
had insignificant fluorescence. Fig. 2a shows that Pc-FcQ’s optical
properties, including fluorescence and ROS generation, were deac-
tivated. Cathepsin B separated BODIPY from PS, eliminated the
intramolecular energy conversion, and restored Pc’s original photo
properties. To better illustrate Pc-FeQ’s cathespin B-responsive
activity, they prepared N-Pc-FcQ, another non-cleavable control.
Both Pc-FeQ and N-Pc-FcQ fluorescence diminished significantly
(Fig. 2b). Without light irradiation these two compounds are non-
cytotoxic. Upon light irradiation, Pc-FcQ cytotoxicity against HepG2
cells increases because the cathepsin B cleaves the linker and
separates Pc and ferrocenyl BODIPY, inducing ROS generation
(Fig. 2¢). They examined in vivo fluorescence imaging to verify Pc-
FcQ activation. Compared to N-Pc-FcQ, Pc-FcQ’s fluorescence
intensity in tumors reached a plateau after 10 h while N-Pc-FcQ’s
fluorescence intensity remained weak (Fig. 2d).

PET is also pivotal for enzyme activation. There is a quinone
gxidoreductase 1 (hNQO1) aPS based on PET.** hNQO1 is
overexpressed in many types of cancer cells, making it an ideal
candidate. Beharry and co-author incorporated the quinone
into phenalenone (PN) (as the PS) through the central amide
bond. The electron-deficient quinone quenched PN’s optical
properties via the PET mechanism and left the aPS in an “off”
state in healthy tissue. When hNQO1 was introduced, the
quinone underwent intramolecular cyclization, released native
PN and restored its photo-activity.

2.1.3 GSH activation. GSH is a small peptide consisting of
three amino acids (cysteine, glutamine and glycine). It is an
important antioxidant and free radical scavenger in the body.
GSH concentration in a tumor site is much higher than in
normal cells and extracellular fluid,”® making GSH a good trigger
for aPSs.

Similar to the enzyme response, one design approach is to
introduce disulfide bonds. Ng et al. synthesized a series of
dendritic Pcs (dimeric, trimeric, and tetrameric PCs) through
disulphide bridges.”" Due to FRET, the fluorescence intensity
and ROS generation decreased as more Pc units conjugated.
After reacting with GSH, the compounds activated and exhibited
high photocytotoxicity. Other studies also used disulfides as

Mater. Chem. Front., 2021, 5, 1683-1693 | 1685
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Fig. 3 (a) aPS 1la chemical structure and the non-cleavable control com-
pound 11b. (b) 11a and 11b ROS generation with a DPBF probe. (c) 11a and 11b
cell viability with and without light irradiation. Reproduced with permission
from ref. 72. Copyright 2019 John Wiley and Sons.

linkers involving FRET.”?> Lo et al. linked the photosensitizing
unit (zinc(u) Pc) to a BODIPY unit to obtain the GSH-response
aPS (11a) while 11b (the non-cleavable analogue) was used as the
control (Fig. 3a).””> They used DPBF as the ROS probe to verify
GSH’s effect on 11a’s ROS generation. The results showed that
GSH-treated 11a had a high ROS generation efficiency from
cleaved disulphide linkages detaching the quencher from the
PSs (Fig. 3b). This is consistent with 11a and 11b cell results
(Fig. 3c).

2.1.4 Other activation. Hydrogen peroxide (H,O,)-responsive
aPS has also been developed.”® Xing et al. synthesized a H,0,-
responsive pro-PS MBPB by bonding PS methylene blue (MB) with
a p-phenylboronic ester (PB) via a carbonochloridate PB-Cl. The
MB conjugation system was destroyed, resulting in the complete
disappearance of its photoactivity. MBPB can be activated by H,O,
to generate MB and quinone methide (QM). When reacted with
H,0,, boronic ester oxidation releases QM allowing free MB to
produce 'O, through a rapid 1,6-elimination. They examined the
H,0, response using spectroscopy. Due to the MB breakdown,
MBPB has no color and no absorption or emissions from 500 nm
to 800 nm. Absorption and emissions gradually increase with GSH
addition and the solution turns a cyan color.

ICT can affect some fluorophores’ absorption bands and aPSs
have been established using this strategy. Li and coworkers
synthesized a D-n-A PS with a phenolic group electron-donation
ability.”* They used an alkaline phosphatase (ALP) activatable
derivative to protect the phenolic hydroxyl and diminish its
electron-donating ability. This enabled ICT process suppression
and the absorbance at certain wavelengths to disappear. Upon
adding ALP, the aPSs restored the absorption band at 616 nm
and generated '0,.

2.2 Nanoengineering supramolecular structures

Most traditional PSs tend to aggregate due to poor water solubility.
This impedes their application. Nano-engineered supramolecular

1686 | Mater. Chem. Front, 2021, 5, 1683—-1693

View Article Online

Materials Chemistry Frontiers

structures improve PS solubility, enhance permeability and
retention effects,”>”® and alter the optical properties, which plays
critical roles in exploiting aPSs.

Biological self-assembly through noncovalent interaction
(hydrophobic, hydrogen-bonding, electrostatic, n-n stacking and
van der Waals force interactions) is pervasive in nature. Because
of weak and dynamic noncovalent interactions, nano-engineered
supramolecular structures can be altered by external stimuli at a
low energy cost.

2.2.1 Single component self-assembled nanostructures.
Many nano-aPSs self-assemble using a single component based
on single chemical modification molecules. Sensitive linkers like
disulfides connect hydrophobic PSs with hydrophilic segments to
obtain amphiphilic molecular segments (PS-cleaving linker-
hydrophilic segments). These are necessary for self-assembly. These
nano systems possess passive (“off”) states in normal tissue, but
switch “on” when exposed to a tumor’s overexpressed stimuli.

Choi et al. developed a redox-responsive nanogel based on
attaching Chlorin e6 (Ce6) to fucoidan using disulfide.®® Ce6’s
hydrophobicity allowed a Ce6-fucoidan conjugate to form
nanogels through self-assembly. The Ce6 aggregation kept it
inactive due to its self-quenching effect. When it reacted with
the redox potential, it released Ce6 and photo activity resumed.
Fucoidan not only has anticancer potential, but also targets
P-selectin, which is overexpressed on some tumor cells’ sur-
faces. Nanogels based on Ce6-fucoidan could reach these lesion
sites and enhance the PDT.

Qian and co-workers also reported a redox-activatable
nanoparticle.®" They chemically conjugated Ce6 with hyaluronic
acid (HA) through disulfide linkages to obtain HSC conjugates
(Ce6-ss-HA) which assembled into nanoparticles (HSC) (Fig. 4a).
To enhance PDT’s efficiency under hypoxia, they encapsulated
perfluorohexane (PFH) in HSC and obtained PFH@HSC. PFH is a
perfluorocarbon (PFC), and has an extremely high oxygen solubility.
This means that it can provide sufficient oxygen during PDT.%>%*
The disulfide bonds give the molecule reduction-responsive
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Fig. 4 (a) Schematic illustration of PFH@HSC nanoparticles. (b) NIR images
of HSC and HEC nanoparticles treated without (M) and with MDA-MB-231
cells (M + C). (c) In vivo fluorescence images. (d) Dissolved oxygen of HSC
and PFH@HSC nanoparticles. Reproduced with permission from ref. 81.
Copyright 2019 John Wiley and Sons.
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switch capability. The nanosystem’s phototoxicity remains inert
(the “off” state) during blood circulation because of Ce6’s AIQ.
When the nanoparticles release Ce6 molecules, it restores
their fluorescence emission and 'O, production because of the
tumor’s relatively high GSH. This was verified by time-dependent
HSC nanoparticles co-incubated with MDA-MB-231 fluorescence
recovery (Fig. 4b). In contrast to free Ce6’s rapid blood clearance,
PFH@HSC nanoparticles concentrated in tumor sites 4 h post-
injection from fluorescence imaging (Fig. 4c). Compared to HSC,
PFH@HSC demonstrated excellent oxygen loading and gradual
release capability (Fig. 4d). To detect tumor oxygen levels, they
carried out in vivo photoacoustic (PA) imaging and ex vivo
immunofluorescence staining. PA imaging verified that higher
oxyhemoglobin intensity was enhanced by PFH@HSC nano-
particles due to oxyhemoglobin and deoxyhemoglobin’s diverse
absorption spectra. Compared to control groups, the in vivo
results demonstrated PFH@HSC nanoparticles’ tumor inhibi-
tion capabilities.

There are several amphipathic PSs without sensitive linkers
that can self-assemble into stable nanostructures. Disassembly
can occur from biomarker presence rather than intermolecular
forces.®*>®® We developed a series of aPSs based on Pcs, which
act as described above.*®”°> Among these aPSs, one self-
assembles building blocks (Pc-4TEG) that consist of zinc(u) Pc
modified with the hydrophilic moiety triethylene glycol (TEG)
(biotin).” The hydroxyl group terminal allows a biotin substi-
tution for the PS (Pc-4TEG-B) target (Fig. 5a). Pc-ATEG-B’s
amphiphilic structure makes it feasible to form a stable nano-
structure (NanoPcTB). NanoPcTB’s fluorescence was completely
quenched in water (Fig. 5b). We chose avidin as the targeted
protein to demonstrate its protein-responsive properties. Upon
adding the avidin, NanoPcTB’s fluorescence increased. There
was no significant fluorescence increase when we incubated
NanoPcTB with extra biotin prior to adding avidin (Fig. 5c).
Fluorescence did not increase for NanoPcT after adding avidin.
We tested a variety of proteins but only the avidin turned
on fluorescence. This demonstrates NanoPcTB’s high avidin
selectivity (Fig. 5d). Avidin addition significantly restored ROS
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Fig. 5 (a) Chemical structures of Pc-4TEG and Pc-4TEG-B. (b) Fluorescence
spectra of Pc-4TEG-B and NanoPcTB. (c) NanoPcTB fluorescence spectra
with different treatments. (d) NanoPcTB fluorescence intensity changes when
treated with different proteins. (€) NanoPcTB ROS generation without and with
avidin. Reproduced with permission from ref. 87. Copyrights 2017 American
Chemical Society.
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generation (Fig. 5e). All of our results verified NanoPcTB’s
excellent ability to switch its photosensitivity. This is significant
for PDT.

Our research group®? also reported on a “one-for-all”’ switch-
able nanotheranostic (NanoPcS) utilizing an amphiphilic Pc
derivative as the building block. This NanoPcS forms uniform
nanovesicles dispersed in an aqueous solution. The NanoPcS’s
photo-properties are sustained in an “off” state due to AIQ, but
turn “on” fluorescence and ROS generation in the presence of
protein. More significantly, we confirmed specific binding
between albumin and the Pc molecule using an inducible
transgenic mouse system.

Morphological rearrangements based on tumor-associated
stimuli can also activate optical properties. Hest and coworkers
developed an acid-activatable nanomaterial based on a pep-
tide-porphyrin conjugate (PWG) synthesized using a pH-
responsive dipeptide tryptophan-glycine (WG) and a hydropho-
bic porphyrin (P).>* They obtained stable nanoparticles using
PWG in a normal physiological environment. The nanomaterial
transformed into nanofibers in acidic solutions because of the
stronger inter-molecular hydrogen bonds from PWG protona-
tion (Fig. 6a). To evaluate pH effects on the PWG nanostruc-
tures’ photoactivity, they used a 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) probe to test 'O, genera-
tion. The lower the pH, the higher the 'O, generation. This
indicates that the acidic environment enhances ROS produc-
tion (Fig. 6b). The structural transformation also led to long-
term retention and excellent anti-tumor efficiency.

2.2.2 Multicomponent co-assembled nanostructures.
Although single component self-assembly performs well when
constructing aPSs, there are several obstacles during its clinical
transformation. These include complicated molecular design,
tedious synthesis processes, and photochemical property
changes due to moiety introduction.’* We utilized molecular
recognition interactions (n-mn stacking and electrostatic inter-
actions) between zinc(u) Pc tetra substituted with 6,8-
disulfonate-2-naphthyloxy groups (PcS) and the anticancer drug
mitoxantrone (MA) to prepare uniform nanoparticles (PcS-MA)
in water.® These nanoparticles disassembled when reacted with
nucleic acids (Fig. 7a). Aggregation quenching led PcS-MA has
almost no fluorescence emission, which is consistent with its
lack of 'O, generation (Fig. 7b and c). Adding DNA caused an
increase in the PcS-MA’s 'O, generation and fluorescence

Acid-activated
fibrillar transformation ¢

Invivo

0,
PWG nanoparticles POT PWG nanofibers

ABDA abs. (%)

« b \ % o
% N o wlE :.s.,.‘.: i

Y Tuf;\n;r o 'Q S Time (min)
Fig. 6 (a) Schematic illustration of PWG transformation from nano-
particles to nanofibers. (b) PWGNP's single oxygen generation for various
pHs. Reproduced with permission from ref. 93. Copyright 2020 John Wiley
and Sons.
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Fig. 7 (a) PcS and MA chemical structure and schematic illustration of
nanoparticle preparation. PcS, MA and PcS-MA comparison of (b) fluorescence
and (c) 'O, generation. PcS-MA (d) YO, generation and (e) fluorescence change
with ctDNA addition. Reproduced with permission from ref. 6. Copyrights 2018
American Chemical Society.

(Fig. 7d and e). This could be attributed DNA binding with MA
and competes with the MA and PcS interaction, resulting in a
partial PcS-MA disassembly.

Besides AIQ for multicomponent co-assembled aPSs, the
FRET strategy was also used to construct aPSs.””> Wang and
colleagues reported a mitochondria targeted pH-activatable
nanoparticle (M-TPPa) based on FRET.’® They obtained pH-
activatable nanoparticles by co-assembling a mitochondria-
targeted PS (TPPa) with a pH responsive fluorescent copolymer
(mPEG-b-PDPA-Cy7.5) (Fig. 8a). FRET between TPPa and Cy7.5
molecules quenched TPPs photoactivity. When it reached the
tumor site, the photodynamic effect was switched on and
enhanced, achieving targeted tumor inhibition. Fluorescence
was enhanced at least 111-fold, proving nanoparticle dissolution
and activation (Fig. 8b). ROS generation under acidic conditions
demonstrates the nanoparticles’ pH response (Fig. 8c). To further
demonstrate FRET effects, they compared PDPA-Cy7.5@TPPa to
PDPA@TPPa. PDPA-Cy7.5@TPPa ROS increased production by
151-fold after FRET effect removal. PDPA@TPPa ROS generation
was only enhanced 9-fold (Fig. 8d).

GSH can complex with various metal ions due to its two
carboxyl and single thiol groups.®”*® Yan’s group reported a smart
metallo-nanodrug based on multicomponent coordination that
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Fig. 8 (a) Schematic illustration of pH-activatable nanoparticle M-TPPa.
(b) Cy7.5 fluorescence and TPPa response to different pHs. (c) M-TPPa
ROS generation at different pHs. (d) ROS generation comparison before and
after pH response in PDPA-Cy7.5@TPPa and PDPA@TPPa. Reproduced with
permission from ref. 96. Copyright 2019 Elsevier.
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responds to pH and GSH.?” They first obtained the nano-
particles (Fmoc-H/Zn** and Z-HF/Zn*") using the metal-binding
peptide (fluorenylmethoxycarbonyl-i-histidine (Fmoc-H) and
N-benzyloxycarbonyl--histidine-L-phenylalanine (Z-HF)) coordi-
nated with Zn>" (Fig. 9a). They verified pH response by changing
the Fmoc-H/Zn*>* and Z-HF/Zn** solution’s pH. The solution
changed from milky white to transparent at pH lower than 5.0
or higher than 8.5 (Fig. 9b). This is attributed to weakening the
histidine/Zn>* complex and hydrophobic interaction, respec-
tively. Both induced nanoparticle disassembly. GSH coordinated
competitively with Zn>*, which caused nanoparticle collapse
(Fig. 9c). Ce6 was selected to coordinate cooperatively with
Fmoc-H or Z-HF and Zn*" to prepare the metallo-nanodrugs
(Fmoc-H/Zn**/Ce6 or Z-HF/Zn>*/Ce6). Ce6 release detection
under dissimilar conditions showed that Fmoc-H/Zn**/Ce6
remained stable under physiological conditions for a long
time, and released explosively at lower pHs or in the presence
of GSH (Fig. 9d). Compared to un-encapsulated Ce6, the
metallo-nanodrugs significantly enhanced the therapeutic
effect (Fig. 9e).

Yan et al. also developed a GSH responsive multifunctional
theranostic nanoplatform coordinated by the amphiphilic
amino acid (Fmoe-1-1), Mn*" as a magnetic resonance imaging
(MRI) contrast agent and a photosensitive drug (chlorin e6,
Ce6).'°° The biometal-organic nanoparticles enhanced PDT via
efficiently delivering PSs to the nidus region and releasing
them through GSH’s competitive coordination with Mn**

2.2.3 Other supramolecular structures. Another common
strategy for constructing aPSs is to take advantage of loading
PSs with materials sensitive to tumor-relevant stimuli. Liu et al.
designed a GSH-responsive PS based on a Cu(u) Metal-Organic
Framework (MOF).>> They loaded PS into the pores of a suitable
MOF to isolate the PS from O,, which resulted in inhibiting
ROS production. Given that redox-active metal like Cu(u) can be
oxidized by GSH, the MOFs dissociated and released PSs upon
reacting with GSH. When the PSs came into contact with
oxygen they generated ROS with suitable light irradiation.
Other MOF aPSs have also been reported.*®**>

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Our group developed a sequential protein-responsive aPS
(PcC4-MSN-01) using mesoporous silica nanoparticles (MSNs)
to load PS.°" Because carboxy-terminal zinc(n) Pcs interact strongly
with albumin,®*® we selected zinc(n) Pc tetra--substituted with
4-carboxylphenoxy groups (PcC4) as the model PS. To further
enhance tumor-specificity accuracy, we loaded PcC4 with meso-
porous silica nanoparticles (MSNs) and sealed them with a
telomerase-responsive DNA O1 through strong electrostatic inter-
actions (Fig. 10a). The quenched fluorescence was successfully
restored by telomerase and albumin stimulation response
(Fig. 10b). To further demonstrate MSNs encapsulating PS signifi-
cance, we incubated PcC4-MSN-O1 with telomerase for different
lengths of time followed by a 10 min HSA incubation (Fig. 10c).
The increasing fluorescence intensity indicates that telomerase
plays an important role in PcC4’s photo-activity recovery.

Macrocyclic molecules are regarded as a special carrier for
PS delivery. Macrocyclic molecules like cyclodextrins (CDs),
calixarenes (CAs), and crown ethers have a large cavity that
selectively encapsulates the guest molecule through weak
interaction.'®® There are many studies based on this structure,
where PSs are loaded into macrocyclic molecules to achieve aPSs.
The interaction of PSs in the cavity leads to photoactivity loss,
while the over-expressed biomarkers release PSs through com-
petition with the macrocyclic molecules. Guo and co-workers
used guanidinium-modified calix[5Jarene pentadodecyl ether
(GC5A-12C) as the macrocyclic amphiphile vector, which has a
high PS and adenosine triphosphate (ATP) affinity.’* They
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as the PS nanocarrier. Reproduced with permission from ref. 94. Copy-
rights 2018 American Chemical Society.
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preloaded the PS into GC5A-12C making it nontoxic for blood
circulation. In the presence of ATP, the stronger bonding
between GC5A-12C and ATP releases the PSs and leads to
fluorescence and ROS generation recovery (Fig. 11).

3 Conclusions and outlook

Molecular structures based on various design strategies and
nanoengineered supramolecular structures assembled from a
variety of components all exhibit excellent aPS activating prop-
erties when exposed to tumor-related stimulants such as pH,
enzymes, and GSH. This work is a major stride forward in
precision treatment of nodes. There are still several challenges
to be addressed, however.

To some extent, biological safety was ignored in nanomater-
ial aPS preparation. Many reports used doped inorganic heavy
metals, which may impact an organism’s health. Future bio-
compatible material research will be more beneficial for clin-
ical transformation. Second, most pH-responsive aPSs are
designed to be activated at a low pH (5.0) whereas endosomes
and lysosomes in normal intracellular tissue also have low pH’s
(5.0-6.5 and 4.5-5.0, respectively).'®*'*® For this kind of aPS,
being able to precisely target a lesion site is extremely impor-
tant. Third, aPS use involves two processes, quenching and
activation. There is little research, however, on quenching and
reactivation efficiency. aPS quenching and activation efficiency
studies require more consideration. Finally, most aPSs have
only been verified in response to stimuli in vitro; further in vivo
activation validation is required. In addition, light’s tissue depth
penetration and the “Achilles’ heels” of tumor-environment
hypoxia have seriously hindered PDT’s therapeutic effects. These
issues also require further exploration.

In general, there is still much effort required for aPS develop-
ment. We hope that this review provides some meaningful refer-
ences for future exploration.
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