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Abstract

Photodynamic therapy (PDT) has emerged as an attractive alternative in cancer therapy, but its
therapeutic effects are limited by the nonselective subcellular localization and poor intratumoral
retention of small-molecule photosensitizes. Here a fiber-forming nanophotosensitizer (PQC

NF) that is composed of mitochondria targeting small molecules of amphiphilicity is

reported. Harnessing the specific mitochondria targeting, the light-activated PQC NFs produce
approximately 110-fold higher amount of reactive oxygen species (ROS) in cells than free
photosensitizers and can dramatically induce mitochondrial disruption to trigger intense apoptosis,
showing 20-50 times better /n7 vitro anticancer potency than traditional photosensitizers. As fiber-
shaped nanomaterials, PQC NFs also demonstrated a long-term retention in tumor sites, solving
the challenge of rapid clearance of small-molecule photosensitizers from tumors. With these
advantages, PQC NFs achieve a 100% complete cure rate in both subcutaneous and orthotopic
oral cancer models with the administration of only a single dose. This type of single small
molecule-assembled mitochondria targeting nanofibers offer an advantageous strategy to improve
the in vivo therapeutic effects of conventional PDT.

Abstract

An amiphiphilic photosensitizer-derived small molecule that can self-assemble into a fiber-
forming nanoconstruct was developed. The one-component nanofiber not only exhibits a
significantly phototoxicity to cancer cells through targeting mitochondria, but also shows the
long-term retention in tumor site, thus achieving a 100% complete cure rate in both subcutaneous
and orthotopic oral cancer models with only a single-dose administration.

Graphical Abstract
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1. Introduction

Photodynamic therapy (PDT) is a well-established clinical treatment modality for cancer,
which combines the photosensitizer, light energy, and oxygen to produce singlet oxygen
(20,) and trigger a chain of reactions of reactive oxygen species (ROS) leading to cell death.
[1] The technique is gaining popularity due to its minimally invasive nature for patients,
short-course treatment, and selective cytotoxicity.[2] Since 10, has a short lifetime (~3 ps)
and a limited diffusion radius (0.02 um), the photosensitizer only causes photodamage

in its direct vicinity. Therefore, the efficiency of PDT is strongly dependent on the
intracellular accumulation and subcellular localization of photosensitizers.[3l To address

this challenge, a promising solution is delivering the photosensitizers to specific organelles,
where 10, is generated 7 situto efficiently trigger phototoxicity.[4l As the main powerhouse
and important ROS source in cells, the mitochondrion is a potentially excellent target

for PDT.I%] Since the inner mitochondrial membrane has a strong negative membrane
potential, mitochondria targeting PDT can be achieved by conjugating photosensitizers

to delocalized cations, such as triphenylphosphonium (TPP) and dequalinium (DQA).[€]
Several reported mitochondria-targeted photosensitizers have shown significantly improved
therapeutic effects relative to their free photosensitizer.[]

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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Another limitation for traditional PDT is the rapid clearance of the small-molecule
photosensitizers from tumors, which causes the poor retention of photosensitizers in

tumor cells and insufficient therapeutic effects in vivo.l8] Self-assembling nanomaterials

are retained longer at local sites, which gives the potential to overcome this limitation of
photosensitizer clearance.[¥] Through supramolecular self-assembly, small-molecule drugs
can be functionalized with superior nanoscale characteristics and self-delivering properties.
[10] This carrier-free nanomedicine strategy urges the development of small-molecule
nanophotosensitizers.[11] However, most of the developed nanophotosensitizers are spherical
nanoparticles, not nanofibers. Compared to the traditional spherical nanoparticles, the
fiber-forming nanomedicines are revolutionizing the field of drug delivery due to their

high surface-area-to-volume ratio, small inter-fibrous pore size with high porosity, and
enhanced retention effects.[22] Among the attempts to construct nanofibers, the majority of
building blocks are p-sheet peptide-based motifs that are utilized to drive supramolecular
assembly and hydrogel formation.[23] Although these peptide assemblies have demonstrated
great advantages of nanofibers in medical diagnosis and therapy, there remain practical

and system-specific challenges in the manufacture of peptide materials and complex self-
assembly process.[14] Since these limitations can be overcome by small-molecule drugs,
recently small molecule-based nanofibers have drawn attention. However, due to the lack of
available fiber-forming small-molecule monomers, there are only limited reported cases to
date.[15]

Herein, according to the above strategies to improve PDT and principles of new drug

design and molecular self-assembly, we developed a mitochondria-targeting nanofiber (PQC
NF) that are formed by self-assembly of small-molecule building blocks of amphiphilicity
(Figure 1) for the photodynamic cancer therapy. The monomer is a pheophorbide a (PA) and
quinolinium conjugate (PQC), in which the hydrophobic PA acts as the photosensitization
group and the quinolinium moiety is hydrophilic cation for mitochondria targeting.[16]

PQC NFs could specifically accumulate in mitochondria and are retained there for an
extended period, where they exhibited a powerful PDT effect to induce mitochondrial
disruption and lead to apoptotic cell death. When compared with free PA, PQC NFs

showed a 20-50-fold increase in cytotoxicity /n vitroand can be retained within tumor

sites /in vivo for 10 days. Using these advantages, PQC NFs achieved a powerful tumor
ablation effect in both subcutaneous and orthotopic oral cancer models when treated with
only a single dose. As fiber-shaped nanophotosensitizers that are self-assembled from
mitochondria-targeted small molecules, PQC NFs provide a useful strategy to chemically
modify existing photosensitizers to enhance their phototherapeutic effects.

Result and Discussion

2.1. Synthesis and Characterization of PQC Monomer

The PQC monomer was synthesized by conjugating PA with 4-aminoquinaldine through
a 1-decanamine linker (Figure S1, Supporting Information). All intermediates and

the target compound were chemically characterized by nuclear magnetic resonance
(NMR) spectroscopy and electrospray-ionization mass spectrometry (MS) (Figure S2-S5,
Supporting Information). The UV-visible and fluorescence spectra were also used for

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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structure confirmation (Figure 2a). Together with the PA and PQC molecules, DQA, was
also employed as the control. Free PQC molecules showed three main absorption peaks,
with one at ~350 nm from the absorbance of quinolinium moiety and the other two at 412
nm and 675 nm from the absorbance of PA (Figure 2b). In terms of fluorescence, the PQC
molecules exhibited similar emission spectra to PA in methanol (Figure 2c).

2.2. Construction and Characterization of PQC NFs

The self-assembling PQC NFs were prepared via a nanoprecipitation method, in which

the PQC solution in ethanol was added into water dropwise, followed by the evaporation

of ethanol under reduced pressure. By using transmission electron microscopy (TEM), we
found that PQC molecules self-assembled into the uniform nanofiber scaffold networks with
average diameters of 14.9+2.5 nm and a surface charge of 42.3+1.3 mV (Figure 2d). The
positive surface charge comes from the cationic quinolinium, indicating that quinolinium
moieties spread over the surface of PQC NFs. The critical aggregation concentration (CAC)
of PQC NFs was measured to be 0.085 pg mL~1 (Figure S6, Supporting information).[17]
The ultrafiltration method was then employed to identify the formation of PQC NFs (Figure
2e). The majority of PQC NFs were retained in the centrifugal filter (10 kDa), showing a
dark green color and strong fluorescence, while the colorless filtrate with low fluorescence
indicated only a trace amount of PQC molecules.

The morphological structure of amphiphilic self-assembled aggregates depends on the
relative size of the hydrophobic and hydrophilic moieties.[18] In the PQC molecule, there
are a large hydrophobic PA group (mw=590) and a small hydrophilic quinolinium group
(mw=158). This high hydrophobicity-to-hydrophilicity ratio determines the aggregation of
PQC molecules into nanofibers. The formation of aggregates also benefits from the strong
- stacking interactions among PA moieties of PQC molecules.[!®] MS was employed to
explore the structure of PQC aggregates in aqueous conditions, which is a powerful tool

to investigate the assembly of small molecules.[291 The PQC monomers (m/z 888.517),
dimers (m/z 1777.034), tetramers (m/z/4 1184.689) and heptamers (m/z/6 1036.603) were
observed from MS (Figure S7, Supporting information), suggesting that the PQC molecule
is the building block that aggregates into nanofibers. DQA, the control, which has been
demonstrated to self-assemble into liposome-like vesicles (DQAsomes), was also included
in this study.[2X] As the interactions of hydrophobic chains are very weak, DQA did not
show any signals of multimer in the MS spectra (Figure S7, Supporting information).

Without a bio-cleavable chemical bond in its chemical structure, the PQC monomer is not

a prodrug form of an existing photosensitizer, but a new chemical entity that possesses

an excellent self-assembling property. Therefore, compared to the majority of traditional
nanoformulations that are prepared by physical loading or prodrug self-assembly of existing
drugs, the new-chemical-entity-assembled PQC NFs represent a structure innovation in the
perspective of new drug discovery. Additionally, the one-component PQC NFs have a 100%
drug loading efficiency and show enormous advantages to break through the drug-loading
and scale-up production limitations of the conventional drug delivery systems.[22]

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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2.3 Optical Property and ROS Production in Solutions

2.4,

It is known that the PA fluorophore has an aggregation caused quenching (ACQ) effect

on its fluorescence emission.[23] Upon the self-assembly, the aggregated PA moieties
localized inside the PQC NFs and showed a very weak fluorescence emission (Figure

2f). After dissociation by sodium dodecyl sulfate (SDS), their fluorescence was recovered.
The aggregation-dissociation-based fluorescence “off-on” behavior was also observed with
near-infrared (NIR) fluorescence imaging (Figure 2g). The PQC NFs in PBS showed low
fluorescence due to the ACQ effect, and when dissociated in PBS/SDS, they exhibited

a concentration-dependent fluorescence enhancement as expected. The hydrophobic PA
compound also showed a similar ACQ behavior as PQC NFs, indicating PA was aggregated
as well in PBS. However, because the carboxylic acid group is not an excellent hydrophilic
moiety, the aggregates of PA displayed a scattered size distribution from nanometers to
micrometers and a negative surface charge of —11.5 £+ 1.3 mV (Figure S8, Supporting
information). As the pioneering theranostic agents, porphyrin derivatives can be used for
both photodynamic therapy and NIR fluorescence imaging.[24] This “off-on” fluorescent
property can be used to track the permeability and persistence of PQC nanofibers in tumor
sites specifically.

When absorbing a specific wavelength of light, photosensitizers can convert oxygen into
10,, which consequently causes an increase of ROS and is a critical anticancer mechanism
of PDT.[23] Moreover, for a photosensitization group, the singlet oxygen quantum yield is
an intrinsic property, and modifying the photosensitizer by conjugation with other moieties
may cause the decrease of singlet oxygen production efficacy in solution.[8al Singlet oxygen
sensor green (SOSG) was used as a probe to determine the 10, production induced by PA
and PQC NFs in solutions. As shown in Figure 2h, PQC NFs produced a similar amount of
10, with PA at the same concentration, which indicates that chemical conjugation did not
impede the ability of 10, production. In addition, both PQC NFs and PA produced limited
10, in the aggregation forms (in PBS), while their dissociated forms (in PBS/SDS) showed
an increased capacity of 10, production (Figure 2h), indicating the 10, production can be
specifically activated by their free molecules, rather than their aggregates. These results are
consistent with our aforementioned findings of the fluorescence “off-on” behavior of PQC
NFs, which allows for specific photodynamic reactions for use as highly selective cancer
therapies.[26]

In Vitro Anticancer Activity

After characterizing the properties and functions of PQC NFs in solutions, we moved to
evaluate the /n vitro anticancer effects in cells. The OSC-3 cell line, a type of superficial oral
squamous cell carcinoma, was chosen firstly because PDT is ideally suited to this cancer
type and some related therapies have already been approved by FDA for use in the clinic.[27]
The viability of OSC-3 cells was measure using the CellTiter-Glo cell viability assay (Figure
3a). In the absence of light, PA did not show cytotoxicity even at 100 uM, while PQC NFs
showed similar cytotoxicity with DQA and the mixed treatment (IC59=3 uM). When cells
were exposed to light treatment, PQC NFs showed a dramatically increased anticancer effect
against OSC-3 cells (IC55=0.12 pM), which is 10-fold and 21-fold more potent than that of
the mixed treatment (IC59=1.21 uM) or PA (IC50=2.57 uM), respectively. Remarkably, the

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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control groups of DQA, PA, and their mixture did not show obvious anticancer effects

at the concentration range from 0.3 uM to 1 uM, while PQC NFs eliminated all the

OSC-3 cancer cells at those concentrations. Moreover, PQC NFs were superior to other
nanoformulations of PA, such as PA-loaded liposomes (liposomes@PA) and PA-conjugated
polymers (PEG5K-PA,-CA,) (Figure S9, Supporting Information).[23] These cytotoxicity
findings strongly support our hypothesis that delivering photosensitizers into mitochondria
can greatly improve their therapeutic effects. In the extended cell viability assays (Figure
S10, Supporting information), it was also found that the light-treated PQC NFs had 32 to

48 times higher potency than light-treated PA in inhibiting pancreatic cancer cells (BXPC-3,
AsPC-1, and PANC-1) and bladder cancer cells (UM-UC-3 and 5637), implying their
considerable potential to be applied to other cancer types. Compared to these cancer cells,
the noncancerous IMR90 cells were more tolerated to PQC NFs in both the absence and
presence of light irradiation, which suggests that PQC NFs have relatively low toxicity to the
noncancerous cell line (Figure S10, Supporting information).

2.5 Cellular Uptake and Endocytosis

To illuminate the intracellular characteristics of PQC NFs, a cellular uptake study was
conducted (Figure 3b and Figure S11, Supporting information). PQC NFs showed a time-
dependent accumulation in OSC-3 cells and achieved a significantly improved profile of
cellular uptake than free PA. This is attributable to the effective self-assembling properties
of PQC NFs, including their homogeneous nanosize characteristics and positive surface
charge.[28] To interrogate the endocytosis mechanism of PQC NFs, the entry of PQC NFs
into cells was measured when incubation was performed at low temperature. The results
show the decrease in temperature inhibited cellular uptake of PQC NFs, which suggests
the endocytosis PQC NFs is energy-dependent (Figure 3c and Figure S12, Supporting
information).[2%] Four types of endocytosis inhibitors were then utilized to reveal the specific
endocytic pathway of PQC NFs: sodium azide, chlorpromazine, genistein, and amiloride.
Among these, both sodium azide and chlorpromazine decreased the cellular uptake of
PQC NFs, which implicated that PQC NFs entered cells mainly through clathrin-mediated
endocytosis, rather than caveolae-mediated endocytosis (genistein) or micropinocytosis
(amiloride) (Figure 3d and Figure S12, Supporting information).[30]

2.6 Mitochondrial Targeting

We subsequently investigated the subcellular localization of PQC NFs by using confocal
microscopy. OSC-3 cells were incubated with PQC NFs for different time points (from 5
min to 8 h), followed by staining cells with MitoTracker and LysoTracker before imaging.
As depicted in Figure 3e, PQC NFs (red) and mitochondria (green) colocalized quickly
(within 5 min) as indicated by the yellow color on the merged overlay. The calculated
Pearson correlation coefficients in Figure 3f indicate a high degree of colocalization between
PQC NFs and mitochondria at 5 min (Pearson’s R, 0.72), and the colocalization reached
the maximum in 2 h (Pearson’s R, 0.87). However, the colocalization with lysosomes was
only moderate at 5 min (Pearson’s R, 0.43) and decreased in a time-dependent manner.
These results demonstrate that PQC NFs can quickly enter the mitochondria of living
cells and remain there for hours. In contrast, the parental PA molecules were diffused into
the cytoplasm and exhibited a low-level colocalization with mitochondria or lysosomes,

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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indicating an obvious difference with the mitochondria-targeted subcellular distribution of
PQC NFs (Figure 3g). We also isolated the mitochondria and cytoplasm of OSC-3 cells
following a 24 h pretreatment with PQC NFs or PA to quantify the differences in their
localization. The PQC concentration in mitochondria was 24-fold higher than that in the
cytoplasm, while PA molecules showed a similar concentration in both mitochondria and
cytoplasm, confirming that PQC NFs are specifically targeted to mitochondria (Figure 3h).

Intracellular Dissociation

We next investigated the intracellular dissociation behavior of PQC NFs, in which PQC NFs
(100 uM) were incubated with the freshly isolated mitochondria (0.1 mg mL™1), lysosomes
(0.1 mg mL™1), and other cellular components (0.1 mg mL™1) for 24 h and were then
observed by TEM (Figure S13, Supporting information). It was found that PQC NFs stayed
in the aggregation state upon incubation with the lysosomal or cellular component that did
not contain mitochondria, but were dissociated in presence of the mitochondria component.
This is because the mitochondria inner membrane with strongly negative potential can bind
to the delocalized cationic quinolinium moiety on the surface of PQC NFs, which drives

the dissociation of NFs into free molecules. Based on these findings, we can conclude

that PQC NFs maintained their nanostructures in the process of cell endocytosis and
intracellular transport toward mitochondria, and then were dissociated into free molecules in
mitochondria. Since the free form of PQC NFs can produce more ROS than the aggregation
form (Figure 2h), the dissociation of PQC NFs that selectively occurs in mitochondria can
be conducive to improve the efficiency of PDT.

Intracellular ROS Production

As ROS overproduction is the key anticancer mechanism of PDT, we measured the ROS
levels in OSC-3 cancer cells treated with PQC NFs by using 2°,7’-dichlorofluorescein
diacetate (DCF-DA\) as a fluorescence sensor.[31 After exposure to light, PQC NFs
produced approximately 110-fold higher amounts of ROS than the same concentration

of free PA (Figure 4a). Because the PQC NFs and PA have a similar 10, quantum

yield, and the intracellular concentration of PQC NFs is only 1.4 times as that of PA
(Figure 2h and 3b), this significant enhancement of intracellular ROS production should be
attributable to their specific mitochondria targeting property of PQC NFs. As mitochondria
are an important source of ROS in most mammalian cells, mitochondria-targeted PQC NFs
potentially caused ROS burst 77 sifu through mitochondrial imbalance.[32]

2.9. Mitochondrial Disruption

To get direct insights in PQC NF-mediated mitochondrial damage, the mitochondrial
membrane potential was determined using indicator dye JC-1. JC-1 forms J-aggregates
in cells with high mitochondrial membrane potential and emits red fluorescence, while

it remains monomeric in cells with low mitochondrial membrane potential and emits
green fluorescence.[33] Representative results from PQC NFs treatment of OSC-3 cells
are displayed in Figure 4b. No differences were observed among the groups without light
treatment, indicating the relatively low dark toxicity of PQC NFs toward mitochondria.
Remarkably, the simultaneous treatment of cells with PQC NFs (1 uM) and light caused
a decline of red fluorescence signals and the rise of green fluorescence signals, which

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 9

indicates a severe loss of mitochondrial membrane potential. In contrast, the control
treatments with PA or DQA upon light illumination were not effective enough to cause

a signal change at the same condition of 1 pM. Treatment with a higher concentration of PA
(4 uM), the positive control, was milder when compared to 1 pM PQC NFs as those treated
cells still exhibited red fluorescence (Figure S14, Supporting information). To confirm the
visual results, the calculated red-to-green fluorescence ratio of cells in each treatment further
showed the potent ability of PQC NFs to induce mitochondria depolarization (Figure 4c).

We next used TEM to investigate the morphological changes in mitochondria induced by
PQC NFs treatment. As shown in Figure 4d, the vehicle or PA-treated cells without light
that showed healthy mitochondria with typical tubular cristae and crista junctions in the
absence of light, while DQA-treated cells displayed morphologically changed mitochondria
with and without light treatment. This change is likely because the accumulation of

DQA in mitochondria interferes with the functioning of membrane proteins and inhibits

the mitochondrial respiratory chain.[34] PQC NFs without light treatment were found

to cause similar alterations in mitochondria to those observed with DQA, showing that

PQC NFs can affect mitochondrial activity. Cells treated with both PQC NFs and light
treatment manifested seriously damaged mitochondria, which were indicated by severe
cristae disruptions and abnormal vacuoles. In contrast, treatments with PA and light only
caused some mitochondrial swelling and the normal mitochondrial microstructures remained
intact. Altogether, these findings suggested that PA has very limited effects on mitochondrial
photodamage compared to PQC NFs. Due to their mitochondria targeting properties, the
light-treated PQC NFs predominantly cause a rapid rise of ROS levels within mitochondria
and thus caused mitochondrial imbalance and damage /n situ. As mitochondria are the
indispensable powerhouses of cells, PQC NF-induced mitochondrial damage can be a death
blow for cancer cells.

2.10. Apoptosis Induction

Decreased mitochondrial membrane potential and subsequent mitochondrial damage are
landmark events in the early stages of apoptosis.[35] Hence, we explored the downstream
apoptotic effects of mitochondrial damage upon treatment with PQC NFs. The total
apoptotic cell population was examined by using double staining with annexin V-APC

and propidium iodide (PI). PQC NFs with light generated the highest apoptotic populations
among all groups even at a low treated concentration (0.2 uM), while PQC NFs without light
did not show proapoptotic effects, suggesting the high phototoxicity and low dark toxicity of
PQC NFs (Figure 4e). It should be highlighted that the light-treated control photosensitizer
PA failed to induce apoptosis under the same conditions, which can be attributed to its
relatively low concentration. When the concentration was increased to 2 pM, the Annexin

V positive population of PQC NFs group reached 90.9%, while that of PA was only 19.3%
(Figure S15, Supporting information). These results fully reveal the potent pro-apoptotic
effect of PQC NFs.

To identify the apoptotic pathways activated by PQC NF-mediated phototherapy, we
measured the changes in traditional apoptosis makers through western blot assays.[3¢]
During the process of apoptosis, the cytochrome ¢ sequestered in the intermembrane space

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.
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of mitochondria can be released into the cytosol, which leads to the activation of the
cytochrome c-dependent caspase cascade.[37] The cytochrome c levels in cells treated with
PQC NFs and light were dramatically decreased within mitochondria and increased in the
cytoplasm, indicating that PQC NF-induced photodamage could release cytochrome ¢ from
mitochondria into the cytosol (Figure 4f). Meanwhile, the downstream apoptotic proteins,
including the caspase-3 and its substrate poly (ADP-ribose) polymerase (PARP), were also
found cleaved upon the treatment with PQC NFs and light (Figure 4f). Taken together, these
results validate that PQC NF-triggered PDT can potentially induce mitochondrial disruption
and ultimately cause the apoptosis of cancer cells through the cytochrome c-dependent
caspase cascade.

Long-Term Retention in Tumor

As small molecules, the traditional photosensitizers suffer the rapid clearance from tumors.
[38] Rapid clearance can result in the low therapeutic concentrations and poor retention

of photosensitizers in tumor sites, leading to insufficient therapeutic efficacy and frequent
intakes of medicines. Currently, preparing the nanoformulations of a photosensitizer is an
effective strategy to overcome these shortcomings in PDT.[92 9] Gjven their high surface-
area-to-volume ratio, the fiber-shaped materials can form strong interactions with biosurface
and have enormous potentials to be retained in tumor sites.[39 The oral cancer mouse model
was established to verify the corresponding advantages of PQC NFs in tumors because

this cancer type is readily accessible to both the illumination with laser, a requirement for
effective phototherapy, and the topical (intratumoral) administration of phototherapeutic
agents.[401 When PQC NFs were injected intratumorally in nude mice bearing OSC-3
tumors, we found that the PQC NFs exhibited fluorescent signals at the tumor site that
persisted for nearly a week longer than free PA (Figure 5a). The fluorescence of PQC NFs
within tumors was maintained at a high level for more than ten days, while that of PA was
nearly undetectable at the 4th day post-injection, indicating PQC NFs can be retained in
tumors for a significant amount of time.

Intratumoral ROS Production

With the advantage of long-term retention, PQC NFs can support multiple light treatments
after a single-dose administration. To verify this hypothesis, the light-triggered ROS
production in the tumor was monitored at different time points post-injection by using
DCF-DA as an indicator.[23: 411 The emission spectra of DCF were not overlapped with

that of PQC NFs or PA, indicating that the retained PQC NFs or PA in tumors would not
interfere with ROS signals (Figure S16, Supporting information). ROS levels in tumors
treated with PA were high at 24 h post-injection and decreased quickly at later time points,
while ROS levels in PQC NF-treated tumors were continuously maintained at a high degree
during 6 days (Figure 5b and Figure S17, Supporting information). These findings suggest
that PQC NFs are very potent photodynamic therapy agents.

In Vivo Antitumor Effect

To evaluate the /n vivo therapeutic effects of PQC NFs, we established a subcutaneous
oral cancer model by implanting OSC-3 cells into the flanks of nude mice to evaluate
the phototherapeutic and non-phototherapeutic effects of each drug (Figure 5c¢). Tumors
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on the right side were subjected to laser exposure, while the left side tumors were not.

All the mice bearing tumors were randomly assigned into four groups: Vehicle, DQA,

PA, and PQC NFs, and were treated according to the treatment schedule shown in Figure

5c. Drug treatment was performed by intratumor injection only once at the beginning of
treatments (at Day 0), followed by 4 laser treatments at Day 1, Day 2, Day 5, and Day

6. A low laser power (0.2 W cm=2, 6 min) was chosen to minimize the interference from
photothermal effects because the phototherapy under this condition did not increase the
tumor temperature significantly in both PQC NFs and PA groups (Figure S18, Supporting
information). Compared to the vehicle group, the groups without laser (PA, QDA, and PQC
NFs) did not show significant antitumor efficacy, suggesting that chemotherapeutic effects
of the single-dose drug treatment were very limited (Figure 5d). The groups of vehicle

and DQA with laser also did not show an obvious antitumor effect, indicating that laser
treatments were not able to interfere with tumor growth in the absence of photosensitizers.
The free photosensitizer PA with laser (PA+L) effectively inhibited tumor growth but did not
shrink the tumors. Most interestingly, the laser-treated PQC NFs exhibited the best antitumor
efficiency, which achieved a 100% complete cure rate.

The orthotopic oral cancer model was also established by implanting OSC-3 cells into the
lips of nude mice (Figure 5¢). In the orthotopic model, all the tumors were involved in
phototherapy with mice being divided into the same drug-treated groups (vehicle, DQA,
PA, and PQC NFs) as the subcutaneous model and drug treatment being performed by
intratumoral injection on Day 0, followed by 4 laser treatments (Figure 5¢). The therapeutic
results in the orthotopic model were consistent with those observed in the subcutaneous
model, indicating the PQC NFs eliciting a significantly improved phototherapeutic activity
over the free photosensitizer PA (Figure 5e). In addition, as shown in Figure 5f, all
treatments did not cause a loss in body weight of mice.

The subcutaneous tumors, which were treated with drugs for 24 h, followed by laser
treatment or not, were collected for further investigation of tissue-level changes. From TEM,
we observed that the laser-activated PQC NFs induced obvious disruption of mitochondrial
microstructures of tumors (Figure 5g). Hematoxylin and eosin (H&E) staining results
showed that tumor cells were predominantly dying or destroyed in tumors treated with
PQC NFs+laser, while only a small portion of tumor tissue showed apoptosis/necrosis

in the PA with laser group (Figure 5h). The nuclei were intact and showed bright blue
staining in both vehicle and DQA groups, indicating no significant cell death occurred

in these groups. Immunohistochemical (IHC) analysis against Ki67 demonstrated that cell
proliferation in the laser-treated PQC NFs group was significantly suppressed compared to
all other groups (Figure 5i). In the H&E staining results of normal organs (Figure S19,
Supporting information), there were no obvious changes of their physiological morphology
found among the groups, indicating the relatively high safety of PQC NFs. These /n vivo
therapeutic results fully demonstrated that PQC NFs are promising agents to improve
photodynamic cancer therapy.
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3. Conclusion

In summary, according to the strategies of photosensitizer improvement and the principles
of new drug design and molecular self-assembly, we developed a new mitochondria-
targeting small-molecule photosensitizer that can self-assemble into nanofibers (PQC
NFs). By targeting and disrupting mitochondria, the phototherapy mediated by PQC NFs
induced significant apoptosis and exhibited nanomolar cytotoxicity. This targeting approach
overcomes insufficient potency of traditional photosensitizers as anticancer therapies.
Hence, PQC NFs showed significantly improved in vitro anticancer potency compared to
both free and nanoformulated PA. Additionally, as nanoscale materials, PQC NFs also
demonstrated long-term retention in tumor sites, solving the challenge of rapid clearance
from tumors found in existing small-molecule photosensitizers. With these advantages,
PQC NFs achieved a significant antitumor effect /n vivo by affording a 100% complete
cure rate on both subcutaneous and orthotopic oral cancer models with only a single-dose
administration.

In contrast to the conventional nanoformulations that are prepared by physical loading or
prodrug self-assembly of existing drugs, PQC NFs are formed by the self-assembly of
one-component new chemical entities, which not only represent a structural innovation in
the perspective of new drug discovery but also show enormous potentials to break through
the drug-loading and scale-up production limitations of the conventional drug delivery
systems. Furthermore, PQC NFs also have the unique fiber-shaped nanostructure that is
rarely found among the existing small-molecule nanomaterials because the majority of
developed nanofibers are based on the peptides with a specific sequence. To the best of
our knowledge, PQC NFs represent the first example of single small molecule-assembled
nanophotosensitizers, which refer to a transdisciplinary design strategy to advance the
phototherapeutic efficiency of traditional photosensitizers from both perspectives of
molecule design and nanoformulation.

4. Experimental Section

Preparation and Characterization of PQC NFs:

Briefly, PQC monomers in ethanol were added dropwise into deionized water under stirring.
Ethanol in the solution was removed by vacuum rotary evaporation at 37 °C and the
self-assembling PQC NFs were formed spontaneously. The aqueous nanofiber solution (0.02
mg mL~1) was deposited on copper grids to prepare samples for transmission electron
microscope (TEM). The morphology was observed by a Talos L120C TEM (Thermo

Fisher Scientific, USA). The UV-Vis and fluorescence spectra were measured by a UV-

Vis spectrometer (UV-1800, Shimadzu, Japan) and a fluorescence spectrometer (RF-6000,
Shimadzu, Japan), respectively. NIR fluorescence imaging studies was performed by a
ChemiDoc™ MP imaging system (Bio-Rad, USA). The 10, production was detected

using SOSG (Thermo Fisher Scientific, USA) as an indicator. Briefly, SOSG solution

was added into drug solutions in 96 wells plate. The mixed solutions containing 0.25%

SDS (w/v) or not were then irradiated for 60 s using a 633-nm LED array (Omnilux

new-U, PhotoTherapeutics, USA) at a power density of 30 mW cm™2 at room temperature.
Fluorescence intensity was determined by a microplate reader (Tecan, Switzerland). The
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ultrafiltration experiment of PQC NFs were conducted using a centrifuge (10k rpm, 10 min)
and a centrifuge tube (10 kDa, Beckman Coulter, USA).

Cell Viability Assay:
OSC-3, BXPC-3, AsPC-1, PANC-1, UM-UC-3, 5637, or IMR90 cells were seeded in
96-well plates at a density of 5x103 cells per well and were grown overnight. Cells were
incubated with various concentrations of drugs for 24 h, followed washing with PBS three
times, and adding 100 pL fresh medium. For light-treated groups, cells were irradiated for
30 s using a 633-nm LED array (Omnilux new-U) at a power density of 30 mW cm=2 at
room temperature and then were cultured for another 24 h in parallel with non-light treated
groups. Cell viability was quantified using the CellTiter-Glo assay (Promega, USA).

Cellular Uptake Assay:

OSC-3 were seeded in 96-well plate at a density of 5x103 cells per well and grown
overnight. PA and PQC NFs (1 uM) were added at predetermined time points. At the
end, cells were lysed for 15 min with DMSO solution containing 0.5% Triton x-100.
Fluorescence intensity (Ex=412 nm, Em=675 nm) was measured by a microplate reader
(Tecan, Switzerland).

Endocytosis Pathway Study:

0SC-3 cells were seeded in 6-well plate (3x10° cells per well) and were grown overnight.
Cells were subjected to various treatments as follow: (1) 30 min incubation at either 4 °C

or 37 °C; (2) 60 min incubation with endocytosis inhibitors: sodium azide (1 mg mL™2,
Sigma-Aldrich), chlorpromazine (20 pg mL™1, Sigma-Aldrich), genistein (10 pg mL™1,
Combi-Blocks) and amiloride (50 uM, Alfa Aesar). Cells were then treated with PQC NFs
(1 uM) for 2 h. After washed three times with cold PBS, cells were lysed for 15 min with
DMSO solution containing 0.5% Triton x-100. Fluorescence intensity (Ex=412 nm, Em=675
nm) was measured by a microplate reader (Tecan, Switzerland).

Colocalization Assay:

OSC-3 cells were treated with PQC NFs (2 uM) for various times (from 5 min to 8 h)

or with PA (2 uM) for 4 h, followed by incubation with LysoTracker Green (Thermo

Fisher Scientific, USA) and MitoTracker Red (Cell Signaling Technology, USA) for 30

min. Cells were visualized on confocal laser scanning microscopy (CLSM) (Carl Zeiss,
Germany) immediately to investigate the subcellular localization. Signals of PQC NPs

and PA were observed on the Cy5 channel. LysoTracker and MitoTracker were observed
according the manufacturer’s instructions. The corresponding Pearson correlation coefficient
was calculated by ImageJ software.

Isolation of Mitochondrial, Lysosomal, and Cytoplasmic Fractions:

2x107 OSC-3 cells were seeded into a 150 mm cell culture dishes and grown overnight.
Cells were treated for 24 h with PQC NFs or PA (1 uM), respectively. After washing

with PBS three times, the mitochondrial and cytoplasmic fractions were isolated using a
mitochondria isolation kit (Thermo Fisher Scientific, USA), or the lysosomes were isolated
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using a lysosome Enrichment Kit (Thermo Fisher Scientific, USA). Fluorescence intensity
of the mitochondrial and cytoplasm fractions were determined by a microplate reader
(Tecan, Switzerland). Data were normalized by per pg protein.

Measurement of Intracellular ROS Production:

OSC-3 cells were seeded in 6-well plates at a density of 5x10° cells per well and were
grown overnight. Cells were then were treated with PA and PQC NFs (1 uM) for 24 h. After
washed three times with PBS, cells were incubated with 10 uM of 2’,7’-dichlorofluorescein
diacetate (DCF-DA) (Sigma-Aldrich, USA) for 20 min, followed by another three times
washing procedure with PBS. Cells were irradiated for 30 s using a 633-nm LED array
(Omnilux new-U) at a power density of 30 mW cm™2 at room temperature and then were
cultured for 30 min. Cells were collected and analyzed by a BD FACSCanto flow cytometer
(BD, USA).

Mitochondrial Membrane Potential Assay:

The mitochondrial membrane potential was determined using the dye JC-1 as a probe
(Thermo Fisher Scientific, USA). Briefly, OSC-3 cells (2x10* cells per well) were treated
with drugs (1 uM) for 24 h. After washing three times with PBS and adding 100 L fresh
medium, cells were irradiated for 30 s using a 633-nm LED array (Omnilux new-U) at a
power density of 30 mW cm~2 at room temperature and were cultured for another 2 h.
JC-1 (5 ug mL~1) was added to incubate for 20 min. Cell imaging was performed on a
CLSM (Carl Zeiss, Germany). The ratio of red/green fluorescence intensity was calculated
by ImageJ software.

Apoptosis Assay:
Apoptosis assay was performed with the Annexin V-APC/propidium iodide (PI) apoptosis
kit (Biolegend, USA). Briefly, OSC-3 cells (5x10° cells per well) were treated with different
drugs (0.2 uM) for 24 h. After washing three times with PBS and adding 100 uL fresh
medium, cells were irradiated for 30 s using a 633-nm LED array (Omnilux new-U) at a
power density of 30 mW cm™2 at room temperature, and were cultured for another 12 h.
Cells were stained with the apoptosis kit according to the manufacturer’s instructions. All
samples of cells were collected for flow cytometry using a BD FACSCanto flow cytometer
(BD, USA). Data analysis was accomplished using FlowJo software.

Western Blot Analysis:

OSC-3 cells were treated with PQC NFs (0.5 uM) for 24 h, followed by washing three times
with PBS and treatment with or without light (30 mW cm™2) for 30 s. Cells were cultured
for another 24 h, and then the mitochondrial and the cytoplasmic proteins were isolated
using a mitochondria isolation kit (Thermo Fisher Scientific, USA). Proteins were quantified
using a BCA protein assay kit (Thermo Fisher Scientific, USA), then separated on 12%
SDS-polyacrylamide gel electrophoresis (PAGE), and finally transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore Sigma, USA). The membrane was blocked by 5%
non-fat milk for 1 h and then incubated with the primary antibodies at 4 °C overnight.

After subsequent washing with tris-buffered saline with 0.1% Tween 20 (TBST), the
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membrane was incubated with the secondary antibody for 1 h at room temperature. The
immunoreactive bands were detected using the enhanced chemiluminescence detection kit
(ProtoGlow ECL, National Diagnostics, USA) and imaged by the ChemiDoc™ MP imaging
system (Bio-Rad, USA). Antibodies were used as followed: cytochrome C, caspase-3,
cleaved caspase-3, PARP, and B-actin. All antibodies were from Cell Signaling Technology
(USA).

Cell and Tissue TEM Study:

OSC-3 cells (20k per well) in an 8-well slide plate (Thermo Fisher Scientific, USA) were
incubated with drugs (0.5 uM) for 24 h, then were washed with PBS three times, and were
treated with or without light for 30 s. After another 2 h incubation, cells were fixed with

the 0.1 M cacodylate buffer containing 2.5% glutaraldehyde plus 2% paraformaldehyde, and
transferred to the carbon square mesh, followed by observation using a Talos L120C TEM
(Thermo Fisher Scientific, USA). In the investigation of intracellular dissociation, PQC NFs
(100 pM) were incubated with the freshly isolated mitochondria (0.1 mg mL™1), lysosomes
(0.1 mg mL™1), and other cellular components (0.1 mg mL™1) for 24 h and were then
observed by the same TEM as mentioned above.

Animal Models:

Female athymic nude mice, 6-week-old, were purchased from Envigo (Indianapolis, IN,
USA). All animal experiments were strictly performed in compliance with the protocol
(#20265) approved by the Institutional Animal Care and Use Committee at the University
of California, Davis. The subcutaneous and orthotopic tumor models were established by
inoculated OSC-3 cells into both flanks (5x10 cells per tumor) or lower lips (1x10°
cells per tumor) of nude mice. When the subcutaneous tumors reached about 80 mm?3 and
orthotopic tumors reached about 50 mms3, the mice started to be treated as indicated.

In Vivo Imaging Study:

The subcutaneous tumor model was used in fluorescence imaging study /7 vivo of PA
and PQC NFs. PA and PQC NFs (10 nmol per 50 mm3 tumor) were administered

by intratumoral injection. Fluorescence imaging were performed on a ChemiDoc™ MP
imaging system (Bio-Rad, USA) at different time points post-injection.

In Vivo Anticancer Study:

Laser (680 nm) treatment was conduct by a laser device within an energy of 0.2 W cm™2

for 6 min (Shanghai Xilong Optoelectronics Technology, China). Mice bearing subcutaneous
and orthotopic tumors were randomly divided into four groups (n=6): Vehicle (PBS), DQA,
PA, and PQC NFs. The drug was intratumorally injected into mice at a dose of 1mM (10
nmol per 50 mm3 tumor). Laser treatment was performed for a total of four times, one each
on days 1, 2, 5, and 6 post-injection of drugs. The relative tumor value and body weight
were recorded every two days. In subcutaneous models, the tumors in the right flank of

mice were subjected to laser treatment, while the left tumors were not. In orthotopic models,
all tumors were treated with the laser treatment. The temperature of tumor surface was
monitored using a thermal camera (FLIR Systems, USA) immediately after laser treatment.
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ROS production in the tumor after light treatment was also measured using DCF-DA as

an indicator. ROS production in the tumor after light treatment was also measured using
DCF-DA as an indicator. Briefly, the tumor was treated with different drugs via intratumoral
injection at first. Then, the mice with tumors were treated with the laser at 1st, 2nd, 5th, and
6th day independently. After each light treatment, the mice were sacrificed immediately, and
the obtained tumors were cut into small pieces and immersed in the DCF-DA solutions for
10 min. Finally, the tumors pieces were imaged by the ChemiDoc™ MP imaging system
with the FITC channel. The fluorescence intensity of DCF-DA was quantified by Image

J software. Mice were sacrificed after the first light treatment to obtain tumor and organs
tissue for TEM, H&E, and IHC evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of single small molecule-assembled mitochondria targeting

nanofibers (PQC NFs). The PQC monomer is a conjugate of pheophorbide a (PA)

and quinolinium. PQC NFs exhibited nanomolar cytotoxicity by mediating mitochondria-
targeting phototherapy and were retained long-term at the tumor site. With these advantages,
PQC NFs achieved robust anticancer effects /n vivowith a 100% complete cure rate after the
administration of only a single dose.
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Figure2.

Concentration (uM)

(a) Chemical structures of DQA, PA and PQC. (b) Absorbance spectra of DQA (5 uM),
PA (10 uM), and PQC (10 uM) in methanol. (c) Fluorescent spectra of PA and PQC (10
uUM) in methanol (Aex=412 nm). (d) Transmission electron microscope (TEM) photograph
of PQC NFs. Scale bar=200 nm. (e) Appearance and fluorescence spectra of PQC NFs after
centrifugal filtration (10 kDa). The working concentration is 2 mM for centrifugation, and
the spectra were measured after dilution with methanol (1:500). (f) Fluorescence spectra of
PQC NFs or PA (20 uM) in the assembly (PBS) and dissociation (PBS/SDS) forms. (g)
Fluorescence imaging under Cy5 channel of PQC NFs or PA in the assembly (PBS) and
dissociation (PBS/SDS) forms. (h) Singlet oxygen production of PA and PQC NFs measured
by using SOSG as an indicator. The solutions of PA and PQC NFs in PBS and PBS/SDS
were exposed to the NIR light (30 mW cm™2) for 60 s.
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(@) Cell viability. OSC-3 cells were incubated as indicated for 24 h and then were treated
with or without light treatment (30 mW cm™2 for 30 s), followed by another 24 h incubation.
(b) Time-course of cellular uptake for PA and PQC NFs (1 pM) in OSC-3 cells. (c, d)
Influence of temperature (c) and various inhibitors (d) on the endocytosis of PQC NFs.

(e) Representative fluorescence images of the time-dependent localization for PQC NFs

(2 pM) in OSC-3 cells. Scale bar=10 pm. Images were captured under the condition of

the best signal for the accurate colocalization analysis, therefore, the brightness did not
represent the relative fluorescence intensity of individual images. (f) Calculated Pearson
correlation coefficient (Pearson’s R) for colocalization analysis of images in (e). (g) Cellular
distribution of free PA. OSC-3 cells were incubated with PA (2 uM) for 4 h. Scale bar=10
um. (h) Fluorescence ratio of PA or PQC in mitochondria and cytoplasm. Mitochondria and
cytoplasm fractions were isolated from OSC-3 cells that were pretreated with PA and PQC
NFs (1 uM) for 24 h.
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Annexin V-APC

Page 22

() Flow cytometry analysis of ROS levels in OSC-3 cells using DCF-DA as an indicator. (b)
Mitochondrial membrane potential analysis of OSC-3 cells that were treated as indicated (1
uUM) and stained with JC-1. (c) Quantitative red to green fluorescence ratio of cells in (b).

(d) Representative TEM graphs showing morphological changes of mitochondria in OSC-3
cells that were treated as indicated (0.5 uM, 24 h). The green and red arrows designate the
normal and damaged mitochondria, respectively. Scale bars are 5 um (upper panel) and 200
nm (lower panel). (e) Apoptosis assay of OSC-3 cells within the indicated treatments (0.2
uM). (f) Changes of apoptosis-related proteins, including cytochrome C, PARP, and caspase

3, in OSC-3 cells that were treated with PQC NFs (0.5 uM) with or without light. The

above-mentioned light treatment was performed for 30 s using a 633-nm LED array at a

power density of 30 mW cm=2

at room temperature.

Adv Funct Mater. Author manuscript; available in PMC 2023 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal.

Relative ROS production ~~

(e

Relative tumor value ~~

Intratumorally
Injected PA

Intratumorally
Injected
PQC NFs

= PQC NFs (c)

kg 14 PA Subcutaneous
- model F e
E I 1 VARD ¥
o
15 o — * 5 e
A o

. Orthotopic
5 1 model B L,

B | — AA AA

H
@
&

Vehicle+L
~= DQA+L cl
PASL S
~ PQCNFstL 2
]

3

===

B
A, .

®
A
\
N

4 Drug injection

oNn » o

= PQC NFs

i .| 1 Laser treatment 1
—————
0 2 4 6 8 10 12 14
143 o5 0 2 4 6 8 10 12

Days

Figure5.
(a) Time-course /n vivo fluorescence imaging of mice bearing the subcutaneous OSC-3

tumor. Mice were treated with PA or PQC NFs via intratumoral injection (10 nmol per 50
mm?3) and were observed at the indicated time points. (b) Intratumoral ROS levels that were
measured by ex vivoimaging at different intervals post-injection of PA or PQC NFs, in
which DCF-DA was used as an indicator. (c) The establishment of subcutaneous (up) and
orthotopic (down) oral tumor models, and the treatment schedules. Drugs (10 nmol per 50
mm?3) were injected intratumorally at Day 0. The subcutaneous tumors in right flank and
the orthotopic tumors were then treated with laser on Day 1, Day 2, Day 5, and Day 6. The
laser (680 nm) doses were all set as 0.2 W cm=2 for 6 min. (d) Tumor growth curves for the
subcutaneous tumor model (n=6). () Tumor growth curves for the orthotopic tumor model
(n=6). The relative tumor volume is the ratio of the absolute volume of the respective tumor
on day x to the absolute volume of the same tumor on day 0. (f) Body weight changes of
mice (n=6) for the orthotopic tumor model. (g) Representative TEM graphs of subcutaneous
tumors that were treated with PA or PQC NFs for 24 h, followed with laser treatment.

The green and red arrows designate the normal and damaged mitochondria, respectively. (h,
i) Representative results of H&E (h) and Ki67-IHC. (i) Staining analysis of subcutaneous
tumors that were treated with PA or PQC NFs for 24 h, followed by laser treatment or not.
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