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Abstract

Smart conversion of supramolecular structures in vivo is an attractive strategy in cancer 

nanomedicine, which is usually achieved via specific peptide sequences. Here we developed 

a lysosomal targeting small-molecule conjugate, PBC, which self-assembles into nanoparticles 

at physiological pH and smartly converts to nanofibrils in lysosomes of tumor cells. Such 

transformation mechanically leads to lysosomal dysfunction, autophagy inhibition, and unusual 

cytoplasmic vacuolation, thus granting PBC a unique anticancer activity as a monotherapy. 

Importantly, the photo-activated PBC elicits significant phototoxicity to lysosomes and shows 

enormous advantages in overcoming autophagy-caused treatment resistance frequently occurring 

in conventional phototherapy. This improved phototherapy achieves a complete cure of oral cancer 

xenografts upon limited administration. Our work provides a new paradigm for the construction of 

nonpeptide nanotransformers with biomedical activities.

Graphical Abstract

The lysosomal targeting nonpeptide PBC (pheophorbide a–bisaminoquinoline conjugate) self-

assembles into nanoparticles at physiological pH and then transforms into nanofibrils upon the 

trigger of lysosomal pH. Due to such shape transformation, PBC not only inhibits tumor growth as 

a single agent but also mediates a convenient photodynamic therapy with promise to overcome the 

autophagy-induced resistance and achieve tumor ablation.
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Introduction

Smart self-assembly of molecules into diverse nanostructures holds potential to enhance 

drug delivery and facilitate anticancer therapy.[1] In addition to the numerous ex vivo 
“pre-assembly/controlled-release” nanomedicines that have been extensively investigated 

in recent decades, in situ conversion of one supramolecular structure into another by 

endogenous stimuli is of growing interest in biomaterial fields.[2] These transformable 

nanomaterials preserve the advantages of preassembled nanoparticles in drug delivery and 

achieve desirable disposition characteristics within tumors.[3] A representative for in situ 
nanotransformation is from nanoparticles (NPs) to nanofibrils (NFs), which is usually 

constructed by using specific peptide segments or their derived conjugates according to 

the “in vivo self-assembly” strategy.[4] However, there are only a few peptide sequences 

available to support such shape transformation, and the peptide-intrinsic issues of stability 

and manufacturing might restrict their applications.[5] Discovery of nonpeptide molecules, 

especially small molecules, to construct controllable re-assemblies in vivo is a promising 

alternative to overcome the limitations of peptide-based nanotransformers.

Lysosomes are membrane-enclosed cytoplasmic organelles with an acidic interior 

comprising of over 60 different types of hydrolytic enzymes to break down cargos into 

their constituent molecules.[6] Advances in studies of lysosome function in malignant 

transformation and cancer progression have led to numerous therapeutic interventions 

targeting lysosomes that either directly kill cancer cells or sensitize them to other treatments.
[7] Autophagy, an important lysosome-dependent pathway, is always harnessed by cancer 

cells to recycle their damaged macromolecules or organelles caused by the treatment, 

such as photodynamic therapy (PDT), which eventually result in cancer cell survival 

and treatment resistance.[8] Disrupting autophagy using lysosome inhibitors has become 

promising to address the autophagy-induced treatment resistance.[9]

Here we report a lysosome targeting Pheophorbide a (PA)-Bisaminoquinoline (BAQ) 

Conjugate, PBC, in which the hydrophobic PA moiety is used for aggregation inducing, 

fluorescence tracing, and photosensitization, while the cationic BAQ headgroup targets 

lysosome and initiates in situ protonation reaction (Figure 1a).[10] The ionizable PBC 

monomers self-assemble into PBC NPs under neutral aqueous conditions, which prolongs 

the systemic circulation and enhances the effective therapeutic concentrations in the tumor. 

Spectacularly, PBC NPs preferentially enter lysosomes in the tumor region, where they get 
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protonated and intelligently transform into NFs (Figure 1b).[11] The transformation impairs 

lysosomal functions, leading to autophagy blockade and cytoplasmic vacuolization, thus 

eliciting efficacious anticancer activity against oral tumors both in vitro and in vivo as a 

monotherapy (Figure 1c). Moreover, when activated by the appropriate photoirradiation, 

PBC NPs produce specific phototoxicity in lysosomes to boost the anti-proliferative 

effectiveness and overcome the autophagy-caused resistance (Figure 1c). The formed NFs 

allow the long-term sequestration of the photosensitizer at tumor sites, supporting multiple 

laser exposures upon a one-time drug administration. Due to these improvements, PBC NPs 

enable convenient and robust phototherapy, achieving a 100% complete cure rate against 

orthotopic oral cancer models under the more clinically translatable administration (2 doses 

totally). This small-molecule nanotransformable system offers not only a practical strategy 

to make the best of those inactive or slightly active compounds for anticancer therapy but 

also a promising approach to enhance the potency of photodynamic therapy (PDT).

Results and Discussion

To synthesize PBC monomer, BAQ was functionalized with the 4-amino butyl group, 

followed by the condensation reaction with PA (Figure S1, Supporting Information). The 

target compound and its primary intermediates were confirmed by NMR and MS spectra 

(Figure S2-S10, Supporting Information). PBC NPs were then prepared by nanoprecipitation 

under neutral aqueous solutions. Studies of transmission electron microscopy (TEM) and 

dynamic light scattering (DLS) revealed that PBC NPs have an average diameter of 127 

nm and a positive surface charge of +38 mV (Figure S11a,b, Supporting Information). 

These 100% PBC NPs exhibited excellent stability in water, but not in PBS (Figure S11c, 

Supporting Information).[12] Subsequently, a small portion (20%) of DSPE-PEG2000 was 

added, which competently decreased the surface charge and improved the colloidal stability 

under various conditions without altering the size and critical aggregation concentration 

(Figure S11c–h, Supporting Information).[13] Since PBC serves as both the carrier and 

cargo, the self-assembling PBC NPs gained a high drug-loading capacity (over 80%, wt). 

Considering the improved stability under physiological conditions, we used the PEGylated 

PBC NPs in the following studies.

PBC NPs are designed to target the lysosome, where the BAQ headgroup of the PBC 

monomer would get protonated completely. To determine changes in the self-assembling 

states of PBC upon protonation (Figure 2a), we performed the ultrafiltration studies using 

10 kDa molecular weight cut-off filtration membrane. At pH 7.4, PBC NPs were retained 

in the supernatant and displayed the Tyndall effect and uniform spherical nanostructures 

(Figure 2b).[14] By contrast, though the Tyndall effect disappeared after protonation at pH 

5.0, PBC remained trapped in the supernatant (Figure 2b). This phenomenon indicates that 

the protonation converts PBC from NPs into other aggregates, which were subsequently 

identified as PBC NFs with a diameter of ~10 nm (Figure 2b). Since PEGylated and 

non-PEGylated PBC NPs generated similar NFs, we confirmed that DSPE-PEG2000 neither 

affects this process nor is present in the formed PBC NFs (Figure S12, Supporting 

Information). As a simple small-molecule compound conjugate, it is fascinating that PBC 

could achieve such conversion between supramolecular structures.
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To further trace the transition process, we prepared a series of PBS solutions with a 

pH gradient from 7.4 to 4.0 to treat PBC NPs and subjected them to DLS analysis 

and TEM examination. PBC NPs exhibited unimodal signals and spherical nanostructures 

under near-neutral conditions (pH 7.4–6.0), whereas they displayed multimodal signals and 

nanofibrillar structures under more acidic conditions (pH 5.5–4.0) (Figure 2c). The critical 

pH for the transition is 5.5, at which an intermediate state with compatible NPs and NFs 

was detectable (Figure 2d, and Figure S13a, Supporting Information). In the time-course 

measurements, multimodal DLS signals and nanofibrillar structures were detected in 1 h 

after acidification, indicating that the conversion from PBC NPs to PBC NFs occurs quickly 

(Figure 2e,f, and Figure S13b, Supporting Information). If self-assembled at pH 5.0, PBC 

monomers could form NFs directly, and the formed NFs could not convert to NPs reversely 

when the pH was adjusted back to 7.4 (Figure S14, Supporting Information).

The characteristic UV/Vis absorption and fluorescence peaks of PA group underwent a 

redshift when PBC monomers aggregated into NPs or NFs (Figure 2g,h), which might be 

attributed to the π-π interactions of PA structures under aggregation states.[15] Furthermore, 

the bathochromic scale of PBC NFs was larger than that of PBC NPs, suggesting that an 

ordered J-aggregation of PBC occurred during the transition.[16] This was also confirmed by 

circular dichroism (CD) spectroscopy, in which PBC NFs showed the peak corresponding 

to the UV-Vis absorption while it was void for the monomeric and nanoparticulated PBC 

(Figure 2i).[16] As a control, BAQ16 NPs not containing PA moiety were dissociated into 

small molecules after acidification (Figure S15, Supporting Information), suggesting that the 

bulk PA group capable of strong hydrophobicity interaction and π-π stacking is essential 

for the assembly and transformation of PBC aggregates. According to the hypothesis by 

Israelachvili et al.,[17] the spherical or fibrillar organization of PBC can be interpreted as the 

packing of molecules of effective conical shape or wedge shape, respectively. At pH 7.4, 

the surface area of hydrophilic BAQ headgroup is relatively larger due to hydration so that 

PBC occupies an effective volume of a cone and tends to form NPs. By contrast, at pH 5.0, 

binding of a counterion over multiple protonated PBC molecules leads to an effective shape 

similar to that of a wedge, which breaks the local symmetry of the original assembly and 

promotes the change in shape into NFs.[18]

Our previous findings have demonstrated that the BAQ derivatives that function in the 

lysosome have a typical structure-activity relationship (SAR), in which the cytotoxicity 

gradually decreases as their R substituent is over-extend (Figure 3a).[14] PBC NPs, Lys05, 

and three control BAQ NPs (BAQ15, BAQ16, and BAQ18) were subjected to cytotoxicity 

assessments using OSC-3 oral squamous cell carcinoma cells. The three BAQ NPs highly 

conformed to the SAR above, while PBC having the largest R substituent among all groups 

did not, because it is dramatically equivalent to Lys05 and much better than three BAQ 

NPs (Figure 3b).[14] Such unusual SAR also generalizes to other cancerous cell types, 

underlining the unique fate of PBC in cancerous cells (Figure S16, Supporting Information). 

Compared to cancerous cells, the noncancerous cells showed relatively low sensitivity to 

PBC NPs (Figure S16, Supporting Information). This selectivity could be attributed to 

that cancer cells contain more lysosomes and could take up more PBC NPs than normal 

cells. (Figure S17, Supporting Information).[19] Considering the aggregation state difference 

in lysosomes of PBC and other BAQ derivatives, we speculated that the unconventional 
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cytotoxicity of PBC NPs may be ascribed to their unique re-assembly behavior in the 

lysosome.[20]

To validate the hypothesis, the cellular entry pathway of PBC NPs was interrogated firstly. 

Among four endocytosis inhibitors, only genistein significantly decreased the uptake of 

PBC NPs into OSC-3 cells, implicating that the caveolae-mediated endocytosis pathway 

was involved (Figure S18, Supporting Information).[18b] After endocytosis, PBC NPs were 

accumulated in lysosomes of OSC-3 cells and caused lysosomal deacidification through 

in situ protonation (Figure S19 and S20, Supporting Information).[21] Subsequently, the 

shape transformation in lysosomes of PBC NPs was observed under TEM. OSC-3 cells 

treated with PBC NPs showed apparent nanofibrillar structures in the lysosome, whereas 

none of such structures were observed in other groups (Figure 3c). This is a crucial piece 

of evidence that substantiates the intra-lysosomal conversation from PBC NPs to PBC 

NFs. In addition, changes in lysosomal morphology may signify lysosomal defects.[22] The 

lysosomes containing PBC NFs displayed inhomogeneous matrix distribution, implying the 

lysosomal dysfunction caused by PBC NFs (Figure 3c).

In the measurements of lysosomal integrity, we found that treatment with PBC NPs caused 

the leakage of acridine orange from lysosomes to the cytosol, indicating the ability of 

PBC in inducing lysosomal membrane instability (Figure 3d). This is owing to that PBC 

NFs possessing a high surface-area-to-volume ratio and positive surface chargers could 

strongly bind to the negatively charged lysosomal membrane. Interestingly, a long (16 h) 

incubation of PBC NPs caused the visible vacuolization in OSC-3 cells (Figure 3e). These 

vacuoles completely excluded signals of endoplasmic reticulum (ER) and mitochondria 

but were closely associated with lysosomes (Figure S21, Supporting Information). The 

diffuse staining patterns of fluorescent dextran (a macropinocytosis probe) restricted in the 

vacuole area further indicated that these vacuoles were derived from macropinosome and 

endosome compartments (Figure 3f).[23] Under a normal condition, these compartments 

should fuse with lysosomes, but when PBC NFs that could induce lysosome dysfunction 

are present, the fusion would be inhibited, therefore, the vacuoles are formed[24]. We also 

evaluated the effects of PBC NPs on autophagy pathway by detecting the levels of the 

autophagosome marker (the lipid-modified form of microtubule-associated protein 1 light 

chain 3B, LC3B-II) and the autophagy substrate (SQSTM1/p62). If inducing autophagy, 

LC3-II and p62 would be increased and decreased, respectively, while both LC3-II and 

p62 should be increased when inhibiting autophagy. PBC NPs demonstrated a considerable 

effect on inhibiting autophagy as the OSC-3 cells treated by them showed increased levels of 

LC3B-II and p62 (Figure 3g). Unlike Lys05 which induced appreciable levels of apoptosis 

and necrosis, PBC-caused cancer cell death bypassed the classical apoptosis and necrosis 

pathways, opening up a new approach against the classical apoptosis- and necrosis-resistant 

cancers (Figure 3h).[24]

The in vivo pharmacokinetic study using iv injection into Sprague–Dawley rats revealed that 

PBC NPs have a more prolonged blood circulation time than the small-molecule PA with 26 

times higher area under the curve (AUC) (Figure 4a, and Figure S22, Table S1, Supporting 

Information). The orthotopic oral OSC-3 tumor-bearing nude mice were employed to 

ascertain the biodistribution of PBC NPs upon the single-dose iv administration. Both the 
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in vivo and ex vivo fluorescence imaging results indicated that PBC NPs could be retained 

in tumors for 6 d while PA was almost cleared from tumors within 24 h (Figure 4b,c). The 

quantitative fluorescence intensity of tissues that were collected at 72 h further confirmed 

the distinguishable biodistribution of PBC NPs in the tumor area compared to the normal 

tissues (Figure 4d). Confocal imaging of OSC-3 tumor cryosection further validated the 

existence in tumor tissue of PBC assemblies and their colocalization with lysosomes (Figure 

4e). The multi-dose toxicity of PBC NPs was assessed in mice after a continuous treatment 

of a total of 7 doses by every two days. Both H&E staining patterns of normal organs and 

hematologic tests did not exhibit apparent abnormal alterations among various groups of 

mice, suggesting that the therapeutic dose of 20 mg kg−1 of PBC NPs was well tolerated by 

mice when administrated by tail vein (Figure S23–25, Supporting Information).

To investigate the antitumor effects in vivo of PBC as a single agent, nude mice bearing 

orthotopic OSC-3 tumors were randomly assigned into five groups when the average tumor 

volume reached 50 mm3, and were administered intravenously every two days with PBS, 

PA, Lys05, BAQ16 NPs or PBC NPs, respectively. As a result, PBC NPs significantly 

decelerated the growth of OSC-3 tumors and elicited a more efficacious therapeutic outcome 

than Lys05; By contrast, BAQ16 NPs and PA did not impede tumor growth at all (Figure 4f). 

During the treatments, none of the groups caused a decrease in bodyweight (Figure 4g).

To better understand the function of PBC NPs in vivo, the tumor tissues from each group 

were harvested after 7 injections of PBC NPs for the tissue-level analysis. By using 

immunoblotting, we found that both p62 and LC3B-II were increased after treatment with 

PBC NPs, implicating their effective autophagy inhibiting effect in tumors (Figure 4h). A 

series of histological assays were conducted to detect cancer cell states and the expression 

of certain proteins. As depicted in Figure 4i, the tumor treated with PBC NPs exhibited the 

more cell damage (H&E), inhibition of autophagy degradation (increased LC3B expression), 

high vacuolation (increased Rab7 expression), and lower proliferative activity (decreased 

Ki67 expression), indicating that PBC NPs were effective in arresting tumor growth in vivo 
through inhibiting autophagy and inducing vacuolation.

PDT is an alternative tumor-ablative treatment modality.[25] However, it has been reported 

that the conventional PDT would upregulate autophagy in cancer cells to cause treatment 

resistance.[9, 26] Using a tandem RFP-GFP-LC3B reporter, we assessed the autophagic flux 

in OSC-3 cells exposed to the photosensitization of PA. This conventional PDT caused 

an acute induction of autophagolysosomal (RFP+ only) or autophagosomal (RFP+GFP+) 

puncta, suggesting an increased autophagy flux (Figure 5a). This change was accompanied 

by a rapid increase of LC3B-II and a robust reduction of p62 (Figure 5b).[27] Inhibiting 

autophagy using Lys05 could potentiate the anti-proliferative effect of PDT (Figure 5c,d, 

and Figure S26, Supporting Information). These data demonstrate that the conventional PDT 

could activate autophagy which, in turn, causes treatment resistance or failure.

Considering the lysosomal targeting of PBC, we envisioned that the PDT mediated by 

PBC NPs could overcome the corresponding treatment resistance via disrupting lysosomes.
[28] The impact of pH on the photosensitization efficiency was investigated using singlet 

oxygen (1O2) sensor green (SOSG). When pH decreased, PA showed a drop in the singlet 
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oxygen production as its solubility falls (Figure S27, Supporting Information); By contrast, 

PBC NPs at pH 5.0 enabled more 1O2 production than at pH 7.4 due to the increased 

surface-area-to-volume ratio following the shape transformation (Figure 5e). To measure the 

intracellular level of reactive oxygen species (ROS), OSC-3 cells preloaded with PBC NPs 

and 2’,7’-dichlorofluorescein diacetate (DCF-DA) were subjected to flow cytometry analysis 

or confocal imaging at 30 min after laser irradiation. PBC plus laser caused a sharp increase 

of ROS production in cells, approximately 12 times that produced by PA and laser (Figure 

5f, and Figure S28, Supporting Information). Imaging with AO or fluorescent dextran 

manifested that the lysosomal integrity of OSC-3 cells treated with PBC and laser (1 μM) 

was quickly damaged (Figure S29, Supporting Information). Immunoblotting demonstrated 

that PBC NPs plus laser caused a dose-dependent autophagy inhibition, which was equally 

as potent as that of 10-fold concentrations of the well-characterized autophagy inhibitor 

Lys05 and was opposed to the effect of laser-illuminated PA (Figure 5g). The TEM results 

(Figure 5h) indicated that the OSC-3 cells treated with PBC NPs and laser were strewn with 

autophagic vacuoles in the cytoplasm. Similar to the traditional photosensitizers, PBC NPs 

could also activate the upstream genes of autophagy when performing PDT (Figure S30, 

Supporting Information).[29] However, due to its specific phototoxicity in lysosomes, the 

degradation step is impeded, eventually leading to autophagy blockage. The PDT mediated 

by PBC NPs exhibited considerable advantages in cytotoxicity and apoptosis induction 

compared with other treatments (Figure 5i and Figure S31-34, Supporting Information). In 

particular, in presence of rapamycin, an autophagy inducer, the anticancer efficiency of PDT 

mediated by PBC NPs was not affected, which shows a great difference from that of PA and 

represents a promising modality to address the autophagy-induced treatment resistance that 

frequently occurs in the conventional PDT (Figure S35, Supporting Information).

The aforementioned findings have proved that the transformable PBC NPs enable an 

excellent accumulation and extended retention in tumors. We also confirmed that PBC NFs 

are well photostable even after a total of 8 cycles of laser exposures (Figure S36, Supporting 

Information).[30] These results indicate that PBC NPs are appropriate to be charged with 

multiple photodynamic reactions upon a one-time injection of our material to achieve a 

convenient and effective PDT in vivo. Intratumoral ROS production over time induced by 

photosensitization of single-dose PBC NPs was determined. OSC-3 tumors were harvested 

at the predetermined time points, stained with DCF-DA, and irradiated with laser, followed 

by fluorescent imaging. Treatment with PBC NPs elicited sustainable release of ROS upon 

laser exposure, showing a significant increase compared with treatment with PA (Figure 6a 

and Figure S37, Supporting Information). In addition, we also measured the temperature 

of the laser-treated tumors and found that PBC NPs did not cause a significant increase 

in tumoral temperature under the set laser condition (Figure S38, Supporting Information), 

indicating that the photothermal effect was negligible in our studies.

Based on the findings above, we proposed a PBC-based PDT schedule for the animal 

treatment study, including two cycles of drug and laser treatments. For each cycle, total 

4 times of laser irradiations (at 24 h, 48 h, 72 h, and 96 h, respectively) were performed 

following the one-time injection of PBC NPs by tail vein (Figure 6b). Mice bearing the 

orthotopic OSC-3 xenograft with an average volume of 50 mm3, were divided into 4 

groups and treated as indicated. Tumors were completed cured after the predetermined 

Ma et al. Page 7

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatments using PBC NPs, whereas treatment with PA plus laser only obtained a slight 

inhibition of tumor growth (Figure 6c). Similar to the previous data, the influence of PBC 

NPs plus laser on mice bodyweight was negligible, further confirming the safety of the 

treatment (Figure 6d). Immunoblotting indicated that the conventional PDT using PA as the 

photosensitizer induced autophagy in the tumor, while our PBC NPs mediated phototherapy 

caused intratumoral autophagy blockade effectively, which was more potent than Lys05 

(Figure 6e). These results were also supported by the IHC staining of tumor sections with 

LAMP-1 and LC3B. The decreased level of LAMP-1, which means less lysosome amount in 

the tumor, and the increased expression of LC3B, which means the autophagy degradation 

is inhibited in the tumor, were observable in the PBC NPs and laser-treated tumors (Figure 

6f). Moreover, as indicated by H&E and Ki67 staining, tumors from the PBC NPs plus 

laser group showed decreased proliferative activities (Figure 6f). Given their advantages 

of extended retention and overcoming autophagy resistance in tumors, PBC could act as a 

promising photodynamic therapeutic tool for tumor cell killing in vivo.

Conclusion

Nanostructural assemblies can directly interact with cellular components and control 

cellular fate. Constructing nanostructures with biofunctions in tumor cells is an attractive 

approach in development of intelligent and versatile anticancer nanomedicine. In this 

study, we have developed a lysosomal targeting nonpeptide small-molecule conjugate, PBC, 

to construct specific nanotransformers of anticancer activity. The uniform NPs formed 

by PBC molecules under the neutral condition could smartly convert into NFs when 

getting protonated in the lysosomes of tumor cells, thus achieving a phase transformation 

from NPs to NFs. The supramolecular assembly and proton-driven re-assembly not only 

make the small molecule hijack the lysosome to exert unique activities against cancer 

cells, but also improve biodistribution and extend retention at the tumor sites. Thus, 

PBC nanotransformer can effectively suppress tumor growth as a monotherapy. Also, 

PBC-mediated PDT could overcome the inherent autophagy-caused treatment resistance in 

conventional PDT to eliminate tumors conveniently and efficaciously. We believe that this 

versatile nanotransformer will inspire the discovery of nonpeptide building blocks to design 

diverse nanotransformers and contribute to drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the lysosomal pH-responsive small molecule-based 

nanotransformer. a) Chemical structure of PBC monomer. b) Self-assembling and 

transformation behaviors of PBC at pH 7.4 and pH 5.0. c) In the orthotopic oral cancer 

model, PBC NPs could not only cause cancer cell death as a monotherapy through the 

lysosomal dysfunction, autophagy inhibition, and cytoplasmic vacuolization induced by the 

morphologic transformation, but also mediate a powerful photodynamic therapy (PDT) with 
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promises to overcome the inherent autophagy-induced treatment resistance in conventional 

PDT and achieve tumor ablation.
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Figure 2. 
PBC NPs undergo a pH-responsive phase transformation. a) Schematic illustration of 

protonation states of PBC under various pH and the resulting forms of aggregates. b) 

Ultrafiltration analysis and TEM images showing that two different types of PBC aggregates 

(NPs and NFs) were present at pH 7.4 or pH 5.0, respectively. Scale bar: 200 nm (large 

picture), 50 nm (inset). c, d) pH-dependent changes of the size distribution (c) and 

ultrastructural morphology (d) of PBC NPs. Samples were incubated in the PBS solutions of 

a pH gradient for 24 h before the testing. Scale bar: 400 nm (large picture), 100 nm (inset). 

e, f) Time-course changes of the size distribution (e) and ultrastructural morphology (f) of 

PBC NPs. Samples were incubated at pH 5.0 for the predetermined time slots before testing. 

Scale bar: 400 nm (large picture), 100 nm (inset). g, h) Normalized absorption spectra (g) 
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and fluorescence spectra (h) of PBC NPs, PBC NFs, free PBC molecules (with SDS), and 

free PA molecules (with SDS), respectively. i) Circular dichroism spectra of the free PBC 

molecules (with SDS), PBC NPs, and PBC NFs.
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Figure 3. 
Transformation of PBC NPs induces lysosomal dysfunction and causes cancer cell death. a) 

Chemical structures of BAQ derivatives. b) Cell viability curves. OSC-3 cells were exposed 

to the indicated treatments for 48 h. Data are means ± SD (n = 3). c) Representative TEM 

images displaying the presence of PBC NFs in the lysosome and the changes of lysosomal 

morphology. OSC-3 cells were exposed to the individual treatment (5 μM) for 4 h. Arrow: 

PBC NFs. Scale bar for Ctrl, PA, and BAQ16 groups: 3 μm (left), 0.5 μm (right); Scale bar 

for Lys05 and PBC groups: 3 μm (left), 0.5 μm (middle), 0.1 μm (right). d) OSC-3 cells were 

treated as indicated (5 μM) for 12 h and then were stained with AO. Scale bar: 10 μm. e) 

OSC-3 cells were treated as indicated (10 μM) for 16 h and then stained with Calcein AM 
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and Hoechst 33342. Scale bar: 10 μm. f) Alexa Fluor 488-Dextran-loaded OSC-3 cells were 

exposed to the individual treatment (10 μM) for 16 h. Scale bar: 10 μm. g) Immunoblotting 

of OSC-3 cells treated as indicated for 12 h. h) Cell viability of OSC-3 cells that were 

treated with PBC NPs (2 μM), Lys05 (2 μM), or their combination (Necrostatin-1: 10 μM, 

Z-VAD-FMK: 40 μM) for 48 h. Data are present as mean ± SD (n = 3).
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Figure 4. 
PBC NPs show prolonged retention in tumors and remarkably suppress tumor growth in 

vivo. a) Plasma concentration-time profiles of PBC NPs and PA after intravenous injection. 

Data are presented as means ± s.d., n = 3. b) Time-dependent in vivo imaging of mice 

bearing an orthotopic OSC‐3 tumor. c) Time-dependent ex vivo imaging of tumors (T), 

heart (H), lung (Lu), liver (Li), spleen (S), intestine (I), kidney (K), muscle (M), which 

were collected at 24 h, 48 h, 72 h, and 144 h post-injection. d) Fluorescence quantitative 

analysis of tumors and main organs that were collected at 72 h post-injection. Data are 
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presented as means ± s.d., n = 3. Statistical significances were calculated by two-tailed 

unpaired Student’s t-test. e) Confocal images of cryosection of harvested OSC-3 tumors 

at 24 h post-injection of 20 mg/kg PBC NPs or PA. Scale bar: 50 μm. f) Tumor volumes 

of orthotopic OSC-3 xenografts. Mice were treated as indicated (20 mg kg−1) every 2 

days. Data were presented as mean ± s.d., n = 6 tumors from six independent mice. 

Statistical significances were calculated by two-tailed unpaired Student’s t-test. g) Average 

mice bodyweight of different treatment groups. Data were presented as mean ± s.d., n = 

6 mice. h, i) Representative immunoblotting analysis (h), histological assays (i) of OSC-3 

xenografts from indicated groups. Arrows in g refer to PBC NFs. Scale bar: 100 μm.
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Figure 5. 
PBC NPs overcome the inherent autophagy-induced treatment resistance of phototherapy. 

a, b) Representative imaging (a) and immunoblotting (b) results displaying autophagy 

induction of the conventional phototherapy. OSC-3 cells expressing GFP-RFP-LC3B (a) 

or not (b) were incubated as indicated for 24 h, followed by 30 s of light illumination 

or not and another 24 h culture. Scale bar: 20 μm. c) Cell viability showing synergistic 

effects between the conventional phototherapy and autophagy inhibition. OSC-3 cells were 

treated as indicated (Lys05: 1 μM, PA: 2.5 μM) for 24 h, followed by 30 s of light 

irradiation and another 24 h culture. Data are presented as means ± s.d., n = 3 independent 

experiments. Statistical significances were calculated by two-tailed unpaired Student’s t-test. 

d) Immunoblotting results indicating the synergy mechanism. OSC-3 cells were treated as 

indicated, followed by 30 s of light irradiation and another 24 h incubation. e) Singlet 

oxygen production in solution induced by photo-triggered PBC and PA. The solutions 

containing were incubated with 5 μM SOSG, followed by light irradiation. Data are 

presented as means ± s.d., n = 3 independent experiments. f) Intracellular ROS production 

assay. OSC-3 cells were incubated with the individual group (2 μM, 24 h), followed by 30 

s of light irradiation and another 4 h culture prior to ROS measurements using DCF-DA as 

an indicator. Data are presented as means ± s.d., n = 3 independent experiments. Statistical 

significances were calculated by two-tailed unpaired Student’s t-test. g) Immunoblotting 

analysis. OSC-3 cells were incubated as indicated for 24 h, followed by 30 s of light 

illumination and another 24 h culture. h) Representative TEM micrographs displaying the 

accumulation of autophagic vesicles. OSC-3 cells were treated as indicated (2 μM, 24 h), 

followed by 30 s of light irradiation and another 4 h incubation. Scale bar: 3 μm. i) Imaging 
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analysis of live and dead OSC-3 cells. Cells were treated with the individual agent, followed 

by 30 s of light irradiation and another 4 h incubation as well as staining with 40 nM of 

DiOC6(3) (Green) and propidium iodide (Red). Scale bar: 200 μm. “L” in the related panels 

refers to “light treatment”.
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Figure 6. 
PBC NPs efficiently facilitate the ablation of orthotopic oral tumors through improved 

phototherapy. a) ROS levels in orthotopic oral tumors. Mice were injected with single-dose 

PBC NPs or PA (10 mg kg−1) by tail vein, and tumors were illuminated by laser at the 

predetermined intervals post-injection, collected and stained with DCF-DA immediately 

for fluorescence imaging. Data were presented as mean ± s.d., n = 3 tumors from 

three independent mice per group. b) Schematic illustration of orthotopic OSC-3 tumor 

inoculation and treatment schedule for mice. c) Tumor volumes of orthotopic oral cancer 

OSC-3 xenograft. Data were presented as mean ± s.d., n = 6 tumors from six independent 

mice. Statistical significances were calculated by two-tailed unpaired Student’s t-test. d) 

Average mice bodyweight in different treatment groups. Data were presented as mean ± s.d., 

n = 6 mice. e, f) Immunoblotting analysis (e) and histological assays (f) of OSC-3 xenografts 

in the indicated groups. “L” in the related panels refers to “light treatment”. Scale bar: 100 

μm.
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