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Abstract

Photodynamic therapy is a promising and effective non-invasive therapeutic approach for the 

treatment of bladder cancers. Therapies targeting HSP90 have the advantage of tumor cell 

selectivity and have shown great preclinical efficacy. In this study, we evaluated a novel 

multifunctional nanoporphyrin platform loaded with an HSP90 inhibitor 17AAG (NP-AAG) for 

use as a multi-modality therapy against bladder cancer. NP-AAG was efficiently accumulated and 

retained at bladder cancer patient-derived xenograft (PDX) over 7 days. PDX tumors could be 

synergistically eradicated with a single intravenous injection of NP-AAG followed by multiple 

light treatments within 7 days. NP-AAG mediated treatment could not only specifically deliver 

17AAG and produce heat and reactive oxygen species, but also more effectively inhibit essential 

bladder cancer essential signaling molecules like Akt, Src, and Erk, as well as HIF-1α induced by 

photo-therapy. This multifunctional nanoplatform has high clinical relevance and could 

dramatically improve management for bladder cancers with minimal toxicity.
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HSP90 inhibitor, 17-AAG, loaded nanoporphyrin formed a “triple whammy” to eradicate bladder 

cancers via photodynamic therapy, photothermal therapy, and targeted therapy. Prolonged tumor 

accumulation of HSPP90 inhibitors not only efficiently prevented the photo-therapy induced 

HIF1α, but also downregulated several essential signaling molecules, such as Akt, Src, and Erk in 

bladder cancer resulting in superior anti-cancer effect in patient derived xenograft model.
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Introduction

Urothelial carcinomas originate from the epithelial cells of the inner lining of the urinary 

track. It is the second most common malignancy affecting the urinary system. In 2016, about 

76,960 new patients were diagnosed with bladder cancer, whereas 16,390 died from this 

disease(1). Frequent recurrence and disease progression are the characteristic features of 

urothelial carcinomas, as approximately 60% of patients with non-myoinvasive bladder 

cancer experience recurrence, and 25% progress to advanced stages in two years (2–4). Due 

to its high recurrence rate, the cost per patient for bladder cancer is the highest among all 

malignancies(5). The high recurrence rates are due to residual tumor missed during resection 

or undetectable microscopic lesions under white light endoscope (6–8). Either intravesical 

injection of bacillus Calmette–Guérin (BCG) or administration of chemotherapeutic drugs 

have been used after transurethral resection to prevent bladder cancer recurrence. However, 

the response rate is only around 20%-40% (9, 10). For myoinvasive bladder cancer, 

approximately half of all patients develop distant cancer recurrence after cystectomy, and 

ultimately succumb to the disease (11). Therefore, a major unmet clinical need is for more 

effective therapeutic options to minimize the recurrence rate and surveillance frequency.

Photodynamic therapy (PDT) is a promising and efficient non-invasive therapeutic method 

approved for the treatment of several types of cancers, including esophageal and lung 

cancers. PDT-based cancer treatment encompasses administration of a photosensitizer 

followed by illumination at the tumor site with light, a process which significantly reduces 

side effects and improves target specificity (12). Undergoing the type 2 reaction, PDT results 

in the production of singlet oxygen species and therefore subsequent tumor cell apoptosis, 

vascular structure damage, and inflammatory response (13). Using a PDT approach, clinical 

trials revealed a complete response rate of 80% and 50% for carcinoma in situ and papillary 

tumors at 3 months, respectively (14). Although promising, and with many improvements 

compared to conventional therapies, the clinical applications of PDT are still hampered by 
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poor water solubility of the photosensitizers used to elicit the PDT effect, moderate tissue 

specificity, and some side effects, including phototoxicity and hypoxic tumor 

microenvironment (15–17). In contrast, photothermal therapy (PTT) is a viable alternative 

that addresses many of these pitfalls. PTT-induced local hyperthermia causes cancerous cell 

apoptosis and necrosis. PTT had been shown to enhance anti-cancer efficacy along with 

either PDT or chemotherapy (18, 19). Though still in its developmental stage for the 

treatment of bladder cancer, several inorganic nanomaterials and single-walled carbon 

nanocarrier were developed for potential PTT on urothelial carcinoma cell lines (20, 21). To 

further advance this technology, a newer generation of tumor targeting nano-delivery system 

and a combination with other molecularly targeted molecules to mitigate PDT related 

resistance would be desirable.

Heat shock protein 90 (HSP90) is an important chaperone that regulates the folding, 

maturation, conformation, and stability of a number of proteins involved in cell proliferation, 

differentiation, survival and various signal pathways(22). Bladder cancers are genetically 

complex and carry multiple mutations, thus greatly rely on HSP90 chaperone for their 

oncogenesis (23). Cells upregulate HSP90 expressions in response to PDT, resulting in a 

potential mechanism for resistance (24, 25). In addition, PDT was found to induce 

expression of various pro-survival and angiogenic signaling molecules, such as Akt, HIF-1α, 

and VEGF in tumor tissue which further attenuate the efficacy of PDT (26, 27). Ferrario et 

al also showed the promising synergistic anti-cancer effects between PDT and HSP90 

inhibitors in breast cancers. (26, 28) Furthermore, the up-regulation of HSP90 in response to 

hyperthermia also contributes to thermoresistance, while combination thermal therapy with 

an HSP90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17AAG) significantly 

promoted tumor cell apoptosis (29, 30). Collectively, inhibition of HSP90 not only 

downregulates major oncogenic drivers like Akt, Erk, and Src, resulting in reduced cell 

proliferation and viability (31), but also potentially overcomes HSP90 mediated resistance 

following PDT and thermal therapy(26).

Recently, our group has developed a novel all-in-one nanoporphyrin (NP) platform that 

integrates broad imaging and therapeutic functions, including near infrared fluorescence 

imaging (NIRFI), PDT, PTT, and targeted drug delivery (32). NP particles can efficiently 

encapsulate poorly water-soluble 17AAG to form NP-AAG, which display anti-cancer 

activities against prostate cancer (33). In this project, we studied the potential synergistic 

effects of NP-AAG against bladder cancer cell lines, and confirmed its superior efficacy in a 

patient-derived xenograft (PDX) bladder cancer model with single injection followed by 

imaging-guided laser treatments. These effects were observed with targeted 17AAG delivery 

to the tumor sites alongside better inhibitions of HIF-1α, Akt, Erk, and Src.

Methods

Animal models, cell lines and other materials

The PDX (BL0382, JAX Model # TM00020) model was kindly provided by The Jackson 

Laboratory (Sacramento, CA). It was developed from an 88-year-old female patient with 

cT2NxMx high-grade urothelial carcinoma with lymphovascular invasion. Human bladder 

cancer cell lines (T24, J82, 5637) were obtained from the American Type Culture Collection 
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(Manassas, VA), and were cultured with the recommended medium supplemented with 10 % 

fetal bovine serum (Gibco, Grand Island, NY) and 1% penicillin– streptomycin (Gibco) at 

37°C with 5% CO2.

Synthesis and characterization of NP-AAG

Porphyrin-based telodendrimer and telodendrimer PEG5KCA8 were synthesized as 

previously described(32, 33). 17AAG at 1 mg/mL was loaded in the mixture of 10 mg/mL 

porphyrin-based telodendrimer and 10 mg/mL PEG5KCA8 to form the nanoporphyrin-

loaded 17AAG (NP-AAG) used for in vitro studies. 17AAG at 4 mg/mL was loaded in the 

mixture of 2.5 mg/mL porphyrin-based telodendrimer and 17.5 mg/mL PEG5KCA8 for 

animal studies. Empty NPs with identical ratios of telodendrimers were prepared as control 

groups. The amount of the NP was comparable with our previous known effective 

concentrations (32, 33). The size and morphology of NP-AAG were characterized by 

dynamic light scattering (DLS) and transmission electron microscopy (TEM), respectively.

Cellular uptake of NP-AAG

T24 and 5637 cells were cultured on 8 well chamber slides overnight. Samples were treated 

with NP-AAG (NPs: 10 μg/mL, 17AAG: 1 μg/mL) for 4 hr, and images were acquired using 

a Zeiss confocal microscope (LSM 800, Zeiss, Germany) without washing or fixation. 

Nuclei were counterstained with Hoechst 33342 (Invitrogen).

In vivo mouse optical imaging and cellular uptake

BL0382 PDX models were established in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 

(The Jackson Laboratory, Stock #005557) as previously described (34), and NP-AAG was 

intravenously injected (NPs: 25 mg/kg, 17AAG: 40 mg/kg). Two or seven days later, NIRFI 

was acquired by Kodak imaging system IS2000MM. After imaging, mice were sacrificed 

and tumor and major organs were harvested for ex vivo imaging. For in vivo tumor cell 

uptake, another set of mice bearing subcutaneous BL0382 PDX were intravenously injected 

with NP-AAG. Mice were sacrificed 48 hr later and tumor tissues were digested into single 

cell suspensions. Cells were analysed by flow cytometry (Beckman Coulter, Miami, FL).

Cell viability and apoptosis assays

For cell viability assay, bladder cancer cell lines T24, J82 and 5637 were each seeded at 

5000 cells/100 μL/well overnight and then treated with NP-AAG, NP alone and free 17AAG 

at the indicated concentrations for 24 hr. The drugs were then removed and replaced with 

fresh medium followed by NIR light treatment for 2 min (Omnilux New-U LED panel, 

635nm, 13 mW) according to prior studies (32, 35). Cell viability decrease was measured 

after another 48 hr using MTS assay (Promega, Maddison, WI) according to the 

manufacture’s protocol. For the cell apoptosis assay, T24 and J82 cells were treated with 

PBS, NP, 17AAG, or NP-AAG for 24 hr and then washed with PBS. Cells were then treated 

with NIR light for 2 min. After 24 hr, cells were harvested and stained with annexin-V-FITC 

and propidium iodide (PI) in the binding buffers for 15 min. Samples were analyzed with 

flow cytometry.
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In vitro and in vivo reactive oxygen species (ROS) production

To monitor the ROS production, T24 cells were treated with 0.5 mg/mL of NP-AAG for 24 

hr followed by 30 min loading with 2′, 7′- dichlorofluorescin-diacetate (DCF) (Sigma) as an 

indicator in 6-well plate. Cells were washed three times with PBS and replaced with fresh 

medium. A portion of the well was illuminated with NIR light, ROS production were 

analyzed by flow cytometry. For in vivo ROS production, tumor samples were incubated 

with DCF for 30 min, then after 2 minute NIR light exposure, ROS production was acquired 

under fluorescence microscope (Olympus) using the Metamorph program.

Western Blot analysis

Western Blot was performed as previously reported(36). Tumors were lysed and the cell 

lysates were subject to SDS-PAGE electrophoresis. The separated proteins were then 

transferred onto a PVDF membrane(Millipore). Membranes were blocked with 3% non-fat 

milk and incubated with primary antibodies (all purchased from Cell signaling) overnight at 

4°C. The HRP conjugated secondary antibodies were incubated with the membrane after 3 

times of TBST wash. ECL Plus Western Blotting Detection Reagent (SuperSignal West 

Pico, Thermo Scientific, Rockford, IL) were used to develop signals on the membranes.

Animal studies for therapeutic efficacy and toxicity

All animal studies were approved by the University of California Davis Institutional Animal 

Care and Use Committee (IACUC # 17794) and the procedures were in accordance with 

institutional guidelines. When tumors achieved 200–500 mm3, mice were assigned to four 

groups (n = 7 mice per group), including PBS, 17AAG (40 mg/kg), NP (25 mg/kg NP), and 

NP-17AAG (40mg/kg 17AAG, 25mg/kg NP). Tumors of all groups were illuminated with 

0.4 W laser light (680nm, Shanghai Xilong Optoelectronics Technology Co, Ltd, China) for 

3 min on the second, fourth and seventh day post single injection on the day one. Tumor 

surface temperatures were recorded with a NIR thermal camera (FLIR, Santa Barbara, CA). 

Animals were monitored every day and body weight and tumor size were measured twice a 

week. On the third day after the last light treatment, blood samples were obtained for CBC 

and biochemistry analysis.

Statistics

Data are presented as mean ± standard deviation (SD). Group comparisons were carried out 

using one-way analysis of variance or Student’s t test. Survival analysis was performed 

using the Kaplan-Meier method. Combination index (CI) values were calculated by 

CompuSyn (Compusyn Inc, Paramus, NJ, USA). P value less than 0.05 was considered 

statistically significant difference.

Results

Preparation and Characterization of NP-AAG

The loading capacity of 17AAG was at least 4 mg/mL for NP with >85%% loading 

efficiency. NP-AAG was sphere in shape (Figure 1A) and around 20+/− 7 nm in diameter 
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(Figure 1B) with a narrow distribution. The poly dispersity index (PDI) of NP-AAG was 

0.394 while the average zeta potential was 1.07 mV.

Efficient bladder cellular uptake of NP-AAG

To examine whether NP-AAG could be efficiently taken up by bladder cancer cells, T24 and 

5637 bladder cancer cells were treated with NP-AAG for 4 hr and immediately subject to 

imaging analysis without wash or fixation. NP-AAG was found mainly in the cytoplasm in a 

diffuse pattern with multiple scattered small aggregates (Figure 2). Our previous study 

showed that fluorescence of NP was architecture-dependent(33). In the other words, when 

NP remained intact micelles, fluorescence was quenched due to π − π stacking effects; 

when NP broke-down as single polymers, fluorescence was recovered. In the cell culture 

condition, there was minimal fluorescence at the background even without removing the NP-

AAG because NP-AAG retained the micelle structure in the medium and thus fluorescence 

was quenched. The results from the present study confirmed that NP-AAG could be 

efficiently internalized by bladder cancer cells and disassociation of NP-AAG inside the 

cells led to release of fluorescence signals upon light excitation.

Selectively accumulation of NP-AAG at tumor sites

Taking advantage of the intrinsic fluorescence of NP-AAG, we monitored the in vivo 
biodistribution by NIR fluorescence imaging. The imaging was acquired at 48 hr and day 7 

post intravenous injection of NP-AAG in NSG mice bearing subcutaneous PDX models 

(Figure 3A). Significant accumulation of NIR fluorescence signal from NP-AAG was 

detected at the tumor sites up to 7 days. Consistent with the in vivo finding, ex vivo imaging 

revealed the selective and preferable accumulation of NP-AAG at the tumor sites over other 

major organs, such as liver, spleen, lung, and kidney (Figure 3B). Since there was a minimal 

signal in the skin, our formulation may have low skin phototoxicity which is a significant 

clinical drawback of free photosensitizers currently in clinical use. To further investigate 

whether accumulated NIR signals were due to bladder cancer cell uptake, we harvested 

tumor xenografts at 48 hr post NP-AAG injection. The intra-tumor-cell uptake of NP-AAG 

was confirmed when compared to PBS group (Figure 3C). Collectively, NP-AAG preferably 

accumulated at the tumor sites presumably via the enhanced permeability and retention 

(EPR) effect with a long retention time (at least 7 days) and were internalized by the bladder 

cancer cells after intravenous administration.

NP-AAG mediated synergistic anti-tumor effect in vitro

To further test the anti-tumor effect of 17AAG and NP mediated PDT, we treated 3 bladder 

cell lines (T24, J82, 5637) with an increasing concentration of 17AAG, NP, and NP-AAG, 

with or without light treatments. The MTS results showed that while bladder cancer cell 

lines had only a moderate response toward 17AAG treatment (Figure 4A), a strong 

synergistic effect was observed with NP-AAG as evident by the combination index less than 

0.3 at higher concentrations (0.5–2 μg/ml) (Figure 4B). This study also demonstrated that 

17AAG could be release from NP after cellular uptake, resulting in increased cell death.

As PDT mediates tumor cell death through apoptosis, we performed apoptosis assay on T24 

and J82 cells treated with 17AAG, NP and NP-AAG plus light. The results showed that NP-
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AAG mediated combination therapy caused significantly increased cell death (Annevin V

+/PI+) than for either control, 17AAG, or NP groups (Figure 5A & B), which implied that 

NP-AAG mediated combination therapy induced more apoptosis and/or necrosis mediated 

cell death (both cell death mechanisms could cause increased Annevin V+/PI+ cells), 

resulting in more loss of cell viability (Figure 5A & B).

Imaging-guided synergistic combination therapy with NPAAG in vivo

Given the encouraging in vitro results supporting a strong synergistic effect of NP-AAG 

mediated light treatment, we further validated these findings with the in vivo efficacy studies 

of NP-AAG in the bladder cancer PDX animal models. NSG mice with established BL0382 

PDX tumors (200–500 mm3) were treated with PBS, 17AAG free drug (dose: 40 mg/kg), 

NP, NP-AAG (17AAG dose: 40mg/kg; NP dose: 25 mg/kg). A biodistribution study showed 

a prolonged NP-AAG accumulation and retention at the tumor sites for at least 7 days 

(Figure 2A), allowing imaging-guided interventions. This result suggested that there was a 

very long time window for light treatment even with just one single injection. Therefore, we 

illuminated tumors multiples times on day 2, 4, and 7 after confirming the drug 

accumulation with NIRF imaging. As shown in Figure 6A, 17AAG alone showed minimal 

anti-tumor effect, yet as it was administered as a single dose, the total dose was much lower 

than other reported values (37–39). NP mediated photo-therapy showed moderate anti-tumor 

effect compared to both PBS and 17AAG groups. More impressively, the combination 

therapy with NP-AAG mediated phototherapy exhibited significantly superior anti-cancer 

efficacy comparing to NP and 17AAG groups. There was no significant difference in body 

weight changes, suggesting minimal systemic toxicity in all groups (Fig 6B). Given that 

tumor size measurements are not always accurate, especially for photo-therapy, we 

terminated animals on day 22 and harvested and weighed the tumors. In agreement with our 

tumor growth curve results, NP and NP-AAG groups had significantly smaller tumors 

compared to PBS control and 17AAG treated groups (Fig 6 C).

Besides changes in body weight, potential toxicities associated with the treatment groups 

were further evaluated by complete blood count (CBC) and serum chemistry 3 days after the 

last dose of light treatment in the efficacy study. All parameters were within normal limits 

and no significance differences were noted between groups (Table 1 and 2), indicating no 

significant general toxicity.

Molecular mechanisms of NP-AAG mediated combination therapy

NP mediated cell death is due to singlet oxygen generation, resulting in massive cellular 

oxidation damage, heat production and subsequent thermal cellular destruction (40). Even 

after loading with 17AAG, NP-AAG still produced intracellular ROS production in vitro and 

in vivo (Fig 7 A & B), similar to NP only (32). Meanwhile, even with low dose of laser 

treatment, the surface temperature of bladder cancer PDXs increased by approximately 15°C 

in the NP and NP-AAG treated groups, compared to a 5°C increase in the PBS control group 

(Fig 7 C). In other words, NP-AAG exhibit potent photodynamic/photothermal effects 

against bladder PDX cancers in mice.
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We intended to explore the mechanisms of combination therapy by NP-AAG at the 

molecular level in vitro and in vivo. We firstly evaluated the biomarker, HSP70 for the 

evidence of HSP90 inhibition. HSP70 was upregulated after 17AAG, NP, and NP-AAG 

treatments in T24 cells and BL0382 PDX. NP-AAG treated groups had the highest HSP70 

level which could be due to more efficient HSP90 inhibition or in combination of NP 

induced stress response. Moreover, hypoxia induced factor 1α (HIF-1α) is known to be 

upregulated upon PDT as part of their resistance mechanism (Fig 8) (41). Compared to NP + 

L treated group, NP-AAG effectively decreased their upregulation (Fig 8). Several essential 

molecules in the signaling pathways for bladder cancer survival, proliferation, and 

migration, including Akt, Erk, and Src, were downregulated with 17AAG (31, 42). In our 

study, in T24 cells treated with 1 μg/mL of 17AAG or BL0382 bearing mice treated with 40 

mg/kg 17AAG, Akt, Erk and Src were effectively downregulated with NP-AAG, but not 

17AAG at equivalent doses even when HSP90 was inhibited as evidenced by the 

upregulation of HSP70. Collectively, these results suggested that NP-AAG is more efficient 

in inhibiting HSP90, resulting in the downregulation of its client proteins in vitro and in 
vivo, and superior anti-cancer efficacy.

Discussion

In this project, we took an integrated approach featuring trimodal therapy (PDT, PTT, and 

molecular targeting) to treat non-myoinvasive bladder cancers. Since the first application to 

non-myoinvasive bladder cancer in 1976 by Kelly et al, PDT has become a promising non-

invasive localized treatment modality for different diseases(14). Our NP formulation not 

only addresses issues with poor water solubility and low tissue specificity of 

photosensitizers, but also confers targeted delivery of hydrophobic drugs (ie. 17AAG, 

HSP90 inhibitor). PDT and heat stress-induced HSP90 responses were found to be one of 

the major resistant mechanisms. Collectively, this is the first study to show the synergistic 

effect between PDT, photothermal therapy, and HSP90 inhibitor in bladder cancers. In this 

study, we were also the first to demonstrate the superior drug delivery efficacy and 

combination efficacy at the molecular level in the PDX model. Over 70% of bladder cancer 

patients are diagnosed at non-muscle invasive (superficial) stages (2–4). This group of 

patients represents an ideal population for this combination therapy as the cancer is easily 

accessible through the transurethral approach, relatively isolated from the rest of the human 

body, has high disease recurrence, and there is no FDA-approved drug after disease 

recurrence. In particular, we measured long-term tumor accumulation that will permit 

flexible treatment schedules and multiple treatments with single injection or even “out-

patient” based portable whole bladder illuminator device with an optical fiber installed 

through urethral. Therefore, this innovation is particularly important for clinical translation 

for bladder cancer.

This is the first study demonstrated the synergistic effects of photo-therapy combining with 

17AAG in a novel nanoporphyrin platform in a PDX bladder cancer model. PDX is a novel 

cancer research platform, developed from uncultured clinical cancer specimens. PDXs retain 

the principal histological and genetic characteristics of their donor tumors and remain stable 

across several passages. These models are valuable for preclinical drug testing, co-clinical 

trials, and personalized drug selection; it has been shown that PDXs have great concordance 
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of response with donor patient cancers (43, 44). Therefore, our study could provide valuable 

preclinical data for the treatment of bladder cancer, and can be more applicable to clinic.

Synergistic effects of NP-AAG could be due to better HSP90 inhibition, prolonged drug 

accumulation at tumor sites, suppression of photo-therapy induced pro-survival/angiogenesis 

molecules and essential oncogenic molecules. Compared to free 17AAG, NP-AAG was 

more effective in HSP90 inhibition evidenced by higher HSP70 expression (a biomarker for 

HSP90 inhibition), and more effective in the inhibition of client proteins. Specifically, at the 

low concentration of 1 μg/mL, 17AAG free drug had minimal effects on Akt, Erk, and Src, 

while NP-AAG elicited strong downregulation for these client proteins. Similar results were 

seen in the PDX model (Fig 8). Our results demonstrated that NP-AAG was more effective 

in inhibition of HSP90 client proteins, HIF1α Akt, Erk and Src, and also upregulation of 

HSP70, presumably contributed by increased amounts of delivered drug coupled with 

increased retention at the PDXs compared to free 17AAG. There were no significant 

molecular changes in the free 17AAG treated groups (Fig 8). This is likely because the 

single dose of 40 mg/kg 17AAG may simply not have enough drug concentration 

accumulated at tumor sites for the target modifications. Alternatively, molecular changes 

were more transient and usually seen only within the couple of hours post free 17AAG 

treatment. Thus, at 28 hr post initial injections, the signaling molecules would have possibly 

returned to their baseline levels. Additionally, HSP90 upregulation upon thermal therapy is 

reported to be associated with thermal resistance (29). It was reported that 17AAG could 

enhance cell apoptosis induced by thermal therapy with gold-nanoparticles, while HSP90 

inhibitor-conjugated nanoparticles combined hyperthermia with inhibition of HSP90, and 

synergistically induced tumor cell death (45, 46). Collectively, the superior anti-bladder 

cancer effects of NP-AAG were contributed by the overcome of HSP90 induced resistance 

together with both PDT and thermal therapy.

Inhibition of Akt, Erk, and Src by NP-AAG induced bladder cancer cell death in vitro and in 
vivo. The expression of phosphorylated Akt was found to be associated with tumor 

progression and mortality in bladder cancer patients (47, 48). Since activation of Akt plays 

an important role in bladder cancer growth and survival, Akt becomes an attractive and 

effective target for treatment. Similarly, p-Erk predicts poor prognosis of bladder 

cancers(49), while inhibition of p-Erk with multi-kinase inhibitors, such as sorafenib, 

gefitinib, and metformin, results in decreased proliferation and increased apoptosis in 

urothelial cell lines(50, 51). Additionally, the role of Src in bladder cancers is associated 

with epithelial-mesenchymal transition, cell invasion, survival, and movement (52, 53). 

Inhibition of Src phosphorylation could induce bladder cancer cell apoptosis via the focal 

adhesion kinase (FAK)/PI3K/Akt pathway, and inhibit bladder cancer cell invasion and 

migration (52, 54). Since these three pathways are essential for tumorigenesis, NP-AAG 

could more effectively and simultaneously disrupt these essential signaling pathways and 

achieve a better anti-cancer efficacy.

Compared to free drug, NP-AAG has excellent water solubility, specific tumor targeting 

abilities, and extended retention, all contributing to a prolonged drug release and therapeutic 

window. In our study, we showed that NP-AAG could accumulate at the tumor sites for at 

least 7 days (Fig 3A). Therefore, with a single dose of NP-AAG, we were able to perform 
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light treatment 3 times with lower intensities of light (0.4W). Since PDT could promptly 

further induce tumor hypoxia which then limits PDT effectiveness(55), fractional light 

treatments (multiple light treatments with internals of dark period) may allow tumor tissue to 

be reoxygenated and thus achieve the best treatment results.

Based on this new development, nanotechnology enhanced photo-therapy combined with 

molecular therapy has a promising prospect in bladder cancer treatment. Given the strong 

synergistic antitumor effect, it has high potential to be translated into clinic to eradicate 

primary cancer, decrease cancer recurrence, and prevent disease progression into invasive 

stages.
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CI Combination index

CBC Complete blood count

Fa Fraction affected

HIF-1α Hypoxia induced factor 1α

HSP Heat shock protein

NP-AAG 17AAG loaded-Nanoporphyrin

PDX Patient-derived xenograft

PDT photodynamic therapy

PTT photothermal therapy

PI Propidium iodide

ROS Reactive oxygen species
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PDI Poly dispersity index

PEG Polyethylene Glycol

NIRF Near infrared fluorescence

NSG NOD.Cg-Prkdcscid/IL2rgtm1Wjl/SzJ

TEM Transmission electron microscopy
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Figure 1. Characterization of NP-AAG
(A) Particle size and (B) morphology analysis for NP-AAG by dynamic light scattering 

(DLS) and Transmission electron microscopy (TEM), respectively. PDI: poly dispersity 

index
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Figure 2. Cellular uptake of NP-AAG in human bladder cancer cell lines
T24 and 5637 cells were treated with 50 μg/mL of NP-AAG for 4 hr. Imaging was acquired 

by a DeltaVision microscopy imaging system. Nuclei were counterstained with Hoechst 

33342. Bar = 30 μm.
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Figure 3. Specific accumulation of NP-AAG in bladder cancer PDXs
(A) In vivo and ex vivo near infrared fluorescence (NIRF) imaging of NSG mice bearing 

BL0382 PDXs on day 2 and 7 post a single injection of NP-AAG. Dose: 40 mg/kg 17AAG, 

25 mg/kg NP. (B) Quantitative analysis of tissue or tumor NIRF signals normalized to 

muscle (negative control). (n=3) (C) Single bladder cancer cell analysis for the intracellular 

NP-AAG amount with flow cytometry. Mice were treated with PBS (Ctrl) or NP-AAG 

(mouse 1 and 2) (Dose: 25 mg/kg NP and 40 mg/kg 17AAG). 48 hr later, tumors were 

harvested and made into single cell suspensions for flow cytometry evaluation.
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Figure 4. Synergic anti-bladder cancer effects of NP-AAG in vitro
(A) Cell viability evaluation for T24, J82, and 5637 bladder cancer cell lines with 17AAG, 

NP, NP-AAG with or without light treatments. Cell viability was measured 48 hr post-light 

treatment with MTS assays. Equivalent amounts of NP were used. (B) Combination index 

(CI) vs. Fraction affected (Fa) plot for bladder cancer cells treated with NP, AAG, and NP-

AAG followed by light treatment. CI is recognized as the standard measure of combination 

effect. More specifically, CI >1, =1, and <1 define antagonism, additive effect, and 

synergism, respectively, in drug combinations. In our study, the calculated CI for 

combination between photo-therapy and 17AAG was lower than 1 and thus interpreted as 

synergism.
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Figure 5. Cell apoptosis/necrosis analysis of NP-AAG in bladder cancer cell lines
(A) Apoptosis analysis with Annexin V-FITC/PI for T24 and J82 bladder cancer cells treated 

with 17AAG, NP, NP-AAG followed by light treatments. Time point: 24 hr post light 

treatments. (B) Quantitative analysis of percentages of late apoptosis/necrosis (Annexin V+ 

cells/PI+) (n=3) for T24 and J82 cells treated with 17AAG, NP, NP-AAG followed by light 

treatments.
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Figure 6. Anti-cancer efficacy studies of NP-AAG mediated photo-therapy in bladder cancer 
PDX mouse models
(A) Tumor growth curve and (B) body weight changes of mice bearing BL0382 PDX after 

treated with PBS, 17AAG, NP, and NP-AAG (NP: 25 mg/kg; 17AAG: 40 mg/kg) followed 

by the light treatment. Red arrow: Drug iv injection; Blue arrows: light treatments (680nm, 

0.4W, 3 min). (C) Tumor weights harvested on day 24. Bar=1 cm (n=4)
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Figure 7. Mechanistic studies of NP-AAG mediated anti-bladder cancer effects
(A) Intracellular reactive oxygen species (ROS) production analysis (using ROS indicator 

2′,7′-dichlorofluorescin-diacetate, DCF) upon NP-AAG mediated light treatment by flow 

cytometry in T24 bladder cancer cells. Cellular uptake of NP-AAG was also monitored by 

the increased of intrinsic NIRF signals using flow cytometry. Only cells treated with NP-

AAG were NP-AAG positive. (B) ROS production in the bladder PDX cancer tissues (PBS 

or NP-AAG treated) upon light treatment. Mice bearing BL0382 bladder cancer were treated 

with PBS or NP-AAG. Tumors were harvested 48 hr later and cryosections were made. 

Cryosections were pre-treated with a ROS indicator (DCF) for 30 min and imaging was 

acquired by a DeltaVision imaging station. Hoechst 33342 was used to stain nuclei. Bar= 30 

μm. (C) Tumor surface temperature changes in BL0382 bearing mice upon NP and NP-AAG 

mediated light treatment. Right: Representative temperature imaging. Center circle 
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measured the focal surface temperature and focused on the tumor area where the laser light 

was shed on.
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Figure 8. Molecular changes upon NP-AAG mediated photo-therapy in both in vitro and in vivo
T24 cells were treated with PBS, 17AAG, NP, NP-AAG (NP: 1 μg/mL, 17AAG: 1 μg/mL) 

for 8 hr followed by light treatment. Cells were collected at 12 hr post-light treatment. For 

the BL0382 PDX model, tumor-bearing mice were treated with PBS, 17AAG, NP, NP-AAG 

(NP: 25 mg/kg; 17AAG: 40 mg/kg) via tail vein. 24 hr later, tumors were illuminated with 

0.4 W for 3 min. Tumors were then harvested 4 hr post-illumination. Total proteins (100 μg) 

were subject for western blot analysis with the antibodies indicated. GAPDH was used as 

the protein loading control.
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