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a b s t r a c t

The overall prognosis of bladder cancer has not been improved over the last 30 years and therefore, there
is a great medical need to develop novel diagnosis and therapy approaches for bladder cancer. We
developed a multifunctional nanoporphyrin platform that was coated with a bladder cancer-specific
ligand named PLZ4. PLZ4-nanoporphyrin (PNP) integrates photodynamic diagnosis, image-guided
photodynamic therapy, photothermal therapy and targeted chemotherapy in a single procedure. PNPs
are spherical, relatively small (around 23 nm), and have the ability to preferably emit fluorescence/heat/
reactive oxygen species upon illumination with near infrared light. Doxorubicin (DOX) loaded PNPs
possess slower drug release and dramatically longer systemic circulation time compared to free DOX. The
fluorescence signal of PNPs efficiently and selectively increased in bladder cancer cells but not normal
urothelial cells in vitro and in an orthotopic patient derived bladder cancer xenograft (PDX) models,
indicating their great potential for photodynamic diagnosis. Photodynamic therapy with PNPs was
significantly more potent than 5-aminolevulinic acid, and eliminated orthotopic PDX bladder cancers
after intravesical treatment. Image-guided photodynamic and photothermal therapies synergized with
targeted chemotherapy of DOX and significantly prolonged overall survival of mice carrying PDXs. In
conclusion, this uniquely engineered targeting PNP selectively targeted tumor cells for photodynamic
diagnosis, and served as effective triple-modality (photodynamic/photothermal/chemo) therapeutic
agents against bladder cancers. This platform can be easily adapted to individualized medicine in a
clinical setting and has tremendous potential to improve the management of bladder cancer in the clinic.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Bladder cancer is the fourth and eleventh most common cancer
among men and women, respectively [1]. Approximately 80% of
Sacramento, CA 95817, USA.
, Sacramento, CA 95817, USA.
an@ucdavis.edu (C.-X. Pan).
patients have non-myoinvasive bladder cancer at diagnosis that is
treated with transurethral resection followed by intravesical
instillation of therapeutic agents, such as Bacillus CalmetteeGu�erin,
in high-risk patients. Transurethral resection is associated with
microscopic residue tumor in at least a third of the cases regardless
of the experience of the surgeon [2]. This treatment is associated
with a recurrence rate of approximately 60% at two years [3], and
disease progression to invasive cancer in around 25% of cases.
Because of the high recurrence rate, surveillance with intrusive,
uncomfortable and costly cystoscopy is performed once every few
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months during the first two years and at longer intervals for life.
These surveillance procedures make bladder cancer the most costly
cancer per case among all cancer types [4]. The overall prognosis of
bladder cancer has not changed over the last three decades [5].
Therefore, there is a great unmet medical need for the diagnosis
and therapy for bladder cancer.

Photodynamic diagnosis and therapy have been an attractive
alternativemodality in themanagement of bladder cancer [6e9], as
it is minimally invasive, relatively tumor selective, and has low risk
for development of resistance [10]. Compared to traditional white
light transurethral resection, Photodynamic diagnosis assisted
transurethral resection significantly improved the detection of
bladder cancer and lowered the risk for recurrence [8,11e14] Pho-
tosensitizers, Photofrin® and Hexaminolevulinate, had been
approved in Canada and USA, respectively, for bladder cancer, while
others, such as 5-aminolevulinic acid (5-ALA), 3-(10-hexyloxyethyl)
pyropheophorbide-a (HPPH), Hematoporphyrin derivate, and
chlorin E6, are at the different stages of clinical development
[15e17].

However, current photosensitizers have poor selectivity, a low
absorption band, poor bioavailability, low efficiency [18], and no
photothermal effect or ability to co-deliver chemotherapeutic
drugs and thus are limited in their clinical utility. To address these
limitations, we introduce a small (~25 nm), multi-functional,
highly water soluble micelle combining photodynamic therapy
with imaging, cancer-specific drug delivery and extended drug
retention. This enhanced functionality results from the self-
assembly of micelles combining two species of cholic acid-
polymer conjugates: 1) a porphyrin-cholic acid (CA)-poly-
ethelene glycol (PEG) conjugate, and 2) a molecularly-targeted,
cholic acid-polyethelene glycol conjugate [19] (Fig. 1A). We have
previously reported the discovery of a bladder cancer-specific
cyclic peptide named PLZ4 (amino acid sequence: cQDGRMGFc).
PLZ4 specifically binds to the avb3 integrin on bladder cancer cells
even in the presence of bladder inflammation [20,21]. We previ-
ously demonstrated that PLZ4-coated micelles (PMs, a mixture of
PLZ4-PEG5k-CA8 and PEG5k-CA8 telodendrimers) specifically
delivered the drug paclitaxel to canine and human bladder tumor
cells in vitro and in vivo, resulting in superior anti-cancer efficacy
in comparison to drug-loaded non-targeted micelles and free drug
[22]. Thus, we mixed original PLZ4-PEG5k-CA8 (providing molec-
ular targeting) and newly introduced PEG5k-Por4-CA4 (providing
photodynamic diagnosis/therapy) to form PLZ4-nanoporphyrin
(PNPs) which address current clinical challenges in treating
bladder cancers.

To the best of our knowledge, this is the first report of a tar-
geted nanoparticle platform that is able to integrate such a broad
range of clinically relevant functionalities in a single nano-
formulation specifically for bladder cancer. It has the great po-
tential to significantly change the clinical management paradigm
of bladder cancer.

2. Materials and methods

2.1. Synthesis and characterization of PLZ4-Nanoporphyrins (PNPs)

The pyropheophorbide a containing telodendrimer (PEG5k-Por4-
CA4, Fig. 1A) was synthesized via solution-phase condensation re-
actions according to our published method [23]. Our previously
reported PLZ4-PEG5k-CA8 telodendrimer was synthesized by the
conjugation of alkyne-derivatized bladder cancer targeting ligand
PLZ4 (CPC scientific, Sunyvale, CA) [24,25] to PEG5k-CA8 teloden-
drimer via click chemistry [26e28].

PNPs were obtained via a mixed micelle strategy. Briefly, 10 mg
of PLZ4-PEG5k-CA8 and PEG5k-Por4-CA4 (Fig. 1A) were dissolved in
the chloroform, and evaporated on a rotavapor to obtain a ho-
mogeneous dry polymer film. The film was reconstituted in 1 ml
PBS, followed by sonication for 30 min, allowing the sample film
to disperse into PNP solution. DOX was loaded into PNPs by
following the same solvent evaporation method after mixing
neutralized DOX with telodendrimers [29]. PNP-DOX stock (20 mg
of PNP/ml) contains 2 mg/ml Pyropheophorbide a and 1 mg/ml
DOX. Finally, the nanoparticle solution was filtered with 0.22 mm
filter to sterilize the sample. Similarly, a PLZ4-micelle (PM) formed
from a mix of PLZ4-PEG5k-CA8 and PEG5k-CA8, while nano-
porphyrin (NP) was formed from a mix of PEG5k-CA8 and PEG5k-
Por4-CA4.

The particle size and morphology were analyzed by dynamic
light scattering (Microtrac, Montgomeryville, PA) and transmission
electron microscopy (Philips, CM-120, Andover, MA), respectively.
The drug release profiles of the DOX-loaded nanoparticles was
investigated using dialysis method in the presence of 10% FBS as
described previously [22].

2.2. Pharmacokinetic study

Four Jugular vein cannulated rats (Harlan Laboratories, Liver-
more, CA) were employed for the pharmacokinetic study. Each rat
received 5 mg/kg DOX or PNP-DOX (5 mg/kg DOX and 100 mg/kg
PNPs (10 mg/kg Pyropheophorbide a). Fifty microliters of blood
were collected at different time points and fluorescence was
measured.

2.3. Cellular uptake and ROS production

Human bladder cancer 5637 cells (ATCC®, Manassas, VA) were
seeded into 96-well plates overnight. After treatment with various
concentrations of PNPs and NPs for 4 h, free drugs werewashed and
cells were lysed with 100 ml of lysis buffer for 30 min with shake.
Fluorescence was measured by ELISA reader (Molecular devices,
Sunnyvale, CA).

For intracellular reactive oxygen species (ROS) productions,
5637 cells were treated with 10 mg/ml PNPs (Pyropheophorbide a:
2 mg/ml) for 2 h and washed by PBS for 3 times in suspension. Cells
were then loaded with 10 mM 20,7'-dichlorofluorescein (DCF)
(Sigma) for 30 min followed by 4.2 J/cm2 light treatment (Omnilux
New-U LED panel with 635 nm light, Clifton Park, NY). ROS pro-
duction was then analyzed by flow cytometry. Methods for
assessment of the tissue level of ROS production were described
previously [19].

To specifically confirm the signet oxygen generation in vitro, we
incubated singlet oxygen sensor green (SOSG, Sigma) with different
concentrations of PNPs with or without SDS. SOSG and porphyrin
fluorescence were measured by ELISA reader.

2.4. Confocal microscope e selective uptake and cellular bio-
distribution

Primary normal dog urothelial cells [22] were co-cultured with
DiO (Sigma) dye labeled 5637 cells. Plate was treated with 10 mg/ml
PNPs for 2 h and imaging was acquired under fluorescence mi-
croscope without wash. For subcellular bio-distribution study,
5637 cells were treated with DOX-loaded PNPs. Images were then
obtained through confocal microscope (Leica, Buffalo Grove, IL). To
detect intracellular Glutathione changes, Thiol Tracker™ Violet
Glutathione Detection Reagent (Molecular Probes, Eugene, OR) was
incubated for 30 min after treatment and slides were analyzed by
confocal microscope.



Fig. 1. Illustration and characterization of PLZ4-Nanoporphyrins (PNPs). (A)Diagram of PNPs spontaneously assembled by the Pyropheophorbide a -containing-teloden-
drimer(PEG5k-Por4-CA4) and PLZ4 conjugated telodendrimer (PLZ4-PEG5k-CA8). Moreover, PLZ4-micelle (PM) was a mixture of PLZ4-PEG5k-CA8 and PEG5k-CA8, while nano-
porphyrin(NP) was a mixture of PEG5k-CA8 and PEG5k-Por4-CA4 (B)Transmission electron microscopy images and (C) particle size distribution of PNPs and PNP-DOX. (D) The drug
release profiles of free DOX, PM-DOX, and PNPs loaded with DOX (PNP-DOX). (E) Near infrared fluorescence (NIRF, left Y-axis) and singlet oxygen production (indicator: SOSG, right
Y-axis) of PNPs in PBS (intact) or SDS (dissociated) after light exposure (20 J/cm2). Solid triangle: NIRF of PNPs in SDS; solid circle: NIRF of PNPs in PBS. Open triangle: SOSG
production of PNPs in SDS; open circle: SOSG production of PNPs in PBS. (F) The relationship between temperature change and NIRF of PNPs in PBS or SDS as well as corresponding
pyropheophorbide a (Ppa) in DMSO after light exposure (20 J/cm2). (G) Pharmacokinetics of DOX after administration of free DOX and PNP-DOX (5 mg Dox/kg). (H) Fluorescence
microscopic observation for selective uptake of PNPs in the normal canine bladder urothelial cells (URO: no fluorescence, large polygonal cells with abundant cytoplasm) co-
cultured with 5637 bladder cancer cells (BC: DiO pre-labeled, green). (160x, Bar ¼ 150 mm). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

T.-Y. Lin et al. / Biomaterials 104 (2016) 339e351 341
2.5. Cell viability, caspase 3/7 activities, and mitochondria
potentials

Cell viability was measured by WST-8 cell proliferation kit
(Cayman chemical, Ann Arbor, MI) as previously described [19].
SensoLyte® Caspase3/7 Assay Kit (Anaspec, Fremont, CA) was used
to detect Casepase3/7 production. Mitochondria membrane po-
tential changes and cell viability were measured by DiOC6(3)
(ThermoFisher Scientific) and Propidium iodide (PI) as previously
described [19].

2.6. Othotopic bladder cancer model in mouse and intravesical
photodynamic diagnosis

One million mouse bladder cancer MB49-GFP-Luc cells
(MB49 cells were kindly provided by Dr. Yi Luo from University of
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Iowa. MB49 cells transfectedwith Lentivirus vector pCCLc-MNDU3-
LUC-PGK-EGFP-WPRE, kindly provided by UC Davis Vector Core.)
were implanted into 4e5 weeks B6/C57 female mice (Harland)
bladder which was pretreated with poly-L-lysine via 24G iv cath-
eter. After 1 week, tumor establishment was confirmed by Lucif-
erase activity.

To evaluate the photodynamic diagnosis function of PNPs,
different concentrations of PNPs were administrated into the
bladder via the urethra as indicated. The bladder was washed with
PBS and the animal was terminated. Major organs and bladder were
harvested for an ex vivo imaging study. The bladder was later cut
open to expose the lumen and imaging was acquired using Kodak
imaging station (Kodak, Rochester, NY), and Leica 3D large scale
confocal microscope.

2.7. Patient-derived xenograft (PDX) bladder cancer mouse model
for fluorescence imaging

The animal protocol was approved by UC Davis IACUC (No.
17763). Three different PDX models (BL269, BL440, BL645, and
BL293, The Jackson Laboratory, Sacramento, CA) were established
in NOD scid gamma(NSG) mice (The Jackson laboratory) by sub-
cutaneously implanting tissue in the flank or into bladder wall
[28]. After PDXs were established, mice were intravesically
administrated PNPs for local diagnosis. Bladders from both PDX
models and normal mice were harvested for cryosections. Meta-
morph software was used to measure the fluorescence intensity at
the certain depth indicated from the surface at 5 different random
areas. For systemic application, mice were intravenously given 5-
ALA (100 mg/kg), PNPs and PNP-DOX (eq. 50 mg/kg of PNPs or
5 mg/kg pyropheophorbide a, and 2.5 mg/kg DOX). Whole body
imaging was acquired at indicated times. After imaging, animals
were injected with FITC-Dextran (Sigma) for blood vessel staining
and then sacrificed immediately. Tumors and other major organs
were harvested for ex vivo imaging. Cryosection of tumor was
observed under fluorescence microscope.

2.8. In vivo PNP mediated photodynamic therapy in an orthotopic
PDX model and microbubble contrast enhanced ultrasonography

Two days post-implantation, mice were treated with PBS, 1 mg/
ml DOX, or 5 mg/ml PNPs for 1 h. After a PBS wash, the PNP
treated group was further treated with 0.2 W laser light (690 nm,
Shanghai Xilong Optoelectronics Technology Co., Ltd, China) via a
600 mm optical fiber for 3 min. Mice were monitored daily for
appearance, activity, and urine color. One month later, ultrasound
imaging was used to visualize the bladder tumor burden: both B-
mode images (before microbubble injection) and contrast pulse
sequencing images (after microbubble injection) with a dose of
5 � 107 microbubbles per mouse. Mice were then sacrificed, and
bladders were harvested for histopathology evaluation.

2.9. In vivo anti-cancer efficacy study in bladder cancer PDX mice
model

Six NSG mice with subcutaneous BL293 PDX per group received
PBS, PM-DOX, PNP, and PNP-DOX, and tumor were locally illumi-
nated with a diode laser system (Applied Optronics, South Plain-
field, NJ) with 690 nm wavelength after 24 h at dose indicated
weekly for 3 times. Tumor size, body weight, and other behavior/
appearance changes were monitored every 2e3 days. For histo-
pathology evaluation, tumors were harvested 24 h post
illumination.
2.10. Tumor temperature measurement

NSG mice bearing subcutaneous BL293 PDX were intravenously
injected with PBS, 5-ALA, PNPs, and PNP-DOX After 24 h, mice were
treated with light as indicated. Tumor temperature was measured
using FLIR infrared camera (FLIR systems, Boston, MA).

2.11. Statistics

All experiments were repeated at least 3 times unless otherwise
specified. Results were presented in mean ± S.D. Student t-test was
used for statistical analysis. p < 0.05 was considered as significant.
Data organization and analysis was performed by GraphPad Prism.
Quantitative imaging analysis was performed using Image J.

3. Results

3.1. Synthesis and characterization of PLZ4-nanoporphyrins (PNPs)

PNPs imaged before and after doxorubicin (DOX) loading (PNP-
DOX) were spherical in shape (Fig. 1B) with a particle diameter of
22 ± 7 and 23 ± 6 nm for PNPs and PNP-DOX, respectively (Fig. 1C).
The release of DOX from PNP-DOX was significantly slower than
PLZ4-micelles(PM) in PBS containing 10% fetal bovine serum
(Fig. 1D). Upon light exposure in PBS, PNPs were intact, the fluo-
rescence was quenched (Fig. 1E left y-axis) and there was little
singlet molecular oxygen production as detected by Singlet Oxygen
Sensor Green® (SOSG, right y-axis). In contrast, in the presence of
ionic detergent sodium dodecyl sulfate (SDS), PNPs were partially
disassociated, resulting in concentration-dependent increase of
fluorescence and singlet oxygen production (Fig. 1E). Free pyro-
pheophorbide a has poor water solubility (precipitated in PBS) and
showed strong fluorescence when dissolved in organic solvent
dimethyl sulfoxide under identical concentrations (data not
shown). Consistent with the previous findings [19], when the
nanoporphyrins were intact and fluorescence was quenched, light
was absorbed and released as heat. There was a negative correla-
tion between heat production and fluorescence of the PNP solution
under light exposure (Fig. 1F). In PBS when PNPs were intact, the
temperature reached 59 �C in 20 s associated with little singlet
oxygen production under light exposure at a concentration of 1 mg/
ml, while Pyropheophorbide a dissolved in dimethyl sulfoxide at
the same concentration reached 39 �C (Fig. 1F) with much higher
singlet oxygen production. SDS partially dissolved PNPs, leading to
heat release and singlet oxygen production between intact PNPs
and free Pyropheophorbide a.

We next determined the effect of the PNP formulation on the
pharmacokinetics of DOX which is used as a first-line therapeutic
for bladder cancer (Fig. 1G). Hydrophobic free DOX quickly diffused
into tissue and was cleared from circulation within 2 min after
intravenous administration (T1/2a ¼ 1.66min; T1/2b ¼ 251.74min).
PNP-DOX restricted tissue distribution and significantly improved
the blood circulation time of DOX (T1/2a ¼ 22.78; T1/
2b ¼ 1219.86 min). PNP-DOX exhibited 10.6 times higher area under
the curve (AUC) than free DOX (AUC ¼ 20.67 vs 1.96 mg$24 h/ml)
(Table S1).

3.2. Selective uptake of PNPs by bladder cancer cells

The specificity of photosensitizer delivery to cancer cells is
critically important for photodynamic diagnosis and therapy.
Firstly, we showed that PNP could be specifically taken up by hu-
man bladder cancers in a time-dependent manner (Fig. S1A) and
primarily distributed in the cytoplasm with a membrane and per-
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inuclear pattern (Fig. S1B). Next, we co-cultured normal urothelial
cells (not recognized by PLZ4 [28]) with DiO-labeled human
bladder cancer cells (green) and exposed this cell mixture to PNPs.
Cellular internalization of PNPs (red) was highly selective to
bladder cancer cells and not to adjacent normal urothelial cells
(Fig. 1H). Because PNPs in culture medium were intact and the
fluorescence was quenched, we did not observe fluorescence
overlaying normal urothelial cells evenwithout washing to remove
the medium. Similar results were confirmed by flow cytometry
(Fig. S2A). Consistent with our prior results, we confirmed that
surface PLZ4 significantly enhanced PNP internalization by bladder
cancer cells as compared with non-PLZ4-coated nanoporpyrin,
resulting in enhanced cytotoxicity after light treatment
(Fig. S2B&C).

3.3. In vivo PNP mediated photodynamic diagnosis in orthotopic
bladder cancer models

We next evaluated the potential application of PNPs in photo-
dynamic diagnosis of bladder cancer after intravesical application.
In this experiment, we studied mice carrying orthotopic bladder
cancer established from a GFP expressing MB49 cell line. MB49
cells could also be recognized by PLZ4 (Fig. S3) and are a highly
reliable model to establish superficial bladder cancers [30]. After
intravesical application, fluorescence was observed only in the
bladder, indicating limited systemic absorption (Fig. S4A). After the
bladders were harvested and prepared (Fig. S4B), PNP fluorescence
was detected as early as 30 min within bladder cancer cells and
increased in a time-dependent manner (Fig. 2A and S4C&D). In
contrast, normal urothelium(GFP-) had minimal PNP uptake as
demonstrated by minimal red fluorescence and confirmed by
histopathology(Fig. 2A). The bladder cancer specific uptake was
further confirmed by large scale confocal microscopy with higher
resolution imaging (Fig. 2B). Bladder cancer lesions (as small as
1mm in diameter) could be detected evenwith a lowconcentration
of PNPs (1 mg/ml, or 0.2 mg/ml pyropheophorbide a) on fresh
unfixed full thickness bladder samples (Fig. S4D). Similar results
were confirmed in an orthotopic model arising from human
bladder cancer UMUC-3 (Fig. S5).

To further validate the clinical application, we studied the in vivo
PNP uptake using a bladder cancer patient-derived xenograft (PDX)
that was developed from unselected uncultured clinical bladder
cancer specimens. We previously showed that PDX maintained the
morphological fidelity and 92e97% genetic aberrations of parental
patient cancers [31], suggesting that studies in PDXs can more
likely be directly translated into clinical applications. Immunode-
ficient NSG mice carrying orthotopic PDX BL269 could be detected
after intravesical administration of PNPs (Fig. 2C). Only the bladders
implanted with BL269 were positive for PNP uptake; other major
organs, including a normal bladder, were negative. Cross-sections
of a normal bladder and bladder carrying orthotopic PDX showed
that PNPs could penetrate to 30 mm in depth. The fluorescence
signal at the same depth is 30e50 times higher than that of normal
urothelium (p < 0.001, Fig. 2D). Microscopic examination
confirmed that the delivery of PNPs was specifically restricted to
cancer cells and not to the adjacent normal urothelial cells (Fig. 2E
upper panels) or normal bladder (Fig. 2E lower panels).

3.4. Cytotoxicity and mechanisms of PNP-mediated photodynamic
therapy against bladder cancer cells

We then determined the potential of PNPs for photodynamic
therapy compared with 5-ALA, a traditional photosensitizer pro-
drug. 5-ALA has been used for photodynamic therapy, but is not
cancer-specific and requires an extensive incubation time (usually
overnight to a few days) to metabolize into active photosensitizers.
After illumination, PNPs caused concentration-dependent and light
dose-dependent cytotoxicity against human bladder cancer cells
even with only 2 h of incubation (Fig. 3A left panel), and was >100
times more potent compared to 5-ALA in vitro (Fig. 3A right panel).
After light exposure, PNP-pretreated bladder cancer cells showed
dramatic cellular damage, as evidenced by cellular and nuclear
swelling, loss of cell-cell contact, and degradation of the membrane
(Fig. 3B). Consistent with decreased cell viability, intracellular ROS
was increased (Fig. 3C) and glutathione decreased (Fig. 3D) for cells
treated with PNPs plus light.

Moreover, after incubation with PNPs and light treatment at the
left side of upper panels of Fig. 3E, cell integrity (assayed with
positive PI staining (red fluorescence)), andmitochondrial potential
(assayed with DiOC6(3) staining (DiOC6(3)low/PIhigh)) were lost
within 24 h. In contrast, cells treated with PNPs only without light
(right half of Fig. 3E upper panels), light only without PNPs (left half
of Fig. 3E lower panels) or no treatment (right half of Fig. 3E lower
panels) remained alive with retention of mitochondrial potential
and cell integrity (DiOC6(3)high/PIlow). Based on the apoptosis
analysis, PNP-mediated photodynamic therapy caused bladder
cancer cell apoptosis (Annexin Vþ/PI� and Annexin Vþ/PIþ), ne-
crosis (Annexin V�/PIþ) (Fig. 3F), and caspase 3/7 activation
(Fig. 3G), in a dose dependent manner. This supported the hy-
pothesis that caspase3/7 mediated apoptosis presumably by ROS
during photodynamic therapy.

3.5. In vivo photodynamic therapy in orthotopic PDX bladder
cancer model

Next, we determinedwhether photodynamic therapy with PNPs
could eliminate bladder cancer in an orthotopic bladder cancer PDX
model. In 4 weeks post last light treatment, mice were examined
with B-mode ultrasound and microbubble-enhanced contrast ul-
trasound imaging. Intravesical treatment with DOX has been clin-
ically used to manage superficial bladder cancer [32] and thus was
used as a chemotherapeutic treatment control. Mice in the PBS and
DOX treated groups had significantly thicker tumor-filled bladder
walls (Fig. 4A and B, Movie S1, S2, and S3) and significant lower
ratio of functional bladder area (urine containing central areas/
whole bladder (red circle)) (Fig. 4A and C). Of note, compared to B-
mode, microbubble imaging improved bladder tumor visualization.
Consistent with the ultrasound finding, bladders from PBS and DOX
groups were enlarged and grossly and microscopically filled with
solid bladder tumors, while the PNP treated group had a grossly
normal bladder (Fig. 4A). Four of five (80%) in each of the PBS and
DOX groups developed bladder cancer, while only one in four (25%)
of the PNP group developed a small tumor. In summary, intravesical
treatment of DOX was ineffective; however, PNP mediated PDT
effectively prevented bladder cancer development in this ortho-
topic PDX mouse model.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2016.07.026.

3.6. Potential synergistic effect of chemotherapy and photodynamic
therapy in bladder cancer cells

We studied the benefit of using PNPs as nanocarriers for cancer-
specific targeted delivery of DOX for combination therapy. After
treatment with PNP loaded with DOX (PNP-DOX) for 15 min, both
PNPs and DOX signals accumulated and remained in the cytoplasm
of 5637 human bladder cancer cells (Fig. 5A top panels). DOX kills
cells through intercalating into DNA helix, and the DOX signal
gradually increased in the nucleus from 1 to 3 h after incubation,
while PNPs remained in the cytoplasm (Fig. 5A). These results

http://dx.doi.org/10.1016/j.biomaterials.2016.07.026


Fig. 2. Photodynamic diagnosis of orthotopic mouse bladder cancer in vivo. (A) PNPs mediated intravesical photodynamic diagnosis using Kodak imaging station in orthotopic
mouse bladder cancer model. Mouse with established MB49-GFP-Luc bladder cancers were intravesically injected with 10 mg/ml PNPs (pyropheophorbide a: 2 mg/ml) using 26G
blunt needle via urethra. After 2 h, bladder and other major organs were harvested and imaged in the GFP (tumor cells) and NIRF channel (PNP uptake) using Kodak imaging station.
Yellow line: cut line for histopathology; red circles: tumor locations. (B) Large scale 3-D confocal imaging (Leica) for PNP mediated photodynamic diagnosis in orthotopic mouse
MB49 bladder cancer model. (C) Uptake of PNPs in an orthotopic PDX BL269 and other organs after intravesical administration of PNPs. (D) The penetration depth analysis between
lumen exposed tumor sites and normal urothelium Cryosection was performed on bladder BL269 PDX samples. The fluorescence intensity was measured using Metamorph image
analysis software at different spots and depth from lumen surface of tumor (such as red arrow) versus normal urothelial areas (such as green arrow). (p < 0.01, t-test). (E) A
representative cryosection showing selective uptake of PNPs by PDX bladder cancers (red arrow) but not normal urothelial cells (yellow lines). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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showed the ability of PNPs to deliver DOX into cells and subse-
quently release DOX into nucleus. Both PNPs and PNP-DOX showed
light dose-dependent cytotoxicity, while light had a small effect on
cell viability after treatment with DOX loaded PLZ4-micelles
without porphyrin (PM-DOX) (Fig. 5B). This result was consistent
with the apoptosis assay, which showed that 81.1% of PNP-DOX
treated cells underwent apoptosis (Annexin Vþ), compared to
62.3% and 21.5% of PNPs and PM-DOX treated cells after light
treatment (Fig. 5C). Together, this suggests a potential synergistic
effect of chemotherapy from DOX and photodynamic therapy from
PNPs with light illumination. Interestingly, even without light
exposure, PNP-DOX decreased cell viability more than PNPs or PM-
DOX at the same concentration. Consistent with this finding, PNP-
DOX delivered significantly higher amounts of DOX into the



Fig. 3. In vitro antitumor efficacy and cytotoxic mechanisms of PNPs against bladder cancer cells. (A) left: the viability of 5637 bladder cancer cells at 24 h post PNP treatment
and illumination with different doses of light (Pyropheophorbide a: 2 mg/ml for 2 h) and different PNP and 5-ALA concentrations (right) (Light dose: 4.2 J/cm2). (B) Cell morphology
changes at 3 h post PNP-mediated photodynamic therapy. (Hema3™, 1000x oil). (C) Intracellular ROS production and (D) Glutathione (GSH) levels in 5637 cells upon photodynamic
therapy. (E) Mitochondria membrane potential (DiOC6(3): green) and cell integrity/viability (PI: red) 24 h post treatment. Cells were incubated with DiOC6(3) and PI for 20 min.
DiOC6(3) low referred to loss of membrane potential, while PI þ (red) stained dead cell nucleus. Bar ¼ 150 mm. (F) Apoptosis/necrosis assay, and (G) caspase 3/7 activation of
5637 cells at 24 h post photodynamic therapy. PTX (1 mg/ml) treated groups were served as positive control. (PIþ/Annexvin Vþ: late apoptosis; PI-/Annexvin Vþ: early apoptosis;
PIþ/Annexvin V-: Necrosis). (n ¼ 3, t-test, *p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Anti-bladder cancer efficacy study of PNPs and PNP-DOX in an orthotopic PDX mouse model. (A) B-mode and microbubble enhanced ultrasound images, gross, and
histopathology of mice carrying orthotopic PDX bladder cancer after treatments. Mice were implanted with BL645 inside bladder after pre-conditioned with acid. Mice were treated
with PBS control, 1 mg/ml free DOX, or 5 mg/ml PNPs (1 mg/ml pyropheophorbide a) for 1 h. After wash, PNP groups were further received whole bladder illumination (0.2 W for
3 min) via optical fiber. One month later, mice were imaged with ultrasound, and B-mode and contrast enhanced images were collected before and after microbubble injection to
facilitate bladder cancer evaluation. After imaging, mice were sacrificed. Bladders were pre-filled with formalin (gross) before removal and submitted for histopathology evaluation
(H&E stain, 1x and 4x). (B) The comparison of the wall thickness and (C) bladder functional area ratio of PDX bearing mice after treatment (n ¼ 3, one-way ANOVA tests, *p < 0.05,
**p < 0.01, ***P < 0.001).
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nucleus compared to PM-DOX at the same concentration (Fig. 5D &
E).

3.7. Cancer-specific delivery of drug load in PDX bladder cancer
models

In addition to intravesical application, we then determined the
possible of using PNPs in detection of and drug delivery with sys-
temic administration. We first compared in vivo drug delivery of
PNPs, PNP-DOX and free 5-ALA to subcutaneous xenografts after
intravenous administration. The fluorescence signal from both the
PNPs and PNP-DOX group showed time-dependent accumulation
in xenografts as early as 4 h, increasing to 24 h (Fig. 6A), and
retained in xenografts for up to two weeks (Fig. 6B). Minimal
fluorescence was seen at the tumor site in mice treated with free 5-
ALA (Fig. 6A). Ex vivo imaging confirmed the high selectivity and
efficiency in the accumulation of PNPs and PNP-DOX in tumors
when compared to free 5-ALA (Fig. 6A). Microscopic evaluation
confirmed that the porphyrin signal (red) was primarily located in
the perivascular area 24 h post-injection (Fig. S6). Similar bladder
cancer accumulation of PNP was also confirmed in the orthotopic
BL440 patient-derived xenograft model, as fluorescence was
greatest in the bladder tumors as compared to other organs
(Fig. 6C).

3.8. In vivo photodynamic, photothermal and chemotherapy in PDX
bladder cancer models

We further investigated whether this image-guided trimodal
therapy (photodynamic therapy/photothermal therapy/targeted
chemotherapy) of PNP-DOX could be translated into improved
survival in PDX models. 5-ALA was currently approved photosen-
sitizer and served as control, while free Pyropheophorbide a has
extremely poor water solubility and thus was not optimal for in vivo



Fig. 5. Intracellular delivery of DOX and potential synergistic cytotoxic effect of PNP-DOX against bladder cancer cells. (A) Subcellular distribution of PNP-DOX at 15 min, 1 and
3 h after treatment. (DOX: green; PNPs: red) (630x, oil). (B) Viability assay on 5637 cells treated with PNPs, PM-DOX, and PNP-DOX for 2 h followed by different light exposure.
(n ¼ 3, t-test, *p < 0.05). (C) Apoptosis assay on 5637 cells treated with PNPs, PM-DOX, and PNP-DOX for 2 h followed by light exposure. (D) Intra-nucleus DOX fluorescence was
visualized by confocal microscope after 2 h incubation, and (E) quantitative imaging analysis of intranuclear DOX was performed using Image J. (n ¼ 3, t-test, *p < 0.05).
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study. Consistent with our prior finding [19], anti-cancer efficacy of
PNPs was light dose dependent (Fig. S7). At the light dose of 90 J/
cm2, the group treated with PNP-DOX with light showed prolonged
inhibition of tumor growth compared with the control, 5-ALA, PM-
DOX, and PNPs with light groups with the medium survival of 53
versus 18, 18, 24 and 31 days, respectively (p < 0.05) (Fig. 7A and B
and Table S2). The majority of tumors in the PNP-DOX group were
eliminated after 3 treatments. Both PM-DOX and PNP with light
treatment (90 J/cm2) showed significant delay in tumor progression
and prolonged survival time compared to the PBS control and 5-
ALA treated group with a medium survival of 24 and 31 days
versus 18 and 18 days, respectively (p < 0.05) (Fig. 7A and B and
Table S2). No obvious bodyweight changes or other signs of toxicity
were observed in all treatment groups. Microscopic evaluation
showed that PNPs or PNP-DOX mediated phototherapy caused
extreme tumor microenvironment damage and abundant tumor
cell death/apoptosis evidenced by massive cellular dissociation,
shrinking, cytoplasmic swelling, nucleus condensation and frag-
mentation (Fig. 7C), but not other groups. These in vivo results were
in agreement with our in vitro studies that PNP-DOX mediated
phototherapy showed potential synergistic anti-cancer effect with
chemotherapy (Fig. 5B and C).

To further elucidate the superior in vivo anti-cancer effect of
PNPs, we compared the ROS and heat production at tumor site 24 h
after the administration of PNPs under light irradiation. PNP treated
group produced significantly more ROS than the PBS group
(p < 0.01, Fig. 7D) upon illumination. Moreover, tumors in mice
treated with PNPs showed light dose dependent temperature in-
crease (DT ¼ 9 �C at low light dose of 90 J/cm2, p ¼ 0.036 & 17 �C at
the high light dose of 180 J/cm2, p ¼ 0.001) for photothermal
therapy, while those mice treated with 5-ALA or PBS had much less
temperature elevation (<6 �C) even after a high light exposure



Fig. 6. NIRF imaging of PDX mice models bearing subcutaneous and orthotopic bladder cancer. (A) In vivo NIFR imaging of NSG mice bearing subcutaneous PDX BL293 up to
24 h after intravenously administration of 5-ALA (100 mg/kg), PNPs (Pyropheophorbide a 5 mg/kg), and PNP-DOX (Pyropheophorbide a 5 mg/kg and DOX 2.5 mg/kg). Right: ex vivo
NIFR imaging for BL293 tumors and other major organs. (5-ALA induced protoporphyrin IX ex/em ¼ 633/650-710 nm; PNP ex/em ¼ 680/690 nm. Kodak imaging system 650/
700 nm) (B) Biodistribution and tumor retention of PNP-DOX at different time points after injection. (C) The NIRF imaging of mice bearing orthotopic BL440 PDX model (red arrow)
24 h after the administration of PNP. (Left panel: In vivo whole mouse imaging; Right panel: ex vivo imaging).
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(Fig. 7E and F). PNP mediated photothermal therapy with high dose
light could reach over 50 �C which was enough for thermal ablation
of tumor alone (Fig. 7E&S7).

4. Discussion

Herewe present the preclinical studies and proof of principle for
innovative bladder cancer-specific targeting multifunctional PLZ4-
nanoporphyrin (PNP) platform. This single PNP platform can be
used simultaneously for photodynamic diagnosis and imaging-
guided trimodal therapy. All of those applications can be ach-
ieved with this single PNP platform in a single procedure with a
single wavelength of light with either intravesical or systemic
administration. We validated these applications in patient-derived
bladder cancer xenografts and believe the PNP platform have broad
clinical applications and can be easily translated.

The PNP platform described here is a significant innovation over
other photosensitizers and nanotheranostics. Traditional photosen-
sitizers, such as 5-ALA and hexaminolevulinate, have poor selectivity
between cancerous and non-cancerous tissues and unwanted skin
accumulation that result in photo-toxicity and limited clinical
applicability. To circumvent these limitations, several groups have
encapsulated porphyrin analogs or other photosensitizers into nano-
carriers, or conjugated them to a peptide or antibody for targeted
delivery. For instance, pyropheophorbide a methyl ester and other
porphyrin analogs were formulated into liposome [33], carbon
nanotubes [34], or porphysome [35,36]. Their relatively larger size
(~100 nm) may potentially limit delivery to tumor sites as enhanced
permeability and retention effect is more significant with small
nanoparticles (<100 nm), and we previously showed small micelles
had better tumor delivery and penetration than large ones [23,37].
PNPs are small in diameter (~25 nm), highly water soluble, possess
preferential tumor accumulation, long retention at tumor site (up to
14 days), and low uptake in other normal tissues including skin as
revealed by optical imaging (Fig. 6A and B). Long-term tumor accu-
mulation suggested a long post-injection window for imaging
detection and photothermal/photodynamic therapy which may
allow amore flexible schedule for patients. Moreover, whole bladder
illumination after PNP-DOX imaging-guided surgery or for treating
diffuse cancer in situ will further clean out the non-visible and
unresectable lesions and thus prevent recurrence. As shown in Fig. 4,
photodynamic therapy eradicated cancer cell implants in the entire
bladder without visualization. All these findings suggest that PNPs
can potentially have great applications in monitoring drug delivery
in real-time and identifying cancer cells that can guide tumor
resection during cystoscopy, detecting cancer cells during follow-up
cystoscopies to early diagnose cancer recurrence, and combining
photodynamic diagnosis and therapy in a single procedure.

This novel PNP platform can potentially address several major
clinical issues encountered in the diagnosis and treatment of non-



Fig. 7. In vivo efficacy study of PNPs and PNP-DOX in PDX mouse model. (A) The tumor volume changes and (B) survival curve of mice bearing subcutaneous PDX BL293 tumor
after treatment. Black arrows: intravenous injection; red arrows: light treatment (90 J/cm2, 690 nm) (n ¼ 6). Tumors larger than 1000 mm3 were considered as end-point. Graph
ended when one mouse in each group reached its end point. (*p < 0.05, One-way ANOVA). (C) Histopathology evaluation of BL293 tumors at 24 h post illumination. H&E stain,
bar ¼ 300 mm; insert: bar ¼ 60 mm). (D) Intratumoral ROS production in mice bearing BL293 tumors after PNPs and PBS (control) followed by light exposure 90 J/cm2). (n ¼ 5, t-test,
*p < 0.01) (E) Time course of tumor temperatures before and after laser irradiation. Light dose low(L) (90 J/cm2) and high dose (H) (180 J/cm2). (yellow area: lights on; n ¼ 3, t-test,
*p < 0.05, **p < 0.01) (F) Representative tumor surface temperature captured in the central spot by FLIR thermal camera. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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myoinvasive bladder cancers [38e40]. Photodynamic diagnosis
with fluorescence cystoscopy using 5-ALA or hexaminolevulinate
could detect more cancer lesions and prolong recurrence free sur-
vival [41,42], while some other trials showed no benefit at all [43].
One major reason for this limited efficacy is that it relies on relative
metabolism and accumulation of photosensitizer metabolites in
cancer cells over normal cells resulting in only 2e3 time difference
between cancerous and non-cancerous cells [44]. In this study, we
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showed that PNPs did not bind to normal urothelial cells in mixture
with cancer cells (Fig.1H), and adjacent normal urothelial cells after
intravesical instillation (Fig. 2). The difference of fluorescence be-
tween normal urothelial cells and cancer cells reached 30e50 times
(Fig. 2D).

The superior antitumor efficacy of PNPs could be attributed to
the integration of three therapeutic modalities (PDT/PTT/Chemo) in
one nanoformulation, and the unique characteristics of the nano-
platform. The combination therapy has been demonstrated to be
more efficacious than single treatment alone in vitro and in vivo.
PNP-DOX had prolonged DOX circulation time evidencedwith a 10.6
times of AUC, compared to the free drug. Additionally, PTT might
boost the “super EPR effect [45]” and PDT-induced vascular
permeability effect [46], allowing long circulating PNP-DOX to
further accumulate in the tumors. PTT induced heat and light
treatment also trigger DOX release [19], collectively contributing to
the superior anti-cancer effects [19]. Interestingly, the Lovell group
also recently developed a long-circulating light-activated liposomal
Dox and documented light-triggered drug release in the mouse
cancer model [47]. We previously showed light induced DOX release
from nanoporphyrin in vitro [19]. The PNPs described here have all
the advantages described by Lovel et al. In addition, the PNPs are
multi-functional and have a bladder cancer-specific ligand PLZ4 on
the surface that can prevent back flow of PNP into blood circulation.

Interestingly, Zhen et al. reported another photosensitizer,
ZnF16Pc loaded RGD-modified ferritin (RFRT) which exhibited
strong affinity toward integrin avb3 on neoplastic endothelial cells.
Upon RFRT mediated PDT, endothelial gaps increased resulting in
superior vascular permeability and massive nanoparticle accumu-
lation [48,49]. Given that PLZ4 also interacts with integrin avb3, it
would be interesting to explore the potential similar vascular effects
through PLZ4-tumor endothelial cell interaction. Additionally,
another relevant photosensitizer 3-(1'-hexyloxyethyl)
pyropheophorbide-a (HPPH) is current in clinical trials for non-
small cell bronchogenic carcinoma and early stage cancer of the
larynx [50,51] and was previously reported to have 100% tumor
response in xenograft mice bladder cancer model at the dose of
0.5 mg/kg. In our study, we used 5 mg pyropheophorbide a/kg,
which was chosen to match polymer concentration used to achieve
the therapeutic DOX dose (2.5 mg/kg) in mice with our standard
formulation (1 mg DOX/10 mg PNP or 2 mg pyropheophorbide a/
ml). A more detailed dose-finding study is ongoing to determine the
minimal dose required for effective PNP mediated phototherapy.

In conclusion, PNPs represent the first nano-theranostic system
that could be utilized for imaging detection/guidance, photody-
namic therapy, photothermal therapy, targeted delivery of
chemotherapeutic agents and the combination of these therapies
against bladder cancer. This PNP platform could be easily translated
into clinical applications with minimal concern of toxicity and may
dramatically improve the management for bladder cancers.
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