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Abstract

Background: Male dogs can develop spontaneous prostate cancer, which is similar

physiologically to human disease. Recently, Tweedle and coworkers have developed

an orthotopic canine prostate model allowing implanted tumors and therapeutic

agents to be tested in a more translational large animal model. We used the canine

model to evaluate prostate‐specific membrane antigen (PSMA)‐targeted gold

nanoparticles as a theranostic approach for fluorescence (FL) imaging and

photodynamic therapy (PDT) of early stage prostate cancer.

Methods: Dogs (four in total) were immunosuppressed with a cyclosporine‐based

immunosuppressant regimen and their prostate glands were injected with Ace‐1‐

hPSMA cells using transabdominal ultrasound (US) guidance. Intraprostatic tumors

grew in 4–5 weeks and were monitored by ultrasound (US). When tumors reached

an appropriate size, dogs were injected intravenously (iv) with PSMA‐targeted nano
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agents (AuNPs‐Pc158) and underwent surgery 24 h later to expose the prostate

tumors for FL imaging and PDT. Ex vivo FL imaging and histopathological studies

were performed to confirm PDT efficacy.

Results: All dogs had tumor growth in the prostate gland as revealed by US. Twenty‐

four hours after injection of PSMA‐targeted nano agents (AuNPs‐Pc158), the tumors

were imaged using a Curadel FL imaging device. While normal prostate tissue had

minimal fluorescent signal, the prostate tumors had significantly increased FL. PDT

was activated by irradiating specific fluorescent tumor areas with laser light

(672 nm). PDT bleached the FL signal, while fluorescent signals from the other

unexposed tumor tissues were unaffected. Histological analysis of tumors and

adjacent prostate revealed that PDT damaged the irradiated areas to a depth of

1–2mms with the presence of necrosis, hemorrhage, secondary inflammation, and

occasional focal thrombosis. The nonirradiated areas showed no visible damages

by PDT.

Conclusion: We have successfully established a PSMA‐expressing canine orthotopic

prostate tumor model and used the model to evaluate the PSMA‐targeted nano

agents (AuNPs‐Pc158) in the application of FL imaging and PDT. It was

demonstrated that the nano agents allowed visualization of the cancer cells and

enabled their destruction when they were irradiated with a specific wavelength of

light.

K E YWORD S

canine prostate cancer, fluorescence imaging, nanoparticles, PDT, PSMA

1 | INTRODUCTION

Prostate cancer is the most diagnosed cancer among men, with an

estimated 268,490 new cases and 34,500 new deaths in the United

States for 2022.1 With the use of prostate‐specific antigen (PSA)

testing, more prostate cancers can be detected at an early stage,

expanding the time window for the patients to receive appropriate

treatment. Whole gland radiotherapy and prostatectomy are the two

mainstay treatment options.2,3 The 5‐year survival rate has greatly

improved with early diagnosis and treatment. However, there still

exists an urgent unmet clinical need to optimize the therapeutic

options. Both radiotherapy and radical prostatectomy may cause

severe side effects including chronic erectile dysfunction,

incontinence, and diarrhea, due to the inevitable damage to the

adjacent normal tissues.4 One of the largest issues is local recurrence

of cancer, likely resulting from undetected locally invasive prostate

cancer that is not removed during the surgery (11%–48% incidence).5

The recurrence of cancer may progress into metastatic castration‐

resistant prostate cancer (mCRPC), which has a very low cure rate

with an average survival period of only approximately 3 years.6,7

There has been significant development in treatment strategies

for prostate cancers. Over the past decade, diagnosis and therapy of

prostate cancer have progressed rapidly to improve the treatment

outcomes based on both the development of imaging technology and

devices, as well as theranostic agents.8–10 Imaging modalities, such as

computed tomography (CT) and magnetic resonance imaging (MRI),

can be combined with radiation sources to facilitate image‐guided

radiotherapy so malignant lesions can be more precisely localized for

radiation dose delivery.11–13 Moreover, radiosensitizers have been

developed and employed for local radiation enhancement to reduce

the overall dose and damage to surrounding normal tissues.14,15

Fluorescence (FL) imaging probes have also been developed for

fluorescent image‐guided surgery, which helps the surgeon identify

cancerous tissue, delineate tumor margins, and potentially signifi-

cantly reduce the recurrence of prostate cancer.16,17 Recently, near‐

infrared (NIR) probes, OTL78,18 and IS‐002 (https://clinicaltrials.gov/

ct2/show/NCT04574401), which target prostate‐specific membrane

antigen (PSMA), have demonstrated excellent capability to highlight

PSMA‐positive tumors, and have entered clinical trials for FL‐guided

surgery.

Research on preclinical animal models of prostate cancer has

enabled numerous breakthroughs, and a wide variety of transgenic,

knockout, and xenograft mouse models have been developed.19 The

mouse models contribute greatly to the understanding of the biology

of prostate cancer and provide a platform to evaluate the perform-

ance of various diagnostic and therapeutic agents before their clinical

translation. However, prostate cancer is a complex and multifactorial

disease process, and no ideal animal model is available to fully

LUO ET AL. | 1177

 10970045, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pros.24560 by C

A
SE W

ESTER
N

 R
ESER

V
E U

N
IV

ER
SITY

, W
iley O

nline Library on [20/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://clinicaltrials.gov/ct2/show/NCT04574401
https://clinicaltrials.gov/ct2/show/NCT04574401


recapitulate all the features of prostate cancer in men.20 Compared

to rodents, dogs are more genetically heterogeneous,21 and are

unique among laboratory animals in that intact male dogs develop

benign prostatic hyperplasia (BPH) that progresses with age. Dogs are

also the only animals that develop spontaneous prostate cancer that

typically progresses to invasive and metastatic disease.22 Bone

metastases are common in late‐stage disease and the cancers are

usually androgen‐insensitive.23 The large relative size of the dog

compared to rodents, and the anatomy and functional similarities of

their prostate to that of men permit diagnostic and surgical

procedures to be developed for both veterinary and human clinical

practice.24 Finally, prostate cancer in dogs can metastasize to bone

and form osteoblastic metastases with new woven bone as seen in

men.25 Canine prostate cancer models are thus ideal to investigate

relevant imaging and therapeutic agents.

PSMA is a unique biomarker and it is highly expressed in prostate

cancer and its metastases.26,27 We have previously used retrovirally

transformed PSMA‐expressing PC3 cancer models in rodents and

used them to study optical, CT, and MRI of PSMA‐targeted

probes.28–30 Significantly, our PSMA‐targeted optical imaging probe

using silicon phthalocyanine, a photosensitizer that has strong FL and

can generate reactive oxygen species (ROS) for tumor ablation upon

light irradiation, has demonstrated potential for FL image‐guided

surgery and adjuvant photodynamic therapy (PDT).16 We can further

control the release of this photosensitizer and its activities by

conjugating it to PSMA‐targeted gold nanoparticles via a cathepsin

cleavable linker, which we have reported to have good tumor

selectivity, free Pc158 release upon cathepsin cleavage and PDT

efficacy in mouse models.31,32 Therefore, we used a modified version

of the recently developed orthotopic dog prostate cancer model23 to

investigate targeted FL imaging and PDT efficacy of PSMA‐targeted

nano agents, AuNPs‐Pc158 (Supporting Information: Figure S1).

These results demonstrated that PSMA‐targeted gold nanoparticle

delivery of PDT agents is both feasible and applicable in a large

animal model resulting in the deposition of PDT agent in targeted

tissue and destruction of tumor tissue when irradiated by NIR light.

2 | MATERIALS AND METHODS

2.1 | Nanoparticles synthesis

PSMA‐targeted nano agents (AuNPs‐Pc158) were synthesized and

characterized as previously reported and used for dog orthotopic

tumor FL imaging and PDT.32 The Pc158 concentration was

calculated according to its absorbance peak intensity to determine

the injection dose for the four dogs (nos. 2, 3, 4, 5).

2.2 | Cell culture

Ace1 cells were derived from a spontaneous prostatic adenocarci-

noma in a dog, and the derived cell line was shown to form

osteoblastic bone metastases in nude mice after intracardiac injection

and were provided by the Thomas Rosol laboratory (Ohio Univer-

sity).33 Ace‐1 cells express canine PSMA that are highly homologous

to human proteins; however, the level of PSMA in Ace‐1 cells is

relatively low.34 Transfection of human genes to Ace1 cells is readily

achieved.21 The Ace‐1‐hPSMA cells were created to enhance the

expression of human PSMA in the Ace‐1 cells by transformation

using a retrovirus system and were kindly provided by Vladimir

Ponomarev at Memorial Sloan Kettering Cancer Center. Ace‐1‐

hPSMA cells were incubated at 37°C and 5% CO2 in Roswell Park

Memorial Institute 1640 medium supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin under a humidi-

fied atmosphere.23

2.3 | Binding of cell lines to N‐[N‐[(S)‐1,3‐
dicarboxypropyl]carbamoyl]‐S‐[3H]‐methyl‐L‐cysteine
(3H‐ZJ24)

The binding assay was performed as described previously35 using 3H‐

labeled N‐[N‐[(S)‐1,3‐ dicarboxypropyl]carbamoyl]‐L‐cysteine (ZJ24),

which is a well‐known ligand/inhibitor against PSMA.36 Briefly, cells

(1 × 106) were incubated with different concentrations of 3H‐ZJ24

(GE Healthcare Life Sciences) in a total volume of 200 μL of 50mM

Tris buffer (pH 7.5) for 1 h at 37°C. The mixture was centrifuged at

3000g for 5 min at 4°C to separate bound and free 3H‐ZJ24. The

supernatant was then removed, and the cell pellet was washed three

times with 500 μL of cold Tris buffer and radioactivity of the pellet

was then counted by scintillation counter. Nonspecific binding was

determined using the same method in the presence of 0.1mM ZJ24.

2.4 | Tumor model

Three‐ to six‐year‐old, uncastrated, healthy laboratory beagles were

used for Ace‐1‐hPSMA cell implantation. Cell implantation into the

prostate was completed as reported byTweedle et al. and was guided

by abdominal B mode ultrasound (US).21 The Institutional Care and

Use protocol number was 2013A00000081, approved at The Ohio

State University. We implanted both lobes of the prostate to increase

the tumor take rate. Each lobe received 1 × 107 Ace‐1‐hPSMA cells

and tumors were usually observed in at least one lobe. Intraprostatic

tumors grew in 4–5 weeks and were monitored by US. The tumor

take rate was approximately 80% as only one dog in five failed to

yield intraprostatic tumor after Ace‐1‐hPSMA injection into the gland

and was not used in the study (dog no. 1 was omitted).

2.5 | FL imaging and PDT

When tumors grew locally for 4 weeks, PSMA‐targeted nano agents

(AuNPs‐Pc158) were injected (IV) into the dogs and allowed to

circulate for 24 h. The initial dose was calculated based on the
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previous doses used for mice (0.1 mg/kg Pc158) and converted to a

dog‐relevant dose using surface area scale‐up calculations.37 After

injection, the dogs were maintained for 24 h to allow the nano agents

to accumulate in the tumors and release Pc158. The dogs were then

anesthetized (using an approved protocol, OSU IACUC

2013A00000081) and underwent surgery to expose the prostate.

The gland was imaged using a Curadel FL imaging device (Curadel

LLC). Prostate tumors were identified by macroscopic observation by

a veterinary pathologist, which always correlated with FL. The

fluorescent areas and nonfluorescent normal tissues were masked

with black paper to expose only a segment of the prostate tumor and

a portion of normal tissues. The masked regions were then irradiated

with light of 672 nm to generate the PDT effect in situ. The

irradiation energy was 150 J/cm2 based on mice studies (model 525

Laser Diode Driver, 1–5mW/cm2 of 672 nm light from a diode laser;

Applied Optronics Corp.) equipped with a GRIN‐lens‐terminated

multimode fiber (OZ Optics) (Supporting Information: Figure S2).

After light irradiation, the tumor areas were imaged again using the

Curadel FL imaging device (Supporting Information: Figure S2), and

animals were monitored for 2 h to allow tissue damage induced by

PDT to be detectable. The dog was then euthanized by an overdose

of barbiturate and the prostate gland was removed, imaged ex vivo,

and placed into 10% neutral‐buffered formalin for histological

processing.

2.6 | Histopathology

Following ex vivo imaging, the prostate gland and tumor tissues were

fixed, embedded in paraffin, and stained with hematoxylin and eosin

(H&E) for evaluation by histopathology. Tissue slides were examined

by a veterinary pathologist to determine the effect of PDT on tumor

tissues and were compared to nonirradiated tumor tissue. The effect

of collateral damage to tissues surrounding the irradiated tumor, for

example, vasculature and nerve tissue, were also examined to

determine whether PDT of prostate tumor can be performed without

destroying surrounding normal prostate tissues. The tissue slides

were also silver‐stained for the presence of AuNPs (Sigma Silver

Enhancer Kit) followed by H&E standard procedures as reported

previously,32 and the FL signal from Pc158 was imaged directly using

FL microscopy. On occasion, the FL signal was marked with

pathology ink before fixation for later correlation with histology.

3 | RESULTS

3.1 | PSMA expression in Ace‐1‐hPSMA cells

The level of PSMA expression was first checked by western blot

compared to Ace‐1 cells, PC3pip cells, which are human prostate

cancer PC3 cells retrovirally transfected with PSMA, and PC3flu cells,

which are transfection control of PC3pip cells. PC3pip cells over-

express PSMA at levels found in nonmanipulated prostate cancer

cells lines, for example, LNCaP cells and are widely used for mice

studies.4,28,29,31,32,38 PSMA expression was found in PC3pip and Ace‐

1‐hPSMA cells. Level of PSMA expression in Ace‐1‐hPSMA cells was

much lower than that in PC3pip cells. Ace‐1 and PC3flu cells showed

negligible amount of PSMA expression by western blot (Supporting

Information: Figure S3). The number of PSMA receptors on the Ace‐

1‐hPSMA cells was further determined using a 3H‐labeled PSMA

ligand ZJ24.35,36 Specific binding was only observed in PSMA‐

positive Ace‐1‐hPSMA and PC3pip cells, but not in Ace‐1 and PC3flu

cells (Table 1, Figure 1). The maximum binding capacity (Bmax) for

Ace‐1‐hPSMA was 93,500molecules/cell, and that for PC3pip cells

was 216,800molecules/cell. PSMA exists as a symmetric dimer that

contains two identical binding sites for 3H‐ZJ24; therefore, the

number of PSMA dimer receptor on each cells is estimated to be half

of the Bmax.39,40 Accordingly, each Ace‐1‐hPSMA cell had 46,750

PSMA receptors/cell and was much lower than that in PC3pip cells

(108,400 PSMA receptors/cell). The results are consistent with

western blot results.

3.2 | Tumor size and location verification

In humans, a suspicious PSA blood test is followed by a multi-

parametric MRI (MP‐MRI), then a biopsy. A PSMA positron emission

tomography (PET) scan is performed if the prior tests and Gleason

score indicate a suspicion of aggressive disease that may have spread

beyond the gland. In our study, no PSA test, MR scan, and PSMA PET

scan were performed in the canine after Ace‐1‐hPSMA cell implanta-

tion. The growth of intraprostatic tumors was only monitored by US. It

was found that the canine model consistently produced Ace‐1‐hPSMA

tumors (0.5–3 cm) that originated in the interior of the prostate gland

and often grew into and through the capsule of the prostate gland. In

some dogs, a small (1–2 cm) subcutaneous tumor formed at the site

TABLE 1 PSMA expression on
prostate cancer cells.

Cell line Ace‐1‐hPSMA Ace‐1 PC3pip PC3flu

Bmax (3H‐ZJ24 molecules/cell) 93,500 ± 600 ND 216,800 ± 4,400 ND

Number of PSMA receptor/cell 46,750 ± 300 ND 108,400 ± 2200 ND

Kd (nM) 33.9 ± 4.5 NA 43.5 ± 5.4 NA

Note: Data represent mean ± SD of triplicates.

Abbreviations: Bmax, maxium binding capacity; Kd, dissociation constant; NA, not available; ND, not

detectable; PSMA, prostate‐specific membrane antigen.
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where the 22G implantation needle passed through the subcutis,

which was probably due to low‐level tumor cell seeding. The prostate

tumors were more firm than the soft surrounding prostate glandular

tissue and could be identified by gross appearance and manual

palpation. The firmness was likely due to reactive connective tissue

stroma. The capsular tumors had greater amounts of stroma compared

to intraprostatic tumors. Larger tumors often had central necrosis.

Metastatic spread to regional lymphatics and local lymph nodes

generally did not occur in the time frame of the experiments. Previous

studies have demonstrated metastatic spread after the 4‐week interval

of tumor growth used in this study.21

3.3 | Fluorescent imaging of prostate tumor by
AuNPs‐Pc158

Fluorescent imaging is a sensitive method to detect cancer. By

targeting PSMA, we have selectively identified PSMA‐positive tumors

by either a PSMA‐targeted small molecule or nanoparticle‐based FL

imaging probes.28,32 The dogs previously implanted with Ace‐1‐hPSMA

cells received PSMA‐targeted nano agents (AuNPs‐Pc158) through IV

injection 24 h before the surgery. The dogs underwent surgery to

expose the prostate gland as shown in Figure 2A. Prostate tumors

could often be seen as bulging lobulated mass from the capsule of the

prostate glands. Using the Curadel FL imaging device, the intraprostatic,

capsular, and extracapsular tumor tissue were fluorescent, while

surrounding normal prostate tissueswere not (Figure 2B and Supporting

Information: Figure S4). Prostate tumors that were completely within

the gland could also be identified by tumor FL through the capsule of

the gland. In addition, subcutaneous tumors formed at the site where

the needle passed through the subcutis were also highlighted by Pc158

FL (Supporting Information: Figure S5).

3.4 | PDT

Following FL imaging, but while the tumor and prostate remained in

the dog, part of the tumor and a small area of normal prostate

adjacent to the tumor were exposed to 150 J/cm2 of 672 nm light for

PDT treatment, while the remaining tumor and prostate were

covered with opaque black paper (Figure 3A). After PDT, the prostate

was imaged again. It was found that FL signal in the treated area was

photobleached (Figure 3A), demonstrating the activation of Pc158

released from the PSMA‐targeted AuNPs‐Pc158. In contrast, the FL

signal in the nonirradiated area had the same intensity as before

therapy (Figure 3B). It was demonstrated that tissue damage from

PDT was visible (1 h) after PDT and was detected histologically

including using Caspase 3 staining,41–44 therefore, after PDT, the dog

was maintained under general anesthesia for 2 h before euthanasia.

The prostate gland was then removed for ex vivo imaging. Ex vivo

imaging results were consistent with the in vivo imaging results. FL

signal was only observed in the untreated tumor, while the treated

F IGURE 1 Binding of cells to 3H‐ZJ24. Cells (1 × 106) were incubated with various concentrations of 3H‐ZJ24 at 37°C. After 1 h of
incubation, cells were washed with cold Tris buffer, and the radioactivity of the cell pellet was measured. Data represent mean ± SD of
triplicates. [Color figure can be viewed at wileyonlinelibrary.com]
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area and normal prostate did not have any FL (Figure 3B). These

results indicated that the PSMA‐targeted AuNPs‐Pc158 could

selectively accumulate and release Pc158 (as monitored by

dequenching) in PSMA‐expressing tumors, but not in normal prostate

tissue. It also showed that PDT was a focal treatment since the FL in

the treated area was bleached, while areas that were not irradiated

remained fluorescent.

After ex vivo imaging of the whole prostate gland, it was then

sequentially sectioned (5 mm slices) to expose cross‐sections of the

gland. As shown in Supporting Information: Figure S4, the tumor

tissue protruded into and through the prostate capsule and could be

clearly identified from the prostate parenchyma in the white light

image. Under the FL imaging camera, FL signals originated from

tumor tissue in the gland and capsule. The fluorescent areas were

tumor tissue that had accumulated nano agents and free Pc158

released by cathepsin cleavage. As shown in Supporting Information:

Figure S6, nano agents were stained and visible in the tumor tissues

while absent in the normal prostate gland. The FL images and PDT

treatment results for the other dogs (nos. 2, 4, 5) were also presented

in Supporting Information: Figure S7–9.

3.5 | Histopathological analysis

Histopathological analysis of the tumor and the adjacent prostate

showed that in the area of treatment, there was scattered tumor cell

necrosis of the outer 1–2mms of the tumors with multifocal

hemorrhage and acute inflammation with neutrophils (Figure 4A).

The histopathology revealed evidence of a treatment effect that

included necrosis, hemorrhage, secondary inflammation, and occa-

sionally focal thrombosis in the tumor capsule. In addition, indepen-

dent of treatment, there was mononuclear inflammation around

tumor cells that was consistent with a mild immune reaction from the

dog. Bilateral tumor growth was consistently present in the dogs with

tumor growth in the prostate lateral lobes and extension into the

prostate capsule that extended beyond the normal margin of the

prostate. There was no effect of PDT treatment on the adjacent

normal prostate tissue that had the expected BPH (Figure 4B), which

is typical in adult intact male dogs. It was concluded that only tumor

tissue demonstrated enhanced FL and normal tissues, including BPH,

had no increased FL.

4 | DISCUSSION

FL imaging of cancer biomarkers for early diagnosis of tumor lesions

has the advantage of high sensitivity45 and the use of photosensi-

tizers has expanded its application to adjuvant therapy, such as FL‐

guided surgery and PDT.46,47 In the development of most imaging or

therapeutic agents, rodent animal models are used to evaluate their

performance before clinical trials. Numerous rodent prostate tumor

models have been developed and biomarkers such as PSMA have

F IGURE 2 Representative FL images of prostate and Ace‐1‐hPSMA prostate tumor (Dog no.3). (A) Surgical site showing the ventral prostate
and tumor. (B) Prostate gland and tumor in vivo under white light (left), in vivo FL image of the prostate gland and tumor (middle) and merged FL
image with color image showing the highlight of tumor by nano agents (right). FL, fluorescence; PSMA, prostate‐specific membrane antigen.
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been transfected into prostate cancer cell lines to mimic the high

expression of PSMA in human prostate cancer.48,49 In our earlier

studies, we have utilized human prostate cancer cell lines, such as

retrovirally transformed PSMA‐positive PC3pip cells, LNCaP, and

C4‐2 cells, and developed heterotopic and orthotopic prostate tumor

models in mice for the assessment of PSMA‐targeted imaging and

therapeutic probes.27,50 Promising results were observed in the

mouse tumor models, but none of these models can fully recapitulate

F IGURE 3 Representative FL images of PDT treatment for prostate tumor (dog no. 3). (A) In vivo FL image of prostate tumor before PDT and
after PDT treatment, with most of the tumor and majority of the prostate gland covered. (B) Ex vivo FL image of whole prostate after PDT (all
cover removed; White circles indicates nonirradiated tumor area, green circles indicates irradiated area and blue circles indicates normal prostate
gland.). FL, fluorescence; PDT, photodynamic therapy.

F IGURE 4 Representative H&E images of prostate and prostate tumor from dog no.3. (A) Prostate tumor after PDT treatment. The black dye
is a surface dye used to localize the region of PDT laser treatment. The tumor near the surface had necrosis, hemorrhage, and secondary
inflammation. The deeper tumor was viable. (B) Normal adjacent prostate with benign prostatic hyperplasia and PDT therapy. There was no
evidence of necrosis as a result of the PDT therapy. H&E, hematoxylin and eosin; PDT, photodynamic therapy.
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the features of prostate cancer as it occurs in men. Therefore, we

used the dog prostate cancer model23 to investigate the performance

of one of our PSMA‐targeted PDT nano agents, AuNPs‐Pc158. Our

data showed that PSMA expression in dog prostate cancer Ace‐1

cells is negligible and we, therefore, transfected Ace‐1 cells with

human PSMA and obtained Ace‐1‐hPSMA cells (Supporting Informa-

tion: Figure S3). Each Ace‐1‐hPSMA cell had 46,750 PSMA

receptors/cell (Figure 1, Table 1). Our previous study has reported

that the amount of PSMA receptors in human prostate cancer cells

ranged from 13,250/cell (CWR22rv1) to 159,500/cell (MDA

PCa2b),35 therefore, the expression of PSMA receptors by Ace‐1‐

hPSMA is within the range of PSMA expression occurring on human

prostate cancer cells derived from spontaneously occurring human

prostate cancers. Therefore, Ace‐1‐hPSMA cells are suitable to

establish the canine model for evaluating the efficacy of PSMA‐

targeted AuNPs‐Pc158.

The photosensitizer, Pc158, was covalently conjugated to the

surface of 5 nm gold nanoparticles via a cathepsin‐cleavable linker

that was readily released for FL imaging and PDT upon uptake and

cleavage in prostate cancer cells containing cathepsins.32 Based on

the FL imaging results, the PSMA‐targeted nano agents can recognize

PSMA‐expressing prostate cancer and be activated to release

fluorescent Pc158, which is completely quenched before being

cleaved from the nanoparticles.32 Compared to the white light

images, the fluorescent images revealed a superior contrast between

tumor and the normal tissue. The ability to differentiate prostate

cancer and normal gland tissue by the PSMA‐targeting nano agents

enables precise localization of cancer for image‐guided partial

prostatectomy. The nano agents extravasate from the vasculature

into the extracellular tumor microenvironment. The nano agents can

then be taken up by Ace‐1‐hPSMA tumor cells by PSMA receptor‐

mediated endocytosis. After uptake, the gold nanoparticle‐quenched

Pc158 would be cleaved by cathepsin in the cancer cells, released,

and available for FL. This process was thoroughly investigated in vitro

and in vivo with a mouse prostate cancer model and nano agents

showed outstanding ability to differentiate PSMA‐positive tumors

from PSMA‐negative tumor and normal tissues.32

Notably, in the dog model, in addition to the tumors which had a

bright FL signal, fat tissues also had significant fluorescent signal

(data not shown), and we confirmed the presence of free Pc158 in

the fat tissue by measuring the FL spectrum of fat extractions

(Supporting Information: Figure S10). The nonspecific accumulation

of Pc158 in the fat tissue may due to the activation of nano agents

during circulation in the blood, release of Pc158, and fat accumula-

tion. Further, some of the Pc158 FL distribution in the tissue did not

overlap with the nano agent's distribution (Supporting Information:

Figure S6). Previous studies have shown that the hydrophobic silicon

phthalocyanine has high affinity for the lipid environment.51 In our

nude mouse prostate cancer model, some nonspecific FL signal was

detected from the neck area where there is an accumulation of fat in

the mice.32

Although the injection dose and timing for imaging of nano

agents were based on the results from the mouse model, dogs are

genetically more heterogenous than most mouse models, differ

physiologically from mice, and the optimal conditions for mice may

not be the same for the dogs. We were unable to optimize the

injection dose and treatment time for PDT outcomes with the limited

dog numbers used in this study. Nevertheless, the ability to clearly

differentiate tumor tissue from surrounding normal prostate tissue,

both inside and outside of the prostate gland, with the nano agents

using nonoptimized parameters promises to greatly improve the

precision of tumor resection.

NIR light has limited penetration through tissues,52 and PDT

irradiation of tumors showed a necrosis depth of 1–2mms from the

surface. The surrounding tissues that did not take up the nano agents,

for example, had no FL signal, were undamaged. The results indicated

that PDT with the help of nano agents was effective for focal

therapy. Moreover, the photosensitizer was easily detected by the

hand‐held surgical NIR camera system and could easily be used for

FL‐guided tumor resection. Image‐guided surgery combined with

PDT to completely ablate the remaining tumor margins, could

dramatically improve the cure rate (as shown in mouse models16).

Further, it has been demonstrated that activation of photosensitizers

can also be achieved by X‐rays to overcome the limited penetration

of light.53 Finally, gold nanoparticles are potent radiosensitizers29 and

this approach could allow for rapid identification and maximal

resection of tumor tissues followed by more effective radiotherapy

due to remaining cancer tissue (or microscopic disease) having taken

up the nanoparticles as seen in Supporting Information: Figure S6.

Large animal models with more physiological and anatomic

similarities to humans allows us to better assess the performance of

nano agents, in both orthotopic tumor FL imaging‐guided resection

and PDT treatment. The canine model is relatively costly, labor

intensive, and less readily available (3–5 year dogs are required);

however, the advantages of the dog model outweigh the disadvan-

tages, especially in translational prostate cancer research.23 For

instance, in the assessment of radiosensitizers for imaging‐guided

radiotherapy, a prostate gland should be large enough for the CT or

MR to locate and define the tumor region for precise radiation dose

calculation.54 Furthermore, the orthotopic canine prostate cancer

model is excellent for investigating imaging or therapeutic agents for

late stage, androgen‐independent prostate cancer and metastasis to

bone, lymph nodes, and lung.23

5 | CONCLUSION

In summary, we have successfully established an orthotropic canine

prostate cancer model expressing human PSMA. The tumors grew

routinely in immunosuppressed dogs. The prostate cancer cell line,

Ace‐1, was engineered to express human PSMA, so that the tumors

could be recognized by the PSMA‐targeted ligands or nano agents.

By employing a previously used PSMA‐targeted PDT nano agent

(AuNPs‐Pc158), we demonstrated the ability to differentiate the

tumor and normal prostate gland with an FL imaging camera. The

cancer‐associated protease release of Pc158 enabled spatiotemporal
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precise PDT by applying light irradiation to the areas of interest.

Histological analysis revealed the presence of tumor in the prostate

gland and focal damage induced by PDT and did not produce

collateral damage to normal surrounding tissues without uptake of

the nanoparticles. The successful use of the PSMA‐targeted nano

agents for PDT in the dog prostate cancer model holds the potential

to advance future investigations of similar agents for image‐guided

prostatectomy and therapy to support clinical translation.
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