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Abstract

Prostate cancer was the most common form and had the second highest death rate of male

cancer in the United States in 2015. Current diagnosis techniques, such as prostate-specific

antigen tests, transrectal ultrasound scans, and biopsies, are often inconclusive, and in the

latter case, invasive. Here, we explore the use of clofazimine hydrochloride nanoparticles

(CFZ-HCl NPs), a repurposed formulation from an FDA-approved antimycobacterial agent,

as a photoacoustic contrast agent for the evaluation of prostate cancer due to its macro-

phage-targeting capabilities and high optical absorbance at 495 nm. Using a transgenic ade-

nocarcinoma of the mouse prostate (TRAMP) mouse model, our results indicate a

preferential accumulation of intravenously injected CFZ-HCl NPs in cancerous prostates

over normal prostates. Differences in accumulation of CFZ-HCl NPs between cancerous

and normal prostates were determined using a two-wavelength unmixing technique via ex

vivo photoacoustic imaging. Thus, intravenous injection of CFZ-HCl NPs leads to differ-

ences in the interactions of the particles with cancerous vs normal prostates, while allowing

for photoacoustic detection and analysis of prostate cancer. These findings could lead to the

development of a new noninvasive technique for the detection and monitoring of prostate

cancer progression in an animal model that can potentially be translated to human patients.

Introduction

Prostate cancer was the leading form of cancer among men (183,529 new cases) and had the

second highest death rate for cancer among men in the United States (28,848 deaths), as

reported in 2015 [1]. For many years, prostate-specific antigen (PSA) blood tests and digital

rectal examinations (DREs) have been the first line of detection for prostate cancer. While PSA

tests act as an indicator for the stage and prognosis of the prostate cancer, PSA levels can vary

significantly depending on factors such as age, lifestyle, and other medication [2–4]. Therefore,

this test is rarely used on its own as a definitive indicator of prostate cancer. Abnormal read-

ings in the PSA levels or suspicious nodules found through DREs will usually be followed up

PLOS ONE | https://doi.org/10.1371/journal.pone.0219655 July 15, 2019 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Tan JWY, Murashov MD, Rosania GR,

Wang X (2019) Photoacoustic imaging of

clofazimine hydrochloride nanoparticle

accumulation in cancerous vs normal prostates.

PLoS ONE 14(7): e0219655. https://doi.org/

10.1371/journal.pone.0219655

Editor: Juri G. Gelovani, Wayne State University,

UNITED STATES

Received: February 26, 2019

Accepted: June 28, 2019

Published: July 15, 2019

Copyright: © 2019 Tan et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This work was supported by the National

Institutes of Health (NIH, https://www.nih.gov/,

Grant number R01CA186769 to XW,

R01GM127787 to GRR) and the University of

Michigan (MCubed Program, https://mcubed.

umich.edu/, Project ID: 741 to GRR and XW;

College of Pharmacy Upjohn Award to GRR; MEDC

Mi-TRAC (Kickstart) Award to GRR). The funders

http://orcid.org/0000-0002-9091-5217
https://doi.org/10.1371/journal.pone.0219655
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219655&domain=pdf&date_stamp=2019-07-15
https://doi.org/10.1371/journal.pone.0219655
https://doi.org/10.1371/journal.pone.0219655
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.nih.gov/
https://mcubed.umich.edu/
https://mcubed.umich.edu/


with a transrectal ultrasound scan (TRUS), which is usually complimented with a biopsy due

to the fact that TRUS by itself has a low sensitivity and specificity [5, 6]. However, prostate

biopsies are invasive procedures that can cause potential complications and have significant

false-negative rates (e.g. 15%–31% for the traditional sextant core biopsies) [7–13]. Magnetic

resonance imaging (MRI) has also been used in the assessment of prostate cancer [14–17].

However, patients with prostates that are suspected of being cancerous through MRI assess-

ment still typically require a biopsy for confirmation of the prostate cancer [14, 15, 18]. Thus,

there is a need to develop novel techniques for detecting prostate cancers through noninvasive

means.

In this study, we explored the differences in the interaction of clofazimine hydrochloride

nanoparticles (CFZ-HCl NPs) [19] with normal and tumor bearing prostates, using the trans-

genic adenocarcinoma of the mouse prostate (TRAMP) animal model [20]. CFZ is a red-pig-

mented dye and a weakly basic, FDA-approved, orally administered, antimycobacterial agent

that is recommended by the World Health Organization as a treatment for leprosy and

multidrug resistant tuberculosis [21–29]. In patients, CFZ exhibits atypical pharmacokinetic

properties that result in accumulation and stabilization in tissue macrophages of solid drug

biocrystals that resemble a hydrochloride (HCl) salt form of the drug [30–35]. These CFZ-HCl

biocrystals were determined to be biocompatible, stable, long-lived, relatively non-toxic, and

anti-inflammatory [36, 37], which led to the development of a biomimetic formulation of

CFZ-HCl NPs for parenteral administration [19]. Importantly, Murashov et al. demonstrated

that these CFZ-HCl NPs preserved the majority of characteristics of CFZ-HCl biocrystals,

including targeting and accumulating inside macrophages in vitro and in vivo [19]. Thus, the

presence of tumor associated macrophages (TAM), including those in prostate tumors [38,

39], make CFZ-HCl NPs a potentially useful targeting agent for prostate cancer detection.

In addition to the functional and therapeutic properties, CFZ-HCl NPs have also been

shown to exhibit a strong signal in the Cy5 fluorescence range (650 nm excitation/670 nm

emission) and peak optical absorbance at 495 nm [19, 40]. In contrast to the free dye CFZ,

CFZ-HCl NPs have a redshifted peak optical absorbance at 495 nm (compared to 450 nm for

free dye CFZ), making it more suitable for biological optical applications due to the reduced

interference from endogenous chromophores, such as blood at this longer wavelength [41].

This strong optical absorbance makes it a suitable contrast agent to be used with photoacoustic

(PA) imaging, a rapidly emerging biomedical imaging modality that combines both optical

and ultrasound imaging. PA imaging relies on the PA effect, that is the generation of acoustic

waves through the absorption of electromagnetic energy [42, 43]. Typically, visible or near-

infrared light from a pulsed laser is used, where the energy from the pulsed laser is absorbed

by the chromophores in the biological sample. This leads to thermoelastic expansion, which is

then detected via an ultrasound transducer. As such, the PA signal is directly correlated with

the optical absorption of the chromophores in the sample. Notably, we have previously dem-

onstrated the capabilities of CFZ as a PA contrast agent for potential applications in arthritis

[41].

In this study, we hypothesized that intravenous (IV) administration of the biomimetic for-

mulation of CFZ-HCl NPs will result in differences in distribution of the particles in cancerous

prostates and in normal prostates, which will be measurable via PA imaging. By correlating the

PA signals with histopathology and quantitative drug analysis of nanoparticle distribution in

the prostates, our results clearly showed a higher accumulation of CFZ-HCl NPs in cancerous

prostates over normal prostates, which led to greater PA signals using a multiple wavelength

PA image analysis technique. Thus, CFZ-HCl NPs may offer a noninvasive probe using PA

imaging for the detection and longitudinal assessment of prostate cancer progression in an

animal model with potential biomedical relevance in humans.
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Methods

IV injection of CFZ-HCl NP in mice

Animal care was provided by the Unit for Laboratory Animal Medicine (ULAM) and all pro-

cedures on live animals were performed in accordance with institutional guidelines and

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of

Michigan (PRO00007593; 5 May 2017). Euthanasia was performed with carbon dioxide, fol-

lowed by removal of the heart.

A total of 9 mice were divided into the following 3 groups of mice (n = 3 per group): (1) Dil-

uent injected TRAMP mice (19 weeks, Strain 008215, Jackson Laboratory, Bar Harbor, ME,

USA), (2) CFZ-HCl NP injected normal mice (19 weeks, C57BL/6, Jackson Laboratory, Bar

Harbor, ME, USA), and (3) CFZ-HCl NP injected TRAMP mice (19 weeks, Strain 008215,

Jackson Laboratory, Bar Harbor, ME, USA). The time indicated was the age of the mice at the

point of euthanasia. For the diluent injected mice (Group 1), a total of 0.3 mL of diluent with 0

mg/mL CFZ-HCl NP was IV injected into each mouse. Briefly, the diluent for the IV injectable

formulation was made using polysorbate 80 (0.5% w/v, 59924 Sigma-Aldrich, St. Louis, MO,

USA); sodium chloride (BP358, Fisher Scientific, Fair Lawn, NJ, USA) for isotonicity; and

Milli-Q water. The pH was adjusted to pH 5 using 0.01 M HCl or 0.01 M NaOH to ensure the

stability of CFZ-HCl NPs in the formulation. The diluent was sterilized by sterile filtration

with a syringe filter (09-719A; 0.22 μm, MCE, Sterile; Fisher Scientific, Fair Lawn, NJ, USA).

The full details of the diluent formulation have been published previously [19].

For the CFZ-HCl NP injected mice (Groups 2 and 3), a total of 0.3 mL of 19–23 mg/mL

CFZ-HCl NP was IV injected into each mouse, with the concentration of CFZ-HCl NP scaled

according to the weight of the individual mice (a total CFZ-HCl NP dose of 200 mg/kg). The

full details of the CFZ-HCl NP formulation have been published previously [19]. This dose

was selected as it represents an equivalent amount to 3–4 weeks of oral feeding performed in

previous studies which allowed for sufficient accumulation of the drug in the organs [40].

After 24 hours, the mice were sacrificed, and the prostates were harvested. Each prostate was

separated into two halves: one half was snap frozen in liquid nitrogen for drug quantification,

and the other half was embedded in Tissue-Plus Optimal Cutting Temperature (OCT) com-

pound (4585, Fisher HealthCare, Houston, TX, USA) for histopathology.

Quantification of CFZ-HCl NP in tissues

Quantification of CFZ-HCl NPs in tissues was performed using a previously published proto-

col with some modifications [40]. Briefly, the harvested prostate was thawed, weighed, cut, and

homogenized by sonication and mechanical homogenizer (Pro200; Pro Scientific, Oxford,

CT) in Pierce radioimmunoprecipitation assay (RIPA) buffer (89900; Thermo Scientific,

Rockford, IL, USA). Homogenates were then filtered through Pierce tissue strainers (87791;

250 μm, Thermo Scientific, Rockford, IL, USA) utilizing the gentle centrifugation (200 x g at

4˚C for 5 min). The lipophilic tissue fraction was extracted with xylenes (CAS 1330-20-7/100-

41-4; Fisher Chemical, Fair Lawn, NJ, USA) in triplicates, followed by the second extraction in

triplicates with 9 M H2SO4 of diprotonated CFZ from the xylenes extract. Samples were centri-

fuged (2,000 x g at 4˚C for 10 minutes) to facilitate layer separation during extractions. After

acid fractions were collected, the volumes were recorded, and CFZ-HCl NP concentrations

were determined spectrophotometrically. The absorbance of the supernatants was measured at

λ = 540 nm (A540) and 750 nm (A750) using a Synergy-2 plate reader (Biotek Instruments).

Corrected absorbance (A540—A750) was used to determine CFZ-HCl NP content via a stan-

dard curve of standards in 9 M H2SO4, and the concentration values were corrected for organ
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weight. To correct for extraction yield, known amounts of CFZ were added to the prostate

sample before extractions; these samples were processed and analyzed concurrently with the

test samples. For prostate tissues, the extraction yield averaged 83%.

Histopathology

Histopathology was performed using a previously published protocol with some modifications

[19]. In brief, the frozen tissue blocks were sectioned (6 μm thick) using a Leica 3050S cryostat,

and fixed in 4% paraformaldehyde (15710, Electron Microscopy Sciences, Hatfield, PA, USA)

for 10 min. The samples were incubated with Hoechst 33342 solution (H3570; 1 μM stock;

1:10,000 dilution in PBS; Life Technologies, Carlsbad, CA, USA) for 10 min at room tempera-

ture for nuclear detection. After staining was complete, sections were mounted with a drop of

ProLong Gold antifade reagent (P36930, Life Technologies, Carlsbad, CA, USA) and sealed

with a cover slip. For the hematoxylin and eosin (HE) staining, the sectioning and staining

were performed by the In-Vivo Animal Core of ULAM at the University of Michigan. Bright-

field and fluorescence images were acquired as described in the section “Brightfield and Fluo-

rescence Microscopy”.

Brightfield and fluorescence microscopy

Microscopy was performed using a Nikon Eclipse Ti inverted microscope (Nikon Instruments,

Melville, NY, USA) as previously described [19, 40, 44]. Briefly, brightfield images were cap-

tured using the Nikon DS-3 camera (Nikon Instruments, Melville, NY, USA), and fluorescence

imaging in DAPI channel (350/405 nm, blue) and Cy5 channel (640/670 nm, far-red) was per-

formed with the Photometrics CoolSnap MYO camera system (Photometrics, Tuscon, AZ,

USA) under the control of Nikon NIS-Elements AR software (Nikon Instruments, Melville,

NY, USA). Illumination for fluorescence imaging was provided by the X-Cite 120Q Widefield

Fluorescence Microscope Excitation Light Source (Excelitas Technology, Waltham, MA,

USA).

Sensitivity of PA imaging of CFZ-HCl NP

The CFZ-HCl NPs were prepared for concentrations of 0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and

1 mg/mL. Each concentration was mixed with whole blood to generate a total of 10% blood by

volume. 100 μL of each concentration was injected into a polyvinyl chloride tubing (Z280348,

Sigma Aldrich, St. Louis, MO, USA). The portion of the tubing containing the CFZ-HCl NPs

were submerged under water to allow for acoustic coupling with a 128-element ultrasound

probe with frequency range of 7 to 15 MHz (CL15-7, Philips, Andover, MA, USA). The ultra-

sound probe was placed parallel to the longitudinal section of the tube and connected to a

commercially available research ultrasound platform (Vantage 256, Verasonics, Redmond,

WA, USA) for data acquisition. A tunable pulsed laser (Surelite OPO Plus, Continuum, Santa

Clara, CA, USA) pumped by the third harmonic of an Nd:YAG laser (Surelite, Continuum,

Santa Clara, CA, USA) was used to generate the PA signal. The laser has tunable wavelengths

between 410–680 nm and 710–2500 nm, a pulse duration of 5 ns, and a firing frequency of 10

Hz. The tube samples were imaged at a wavelength of 500 nm and averaged 20 times, with a

total of 3 replicates performed.

CFZ-HCl NP imaging via PA multiple wavelength unmixing

The CFZ-HCl NPs were prepared for concentrations of 0, 0.003, 0.03, and 0.3 mg/mL, with the

concentrations chosen based on the PA sensitivity results. An identical setup to the previous
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section was used with the exception that the tube samples were imaged at two wavelengths of

500 nm and 584 nm, and averaged 50 times. The wavelengths of 500 nm and 584 nm were cho-

sen as these are the known isosbestic points of oxyhemoglobin (HbO2) and deoxyhemoglobin

(Hb), the two main chromophores in blood. The selection of the isosbestic points of blood pre-

vented the need to distinguish between HbO2 and Hb, allowing for the analysis of the total

hemoglobin (THb) concentration instead. If blood and CFZ-HCl NPs are assumed to be the

main chromophores generating the PA signal, the following matrix equation can be used to

determine the concentrations of CFZ-HCl NPs and THb.

k
εTHb@500nm εCFZ� HCl NP@500nm

εTHb@584nm εCFZ� HCl NP@584nm

" #
½THb�

½CFZ � HClNP�

" #

¼
PA500nm

PA584nm

" #

ð1Þ

Here, k is a constant dependent on the light fluence, the Grüneisen parameter of the sample,

and the sensitivity of the imaging system. It is assumed that the light fluence, and subsequently

k, is wavelength independent after calibration of the laser output energy. PAλnm is the photoa-

coustic signal at λ nm, [THb] and [CFZ-HCl NP] are the concentrations of the total hemoglo-

bin and CFZ-HCl NPs respectively, εTHb@λnm and εCFZ-HCL NP@λnm are the optical extinction

coefficients of hemoglobin and CFZ-HCl NPs at a wavelength of λ nm respectively. Matrix

Eq (1) can then be rearranged to obtain the following matrix equation.

k
½THb�

½CFZ � HCl NP�

" #

¼
εTHb@500nm εCFZ� HCl NP@500nm

εTHb@584nm εCFZ� HCl NP@584nm

" #� 1
PA500nm

PA584nm

" #

ð2Þ

With the optical extinction coefficients being known, and PAλnm being the PA signal mea-

sured, the right side of the matrix equation is completely known, allowing for the concentra-

tions of [THb] and [CFZ-HCl NP] to be separately identified, albeit modified by the constant

k. Hence, it should be noted that the concentrations measured are only relative concentrations,

as an absolute concentration measurement would require a calibration measurement and the

value of k to be identified, the latter of which is not a trivial task.

Ex vivo PA imaging of prostate samples

The PA imaging setup is shown in Fig 1. The gelatin phantom was made using a concentration

of 8 g/mL of gelatin from porcine skin (G2500, Sigma-Aldrich, St. Louis, MO, USA). The gela-

tin was poured into a mold to form a hollow cylindrical center and allowed to solidify. The

prostate was placed in the center of the phantom, and 300 μL of PBS (pH 7.4) was added to

submerge the prostate for acoustic coupling with the transducer. The gelatin phantom was

placed on a calibrated rotating stage that allows for precise rotations of the gelatin phantom.

The ultrasound transducer (CL15-7, Philips, Andover, MA, USA) was then placed perpendicu-

lar to the gelatin phantom at the height of the prostate sample. Ultrasound gel was added in

between the transducer and the gelatin phantom for complete acoustic coupling. The ultra-

sound transducer was connected to a commercially available research ultrasound platform

(Vantage 256, Verasonics, Redmond, WA, USA) for data acquisition. A tunable pulsed laser

(Surelite OPO Plus, Continuum, Santa Clara, CA, USA) pumped by the third harmonic of an

Nd:YAG laser (Surelite, Continuum, Santa Clara, CA, USA) was used to generate the PA sig-

nal. A top illumination approach was used as the prostate sample was thinner on its z-axis,

allowing for a more uniform laser energy distribution throughout the prostate sample. Fifty

PA images were obtained at each angle, for two wavelengths of 500 nm and 584 nm, respec-

tively. This was repeated for 9 angles, for a total of 180˚ of rotation. The 50 images were then

averaged, and a simple back-projection reconstruction was performed to obtain the final
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image at each wavelength. The PA imaging system’s resolution is determined by the ultra-

sound transducer (CL15-7), with an approximately 226 μm lateral and 166 μm axial resolution

at a depth of 6mm. However, due to the multiple angle imaging, the resolution is improved

to the better of the two resolutions, at approximately 166 μm for both lateral and axial

resolutions.

The multiple wavelength unmixing algorithm previously specified was then performed to

obtain the THb and CFZ-HCl NP relative concentrations. The CFZ-HCl NP signal was then

normalized to the THb signal. This step was necessary as the prostate samples had different

thicknesses and geometries, leading to different laser fluence distributions in the prostate sam-

ples depending on the imaging plane being measured. Mathematically, the constant “k” in

matrix Eqs (1) and (2) is affected by this difference in laser fluences. However, by taking the

ratio of CFZ-HCl NP/THb concentration, this constant is eliminated (with the assumption

that k is wavelength-independent). This ensures that accurate comparisons can be made

between prostate samples independent of their sizes. To obtain the final images, a number of

image processing steps were taken. First, any normalized CFZ-HCl NP signal with a corre-

sponding THb signal below the background signal of the THb image was removed. Next, an

upper threshold was applied to the normalized CFZ-HCl NP signal. These two steps were

Fig 1. PA imaging setup for ex vivo prostate imaging. Dashed box indicates placement location of the ultrasound transducer (CL15-7).

https://doi.org/10.1371/journal.pone.0219655.g001
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performed to remove any extreme normalized signals (i.e. very low THb signals results in

extremely high normalized CFZ-HCl NP signals). A lower threshold was also applied to the

normalized CFZ-HCl NP signal to remove the background CFZ-HCl NP signal and enhance

the dynamic range of the images. Finally, the image was then smoothed with a Gaussian filter.

The thresholds and filters applied were identical for all images.

Statistics

All statistical analysis was performed using Matlab R2015b (MathWorks, Natick, MA, USA).

Where relevant, the data are expressed as the mean +/- standard deviation. Significant differ-

ences were determined using two-tailed two sample t-tests (ttest2 function) and a one-way

analysis of variance (ANOVA) with Tukey’s honest significant difference criterion (anova1 fol-

lowed by multcompare function).

Results

CFZ-HCl NP accumulation in prostates

To determine CFZ-HCl NP accumulation in the prostates, the mice were divided into 3

groups. The first group consisted of TRAMP mice that were IV injected with the nanoparticle

diluent to act as a negative control, and the second and third groups consisted of normal

and TRAMP mice, respectively, that were IV injected with CFZ-HCl NPs. While CFZ is tradi-

tionally an orally fed drug, it requires several weeks of oral CFZ free base administration for a

sufficient amount of drug to accumulate in the tissue macrophages of various organs [40].

However, as a diagnosis technique, a shorter time frame would make it a more promising

method for diagnosis of prostate cancer. Thus, a biomimetic formulation of CFZ-HCl NPs,

which has been previously determined to be suitable for IV administration [19], allowed us to

achieve a high accumulation of CFZ-HCl NPs in the cancerous prostates within 24 hours post

injection.

HE stained sections of the TRAMP prostate (Fig 2A) showed that the mouse prostates were

most likely in between the initial and advanced stages of adenocarcinoma, as the acinar lumens

and interductal spaces were almost completely lost, even though the structure of each acinus

remained intact [20]. The normal prostate showed a normal physiology with a uniform layer

of epithelial cells comprising the glands (Fig 2B). From a quantitative drug analysis of the pros-

tates from CFZ-HCl NP injected animals, we observed that there was a much larger CFZ-HCl

NP accumulation in the TRAMP prostates than in the normal prostates (Fig 2C), verified by

histopathology and fluorescence images. Furthermore, we did not observe any CFZ-HCl NP

accumulation in the prostates of diluent injected TRAMP mice (Fig 2D) or in the prostates of

CFZ-HCl NP injected normal mice (Fig 2E). However, there was clear accumulation of the

CFZ-HCl NPs in the prostates of CFZ-HCl NP injected TRAMP (Fig 2F). These results sup-

ported the hypothesis that the IV injected CFZ-HCl NP has a greater accumulation in the

TRAMP prostates than in the normal prostates.

Sensitivity of PA imaging of CFZ-HCl NP

After confirming that the CFZ-HCl NP accumulated at a higher concentration in the prostates

of TRAMP mice, we identified if this increased accumulation could be detected via PA imag-

ing. Since one of the main concerns for detecting the CFZ-HCl NP was its potential overlap in

absorption spectra with blood, specifically with HbO2 and Hb (Fig 3A), we first tested the min-

imum detectable concentration of CFZ-HCl NP in the presence of blood. Here, a concentra-

tion of 10% blood by volume was used to mimic physiological conditions [45]. A wavelength
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of 500 nm was used because it was close to the peak absorption of CFZ-HCl NP, and it is also

at a trough and isosbestic point of HbO2 and Hb. By looking at the increase in PA signal ampli-

tude at 500 nm with increasing CFZ-HCl NP concentrations, we were able to detect a change

in PA signal with a concentration of up to 3 μg/mL of CFZ-HCl NP (Fig 3B). Assuming that 1

g of the prostate organ has a volume of approximately 1 mL (with 1 g/mL being the density of

water), CFZ-HCl NP was found to accumulate in the prostates of TRAMP mice with an aver-

age concentration of 60 μg/mL, as determined from the result in Fig 2C. This accumulation

concentration is more than an order of magnitude above the detection threshold of 3 μg/mL.

Hence, we concluded that the accumulation of CFZ-HCl NP in the prostates of TRAMP mice

will be detectable via PA imaging.

CFZ-HCl NP imaging via PA multiple wavelength unmixing

Next, we verified if we would be able to distinguish the CFZ-HCl NP signal from the blood sig-

nal. To do this, we used the multiple wavelength unmixing method to decouple the CFZ-HCl

NP signal from that of the blood. This method involves using multiple measurements at differ-

ent laser wavelengths to isolate the contributions of each chromophore to the PA signal [46,

47]. In this study, only two wavelengths were used to identify the individual contributions of

CFZ-HCl NP and total hemoglobin. Here, we observed that the CFZ-HCl NP signal could be

distinguished from the THb signal (Fig 4). This was demonstrated by the fact that we saw no

change in the measured THb concentration after the deconvolution while the measured con-

centration of CFZ-HCl NP increased as expected. The blank solution (water) also showed very

low THb and CFZ-HCl NP signals. However, there was a difference in the background relative

signal of THb and CFZ-HCl NP which was attributed to the fact that the tubing used to hold

the samples generates a small PA signal on its own, leading to some small systematic errors in

Fig 2. Histopathology and CFZ-HCl NP quantification in prostates. HE stained sections of the prostate for (A) TRAMP mice, and (B)

Normal mice at 19 weeks. (C) Quantified concentrations of CFZ-HCl NPs in the two CFZ-HCl NP injected groups. Co-registered

fluorescence images of the prostate with a nuclear stain (DAPI) in blue and CFZ-HCl NPs (Cy5) in red for (D) diluent injected TRAMP

mice, (E) CFZ-HCl NP injected normal mice, and (F) CFZ-HCl NP injected TRAMP mice. Scale bar = 50 μm. ��� p-value< 0.001.

https://doi.org/10.1371/journal.pone.0219655.g002
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the measurement. Hence, we demonstrated that the multiple wavelength unmixing method

worked as intended.

Ex vivo PA imaging of prostate samples

After validating that decoupling the contributions of CFZ-HCl NP and blood could be achieved

by multiple wavelength unmixing via the experiment on tube samples, we then performed ex
vivo PA imaging of the mouse prostates. Here, we compared the same 3 groups of mice shown

in Fig 2. Fig 5A–5C show the normalized CFZ-HCl NP signal over the blood signal for repre-

sentative prostates in the 3 separate groups. The CFZ-HCl NP signal was normalized to the

blood signal to help reduce any inaccuracies due to the difference in size of the prostates, as

detailed in the methods. Fig 5D shows the normalized mean CFZ-HCl NP signal to the mean

THb signal for all the prostates in each of the 3 groups. We observed that there was a signifi-

cantly higher CFZ-HCl NP signal in the prostates of CFZ-HCl NP injected TRAMP mice com-

pared to the other two groups, which matched the results shown in Fig 2. Furthermore, there

was no significant difference between the diluent injected TRAMP prostates and the CFZ-HCl

NP injected normal prostates. Thus, we demonstrated that PA imaging can be used to detect

the differences in accumulation of CFZ-HCL NPs in the prostates in an ex vivo setting.

Discussion

While the multiple wavelength unmixing technique helps to mitigate the interference of

endogenous chromophores, it is not a perfect technique, and there will always be background

Fig 3. Absorption spectra and single-wavelength PA sensitivity of CFZ-HCl NP in the presence of 10% blood. (A) Overlaid absorption

spectra of CFZ-HCl NP, HbO2, and Hb. (B) Normalized PA amplitude at 500 nm for a sample with increasing [CFZ-HCl NP] in the presence of

10% blood on a logarithmic scale. Red dotted line indicates the minimum detection threshold based on the PA measurement on a sample of 10%

blood in the absence of CFZ-HCl NP. Blue circle indicates the minimum detectable CFZ-HCL NP concentration of 3 μg/mL. (Inset) Normalized

PA amplitude at 500 nm with increasing [CFZ-HCl NP] on a normal scale to show the approximate linearity between [CFZ-HCl NP] and the PA

amplitude, at least up to a concentration of 0.3 mg/mL when signal saturation starts to occur.

https://doi.org/10.1371/journal.pone.0219655.g003
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noise from chromophores that are not accounted for in the algorithm. For example, the imag-

ing results in Fig 5 showed a strong background signal for CFZ-HCl NP in the absence or low

concentration of the drug. In addition, there appeared to be a slightly higher CFZ-HCl NP sig-

nal in the DIL-TMP group compared to the CFZ-NOR group, in contrast with the histology

Fig 4. Two-wavelength unmixing of CFZ-HCl NP from blood. A mixture of different concentrations of CFZ-HCl NP (shown on the y-axis) with 10% blood

by volume in a tube was used. The two columns indicate the isolated contributions of THb and CFZ-HCl NP to the PA signal for each sample. Color bars only

indicate the relative concentrations and not the actual concentrations. The last row shows the quantified relative concentrations for all the samples. “Blank”

indicates a tube filled with water.

https://doi.org/10.1371/journal.pone.0219655.g004

Fig 5. Ex vivo PA imaging results. CFZ-HCl NP signal normalized to the THb signal for prostates of (A) diluent injected TRAMP mice (DIL-TMP),

(B) CFZ-HCl NP injected normal mice (CFZ-NOR), and (C) CFZ-HCl NP injected TRAMP mice (CFZ-TMP). Color bars indicates the CFZ-HCl NP

signal normalized to the THb signal as determined by the two-wavelength unmixing. (D) Mean normalized CFZ-HCl NP signal for each group within

the organ boundaries as delineated by the US image (shown in the representative images as a white dotted line). � p-value< 0.05, �� p-value< 0.01.

https://doi.org/10.1371/journal.pone.0219655.g005
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results where the reverse was true. Unlike the samples used in Fig 4, other chromophores such

as myoglobin (and its many different forms) could also be present in the prostate, contributing

to some inaccuracies in the CFZ-HCl NP signal. If these chromophores could be identified

and accounted for, with more PA measurements made at additional wavelengths, the sensitiv-

ity of the PA imaging technique towards CFZ-HCl NP could be improved. In addition, the flu-

ence distribution in the prostate tissues is assumed to be wavelength-independent, which is

typically a good assumption for near-surface PA imaging, less so with increasing imaging

depth [46, 48]. Addressing these two limitations in the current approach would improve the

sensitivity of PA imaging towards the detection of CFZ-HCl NP, allowing for even more pre-

cise and accurate detection. The ability to detect and distinguish smaller concentrations of

CFZ-HCl NP will allow for many new possibilities using this technique, such as the study

of prostate cancer progression in its early stages, where CFZ-HCl NP accumulation in the

prostate is expected to be small. Additionally, there are concerns that normalization of the

CFZ-HCl NP to the THb signal would reduce the sensitivity of PA imaging to detect CFZ-HCl

NPs due to increasing vasculature in the prostate tumor with cancer progression. While this

may be true, we believe that the difference in accumulation of CFZ-HCl NPs between cancer-

ous and non-cancerous prostates (as shown in Fig 2C) will far outweigh any variations in

tumor vasculature.

It should also be noted that there are other PA contrast agents that can be used in the near-

infrared spectrum range (e.g. indocyanine-green and gold nanorods) [49, 50], which would

lead to less endogenous chromophore interference. However, none of them come with the

intrinsic benefit of CFZ-HCl NP, which specifically accumulates in tissue macrophages with-

out the need for external targeting agents. Since TAMs are prevalent in most forms of cancer,

this drug could potentially be used in the diagnosis of other forms of cancer as well. Further-

more, most of the other contrast agents are not clinically approved and are still limited to the

research field [49]. CFZ, on the other hand, is an FDA-approved drug with minimal harmful

side-effects [40], which makes it more likely to be translated for clinical use. Therefore, we

expect the benefits of using CFZ-HCl NP as a diagnostic contrast agent to outweigh the higher

signal interference with endogenous chromophores compared to other known contrast agents.

Besides the limitations mentioned above, there are also other challenges for translating this

into a practical probe for in vivo monitoring of prostate cancer development and staging, such

as the imaging depth needed for imaging prostates in vivo due to the prostate’s anatomical

location both in animals and humans. Due to the CFZ-HCl NPs low absorption wavelength,

deep imaging depths with the nanoparticle may be limited. However, there is ongoing research

in this field, where potential solutions to this include the development of a minimally invasive

needle-based PA imaging system that can be inserted close to the prostate [18, 51–53]. This

helps to bring both the light source and ultrasound transducer close to the prostate, signifi-

cantly reducing the absorption of the light signal from other chromophores as well as the

attenuation of the ultrasound signal in the body.

In conclusion, we have shown that IV injected CFZ-HCl NP accumulates at a higher con-

centration in cancerous prostates than in normal prostates within 24 hours post injection in a

TRAMP mouse model. In the presence of blood, one of the main endogenous chromophores

in the body, we were able to isolate the signal of CFZ-HCl NP using two-wavelength unmixing

PA imaging. Furthermore, we were able to apply this technique in PA imaging to detect the

higher accumulation of CFZ-HCl NP in the cancerous prostates compared to the normal pros-

tates. Hence, we believe that differences in the interaction of CFZ-HCl NP with normal vs

cancerous prostates, together with PA imaging, could lead to the development of a noninvasive

technique for the detection and monitoring of prostate tumor induction and progression in an

animal model of the disease, while providing useful information to facilitate the design of next
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generation imaging probes for the development of noninvasive diagnosis and staging of pros-

tate cancer in humans.

Supporting information

S1 File. NC3Rs ARRIVE guidelines checklist. This file contains additional information on

the appropriate use of animals in this research study.

(PDF)

Acknowledgments

We would like to thank the In-Vivo Animal Core at ULAM for performing the HE staining of

the prostate samples. We would also like to thank Dr. Guan Xu at the University of Michigan

for his assistance in harvesting the prostate organs from the mice.

Author Contributions

Conceptualization: Joel W. Y. Tan, Mikhail D. Murashov, Gus R. Rosania, Xueding Wang.

Data curation: Joel W. Y. Tan, Mikhail D. Murashov.

Formal analysis: Joel W. Y. Tan, Mikhail D. Murashov.

Funding acquisition: Gus R. Rosania, Xueding Wang.

Investigation: Joel W. Y. Tan, Mikhail D. Murashov.

Methodology: Joel W. Y. Tan, Mikhail D. Murashov, Gus R. Rosania, Xueding Wang.

Project administration: Gus R. Rosania, Xueding Wang.

Resources: Gus R. Rosania, Xueding Wang.

Software: Joel W. Y. Tan.

Supervision: Gus R. Rosania, Xueding Wang.

Validation: Joel W. Y. Tan, Mikhail D. Murashov.

Visualization: Joel W. Y. Tan, Mikhail D. Murashov.

Writing – original draft: Joel W. Y. Tan, Mikhail D. Murashov.

Writing – review & editing: Joel W. Y. Tan, Mikhail D. Murashov, Gus R. Rosania, Xueding

Wang.

References
1. U.S. Cancer Statistics Working Group. U.S. Cancer Statistics Data Visualizations Tool, based on

November 2017 submission data (1999–2015). U.S. Department of Health and Human Services, Insti-

tute CfDCaPaNC; 2018.

2. American Cancer Society. What Tests Can Detect Prostate Cancer Early?2016. https://www.cancer.

org/cancer/prostate-cancer/early-detection/tests.html.

3. Connolly D, van Leeuwen PJ, Bailie J, Black A, Murray LJ, Keane PF, et al. Daily, monthly and seasonal

variation in PSA levels and the association with weather parameters. Prostate Cancer And Prostatic

Diseases. 2010; 14:58. https://doi.org/10.1038/pcan.2010.37 PMID: 20975738

4. Eastham JA, Riedel E, Scardino PT, et al. Variation of serum prostate-specific antigen levels: An evalu-

ation of year-to-year fluctuations. JAMA. 2003; 289(20):2695–700. https://doi.org/10.1001/jama.289.

20.2695 PMID: 12771116

5. American Cancer Society. Tests for Prostate Cancer2017. https://www.cancer.org/cancer/prostate-

cancer/detection-diagnosis-staging/how-diagnosed.html.

Photoacoustic imaging of clofazimine hydrochloride nanoparticles in prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0219655 July 15, 2019 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219655.s001
https://www.cancer.org/cancer/prostate-cancer/early-detection/tests.html
https://www.cancer.org/cancer/prostate-cancer/early-detection/tests.html
https://doi.org/10.1038/pcan.2010.37
http://www.ncbi.nlm.nih.gov/pubmed/20975738
https://doi.org/10.1001/jama.289.20.2695
https://doi.org/10.1001/jama.289.20.2695
http://www.ncbi.nlm.nih.gov/pubmed/12771116
https://www.cancer.org/cancer/prostate-cancer/detection-diagnosis-staging/how-diagnosed.html
https://www.cancer.org/cancer/prostate-cancer/detection-diagnosis-staging/how-diagnosed.html
https://doi.org/10.1371/journal.pone.0219655


6. Hricak H, Choyke PL, Eberhardt SC, Leibel SA, Scardino PT. Imaging Prostate Cancer: A Multidisciplin-

ary Perspective. Radiology. 2007; 243(1):28–53. https://doi.org/10.1148/radiol.2431030580 PMID:

17392247

7. Fink KG, Hutarew G, Lumper W, Jungwirth A, Dietze O, Schmeller NT. Prostate cancer detection with

two sets of ten-core compared with two sets of sextant biopsies. Urology. 2001; 58(5):735–9. PMID:

11711351

8. Applewhite Jeffrey C, Matlaga Brian R, McCullough David L. Results of the 5 Region Prostate Biopsy

Method: The Repeat Biopsy Population. Journal of Urology. 2002; 168(2):500–3. PMID: 12131297

9. Norberg M, Egevad L, Holmberg L, Sparén P, Norlén BJ, Busch C. The sextant protocol for ultrasound-

guided core biopsies of the prostate underestimates the presence of cancer. Urology. 1997; 50(4):562–

6. https://doi.org/10.1016/S0090-4295(97)00306-3 PMID: 9338732

10. Epstein JI, Walsh PC, Sauvageot J, Ballentine Carter H. USE OF REPEAT SEXTANT AND TRANSI-

TION ZONE BIOPSIES FOR ASSESSING EXTENT OF PROSTATE CANCER. The Journal of Urol-

ogy. 1997; 158(5):1886–90. https://doi.org/10.1016/s0022-5347(01)64159-4 PMID: 9334623

11. Rabbani F, Stroumbakis N, Kava BR, Cookson MS, Fair WR. INCIDENCE AND CLINICAL SIGNIFI-

CANCE OF FALSE-NEGATIVE SEXTANT PROSTATE BIOPSIES. The Journal of Urology. 1998;

159(4):1247–50. PMID: 9507846

12. Stroumbakis N, Cookson MS, Reuter VE, Fair WR. Clinical significance of repeat sextant biopsies in

prostate cancer patients. Urology. 1997; 49(3, Supplement 1):113–8.

13. Serefoglu EC, Altinova S, Ugras NS, Akincioglu E, Asil E, Balbay MD. How reliable is 12-core prostate

biopsy procedure in the detection of prostate cancer? Canadian Urological Association Journal. 2013;

7:E293. PMID: 22398204

14. Ghai S, Haider MA. Multiparametric-MRI in diagnosis of prostate cancer. Indian journal of urology: IJU:

journal of the Urological Society of India. 2015; 31(3):194–201.

15. Siddiqui MM, Rais-Bahrami S, Truong H, Stamatakis L, Vourganti S, Nix J, et al. Magnetic resonance

imaging/ultrasound-fusion biopsy significantly upgrades prostate cancer versus systematic 12-core

transrectal ultrasound biopsy. European urology. 2013; 64(5):713–9. https://doi.org/10.1016/j.eururo.

2013.05.059 PMID: 23787357

16. Alonzi R, Padhani AR, Allen C. Dynamic contrast enhanced MRI in prostate cancer. European Journal

of Radiology. 2007; 63(3):335–50. https://doi.org/10.1016/j.ejrad.2007.06.028 PMID: 17689907

17. Haider MA, van der Kwast TH, Tanguay J, Evans AJ, Hashmi A-T, Lockwood G, et al. Combined T2-

Weighted and Diffusion-Weighted MRI for Localization of Prostate Cancer. American Journal of Roent-

genology. 2007; 189(2):323–8. https://doi.org/10.2214/AJR.07.2211 PMID: 17646457

18. Huang S, Qin Y, Chen Y, Pan J, Xu C, Wu D, et al. Interstitial assessment of aggressive prostate cancer

by physio-chemical photoacoustics: An ex vivo study with intact human prostates. Medical Physics.

2018; 45(9):4125–32.

19. Murashov MD, Diaz-Espinosa J, LaLone V, Tan JWY, Laza R, Wang X, et al. Synthesis and Characteri-

zation of a Biomimetic Formulation of Clofazimine Hydrochloride Microcrystals for Parenteral Adminis-

tration. Pharmaceutics. 2018; 10(4).

20. Hurwitz AA, Foster BA, Allison JP, Greenberg NM, Kwon ED. The TRAMP Mouse as a Model for Pros-

tate Cancer. Current Protocols in Immunology. 2001; 45(1):20.5.1-.5.3.

21. Cholo MC, Steel HC, Fourie PB, Germishuizen WA, Anderson R. Clofazimine: current status and future

prospects. J Antimicrob Chemother. 2012; 67(2):290–8. https://doi.org/10.1093/jac/dkr444 PMID:

22020137

22. Barry VC, Belton JG, Conalty ML, Denneny JM, Edward DW, O’Sullivan JF, et al. A new series of phen-

azines (rimino-compounds) with high antituberculosis activity. Nature. 1957; 179(4568):1013–5. https://

doi.org/10.1038/1791013a0 PMID: 13430770

23. World Health Organization. Leprosy Report 2014 [http://www.who.int/mediacentre/factsheets/fs101/en.

24. Arbiser JL, Moschella SL. Clofazimine: a review of its medical uses and mechanisms of action. J Am

Acad Dermatol. 1995; 32(2 Pt 1):241–7. PMID: 7829710

25. Tyagi S, Ammerman NC, Li SY, Adamson J, Converse PJ, Swanson RV, et al. Clofazimine shortens

the duration of the first-line treatment regimen for experimental chemotherapy of tuberculosis. Proc Natl

Acad Sci U S A. 2015; 112(3):869–74. https://doi.org/10.1073/pnas.1416951112 PMID: 25561537

26. Lechartier B, Cole ST. Mode of Action of Clofazimine and Combination Therapy with Benzothiazinones

against Mycobacterium tuberculosis. Antimicrob Agents Chemother. 2015; 59(8):4457–63. https://doi.

org/10.1128/AAC.00395-15 PMID: 25987624

27. Williams K, Minkowski A, Amoabeng O, Peloquin CA, Taylor D, Andries K, et al. Sterilizing activities of

novel combinations lacking first- and second-line drugs in a murine model of tuberculosis. Antimicrob

Agents Chemother. 2012; 56(6):3114–20. https://doi.org/10.1128/AAC.00384-12 PMID: 22470112

Photoacoustic imaging of clofazimine hydrochloride nanoparticles in prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0219655 July 15, 2019 13 / 15

https://doi.org/10.1148/radiol.2431030580
http://www.ncbi.nlm.nih.gov/pubmed/17392247
http://www.ncbi.nlm.nih.gov/pubmed/11711351
http://www.ncbi.nlm.nih.gov/pubmed/12131297
https://doi.org/10.1016/S0090-4295(97)00306-3
http://www.ncbi.nlm.nih.gov/pubmed/9338732
https://doi.org/10.1016/s0022-5347(01)64159-4
http://www.ncbi.nlm.nih.gov/pubmed/9334623
http://www.ncbi.nlm.nih.gov/pubmed/9507846
http://www.ncbi.nlm.nih.gov/pubmed/22398204
https://doi.org/10.1016/j.eururo.2013.05.059
https://doi.org/10.1016/j.eururo.2013.05.059
http://www.ncbi.nlm.nih.gov/pubmed/23787357
https://doi.org/10.1016/j.ejrad.2007.06.028
http://www.ncbi.nlm.nih.gov/pubmed/17689907
https://doi.org/10.2214/AJR.07.2211
http://www.ncbi.nlm.nih.gov/pubmed/17646457
https://doi.org/10.1093/jac/dkr444
http://www.ncbi.nlm.nih.gov/pubmed/22020137
https://doi.org/10.1038/1791013a0
https://doi.org/10.1038/1791013a0
http://www.ncbi.nlm.nih.gov/pubmed/13430770
http://www.who.int/mediacentre/factsheets/fs101/en
http://www.ncbi.nlm.nih.gov/pubmed/7829710
https://doi.org/10.1073/pnas.1416951112
http://www.ncbi.nlm.nih.gov/pubmed/25561537
https://doi.org/10.1128/AAC.00395-15
https://doi.org/10.1128/AAC.00395-15
http://www.ncbi.nlm.nih.gov/pubmed/25987624
https://doi.org/10.1128/AAC.00384-12
http://www.ncbi.nlm.nih.gov/pubmed/22470112
https://doi.org/10.1371/journal.pone.0219655


28. Dooley KE, Obuku EA, Durakovic N, Belitsky V, Mitnick C, Nuermberger EL, et al. World Health Organi-

zation group 5 drugs for the treatment of drug-resistant tuberculosis: unclear efficacy or untapped

potential? J Infect Dis. 2013; 207(9):1352–8. https://doi.org/10.1093/infdis/jis460 PMID: 22807518

29. Gopal M, Padayatchi N, Metcalfe JZ, O’Donnell MR. Systematic review of clofazimine for the treatment

of drug-resistant tuberculosis. Int J Tuberc Lung Dis. 2013; 17(8):1001–7. https://doi.org/10.5588/ijtld.

12.0144 PMID: 23541151

30. Sukpanichnant S, Hargrove NS, Kachintorn U, Manatsathit S, Chanchairujira T, Siritanaratkul N, et al.

Clofazimine-induced crystal-storing histiocytosis producing chronic abdominal pain in a leprosy patient.

Am J Surg Pathol. 2000; 24(1):129–35. PMID: 10632497

31. Belaube P, Devaux J, Pizzi M, Boutboul R, Privat Y. Small bowel deposition of crystals associated with

the use of clofazimine (Lamprene) in the treatment of prurigo nodularis. Int J Lepr Other Mycobact Dis.

1983; 51(3):328–30. PMID: 6685693

32. Baik J, Stringer KA, Mane G, Rosania GR. Multiscale distribution and bioaccumulation analysis of clofa-

zimine reveals a massive immune system-mediated xenobiotic sequestration response. Antimicrob

Agents Chemother. 2013; 57(3):1218–30. https://doi.org/10.1128/AAC.01731-12 PMID: 23263006

33. Baik J, Rosania GR. Macrophages sequester clofazimine in an intracellular liquid crystal-like supramo-

lecular organization. PLoS One. 2012; 7(10):e47494. https://doi.org/10.1371/journal.pone.0047494

PMID: 23071814

34. Baik J, Rosania GR. Molecular imaging of intracellular drug-membrane aggregate formation. Mol

Pharm. 2011; 8(5):1742–9. https://doi.org/10.1021/mp200101b PMID: 21800872

35. Keswani RK, Baik J, Yeomans L, Hitzman C, Johnson AM, Pawate AS, et al. Chemical Analysis of Drug

Biocrystals: A Role for Counterion Transport Pathways in Intracellular Drug Disposition. Mol Pharm.

2015; 12(7):2528–36. https://doi.org/10.1021/acs.molpharmaceut.5b00032 PMID: 25926092

36. Yoon GS, Keswani RK, Sud S, Rzeczycki PM, Murashov MD, Koehn TA, et al. Clofazimine Biocrystal

Accumulation in Macrophages Upregulates Interleukin 1 Receptor Antagonist Production To Induce a

Systemic Anti-Inflammatory State. Antimicrob Agents Chemother. 2016; 60(6):3470–9. https://doi.org/

10.1128/AAC.00265-16 PMID: 27021320

37. Yoon GS, Sud S, Keswani RK, Baik J, Standiford TJ, Stringer KA, et al. Phagocytosed Clofazimine Bio-

crystals Can Modulate Innate Immune Signaling by Inhibiting TNFalpha and Boosting IL-1RA Secretion.

Mol Pharm. 2015; 12(7):2517–27. https://doi.org/10.1021/acs.molpharmaceut.5b00035

38. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to therapy. Immunity. 2014;

41(1):49–61. https://doi.org/10.1016/j.immuni.2014.06.010 PMID: 25035953

39. Maolake A, Izumi K, Shigehara K, Natsagdorj A, Iwamoto H, Kadomoto S, et al. Tumor-associated mac-

rophages promote prostate cancer migration through activation of the CCL22-CCR4 axis. Oncotarget.

2016; 8(6):9739–51.

40. Murashov MD, LaLone V, Rzeczycki PM, Keswani RK, Yoon GS, Sud S, et al. The Physicochemical

Basis of Clofazimine-Induced Skin Pigmentation. J Invest Dermatol. 2017; 138(3):697–703. https://doi.

org/10.1016/j.jid.2017.09.031 PMID: 29042210

41. Keswani RK, Tian C, Peryea T, Girish G, Wang X, Rosania GR. Repositioning Clofazimine as a Macro-

phage-Targeting Photoacoustic Contrast Agent. 2016; 6:23528.

42. Xu M, Wang LV. Photoacoustic imaging in biomedicine. Review of Scientific Instruments. 2006; 77(4).

43. Wang X, Pang Y, Ku G, Xie X, Stoica G, Wang LV. Noninvasive laser-induced photoacoustic tomogra-

phy for structural and functional in vivo imaging of the brain. Nat Biotech. 2003; 21(7):803–6.

44. Rzeczycki P, Yoon GS, Keswani RK, Sud S, Stringer KA, Rosania GR. Detecting ordered small mole-

cule drug aggregates in live macrophages: a multi-parameter microscope image data acquisition and

analysis strategy. Biomed Opt Express. 2017; 8(2):860–72. https://doi.org/10.1364/BOE.8.000860

PMID: 28270989

45. Steven LJ. Optical properties of biological tissues: a review. Physics in Medicine & Biology. 2013;

58(11):R37.

46. Jo J, Lee CH, Kopelman R, Wang X. In vivo quantitative imaging of tumor pH by nanosonophore assis-

ted multispectral photoacoustic imaging. Nature Communications. 2017; 8(1):471. https://doi.org/10.

1038/s41467-017-00598-1 PMID: 28883396

47. Paproski RJ, Heinmiller A, Wachowicz K, Zemp RJ. Multi-wavelength photoacoustic imaging of induc-

ible tyrosinase reporter gene expression in xenograft tumors. Sci Rep. 2014; 4:5329. https://doi.org/10.

1038/srep05329 PMID: 24936769

48. Maslov K, Zhang HF, Wang LV. Effects of wavelength-dependent fluence attenuation on the noninva-

sive photoacoustic imaging of hemoglobin oxygen saturation in subcutaneous vasculaturein vivo.

Inverse Problems. 2007; 23(6):S113–S22.

Photoacoustic imaging of clofazimine hydrochloride nanoparticles in prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0219655 July 15, 2019 14 / 15

https://doi.org/10.1093/infdis/jis460
http://www.ncbi.nlm.nih.gov/pubmed/22807518
https://doi.org/10.5588/ijtld.12.0144
https://doi.org/10.5588/ijtld.12.0144
http://www.ncbi.nlm.nih.gov/pubmed/23541151
http://www.ncbi.nlm.nih.gov/pubmed/10632497
http://www.ncbi.nlm.nih.gov/pubmed/6685693
https://doi.org/10.1128/AAC.01731-12
http://www.ncbi.nlm.nih.gov/pubmed/23263006
https://doi.org/10.1371/journal.pone.0047494
http://www.ncbi.nlm.nih.gov/pubmed/23071814
https://doi.org/10.1021/mp200101b
http://www.ncbi.nlm.nih.gov/pubmed/21800872
https://doi.org/10.1021/acs.molpharmaceut.5b00032
http://www.ncbi.nlm.nih.gov/pubmed/25926092
https://doi.org/10.1128/AAC.00265-16
https://doi.org/10.1128/AAC.00265-16
http://www.ncbi.nlm.nih.gov/pubmed/27021320
https://doi.org/10.1021/acs.molpharmaceut.5b00035
https://doi.org/10.1016/j.immuni.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25035953
https://doi.org/10.1016/j.jid.2017.09.031
https://doi.org/10.1016/j.jid.2017.09.031
http://www.ncbi.nlm.nih.gov/pubmed/29042210
https://doi.org/10.1364/BOE.8.000860
http://www.ncbi.nlm.nih.gov/pubmed/28270989
https://doi.org/10.1038/s41467-017-00598-1
https://doi.org/10.1038/s41467-017-00598-1
http://www.ncbi.nlm.nih.gov/pubmed/28883396
https://doi.org/10.1038/srep05329
https://doi.org/10.1038/srep05329
http://www.ncbi.nlm.nih.gov/pubmed/24936769
https://doi.org/10.1371/journal.pone.0219655


49. Wu D, Huang L, Jiang M, Jiang H. Contrast Agents for Photoacoustic and Thermoacoustic Imaging: A

Review. International Journal of Molecular Sciences. 2014; 15(12):23616. https://doi.org/10.3390/

ijms151223616 PMID: 25530615

50. Weber J, Beard PC, Bohndiek SE. Contrast agents for molecular photoacoustic imaging. Nat Meth.

2016; 13(8):639–50.

51. Zhang H, Chao W-Y, Cheng Q, Huang S, Wang X, Wu D, et al. Interstitial photoacoustic spectral analy-

sis: instrumentation and validation. Biomedical optics express. 2017; 8(3):1689–97. https://doi.org/10.

1364/BOE.8.001689 PMID: 28663857

52. Xu G, Huang S, Qin Y, Pan J, Chen Y, Wu D, et al., editors. Photoacoustic needle biopsy for prostate

cancer diagnosis in human prostates ex vivo and mice in vivo (Conference Presentation). SPIE BiOS;

2018: SPIE.

53. Piras D, Grijsen C, Schutte P, Steenbergen W, Manohar S, editors. Photoacoustic needle: minimally

invasive guidance to biopsy2013: SPIE.

Photoacoustic imaging of clofazimine hydrochloride nanoparticles in prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0219655 July 15, 2019 15 / 15

https://doi.org/10.3390/ijms151223616
https://doi.org/10.3390/ijms151223616
http://www.ncbi.nlm.nih.gov/pubmed/25530615
https://doi.org/10.1364/BOE.8.001689
https://doi.org/10.1364/BOE.8.001689
http://www.ncbi.nlm.nih.gov/pubmed/28663857
https://doi.org/10.1371/journal.pone.0219655

