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Abstract

Prostate cancer is one of the most common cancers and among the leading causes of cancer deaths
in the United States. Men diagnosed with the disease typically undergo radical prostatectomy,
which often results in incontinence and impotence. Recurrence of the disease is often experienced
by most patients with incomplete prostatectomy during surgery. Hence, the development of a
technique that will enable surgeons to achieve a more precise prostatectomy remains an open
challenge. In this contribution, we report a theranostic agent (AuNP-5kPEG-PSMA-1-Pc4) based
on prostate-specific membrane antigen (PSMA-1)-targeted gold nanoparticles (AuNPs) loaded
with a fluorescent photodynamic therapy (PDT) drug, Pc4. The fabricated nanoparticles are well-
characterized by spectroscopic and imaging techniques and are found to be stable over a wide
range of solvents, buffers, and media. /n7 vitro cellular uptake experiments demonstrated
significantly higher nanoparticle uptake in PSMA-positive PC3pip cells than in PSMA-negative
PC3flu cells. Further, more complete cell killing was observed in Pc3pip than in PC3flu cells upon
exposure to light at different doses, demonstrating active targeting followed by Pc4 delivery.
Likewise, /n vivo studies showed remission on PSMA-expressing tumors 14 days post-PDT.
Atomic absorption spectroscopy revealed that targeted AuNPs accumulate 4-fold higher in PC3pip
than in PC3flu tumors. The nanoparticle system described herein is envisioned to provide surgical
guidance for prostate tumor resection and therapeutic intervention when surgery is insufficient.
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Prostate cancer is the most prevalent cancer and is the third leading cause of cancer deaths in
men in the United States.> Approximately 161 000 diagnoses and 26 730 deaths are
projected in 2017 among American males. Roughly 91% of men diagnosed with the disease
at initial screenings have clinically localized tumors and are candidates for radical
prostatectomies, or the surgical removal of the prostate gland.2 However, during surgery,
cancer has been shown to extend outside the prostate in 20—-42% of patients, resulting in the
failure to achieve a surgical cure in patients who underwent radical prostatectomy.3 In
addition, surgical approaches to prostate cancer are largely associated with significant
morbidity such as incontinence (3-74%) and impotence (30—-90%).4~" Hence, the
development of a technology that will improve the success rate for prostatectomies and
simultaneously reduce surgery-related morbidities in localized cancers is not only an open
challenge but also an urgent necessity.

Thanks to modern molecular biology, prostate-specific membrane antigen (PSMA) was
identified to differentiate benign from malignant disease, enabling the development of
potential targets for treatment strategies.8 PSMA is a type 11 transmembrane protein
composed of 750 amino acid residues with a molecular weight of 110 kDa. It is
overexpressed in all cases of prostate adenocarcinoma and in the neovasculature of solid
tumors such as colon, breast, and lung carcinomas.? More importantly, the cytoplasmic tail
of PSMA has an internalization motif suggesting that therapeutics with PSMA ligands are
internalized into the cell 10.11

In this study, we developed a nanoparticle-based platform to target prostate cancer tumors
for the delivery of a fluorescent and photodynamic therapy (PDT) drug, Pc4 (Scheme 1). A
brief overview of the mechanism of PDT can be found in the Supporting Information, and a
thorough review is discussed elsewhere.12 Eventually, we foresee this technology to
potentially improve the success rate for prostatectomies and simultaneously reduce surgery-
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related morbidities in localized cancers. Using a mouse model as the first step in
accomplishing this goal, we built upon our expertise with molecular imaging and
nanoparticle drug delivery to develop theranostic nanoparticles that will potentially permit
image-guided removal of cancer tissues and provide the added benefit of allowing ablation
of diseased tissues that are unable to be resected. As a proof of concept, an animal model
bearing heterotopically implanted prostate cancer tumor was utilized to ascertain the
feasibility of the proposed approach.

Ideally, a good PDT agent should have high absorption maxima at wavelengths longer than
630 nm (tissue penetration of light is optimal at the red region of the electromagnetic
spectrum), have a high extinction coefficient, have high quantum yield of 105, and have
good water solubility. Phthalocyanine-based Pc4 [HOSiPcOSi(CHs3),(CH2)3N-(CHs),] has
been our mainstay PDT drug not only because it is already approved for clinical trials!3 but
also because it possesses those aforementioned characteristics, except that it is insoluble in
aqueous systems. To circumvent this dilemma, we have recently developed covalent
synthetic routes using Pc4 derivatives to render the molecule water-soluble.1# In the past, we
have also developed a noncovalent nanoparticle-based Pc4 delivery platform for brain
cancer.1>-18 Apart from eliminating tedious synthetic modifications, the noncovalent
approach ensures the delivery of the drug in its native form. With nanoparticles as delivery
vehicle, we are able to exploit the enhanced permeation retention (EPR) effect, which allows
particles of a certain size to have a longer residence time in the tumor as a consequence of
the tumor’s leaky vasculature and poor lymphatic drainage.1®-2! Hence by EPR, drug-
loaded nanoparticles passively accumulate in the tumor where the noncovalently
encapsulated payload can be released and be concentrated. However, recent studies suggest
that delivery of nanodrugs by virtue of EPR alone offers a less than 2-fold increase in drug
delivery, resulting in concentrations that are insufficient for curing most cancers.22 On the
other hand, active targeting, /.e., nanoparticles functionalized with ligands specific to disease
biomarkers, increases the affinity of the nanoparticles for tumor cells, resulting in increased
tumor residence times and internalization by receptor-mediated endocytosis.23:24

There exist few reports on PSMA-targeted nanoparticles. “Soft” materials based on
architectured polymeric nanostructures, such as poly(lactic acid)-polyethyene glycol (PLA-
PEG) nanoparticles, 2526 PEG-cholesterol micelles,2” and aliphatic hyperbranched polyester,
28 and “hard” materials such as multiwalled carbon nanotubes?® and superparamagnetic iron
oxide nanoparticles3? have been functionalized with PSMA ligands for imaging, drug
delivery, and other therapeutic applications. Recently, gold nanoparticle conjugated anti-
PSMA antibody was developed to spectroscopically detect prostatic disease based on
localized surface plasmon resonance (LSPR) of gold nanoparticles.3! In this contribution,
we report the synthesis, characterization, and application of thoroughly characterized
PSMA-1-targeted gold nanoparticles for the theranostics of prostate cancer. PSMA-1 ligand
was first conjugated to thiol-terminated polyethylene glycol (PEG), which was then
subsequently grafted to the AuNP surface by ligand-exchange reaction. The efficacy of these
nanoparticles against PC3pip (PSMA+) and PC3flu (PSMA-) cells was evaluated /n vitro
and /n vivo (Scheme S1). For /n vivo studies, PC3pip and PC3flu cells were heterotopically
implanted into the right and left flanks of nude athymic mice, respectively. When the tumors
were of sufficient size, the nanodrug was introduced to the animal via tail-vein injection.
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Preferential binding to PSMA-expressing tumor was evaluated using a whole animal /n vivo
fluorescence Maestro imaging system and by analyzing the gold content of the tumors ex
vivo by atomic absorption spectrometry (AAS). PDT experiments were then performed by
irradiating the tumor area with a 672 nm laser diode. The animals were then monitored for
14 days post-PDT, and measurements such as tumor volume and total body weight were
recorded. Overall, the results of the experiments conducted indicate that PSMA-1-targeted
AUNPs are a vector to deliver Pc4 for the theranostics of prostate cancer. This can be
potentially translated into surgical applications such as intraoperative imaging for real-time
assessment of the extent of invasion, image-guided surgery for precise differentiation
between compromised and healthy tissues, and PDT ablation to guarantee maximum
removal of cancer after conventional prostatectomy.

RESULTS AND DISCUSSION

PSMA-1 is a urea-based ligand routinely synthesized in our laboratory using standard
fluorenylmethyloxycarbonyl chemistry. We have previously shown that PSMA-1
demonstrated enhanced binding affinity (ICsg = 2.30 nM) to the PSMA receptor compared
to its parent ligand Cys-CO-Glu (ICsq =9.93 nM).32 The lysine residue at the C-terminus
offers the opportunity to conjugate biologically relevant molecules such as compatibilizers,
drugs, and imaging agents through a myriad of available amine chemistry. In this study, we
utilized a 5 kDa bifunctional PEG-containing orthopyridyl disulfide (OPSS) terminal group
on one end and N-hydroxysuccinimide (NHS) ester on the other. PEGylation was performed
via standard carbodiimide cross-linking chemistry to couple the NHS ester to the lysine N of
the C-terminus of PSMA-1 (Figure 1a). The synthesized materials were purified by high-
performance liquid chromatography (HPLC), where the UV absorbance of the OPSS group
was instrumental in monitoring the successful conjugation of PSMA-1 ligand and PEG. We
employed MALDI-TOF MS to confirm the mass of the synthesized conjugates as shown in
Figure 1b and Figure S1. After conjugation, an approximately 1 kDa shift in the mass
spectra of SH-5kPEG-PSMA-1 evidenced the successful coupling of the 1087 Da PSMA-1
and the 5 kDa OPSS-5kPEG-NHS.

Dodecylamine (DDA)-stabilized gold nanoparticles (AuUNPDDA) were then synthesized
using the modified Brust— Schiffrin method.18 A representative transmission electron
microscopy (TEM) image of AUNP-DDA is displayed in Figure S2. We synthesized three
batches of AUNP-DDA and performed TEM and UV-vis analyses to ascertain consistency
in the fabrication of the nanoparticles. Figure S3 shows that based on the size distribution
and spectral profile our synthesis of precursor AUNP-DDA is consistent and reproducible. In
order to graft the PSMA-1 ligand onto the nanoparticle, a ligand-exchange reaction was
performed by virtue of the strong interaction between gold and thiol. Briefly, a 1000 molar
excess of SH-5kPEG-PSMA-1 and SH-5kPEG ligands in 1:5 molar ratio was allowed to
react with 1 equiv of AuUNP-DDA for 2 days (Figure 2a). Excess ligands and other reaction
products were removed by extensive purification using centrifuge filters (MWCO = 50 kDa)
followed by freeze-drying. The complete removal of free ligands is critical to avoid
competitive binding between the nanoparticle and the unbound ligand to the PSMA receptor.
Hence, the filtrate was also collected, freeze-dried, and weighed at each purification cycle to
confirm complete removal. We found that roughly 60% of the loaded ligands were in excess,
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suggesting that approximately 40% were successfully grafted on the nanoparticle (Figure
S4). To demonstrate successful attachment of the PSMA-1 ligand to the nanopatrticle,
agarose gel electrophoresis experiments were performed in TAE buffer at pH 8.3 (Figure
2b). Being highly negatively charged due to abundant glutamic acid residues, PSMA-1-
targeted gold nanoparticles migrated to the anode, suggesting that the nanoparticle surface is
well-functionalized with the peptide. In contrast, nontargeted gold nanoparticles migrated to
the cathode together with the electroosmostic flow tracer, vitamin B12. This is consistent
with our previous report detailing the electrophoretic mobilities of PEGylated gold
nanoparticles.33

It is well-known that PEG is beneficial in enhancing the solubility, reducing nonspecific
binding, improving biocompatibility, and increasing the circulation half-life of small-
molecule and nanoparticle-based drugs.34 Furthermore, PEG’s amphiphilicity allows the
encapsulation of water-insoluble Pc4 in the corona of the nanoparticle. Pc4 loading was
performed by adding a 40-fold excess of Pc4 to a AUNP-5KPEG-PSMA-1 solution in
chloroform. Due to the amphiphilic nature of PEG, chloroform swells the corona, which
facilitates the diffusion of Pc4 molecules into the PEG coating. After incubation for 48 h, the
solvent was removed and final AUNP-5KPEG-PSMA-1-Pc4 conjugates were purified
through a 0.25 um syringe filter. Thorough characterization involving spectroscopic and
imaging techniques was performed to fully understand the nature of the synthesized
nanoparticle conjugates. We utilized UV-vis spectroscopy (Figure 2c) and the signature
LSPR band of AuNPs at 520 nm and the absorbance of Pc4 at 670 nm to calculate the
loading of the latter. We found an average of ~20 molecules of Pc4 per AuNP. It is worth
mentioning that the absorbance of encapsulated Pc4 bathochromically shifted from 670 to
680 nm. The 10 nm shift is due to the electronic effects brought about by the gold and PEG
environment, which is also an indication that the Pc4 molecules are actually trapped inside
the polymeric shell. Reports have also shown that phthalocya-nines have the tendency to
aggregate at high concentrations and in poor-solvent environments, resulting in a red-shift in
its absorption spectra.3>:3¢ These conditions are possible in these AUNP-Pc4 conjugates in
aqueous solution. However, the Pc4 molecules are unlikely to aggregate in the polymer shell,
since no spectroscopic signatures of H- and J-aggregates were identified.

The advantages of nanosized drugs for cancer diagnosis and treatment include their ability to
have large loading capacity, their ability to protect the payload from degradation, a large
surface area to volume ratio allowing a variety of targeting ligands to be grafted, and the
amenability for controlled or sustained release.?2 Due to EPR effect, nanosized drugs
preferentially penetrate the tumor tissues through leaky vasculature and are retained in the
tumor bed due to poor lymphatic drainage. The EPR effect is a size- and time-dependent
process; therefore it is critical that formulated drug-loaded nanocarriers are stable over a
suitable period of time. We utilized UV-vis spectroscopy to monitor the stability of AUNP
conjugates at room temperature in biologically relevant buffers and media such as RPMI

+ 10% FBS, PBS, TBS, citrate buffer, NSS, and water at pH 7, 3, and 10 (Figure S5). We
found that the conjugates in solution are stable in most solvents for at least three months.
More importantly, the stability in media (RPMI + 10% FBS) is noteworthy because unlike
small-molecule drugs, nanosized drugs slowly leak from the blood vessels after intravenous
introduction. Hence, the accumulation of drugs into the tumor would be inadequate if the
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nanosized drugs were unstable in the serum.3” We also monitored the potential aggregation
of the nanoparticles by examining them using TEM. Figure 3a demonstrates that PEGylated
nanoparticles present a nearly unimodal distribution centered at 5.5 + 0.4 nm. To visualize
the shell or the corona of the nanoparticle, the sample was stained with 2% phosphotungstic
acid (PTA) prior to imaging (Figure 3b). The overall size of the nanoparticle (Au core +
corona) is 23 = 3 nm. In contrast, we found that the size as determined by dynamic light
scattering (DLS) is 26.5 = 1.1 nm, which is expected, as DLS measures the hydrodynamic
size, taking into account the interaction of the material with the solvent (Figure S6). Long-
term stability was tested by storing the particles at —20 °C followed by TEM imaging a year
later (Figure 3d). Interestingly, the corona is intact although the overall size decreased to 17
+ 2 nm. To gain further understanding about this phenomenon, we re-examined the UV-vis
absorbance of the nanoparticle by dispersing it in water (Figure 3d). The nanoparticles
instantaneously dispersed in solution, suggesting that the nanoparticles are not agglomerated
and are in fact stable. Furthermore, the spectral profile of the year-old nanoparticle solution
overlays that of the previous. This is an interesting finding, suggesting that the grafted
polymer rearranges to a more compact structure over time. Being a crystalline polymer with
a narrow polydispersity, the PEG chains over time at low temperature are likely to rearrange
into a dense and compact shell surrounding the nanoparticle.38

The tenet of photodynamic therapy is the ability of the PDT agent to generate reactive
oxygen species (ROS), mainly singlet oxygen (10,), when activated by light. These
generated products are highly reactive and can oxidize key cellular components, leading to
tumor ablation. In order to confirm the ability of Pc4 to generate 10,, we performed the
photo-irradiation of Pc4 in the presence of a 10, trap, diphenylisobenzofuran (DPBF). When
10, is generated, DPBF photodecomposes, which can be conveniently monitored by UV-vis
absorption at 410 nm. Figure 4a shows the decomposition of DPBF in the presence of
irradiated Pc4 over time, suggesting concomitant production of cytotoxic 10,. The results of
our 10, experiments are summarized in Figure S7, showing the response at different
solvents (ethanol, PBS, and media), Pc4 concentration, and light dosage. Generally,
increasing the concentration and dosage led to rapid decomposition of DPBF, hence rapid
generation of 10,. It is worth noting that we performed the experiment in media to
determine if 10, will be generated in a biological environment. More importantly, we
evaluated the generation of 10, species of the as-synthesized AuNP conjugates (Figure 4b).
We compared the performance of AUNP-5KPEG-PSMA-1-Pc4 against physically mixed Pc4
and AuNP-5kPEG. As shown in Figure 4b, the presence of Pc4 is essential in the generation
of 10, species, as physically mixed DPBF and AuNP alone did not exhibit an appreciable
decrease in absorbance (the slight increase is due to solvent evaporation). The absorbance of
physically mixed DPBF + Pc4 decreased to 31.5 £ 6.8%, while that of physically mixed
DPBF + AuNP-5kPEG + Pc4 decreased to 46.6 + 2.9%. This is anticipated since physically
mixed Pc4 can freely interact with DPBF in solution, resulting in the rapid generation of
10,. The difference of the performance of the physically mixed system with and without
AUNP may well be due to the slight absorbance of AUNP at 678 nm. In contrast, the
absorbance of AUNP-5kPEG-PSMA-1-Pc4 minimally decreased to 85.1 £ 5.4%, a
compelling evidence that the Pc4 drugs are encapsulated within the corona of the
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nanoparticle and protected from light activation. This feature is essential to minimize
premature and nonspecific release of the drug during introduction.

We have previously shown that targeted interaction of the loaded nanoparticle with the cell
initiates transfer of the hydrophobic payload to hydrophobic regions within the cell (e.g.,
mitochondrial and cellular membranes).15:16:18.24 To mimic this, we performed a drug
release study in a two-phase system composed of AuUNP conjugates either in media or in
mouse blood as the aqueous layer and toluene as the hydrophobic component. Figure S8 and
Figure S9 indicate that these hydrophobic Pc4 molecules can be released into an adjacent
hydrophobic environment.

The apparent affinity of the PSMA-targeted nanoparticle was then evaluated by competition
binding assay to determine the 1Csq (Figure 5a). PSMA-expressing PC3pip cells were
incubated with different concentrations of AUNP-5kPEGPSMA-1, PSMA-1, and the parent
ligand, ZJ24, in the presence of 12 nM 3H-labeled ZJ24. Cell-associated uptake was
determined by measuring the radioactivity viaa scintillation counter. Compared to Z2J24
(IC50 = 9.66 nM) and PSMA-1 (ICgq = 2.01 nM) ligands, AUNP-5kPEG-PSMA-1
remarkably exhibited the lowest ICgq value (IC5qg = 0.17 nM). The 12-fold increase in
binding avidity as compared to PSMA-1 is likely due to the multiple PSMA-1 ligands in
each nanoparticle. Multivalency has been shown to enhance binding to the desired target and
a key factor to improve biological targeting.3%40 Similar to dendrimers studied by Hong et
al3 the spherical geometry of AuNPs preorganizes the ligands into a small region of space,
which limits their degree of freedom as compared to the free peptide, PSMA-1. This
compensates for the entropic penalty required for localizing the targeting ligands into the
tumor. Due to the directionality offered by thiol-gold interaction, our synthetic design to
have PSMA-1 on one end and thiol on the other ensures that PSMA-1 ligands are exposed to
the surface of the nanoparticle and allows all targeting to address the cell surface.

Next, the /nn vitro phototoxicity of Pc4-bearing targeted and nontargeted AuNP conjugates
was determined (Figure 5b). PSMA-expressing PC3pip or nonexpressing PC3flu cells were
incubated with Pc4-containing nanoparticles for 4 h. Following washing, the cells were
exposed to different doses of light (0, 0.1, 0.5, and 1 J), and the percentage of surviving cells
was calculated 24 h later using a 3-(4,5-dimethylthiazol-2-yl1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS) assay. Figure 5b shows
that at 1 J, PSMA-targeted AuNPs killed approximately 8 times more PC3pip (4.9 + 2.2%)
than PC3flu cells (37.1 £ 7.7%). To a certain extent, nontargeted gold nanoparticles can kill
PC3pip and PC3flu cells at elevated irradiation doses, which may be due to nonspecific
release and absorption of free Pc4 into the cells. These results show that AUNP-5kPEG-
PSMA-1-Pc4 conjugates are more efficient at killing PSMA-expressing cells than
nontargeted nanoparticles. They are more selective for PSMA-expressing cells, which
evidenced active targeting and Pc4 delivery to cells as a result of conjugating the AuNPs
with the PSMA-1 ligand. To further probe the mechanism of toxicity, we performed an
intracellular ROS assay. PC3pip cells were incubated with dichlorofluorescein diacetate
(DCFDA) and then treated with either targeted or nontargeted gold nanoparticles containing
Pc4. When free radicals are generated within the cells, the nonfluorescent DCFDA is
converted to fluorescent 2”,7’-dichlorofluorescein (DCF™) as it reacts with cellular ROS
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(Agx = 495 nm; Agm = 529 nm).*1 The mechanism of the transformation is shown in Figure
S10. The assay was performed by incubating PC3pip cells with targeted and nontargeted
gold nanoparticles together with DCFDA followed by irradiation. Figure 5c displays the
fluorescence images of the cells at the corresponding emission windows of each fluorophore
(nucleus was stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride,
DAPI). The data show that cells treated with AUNP5KPEG-PSMA-1-Pc4 exhibited more
fluorescence signal, suggesting Pc4 results in production of ROS. This result further
confirms the efficient delivery of Pc4 as a result of PSMA targeting.

The PSMA receptor has an internalization motif MXXXL and is reported to have a robust
baseline internalization rate of 60% of its surface PSMA in 2 h, suggesting that PSMA-1-
targeted AuNPs are internalized via clathrin-mediated endocytosis.!! To this end, we
performed silver staining to ascertain whether the AuNPs are within the cellular milieu. In
this procedure, silver ions nucleate around gold nanoparticles and precipitate as silver metal.
The silver-coated gold further catalyzes more silver deposition, resulting in particle growth,
hence the visibility under a light microscope. It is evident in Figure 6 that there is
significantly higher gold uptake in PSMA-expressing PC3pip cells than in PSMA-negative
PC3flu cells. Untargeted AuNPs had significantly less uptake by PSMA-expressing cells,
similar to the level of uptake measured with cells not expressing PSMA. As shown in Figure
6, the uptake of Pc4 correlated well with the cell-associated AuNP assessed by silver
staining.

Establishing that AUNP5KPEG-PSMA-1 is effective at targeting and delivering Pc4 to cells
In vitro, we next studied the efficacy of the AUNP conjugates /n7 vivo. Athymic nude mice
were subcutaneously inoculated with 1 x 108 PC3pip or PC3flu cells in right and left flanks,
respectively. When tumors were of sufficient size, the animals were injected with 0.07
mg/kg (with respect to Pc4) AUNPSKPEGPSMA-1-Pc4 viathe tail vein. Maestro /n vivo
fluorescence imaging was used to track the fluorescence of Pc4. Figure 7a shows that Pc4
accumulates more into PSMA-expressing tumor and the release of Pc4 peaks and plateaus
after 3 h postinjection (Figure S11). Typically, passive accumulation of nanoparticles into
the tumor by the EPR effect takes 16—-24 h. In contrast, the onset of accumulation observed
in our experiment is rather immediate. In addition, the Pc4 signal also persisted up to 24 h,
although there is an indication that it is gradually cleared from the tumor. These observations
are consistent with active targeting due to PSMA. Although it may appear from Figure S11
that there seems to be little improvement due to targeting, we hypothesized that the
fluorescence of Pc4 was quenched due to the presence of AuUNP in the PC3pip tumor. Hence,
to determine gold content, we excised both pip and flu tumors after 3 h and performed acid
digestion. By AAS, we found that AUNP5kPEG-PSMA-1-Pc4 accumulates 4x more in
PC3pip than in PC3flu tumors (Figure 7¢). We also sectioned the tumor tissues and
performed a quick silver stain to qualitatively determine which tissue had more gold content.
Figure 7c (inset) shows that thin sections of PC3pip tumor turned dark while PC3flu showed
little to no darkening after silver staining. All these results clearly demonstrate active
targeting and delivery of Pc4 as a result of PSMA-1 conjugation.

As a last step in these studies we performed /n vivo PDT experiments with mice bearing a
PC3pip tumor labeled with green fluorescent protein (GFP). The efficacy of the treatment
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was evaluated by monitoring tumor growth using a digital caliper, GFP fluorescence by
Maestro, and body weight loss for 14 days post-PDT. At 3 h postinjection of the
AUNP5KPEGPSMA-1-Pc4, the tumor was irradiated with 672 nm light at a constant fluence
rate of 0.1 W/cm? for 25 min (150 J/cm?2) and 50 min (300 J/cm?). Immediate swelling
following PDT is typically seen in PDT studies, but usually resolves in 3 days. In addition,
no toxicity to the animals was noted other than scabbing at the irradiation site, which also
disappears in a few days. Figure 8a shows the black and white and corresponding GFP
fluorescence images of the same mouse monitored over time, indicating that the tumor is
decreasing in size and fluorescence intensity.

Figure 8b—d show the efficacy of the treatment, especially at a higher dosage of light. The
group treated with 300 J/cm? was in remission 14 days post-treatment and was generally
healthier and active, as also evidenced by their weight gain.

The findings presented indicate that PSMA-targeted gold nanoparticles can be utilized to
selectively target prostate cancer /nn vitroand in vivo. More importantly, these nano-particles
can efficiently deliver the imaging and PDT agent Pc4, selectively to PSMA-expressing
prostatic disease. By delivering Pc4 directly to prostate cancer cells, potential applications,
such as (1) intraoperative imaging to assess extracapsular invasion of the prostate cancer and
inform real-time intraoperative decision making; (2) intraoperative image-guided resection
of prostate cancer and differentiation of critical surrounding structures (e.g., nerve bundles
and urethral sphincter); and (3) PDT ablation of nonresectable tumor tissues to ensure
maximum removal of cancer after conventional surgery is completed, are accessible and will
be explored in the future.

SUMMARY AND CONCLUSION

Stable PSMA-targeted gold nanoparticles were synthesized and extensively characterized by
spectroscopic and imaging techniques. The theranostic gold nanoparticle was engineered to
contain and deliver Pc4, which is both an imaging agent and a potent anticancer PDT drug.
These nanoparticles have a highly effective mechanism to deliver drugs to prostate cancer
cells /n vitroand in vivo. Results of /n vitro cellular uptake experiments demonstrated
significantly higher nanoparticle uptake in PSMA+ PC3pip cells than in PSMA- PC3flu
cells. In addition, more cell ablation was observed in PC3pip than in PC3flu cells upon
exposure to light at different doses, demonstrating active targeting followed by Pc4 delivery.
In vivo, we have demonstrated that these nanoparticles can selectively deliver the payload
that allows visualization of the tumor and enables their destruction when they are irradiated
with light. Treated animals showed remission of the tumor 14 days post-PDT, demonstrating
that PSMA-targeted gold nanoparticles are effective materials in providing surgical guidance
for prostate tumor resection and therapeutic intervention when surgery is insufficient.

METHODOLOGY
Synthesis of Glu-CO-Glu’-Amc-Ahx-Glu-Glu-Glu-Lys-NH, (PSMA-1).

Using standard fluorenylmethyloxycarbonyl (Fmoc) chemistry, the peptide was synthesized
at 0.2 mmol scale starting from C-terminal Fmoc-rink amide 4-methylbenzhydrylamine
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resin. A 20% piperidine in dimethylformamide (DMF) solution was used during every Fmoc
deprotection cycle. Ninhydrin test was also performed at each addition cycle. The coupling
of the amino acids was carried out using 3.3 equiv of Fmoc amino acids in DMF activated
with 3.3 equiv of 2-(6-chloro-1- H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate and 5 equiv of diisopropylethylamine (DIPEA) in DMF. After the
peptide sequence Fmoc-Glu’-Amc-Ahx-Glu-Glu-Glu-Lys(Mtt) was assembled on the resin,
the Fmoc group of N-terminal amino acid Glu” was deprotected by 20% piperidine. The
Amc, Ahx, and Lys(Mtt) residues are from trans-4-(9-
fluorenylmethyloxycarbonylaminomethyl)cyclohexanoic acid, 6-(Fmoc-amino)hexanoic
acid, and AV-a-Fmoc-A-e—4-methyltrityl-L-lysine, respectively. Then, a chloroform solution
containing 3 equiv of H-Glu(OtBu)-OtBu mixed with 2.5 equiv of DIPEA was then prepared
followed by its slow addition to 0.25 equiv of triphosgene in chloroform over 10 min at RT.
After a 15 min reaction, the mixture was mixed with Glu’-Amc-Ahx-Glu-Glu-Glu-Lys on
the resin preswollen in chloroform with 2.5 equiv of DIPEA. After the reaction, the resin
was washed with DMF and then dichloromethane and dried overnight. The peptide was
released from the resin using trifluoroacetic acid/water/triisopropylsilane (95%:2.5%:2.5%).
The purification of the cleaved peptide was performed using preparative HPLC. The
products were characterized by high-resolution matrix-assisted laser desorption/ionization
—time-of-flight mass spectroscopy (MALDITOF MS) using Bruker AutoFlex 111 MALDI-
TOF-TOF MS in the positive ion mode. The retention time was 18.6 min. MALDI-MS:
C4gH74N19020, 1087.5 (found); 1087.1 (calculated).

Synthesis of SH-5kPEG-PSMA-1.

The PEGylation of PSMA-1 was performed through the »-NH of lysine. PSMA-1 (1 mg)
was dissolved in 200 gL of PBS, and EtgN was added until the pH was between 7 and 8.
Then, a 2-fold excess of NHS-5kPEG-OPSS (Jenkem Technology) predissolved in 200 gL
of DMF was mixed with the PSMA-1 solution. The mixture was allowed to react overnight
in a rotary mixer. Purification through HPLC was then performed. For deprotection, a 10-
fold excess of tris(2-carboxyethyl)phosphine was added to OPSS-5kPEG-PSMA-1 to reduce
the OPSS groups to corresponding thiol (=SH) groups. The reaction was performed in H,O
and was carried out for 2 h followed by dialysis (MWCO = 2 kDa) against deionized H,O
overnight. The dialyzed material was lyophilized, and successful removal of the OPSS group
was confirmed by HPLC.

Synthesis of Gold Nanoparticle Conjugates.

The gold nanoparticles were prepared by first mixing 0.1367 g of tetraoctylammonium
bromide and 5 mL of toluene. After 5 min of mixing, 367 wL_ of gold(I1l) solution (30 wt %
in dilute HCI) was added, and the mixture was allowed to stir for 5 min. DDA (0.112 g) was
then added to the solution. Following another 10 min of stirring, 1 mL of a 0.0756 g/mL
sodium borohydride (NaBHy,) ice-cold water solution was added slowly at 50 z1./15 s
increments. The addition of NaBH,4 will immediately turn the color of the solution from
salmon orange to wine red. The reaction mixture was allowed to stir for 2 h. To precipitate
AUNP-DDA, the mixture was poured into 50 mL of 100% ethanol for 15 min at 4000 rpm.
The supernatant was decanted followed by another round of ethanol washing. The AuNP-
DDA nanoparticles were then dried under a stream of N5 gas for 30 min. Then, the dried
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nanoparticles were dissolve in 5 mL of chloroform (CHCIs3) followed by centrifugation at
4000 rpm for 15 min. Only the supernatant was collected. The concentration was determined
by UV-vis spectroscopy based on gold’s LSPR absorption band at 520 nm (e = 2.737 x 107
L/mol/cm). To synthesize AUNP-5kPEG-PSMA-1, a 1000 molar excess of SH-5kPEG-
PSMA-1 and SH-5kPEG ligands in 1:5 molar ratio was allowed to react with 1 equiv of
AuUNP-DDA for 2 days. Excess ligands and other reaction products were removed by
extensive purification using centrifuge filters (MWCO = 50 kDa) followed by freeze-drying.
In order to fabricate AUNP-5KPEG-PSMA-1-Pc4, a 40-fold excess of Pc4 was added to a
AUNP-5kPEG-PSMA-1 solution in chloroform. After incubation for 48 h, the solvent was
removed and final AUNP-5kPEG-PSMA-1-Pc4 conjugates were purified through a 0.25 t/m
syringe filter.

Characterization of Gold Nanoparticle Conjugates.

All UV- vis spectroscopy studies were performed on a Tecan Infinite M200. In a typical
experiment, the absorbance of AUNP conjugates dissolved in a solvent of choice was
collected from 300 to 800 nm, paying attention to the AUNP’s LSPR band at 520 nm and
Pc4’s Q-band at 670 nm. For stability studies in solution, stock solutions of AuNP
conjugates in media (RPMI + 10% FBS), DI H,0 (at pH 3, 7, and 10), PBS, TBS, NSS, and
citrate and RIPA buffer were prepared and were stored at room temperature. The absorbance
of these solutions was monitored in triplicates at 520 and 670 nm at certain time points by
pipetting out 200 £ of the stock solution into a 96-well plate array. A ZetaPALS dynamic
light scattering system (Brookhaven Instruments) was used to determine the hydrodynamic
size of the nanoparticle conjugates. For absolute size determination, a sample was dropped
onto 400 mesh copper TEM grids with a Formvar/carbon support (Ted Pella, Inc.). Prior to
staining, excess sample was wicked off the TEM grid with filter paper. Then, 2% PTA was
dropped onto the grid, again wicking off the excess with filter paper. The grid was allowed
to dry at RT overnight, and imaging was performed on a FEI Tecnai 12 Spirit TEM
operating at 100 kV accelerating voltage. On the other hand, gel electrophoresis studies were
performed on a 1% agarose gel and 1x TAE running buffer. Each sample consisted of 10 /L
of 2 mM AuNP conjugates, 5 4L of glycerol, and 5 4L of water. An electroosmostic flow
tracer, vitamin B12, was also included. The gel was run at 120 V for 30 min.

Singlet Oxygen Generation Experiments.

Cell Culture.

The singlet oxygen generation was determined by the decomposition of DPBF (50-200
mM) in the presence of free or encapsulated Pc4 (10 mM). The experiment was performed
in ethanol, PBS, or media (RPMI + 10% FBS). In a typical experiment, 100 mL of DPBF
solution was mixed with 10 mL of Pc4 solution in a 96-well plate. The well was then
irradiated with 1-5 mW/cm? of 672 nm light from a diode laser (Applied Optronics Corp.)
equipped with a GRIN-lens-terminated multimode fiber (OZ Optics). Every 10 s, the decay
of DPBF was monitored by its absorption at 410 nm using a Tecan Infinite M200 plate
reader.

Retrovirally transfected PSMA+ PC3pip cells and PSMA- PC3flu cells obtained from Dr.
Michel Sadelain in 2000 (Laboratory of Gene Transfer and Gene Expression, Gene Transfer
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and Somatic Cell Engineering Facility, Memorial-Sloan Kettering Cancer Center, New York,
NY, USA) were used in these studies. The cells were last checked by Western blot analysis
in 2017 for PSMA expression. The cells were cultured in RPMI11640 medium (Invitrogen
Life Technology) with 2 mmol/L L-glutamine and 10% FBS at 37 °C and 5% CO, under a
humidified atmosphere.

Competition Binding Assay.

The competition binding assay was carried out by incubating 5 x 10° PC3pip cells with
different concentrations (1000, 100, 10, 1, 0.1 nmol) of AUNP-5kPEG-PSMA-1, PSMA-1,
and ZJ24 in the presence of 12 nmol/L N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-S-[3H]-
methyl-L-cysteine (3H-ZJ24) (GE Healthcare Life Sciences) in Tris buffer. The radioactivity
of the cell pellet was counted by a scintillation counter. ICsg, the concentration required to
inhibit 50% of binding, was determined by GraphPad Prism 3.0.

In vitro Phototoxicity by MTS Assay.

The cell viability was evaluated by the CellTiter 96 Aqueous cell proliferation assay
(Promega Corporation) in the dark and under light exposure. PC3pip and PC3flu cells (1000/
well) were seeded in 96-well culture plates 3 days before treatment. Then, the media was
removed and replaced with 200 gL of 1 gmol/L of Pc4 in either AUNP-5KPEG-Pc4 and
AUNP-5kPEG-PSMA-1-Pc4 prepared in RPMI + 10% FBS solution. After incubation for 4
h, the cells were washed twice with 200 1 of complete RPMI media, and another 200 /i of
media was added prior to irradiation. The 96-well plate was then irradiated under light (>500
nm; Apollo Horizon projector, Acco Brands) with radiant exposure at 0.1, 0.5, and 1 J/cm?.
Following incubation overnight, CellTiter 96 Aqueous reagent was added to each well. After
a 3 hincubation at 37 °C, the absorbance at 490 nm was measured.

In vitro Cellular Uptake Studies.

PC3pip and PC3flu cells (20 000 cells/500 y1.) were plated on coverslips and were allowed
to grow until about 70% confluency. The cells were then incubated with 0.5 mL of 1 gmol/L
Pc4 in AUNP-5kPEG-Pc4 and AUNP5KPEGPSMA-1-Pc4 at 1, 4, and 24 h. After incubation,
the cells were washed three times with PBS followed by fixing with 4% paraformaldehyde.
The cells were then counterstained with DAPI and mounted with Fluor-Mount aqueous
mounting solution. The slides were observed under a Leica DM4000B fluorescence
microscope (Leica Microsystem Inc.). Silver staining was performed using a silver enhancer
kit (Sigma-Aldrich). Following three cycles of washing with DI water, the coverslips with
cells were immersed in 2 mL of a 1:1 mixture of silver salt (solution A) and initiator
(solution B) for 5 min on the shaker. Following staining the silver solution was removed and
the cells were washed with DI water three times. After mounting, the cells were visualized
under the same microscope under light microscopy mode.

In vitro ROS Detection by DCFDA Assay.

PC3pip cells were prepared in the same manner as described above. The cells were first
incubated with 20 xM DCFDA in PBS for 30 min followed by washing with PBS. Then, the
cells were incubated with 1 gmol/L Pc4 in AUNP-5kPEG-Pc4 and AuNP5kPEG-PSMA-1-
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Pc4 for 1 h followed by washing with PBS. After addition of fresh PBS, the cells were
irradiated with 1 J/cm? light. The cells were then counterstained with DAPI and mounted
with Fluor-Mount aqueous mounting solution. The slides were observed under a
fluorescence microscope at corresponding emission windows of the fluorophores of interest.

In vivo NIR Imaging Studies.

All animal experiments were performed according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC #120024) at Case Western Reserve University.
Six- to eight-week-old male athymic nude mice were implanted subcutaneously with 1 x 106
of PC3pip and PC3flu cells on the right and left flanks, respectively. When the tumors were
of sufficient size, the Pc4-containing AuUNP conjugates were injected intravenously v7a the
tail vein at 0.07 mg/kg Pc4 dosage. The animals were then anesthesized with isoflurane, and
fluorescence imaging was performed using the Maestro /n vivo Imaging System
(PerkinElmer) at certain time points. After imaging, the mice were euthanized, and tissues
were harvested for imaging ex vivo and for gold content analysis. Multispectral images were
unmixed into their component spectra (Pc4, autofluorescence, and background).

Gold Nanoparticle Biodistribution.

Tissue and blood samples from the injected mice (liver, lungs, heart, kidneys, skin, spleen,
PC3pip and PC3flu tumors) were collected post mortem at 3 h postinjection of
AUNP5KPEG-PSMA-1-Pc4. All tissue samples were stored at —20 °C, and blood samples
were stored at 4 °C prior to analysis. The samples collected from each mouse were thawed,
weighed, and then digested in 3 mL of aqua regia at 65 °C overnight. The digested samples
were diluted up to 20 mL with deionized water and analyzed by GFAAS (Varian, SpectrAA
220 7). Gold content was determined by calibration using a series of gold standard solutions
at 242.8 nm wavelength. The data collected within each group were averaged, and standard
deviations were calculated and tabulated.

In vivo PDT Treatment of Subcutaneous PC3pip Tumors.

For in vivo PDT, 6-8-week-old male athymic nude mice were implanted subcutaneously
with 1 x 106 GFP-expressing PC3pip cells. When the tumors were 4—6 mm in size, the
animals received 0.07 mg/kg AUNP5KPEG-PSMA-1-Pc4 intravenously viatail-vein
injection (based on Pc4 concentration). Three hours postinjection, the tumors were subjected
to PDT treatment by irradiating the tumor using the same optical device described above.
Detailed experimentation including calculations of fluence can be found in the Supporting
Information. Three groups each having 5 mice were studied: (i) control/no treatment; (ii)
AUNP5kPEG-PSMA-1-Pc4 + 150 J/cm?; and (iii) AUNP5KPEG-PSMA-1-Pc4 + 300 Jlem?,
The mice were monitored for 14 days by measuring the tumor volume using a digital caliper,
the GFP fluorescence by Maestro, and body weight.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Conjugation of PSMA-1 to OPSS-5kPEG-NHS followed by deprotection of thiol and (b)

MALDI-TOF mass spectra of PSMA-1.
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Figure 2.
(a) Synthesis of AUNP-5kPEG-PSMA-1 and loading of Pc4. (b) Agarose gel electrophoresis

demonstrates the successful binding of SkPEG-PSMA-1 to AuNP (c) UV-vis absorbance
spectroscopy shows that Pc4 is incorporated into the nanoparticle system.
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Figure 3.
Transmission electron microscopy of (a) unstained and (b) stained AuUNP conjugates

evidenced the formation of fairly monodispersed nanoparticles. (c) TEM image and (d) UV
-Vis spectra of the same nanoparticle after one year of storage at —20 °C.
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Figure 4.
(a) 10, generation was confirmed by monitoring the oxidation of a singlet oxygen trap,

diphenylisobenzofuran (DPBF). The inset shows the chemical transformation of DPBF in
the presence of 10,. (b) Evaluation of 10, generation of Pc4 in gold nanoparticles in EtOH
solution. The data suggest that Pc4 molecules are indeed trapped in the polymer shell of the
AuNP.
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Figure5.
(a) Competition binding study for different PSMA ligands: parent ZJ24, PSMA-1, and

AUNP5KPEGPSMA-1. (b) Efficacy of AUNP-5kPEG-PSMA-1-Pc4 for killing prostate
cancer cell lines. (c) Results of a DCFDA assay showing fluorescence images of PC3pip
cells postirradiation (scale bar = 200 gm). Error bars + SD.
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Figure 6.

Cellular uptake study of targeted and nontargeted AuNP. Pc4 fluorescence was visualized
using a fluorescence microscope, and Au nanoparticles were visualized using white light

after enhancement with silver staining (dimension = 853 x 638 4m). Images were taken at
400x.
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Figure?.
(a, b) Maestro fluorescence images showing selective accumulation of AUNP-5kPEG-

PSMA-1-Pc4 on PC3pip tumor. (c) Gold content of excised PC3pip and PC3flu tumors 3 h
postinjection of AUNP-5KPEG-PSMA-1-Pc4 and (inset) sections of PC3pip and PC3flu
stained with silver (scale bar = 1 cm).
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(a) Representative images of the same mouse monitored for GFP fluorescence after
receiving 0.07 mg/kg AuNP-5kPEG-PSMA-1-Pc4 followed by PDT (300 J/cm?). The
efficacy of the treatment was determined by monitoring (b) tumor volume, (c) total GFP
signal, and (d) body weight (n=5).
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Scheme 1.
Design of PSMA-1-targeted gold nanoparticles containing Pc4 as imaging and PDT agent.
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