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Nanotechnology has the potential to greatly expand the
clinical armamentarium for diagnosing and treating disease.
On the road to translating this promise into reality, “one of
the top priorities is the determination of the distribution of
nanoparticulate carriers in the body following systemic
administration through any route”.[1] Currently, the only
technique that provides quantitative information about the
whole body is radiolabeling, for which there are a number of
approaches, as illustrated in Figure 1: A) the radionuclide is
attached to the nanoparticle surface by an exogenous
chelator; B) the radionuclide is entrapped in an enclosed
compartment, or C) nanoparticles are manufactured from
pre-radiolabeled building blocks. Each method suffers from
some combination of the following limitations: in vivo
instability and/or low specific activity (activity per unit
mass) of the radiolabeled nanoparticle, or restrictive radio-
labeling procedures with low radiochemical yields, long and
complicated procedures, and narrow concentration ranges of
the labeling.[1, 2] Furthermore, the in vivo instability of exog-
enous chelators and entrapped radionuclides leads to con-
cerns that the label is not faithful to the nanostructure or
alters it such that the in vivo behavior of the radiolabeled
nanoparticle differs from that of the same parent nano-
particles without the radiolabel.[1] By using prelabeled build-

ing blocks some of these concerns can be avoided, but the
burden of manufacturing the nanoparticles is transferred to
the end user. Therefore, the ideal approach would allow
preformed nanoparticles to be labeled stably without affect-
ing their in vivo behavior.

Herein, we introduce a novel, exogenous-chelator-free
nanoplatform that has intrinsic capacity for use as a radio-
tracer and for which the sole modification is the inclusion of
a radionuclide directly into the building blocks of the
preformed nanoparticles. This strategy takes advantage of
the unique properties of porphysomes, which are completely
organic, nontoxic, biodegradable nanovesicles formed from
aqueous self-assembly of porphyrin–lipid conjugates into
liposome-like bilayers.[3] Porphysomes possess all the func-
tionality of liposomes, such as drug-delivery capabilities and
an easily functionalized surface, while also exhibiting strong
photonic properties.[3] All of these unique properties are
derived from a single building block, porphyrin–lipid con-
jugate. Here, we extend the capability of porphysomes by

Figure 1. Established strategies for the radiolabeling of nanoparticles.
A) Incorporation of an exogenous chelator into the nanoparticle
formulation and subsequent radiolabeling. B) Entrapping the radio-
label into an enclosed compartment within the nanoparticle. C) Radio-
labeling of building blocks with subsequent formulation and synthesis
of the nanoparticle.
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exploiting the natural ability of the porphyrin–lipid conju-
gates to form stable, high-affinity complexes with copper-64
(64Cu),[4] which has favorable characteristics for nanoparticle
tracking through positron emission tomography (PET): t1/2 =

12.7 h, b+: 17.4%, Eb+max = 656 keV.[5] Importantly, it was
demonstrated in the 1980s that the in vivo pharmacokinetics
and biodistribution of porphyrins are not altered by chelation
with 64Cu[4a–c] because the Cu atom fits into the center of the
tetrapyrrole ring without altering the side chains that
determine the in vivo behavior. We take advantage of
porphyrins� intrinsic ability to chelate metals to incorporate
the radionuclide into the nanoparticle. This approach allows
for the direct radiolabeling of preformed porphysomes with
64Cu without altering their behavior in vivo, and yields highly
stable radiolabeled photonic nanoparticles. By using a simple,
stable, and robust direct radiolabeling strategy, we increase
the functionality of an organic nanoparticle and then we
demonstrate its novel use as a tumor imaging agent in
a primary (orthotopic) prostate cancer model.

An effective radiolabeling procedure should be fast and
efficient, and yield a radiotracer that requires minimal
purification, has impeccable stability, and an in vivo half-life
that is commensurate with the radionuclide half-life. Our
radiolabeling strategy fulfills all of these requirements. The
direct 64Cu labeling of porphysomes is a fast and simple one-
pot procedure (Figure 2A): a solution of preformed porphy-
somes (1 mm porphyrin–lipid building block) in 0.1m
NH4OAc buffer (pH 5.5) is mixed with aqueous 64CuX2

(2.5 mCi mmol�1 porphyrin–lipid building block; X = OAc,
Cl) and heated to 60 8C for 30 min. The reaction yields 64Cu-
porphysomes with radiochemical purities of greater than 98%
in decay-uncorrected radiochemical yields of greater than
95%, as determined by radio-UPLC (ultra performance
liquid chromatography) and size-exclusion centrifugation

filtration (Figure 2B). The procedure attaches a 64Cu label
to less than 5% of the porphyrin moieties in the porphysomes,
and leaves the nanoparticle size and photonic properties
unaffected (see the Supporting Information, Figure S1).

Having attained nearly ideal radiolabeling under our
initial conditions, we sought to test the robustness and
flexibility of the procedure. When we varied the concentra-
tion of porphysomes over four serial dilutions (4 mm to 4 mm,
at 2.5 mCi mmol�1) we found that labeling proceeded with
over 95% radiochemical purity (RCP) for concentrations
between 40 mm and 4 mm (Figure 3A). The radiolabeling is

effective over a 100-fold concentration range, a robustness
rarely achieved using other nanoparticle radiolabeling strat-
egies. To test the flexibility of the system, we determined the
range of specific activities accessible by varying the ratio of
64CuX2 to porphyrin–lipid conjugate (Figure 3B). Specific
activities up to 36 mCi mmol�1 of the porphyrin–lipid conju-
gate were attained, this corresponds to a specific activity of
2800 Cimmol�1 per nanoparticle, the highest activity ever
reported for a 64Cu-labeled nanoparticle.[2i] The speed,
flexibility, and robustness of the approach make 64Cu-
porphysomes attractive for a number of applications. The
ability to “pull them off the shelf”, radiolabel, and then use
them make 64Cu-porphysomes good candidates to become
PET radiotracers. Additionally, because of the unique decay
properties of 64Cu, 64Cu-porphysomes could be used as
a radiotherapeutic.

With these promising potential applications of 64Cu-
porphysomes in mind, we confirmed in vivo that 64Cu was
a suitable radioisotope for porphysomes. The concentration
of radioactivity in blood plasma over time was found to fit
a two-compartment model, C(t) = 28.01e(�0.56t) + 33.62e(�0.062t)

with a log plot of r2> 0.95, and with short and long half-lives
of 1.23 and 11.1 h (Figure 4A). Therefore, 64Cu is well-suited
as a porphysome radiotracer, as its physical half-life (12.7 h)
closely matches the long biological half-life of porphysomes
(11.1 h). The portion of the total radioactivity caused by the
64Cu-porphysomes bound to the blood cells was significant
immediately after the intravenous injection (19.5 %) but
decreased to < 5% after 4 h (Figure S2). The stability of 64Cu
chelation to porphysomes was 99.3� 0.6% and 98.6� 0.9%
after 24 and 48 h in 50 % FBS, respectively, thus demonstrat-
ing the high affinity of 64Cu for the porphyrin chelator

Figure 2. A) Direct radiolabeling of preformed porphysomes. B) Quality
control of 64Cu-porphysomes using radio-UPLC (the smaller peak is
cold buffer salts). ELSD=evaporation light-scattering detection,
PDA = photodiode array detector.

Figure 3. A) 64Cu-labeling efficiency across four serial dilutions (n =3).
B) Specific activity per porphyrin–lipid molecule for a variety of 64CuX2

to porphyrin-lipid building block ratios (n = 3). Mean �1 standard
deviation.
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(Figure 4B). The porphyrin–lipid 64Cu-porphysome was
chemically stable in the circulation for at least 30 h (Fig-
ure 4C), thus indicating that in vivo (e.g. PET imaging)
measurements describe accurately the behavior of the 64Cu-
porphysomes and not that of a cleaved chelator. The closely
matched biological half-life of porphysomes (11.1 h) and the
physical half-life of 64Cu (12.7 h), and the fidelity of the
radionuclide to the nanoparticle reinforce the rationale of
pairing 64Cu with porphysomes.

Direct labeling of the building blocks, as achieved here, is
the most reliable and accurate method for quantitatively
tracking the distribution of nanoparticles in vivo. We selected
prostate cancer as the platform on which to evaluate 64Cu-
porphysomes. Prostate tumors are on average twice as
vascularized as most of the surrounding healthy prostate
tissue.[6] Thus, they are amenable to treatment with 64Cu-
porphysomes, relying on the tumor�s vasculature, which is
characterized by irregular and leaky blood vessels, to enhance
delivery, uptake, and retention in the malignant tissue.[7] We
used an orthotopic PC3 prostate cancer model to best mimic
localized primary cancer. The tumor uptake of the 64Cu-
porphysomes was evaluated at 24 h post injection by PET/CT
(Figure 5A) and fluorescence imaging (Figure 5B and C).
The PC3 tumors were clearly delineated in both imaging
modalities with very little local background. It should be
noted that the intensity of porphysome fluorescence is
dependent upon the nanoparticle dissociation, which may
not be complete at 24 h. Further in vivo work is currently
being pursued. Similar to many other nanoparticles, porphy-
somes are cleared through the hepatobilliary route, thus
resulting in high accumulation within the liver and spleen and
little to none in the bladder. This property is important as high
bladder accumulation obscures the prostate, which has been
the “Achilles heel” of many small molecule radiotracers.

The incorporation of PET properties into optical probes
addresses many limitations currently faced by each of these
imaging techniques. PET provides noninvasive imaging of the
whole body with deep tissue penetration and quantitative

nanoparticle distribution[8] that is not achievable by fluores-
cence. Conversely, fluorescence can be used for real-time,
high resolution imaging of accessible tissues.[9] For example,
PET imaging of 64Cu-porphysomes would enable pretreat-
ment planning for fluorescence-image-guided prostatectomy.
The fraction of 64Cu labeling of the porphyrin building blocks
can be fine-tuned to the specific imaging application. A
highly-labeled formulation would be best suited for image-
tracked radiotherapy, whereas low or intermediate fractional
labeling would allow the full exploitation of porphysomes�
multimodal nature. The porphyrin–lipid building blocks of
porphysomes can be tailor-made with a range of porphyr-
inoids, such as bacteriochlorins[3, 10] or texaphyrins, to chelate
a variety of radionuclides, such as cobalt-60 or lutetium-177.
However, the procedure may need to be optimized based on
the chemistry of the porphynoid and radionuclide pairing.

The incorporation of labels for PET imaging into a multi-
functional nanoparticle through a fast (30 min), one-pot, high
yielding (> 95%) procedure produces a highly stable radio-
labeled nanoparticle that can achieve the highest specific
activity ever reported for a nanoparticle labeled with 64Cu. It
is the intrinsic ability of the preformed porphysomes to
directly chelate 64Cu that allows them to be accurately and
noninvasively tracked in vivo. However it is the fast, flexible,
and robust radiochemistry that provides 64Cu–porphysomes
with a range of promising clinical applications. The speed,
ease, and stability of the labeling lend this method to creating
a dual-mode PET/fluorescence imaging probe that could
potentially be used in radiotherapy. Importantly, the flexi-
bility of the labeling gives the freedom to tailor the extent of

Figure 4. A) Blood clearance curve after intravenous injection of 64Cu-
porphysomes in healthy male mice. ^ experimental data; c two-
compartment model; n = 3; error bars represent �1 standard devia-
tion on the mean). B) 64Cu chelation stability in serum (50% FBS) for
24 h and 48 h (n = 3). C) Representative HPLC traces illustrating
monomer chemical integrity in vivo i) 4 h and ii) 30 h after the intra-
venous injection (n= 3). ID = injected dose.

Figure 5. In vivo multimodal imaging of 64Cu-porphysomes in ortho-
topic prostate cancer model. A) Representative MicroPET/CT images
of coronal single slices through orthotopic PC3 tumor (n = 4) at 24 h
after intravenous injection of 500 mCi 64Cu-porphysomes. PET image
integration time 40 min. B) White light image of orthotopic PC3
prostate tumor model. C) Fluorescent image of orthotopic PC3 pros-
tate tumor model. White arrows indicate prostate tumor, Bl indicates
the bladder; SV indicates the seminal vesicles, and T indicates the
testes.
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labeling to the application. In vivo, 64Cu-porphysomes can
clearly delineate diseased tissue in a clinically relevant
orthotopic prostate cancer model, thus showing great promise
for translation of this approach to clinical applications. The
realization of this potential will ultimately rely on the highly
efficient, robust, and flexible radiochemistry presented here.
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