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O
ver the past three decades, posi-
tron emission tomography (PET)
studies with radiolabeled drugs

have provided new information on drug
uptake, distribution, and various behavioral
effects in living animals, and PET also
has been used for medical diagnosis of a
wide variety of vascular, pulmonary, and
metabolic pathologies.1�3 Currently, the
vast preponderance of PET radiopharma-
ceuticals are based on small molecules,
but their small sizes limit their functional
characteristics. In contrast, nanoparticles
(NPs) possessmultifunctionality and flexibil-
ity of their designs and constitutions that
afford a wide range of functional character-
istics. NPs comprise the components of
the broader vision of “nanomedicine” and
can be used as vehicles to detect disease, to
deliver therapeutics selectively to diseased
tissues, and to monitor progression or re-
gression of disease states.4�6 The broad
applicability of NPs takes advantage of their
design, which provides both surface areas
and internal volumes that serve as sites
for derivatization with radionuclides or
molecular targeting moieties.7�9 However,
a major drawback limiting their wide usage
in nuclear imaging up to now is the rela-
tively low radiolabeling specific activity
(SA, amount of radioactivity per mass)
for nanoparticle-based PET imaging agents,
although efforts has been made to improve
it.10�12 High SA of radiopharmaceuticals
is extremely important for PET systems to
achieve high-quality images at low dose
of radioactivity and is especially critical
for high-sensitivity detection of low-abun-
dance biomarkers.13 Moreover, high SA
helps to ensure the “tracer” phenomenon,
in which a very low mass dose of radio-

pharmaceutical is able to follow the
biological pathway without disturbing or
disrupting it. Therefore, the development
of new methods or agents in order to
achieve high specific activity of nanoparti-
cles for PET imaging is a highly desirable
goal for both research and clinical purposes.
Shell-cross-linked nanoparticles (SCK-NPs)

containing a large variety of functional
groups have shown promise for nanomedi-
cine applications.14�18 Generally, SCK-NPs
have a micellar structure, with an internal
hydrophobic portion comprised of a
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ABSTRACT

A novel strategy based on metal-free “click” chemistry was developed for the copper-64

radiolabeling of the core in shell-cross-linked nanoparticles (SCK-NPs). Compared with Cu(I)-

catalyzed click chemistry, this metal-free strategy provides the following advantages for Cu-64

labeling of the core of SCK-NPs: (1) elimination of copper exchange between nonradioactive Cu

in the catalyst and DOTA-chelated Cu-64; (2) elimination of the internal click reactions between

the azide and acetylene groups in the same NPs; and (3) increased efficiency of the click

reaction because water-soluble Cu(I) does not need to reach the hydrophobic core of the NPs.

When 50 mCi Cu-64 was used for the radiolabeling, the specific activity of the radiolabeled

product was 975 Ci/μmol at the end of synthesis, which represents the attachment of ca. 500

Cu-64 atoms per SCK-NP, giving in essence a 500-fold amplification of specific activity of the NP

over that of the Cu-64 chelate. To the best of our knowledge, this is the highest specific activity

obtained for Cu-64-labeled nanoparticles.

KEYWORDS: copper-64 radiolabeling . shell-cross-linked nanoparticles .
high specific activity . specific activity amplification . metal-free click chemistry
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polystyrene (or other hydrophobic) polymer and a
hydrophilic external shell of a poly(acrylic acid-
co-acrylamide) (or other hydrophilic) polymer. These
block copolymers can self-assemble in aqueous solution
and are ultimately stabilized by soluble carbodiimide-
mediated cross-linking of some of the acrylates in the
exterior shell zone with diamines (e.g., 3,6-dioxa-octane-1,
8-diamine or other compatible cross-linkers). These nano-
particles have demonstrated great potential in drug deliv-
ery, and their possible application in PET imaging using
radiometals has been previously reported by us.7,14,15

Here, we investigate new possibilities for obtaining very
high SA radiolabeled nanoparticles.
In recent years, copper-64 (64Cu) has attracted in-

creasing attention as a promising radionuclide due
to its suitable decay characteristics (t1/2 12.7 h; βþ:
0.653 MeV, 17.4%; β�: 0.578 MeV; 39%), as well as
the facility and convenience with which it can be
used for radiolabeling by coordination with meticu-
lously designed ligands, such as 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,8,11-
tetraazacyclotetradecane-N0,N00,N00 0-tetraacetic acid (TETA),
anddiacetylbis(N4-methylthiosemicarbazone) (ATSM).19�21

The Cu-64 radioisotope can be efficiently produced at
high specific activity using biomedical cyclotrons via

a (p,n) reaction on isotopically enriched nickel-64,16

and relevant studies based on Cu-64-radiolabeled
biomolecules have demonstrated its great potential
in both PET imaging and radiotherapy for detection
and treatment of cancers.22�24

Several strategies have been previously developed
to label SCK-NPs with Cu-64: (1) “Post-particle labeling”
involved the formation of SCK-NPs followed by the
coupling of TETA or DOTA chelators and final com-
plexation with Cu-64 (Scheme 1, strategy 1). This
approach afforded SCK-NPs with only tens of radio-
nuclides per nanostructure.7 The low radiolabeling yield
wasbelieved to result frominefficiencyof theamide-based
coupling reaction, which was complicated by electrostatic
repulsionbetween the “empty”chelatorandtheshell layer.
(2) In the “pre-particle labeling” strategy, chelators were
coupled to the amphiphilic block copolymers prior to
particle assembly (Scheme 1, strategy 2). This approach
improved radiolabeling yields by increasing the numbers
of available chelators. However, increasing the DOTA
chelators per amphiphilic block copolymer, even just from
2 to 4 DOTAs per polymer, changed the assembly pro-
cesses and altered particle morphologies.25 Therefore, an
efficient strategy to prepare radiolabeled nanoparticles
with high SA was pursued further.
Here, we report the development of a novel strategy

for Cu-64 labeling of nanoparticles with high SA based

Scheme 1. Strategies for radiolabeling of SCK-NPs.
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on “click” chemistry (Scheme 1, strategy 3). Our ap-
proach takes advantage of the unique structure of the
SCK-NPs by functionalizing the shell with alkyne
groups that will click with targeting groups and func-
tionalizing the core with azide groups for radiolabeling
via click chemistry. A distinct advantage of the de-
signed nanoparticles is that the two functional groups,
even in the presence of the copper catalyst, cannot
interact because they are site-isolated: one is in the
core domain and the other is in the shell layer of the
nanostructure. This design also enables a single nano-
particle to be labeled either in the interior (core) or on
the periphery (shell), or in both places. Different label-
ing and targeting needs can be accommodated by the
choice and sequence of click reactionswith alkynes (for
the core click) and azides (for the shell click). In addi-
tion, because the Cu complex is hidden and wrapped
in the internal hydrophobic core, dissociation of water-
soluble Cu-64 ion is minimized. Therefore, this new
approach promises access to much higher specific
activity of core-labeled nanoparticles, which is de-
scribed in detail in the following sections.

RESULTS AND DISCUSSION

Synthesis of SCK-NPs. The SCK-NPs used for this study
(Scheme 2) were prepared according to procedures
modified from our previous report.26 Sequential nitrox-
ide-mediated radical polymerizations were conducted
to afford the protected precursor diblock copolymer,
poly(tert-butyl acrylate)-b-poly(chloromethylstyrene-
co-styrene) (PtBA-b-P(CMS-co-S)). A trifluoroacetic acid
(TFA) deprotection followed by amidation reaction
of methoxy-terminated PEO2kDa amine afforded a de-
protected diblock copolymer, poly(acrylic acid)-g-
mPEO2 kDa-b-poly(chloromethylstyrene-co-styrene) (PAA-
g-mPEO-b-P(CMS-co-S)), which was then self-assembled
to form core�shell micelles in water. To the micellar
solutionwas addedNaN3 inDMSO to introduce the azide
functionality onto the micelle cores. A subsequent shell-
functionalization reaction was carried out using propar-
gyl amine, 2,20-(ethylenedioxy)diethylamine, and EDCI
(1-[30-(dimethylamino)propyl]-3-ethylcarbodiimide

methiodide) to introduce acetylene functionalities
and cross-links onto the shell domain and to generate
shell-cross-linked core/shell click-ready nanoparticles.
In Figure 1, transmission electronmicroscopy (TEM) and
dynamic light scattering (DLS) data showed that the
self-assembled micelles and the click-ready SCK-NPs
were spherical and uniform in hydrodynamic diameter
as well as in core size. Infrared (IR) analyses of the
functionalized SCK-NPs showed availability of the click
functional groups. The SCK-NPs prepared by this pro-
tocol contain ca. 10% azide groups in the core styrene
units and 5% acetylene groups in the shell acrylates,
with corresponds to ca. 2500 azides and 1250 acety-
lenes per NP.

Cu-64 Radiolabeling of SCK-NPs. These SCK-NPs, as pre-
pared above, were suspended in Milli-Q water and
stored at room temperature for the radiolabeling. A
Cu(I)-catalyzed traditional click chemistry approach
was initially attempted. However, several problems
were observed (details will be discussed later): (1)
copper exchange took place between the nonradioac-
tive Cu in the catalyst and theDOTA-chelated Cu-64; (2)
the efficiency of the click reaction was low due to
difficulties that the water-soluble Cu(I) encountered in
trying to reach the hydrophobic core; and (3) activity
that became entrapped noncovalently in the particle
core, due to the low efficiency of the Cu(I)-catalyzed
click reaction, subsequently led to significant dis-
association of Cu-64 activity from the core of the
nanoparticles.

To overcome these problems, we utilized the strain-
promoted [3 þ 2] azide-alkyne cycloaddition, first
reported and named “metal-free click chemistry” by
Bertozzi and co-workers.27 In metal-free click chemis-
try, the strain of the cyclooctyne system increases its
intrinsic reactivity and circumvents the need for cop-
per catalysts. After the original Bertozzi et al. publica-
tion describing this approach, several generations
of strain-promoted agents were developed by the
Bertozzi group, and modified approaches were devel-
oped by other groups.28�30 This methodology has
seen growing application in various research areas,

Scheme 2. Synthesis of SCK-NPs-containing azides (in the core, green dots) and alkynes (in the shell, red dots).
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including drug discovery, materials science, and radio-
pharmacy,31�33 but as far as we know, it has not been
applied to the conjugation of radiolabeled molecules
into nanoparticles.

In our approach, DOTA-attached DBCO (dibenzo-
cyclooctyne, the metal-free click moiety) was first
radiolabeled with Cu-64; then the purified 64Cu-
DOTA-DBCO complex was incubated and “clicked”
with azide-containing SCK-NPs without the need for
metal catalyst (Scheme 3). This strategy very markedly
increased the SA of Cu-64-labeled nanoparticles to
975 Ci/μmol at end of synthesis (EOS), compared with
8.25 Ci/μmol, the SA previously reported for Cu-64-
labeled cross-linked iron oxide (CLIO) nanoparticles.34

In the first step, the DOTA-conjugated DBCO was
synthesized fromDOTA-NHS ester and aDBCO primary
amine derivative and then purified by high-performance

liquid chromatography (HPLC) for subsequent chelat-
ing experiments. UV and total ion current (TIC) chro-
matograms are shown in Figure 2a; the peak at
∼11.2 min in the mass spectrum (Figure 2b) corre-
sponds to pure DOTA-DBCO, with a mass-to-charge
(m/z) peak of (M þ Hþ) = 653.1516 and (M þ 2Hþ)/
2 = 332.1028. After incubating Cu-64 in ammonium
acetate buffer solution with a large excess (∼50-fold) of
DOTA-DBCO at 37 �C for 30 min, radiolabeling yields of
over 80% were typically obtained, and the Cu-64 com-
plex was purified under optimized HPLC conditions
whereby the excess DOTA-DBCO ligand not only could
be separated from its Cu2þ complexes but also could be
separated (or partially separated) from DOTA-DBCO
complexes (DDCs) formed with some nonradioactive
transition metal “contaminants” that are present in
cyclotron-produced Cu-64 (such as Fe3þ, Ni2þ, Zn2þ).35

The UV/radioactivity chromatograms are shown in
Figure 3a. Therefore, compared with a radiometal-
labeling protocol lacking an isolation step to remove
metal complex impurities, the SA of 64Cu-DOTA-DBCO
obtained here was greatly improved and could
be as high as 8600 mCi/μmol (decay corrected to
bombardment). Subsequently, the identity and separa-
tion of these different metal complexes were further
confirmed by HPLC chromatography (Figure 3b) ob-
tained under the same conditions used for 64Cu-DOTA-
DBCO purification.

To isolate the 64Cu-DOTA-DBCO, the corresponding
HPLC fraction was collected and concentrated with a
Waters Sep-Pak Light C18 cartridge, and the com-
pound was eluted using 400 μL of dimethyl sulfoxide
(DMSO). The chemical identity of purified 64Cu-DOTA-
DBCO and its nonradioactive standard were verified
by the identical chromatographic elution times of the
co-injected species, as well as by the correct m/z
of (M þ Hþ) = 724.1102 and (Mþ2Hþ)/2 = 362.5740
(Figure 4).

The next step of the synthesis is the radiolabeling of
SCK-NPs, and in this step themetal-free click chemistry
demonstrates great advantages over the use of metal
catalysts, notably by elimination of exchange between
nonradioactive Cu in the catalyst and DOTA-chelated
Cu-64 (Table 1). Under the standard Cu(I)-catalyzed
click chemistry conditions used to prepare Cu-64
CLIO nanoparticles,36 ∼60% of Cu-64 exchange was
observed. We have optimized the conditions of this
conventional Cu(I)-catalyzed click reaction between
the Cu-64-labeled acetylene and the SCK-NP core
azides by controlling the stoichiometric ratios, as well
as by using a Cu(I) stabilizer, tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine. However, even under those
conditions,∼10% Cu exchange remained. Fortunately,
the metal-free click chemistry protocol completely
eliminated Cu exchange since no nonradioactivemetal
is introduced into the reaction mixtures. Moreover,
in the radiolabeling of SCK-NPs, the metal-free click

Figure 1. (a) Representative TEM image of a click-ready SCK
(average diameter = 22 ( 2 nm). (b) Representative DLS
histogram of a click-ready SCK (Dint = 120 ( 35 nm, Dvol =
95 ( 15 nm, Dnum = 65 ( 5 nm).
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approach (which involves just two components: SCK-
NP and 64Cu-DOTA-DBCO) led to ∼64% radiolabeling
yields, whereas the Cu(I)-catalyzed click chemistry one
(which involves three-components: SCK-NP, 64Cu-
DOTA-acetylene, and Cu(I) catalyst) provided only
∼10% radiolabeling yield. This suggests that the rea-
son for the low radiolabeling yield of the Cu(I)-cata-
lyzed reaction might be due to insufficient penetration
of thewater-soluble catalyst Cu(I) into the hydrophobic
core of the SCK-NPs. Consequently, the catalyst would
not be properly located to catalyze the reaction

between the Cu-64-labeled acetylenes that have dif-
fused into the core and the azide functions present in
the core. By contrast, the metal-free click approach
allows rapid reaction between the 64Cu-DOTA-DBCO
and the SCK-NP core azides as soon as the more
lipophilic Cu-64-labeled DBCO diffuses into the core.

We confirmed our hypothesis by radio-iTLC (instant
thin-layer chromatography): when the Cu(I)-catalyzed
click approach was applied, the SCK-NPs entrapped

Figure 2. (a) UV (blue) and TIC (red) traces of HPLC chro-
matography of DOTA-DBCO. The lack of precise peak over-
lap is due to interdetector flow delay. (b) Mass spectrum of
the peak at ∼11.2 min from LC.

Figure 3. (a) Chromatography of the crude Cu2þ-DOTA-
DBCO complex (DDCs refers to DBCO�DOTA complexes
formed with nonradioactive metal contaminants). (b) HPLC
chromatographies of the DOTA-DBCO complexes with non-
radioactive transitionmetals thatmay exist in the cyclotron-
produced Cu-64 solution.

Scheme 3. (a) Synthesis of a DOTA-attached DBCO derivative. b) Radiosynthesis of Cu-64-labeled SCK-NPs.
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(rather than clicked with) ∼50% of 64Cu-DOTA-acety-
lene in the core, and this entrapped activity could be
gradually extracted out by redeveloping the iTLC plate
several times. By contrast, using the metal-free ap-
proach, we found that less than 5% activity became
entrapped in the NP core, since very little activity could
be extracted out by redeveloping the iTLC plate. Thus,
themetal-free approach resulted in durable radiolabel-
ing of the SCK-NP through the highly efficient click
reaction between the 64Cu-DOTA-DBCO and azides in
the core of SCK-NPs.

Incorporation Yield and SA. Incorporation yield and
SA are two important parameters for evaluating the
quality of any radiosynthesis protocol. However, for a
two-step protocol such as the one described here for

SCK-NP radiolabeling, it is difficult to achieve high
values for both parameters because in the second step
Cu-64-labeled and unlabeled nanoparticles cannot be
effectively separated. Thus, increasing the concentra-
tion or amount of the SCK-NPs may accelerate the
reaction of the 64Cu-DOTA-DBCO with the SCK-NPs
and result in a higher incorporation yield (% of initial
activity incorporated). However, this will be done at
the expense of SA (essentially a ratio of labeled to
unlabeled NP), because the final labeled product will
contain more unlabeled nanoparticles than if smaller
starting amounts were used in this radiolabeling step.

The results of initial test experiments in which
incorporation yields were determined with a small
amount of radioactivity and eight different amounts
of SCK-NPs are summarized in Table 2.When 1μL of the
SCK-NPs solution (0.81mg/mL) was used for themetal-
free click reaction with 550 μCi of 64Cu-DOTA-DBCO
(SA ≈ 1000 mCi/μmol, EOS), ∼38 μCi of Cu-64 labeled
SCK-NPs was obtained with a SA of 281 Ci/μmol,
representing an incorporation yield of only 6.9%.
By contrast, if 100 μL of the nanoparticle solution was
used, then ∼461 μCi of Cu-64-labeled SCK-NPs was
obtained, representing an 83.8% incorporation yield,
but the SAdropped to 32 Ci/μmol. Therefore, obtaining
a sufficient quantity of Cu-64-labeled SCK-NPs for a mi
2croPET study at a sufficiently high SA would entail the
use of a sufficient excess amount of 64Cu-DOTA-DBCO
activity to account for the lower incorporation yield. As
shown in Table 2, using 25 μL of a SCK-NP solution
provided 351 μCi of Cu-64-labeled SCK-NPs with a
balanced incorporation yield and SA of 63.8% and
104 Ci/μmol, respectively. Also shown in Table 2 is
the number of Cu-64 radionuclides that are incorpo-
rated per SCK-NP determined at each SA level, which
can be calculated from the factor bywhich SAbecomes
amplified by attaching multiple CA-64's per SCK-NP.

Fast protein liquid chromatography (FPLC) of the
crudemixture of radiolabeling viametal-free click chem-
istry is shown in Figure 5a, in which the labeled NPs
eluted at∼7.0 min and the unclicked 64Cu-DOTA-DBCO

Figure 4. (a) UV (blue) and radio (red) chromatograms for
co-injection of 50 μCi 64Cu2þ-DOTA-DBCO and 10 μL of
50 μM nonradioactive standard. The lack of precise peak
overlap is due to interdetector flow delay. (b) Mass spec-
trum of the peak at ∼26.5 min from LC.

TABLE 1. Cu Exchange under Cu(I)-Catalyzed “Click”

Conditionsa

a BPDS = bathophenanthroline disulfonate sodium salt.

TABLE 2. Radiolabeling Results of Click Reaction between

550 μCi Purified 64Cu2þ-DOTA-DBCO and SCK-NPs

Containing 10% Azide in the Core and 5% Acetylene in

the Shell

SCK-NPs (μL)

(0.81 mg/mL)

incorporation

yield (%)

SA of SCK-NPs

(Ci/μmol)

number of Cu-64

per SCK-NP

1 6.9 281 266
5 20.1 162 160
10 39.0 158 150
25 63.8 104 100
50 69.3 56.6 54
100 84.0 34.1 32
200 92.4 18.7 18
490 98.8 8.02 8
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complex at ∼23 min. Cu-64-labeled SCK-NPs were
purified by passage over a Zeba desalting column,
resulting in the Cu-64-labeled SCK-NPs with over 95%
purity, as verified by radio-FPLC (Figure 5b).

On the basis of these initial studies, 50 mCi of
64Cu was used to further increase the radiolabeling
specific activity of both 64Cu-DOTA-DBCO and SCK-NPs.19

After incubatingwith 250 μL of 1.0mMDOTA-DBCO for
30 min at 40 �C, about 70% radiolabeling yield was
obtainedwithaSAof1867mCi/μmolEOS (8600mCi/μmol
at end of bombardment, EOB) as measured by
HPLC. After size exclusion purification and C18 Sep-Pak
cartridge concentration, elution in 400 μL of DMSO
gave 20.7 mCi of 64Cu-DOTA-DBCO. Then, 2.0 mL of
10.1 μg/mL SCK-NP in Mill-Q water was added to the
64Cu-DOTA-DBCODMSO solution, and themixture was
incubated for one hour at 50 �C for radiolabeling. Using
this method, we found that ∼13% of the 64Cu-DOTA-
DBCOwas incorporated into the SCK-NPs. The SAof the
labeled SCK-NPs was∼975 Ci/μmol at end of synthesis,

and decay correction provided a SA of ∼4420 Ci/μmol
at end of bombardment. This SA is about 90-fold
higher than previously reported 64Cu-CLIO nano-
particles34 and 6-fold higher than the 64Cu-CANF-
Comb37,38 and ensures the tracer level amounts
(10.2 pmolmass for 10mCi human dose) can be adminis-
tered for potential clinical studies. The detailed com-
parison of the SAs of Cu-64-labeled nanoparticles are
summarized in Table 3.

A comparison of the EOB specific activities of the
64Cu-DOTA-DBCO precursor (8.6 Ci/μmol) with that of
the final Cu-64-labeled SCK-NPs (4420 Ci/μmol) shows
a 500-fold increase. Thus, it is apparent that on average
ca. 500 precursor molecules have reacted with each
NP, which represents reaction of ca. 20% of the azide
functions present in the core of the particles. This
dramatic “SA amplification” that can be obtained in
the labeling of appropriately functionalized SCK-NPs
by our copper-free click approach is a clear illustration
of the potential value of NP multivalency as an ap-
proach to unusual functionality, in this case, remark-
ably high SA.

CONCLUSION

A novel strategy based onmetal-free click chemistry
has been developed for radiolabeling of SCK-NPs.
Compared with Cu(I)-catalyzed click chemistry, the
metal-free strategy improves Cu-64 labeling of the
core of the nanoparticles due to the high click effi-
ciency even without the metal catalyst usually needed
for the click reaction. When 50 mCi of Cu-64 was used
for radiolabeling of the SCK-NPs containing 10% in-core
azides, a very high SA was obtained, up to 975 Ci/μmol
(4420 Ci/μmol at EOB). To the best of our knowledge,
this is the highest SA value obtained for a Cu-64 core-
labeled nanoparticle. More importantly, by increasing
thepercentageofazides in thecore, theSAcanpotentially
be further improved.

MATERIALS AND METHODS

Materials. All solvents and reagents were purchased from
commercial sources and used without further purification,

unless described otherwise. The DBCO-amine was bought from

Click Chemistry Tools (Scottsdale, AZ, USA), DOTA-NHS was

bought from Macrocyclics (Dallas, TX, USA), chelex@100 resins
were obtained from Bio-Rad (Hercules, CA, USA), and all other
chemicals and reagents were obtained from Aldrich (St. Louis,
MO, USA). tert-Butyl acrylate (tBA), 4-vinyl benzylchloride, and
styrene were filtered through a plug of aluminum oxide
to remove the inhibitor. The universal alkoxyamine initiator

Figure 5. (A) FPLC chromatography of 250 μCi of the crude
metal-free click mixture before passing over a Zeba desalt-
ing column. The lack of precise peak overlap is due to
interdetector flow delay. (B) FPLC chromatography of
130 μCi of the Cu-64-labeled SCK-NPs after passage over a
Zeba desalting column.

TABLE 3. Comparison of the SA of the Cu-64-Labeled

Radiotracers

64Cu-DOTA-DBCO SCK-NPs CLIO-NPs34

SA EOS EOB EOS EOB EOS

Ci/μmol ∼1.87 ∼8.60 ∼975 ∼4420 ∼11
mCi/mg ∼2800 ∼12800 ∼162 ∼751 ∼8.25
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2,2,5-trimethyl-3-(10-phenylethoxy)-4-phenyl-3-azahexane and
the corresponding nitroxide 2,2,5-trimethyl-4-phenyl-3-azahexane-
3-nitroxide were synthesized according to the literature
method.39 All reactions were performed under N2, unless other-
wise noted. Deionized water (DI-H2O) was produced using
a Millipore Milli-Q water system. 64Cu2þ in 0.1 M HCl was
produced at Washington University School of Medicine
and obtained through the Radionuclide Resource for Cancer
Applications.

Instrumentation. 1H NMR and 13C NMR spectra were recorded
at 500 and 125 MHz, respectively, as solutions with the solvent
proton or carbon signal as a standard. HR-ESI-MS were mea-
sured on a Waters LCT-Premier XE LC-MS station. IR spectra of
neat films on NaCl plates were recorded using a Shimadzu
Prestige21 IR spectrometer. A GE (AKTA) fast protein liquid
chromatography apparatus was used for analysis of the final
Cu-64-labeled SCK-NPs. The C18(2) Luna HPLC column and SEC
Superose FPLC column were purchased from Phenomenex
(Torrance, CA, USA) and GE (Piscataway, NJ, USA), respectively.
Zeba desalting columns used to purify the Cu-64-labeled SCK-
NPs were bought from Thermo-Scientific (Rockford, IL, USA).
A Hewlett-Packard model 1050 high-performance liquid chro-
matography apparatus was used for purifying synthesized
and labeled compounds. LC-MS spectra were obtained with a
Waters LC-MS API-3000 spectrometer. The two elution buffers
(0.1 vol % TFA in deionized water as elution buffer A and
0.1 vol % TFA in acetonitrile as elution buffer B) were used for
both HPLC and LC-MS.

Gel permeation chromatography (GPC) was conducted on a
Waters 1515 HPLC (Waters Chromatography, Inc., Milford, MA,
USA) equipped with a Waters 2414 differential refractometer,
a PD2020 dual-angle (15� and 90�) light-scattering detector
(Precision Detectors, Inc., Bellingham, MA, USA), and a three-
column series PL gel 5 μm Mixed C, 500 Å, and 104 Å, 300 �
7.5mm columns (Polymer Laboratories, Inc., Amherst, MA, USA).
The system was equilibrated at 35 �C in anhydrous tetrahydro-
furan (THF), which served as the polymer solvent and eluent
with a flow rate of 1.0mL/min. Polymer solutions were prepared
at a known concentration (ca. 4�5 mg/mL), and an injection
volume of 200 μL was used. Data collection and analysis were
performed respectively with Precision Acquire software and
Discovery 32 software (Precision Detectors, Inc.). Interdetector
delay volume and the light scattering detector calibration
constant were determined by calibration using a nearly mono-
dispersed polystyrene standard (Pressure Chemical Co. (Pittsburgh,
PA,USA),Mp=90kDa,Mw/Mn<1.04). Thedifferential refractometer
was calibrated with standard polystyrene reference material
(706 NIST) of known specific refractive index increment dn/dc
(0.184mL/g). The dn/dc values of the analyzedpolymerswere then
determined from the differential refractometer response.

Dynamic light scattering measurements were conducted
with a Brookhaven Instruments Company (Holtsville, NY, USA)
DLS system equipped with a model BI-200SM goniometer,
BI-9000AT digital correlator, and a model EMI-9865 photomul-
tiplier, and amodel Innova 300Ar ion laser operated at 514.5 nm
(Coherent Inc., Santa Clara, CA, USA). Measurements weremade
at 25 ( 1 �C. Prior to analysis, solutions were filtered through
a 0.45 μm Millex-GV PVDF membrane filter (Millipore Corp.,
Medford, MA, USA) to remove dust particles. Scattered light was
collected at a fixed angle of 90�. The digital correlator was
operated with 522 ratio spaced channels, an initial delay of 5 μs,
a final delay of 50ms, and a duration of 8min. A photomultiplier
aperture of 400 μm was used, and the incident laser intensity
was adjusted to obtain a photon counting of between 200 and
300 kcps. The calculations of the particle size distributions and
distribution averages were performed with the ISDA software
package (Brookhaven Instruments Company, Holtsville, NY,
USA), which employed single-exponential fitting, cumulants
analysis, and CONTIN particle size distribution analysis routines.
All determinations were average values from 10measurements.
DLS measurements were also conducted using Delsa Nano C
from Beckman Coulter, Inc. (Fullerton, CA, USA) equippedwith a
laser diode operating at 658 nm. Sizemeasurements weremade
in nanopure water. Scattered light was detected at 15� angle
and analyzed using a log correlator over 70 accumulations

for a 0.5 mL sample in a glass size cell (0.9 mL capacity). The
photomultiplier aperture and the attenuator were automatically
adjusted to obtain a photon counting rate of ca. 10 kcps. The
calculation of the particle size distribution and distribution
averages was performed using CONTIN particle size distribution
analysis routines using Delsa Nano 2.31 software. The peak
average of histograms from intensity, volume, and number
distributions out of 70 accumulations was reported as the
average diameter of the particles.

TEM bright-field imaging was conducted on a Hitachi
H-7500 microscope, operating at 80 kV. The samples were
prepared as follows: 4 μL of the dilute solution (with a polymer
concentration of ca. 0.2�0.5 mg/mL) was deposited onto a
carbon-coated copper grid, whichwas pretreatedwith absolute
ethanol to increase the surface hydrophilicity. After 5 min, the
excess of the solution was quickly wicked away by a piece of
filter paper. Samples were then negatively stained with 4 μL of
1 wt % phosphotungstic acid (PTA) aqueous solution. After
1 min, the excess PTA solution was quickly wicked away by a
piece of filter paper, and the samples were left to dry under
ambient conditions overnight.

Synthesis of Poly(tert-butyl acrylate)100 (PtBA)100 (I). To a flame-
dried 50mL Schlenk flask equippedwith amagnetic stir bar and
under N2 atmosphere, at room temperature (rt), were added
2,2,5-trimethyl-3-(10-phenylethoxy)-4-phenyl-3-azahexane
(635 mg, 1.95 mmol), 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitr-
oxide (21.0 mg, 0.0975 mmol), and tert-butyl acrylate (40.0 g,
312 mmol). The reaction flask was sealed and stirred for 10 min
at rt. The reactionmixture was degassed through three cycles of
freeze�pump�thaw. After the last cycle, the reaction mixture
was recovered back to rt and stirred for 10 min before being
immersed into a preheated oil bath at 125 �C to start the
polymerization. After 45 h, 1H NMR analysis showed 63%
monomer conversion had been reached. The polymerization
was quenched by quick immersion of the reaction flask into
liquid N2. The reaction mixture was dissolved in THF and
precipitated into H2O/MeOH (v:v, 1:4) three times to afford PtBA
as a white powder (20.0 g, 76% yield based upon monomer
conversion); Mn

NMR = 15 900 g/mol, Mn
GPC = 14 900 g/mol,

Mw/Mn = 1.05. 1H NMR (CD2Cl2, ppm): δ 1.43 (br, 1290 H), 1.80
(br, 70 H), 2.21 (br, 160 H), 7.14�7.26 (m, 10 H). 13C NMR (CD2Cl2,
ppm): δ 28.4, 36.5, 38.0, 42.5, 80.9, 174.4.

Synthesis of Poly(tert-butyl acrylate)100-b-poly(chloromethylstyrene10-
co-styrene90)100 (PtBA100-b-P(CMS10-co-S90)100) (II). To a flame-dried
50 mL Schlenk flask equipped with a magnetic stir bar and
under N2 atmosphere, at rt, were added I (3.00 g, 0.233 mmol),
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (2.05 mg,
9.00 μmol), 4-chloromethylstyrene (1.425 g, 9.34 mmol), and
styrene (8.75 g, 84.1 mmol). The reaction flask was sealed and
stirred for 10 min at rt. The reaction mixture was degassed
through three cycles of freeze�pump�thaw. After the last
cycle, the reaction mixture was recovered back to rt and stirred
for 10 min before being immersed into a preheated oil bath at
125 �C to start the polymerization. After 1.3 h, 1H NMR analysis
showed 25% monomer conversion had been reached. The
polymerization was quenched by quick immersion of the reac-
tion flask into liquid N2. The reaction mixture was dissolved in
THF and precipitated into H2O/MeOH (v/v, 1:4) three times to
afford PtBA-b-P(CMS-co-S) as a white powder (4.65 g, 93% yield
based upon monomer conversion); Mn

NMR = 27 500 g/mol,
Mn

GPC = 26 000 g/mol, Mw/Mn = 1.13. 1H NMR (CD2Cl2, ppm): δ
1.43 (br, 1183 H), 1.80 (br, 118 H), 2.21 (br, 100 H), 4.53 (br, 20 H),
6.36�6.82 (m, 168 H), 7.14�7.26 (m, 254 H). 13C NMR (CD2Cl2,
ppm): δ 21.5, 28.4, 36.5, 38.0, 40.5, 42.6, 80.9, 121.8, 128.9, 143.0,
149.4, 169.7, 174.7.

Synthesis of Poly(acrylic acid)100-b-poly(chloromethylstyrene10-co-
styrene90)100 (PAA100-b-P(CMS10-co-S90)100) (III). To a 50 mL round-
bottom flask equipped with a magnetic stir bar were added II
(3.04 g, 128 μmol), trifluoroacetic acid (7.28 g, 63.9 mmol), and
dichloromethane (30.0 mL). The reaction mixture was allowed
to stir for 14 h at rt. Excess acid was removed under vacuum. The
residue was dissolved into 10 mL of THF and precipitated into
hexanes three times to afford III as a white powder (2.6 g, 87%
yield). Mn

NMR = 22 000 g/mol. 1H NMR (DMSO-d6, ppm): δ 1.80
(br, 110 H), 2.21 (br, 100 H), 4.53 (br, 10 H), 6.36�6.82 (m, 180 H),
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7.14�7.26 (m, 290 H), 12.3 (br, 98 H). 13C NMR (CD2Cl2, ppm): δ
36.2, 38.0, 40.5, 42.6, 80.9, 121.8, 128.9, 143.0, 149.4, 169.7, 174.6.

Synthesis of Poly(acrylic acid)100-g-(CONH-PEO2 kDa-OCH3)-b-poly-
(chloromethylstyrene10-co-styrene90)100 (PAA100-g-mPEO2 kDa-b-P(CMS10-
co-S90)100) (IV). A flame-dried 100 mL round-bottom flask
equipped with a magnetic stir bar was charged with III
(438mg, 19.9 μmol) and 50mL of dry DMF. To the stirred solution
were added 1-hydroxybenzotrizole hydrate (HOBt) (91.2 mg,
0.675 mmol) and EDCI (201 mg, 0.675 mmol), and the reaction
was left to proceed for 1 h, after which a solution of NH2-
mPEO2 kDa (667 mg, 0.334 mmol, 16.8 equiv) dissolved in 5 mL
of DMF and N,N-diisopropylethylamine (87.2 mg, 0.675 mmol)
were added. The reaction mixture was further stirred for 20 h at
room temperature before being transferred to a presoaked
dialysis tubing (MWCO ca. 6000�8000 Da) and dialyzed against
nanopure H2O for 2 days, to remove all of the impurities
and afford PAA100-g-mPEO2 kDa-b-P(CMS10-co-S90)100 (IV) as a
white solid after lyophilization (913 mg, 92% yield). Mn

NMR =
28 000 g/mol. 1H NMR (DMSO-d6, ppm): δ 12.3 (br, 95 H), 8.94
(br, 78 H), 7.22 (m, 10 H), 6.45 (br, 200 H), 3.50�3.40 (br, 280 H),
2.40�2.18 (br, 45 H), 1.37 (m, 240 H).

General Procedure for Self-Assembly of PAA100-g-mPEO2 kDa-b-P-
(CMS10-co-S90)100 Block Copolymers. PAA100-g-mPEO2 kDa-b-P(CMS10-
co-S90)100 (ca. 25.0mg) polymerwas dissolved inDMF (25.0mL) in
a 100 mL round-bottom (RB) flask and allowed to stir for 1 h at rt.
To this solution, an equal volumeofnanopurewater (25.0mL)was
added dropwise via a syringe pump over a period of 3 h. The
reactionmixturewas allowed to stir for an additional 12h at rt and
dialyzed against nanopure water for 1 day in a presoaked dialysis
tubing (MWCO ca. 6�8 kDa) to afford a micelle solution with a
final polymer concentration of ca. 0.25 mg/mL.

General Procedure for Core Functionalization to Afford Micelles
of PAA100-g-mPEO2 kDa-b-P(AMS10-co-S90)100. To a 50 mL RB flask
equipped with a magnetic stir bar was added a solution of IV
micelles in nanopure H2O. To this solution was added sodium
azide dissolved in DMSO (200 molar equiv relative to the
chloromethylstyrene residues). The reaction mixture was al-
lowed to stir at rt for 24 h. The reaction mixture was transferred
to presoaked dialysis tubing (MWCO ca. 3500 Da) and dialyzed
against nanopure water for 2 d to remove excess small-
molecule starting materials and byproduct, affording aqueous
solutions of micelles. IR (lyophilized dry powder, KBr): 3600�
3250, 3000�2850, 2097, 1695, 1557, 1502, 1495, 753, 700 cm�1.

General Procedure for Shell Functionalization to Afford Micelles of
Poly(acrylic acid-co-propynyl amide)100-g-(CONH-PEO2 kDa-OCH3)-b-poly-
(azidomethylstyrene-co-styrene)100 (P(AA-co-PA)100-g-mPEO2 kDa-b-P(AMS-
co-S)100). To a 50 mL RB flask equipped with a magnetic stir bar
was added a solution of IV micelles in nanopure H2O. To this
solutionwas added propargyl amine dissolved in nanopure H2O
(5.5 mol % relative to the acrylic acid residues). To this solution
was added, dropwise via a syringe pump over 1 h, a solution of
EDCI (7 mol % relative to the acrylic acid residues), and the
reaction mixture was further stirred at rt for 24 h. Finally, the
reaction mixture was transferred to presoaked dialysis tubing
(MWCO ca. 3500 Da) and dialyzed against nanopure water
for 2 d to remove excess small-molecule starting materials
and byproduct, affording aqueous solutions of micelles. IR
(lyophilized dry powder, KBr): 3600�3250, 3000�2850, 2122,
2099, 1680, 1557, 1502, 1495, 753, 700, 630 cm�1.

General Procedure for Shell Cross-Linking of Micelles P(AA-co-PA)100-g-
mPEO2 kDa-b-P(AMS-co-S)100. To a 50 mL RB flask equipped with
a magnetic stir bar was added a solution of micelles in nano-
pure H2O. To this solution was added a solution of 2,20-
(ethylenedioxy)diethylamine (11 mol % relative to the acrylic
acid residues) for 20% nominal cross-linking extent. The reac-
tion mixture was allowed to stir at rt for 2 h. To this solution was
added, dropwise via a syringe pump over 1 h, a solution of EDCI
(28 mol % relative to the acrylic acid residues), and the reaction
mixture was stirred at rt for another 16 h. Finally, the reaction
mixture was transferred to presoaked dialysis tubing (MWCO
ca. 3500 Da) and dialyzed against nanopure water for 2 d to
remove the nonattached cross-linker, excess small-molecule
starting materials, and byproduct, to afford aqueous solutions
of shell-cross-linked spherical nanoparticles. SCK-NPsmeasured

33 ( 3 nm by number-average distribution dynamic light
scattering measurements and 22 ( 2 nm in diameter by TEM.

Synthesis of DOTA-DBCO Ligand. A 5 mL conical self-
standing vial equipped with a magnetic stir bar was charged
with DBCO-amine (5.0 mg, 18.0 μmol), triethylamine (28 μL
200 μmol), and dry DMF (1.0 mL). To the stirred solution, DOTA-
NHS (15.0 mg, 20 μmol) was added. After the reaction mixture
was stirred for 3 h, more than 98% DBCO-amine converted to
DBCO-DOTA lignd, and then 500 μL of H2O was added to
hydrolyze the excess DOTA-NHS ester for 0.5 h. The solvent
was then removed under vacuum, and the residue was redis-
solved in 2 mL of 20% acetonitrile. Purification of DOTA-DBCO
was performed using a Phenomenex Luna C18(2) (250 �
10 mm) column with the following gradient conditions
(3.0 mL/min flow rate; 0�5 min 70% A, 5�25 min 70% A to
30% A, 25�30 min 30% A to 10% A), and under this condition,
the DOTA-DBCO was eluted out at ∼10.5 min. The identity and
purity of the purified DOTA-DBCO was confirmed by LC-MS
using an Phenomenex Luna C18(2) (150 � 4.6 mm) column
with the following gradient conditions (1.0 mL/min flow rate;
0�5 min 100% A, 5�20 min 100% A to 10% A, 25�30 min
10%A). The UV chromatogram and TIC chromatogram of LC-MS
are shown in Figure 2a, and the mass spectrum of the peak at
∼11.2 min is shown in Figure 2b. It was confirmed that the peak
at ∼11.2 min corresponds to pure DOTA-DBCO by mass spec-
trum. (HR-ESI-MS, calculated,m/z (MþH)þ, 663.3142; observed,
m/z (M þ H)þ = 663.3151, (M þ 2Hþ)/2 = 332.1614.)

Removing Trace Metal Contamination from the Radiometal
Labeling. Before experiments of radiometal labeling, reagents
and vessels used must be free from trace metals contamination
according to modifications of a previously reported protocol.40

To remove trace metal contaminants from reaction tubes, caps,
and pipet tips, (1) soak the tubes, caps, and/or tips in 2.0 M nitric
acid (diluted from concentrated nitric acid with Milli-Q H2O)
overnight with periodic mixing and then drain; (2) wash with
absolute ethanol and then drain; (3) wash with diethyl ether (for
drying) and then drain; and (4) dry at room temperature under
moderate nitrogen flow overnight. To remove trace metal
contaminants from reaction buffers, HPLC elution buffer, and
other solutions, (1) add Chelex resin (10 g/L) to the buffers and
solutions; (2) stir overnight at room temperature; and (3) filter
through a Corning 1 L filter system (pore size 0.2 mm).

Preparation of 64Cu2þ-DOTA-DBCO Complex. A 1.0 mM
DOTA-DBCO stock solution was prepared in 10 mM NH4OAc
(pH = 6.50) buffer and used for Cu-64 labeling without further
dilution. Cyclotron-produced 64Cu2þ (50 mCi at EOB, in 0.1 M
HCl) was diluted with 0.1 M NH4OAc (pH = 6.80) until the 64Cu2þ

(pH ≈ 5.50�6.00) solution with specific activity of 200 μCi/μL
(decay corrected to EOB) was obtained. The DOTA-DBCO stock
solution was mixed with the Cu-64 solution in the ratio 1:2 (v/v),
and the mixture incubated at 37�40 �C. Normally, more than
95% radiolabeling yield could be achieved after 30min, and the
64Cu2þ-DOTA-DBCOwas purified by HPLC using a Phenomenex
Luna C18(2) (150 � 4.6 mm) column with isocratic elution
(1.5 mL/min flow rate and 20% A). The chromatography is
shown in Figure 3a. The corresponding peak was separated,
collected, and then concentrated with a Waters C18 Sep-Pak
and eluted in 400 μL of DMSO. Its identity and purity was
confirmed by co-injection on radio-HPLC with nonradioactive
standard under the same HPLC conditions used for the 64Cu2þ-
DOTA-DBCO purification (Figure 4a and b). The UV peak at
∼26.5 min in the mass spectrum corresponds to the pure Cu-
DOTA-DBCO complex (HR-ESI-MS, calculated, m/z (M þ H)þ =
724.2282; observed, m/z (M þ H)þ = 724.2289, (M þ 2Hþ/)2 =
362.6136). SA of the 64Cu2þ-DOTA-DBCO was determined by
dividing the activity of the 64Cu2þ-DOTA-DBCO complex by the
corresponding mass calculated from the UV peak of HPLC.

General Radiolabeling Procedures of SCK-NPs via the Metal-
Free Click Reaction. Initial experiments were conducted with
small amounts (10 μL, ∼550 μCi) of 64Cu2þ-DOTA-DBCO and
different amounts of SCK-NP stock solution (0.81 mg/mL, 10%
azide in core, 5% acetylene in shell) diluted to 490 μL
with Milli-Q water (see Table 2). After the reaction mixture
was incubated for 30 min at 37 �C, the extent of reaction was
determined with radio-iTLC. A 1 μL aliquot of product was
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spotted onto a radio-iTLC plate and developed using a mobile
phase of 0.1 M sodium bicarbonate. After being developed,
the radio-iTLC plate was then counted using the Bioscan
(Washington, DC, USA) radio-TLC scanner to quantify 64Cu2þ-
DOTA-DBCO complex (Rf = 0.80) and SCK-NP “clicked” complex
(Rf=0.0). The radiolabelingyieldswere calculatedbydividing the
area of the origin radioactivity peak (Rf = 0.0, SCK-NPs “clicked”
complex) by the total area of the radioactivity peaks. The Cu-64-
incorporated SCK-NPs were purified by passage over a Zeba
desalting column. The identity and purity of the collected
fraction were confirmed by radio-FPLC using a GE Superose
(10/300 GL) column with isocratic elution (0.8 mL/min flow rate;
100% HEPES buffer (0.1 M, pH = 4.50)), as shown in Figure 5b.
The peak (at∼23.5min, in Figure 5a) of 64Cu2þ-DOTA-DBCOwas
removed by passage over a Zeba desalting column, and the
purity of 64Cu2þ-DOTA-DBCO “clicked” SCK-NPs was g95%, as
shown in Figure 5b. The SA of the 64Cu2þ-DOTA-DBCO “clicked”
SCK-NPs was calculated as described below.

General Procedure to Calculate the SA of the Cu-64-Incorpo-
rated SCK-NPs. The SA was obtained by dividing the activity of
SCK-NPs “clicked”with 64Cu2þ-DOTA-DBCO by the total mass of
SCK-NPs in the format of either mCi/mg or Ci/μmol. The activity
of SCK-NPs “clicked” with 64Cu2þ-DOTA-DBCO = total activity
used for the reaction� labeling yield determined by iTLC (and/
or FPLC); the total mass of SCK-NPs (mg) = density of SCK-NPs�
total volume of SCK-NPs used for the labeling; and the total
quantity of SCK-NPs (μmol) = the total mass of SCK-NPs (mg) �
1000/average molecular weight of SCK-NPs.

Scaled-up Radiolabeling Experiment. Preparation of 64Cu2þ-
DOTA-DBCO was conducted as described in the earlier section
with 50mCi 64Cu and produced 20.7 mCi of 64Cu2þ-DOTA-
DBCO in 0.4 mL of DMSO with a SA of 1867 mCi/μmol at EOS
(8600 mCi/μmol at EOB). A 25 μL amount of the SCK-NPs
solution was mixed with 2.0 mL of Milli-Q water and added to
the 64Cu2þ-DOTA-DBCO solution (20.7 mCi, 0.4 mL) in DMSO.
The reaction mixture was incubated for one hour at 40 �C to
give a ∼10% 64Cu2þ-DOTA-DBCO incorporation yield and then
another hour at 50 �C, which increased the incorporation yield
to ∼13%. The SA of labeled SCK-NPs was ∼975 Ci/μmol at EOS
and decay corrected to ∼4420 Ci/μmol (EOB).
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