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a b s t r a c t

In the context of molecular imaging, various polymers based on the clinically approved N-(2-hydroxypro-
pyl)-methacrylamide (HPMA) have been radio-labeled using longer-living positron emitters 72As t1/2 =
26 h or 74As t1/2 = 17.8 d. This approach may lead to non-invasive determination of the long-term
in vivo fate of polymers by PET (positron emission tomography). Presumably, the radio label itself will
not strongly influence the polymer structure due to the fact that the used nuclide binds to already exist-
ing thiol moieties within the polymer structure. Thus, the use of additional charges or bulky groups can
be avoided.

� 2010 Elsevier Ltd. All rights reserved.
The field of polymer-based therapeutics has seen a tremendous
increase in interest during the last decades.1–7 Under the term
nanomedicine, various systems have entered a broad range of clin-
ical research. One reason for this is the promising opportunity to
combine various functionalities among one particle. Although the
idea of polymer-based nanomedicine sound promising, further re-
search with a view towards clinical application is essential to gain
detailed knowledge about short- as well as long-term biodistribu-
tion of particles. A precise biodistribution is essential to under-
stand in vivo fate. This knowledge is of major importance when
particle properties need to be subsequently enhanced. To date, it
is already well known that particle properties such as size, charge,
and surface characteristics determine the in vivo fate as well as cel-
lular uptake and intracellular distribution.8,9 Thus, these properties
of nanoparticles offer the possibility to tune the body distribution,
for example, in cancer therapy via the enhanced permeability and
retention effect (EPR-effect; passive targeting)6,10 or by attaching
various selective targeting vectors (active targeting).4 In addition,
encapsulation of drugs, proteins or oligonuclides within these
polymeric structures and controlled release afterwards bear the
possibility to reduce the toxicity of various therapies due to
reduced unspecific release. However the concept itself already
led to polymer therapeutics in clinical trails.11–13

The first polymer drug conjugate approved by the FDA (USA—
Food and Drug Administration) for clinical trails was based on
N-(2-hydroxypropyl)-methacrylamide (HPMA).3,11,12
All rights reserved.
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Until now, most HPMA polymer drug conjugates have been syn-
thesized using free radical polymerization techniques, that suffer
from a lack of end group control and have broad molecular weight
distributions. Fractionation techniques can improve the broad dis-
tribution but fail in controlling polymer end groups as well as sep-
arating macromolecules bearing different end groups. In addition,
a loss of product has to be accepted. Controlled radical polymeriza-
tion (CRP) techniques are currently able to tackle all these points.
Furthermore, they open the road to more complex polymer archi-
tectures, for example, block copolymers or star-shaped poly-
mers.14–16

Amphiphilic block copolymers are particularly interesting due
to their aggregation into defined superstructures in aqueous solu-
tion, which can be used to encapsulate hydrophobic substances.
These substances can then be delivered to the site of action whilst
avoiding metabolism.13–17 In addition, Barz et al. have recently re-
ported that the cellular uptake kinetics in human multi-drug resis-
tant breast adenocarcinoma cells can be strongly influenced by
variations in the polymer architecture.9 Thus, structural variations
can be used to increase or reduce unspecific cellular uptake.

To understand and fine-tune structural parameters as well as
active targeting in vivo appropriate imaging strategies are needed.
Positron emission tomography (PET) is a non-invasive, quantita-
tive, and repetitive whole body molecular imaging technique.
PET can thus be considered as a promising approach to understand
the mentioned interactions. The most frequently used radioactive
nuclides for in vivo imaging of nanoparticles are chelated metals,
such as 64Cu.18,19 This strategy may have a major drawback, where
the chelating agent itself is large, bulky, and charged and therefore
may change the properties of the polymeric particle itself. As a
result, the fate of polymer when used in vivo will be strongly
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Table 1
Characteristics of synthesized polymers for labeling with 72/74As

Polymer Structure Thiol contenta (%) Mn
b Mw

b PDIb

P1 Homo polymer 1.1 12.5 15.7 1.26
P2 Homo polymer 0.50 27.1 33.6 1.24
P3 Block copolymer 0.48 27.7 32.5 1.26
P4 Random copolymer 9.6 27.0 33.5 1.24

a Calculated from the degree of polymerization and 1H NMR.
b kg/mol, calculated from the molecular weight of the reactive precursors, which

was determined by GPC in THF as the solvent.
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influenced by the radioactive label. Consequently, its biological
behavior may differ from the one of the original nanoparticle. Ide-
ally, the radioactive label should be as ‘inert’ as possible. In this
context, Herth et al.20 as well as Weissleder and co-workers21 re-
cently described a new 18F-labeling strategy via the introduction
of [18F] radionuclides to image the short-term in vivo distribution
of polymeric particles. However, [18F] has a relatively short t1/2 of
�110 min and thus it may be useful in the development of poly-
meric imaging agents but has limited use when studying long-term
polymer distribution or accumulation in a certain tissue (EPR-ef-
fect). For those studies a time frame of weeks to month is desirable
and therefore additional long-term imaging is necessary.

72As is a pure b+-emitter with a t1/2 = 26 h, whereas 74As decays
via b+-emission (29%) and electron capture (66%) with a t1/2 =
17.8 d. Both radioisotopes provide physical half-lives to follow bio-
logical processes for several days (72As) or approximately two
months (74As).

Arsenic and many of its compounds are especially potent
poisons. The acute minimal lethal dose of arsenic in adults is esti-
mated to be 70–200 mg or 1 mg/kg/day.22 However, the amount of
100 MBq 72As or 74As administered during a PET-Scan is estimated
to be �74 ng (1 nmol)–0.007 ng (1 pmol) and therefore, toxic ef-
fects are not expected.

Herein, we report the 72/74As-labeling of HPMA based polymeric
structures with a view towards non-invasively long-term imaging
of polymeric particles in vivo offering great potential to study poly-
mer related effects such as the passive polymer accumulation in
tumor tissue (EPR-effect) or active targeting.

As(III) is known to bind to thiol groups covalently. Therefore, thi-
ols display an adequate precursor moiety for labeling with 72/74As.23

Due to the mechanism of the reversible addition fragmentation
chain transfer (RAFT) polymerization and the use of dithiobenzoic
ester as a chain tranfer agent each polymeric chain bears a dith-
iobenzoate (Scheme 1). These endgroups can be converted after-
wards into thiols by either an aminolysis or reduction. However,
this reaction leads to the formation of by-products, for example,
disulfides or thiolactones, which have to be reduced to derive free
thiols, cf. Scheme 1.

Radiolabeled [72,74As] monoclonal antibodies have recently
been used to evaluate the molecular targeting mechanism of
anti-phosphatidyl-directed tumor therapeutics.24 In summary,
Scheme 1. Synthesis of HPMA based polymers bearing th
72As and 74As have advantages due their half-lives and their bind-
ing mode.

The synthesis of well defined poly(HPMA) homopolymers P1
and P2, poly(HPMA)-block-poly(lauryl methacrylate) block copoly-
mers P3 and poly(HPMA)-random-poly(ethylmethyl disulfide
acrylamide) P4 copolymers was performed according to the re-
cently published method of Barz et al. (Table 1, Scheme 1).25–32

In addition, another polymer (P4) was synthesized containing a
higher number of disulfide side chains, which can be reduced by
(tris(2-carboxyethyl)phosphine) (TCEP) resulting in thiol units
(Scheme 2). This results in a higher number of precursor groups
that are accessible and in principle should lead to higher corrected
radioactive labeling yields (RCY’s).

As mentioned above disulfides can be formed during the ami-
nolysis of the dithiobenzoic ester, which has to be reduced in order
to enhance the radiochemical yield. Therefore, all polymers were
reduced using TCEP thus forming polymers bearing free thiol
groups, which could be purified from side products of the reduc-
tion by size exclusive chromatography (SEC) (HiTrap Desalting Col-
umn, Sephadex G-25 Superfine, column volume 5 mL; flow rate:
0.5 mL 0.9% NaCl-solution) and used in the next step for radioac-
tive labeling (Scheme 3).

72/74As were produced by (p,n) bombardment of natGe at the
(DKFZ) cyclotron in Heidelberg. The protons used had an energy
of 15 MeV and a beam current of up to 30 lA. Yields of 4 GBq of
72As and 400 MBq of 74As were obtained with 200 lAh.

The radio-arsenic was separated from bulk amounts of the ger-
manium target material in a multi step separation procedure.33 In
the first step the most of the germanium was separated from the
iol end groups for radioactive labeling with 72/74As.



Scheme 2. Synthesis of HPMA based polymers P4 with an increased content of free thiol groups along the polymer backbone for radioactive labeling with 72/74As.

Scheme 3. 72/74As-Labeling of HPMA based polymers.

Figure 2. Time dependency of the radio-arsenic labeling yields of P1, P2, and P3
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radio-arsenic by distillation of GeCl4 from 10 M HCl at 120 �C as the
72/74As is not volatile in the oxidation state (V) and stays inside the
distillation vessel. In the second step, the 72/74As(V) was purified
from remaining traces of germanium by anion exchange chroma-
tography yielding the arsenic in about 500 lL 10 M HCl. Reduction
to 72/74As(III) was carried out by boiling the solution at 60 �C for 1 h
after the addition of 10 mg CuCl. The 72/74As(III) was extracted into
500 lL CCl4 followed by back extraction into 500 lL of PBS-buffer
at pH 7. This solution was directly used for labeling experiments.

72/74As-labeling of HPMA based polmers (P1, P2, and P3) was
carried out in H2O at 70 �C. Therein, 0.1 mmol (3 mg) of polymer
P2 was dissolved in 0.5 mL H2O/DMSO and 10 lmol (3 mg) of TCEP
was added to reduce disulfide bonds into the desired thiols. This
mixture was stirred for at least 1 h before the radioactive nuclides
dissolved in 0.5 mL PBS-buffer were added to the reduced poly-
mers. Radiochemical yields were analyzed at different time points
via SEC. Figure 1 shows an representative elution profile of the SEC.
Figure 1. SEC-elution profile of P1; channel 1: UV absorption, channel 2: radioactivity detection.

(n = 3).
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Figure 3. 72As-Labeling of 0.1 mmol P4 at 30 �C using H2O as a solvent (n = 4). (a) SEC-elution profile of P4; channel 1: UV absorption, channel 2: radioactivity detection. (b)
Time dependency of the RCY.
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RCY’s of �20% could be obtained, whereas Figure 2 shows the time
dependency of the reaction.

Thereby, specific activities (As) of �10�4 GBq/lmol with a batch
activity of 100 MBq were obtained.

The radioactive labeling of polymer end groups has some
advantages. First of all each polymer has only one reactive side,
reducing the possibility of undesired side reactions such as the
crosslinking of two polymers. In addition, the influence on polymer
aggregation in solution related to the attachment of the arsenic
compound is reduced dramatically. In the performed experiments
no crosslinking could be detected by GPC and additionally, no
chance in the polymer properties was observed. These findings ap-
pear reasonable because only a certain number of polymer end-
groups were labeled with the arsenic radionuclide.

In addition, we also synthesized a polymer (P4) bearing a higher
number of disulfide side chains, which can be reduced by TCEP
resulting in thiol units (Scheme 2). Higher numbers of precursor
groups were thus accessible and should in principle lead to higher
RCY’s (Fig. 3). However, this approach will ultimately influence the
polymer structure and therefore the aggregate in solution. Never-
theless, these studies will give an insight into the influence of thiol
content on the RCY.

In the case of P4 the labeling procedure was slightly modified.
Firstly, 3 mg (0.1 mmol) of P4 was dissolved in 500 lL 0.9% NaCl-
solution and incubated for at least 1 h with 3 mg (11 mmol) TCEP
at room temperature. During this time the disulfide bonds were
cleaved and mercaptomethane was formed. As the arsenic As(III)
reacts with the thiol groups. The mercaptomethane was removed
before the labeling procedure by SEC (HiTrap Desalting Column,
Sephadex G-25 Superfine, column volume 5 mL; flow rate:
0.5 mL 0.9% NaCl-solution). The purified P4 was obtained in 1 mL
of 0.9% NaCl-solution and added directly to the 72/74As(III) in
500 lL PBS-buffer. To prevent the thiols from reoxidizing, 10 lL
TCEP (410 nmol) was added to the solution. The incubation was
carried out at 30 �C and the yield was monitored at various time
points via SEC. Figure 3 demonstrates the high RCY of �90% in
150 min. Thereby, specific activities (As) of �10�3 GBq/lmol with
a batch activity of 100 MBq were obtained.

The stability of the labeled polymers was investigated in iso-
tonic saline at room temperature. For this purpose the water stored
polymers were reinjected into a SEC column (HiTrap Desalting Col-
umn, Sephadex G-25 Superfine, column volume 5 mL; flow rate:
0.5 mL 0.9% NaCl-solution) and checked for impurities. Even 48 h
after the initial purification, no decomposition was observed.
In conclusion, 72/74As-labeling of HPMA based polymers is a
new approach for labeling polymer structures. The technique was
carried out using trivalent As(III) and utilizing free thiols on the
polymer leading to high RCYs. In combination with a stability of
at least 48 h in saline, the labeled conjugates will lead to the pos-
sibility to perform in vivo long-term lPET studies with a mini-
mized influence on the polymer structure. Therefore, this
approach may contribute to the understanding of how the altera-
tions in physical properties of the nanostructures such as size, sur-
face chemistry or core material influence the fate of nanoparticles
in vivo. Detailed studies regarding the in vivo stability as well as
initial in vivo experiments are warranted and currently under
investigation.
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