Macromolecule2007,40, 2971-2973 2971

Labeling of Polymer Nanostructures for Medical Radiolabeling of chelators conjugated onto nanostructures
Imaging: Importance of Cross-Linking Extent, provides materials for in vivo imaging and also offers a highly
Spacer Length, and Charge Density sensitive quantitative measurement of the amount of accessible

chelator and, therefore, can be used as a tool to determine the
yield of conjugation chemistries. Herein, we report the conjuga-
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Aviv Hagooly,*# Zicheng Li,T Ken-ichi Fukukawa,$

Benjamin W. Messmore? Dennis A. Moore” tetraazocyclododecae:N,N",N'"'-tetraacetic acid) derivatives
Michael J. Welch,'* Craig J. Hawker,§ and having different features, DOTAamine and DOTAlysine (Scheme
Karen L. Wooley* !+ 1). DOTA is a macrocyclic chelating agent widely used to

chelate metal ions for diagnostic and therapeutic applications.
Among these metals, copper-6%#Gu) has been investigated
for its applications in both positron emission tomography (PET)
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Box 5840, Saint Louis, Missouri 63134 Several SCK samples with varying extents of cross-linking,
Receied January 30, 2007 SCK1—-SCK8, were prepared from the self-assembly of am-
Revised Manuscript Recegd March 14, 2007 phiphilic diblock copolymers, poly(acrylic acid}polystyrene

. &4 . . . (PAA-b-PS), with varying block lengths from 30 to 136 repeat
Nanoscale architecturémcluding spheres, cylinders, toroids,  its followed by chemical cross-linking throughout the shell

vesml_es, disks, and ot_her mc_)rph_olog|es, have_ attracted mu_ChIayerbyreaction with 2,ethylenedioxy)-bis(ethylamine). These

attention. Such nanoobjects with diverse properties have promiseg- nanoparticles had diameters that were in agreement with

for many aspects of nanomedicihr instance, as carriers to e sjzes expected on the basis of the relative hydrophilic:hydro-
deI|\|/erdth(ierrlapeurt1|;:r a”gednfts tgisﬁegpc t,?r?retri’ V‘;:tr:/reéeaied‘)f\}hf';phobic balance and overall polymer chain lengths (Table 1).
payloads in & Conoled fashion. 1>reat etiorts have been devote Conjugation of each sample frolBCK1 to SCK8 with

to spherical micelle$which derive from amphiphilic block co- DOTAamine molecules was performed via amidation chemistry,

polymers. Above the critical micelle concentration (cmc), mi- using N-hydroxysulfosuccinimide (sulfo-NH®) in agueous
celles are thermodynamically stable in aqueous environments edia (Scheme 1). The 50% cross-linked SCEEK5 to

and are able to encapsulate hydrophobic drug molecules havin CKS8, were coupled with DOTAlysine, under similar experi-

poor water solubility. Meanwhile, their hydrophilic shell layer L . . !

stabilizes the entire nanoobject and provides sites for addition Ofmental conditions. Consnsten_t with previous obser_va_t?dhtss

functional units. However, the stability of such nanoscale sys- measurements of these conjugates prese_nted similar hydrody-

tems in vivo is of concern. To eliminate cmc restrictions, shell Eam;]c gg_lrp:terg tostgc}ise Of.theI{ resp;clg\(/)e_ril(xﬁqerseét:(rsors.

cross-linked nanopatrticles (SCKs), a form of covalently stabi- ac i ammt;_ : d(%?anUQade |ar[;], ling t tySI der th

lized micelles, have been developed by performing intramicellar conjugate was subjecte u radiolabeling tests, under the
same experimental protocols and in the same time frame. The

cross-linking throughout the shell layér. o - . .
The modular nature of SCKs allows their tailoring for specific specific activity of eaCh.DOT'Q.‘ S.CK conjugate was determined
from the percent labeling efficiency, and the numbePAGfu-

applications and for the targeted drug delivery to and reporting ) - .
: . o PP - accessible DOTAs per DOTA-SCK was also obtained via a
of biological activities at specific sites. SCK nanoparticles have modified isotopic dilution method (Table 231

been further functionalized via various methodologies to provide _ _ o - )
surface-accessible, biologically active ligarid&e conjugation The radiolabeling results indicated significant differences be-
of various ligands onto pre-established nanoparticles has provedween the coupling yields of the DOTAamine and DOTAlysine
to be a versatile and straightforward method that allows for compounds to the SCKs. It is obvious that the coupling
multiple numbers and types of ligands to be attached onto a efficiency of DOTAlysine with any oSCKS to SCK8 was so
well-defined scaffold. In the case of SCKs, several chemistries 10w that both the specific activity.Ci/ug) and thé*Cu-access-
have been explored for shell functionalization, including ami- ible DOTA per DOTA-SCK conjugate were much less than
datiorf and click chemistry.While in most cases the couplings ~ Unity. In contrast, attachment of DOTAamineS€KS—SCK8
were effective, the complexity of the systems makes general 9ave products that showed high levels of radiolabeling, i.e.,
statements about coupling difficult. As this entire field of study 2—114Cilug of specific activity. Steric hindrance factors were
involving the interactions between synthetic nanomaterials and first considered between a SCK nanoparticle having ca4¥4
biological systems relies upon efficient functionalization strate- NM diameter with the DOTA moiety that is a macrocyclic mole-
gies, it is important to acquire a better understanding of the cule with a diameter no greater than 1 nm and a short spacer

coupling chemistry and interactions between targeting ligands length. The nine-atom spacer between the reactive amino end
and polymeric nanopatrticles. of DOTAamine with its cyclen ring nitrogen atom was longer

than that of DOTAIlysine, having five atoms (Figure 1), resulting
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Scheme 1. Conjugation Chemistry of SCK Nanoparticles with DOTAamine or DOTAlysine Molecules in Aqueous Media
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Table 1. Physical Properties of Original SCKs
extents of PAArb-PS (Di)n Dav Hav
particlet cross-linking (%) precursor n m (nm, DLSY (nm, TEMY (nm, AFMYf Nagg? Z/mvh
SCK1 20 2 30 35 17+ 4 15+1 11+ 2 307 -11+2
SCK2 4 61 34 14+ 5 11+1 3+1 125 —13+2
SCK3 6 68 74 24+ 4 17+ 1 11+1 211 —114+2
SCK4 8 61 136 44+ 6 25+ 1 21+ 2 324 -10+2
SCK5 50 2 30 35 16+ 3 17+ 1 12+1 307 —25+2
SCK6 4 61 34 1442 11+1 5+1 125 —19+1
SCK7 6 68 74 22+ 1 17+1 14+1 211 —15+1
SCK8 8 61 136 34+ 4 24+ 2 20+ 2 324 —29+1

aSample concentrations were 0-20.30 mg/mL.P These values are based on the stoichiometry used during the cross-linking réaCtiomposition of
amphiphilic diblock copolymer employed for micelle formation; polymer precursor numbers were defined in the Supporting Infofatiober-average
hydrodynamic diameters measured in nanopuy®.M D,, were measured for the SCK cofgdverage heights measured by tapping-mode AFEach
aggregation number was calculated based on the particle core diameter from TEM and the contentZetaPSotential values measured in 5 mM PBS
buffer (pH 7.4).
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Figure 1. Structural comparisons of DOTAlysine with DOTAamine and sulfo-NHS activated SCK nanopatrticles in PBS buffer (pH 7.5).

density of negatively charged carboxylat&syhile DOTAlysine Each DOTAamine-SCK conjugate prepared from 20% cross-
and DOTAamine also contain carboxylates (Figure 1). The addi- linked SCKs exhibited ca. 33440% higher specific activity
tion of more salt to the reaction mixture had little influence on and increased numbers%Cu-accessible DOTAs per DOTFA

the overall radiolabeling yield, implying that electrostatic repul- SCK conjugate than those observed from the corresponding 50%
sions between the SCKs and DOTA derivatives exerted minor cross-linked SCKs, derived from the same diblock copolymers
influences on the coupling. Taken in combination, these results (Table 2). For instance, DOTAamin&SCK2 had 45uCilug,
confirm that it is essential that a lengthy, inert spacer exists on 3-fold greater than the 14Ci/ug of specific activity observed

the designed functionalities to minimize these steric and electro-for DOTAamine-SCK®6. Such remarkable improvement can
static hindrances, improving the reaction efficiency. be attributed to the fact that higher numbers of acrylic acid
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Table 2.54Cu Radiolabeling Results of DOTA-SCK Conjugatest
64Cu-accessible DOTA

National Institutes of Health as a Program of Excellence in
Nanotechnology (HL080729). The production®€u is sup-

functionalized specific activity

particles (uCiug™ per DOTA-SCK ported by the National Cancer Institute (M.J.W., CA86307).
DOTAamine-SCK1 32 22 The authors thank Prof. Shelly E. Sakiyama-Elbert and Ms.
DOTAamine-SCK2 45 14 Nicole Kohrt for their assistance with zeta potential measure-
ngam?”e_ggﬁ 1;1 13} ments and Mr. G. Michael Veith (Washington University

amine— H H H
DOTAamine-SCKS p 5 Electron Microscopy Laboratory) for assistance with TEM.
DOTAamine-SCK6 11 2 . . . -
DOTAamine-SCK7 3 <1 Supporting Information Available: Complete description of
DOTAamine-SCK8 2 <1 experimental details. This materials is available free of charge via

a Specific activities 4Ci ug—') and®Cu-accessible DOTA per SCK of
DOTAIlysine—SCK5 to DOTAlysine-SCK8 conjugates were much less
than unity.

the Internet at http://pubs.acs.org.
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