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Hyperpolarized xenon magnetic resonance imaditfXé MRI)
is becoming a useful method for imaging lungs, tissue, blood flow,
and tumors in vivd. However, in these applications, polarized
129X e partitions in a nonspecific manner between blood, lipid, and
gas environments, and thus it is desirable to find ways to target
129Xe to specific biological targets in order to maximize image
contrast. We have previously introduced a “xenon biosensor”
consisting of a water-soluble construct of a cryptophane-A cage
and a targeting peptide. This targeted cage construct binds xenon
(Ka > 1), providing a resonance signal for cage-bound xenon ]
that is easily distinguished from the signals from gaseous and 0 —
solution-dissolved xenoh. 0 2 4 6 8 10 12 14

High sensitivity is an important requirement for in vivo imaging, Cages added per Dendrimer

and the current xenon biosensor methodology allows for spectros-ggt’:)lé4N;£“’\/tl’:’f\A°(fD‘;e”déiggf%’?&iﬁuﬁ;‘ed C?gest_fm ?:F] ep ‘Gg

; L : : , ,an as a function of the number
copy at nanomol.ar concentrations and in vitro Imaglng at micro- of cages per dendrimer. The number of dendrimer encapsulated cages
molar concentrationsUnfortunately, the xenon biosensor suffers  reaches a maximum when the cage binding capacity of the dendrimer is

from limitations inherent to its original design, including the saturated.
separaté*Xe signals afforded by each of the two diastereomers into a single carrier molecule. Indeed, as shown in Figure 1, we

of the biosensor, which decreases the overall signal-to-noise ratiohave now succeeded in binding multiple copies of cage “function-
by afa.ctor of2, and the significant line-broadening and subsequent ., 47 1296 inside these dendrimers, leading to the desired signal
signal intensity loss that results from attachment of the Xe cage to amplification, and we have also demonstrated targeting through
a large biomoleculé. o ) incorporation of a single targeting moiety onto the carrier dendrimer.

Approaches that partly overcome these limitations involve — rnq synthesis of cryptophane-A has been reported elsevhere.
extensive synthetic work and the tedious separation of the cagepp gendrimers with triethylene glycol peripheral end groups and
enantl_ome_ré.Here we introduce a simple m(_athod for coupling & PAMAM dendrimers with aminoethanol or tris(hydroxymethyl)-
racemic mixture of cryptophane-A cages (Figure 2b) to a carrier yninomethane surface groups were obtained as described in the
molecule that circumvents the sensitivity limitations and affords Supporting Information. Samples were prepared using different
s?gnal amplif_ication through thc_e attachment of multiple cages to a cage-to-dendrimer ratios by adding a solution of the cage in
single dendrlme_r-based targeting m0|ety. ) . acetonitrile in 75 nmol increments to a fixed amount (75 nmol) of

The regular, highly branched architecture of dendrifersvides PPI in acetonitrile or PAMAM in acetonitrile/water. Following
multiple opportunities for the attachment of Xe-binding cages 0 o641 of the solvent in vacuo, the cagendrimer complexes
per_lpheral functionalities while also mcorpo_ratlng a t_argetlng were resuspended in,D, and 1-propanol~410%) was added to
moiety. Such an approach has been_used with gadollnlum-basedsuppress foaming during the addition of polariZ€®e. 12°e
macromolecular MRI contrast agefitSince cryptophane-A con- 5 jarization and sample introduction were conducted as described
tains one carboxylic acid, attachment to a dendrimer could be eas'lypreviously? The number of cages encapsulated per dendrimer
accomplished; h_owe\{er, attaching multiple cages to_one dendrimer(Figure 1) was determined by monitoring the UV absorbance of
Woul_d_yl_eld multiple dlastere(_)mers, thereby diminishing the overall "< ution at 289 nm and the integral of the cage-encapsulated
sensitivity of the.cagedendnmer construct. signal relative to the solution-phase signal wit?tXe NMR.

W_e hypothesized that_ S“Pfamo'eCP'af constructs coulc_i be Saturation of the cage-binding capacity of each dendrimer was
_obtalneq through a complnatlon_ of aabase and hydrophobic determined by observation of solution turbidity and of constant UV
interactions of the cage with the interior of water-soluble polypro- - 5,sqhance and NMR integral values upon addition of excess cage.
pylene imine dendrimers (PPI) or polyamidoamine dendrimers No UV absorbance or cage-encapsuldf@de signal was observed

(PAN_IAM)' _SUCh a supramolecular approach would avo_id the in the absence of dendrimer, indicating that the dendrimer is
creation of diastereomers due to the noncovalent and dynamic naturq"lecessary to solubilize the cage compound.

of the linkage between the carboxylic acid moiety of the cage and 5 comparison of the triethylene glycol-terminated PPI dendrimers
th.e multiple |nter!or amine groups of the deqdrlmer. In.addltlon, with tris(hydroxymethyl)aminomethane-terminated PAMAM den-
with larger dendrimers, it may be possible to insert multiple cages yjmers showed that the former were clearly less effective in their

T Physical Biosciences Division, Lawrence Berkeley National Laboratory. ability to solubilize t,he cage compound. For example, t_he generation
# Material Sciences Division, Lawrence Berkeley National Laboratory. 4 and 5 PPI dendrimers were capable of encapsulating only 2 and
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Scheme 1. Synthetic Strategy for a Singly Biotinylated PAMAM a) b)
Dendrimer
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v c-lf\ﬁz: i .ﬁx Figure 2. (a) C_omparison of an optimal avic_iin-bounq biotinylated xenon
V K‘,J-‘KA“_ -"m biosensor peptide construct (gray dashed lineuBDbiosensor, 7.5«M
‘M%WH{ ,,LM Ji § iy ~ f" avidiny® with the biotinylated PAMAM construc of this study (black
%w At :J\ r"‘*wg\f solid line; 30uM dendrimer, 7.5M avidin, two cages per dendr_imer).. As
m{ A j o \.L\{ shown here, the dendrimecage construct Iqads to a sensitivity gain of
"f\‘;—"&::kq ‘75{\_ ] ReN S” fr‘l - {:W\{; nﬁ ~8x. (b) Structure of the cryptophane-A acigt)
ars Ak
° w“fg“\- g F)} uﬂ;\} 5’“’1 r In summary, we have provided a facile route toward novel
“!{3_; T q \Hj ' supramolecular constructs that amplify #88&e NMR signal. By
/ P )?ﬁ- ¥ ¥ carefully choosing specific dendrimers, we can encapsulate multiple
f;,.‘&%-\i.w= . cages, providing water-solubility to the “functionalize@®Xe and
- ) 'Cb" avoiding the interference of diastereomers without additional
2 [ synthetic steps or covalent attachment of cages to dendrimers. Future

work will utilize these supramolecular constructs for imaging.
4 cages, respectively, while their G4 and G5 PAMAM counterparts
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also amide groups. Th&Xe NMR spectra of the Xe cage
dendrimer complexes showed a single peak at 59 ppm (12 Hz line
width) for PAMAM dendrimers, and at 63 ppm (80 Hz line width)
for PPl dendrimers. There was no significant variation in chemical
shift or line width for different cage-to-dendrimer ratios or different
generations of the same type of dendrimer, suggesting that the cage§eferences
are involved in dynamic equilibria, with fast exchange occurring (1) (a) Albert, M. S.: Cates, G. D.; Driehuys, B.; Happer, W.: Saam, B.;

Supporting Information Available: Experimental procedures and
characterization data provided for dendrimers. This material is available
free of charge via the Internet at http:/pubs.acs.org.

between different sites within the same dendrimer. gplrjingsr, C. f/l gViif\mia, Af?laéu(/(\e/l%‘l IC*;7Q égg_%/?/li ('EJ)RSVéané%n,
3 H H . . D.; Rosen M. 5.; Agranoft, B. .; Coulter, K. P.; eisn, R. C,; upp,
To demonstrate amplification of th&Xe signal, we synthesized T. E. Magn. Reson. Med.997 38, 695-698. (c) Mdler, H. E.; Chawla,
a dendrimer with one biotin moiety attached to its core. A G5 M. S.; Chen, X. J.; Driehuys, B.; Hedlund, L. W.; Wheeler, C. T.; Johnson,
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was reduced to the thiol and attached to maleimigEQ—biotin Bifone, A. Magn. Reson. Med2001, 46, 586-591.

to afford the targeted dendrim@i(Scheme 1). This dendrimer was (2) (a) Spence, M. M.; Rubin, M. S.; Dimitrov, I. E.; Ruiz, E. J.; Wemmer,
D. E.; Pines, A.; Yao, S. Q.; Tian, F.; Schultz, P. Boc. Natl. Acad

capab_le of encaps_ulatlng up to three cages. Upon binding of Sci. U.S.A2001 98, 10654-10657. (b) Lowery, T. J.. Rubin, S. M.:
dendrimer3 to avidin, the number of bound cages decreased to Ruiz, E. J.; Spence, M. M.; Winssinger, N.; Schultz, P. G.; Pines, A;
two, perhaps as a result of unfavorable electrostatic interactions o ‘(N;?:‘meré [I)' 'éMaQ”-SReEO”- 'm«’irg'gaos% 21E~ 1323351?39-3 e

. . a) Han, S. |; Garcia, S.; Lowery, T. J.; Ruiz, E. J.; Seeley, J. A.; Chavez,
between the protein surface and the cadendrimer complex. L.: King, D. S.; Wemmer, D. E.; Pines, Anal. Chem2005 77, 4008~
There was no significant change in line width or chemical shift of 4012. (b) Hilty, C.; Lowery, T. J.; Wemmer, D. E.; Pines, Angew.

Chem., Int. Ed2006 45, 70—73.

the functionalized?*Xe signal upon avidin binding. , ) o
(4) (a) Spence, M. M.; Ruiz, E. J.; Rubin, S. M.; Lowery, T. S.; Winssinger,

A comparison of the NMR signal fofXe held in the avidin- N.; Schultz, P. G.. Wemmer, D. E.; Pines, &.Am. Chem. So@004
bound PAMAM-cage construc8 and the signal afforded by our 126, 15287-15294. (b) Lowery, T. J.; Garcia, S.; Chr?vlez, L.; Ruiz, E.
: . g ; : J.; Wu, T.; Brotin, T.; Dutasta, J.-P.; King, D. S.; Schultz, P. G.; Pines,
previously optimized biotinylated peptideage xenon biosensér A Wemmer, D. EChemBioCher006 7, 35_73_ (c) Brotin. T.: Barbe,
indicates that there is an approximately 8-fold gain in sensitivity R.; Darzac, M.; Dutasta, J. Ehem.-Eur. J2003 9, 5784-5792.

(Figure 2). This results from a doubling of the signal-to-noise ratio  (5) I(a) TE%maélia,IDl.gga ggylfsr,8 A.( Q{IF G%ddagd,l\\/l/v.JAS., IIAnglegvé4C22?.,
P nt. . Engl. , . fehet, J. M. J.Science: ,
due t(_) the presence of two bound cages per biotin ligand, another 1710. (c) Zeng, F.; Zimmerman, S. Chem. Re. 1997, 97, 1681. (d)
doubling resulting from the absence of diastereomer peaks, and a Hawker, C. J. InAdvances in Polymer Sciences, Vol. 145pringer:
: ; ; FSH ; Berlin, 1999; pp 113-160. (e) Fischer, M.; Vgtle, F.Angew. Chenil999
final doubling res:ult_lng fror_n_ the decrease in Ilne.W|dth frorﬁ5 111, 934: Angew. Chem., Int. EA999 38, 8, 884. () Bosman, A. W.:
to ~12 Hz. A gain in sensitivity could also possibly be obtained Janssen, H. M.; Meijer, E. WChem. Re. 1999 99, 1665. (g) Ffehet, J.
; i ; M. J.Proc. Natl. Acad. SclU.S.A 2002 99, 4782. (h) Lee, C. C.; MacKay
Trggghl\;f‘le dlrecr:'blndln%of;r(enqn lto the PAMAM dendnrg_lég( | J. A.; Frehet, J. M. J.; Szoka, F. Qlature Biotech2005 23, 1517.
), ast IS would € ectively concentrate xenon |rgcty (6) (a) Kobayashi, H.; Brechbiel M. WMol. Imaging 2003 2, 1—10. (b)
around the dendrimer-bound cages. However, as shown in the Venditto, V. J.; Regino, C. A. S.; Brechbiel, M. Wiol. Pharm.2005 2,
Supporting Information, the local increase in xenon concentration 302-311.

directly around the cages was determined to be relatively small. JA061735S
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