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Recent efforts to develop nanoscale materials for use as bio- Scheme 1. (A) Synthetic Route to 1; A Dopamine-Modified MR
compatible delivery scaffolds for drugs and imaging agents have ontrast Agent (DOPA—DO3A) and (B) Functionalization of TiO;
L . . . Nanoparticles with 1
produced significant advances in the area of multifunctional prbbes. .
These new materials provide the means to chaperone and concen- o )S
trate both drugs and contrast agents in specific organs, tissues, and ”O)H ° DS At LN o Lo
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cells2 Primarily, superparamagnetic (SP10O) nanoparticles, known =(—N 1. DIEA. DMF. 24 hrs {N-Ga--w>
for their ability to enhance signal contrast -weighted MR o qu)w 2 GdCly. pH 4.5 45°C. ° o/’"¢o
images, have dominated reports employing this apprédadhese T 72h roa
agents typically result in negative contrast enhancement, and B @ %
occasionally, their inherent magnetic susceptibility leads to back- =;\D:I,3j 3 o -.,} A
ground artifacts.ConverselyT; contrast agents do not suffer from /;Y) o ﬁj\"’ " /;\fi—;
this phenomenon. However, there are very few examples of | ot HD'” [ i:“'
paramagneticT;)-labeled nanoparticles that combine therapeutics TiOo — TiOo
with an MR reportef.

In conjunction, our recent work shows that Li@anoparticles open surface sites octahedral surface sites

decorated with DNA oligonucleotides function in a targeted and Following characterization (HPLC, ESI-MS, and EA), the
therapeutic capacit§y’ Targeting is accomplished via oligonucle- dopamine-modified contrast agent) (lwas reac'ted with T’i@

otide hybridization to an intracellular organelle’s matching DNA nanoparticles in the presence and absence of surface-conjugated

sequence, and therapgutic activity is elicitgd py light-induced oligonucleotides (see Supporting Information,~S). Coupling
scission of the nanoparticle-bound DNA. Considering these proper- 1 to the nanoparticle was initially detected by a distinct color change

ties, attachment of & contrast agent to such a targeted nanoparticle resulting from a red shift in nanoparticle absorption between the

WOU|(J! allow thg visualization _of certain genom_ic sequences in cells unmodified nanoparticles (white) to the modified nanoparticles
and tl.ssues via MRI. Knpwmg that cancer is a result of DNA (orange/browny. In addition, formation of the DOPADO3A
mutations, one can envision that a therapeutic MR. prppe tar_get'ngnanoparticles was confirmed by UV and IR spectroscopy (see
onlyhmuhtant oncpgen(jedsequenges would *_‘f"“’ez S|gn|f|c?nt 'mr?aCtSupporting Information, S10 and S11). The modified nanoparticles
?nt _et el_rap(;elgﬁ:r: b |?gdnost|c com_munmes.- hsa E;e(?htl vt\;e a‘(;’erevealed a characteristic rise in UV light absorption toward higher
unctionalize -labele na.noconjug.ates with a ,( )- ase energies (206360 nm) that has been attributed to semiconducting
coqtrast agent to prod_uce a blocompatlble,_therapeutlcally active nanocomposite&? Similarly, the modified nanoconjugates showed
delivery scaffold that is detectable by routifigweighted MR significant (20% increase) IR absorption over control nanoparticles

. N
imaging: . . in the carbor-carbon double bond and aromatic stretching frequen-
The Gd(lIl)-labeled nanoparticles were prepared from previously cies of 1546-1680 cnt

reported TiQ—oligonucleotide nanoconjugat&é$The TiO, nano-
particles (3-5 nm) are surface modified by exploiting their selective
reactivity to ortho-substituted enediol ligands (such as doparfine).
These reactions form semiconducting, photocatalytically cleavable
bonds which allow for the surface conjugation of dopamine-
modified DNA. This nanoparticle-bound DNA retains its subcellular
targeting capabilities while remaining stable enough to allow in
vivo compartmental accumulation before photocatalytic cleavage

is induced’ effects as the available TiCactive sites may be blocked by the

The s_ynthesis of a dopamine-mod_ified contrast agent was pa oligonucleotides and the freely rotating, surface-conjugated
accomplished by coupling the commercially available succinimidyl 80PA—DO3A contrast agent$

estsr acuv_atec:l 164'7’¢|O -t_t(ajtraaszak(]: yclodfde’\c/:lanel—l:4,7-te_trsacetc|:c| acld 14 determine the relaxivity of the DOPADO3A—-TIO, nano-
to dopamine hydrochloride (Scheme 1). Metalation (with GHi conjugates, the slope of the line generated by plotting the inverse

antd phurllf!ca;'::on Wterle tc?jrrled olut under ,Ttr'Ct,C?H gorltrc:_I?%s the of theT; relaxation time versus Gd(lll) concentration was measured
catechol in the metalated comple}) {s easily oxidized at pH 5. (see Supporting Information, S12). The nanoconjugates yielded a
T Departments of Chemistry, Biochemistry and Molecular and Cell Biology, relaxivity of 3.5+ 0.1 mM~1s1 per Gd(lll) ion, similar to clinical

As expected, conjugation df to the DNA-modified hanocon-
jugates occurs in a linear relationship to the equivalents added. The
success of the conjugation reaction (assessed by the ICP-MS of Ti
and Gd in purified trials of varyingl]:[TiO, active site] equiva-
lents) increases linearly until the ratio of]TiO, active sites]
reaches 1.0. At a 1:1 equivalence ratio, the conjugation reaction
plateaus, giving a value of 46 0.2% of functionalized Ti@active
sites at ratios extending to 5:1. This is most likely due to steric

Neurobiology and Physiology, Northwestern University. R i ;
* Departments of Radiology and Radiation Oncology, Northwestern University. Smal! molecule contrast ageﬁfspn the basis Of. the Ti:Gd ratio
§ Argonne National Laboratory. acquired from ICP-MS, each individual nanoparticle has an average
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incubation with the nanoconjugates (Figure 2). Comparison of the
images from Figure 2 reveals that the cells incubated with the
DOPA—-DO3A nanoconjugates display a greater contrast enhance-
ment over control cells. Corroborating the nanoconjugate phantom
images (Supporting Information Figure S4) and XRF images (Figure
overiay 1), we see that Figure 2 demonstrates the utility of quantitative
analysis and XRF to predict viable contrast enhancement via MR
imaging.

In conclusion, we have prepared a Gd(Ill)-modified DNAO,
10 um semiconducting nanoparticle that is detectable in cells by MR
E— imaging. The labeled particles appear to be retained at specific
Figure 1. Two-dimensional XRF maps of (A) transfection of PC12 cells  |gcations inside cells by the conjugated DNA oligonucleotides

with DNA—DOPA—-DO3A-modified nanoconjugates; (B) control, non- s - . ) )
transfected PC12 cells. Phosphorus is red, titanium is green, and gadoliniumhybrIdIZIng to intracellular targets, hence creating the first nano

is blue. The scale bars representi&f. Note that each image is scaled to ~ Particle system capable of targeting specific DNA sequences while
its respective maximum value (displayed at the upper right corner and given being simultaneously detected by MR imagihgs a result, we

in uglcrr?). anticipate that any dopamine-functionalized molecule (e.g., cell-
penetrating peptides for passive cell membrane transport) can be
linked to this modified TiQ nanoparticle scaffold, allowing
noninvasive monitoring of cells containing target molecules and
removal of target gene sequences pending, Eitation.
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As expected, the Ti@nanoconjugates functionalized wittdisplay

a brighter signal than the control nanoparticles (see Supporting Supporting Information Available: Experimental details. This
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