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Multifunctional nanoparticles (MFNPs) have shown great prom- Scheme 1

ise as new probes for biomedical imaging and carriers for drug

deliveryl MFNPs can not only carry large payloads of imaging 1 PSS Ay > Repeat
and/or therapeutic agents but also be rendered target-specific by - -

conjugation to affinity molecules which have avidity for cell surface NPO NPTA T —

markers. Although a number of strategies have been developed to . .

synthesize target-specific MFNPs, most of them rely on covalent I
attachment of affinity molecules to their surfaéeSince such I e
bioconjugation steps can be tedious, there exists a need for new W \
synthetic strategies toward imaging and/or therapeutic MFNPs that L \f
can specifically target diseased cells. Herein we wish to report a /o;ikfcu-nnn n
noncovalent, electrostatic layer-by-layer (LbL) self-assembly strat-

egy for the synthesis of cancer-specific MFNPs that are efficient a6 a fluorescein isothiocyanate (FITC)-labeled cationie Gd
contrast agents for multimodal imaging. DOTA oligomer 1a. Upon excitation at 488 nm, [Ru(bp§!,-

LbL self-assembly, which was first reported almost 25 years’ago, dopedNPO emitted at 615 nm whereas the FITC dye emitted at
utilizes a wide range of interactions of varied strength, including 515 ym_ since the luminescence intensity at 615 nm is proportional
covalent bond$, metat-ligand coordinatiort, and electrostatic 4 theNPQ concentration, the ratio of the 515 nm emission intensity
attractions between oppositely charged polyelectrofiiereas 1, 615 nm emission intensity is proportional to the number of FITC
molecular self-assembly was initially developed for depositing ,q1ecyles on each nanoparticle. As shown in Figure 1e, the ratio
monolayer and multilayer films on planar substrates, electrostatic between 515 nm emission and 615 nm emission increased qua-
LbL self-assembly of polyelectrolytes has recently been shown to jatically as more layers diaand PSS were deposited. This result
be a versatile strategy for the synthesis of easell nanostructures s ¢onsistent with the linear increase of particle diameter since the
and nanoshellS.In this work, we have prepared cancer-specific ,,mper of FITC molecules is proportional to the surface area of
MFNPs by LbL self-assembly of polyelectrolytes and explored their gopeical nanoparticles (which scales quadratically with the particle
in vitro applications in magnetic resonance (MR) and optical diameter).
imaging. We have determined longitudinail) and transverse'Z) MR

Scheme 1 illustrates our LbL self-assembly strategy for MFNPs relaxivities for the LbL nanoparticlesNPnA) with up to seven
which were synthesized starting from recently reported hybrid silica layers ofL. Interestingly, the relaxivity values fodPnA on a per
nanoparticlesNIPO) containing a luminescent [Ru(bpj¢l core Gd basis remain essentially constantlat 19.0+ 1.7 mM-1-s1
and a paramagnetic monolayer coating of the-Gloxylpropyl)- andr2 = 55.0+ 5.0 mM 15! regardless the number of deposited
diethylenetriamine tetraacetate (SBTTA) complex? NPO is a layers of 1. This result is in stark contrast with that of the
highly anionic nanoparticle owing to the negative charge on the anq5aricles with covalently attached multilayers of Gd chelates
Gd—DTTA complex and, as a result, allows the deposition of
cationic Gd(l11)-DOTA oligomer 1 via electrostatic interactions
to afford NP1A. It has been shown that nanoparticles terminated
with positively charged polyelectrolytes carry net positive charge
to allow further deposition of anionic polymers via electrostatic
interactions’. Treatment ofNP1A with polystyrenesulfonate (PSS)
yieldedNP1B with a bilayer of1 and PSS. Repetition of this LbL
deposition sequence led to MFNPs with alternate multilayer coatings

of positively charged and negatively charged PSS. These MFNPs dg!:: &jm 220402 4250 82081
are designatet!PnA or NPnB with n denoting the number df % e B © Reosess
or PSS coating and andB denoting surface termination with £ a2 Ze
and PSS, respectively. 0w En

TEM images indicated alternate depositionlodnd PSS onto Fel 4 )
the nanopatrticles (Figure 1a&); the average diameters fNiP1A, % r

o

NP3A, andNP6A are 37+ 1, 41+ 1, and 43+ 2 nm, respectively. A ’ Loers of 2 0n NPD ¢
As shown in Figure 1d, the average diameters of the nanoparticlesS g e 1. (a—c) TEM images of nanoparticles that have been terminated
linearly increased as more bilayers band PSS were deposited.  with cationic Gd-DOTA oligomer1: (a) NP1A; (b) NP3A; (c) NP6A.

To further probe alternate deposition @fand PSS, we have  (d) Dependence dRPnA particle size on the number of depositkd(e)
Dependence of the intensity ratio between FITC (515 nm) and [RufBpy)

t Department of Chemistry. Cl2 (615 nm) luminescence on the number of deposited FITC-labeled Gd
* Department of Radiology. DOTA oligomerla
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functionalized with the KRGD sequence. In contrast, no signal
enhancement was observed for the HT-29 cells incubated with either
NP5B particles ofNP5B particles noncovalently functionalized with
the K;GRD sequence. The &&RD peptide was used here as a
scramble to mimic the surface charge of the nanoparticles but
without providing affinity for the integrin receptors. In vitro MR
imaging studies demonstrated efficient targeting of cancer cells by
the LbL particles with noncovalently attachedRGD peptide.

We have confirmed the targeting capability of LbL nanopatrticles
using laser scanning confocal fluorescence microscopic (LSCFM)
imaging. As shown in Figure 24, significant luminescent signal
was observed for HT-29 cells incubated witlfPnB particles that
have been noncovalently functionalized with thdRGD sequence,
indicating efficient targeting of HT-29 cells by the electrostatically
attached KRGD peptide. In comparison, no or little luminescent
signal was observed for control HT-29 cells without nanoparticles
. and for the cells that had been incubated vWHR5B particles or

e < NP5B particles noncovalently functionalized with the scrambled
Figure 2. (a) Dependence of per partialé andr2 values on the number K7GRD sequence. This reSl,m has been further Supporteq by LSCFM
of deposited G&-DOTA oligomer1 on NPO. (b) T1-weighted MR images ~ Studies of CPAE cells which also showed cell targeting by the
of HT-29 cells that have been incubated with various nanoparticles. From NPnB particles with noncovalently attached/RGD peptide
et NS5 s v i ocion.(S4PPering Inormato)
gﬁzgj V\}ith K/RGD, ang cells withNP3B particles that ha?lle been In summary, we hE.We utilized electros.tatlg LbIT self-assgp_wbly
noncovalently functionalized with $GRD. (c—j) Phase contrast optical (c, {0 construct MFNPs with both MR and optical imaging capabilities.
e, g, and i) and LSCFM microscopic images (d, f, h, and j) of HT-29 cells The LbL self-assembly strategy not only affords MFNPs with
that have been incubated with various nanoparticles: control cells without extraordinarily high MR relaxivities but also provides an efficient
any nanoparticle (c and d), cells wiiPSB particles (e and f), cells with  means for noncovalent functionalization of MENPs with affinity
NP5B particles that have been noncovalently functionalized witR®D ] - .
(g and h), and cells witiNP5B particles that have been noncovalently mO_IeCU|_eS‘ The generality Of_th's approach should aIIc_>\_/v the design
functionalized with KGRD (i and j). of imaging and/or therapeutic MFNPs that can specifically target
a wide range of diseased cells.

which exhibited diminished relaxivities on a per Gd b&sWe Acknowledgment. We acknowledge financial support from NIH
believe that the highly disordered and hydrophilic naturé ehd (U54-CA119343 and P20 RR020764). We thank Dr. Aiguo Hu for
PSS orNPnA allows ready accessibility of water molecules to the  providing1 and1a, and Dr. Rihe Liu for access to his tissue culture
Gd centers for efficient water proton relaxation. On the basis of facility. W.J.R. thanks NSF for a graduate fellowship, and W.L. is
the size of LbL particles, we further estimateldandr2 relaxivities a Camille Dreyfus Teacher-Scholar.

for NPnA on a per particle basis which increased linearly as more
layers ofl were electrostatically deposited ort#0 (Figure 2a).
The per particle1 values increase from 1.94 10° mM~1-s71 for
NPOto 5.34x 10° mM~1-s71 for NP7A, whereas the per particle
r2 values increase from 5.64 10° mM~1-s71 for NPOto 1.55 x

10° mM~1.s71 for NP7A. The LbL self-assembly thus offers a
superb strategy for increasing nanoparticle MR relaxivities.

Supporting Information Available: Experimental procedures and
six figures. This material is available free of charge via the Internet at
http://pubs.acs.org.
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