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Efficient nanoparticle (NP) labeling of cellular and other
molecular targets is of fundamental importance for various
biodiagnostic assays.[1–4] The ability to target nanoparticles to
specific disease entities also has therapeutic and imaging
implications.[5] To date, most labeling methods rely on the use
of direct NP–ligand conjugates, wherein affinity ligands (e.g.
antibodies, peptides) are covalently attached to the surface of
NPs. Such a conjugation strategy, however, often requires
time-consuming optimization processes to maximize the
affinity, the ligand-to-NP ratio, and the colloidal stability of
each new construct.[6] To overcome these issues, the use of
synthetic reaction partners that are functionally orthogonal to
biological systems has emerged as an appealing labeling
platform both in vitro and in vivo.[7]

Supramolecular chemistry uses noncovalent interactions
for the assembly of larger functional structures.[8] Noncova-
lent supramolecular interactions, such as those observed in
host–guest binding pairs, allow for associations between
recognition motifs that are specific and bioorthogonal and
that do not require an additional catalyst.[9] Because the
association between components of a noncovalent binding
pair is typically diffusion-controlled, the reaction rate is much
faster (ca. 109

m
�1 s�1) than those of bioorthogonal covalent

reactions (1–104
m
�1 s�1).[10] Complexes formed through host–

guest interactions are stable in biological systems and have
thus been applied to many different biological applica-
tions.[11–14] The fast kinetics, specificity, stability, and bioor-
thogonal nature of these host–guest interactions prompted us

to investigate this platform for cellular labeling with NPs. In
particular, we hypothesized that this labeling strategy would
enable us to design assay methods with: 1) stable and
biocompatible components, 2) fast labeling for shorter assay
time, 3) high signal-to-noise ratios, and 4) the capacity for
signal amplification to detect scarce targets.

Herein, we present a modular labeling strategy, in which
host–guest interactions between b-cyclodextrin (CD) and
adamantane (ADA) are used as the coupling mechanism
between NPs and antibodies (Scheme 1). This approach
employs a two-step NP-labeling strategy, where CD-modified
antibodies (CD–Abs) are used for primary target binding and
subsequent noncovalent coupling with ADA-modified NPs.
Using this approach, we were able to consistently achieve
higher labeling efficiency than with either direct immuno-
conjugates or the noncovalent avidin–biotin system. Further-
more, we show that this supramolecular labeling strategy is
easily adaptable to a variety of biodiagnostic assays, including
molecular profiling, immunostaining, and magnetic cell sort-
ing.

We used MFNPs, which consist of an iron oxide core and a
dextran shell modified with fluorochromes (VivoTag 680;
VT680), as labeling agents.[15] ADA-functionalized MFNPs
(ADA–MFNPs) were prepared by conjugating ADA poly-
(ethylene glycol) succinimidyl ester to amine-modified
MFNPs. Mono-thio-b-CD was anchored to maleimide-modi-
fied antibodies through Michael addition. CD–Abs were
characterized using mass spectrometry (Figure S1 in the
Supporting Information). Secondary antibody labeling was
used to verify that the CD modifications did not affect the
primary antibody binding to the cell surface markers (Fig-
ure S2 in the Supporting Information).

The affinity and binding kinetics between ADA–MFNPs
and CD were characterized using surface plasmon resonance
(SPR; Figure 1). We observed an exceptionally high associ-
ation rate (ka = (7.9� 0.4) � 106

m
�1 s�1) as well as a slow off-

rate (kd = (4.0� 0.5) � 10�4 s�1).The observed high ka value is
attributed to the fast and diffusion-controlled association
between the noncovalent binding pair, whereas the slow off-
rate and the resulting high binding affinity (KD = (5.0� 0.7) �
10�11

m) indicate multivalent binding avidity of the NPs.[10,16]

The low KD value can also be attributed to the decrease in
enthalpy owing to multivalent binding.[10] Furthermore, the
CD–ADA complex maintained superb stability under harsh
buffer conditions (Figure S3 in the Supporting Information).

We evaluated the effectiveness of the CD–ADA method
for cellular labeling. Live mammalian SK-BR-3 cells were
targeted through a two-step labeling method (Scheme 1),
wherein cells were first incubated with CD–Abs (CD–HER2/
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neu) for primary target binding, and subsequently coupled to
ADA–MFNPs. Time-lapse fluorescence images taken during
the ADA–MFNP incubation (Figure 2a) confirmed fast
particle binding with the fluorescence signal reaching satu-
ration in less than 15 min (Figure 2b). The CD–ADA method
was then applied to label various surface receptors in live
cells. SK-BR-3, A431, and HCT-116 cells were labeled with
ADA–MFNPs by targeting their overexpressed markers,
HER2/neu, EGFR (epidermal growth factor receptor), and
EpCAM (epithelial cell adhesion molecule), respectively. A
strong fluorescence signal was detected on the targeted cell
surface (Figure 2 c), thus indicating NP localization to mem-

brane-associated biomarkers. Cross-section transmission
electron microscopy (TEM) further confirmed the presence
of the NPs on the cell membrane (Figure S4 in the Supporting
Information). Notably, the CD–ADA labeling was highly
selective with very low nonspecific binding; a negligible
fluorescence signal was detected when primary targeting with
CD–Abs was omitted (Figure S5 in the Supporting Informa-
tion). In addition, the CD–ADA system retained its stability
and reactivity when cell labeling was performed in different
buffers, in biological media, and at different temperatures
(Figures S6 and S7 in the Supporting Information). Negligible
release of the ADA–MFNP labels was observed from the
competition experiment with nonfluorescent ADA–NP or
adamantyl amine, presumably owing to the slow off-rate as a
result of multivalent binding avidity of the ADA–MFNPs.

We compared the performance of CD–ADA labeling with
those of other conventional methods: direct labeling with
antibody-MFNP conjugates and two-step noncovalent label-
ing using the avidin–biotin system. The CD–ADA supra-
molecular method consistently showed higher NP loading to
the targeted cells. For example, the relative increase in
fluorescence signal was 15-fold compared to the direct
labeling method (Figure 3). More interestingly, the CD–
ADA method showed two times higher fluorescence intensity
than the avidin–biotin method (Figure 3), although both
methods had a similar antibody loading (CD–Ab or biotin–
Ab) on cells (Figure S8 in the Supporting Information).
Magnetic detection with a miniaturized nuclear magnetic
resonance (mNMR) system[17] showed the same trend, which is
in agreement with the fluorescence measurement. Such
higher signal levels obtained with the CD–ADA method
can be attributed to the high valencies and small sizes of the
CD–ADA binding partners, which promote the attachment of
multiple NPs to a single biomarker. Conversely, in the direct
labeling, at most one NP can be bound per marker; in the
avidin–biotin method, the large footprint of the avidin
molecule (molecular weight ca. 67 kDa) considerably lowers

Scheme 1. a) Structure of the ADA-functionalized magnetofluorescent nanoparticles (ADA–MFNPs) and CD-modified antibodies (CD–Abs).
b) Schematic depiction of the supramolecular labeling strategy. CD–Abs against the biomarker of interest were initially targeted to cells and then
used as scaffolds for coupling ADA–MFNPs in live cells by host–guest complexation between CD and ADA.

Figure 1. SPR sensorgram to determine the binding kinetics of ADA–
MFNP to CD immobilized on a gold-coated surface (see the Support-
ing Information for details). An increase in the SPR signal after ADA–
MFNP injection (t = 0) into the flow-through device confirmed NP
binding. ADA–MFNP binding was characterized by running multiple
cycles and measuring binding at varying concentrations during the
sample injection step (1:2 dilution series: 500, 250, 125, 62.5, 31.2,
and 15.6 ng MFNPmL�1). The resulting binding curves were double-
reference subtracted and fitted to a one-to-one binding model. The
rate constants listed in the inset are calculated from five separate
measurements.

Angewandte
Chemie

451Angew. Chem. Int. Ed. 2012, 51, 450 –454 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


the avidin valency per nanoparticle, and because of its large
size, the avidin sterically masks adjacent biotin sites, hinder-
ing multiple NP binding to a single biomarker.

Amplifying analytical signal is a crucial task in detecting
rare cells or scant biomarkers. Successive labeling with the
CD–ADA system is a convenient strategy for signal amplifi-
cation. Figure S9a in the Supporting Information shows an
amplification method that is based on the alternating attach-
ment of VT680-conjugated ADA–MFNPs and fluorescein
isothiocyanate (FITC)-conjugated CD–MFNPs to cell surfa-
ces. Confocal microscopy showed intense, co-localized fluo-
rescence signals from both channels, thus confirming the

amplification of the specific biomarkers (Figure S9b in the
Supporting Information). Low nonspecific binding of CD–
MFNPs and dose-dependent labeling of ADA–MFNPs with
CD–MFNPs were observed from this system (Figure S10 in
the Supporting Information). Further consecutive rounds of
amplification indeed led to the increase of analytical signal, as
measured by both flow cytometry and mNMR (Figure S11 in
the Supporting Information).

Cell-based assays require specific and efficient labeling of
cellular biomarkers, which prompted us to apply this supra-
molecular method for various biodiagnostic configurations.
We used the CD–ADA method for the rapid detection and
profiling of cancer cells. A panel of human cancer cell lines
(A431, SK-BR-3, HCT-116, MCF-7, and MDA-MB-231) and
a control fibroblast cell line were labeled with CD–Abs
against relevant cancer markers and subsequently tagged with
ADA–MFNPs. Using the mNMR system, we measured the
transverse relaxation rates (R2) of these samples to obtain the
molecular expression profiles of these cells (Figure 4a). With
the efficient magnetic labeling achieved with the CD–ADA
system, reliable mNMR assays could be performed even with a
small number of cells (ca. 200 cells). The results also showed
direct correlation with those obtained by flow cytometry
(Figure S12 in the Supporting Information), which required a
much higher number of cells (ca. 10000 cells). To apply the
CD–ADA labeling in more clinically relevant specimens,
artificial clinical samples were prepared by spiking cancer
cells (SK-BR-3) into whole blood. After lysing the red blood
cells, samples were targeted with CD–HER2/neu and then
labeled with ADA–MFNPs. Subsequent mNMR measure-
ment detected a significantly higher R2 relaxation rate in
blood samples containing cancer cells, thereby demonstrating
the robustness of the supramolecular labeling technology
(Figure S13 in the Supporting Information). Utility of the

Figure 2. a) Kinetics of labeling in live cells. Images show the increased intensity of the fluorescence signal (VT680 fluorescence from ADA–
MFNP) from the cell surface as a function of nanoparticle incubation time. b) Fluorescence intensity, plotted against nanoparticle incubation
time, reached saturation within 15 min. c) Confocal microscopy images of SK-BR-3, A431, and HCT-116 cells targeted with CD-modified antibodies
against HER2/neu, EGFR, and EpCAM, respectively, and coupled with ADA–MFNP (red fluorescence). Cell nuclei were stained using TO-PRO-1
(green). Scale bars 50 mm.

Figure 3. Performance in cell labeling experiments (SK-BR-3 cells) of
the CD–ADA method (ADA–MFNP) relative to the direct labeling
technique using nanoparticle–antibody conjugate (Ab-MFNP) and the
avidin–biotin system (Avidin-MFNP). The analytical signal (fluores-
cence and magnetic) obtained with the different labeling methods was
normalized against the signal from the direct labeling method and
expressed as relative signal intensity. *P<0.05 and **P<0.01.
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CD–ADA platform in multiplexed analysis was demonstrated
by labeling EpCAM using CD–ADA interactions and by
labeling HER2/neu receptors using avidin–biotin interactions
on the same SK-BR-3 cells (Figure S14 in the Supporting
Information).

We next examined whether the CD–ADA method could
be more generally extended to other substrate material. Two
representative platforms, quantum dots (QDs) and magnetic
beads, were chosen for cellular imaging and cell-sorting
operations, respectively. For the QD-based immunostaining,
we targeted an extracellular marker (EGFR) and an intra-
cellular marker (cytokeratin) and subsequently applied
ADA-decorated QDs. As for MFNPs, the supramolecular
QD labeling was highly efficient with minimal nonspecific
interactions; confocal microscopy showed bright staining on
targeted cells (Figure 4 b), whereas control samples without
primary CD–Abs targeting showed negligible fluorescence
(Figure S15 in the Supporting Information). The magnetic

sorting with the CD–ADA system was demonstrated by
isolating HER2-positive SK-BR-3 cells from a heterogeneous
cell mixture. The mixture was first incubated with CD–Abs,
and subsequently the ADA-conjugated magnetic beads were
added. As summarized in Figure 4c, the initial suspension
contained two distinct cell populations as properly labeled by
the secondary antibody conjugate. Using the magnetic sorting
process we could effectively separate the HER2-positive cells
from the HER2-negative cells.

In summary, we demonstrate the utility of a host–guest
supramolecular system for modular and efficient NP targeting
to cellular biomarkers. Because of the small size of the
components and their steric advantages, as well as the
amplifying and multiplexing capabilities of the method, we
could achieve considerably better binding to cells than with
commonly used methods. This coupling platform is versatile
and can be easily adapted to various diagnostic techniques.
We are currently exploring some of these applications

Figure 4. a) Rapid profiling of biomarkers using mNMR. The expression level of the target marker was represented as NMR signal ratio Dr2
mAb/

Dr2
ø, where Dr2

mAb and Dr2
ø are cellular relaxivities for marker-specific and control MFNPs, respectively. b) ADA-linked QDs were used to

fluorescently label cell surface marker EGFR in live cells (A431 cells) and intracellular marker cytokeratin in semipermeabilized cells (SK-BR-3
cells). Red fluorescence ADA–QD; blue fluorescence DAPI nuclear stain. Scale bars 25 mm. c) Cell sorting using ADA-functionalized magnetic
beads. FITC-conjugated secondary antibody was used to distinguish the HER2-positive cells from the HER2-negative cells. Inset fluorescence
micrographs show the clean magnetic separation of HER2-positive (green) and HER2-negative cells. Both cell types were stained with DAPI
(blue). Scale bar 100 mm. The numbers in the four quadrants of the histogram correspond to the percentage of cells with the respective
characteristics.
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involving cell-based therapies[18] and programming the assem-
bly of cells to create microtissues.[19]
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