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Abstract
Nanomaterials offer unique physical properties that make them ideal biosensors for scant cell
populations. However, specific targeting of nanoparticles to intracellular proteins has been
challenging. Here, we describe a technique to improve intracellular biomarker sensing using
nanoparticles that is based on bioorthogonal chemistry. Using trans-cyclooctene-modified affinity
ligands that are administered to semipermeabilized cells and revealed by cycloaddition reaction
with tetrazine-conjugated nanoparticles, we demonstrate site-specific amplification of
nanomaterial binding. We also show that this technique is capable of sensing protein biomarkers
and phoshoprotein signal mediators, both within the cytosol and nucleus, via magnetic or
fluorescent modalities. We expect the described method will have broad applications in
nanomaterial-based diagnostics and therapeutics.
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Human cells, and in particular cancer cells, exhibit substantial molecular heterogeneity, and
it is increasingly apparent that methods to detect numerous key targets in size-limited
clinical samples will become essential to assess the spatial and temporal status of signal
transduction networks and to realize the goal of personalized medicine.1–4 Traditional
molecular detection methods such as Western blotting, flow cytometry, immunofluorescence
imaging, and immunohistochemistry require prohibitively large cell numbers for these tasks,
lack multiplexing capability, or suffer from low throughput, and thus are limited in the
amount of information that can be obtained from clinical specimen. Nanomaterial-based
detection platforms can provide advantages over these approaches in terms of the signal
sensitivity, stability, and/or capability for multiplexing that are afforded by unique physical
properties such as paramagnetism, 5,6 semiconductor fluorescence, 7–9 luminescence/
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fluorescence upconversion, 10,11 or plasmon resonance/Raman scattering.12 For these
reasons, there has been substantial interest in developing sensitive and robust methods to
detect biomarkers on the surface of cells or tissues using nanomaterials functionalized with
targeting ligands such as monoclonal antibodies.6,13–21 To date, however, nanomaterial-
based detection of biomarkers within cells has been limited to a few studies,22–26 most likely
due to difficulties in achieving sufficient target-to-background ratios. Hence, novel
techniques are required to significantly improve the delivery of nanomaterials to
intracellular compartments and their ability to specifically recognize targets upon arrival,
while also limiting nonspecific interactions. While extensive work has been performed to
characterize intracellular uptake and endosomal escape of nanomaterials,27–29 most sensing
applications will require cell permeabilization because delivery into the cytoplasm and
nucleus of live cells is inefficient even when cell-penetrating mediators such as the HIV tat
peptide are used.30–32 Advances in nanomaterial delivery and targeting remain a critical
need for nanomaterial-based diagnostic applications because key biomarkers and indicators
of activation, growth, and survival are located within cells (these potential targets are
schematically represented in Figure 1a).

We have recently used bioorthogonal cycloaddition chemistries to target nanoparticle
sensors to surface markers such as HER2 and EGFR on live cells.13,33 This technique,
termed bioorthogonal nanoparticle detection (BOND), utilizes an irreversible inverse Diels–
Alder reaction between tetrazine (Tz) and a strained dienophile such as norbornene33,34 or
trans-cyclooctene (TCO) to couple nanoparticles to affinity molecules pretargeted to the cell
surface (Figure 1b).13,35 Using TCO-modified monoclonal antibodies and Tz nanoparticles,
we have shown that this two-step BOND scheme (BOND-2) is specific, rapid, modular, and
yields superior nanoparticle signals relative to traditional direct affinity molecule–
nanoparticle conjugates due to amplification of binding.13 This amplification is similar to
that observed with other two-step procedures such as primary/secondary antibodies and
avidin/biotin, but the small size of the bioorthogonal reagents allows for a significantly
higher degree of coupling. Recent evidence suggests that the Tz-TCO chemistry is
compatible within the intracellular compartment;36 however, BOND amplification has not
yet been demonstrated inside cells. Therefore, we adapted the technique to the detection of
intracellular proteins for rapid and sensitive diagnostic applications.

Here, we significantly improve the sensitivity of intracellular nanomaterial diagnostics by
(1) systematically screening cell fixation and permeabilization treatments to optimize
nanomaterial delivery and binding specificity and (2) amplifying nanomaterial binding using
the bioorthogonal coupling scheme. We demonstrate that different intracellular protein
biomarkers (cytosolic, nuclear, phosphorylation specific, etc.) can be sensed with
unprecedented sensitivity and specificity using magnetic or fluorescent tetrazine
nanoparticles. We expect the techniques described will have broad applications in
nanomaterial-based diagnostics by enabling detection of cells based on internal biomarkers
and longitudinal monitoring of cell status in small and unique populations under numerous
modalities.

Results
Optimizing Nanoparticle Delivery and Targeting

We first screened cell fixation and permeabilization treatments to optimize the delivery of
nanoparticles to subcellular targets while limiting nonspecific background. Cancer cells
were treated in suspension to replicate conditions commonly encountered in clinical
diagnostic applications (fine needle aspirates, blood samples for circulating tumor cells, or
other fluid samples) and to facilitate quantification of fluorescence for magneto-fluorescent
nanoparticles (MFNP) by flow cytometry. We identified several methods to fix and
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permeabilize cells from the literature, and a prescreen indicated that the best signal-to-
background ratio was obtained using a mixture of formaldehyde and the detergent saponin.
Using a cytoplasmic (cytokeratin, CK) and nuclear (Ki-67) protein marker as model
diagnostic targets, we then tested the effect of secondary permeabilization treatment with
methanol or one of several detergents (Tween 20, Triton-X 100, or additional saponin).
MFNP were targeted to CK and Ki-67 using the BOND-2 scheme, employing successive
incubations with TCO-modified monoclonal antibody (anti-CK, 9.9 TCO/antibody; anti-
Ki-67, 24.4 TCO/antibody) and Tz-MFNP. TCO loadings were determined by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (see
Supporting Information and Figure S1). Figure 1c summarizes the signal-to-background
ratio for each secondary permeabilization treatment and shows that saponin was optimal for
both markers. We also investigated whether the results for saponin could be improved by
mechanical disruption via freeze–thaw treatment prior to fixation. While the cytosolic CK
signal was unaffected, a significant increase in nuclear Ki-67 signal was observed along with
a small increase in background binding. The combination of the freeze–thaw and saponin
treatments thus yielded the best general results and was used for subsequent experiments
unless indicated.

We next optimized BOND-2 and compared the technique to direct immuno-conjugation
using CK as the target. We first studied the effect of TCO loading on nanoparticle binding
(Figure 1d) and found that Tz-MFNP signal increased with TCO valency. This observation
was observed previously for targeting extracellular markers where saturation occurred at
∼20 TCO/antibody.13 Such extensive TCO loading was not achieved here for the anti-CK
antibody despite similar treatment with amine-reactive TCO, most likely due to decreased
number or availability of primary amine modification sites. Figure 1e compares nanoparticle
binding as a function of concentration for BOND-2 and an immuno-conjugate that was
synthesized using TCO-antibody and Tz-MFNP prior to exposure to cells (BOND-1). We
found that the signal for both cases increased out to 100 nM Tz-MFNP concentration, but
the two-step procedure yielded approximately an order of magnitude higher signal. Similar
results were also obtained for targeting the cytoskeletal protein vimentin (Supporting
Information Figure S2). These findings confirm that the BOND-2 scheme amplifies
nanoparticle binding to intracellular targets. It is also possible that the smaller size of the Tz
nanoparticle (28.8 nm) relative to the immuno-conjugate (41.8 for the anti-CK antibody-
MFNP) could provide an advantage with respect to delivery into the cell. For instance,
diffusive transport rate scales inversely with size, and thus would be 33% faster for the Tz-
MFNP. These data thus demonstrate that the Tz/TCO cycloaddition is compatible with
detection of targets inside of cells, and the two-step BOND scheme leads to an order of
magnitude higher signal.

Intracellular Nanoparticle Binding Correlates with Target Expression
For diagnostic purposes, it is often important to not only detect the presence or absence of a
protein but also to quantitate the amount per cell. We therefore determined whether
nanoparticle binding correlated with target protein expression by employing panels of cell
lines varying in expression of CK and Ki-67. The CK panel included negative (U118), low
(SK-OV-3), moderate (HeLa), and high (SK-BR-3 and PANC-1) expressing cell lines. The
Ki-67 panel included cell populations exhibiting low (SK-OV-3 and SK-BR-3), moderate
(A549 and HT-29), and high (PANC-1) percentages of actively growing cells. Nanoparticles
were targeted using the optimized conditions determined in the previous section (9.9 TCO/
anti-CK antibody, 24.4 TCO/anti-Ki-67 antibody, 100 nM Tz-MFNP), and fluorescence
intensities were measured using flow cytometry. We found that the nanoparticle signals for
both markers correlated closely with expression levels determined by fluorescent antibody
staining (Figure 2a) and Western blot (see Supporting Information and Figure S2). Note that
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nanoparticle binding to the CK negative cell line was identical to the controls, suggesting
that background binding is independent of the TCO-antibody. As a final confirmation of
nanoparticle binding specificity and to assess the spatial distribution of targeted
nanoparticles within cells, we performed confocal microscopy (Figure 2b). For these
experiments, we modified the anti-CK and anti-Ki-67 antibodies with both TCO and
AlexaFluor-488 (AF488) fluorescent dye to compare localization of antibody and MFNP
(conjugated with VT680 near-infrared fluorescent dye). Following separate incubations of
fixed/permeabilized SK-BR-3 cells with TCO/AF488-modified anti-CK antibody and Tz-
MFNP, strong antibody signal was detected in a manner consistent with cytoskeletal
(intermediate filament) structures (Figure 2b,i). Likewise, strong antibody signal was
detected exclusively within the nucleus for PANC-1 cells using the TCO/AF488-modified
anti-Ki-67 antibody (Figure 2b,v). The corresponding MFNP signals were also bright
(Figure 2b,ii,vi) and showed excellent correlation with the antibody signals (Figure
2b,iii,vii). However, no nanoparticle signal was observed when a TCO-modified control
antibody was employed (Figure 2b,iv,viii). Similar results were obtained targeting vimentin
and p53 (Supporting Information Figure S2). These findings confirm that the Tz/TCO
cycloaddition is chemoselective, leading to nanoparticle accumulation at the sites of
antibody binding, and thereby molecular target expression.

NMR Profiling of Intracellular Proteins with Magnetic Nanoparticles
We next set out to determine the feasibility of profiling different intracellular proteins based
on magnetic resonance effects induced by magnetic nanoparticles. Since biological samples
exhibit low endogenous magnetic background, detection of magnetic nanoparticles can be
performed in optically obscure (i.e., crude) samples, and as such, diagnostic magnetic
resonance (DMR) has received considerable attention for rapid, point-of-care detection of
diagnostic specimen containing scant cell populations.14 These scant cell populations,
typically encountered in diagnostic cancer specimen obtained from fine-needle aspirate
biopsies or circulating tumor cells (CTCs) from blood, are difficult to quickly and accurately
profile using conventional molecular detection methods (i.e., Western blot,
immunohistochemistry, flow cytometry). Figure 3a displays the DMR results obtained for
eight different cell lines that were profiled for eight intracellular biomarkers relevant to
cancer screening (CK, vimentin, Ki-67, and p53) and therapeutic monitoring (cytoplasmic
domain of EGFR, phosphorylated EGFR (p-EGFR), phosphorylated ERK (p-ERK), and
phosphorylated S6 ribosomal protein (p-S6RP)). In each case, cells were labeled with
MFNP using the BOND scheme, and 1000 cells were analyzed in the 1 μL sample volume
of a hand-held NMR device. Note the excellent correlation coefficients indicated in Figure
3b between magnetic experiments (1000 cells) and the expression levels measured by
fluorescent antibody staining in larger samples (106 cells; see Supporting Information and
Table S2). Confocal images in Figure 3c demonstrate the varying MFNP localizations and
signal intensities obtained for each marker in PANC-1 (CK, vimentin, p-ERK, p-S6RP,
Ki-67, and p53) and A431 (EGFR and p-EGFR) cells. Control signals were determined
using a TCO-modified control antibody. These data show that DMR can be used to sense
magnetic nanoparticles that are targeted to diverse proteins, including low-expression level
phospho-proteins, in various intracellular locations and in scant cell samples.

Measuring Drug Efficacy
A transformational application of the DMR technology would be to quantitate drug efficacy
in small tumor cell populations. The ability to measure drug effects on intracellular signaling
pathways in target cells would have far reaching applications in pharmaceutical
development and for routine clinical practice. Therefore, we assessed the activation state of
cancer cells that were treated with inhibitors of the EGFR (gefitinib) and mTOR
(rapamycin) signaling pathways by measuring the shared downstream target p-S6RP (Figure
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4a). Administration of gefitinib to A431 (highly sensitive due to EGFR amplification), NCI-
H1650 (moderately sensitive due to exon 19 deletion of EGFR), and A549 (not sensitive due
to KRAS mutation) cells resulted in dose-dependent inhibition of p-S6RP that could
accurately be quantitated in ∼1000 cells by DMR (Figure 4b, c). IC50 values were
approximately 10 nM for A431, 2 nM for NCI-H1650 (only 50% inhibition), and >10 μM
for A549 cells, similar to previous reports.37,38 Rapamycin IC50 values were approximately
0.5 nM for each cell line, similar to the subnanomolar (0.2 nM) binding constant reported.39

Application to Quantum Dots
As a final demonstration of the general applicability of the methods developed here, we
tested commercially available quantum dots (QDs). QDs are ideal for fluorescence imaging
applications due to their unique spectral properties, including signal strength, photostability,
and narrow emission profiles.7–9 Amine-terminated, PEG-coated QDs were modified with
Tz (Tz-QD) and targeted to CK and Ki-67 in PANC-1 cells as described previously for Tz-
MFNP. As the confocal microscopy images in Figure 5 illustrate, strong QD signals were
obtained that spatially correlated with the targeting antibody. Signal-to-background ratios
were lower than observed for MFNP, however, resulting in dim QD signal outside of the
target area. This finding may have resulted from lower Tz valency, leading to less efficient
binding, or instability of the proprietary PEG coating, causing higher background. The latter
factor could likely be improved through use of more stable polymer coatings.40 These
results confirm that the cell treatments and BOND-2 targeting scheme are broadly applicable
to different nanomaterials.

Discussion
Our results demonstrate that we have improved nanoparticle targeting to cytoplasmic and
nuclear proteins in comparison to traditional direct immuno-conjugation, and thereby
significantly increased the detection sensitivity and specificity of nanomaterial sensors. This
was made possible by employing an advanced labeling scheme that uses bioorthogonal
chemistry to amplify nanoparticle binding (BOND-2). Furthermore, we have maximized the
potential of BOND by optimizing semipermeabilization of cells without cellular destruction.
Our results show broad applicability and remarkable reproducibility across a platform of
different intracellular biomarkers of diagnostic interest. This nanomaterial targeting
technique is also sensitive, rapid, scalable, and adaptable to numerous types of
nanomaterials. We envision that the described technique will facilitate a number of sensing
applications under different detection modalities.

In the described work, we demonstrated improved targeting of nanomaterial sensors
possessing fluorescent and magnetic properties. For magnetic nanoparticles, miniaturized
NMR readers have recently been developed for ex vivo profiling of cancer cells in biological
specimens.14,41 These systems were previously limited to extracellular biomarkers,14 but the
techniques developed here will increase the number and type of biomarker targets available
to nanomaterials for sensitive molecular detection (i.e., CK or PSA for circulating tumor
cells42–46) and comprehensive profiling, while also enabling real-time monitoring of
therapeutic treatment efficacy (i.e., p-S6RP). Given the high signal intensity and
photostability of QDs, these techniques will also improve the sensitivity of intracellular
protein detection in fluorescence imaging applications, potentially revealing the spatial
localization of scant or even single molecular species. These benefits would extend to both
discrete cell populations and tissue sections,23–26 and multicolor fluorescence detection may
be possible if used in concert with traditional affinity molecule–nanoparticle conjugates or a
platform of appropriate bioorthogonal chemistries. While not demonstrated here, we
envision that similar results could be obtained for gold and other nanoparticles for detection
by SERS and electron microscopy.
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The techniques described may also make it possible to directly monitor the delivery of
small-molecule therapeutics (i.e., TCO-modified drugs36) with nanomaterials, as well as
impact biomedical applications such as magnetic cell separation based on intracellular
targets and SILAC-based proteomic analysis.47 Finally, while not specifically investigated
here, it may be feasible to utilize reversible permeabilization methods (e.g., streptolysin O48)
to access intracellular proteins in viable cells for molecular sensing, cell tracking,49,50

magneto-fection51 and magnetic field-assisted drug delivery21 and release52 applications.

Methods
Preparation of Tetrazine-Modified Nanoparticles

Magneto-fluorescent nanoparticles (MFNP) containing primary amine functional groups
were prepared by synthesizing cross-linked iron oxide (CLIO) magnetic nanoparticles and
reacting with a limited quantity of amine-reactive cyanine dye (VivoTag 680, VT680, VisEn
Biomedical), as described elsewhere.13 The amino-MFNP contained approximately 84
primary amine and 4.7 VT680 molecules per particle as determined by N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP; Thermo Fisher)/dithiothreitol reaction53 and absorbance
measurement, respectively. The hydrodynamic diameter was 28.8 nm by dynamic light
scattering (Zetasizer 1000HS; Malvern Instruments), and the r1 and r2 relaxivities were 25.2
and 64.5 mM−1 s −1, respectively, at 40 °C and 0.47 T (Minispec MQ20; Bruker). Quantum
dots with fluorescence emission maximum at 705 nm (Qdot 705) and an amine-derivatized
PEG coating were purchased from Invitrogen and used directly. Amine-terminated
nanoparticles were modified with 2,5-dioxopyrrolidin-1-yl 5-(4-(1,2,4,5-tetrazin-3-yl)
benzylamino)-5-oxopentanoate (Tz-NHS) that was synthesized as previously reported13 to
create Tz nanoparticles. This reaction was performed using 500 equivalents of Tz-NHS
relative to the molar concentration of nanoparticles and was performed in PBS containing
5% dimethylformamide (DMF) for 3 h at room temperature. Excess Tz-NHS was removed
by gel filtration using Sephadex G-50 (GE Healthcare), and concentration was determined
by absorbance measurement at 410 nm (MFNP) or fluorescence intensity (QD) relative to
stock samples. MFNP mass concentration was converted to molar concentration using an
estimated 447 000 Da molecular weight for CLIO (8000 Fe atoms per core crystal, 55.85 Da
each54).

Preparation of TCO-Modified Antibodies
Monoclonal antibodies were modified with (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl
carbonate (TCO-NHS) that was synthesized as previously reported.35 If present, sodium
azide was first removed by buffer exchange into PBS (pH 8.0) using a 2 mL Zeba desalting
column (Thermo Fisher). TCO-NHS was then reacted with 05 mg of antibody in 10% DMF
for 3 h at room temperature. The antipan cytokeratin antibody (clone C-11, EXBIO) was
reacted with 10,100, and 1000 equiv of TCO-NHS. All of the other antibodies (listed in
Supporting Information Table S1) were reacted with 1000 equiv only. Samples were
purified using Zeba columns, and mass concentrations were determined by absorbance
measurement. TCO valencies were determined based on changes in molecular weight using
MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) mass spectrometry
(see Supporting Information). Antibody-MFNP immuno-conjugates were prepared from
TCO-antibody and Tz-MFNP (see Supporting Information).

Cell Fixation and Permeabilization Treatments
The human cancer cell lines SK-BR-3, PANC-1, HeLa, SK-OV-3, U118, HT-29, A549,
A431,and HCC827 were obtained from ATCC and maintained in DMEM media
supplemented with 10% fetal bovine serum (FBS) and 5% penicillin/streptomycin. For drug
inhibition studies, cells were treated with gefitinib (Thermo Fisher) at 1, 10, 100, or 1000
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nM or rapamycin (Sigma Aldrich) at 0.05,0.5,5, or 50 nM in DMEM for 24 h. Prior to
fixation, cells were grown to ∼90% confluency, released using 0.05% Tryspin/053 mM
EDTA, and washed twice by centrifugation with PBS containing 2% FBS (PBS+). In some
cases, a freeze–thaw regimen was performed by suspending the cells in PBS+ containing
15% glycerol, rapidly freezing in a bath of dry ice and isopropyl alcohol, and thawing at 37
°C. Cells (5 × 106 per treatment) were fixed by suspending in a 1:1 mixture of PBS and Fix
buffer 1 (FB1, BD Biosciences) and incubating at room temperature for 20 min. Cells
comprising the non-treated (NT) subset were then washed three times with PBS+ and used
directly. Additional permeabilization treatments were performed for the other cases by
washing once with PBS+, incubating for 20 min in Tween 20 (Tw20; 1% in PBS, room
temperature), Triton X-100 (TX; 0.05% in PBS, room temperature), or ice-cold methanol
(Meth; 100%, on ice), and washing three times with PBS+. Finally, the additional saponin
subset (Spn) was washed three times with perm/wash buffer containing 1% BSA (PW+, BD
Biosciences). Since permeabilization with saponin is reversible, PW+ was employed for all
subsequent cell treatments of the Spn subset.

Nanoparticle Targeting and Detection
Fixed and permeabilized cells (250 000/sample) were labeled with TCO-modified
monoclonal antibody (10 μg/mL) in 0.15 mL of PBS+ or PW+ for 10 min at room
temperature, pelleted by centrifugation, and aspirated. Tz-MFNP (0.2 to 200 nM) or Tz-QD
(25 nM) was then added directly, and the sample was vortexed, incubated for 30 min at
room temperature on a rotator, and washed twice by centrifugation with PBS+ or PW+.
Antibodies were omitted for control samples. For direct labeling with immuno-MFNP
conjugates, only the MFNP binding period (0.2 to 100 nM) was employed. Fluorescence
intensity was assessed using an LSRII flow cytometer (Becton Dickinson), and mean
fluorescence intensity was determined using FlowJo software. All measurements were
performed in triplicate, and the data are presented as the mean ± standard error.

Magnetic resonance measurements were performed using a miniaturized nuclear magnetic
resonance device.13,14 Transverse relaxation rate (R2) was measured for approximately 1000
cells within the 1 μL sample volume of the microcoil using Carr–Purcell–Meiboom–Gill
pulse sequences with the following parameters: echo time (TE) = 4 ms; repetition time (TR)
= 6 s; the number of 180° pulses per scan = 500; the number of scans = 8. All measurements
were performed in triplicate, and the data are presented as mean ± standard error. The R2
values were converted to the marker expression level per cell by subtracting the R2 value for
unlabeled cells to obtain ΔR2 and dividing the marker specific ΔR2 (ΔR2

+) by the control
(ΔR2

θ).13,14

For confocal microscopy studies, cells were grown on glass slides with removable chamber
wells (Lab-Tek; Thermo Fisher). Cell labeling was performed as described above, and
fluorescence signal was imaged using a multichannel upright laser-scanning confocal
microscope (FV1000; Olympus) with a 60 × water immersion objective lens. Images were
acquired with Fluoview software (version 4.3; Olympus) and analyzed using ImageJ
software (version 1.41; Bethesda, MD).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Targeting nanoparticles to intracellular markers using bioorthogonal chemistry coupling. (a)
Semipermeabilization of intact cells allows nanoparticle targeting to a variety of intracellular
biomarkers as wells as indicators of cell growth, activation, and survival. (b) BOND
targeting scheme using a TCO-modified antibody followed by Tz nanoparticle to amplify
nanoparticle binding. (c) Investigation of various cell treatments to optimize secondary
permeabilization (NT, no treatment; Tw20, Tween 20; TX, Triton X-100; Meth, methanol;
Spn, saponin) following fixation. A freeze–thaw treatment prior to fixation was also tested
along with saponin (FT/Spn). Optimal MFNP signal-to-background ratios were obtained
with the free-ze–thaw/Spn treatment for both cytoplasmic (CK) and nuclear (Ki-67) targets.
(d) Increasing the TCO valency on the anti-CK antibody increased MFNP signal. (e)
Binding isotherms obtained for targeting CK using BOND-2 and a direct MFNP immuno-
conjugate prepared using the TCO/Tz chemistry (BOND-1). Control signals were obtained
using Tz-MFNP only. BOND-2 yielded higher MFNP signals at all concentrations, with
differences exceeding 10-fold. Error bars represent the standard error from at least three
independent experiments.

Haun et al. Page 11

ACS Nano. Author manuscript; available in PMC 2011 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Nanoparticle targeting to intracellular markers is specific and representative of molecular
expression level. (a) MFNP fluorescence correlated closely with molecular expression
determined by antibody staining for panels of cell lines expressing various amounts of CK
and Ki-67. (b) Confocal microscopy images of SK-BR-3 (i–iv) and PANC-1 (v–viii) cells
targeted for CK and Ki-67, respectively. In both cases, antibodies were labeled with both
TCO (3–4 per antibody) and AlexaFluor-488 fluorescent dye. Following MFNP labeling,
images were captured at 488 (antibody, pseudocolored green, i and v) and 680 (MFNP,
pseudocolored red, ii and vi) nm emission. Merged images reveal excellent correlation
between the two signals (iii and vii). Controls determined using a nonbinding, TCO-
modified control antibody were negative (iv and viii). The scale bars in (i) and (v) represent
10 μm. Error bars represent the standard error from at least three independent experiments.
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Figure 3.
Profiling scant tumor cell populations for key biomarkers of cancer using diagnostic
magnetic resonance (DMR). (a) Detection of eight biomarkers in eight different cell lines
using MFNP based on nuclear magnetic resonance signal. The transverse relaxation rate (R2)
was measured for ∼1000 cells using a miniaturized DMR device. Marker expression levels
were determined based on the ratio of the positive marker (ΔR2

+) and control (ΔR2
θ) signals

(see Methods). (b) Magnetic measurements showed excellent correlation with marker
expression levels determined independently by antibody staining (see Supporting
Information Table S2). (d) Confocal images demonstrating varying cellular localizations and
signal intensities obtained for each specific marker (top) and controls (bottom). PANC-1
cells were used for CK, vimentin, p-ERK, p-S6RP, Ki-67, and p53 images. A431 cells were
used for both EGFR cases. All scale bars represent 10 μm. Error bars represent the standard
error from at least three μNMR measurements. Abbreviations: p-, phosphorylation specific;
S6RP, S6 ribosomal protein.
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Figure 4.
Therapeutic effects can be monitored using DMR on scant cell populations. (a) Gefitinib
inhibits signaling via EGFR, ultimately leading to inhibition of the mTOR pathway and
decreased cell growth. Rapamycin is a direct inhibitor of mTOR, leading to similar effects.
(b,c) Three cell lines (A431, NCI-H1650, and A549) were treated with varying doses of
gefitinib (1 to 1000 nM) or rapamycin (0.05 to 50 nM) for 12 h, and p-S6RP was used as a
read-out of drug efficacy. (b) A431 and NCI-H1650 cell lines were highly sensitive to
gefitinib, although the latter was only inhibited by 50%, and A549 cells were resistant. (d)
Rapamycin inhibited all cell lines equally. Error bars represent the standard error from at
least three μNMR measurements.
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Figure 5.
Quantum dots (QDs) can be targeted with high specificity using the described techniques.
The Tz-QDs were targeted to PANC-1 cells labeled with TCO-modified, AF488 fluorescent
antibodies to CK and Ki-67 as in Figure 2. Merged images demonstrate strong colocalization
between the positive signals, confirming that QDs are targeted with high specificity to the
intended target. The scale bar in (i) represents 10 μm.
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