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ince the seminal introduction of water-
soluble luminescent semiconductor
nanocrystals (NCs) or quantum dots
as fluorescent probes more than a decade
ago,'? interest in utilizing these unique
optical nanomaterials in diverse biological
applications continues to grow almost un-
abated.>* Demonstrated biological applica-
tions to date include cellular labeling, in vivo
imaging, sentinel lymph node mapping,
single molecule tracking, myriad immuno-
chemistries, Forster resonance energy transfer
(FRET) sensing, photodynamic therapy,
nanomedicine research, and multimodal
cancer targeting platforms, to name but a
paltry few.>*~ '3 The principal impediment to
further biological utility continues to be the
limited chemistries for attaching biologicals
such as antibodies and other proteins to the
NCs in a facile, widely applicable manner
that still yields controlled, functional nano-
particle bioconjugates capable of cellular
uptake and other labeling utility. NC sur-
faces must be tailored and optimized for use
in a specific application and indeed substan-
tial resources continue to be devoted toward
this.”*~"” Available NC bioconjugation che-
mistries generally target the ubiquitous
amine and carboxyl functional groups pre-
sent on proteins or the less prevalent thiols
that are sometimes recombinantly intro-
duced for site-specific labeling.'®
Carbodiimide (EDC)-based chemistry is
the most common strategy used to join
carboxylated NCs to protein amines via
amide bond formation. As currently applied,
this approach is plagued by several unre-
solved issues, including EDC's rapid hydro-
lysis in aqueous environments,'® the need
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ABSTRACT Effective biological application of nanocrystalline semiconductor quantum dots
continues to be hampered by the lack of easily implemented and widely applicable labeling
chemistries. Here, we introduce two new orthogonal nanocrystal bioconjugation chemistries that
overcome many of the labeling issues associated with currently utilized approaches. These
chemistries specifically target either (1) the ubiquitous amines found on proteins or (2) thiols
present in either antibody hinge regions or recombinantly introduced into other proteins to facilitate
site-specific labeling. The amine chemistry incorporates aniline-catalyzed hydrazone bond forma-
tion, while the sulfhydryl chemistry utilizes nanocrystals displaying surface activated maleimide
groups. Both reactive chemistries are rapidly implemented, yielding purified nanocrystal—protein
bioconjugates in as little as 3 h. Following initial characterization of the nanocrystal materials, the
wide applicability and strong multiplexing potential of these chemistries are demonstrated in an
array of applications including immunoassays, immunolabeling in both cellular and tissue samples,
in vivo cellular uptake, and flow cytometry. Side-by-side comparison of the immunolabeled cells
suggested a functional equivalence between results generated with the amine and thiol-labeled
antibody—nanocrystal bioconjugates in that format. Three-color labeling was achieved in the
cellular uptake format, with no significant toxicity observed while simultaneous five-color labeling
of different epitopes was demonstrated for the immunolabeled tissue sample. Novel labeling
applications are also facilitated by these chemistries, as highlighted by the ability to directly label
cellular membranes in adherent cell cultures with the thiol-reactive chemistry.

KEYWORDS: nanocrystal - semiconductor - quantum dot - bioconjugation -
chemoselective - probe - cellular imaging - multiplexing

for many 1000-fold excesses of reactive
reagent, and susceptibility to cross-linking,
all of which often results in heterogeneous
conjugate architecture and mixed avidity. In
practice, these issues usually require multi-
ple trial and error attempts prior to achiev-
ing a viable conjugate. As NCs are com-
monly made water-soluble with thiolated
bifunctional surface ligands,'® thiol-cou-
pling chemistry is also complicated. Proteins
displaying accessible thiols can be directly
coordinated to the NC surface, although the
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dynamic on—off rate of this attachment usually yields
conjugates with limited stability and activity.'®?° Deri-
vative conjugation attempts have explored incorporat-
ing heterobifunctional linkers to target the (bio)thiols,
however, these add more steps and complexity to the
chemistry while lowering overall yield.?" Although
highly effective, alternate conjugation strategies incor-
porating chemical or affinity handles such as polyhis-
tidine tags for self-assembly, arsenic-vicinal tetracysteine
motifs, or “click-chemistries”, like tetrazine-norbornene
cycloaddition, require extensive protein and NC
engineering.'*'>?2 Biotin—avidin chemistry is also a
common approach to QD bioconjugation, however,
this still requires the requisite labeling of both QD and
target biomolecule and usually yields heterogeneous
structures, while multibiotinylated molecules frequently
cross-link and precipitate the QDs.'®~2° Improved che-
mistries targeting the same amine/thiol functionalities
still remain highly desirable. Here we introduce two
new reactive, orthogonal NC bioconjugation chemis-
tries that overcome many of the aforementioned
issues. Both chemistries are rapidly implemented,
yielding purified NC—protein conjugates in as little as
3 h. We demonstrate their wide applicability and
strong multiplexing potential in an array of applica-
tions including immunoassays, flow cytometry, immu-
nocytochemistry, immunohistochemistry, and in vivo
cellular uptake/labeling.

RESULTS

Nanocrystals. CdSe/ZnS core/shell eFluor (eF) NCs
with photoluminescence (PL) maxima centered around
525, 565, 605, 625, and 650 nm (Figure 1A,B) were
synthesized using standard high temperature reac-
tions of organometallic precursors in hot coordinating
solvents.?®> NC samples are designated by their discrete
PL maxima (i.e., eF605 NC refers to a 605 nm emitting
nanocrystal; materials lacking the NC designation are
other types of fluorophores). NC photophysical proper-
ties including the extinction coefficients, PL emission
wavelength, full width at half-maximum (fwhm), and
quantum yield (QY) in aqueous solution are presented
in Table 1. NCs were stabilized in water using a DSPE-
PEG lipid (1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine-N-[carboxy(polyethylene glycol)-2000], chemi-
cal structure provided in Supporting Information) as
previously described.?* NC surfaces were further mod-
ified with 4-formylbenzamide (4FB) or a reactive mal-
eimide using proprietary techniques at eBioscience
(San Diego, CA). After maleimido-activation, the NCs
were lyophilized and stored under vacuum at 4 °C until
use. Both types of NCs prepared in this manner remain
stable for at least 1 year.

Amine-Reactive Chemistry. The amine targeting conju-
gation utilizes a bioorthogonal ligation reaction to link
biomolecular amines to preactivated NCs. As shown in
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Figure 1C, the primary amine(s) on the target biomo-
lecule are first modified with a heterobifunctional
N-hydroxysuccinimidyl ester 6-hydrazinonicotinamide
(NHS-HyNic, SoluLink). Excess HyNic is removed with a
desalting spin column postmodification, as described
in the Materials and Methods. The HyNic-modified
biomolecule is then added to a solution of 4FB-mod-
ified NCs along with aniline as a catalyst, and the
conjugation reaction proceeds for 2 h forming a bis-
aryl hydrazone bond between the 4FB and HyNic
moieties. NC conjugates are then transferred to a
100 kDa centrifuge filter (Millipore) diluted with
100 mM borate buffer, pH 8.4, and buffer exchanged
at least three times to remove unreacted antibodies or
proteins and catalyst. Lastly, purified conjugates are
microcentrifuged briefly at 1000 x g for 5 min to
remove any undissolved solids and cross-linked
materials.

Aniline-catalyzed hydrazone ligation chemistry ori-
ginates from the Dawson Laboratory and is character-
ized by enhanced bioconjugation rates of 10'—10°
M~ 57" in mild, aqueous conditions (slightly acidic
to neutral pH).2> =%’ This stoichiometric chemistry has
been shown to go to completion in under 30 min using
100 mM aniline catalyst with 10 uM of reactants and
forms stable conjugates. As the hydrazine and alde-
hyde reactants are orthogonal to almost all biological
functionalities, they do not alter the subsequent struc-
ture or capabilities of other groups already present in
the NC bioconjugate.

Sulfhydryl-Reactive Chemistry. The sulfhydryl chemistry
employs reactive maleimide functionalities introduced
onto the NC surface to target free biomolecular thiols,
including those in the hinge region of antibodies,
Figure 1D."® Prior to conjugation, the NCs are warmed
to room temperature and vented to atmospheric
pressure. Lyophilized NCs are reconstituted by adding
100 uL of phosphate-buffered saline, pH 7.4 (PBS), and
swirled briefly in a 60 °C water bath. After the solution
becomes optically clear, 200 g antibody equivalent is
pipetted directly in with the reactive NC, which con-
tains a proprietary reducing agent, and is allowed to
react for 2 h. The reaction is then quenched by adding
1 uL of 2-mercaptoethanol (2-Me) for an additional
10 min. The NC conjugates are then transferred to a
100 kDa centrifuge filter (Millipore), diluted with 100 mM
borate buffer, pH 8.4, and buffer exchanged at least
three times to remove unreacted antibody and 2-Me.
Lastly, the purified conjugates are microcentrifuged
briefly at 1000 x g for 5 min to remove any undissolved
materials and cross-linked NCs. Detailed descriptions
of the NC labeling and the assay procedures can be
found in the Materials and Methods.

Nanocrystal Characterization. Prior to applying the NC
conjugates, we first examined their relevant optical and
physical characteristics. Figure 1A,B and Table 1 con-
firm that NC emission and fwhm are indeed narrow
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Figure 1. Nanocrystal materials and amine-reactive and sulfhydryl-reactive conjugation chemistry. (A) Photoluminescence
spectra for eFluor Nanocrystals and (B) visible image of NCs in solution under short-wave UV excitation. (C) Schematic of the
amine-reactive chemistry in which free primary amine(s) on a biomolecule is first modified with succinimidyl 6-hydrazino-
nicotinate acetone hydrazone (S-HyNic). The resulting hydrazine group on the biomolecule is then specific for a premodified
4-formylbenzamide (4FB) NC and the conjugation reaction take place rapidly in the presence of an aniline catalyst (2 h). (D)
Schematic of the sulfhydryl-reactive chemistry, which consists of a maleimide-functionalized NC and an in situ reducing agent.
Biomolecules containing either disulfide bonds or available sulfhydryl groups are directly reduced in solution with reactive
NCs for immediate conjugation. Note: not to scale. (E) HR-TEM of as synthesized eF525, eF565, eF605, eF625, and eF650 NC
samples. The inset lower right shows a higher power magnification micrograph of an individual NC. (F) Hydrodynamic size
distribution of selected native NC samples in CHCl3, along with 4FB, maleimide, and protein-modified samples. Correspon-
ding Hp values are presented in Table 2 and the Supporting Information.

(27—35 nm), which allows them to be relatively well- the DSPE-PEG lipid maintains high QYs that are in the
separated spectrally from each other, except for the 60—70% range. The NC core/shell structures were
eF605 and eF625 pair. Moreover, encapsulation within visualized with high resolution-transmission electron
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TABLE 1. Select Photophysical Properties of the Nanocrystals Utilized

NC sample emission wavelength (nm) fwhm (nm)
eFluor 525NC 527 35
eFluor 565NC 566 30
eFluor 605NC 608 27
eFluor 625NC 628 29
eFluor 650NC 651 27

extinction coefficient’ (M~ cm ") quantum yield” (%)

5.57 x 10* 63
112 x 10° 60
285 x 10° 64
521 x 10° 70
112 x 10° 68

“ Extinction coefficient at the first exciton absorption peak for each nanocrystal. ® Quantum yields measured relative to either FITC in basic ethanol (eF525NC) or R6G in ethanol.

TABLE 2. Select Physical Characteristics of the Nanocrystals Utilized

sample description HR-TEM? diameter (nm)

eF-525NC
ef-565NC (CHCI

CHaly)

3)

eF-605NC (CHCly)
3)

3)

43+03
48 +03
6.1+04
71£05

8705

NC (as-synthesized)

eF-625NC (CHC
eF-650NC (CHC
eF-525NC-4FB
eF-565NC-4FB
eF-605NC-4FB
eF-525NC-maleimide
eF-565NC-maleimide
eF-605NC-maleimide
eF-525NC-Tf
eF-565NC-Tf
eF-605NC-mal-antibody

NC-4FB

NC-maleimide

NC-protein

Z-potential (mV) in buffer® DLS hydrodynamic diameter Hj, (% intensity)*

84+£123
90 £123
1n2+£22
140 £ 27
17.0 £ 44
=27+ 11 230+£67
—38£06 242 £ 63
—35+14 269 £9.0
—46+£ 1.0 263 £ 6.9
—6.0 £ 0.7 307 £ 80
—50+£0.1 350 £ 139
—21+038 289+71
—33+07 305 £ 6.2
—81£05 441 £ 167

“ Estimated from analysis of at least 100 NC structures per sample. ® Measured in borate buffer as supplied (0.1 M sodium tetraborate, 0.3 M NaCl, ~0.01% sodium azide, pH
8.3). “ Due to the diverse ways to represent data, the hydrodynamic diameters characterized by different profiles are shown here for comparison. Intensity profile is used for the
present discussion. Corresponding volume and number profiles are provided in the Supporting Information. Tf = transferrin.

microscopy (HR-TEM), while the hydrodynamic diam-
eter (Hp) of native “as synthesized” NCs, along with
representative lipid-coated and protein-modified NCs,
were measured using dynamic light scattering (DLS). A
detailed description of the analytical protocol is pro-
vided in the Supporting Information. As presented in
Table 2 and Figure 1EF, the NC core/shell “hard” diam-
eter increases in size from 4.3 to 8.7 nm, as expected
with the red-shift in PL maxima. Observed NC shapes
are not completely spherical and tetrahedron-like
structures are visualized for the larger-sized NC sam-
ples. Crystalline lattice structures are clearly visible for
each NC in the high-resolution micrograph provided
with each sample, see Figure 1E inset. The Hp of the
unmodified NC materials was found to be consistently
almost twice the hard diameter (8.4—17 nm in intensity
profiles). The differences in sizes between Hp and hard
core/shell size measured in all samples arises from the
hydrodynamic interactions of the native coordinating
ligand, mostly trioctyl phosphine oxide (TOPO), on the
NC surface in toluene.?®

A representative set of eF525, eF565, and eF605 NC
samples displaying either the 4-FB amine-chemistry
activation, reactive-maleimide, or conjugated proteins
were also compared using DLS analysis (Table 2 and

JENNINGS ET AL.

Figure 1F). The Hp of the 4FB and maleimido-activated
NCs are comparable within the error values of each
analysis; the slight differences in size are attributed to
subtle contributions from the 4-FB or slightly larger
maleimido-reactive group. These sizes, however, are
significantly larger than that of the native NCs in
organic solvents. This is directly attributable to the
bulk size of the DSPE-PEG lipid ligand, which interdi-
gitates with the NC's native surface, while the PEG
moiety mediates solubility (see Supporting Informa-
tion, structure 1). Although displaying a high degree of
flexibility, the ~45 ethylene oxide repeat units within
each ligand's distal PEG unit will increase the Hp
considerably, and the increases in size observed are
slightly larger than a geometrical approximation of the
ligand in a fully extended confirmation. eF525 and
eF565 NC-4FB conjugated to human transferrin (~80
kD) and eF605-NC-maleimide conjugated to an anti-
body (~150 kD) were analyzed with DLS and also
displayed the requisite increases in Hp, confirming
conjugation. In addition, conjugating the larger anti-
body to the eF605 NC resulted in the largest increase in
Hp. We do recognize that the hydrodynamic volume of
a colloidal NC is far more complex than the simple
approximations described here and is controlled by
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Figure 2. Simultaneous triplex immunoassay. (A) Fluorescence intensity wavelength scan of a microtiter well exposed to
chicken 1gG (78 ng/mL), mouse 1gG (39 ng/mL), and SEB (15 ng/mL), followed by the triplex NC-antibody tracers. The spectra

shown include the raw data taken using the Tecan plate reade
conjugates. (B) Fitted data of the triplex immunoassay fluore

r and the deconvoluted fitted data for each of the NC-antibody
scence intensity wavelength scans for all 12 wells exposed to

mixed concentrations of chicken IgG (C: 0—2500 ng/mL), mouse IgG (M: 0—2500 ng/mL), and SEB (S: 0—500 ng/mL). Increments
of antigen concentrations are in 50% dilutions from the maximum shown for each. (C) Normalized intensity data, taken from

the fluorescence plate reader, for each of the analytes studied

in the tripleximmunoassay. Intensities normalized to the high-

est concentration measured. LODs were 10 ng/mL chicken IgG, 5 ng/mL mouse IgG, and 2 ng/mL SEB.

not only the size and chemical nature of the surface
coatings but also by the NC size itself along with the
nature of the solvation layer, relative charges and
solvent. The zeta potential (§) of these same materials
in borate-based purification buffer (see Materials and
Methods) was found to be consistently slightly nega-
tive (<—10 mV), reflecting the basic charge of the
media. Values in buffer are of a smaller magnitude than
measured in water (Supporting Information) due to the
higher ionic strength that can screen the NC surface
charge and decrease apparent § values. Having verified
the high QY and small relative size of the NC materials,
we next applied them to select bioassays.
Immunoassays. We began evaluating the NC-conju-
gation chemistry utility in immunoassays. In all their
various formats, these continue to be one of the mainstay
biotechnologies used in diverse applications ranging
from monitoring water and food supplies to diagnos-
ing cancer.®73% In many circumstances, multiplexing
(simultaneously probing mixed samples) is highly de-
sirable to increase throughput, reduce cost/time/re-
agents, increase data generation, and simplify formats.’
Beyond cross-reactivity, the major impediment to
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multiplexing in fluorescent immunoassays, however,
continues to be the photophysical properties and
emission overlap of the commonly used organic dye
labels that preclude use of simplified optical setups.333
A triplex sandwich immunoassay was conducted to
evaluate the performance of NC-antibody probes as-
sembled using maleimide chemistry. The target
analytes utilized here include two closely-related
immunoglobulins (IgGs) to monitor for potential

cross-reactivity and one unrelated protein toxin.
eF525, eF605, and eF650-maleimide NCs were con-
jugated to rabbit anti-chicken IgG, goat anti-mouse
IgG, and rabbit anti-staphylococcal enterotoxin B (SEB),
respectively. SEB is a 240 residue protein (~28 kD)
produced by Staphylococcus aureus bacterium and is
one of the toxins commonly associated with food
poisoning. The MW of the IgGs is estimated to be
~150 kD. Microtiter well plates were functionalized
with capture antibodies, blocked, and exposed to
different concentrations of each IgG and SEB analyte,
as described in the Materials and Methods. In the target
samples, chicken IgG and SEB concentrations were
serially increased from 0 to 2500 ng/mL and 0 to
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Figure 3. Flow cytometry analysis. Two-color flow cytometry data using antibodies conjugated to NCs in combination with
standard organic dye or fluorescent protein—antibody conjugates. (A) Staining of mouse splenocytes with anti-mouse CD4
antibody conjugated to eF605 NCs using amine-reactive chemistry (y-axis) and eF660-conjugated anti-mouse CD8a. (x-axis).
The negative cell population (lower left) is primarily B cells and natural killer cells. CD4+ cells show increased fluorescence
intensity in the eF605 NC channel along the y-axis (upper left), and eF660-anti-mouse CD8a. only positive cells (lower right)
show increased intensity along the x-axis. (B) Staining of normal human peripheral blood cells displays a similar pattern, with
eF650 NC-anti-human CD8a conjugated using sulfhydryl-based chemistry. CD8a.+ cells stained with eF650 NC-anti-human
CD8a (upper left) are discretely resolved from CD4+ cells costained with APC-eF780-anti-CD4 (lower right). The values in
each corner reflect the percentage of the total number of cells present in that quadrant. eF660 and eF780 are organic dye
derivatives. See Materials and Methods for experimental details.

500 ng/mL, respectively, while mouse IgG was con-
comitantly decreased from 2500 to 0 ng/mL. A mixed
solution of the NC tracers at preoptimized dilutions
was used to probe the samples for 1 h, followed by
fluorescence scanning. In Figure 2A, a representative
example of a composite trace and the background-
subtracted deconvoluted, fitted spectra gathered from
a sample exposed to one of the lower analyte concen-
trations are presented. Samples were deconvoluted
using a triple Gaussian function in a manner similar to
that previously described.>** Figure 2B shows the full
series of deconvoluted, fitted spectra in a superim-
posed plot (raw data shown in Supporting Information).
Figure 2C compares the normalized intensity data
versus concentration for each analyte in the triplex
mixture. This data also provided estimates of the limit
of detection (LOD, corresponding to the analyte con-
centration at which signal was greater than the blank
plus 3 times its standard deviation) for this triplex
format of 10 ng/mL chicken IgG, 5 ng/mL mouse IgG,
and 2 ng/mL SEB. The latter SEB LOD is significantly
improved from the 30 ng/mL reported in a previous
four-color NC immunoassay.>* Although quite power-
ful, the previous protocol required attaching antibo-
dies to the NCs with adaptor proteins via a multistep
procedure that also necessitated affinity-column pur-
ification. Here, changes in analyte concentrations re-
lative to each other in the triplex are clearly visualized
across the entire concentration range, even prior to
deconvolution. This is greatly facilitated by the excel-
lent spectral separation between NC peak emission
wavelengths, which ranged from 45 nm up to 80 nm
(distance between the PL maxima), depending on
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color, combined with their narrow fwhm values, all of
which minimize spectral cross-talk and simplify the
Gaussian fitting and deconvolution during subsequent
analysis. More importantly, all data were collected with
a single 400 nm excitation wavelength and one spec-
tral emission window from the same assay plate (see
Materials and Methods). Although only an initial test,
the NC-antibody constructs are able to differentiate
among related IgG proteins and between small and
large proteins even when all are present in the same
assay. Clearly far denser multiplex immunoassays in
many different formats (i.e., capture, direct, displace-
ment, etc.) are possible beyond the triplex sandwich
assay demonstrated here.

Multicolor Flow Cytometry. In contrast to the immobi-
lized microtiter-well assays described above, NC-anti-
body conjugates were next applied in four-color flow
cytometry to demonstrate their utility in discriminating
large cellular targets. Figure 3A shows a representative
two-color flow cytometric dot plot obtained from the
staining of mouse (Balb/c) splenocytes with anti-
mouse CD4 antibody conjugated to amine-reactive
eF605 NCs in combination with anti-mouse CD8a
antibody conjugated to eF660 organic dye (see
Materials and Methods for additional data). Cell surface
receptors such as CD4 and CD8a are displayed differ-
entially on immune cells such as T lymphocytes and
their expression is frequently used to identify and
correlate helper and cytotoxic T cell populations, respec-
tively. Results clearly demonstrate that the eF605 NC-
conjugated CD4 antibody can resolve the helper T cells
as a discrete population (Figure 3A, upper left) away
from the cytotoxic T cells (lower right). Moreover, cells
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Figure 4. Labeling of cellular membranes. A549 cellular membranes directly labeled with 125 nM solutions of eF565 NC,
eF605 NC, and eF625 NC using sulfhydryl-reactive chemistry. Top panel shows the separate DIC (differential interference
contrast), DAPI (nuclei), and eF565 NC emission for the eF565 NC-labeled cells. Composite fluorescent images for each NC
in the bottom panel were assembled using separate DIC, NC, and DAPI fluorescence. False color (orange) is used for the
eF605 NC fluorescence. A multinucleated cell is highlighted and labeled with eF625 NC on the bottom right. Imaging is

described in the Materials and Methods.

that do not express the CD4 or CD8 antigen in the
spleen, such as B cells and natural killer cells, do not
exhibit any staining with either antibody (lower left).
Figure 3B presents a similar two-color dot plot ob-
tained by staining normal human peripheral blood
cells with sulfhydryl-reactive eF650 NC-conjugated
anti-human CD8a antibody and anti-human CD4 con-
jugated to an APC-eF780 tandem organic fluorophore.
APC-eF780 is a tandem FRET construct consisting of
the 104 kD allophycocyanin (APC) fluorescent protein
complex from red algae functioning as a donor to a
780 nm emitting organic dye, demonstrating the utility
of multiplexing with NCs in systems where other complex
fluorophore arrangements are also present. As expected,
data demonstrates distinct staining of the CD8a+
cytotoxic (upper left) and CD4+ helper T cells (lower
right), enabling discrimination of these populations
away from other cell types present in human periph-
eral blood, including B cells, natural killer cells, and
monocytes.

In both assays, staining with the NC-conjugated
antibody exhibited low background, distinct separa-
tion from the negative population and low nonspecific
staining of other cell populations. These data were as
expected and comparable to controls utilizing stan-
dard dye-labeled antibodies collected in the same
format (Supporting Information, Figure 2), showing
that NC-antibody conjugates do not interfere and that
they may be used to augment assays incorporating
standard antibody—dye conjugates while still produ-
cing the expected results. This potentially allows the
flexibility of adding custom NC—antibody conjugates
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in combination with existing panels of organic
dye-labeled antibody conjugates. Similar to the immu-
noassays described above, incorporating NCs can
also enable dense multiplexing in flow cytometry,
while the ability to excite multiple NC colors with
one excitation laser greatly simplifies instrumental
requirements.>®

Direct Labeling of Cellular Membranes. When visualizing
cells and subcellular organelles such as nuclei, espe-
cially following fixation, it is quite useful to selectively
stain the membrane for fluorescent contrast. The sulfhy-
dryl-reactive chemistry was utilized to directly accomplish
this in a rapid 3-step manner consisting of incubation
and two washes. Human adenocarcinoma alveolar
basal epithelial A549 cells were seeded in chambered
coverwell slides precoated with fibronectin. As de-
scribed in the Materials and Methods, following over-
night growth, cellular monolayers were fixed with
paraformaldehyde, washed, and blocked with PBS con-
taining bovine serum albumin. Select chambers were
then exposed to solutions of reconstituted eF565, eF605,
or eF625-maleimide NCs directly for 1 h. Cells were
then washed twice with PBS, followed by counter-
staining of the nuclei with DAPI. As can be seen in
Figure 4, where each image highlights a different NC
color used, cellular membranes are almost exclusively
labeled using this strategy. Importantly, no background
labeling of the fibronectin-coated coverslip was seen,
even at the highest NC concentrations used (250 nM).
We noted labeling of >85% of the cells present
when using 125 nM NC solutions, which could be
increased to ~100% by using the higher 250 nM NC
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concentrations. Further exposure of these labeled cells
to DAPI during the counterstaining did not appear to
affect NC fluorescence, suggesting that the NCs are
well protected and relatively inert to their environment
following labeling. Similar staining appeared to be
equally efficient in other cell types (data not shown).
We surmise that this chemistry specifically targets free-
thiols or reduced protein disulfides present on the
extracellular membrane and that small differences in
labeling efficiency may arise from heterogeneous ex-
pression of thiolated-cell surface proteins. The unique
options of (1) specifically labeling cellular membranes
in a particular sample, with the option of (2) selecting a
desired PL color, while also (3) not requiring labeled-
antibodies directed against extracellular components
(e, integrins) as recognition mediators can greatly
simplify multicolor fluorescent staining experiments.

Multicolor Immunocytochemistry and Immunohistochemis-
try. To further confirm that no significant differences
would arise from the joint use of either amine or sulfhydryl-
labeling chemistry, we labeled the same set of two
antibodies targeting acidic cytokeratin and o-tubulin
with each chemistry and then applied these along with
an organic-dye labeled antibody targeting Ki-67 pro-
tein within a multicolor coimmunolabeling protocol
(see Materials and Methods). Cytokeratins are a large
family of filament proteins that are developmentally
regulated and comprise a significant portion of the
cytoskeleton in epithelial cells. As many tumors also
express different cytokeratins, visualizing and classify-
ing them in specimens can help identify their origin.3”3®
Tubulin is the primary component of microtubules in
the cytoskeleton and is structurally rearranged during
lifecycle processes such as mitosis. Ki-67 protein is used
as a nuclear marker of proliferating cells, where it is
actively visualized during all phases associated with
the cell cycle. Within a particular tumor sample or
biopsy, relative Ki-67 expression levels can be used to
determine the fraction of proliferating cells.

As presented in Figure 5A, MCF-7 epithelial breast
cancer cells were cultured, fixed, blocked and then
simultaneously immunostained with the three dye/
NC-labeled antibodies overnight. Anti-cytokeratin tar-
geting the five acidic cytokeratins in the 40—56.5 kDa
range was conjugated to eF605 NCs. Mouse monoclo-
nal anti-o-tubulin, which recognizes residues 426—450
of the tubulin protein, were attached to eF650 NCs and
mouse monoclonal anti-Ki-67, which binds the 345 and
395 kDa Ki-67 protein isoforms, was labeled with Alexa-
Fluor dye. The figure shows a side-by-side comparison
of representative micrographs where PL was collected
from each NC/fluorophore-antibody color along with
merged fluorescent images and a higher power mag-
nification (40x) micrograph of individual cells. Clearly,
the resulting pattern of staining and fluorescence are
almost identical, and no remarkable differences were
observed between each set of images. Targeting the
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ubiquitous amines or far fewer thiols on these anti-
bodies for NC-modification did not alter the overall
activity of the antibodies. The only difference is a slight
variation in the concentration of each NC-antibody
conjugate applied during staining, see legend of Fig-
ure 5. This shows that NC conjugates prepared using
both chemistries can effectively colabel different com-
ponents of the same subcellular structures in conjunc-
tion with traditional dye-labeled antibodies. It is
important to note that this chemical flexibility will be
particularly useful in cases where the amines on anti-
body binding sites may be preferentially modified or
reduction of the thiol-hinge region significantly alters
binding site structure; either of these may result in a
loss of activity. It is also possible that the 3-dimensional
size and bulk of the reactive NCs precludes chemical
access to amines located deep within the antibody
structure and thus favor a superficial surface
attachment.

Confident in the ability to mix and match NC—anti-
body conjugates created with both chemistries in
multiplex formats, we next performed a five-color
immunohistochemical labeling in a fixed tissue sample
(Figure 5B). Mouse spleen was utilized as the test sample
and probed with antibodies that targeted different
components of the immune system including B and
T cells, leukocytes, and the macrophages present in
this tissue milieu. B cells were labeled with eF525 NCs
functionalized with anti-B220 antibody, which binds a
type C protein tyrosine phosphatase receptor, also
known as CD45 antigen. This protein is expressed as
a heavily glycosylated 220 kD variant on the follicles of
B cells. Leukocytes and endothelial cells were visua-
lized with anti-PECAM-1 (platelet endothelial cell ad-
hesion molecule) functionalized with eF565 NCs.
PECAM-1 or CD31 is an ~135 kDa surface protein
expressed at low levels on all leukocytes and functions
in cell—cell adhesion and signal transduction. Anti-
CD11c was attached to eF650 NCs to target integrin
oX expressed by some activated T cells and which is
also found on dendritic cells in T-dependent areas of
the mouse spleen. eF605 NCs were coupled to anti-
CD11b, which recognizes the ~170 kDa integrin aM
found on macrophages. Lastly, eF625 NCs were labeled
with anti-CD4, which targets thymocytes, as described
above. eF525 and 565 NC labeling utilized amine
chemistry, while eF605, 625, and 650 NCs were func-
tionalized using the sulfhydryl chemistry. All antibo-
dies used were monoclonal rat or hamster anti-mouse
isotypes to optimize specificity. Details of the labeling,
antibody incubation protocol, and imaging can be
found in the Materials and Methods. It should be noted
that, while the matching of a particular chemistry with
an antibody was random, the NC color choices were
assigned based on expected expression levels of the
antigen. This provided a matching of the smaller NCs
displaying a lower extinction coefficient (see Table 1)
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Figure 5. Multicolor immunocytochemical labeling with amine- and sulfhydryl-reactive NCs. (A) For each panel, fluorescent
micrographs show the eF605 NC emission (false-colored green), eF650 NC emission (false-color red), AlexaFluor 647 emission
(false-color blue), and the merged fluorescence. Higher magnification images of individual cells labeled using each chemistry
are also shown. Top panel: Following growth and fixation, MCF-7 epithelial breast cancer cells were probed with 20 nM eF605
NC-anti-cytokeratin and 0.5 nM 650 NC-anti-tubulin conjugates along with 5 «g/mL Alexa 647-labeled anti-Ki-67. The NC—
antibody conjugates for this panel were prepared with the amine-reactive chemistry. Bottom panel: Cells prepared in the
same manner probed with 40 nM eF605 NC—anti-cytokeratin and 1 nM eF650 NC—anti-tubulin conjugates and with 5 ug/
mL Alexa 647-labeled anti-Ki-67. NC—antibody conjugates for this panel were prepared with the sulfhydryl-reactive chemi-
stry. (B) Five-color immunohistochemical labeling of a mouse spleen tissue section simultaneously stained with amine- and
sulfhydryl-reactive antibody-bound NCs. Merged fluorescence-false color image of the five separate NC—antibody conjug-
ates and analyzed with a multispectral imager. Conjugate/color-schemeis as follows: eF525-B220/blue, eF565-PECAM-1/
yellow, eF605-CD11b/aqua, eF625-CD4/green, and eF650-CD11c/red. The eF525 and eF565 NC-labeling utilized amine

chemistry, while the eF605, eF625, and eF650 NCs were functionalized using sulfhydryl chemistry.

with the higher expressing antigen and vice versa,
which cumulatively allowed for a better normalization
of probe intensity and the required exposure times for
all probes in a multiplexed system.

A representative merged fluorescent micrograph
collected using multispectral imaging and pseudo-
coloring is shown in Figure 5B where eF525 NC-B220
appears in blue, eF565 NC-PECAM-1 in yellow, eF605
NC-CD11b in aqua, eF625 NC-CD4 in green, and eF650
NC-CD11c in red. Individual macrophages are clearly
visible arrayed around the periphery by their punctate
aqua staining. A grouping of B-cells (blue) appears to
the left of center and is closely associated with both
leukocytes and endothelial cells (yellow). CD4+ thy-
mocytes (green) are found adjacent and interspersed
into the B-cell center (blue). Activated T-cells and
dendritic cells (red) surround the B-cell and T-cell areas
and are found as individual cells throughout the tissue.

JENNINGS ET AL.

Dendritic cells are highly motile and a concentration of
these cells is seen in the lower right field of view, which
may represent the site from which the dendritic cells
are migrating into the spleen tissue. The distribution of
NC-labeled cells is typical of staining patterns in the
spleen when using single-color immunohistochemis-
try to localize different cell types, showing that the
specificity of individual NC-labeled antibodies is main-
tained even in multiplexed conditions. Importantly, the
multiplexing capabilities highlighted in this image
reflect how NCs can help contribute to understanding
the complex interplay of these different cells by allow-
ing visualization of their specific localization within
tissues in a facile manner.

NC Uptake in Live Cells. To evaluate whether NC—pro-
tein conjugates could undergo facilitated uptake to
cultured cells in vivo in a controlled manner, we
selectively labeled NCs with the iron transport protein
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Fluorescence merge

eF650 NC-Tf (early) eF525 NC-Tf (late) eF565 NC o-CD61

¥

Figure 6. Multicolor labeling of early and late endosomes and the cellular membrane (integrins). Live A549 cells were
sequentially labeled with eF650 and eF525 nanocrystals conjugated to transferrin (Tf) followed by fixation and labeling of cell
membrane integrins with eF565 NC conjugated to anti-CD61 antibody. Top panel: Shown are DIC, DAPI (nuclei), eF650 NC-Tf
(early endosomes), eF525 NC-Tf (late endosomes), and eF565 NC-anti-CD61 (membrane integrins). Bottom panel: Fluores-
cence merge (merge of DAPI, membrane, and endosomes) and the merge of the two endosome-labeling channels (eF650 NC-
Tf/eF525 NC-Tf). Differential labeling of the two different endosomal compartments is apparent. Note: The NC650-Tf channel

is false-colored red.

transferrin (Tf). This protein is commonly used as a
surrogate or mediator to facilitate endocytic uptake
and delivery of a variety of protein, drug, and nano-
particle cargos to vesicles in the endolysosomal sys-
tem.3>%° Interestingly, this was also the first protein
ever attached to a hydrophilic semiconductor nano-
particle to facilitate cellular delivery in a similar
manner. However, in contrast to simply demonstrat-
ing single-color NC uptake, we attempted a two-color
labeling of both early and late endosomal vesicles
inside the same cells. Understanding how cells endo-
cytose, sort, and recycle numerous different nutrients,
metabolites and especially drugs within endosomes
continues to be a major basic research goal.*'** The
photophysical liabilities of conventional organic dyes,
including pH sensitivity and susceptibility to photo-
bleaching, coupled with their limiting excitation spectra
and red-tailed emission,**** have made such long-
term multicolor tracking of these acidified compart-
ments especially challenging.

A549 cells growing as an adherent culture were
sequentially labeled with eF525 and eF650 NCs, re-
spectively, preconjugated to human Tf, as described
using amine-reactive chemistry (Tf does not contain
available cysteine residues for the sulfhydryl-based
conjugation). The late endosomes were labeled by
incubation of the cells with eF525 NC-Tf (100 nM in
complete tissue culture medium) for 12 h. After re-
moval of the conjugates, the cell monolayer was washed
and early endosomes were labeled by incubation with
eF650 NC-Tf (50 nM in complete tissue culture medium)
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for 1 h. This same approach has been previously used
to label and track NC fate in the endolysosomal
system.*® The cells were subsequently washed, fixed,
and blocked with 1% BSA/PBS. As an alternative to the
direct labeling protocol described above, the cell
membranes were also labeled by incubating the cells
with eF565 NC conjugated to anti-human CD61 (integrin
/33) antibodies and the nuclei were counterstained with
DAPI. Figure 6 shows representative micrographs col-
lected from these cells, including each of the three NC
colors, along with DAPI from the nuclei (see Materials
and Methods for imaging details). As can be seen, the
PL from each NC color yields unique, distinctive label-
ing with no visible “cross-talk” between them. This is
quite remarkable given that the eF525 and eF565 NC
probes only have 40 nm separating their emission
peaks. More importantly, the clear separation in NC
PL from this, and many similar images, allowed us to
analyze the relative ratios of endosomes containing
either or both NC colors using NIH Image J software. At
~63%, the largest fraction of endosomes appears
exclusively green (early eF525 NC), as expected, a
much smaller number of ~7% appear exclusively red
(late-eF650 NC), with the remaining fraction of ~30%
observed in yellow, indicating that both colors of NC
(green/red) are present within the same compartment.
These ratios are clearly not uniform within each cell, as
some cells display high percentages of just one color/
NC or both together. Control experiments where eF525
NC-Tf and Cy5-labeled Tf were codelivered to the same
cells confirmed that the NCs were indeed located
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within endosomes (data not shown). We also probed
for potential toxicity in cells exposed to the NC-Tf
conjugates and found that viability was essentially
unchanged at ~90 4 10%, similar to previous reports
(see Supporting Information).**

Overall, these results are consistent with the notion
that, depending upon cell-type, dosage, and other
complex factors, a significant amount of the NC mate-
rials present in late endosomes may be recycled out
over time."*** Given the interest in developing nano-
particle-mediated drug delivery, it is clear that the
superior NC photophysical properties will provide an
important tool to understand the complexity of the
underlying processes and how subtle differences
either in nanoparticle material or surface bioconjuga-
tion can alter delivery site and intracellular residence
time.” 24

DISCUSSION AND CONCLUSIONS

We describe here two related and widely applicable
methodologies for NC bioconjugation that show gen-
eral utility, excellent specificity, and a wide dynamic
range for multiplexed fluorescent applications. The
bioconjugation chemistries developed over the last
50 years have been the single most significant contribu-
tor toward the wide utility of fluorescence techniques in
all aspects of biological research and medical diagnos-
tics today."®3 Indeed, the ability to obtain almost any
organic dye in a “reactive” form and directly couple it to
amines or thiols on biomolecules in a relatively facile
manner continues to keep these two-related modifica-
tions the most popular routes to fluorescent labeling.
The NC-conjugation chemistries described here come
closest to replicating these approaches. This is not the
first application of either chemical strategy with semi-
conductor NCs. Maleimide groups have been intro-
duced onto NC surfaces using a custom synthesized
heterobifunctional amino-maleimide cross-linker.* These
were then conjugated to sulfhydryl-modified lipids to
facilitate high-speed cell surface tracking experiments.
A converse approach was also demonstrated where a
maleimide-displaying heterobifunctional linker tar-
geted free thiols displayed on the surface of silanized
NCs allowing subsequent linkage to aminolated DNA.*
Peptides and DNA appropriately modified with the
cognate groups have also been ligated to both for-
mylbenzoyl and HyNic-modified oligohistidine-appended
peptides to facilitate their subsequent self-assembly to
NCs in a two-step process.'® This chemistry was further
extended to a one-step/on-NC ligation format.*® The
synthetically intense, multistep preparation previously
required to achieve these NC bioconjugations is now
negated by NC availability in a preactivated form along
with appropriate reagents coupled to rapid, simplified
protocols. Importantly, this is also the first time a simple
chemical strategy for NC biomolecule ligation has
proven to be useful for a broad range of multiplexed
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fluorescent applications without having to tailor the
NCs or ligation chemistry for each.

Control over the orientation of antibody attachment
to NCs has always been especially challenging with
EDC-based chemistry, which inherently results in het-
erogeneous display.2%*?°° Despite this, in almost all
the above assays we note a functional equivalence
between conjugates assembled using either amine or
thiol-targeting chemistries. This suggests that the se-
lective exclusion of the ubiquitous protein (and some-
times NC) carboxyl groups from reactions along with
exclusive binding to amines on target antibodies can
improve subsequent conjugate activity. The NC-mal-
eimide chemistry, as implemented here, targets the
disulfide bridges at the antibody hinge region. This
strategy favors attachment of the antibody to the NC,
with the active binding region extended outward and
still available. The in situ reduction greatly simplifies
conjugation to only a few minimal steps while also
removing the need for purifying antibody fragments
prior to NC conjugation. These two chemistries display
a high degree of effective bioorthogonality in that they
(i) target only one specific functional group on the
proteins, (ii) do not have significant, undesirable re-
activity toward other functional groups present, (iii)
provide a well-defined point of attachment between
the nanoparticle and the biomolecule, (iv) are stable in
aqueous solution, (v) proceed efficiently without large
excesses of either component, and (vi) can be achieved
within relatively short reaction times.>'>2

More importantly, these chemistries facilitated mul-
tiplexing in all the assay formats in which we applied
them, including five-colorimmunofluorescent imaging
of mouse splenic tissue. The examples demonstrated
here incorporate from one to five differentially emis-
sive NCs in addition to organic dyes and the DAPI DNA
stain. Although not extensively optimized, individual
emissions were all clearly resolvable in every case. The
availability of multiple widely separated NC emissions
in conjunction with orthogonal bioconjugation che-
mistries and the ability to incorporate further organic/
fluorescent protein labels suggest that far higher order
or “deep” multiplexing may be readily achievable in
diverse fluorescent assay formats while maintaining
high sensitivity in a manner similar to previous NC-
assay reports.”® It is quite probable that multiplexed
assays incorporating these NCs will be extended to
in vivo cellular monitoring of complex spaciotemporal
processes as well as single molecule and super-resolu-
tion microscopy formats.>>* We expect both chemis-
tries to be similarly applicable to assembling conjugates
and multiplexing with synthetic olignucleotides. For
assays based on immunolabeling, factors limiting tar-
get density will remain antibody-cross reactivity,
affinity, and the ability to quantitatively resolve
closely spaced NC emissions. The ease with which
different NC colors can also be used to specifically
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and directly label cellular membranes may help
facilitate both colocalization studies and multicolor
probing strategies. These reactive chemistries can

MATERIALS AND METHODS

Immunoassays. Materials. Staphylococcal enterotoxin B (SEB)
and affinity purified rabbit anti-SEB were purchased from Toxin
Technology, Inc. (Sarasota, FL). Rabbit anti-chicken IgG (IgY),
chicken IgG, goat anti-mouse IgG, and mouse IgG were pur-
chased from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA). Phosphate-buffered saline (PBS), Corning Costar flat
bottom high binding white 96-well assay plates, Thermal Seal
sealing film for 96-well plates and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich (St. Louis, MO).
Millipore Amicon Ultra centrifugal filter devices, 100 kDa, were
purchased from Millipore Corporation (Billerica, MA). eFluor
eF525-, eF605-, and eF650-maleimide functionalized nano-
crystals (NCs) were prepared and supplied by eBioscience
(San Diego, CA). Doubly distilled water (ddH,0) was used
throughout the experiments and was prepared in-house using
a Nanopure Diamond water purification system (Barnstead,
Dubuque, IA).

Labeling Antibodies with NCs. Antibodies were labeled with
the eBioscience eFluor NCs using the sulfhydryl-reactive con-
jugation reagents and instructions provided by the manufac-
turer. Briefly lyophilized NCs were reconstituted in 200 ulL
Conjugation Buffer by heating the mixture on high in a micro-
wave for 5—10 s, repeating 3—4 times as necessary. A total of
200 ug of antibody was then added to the NCs and the reaction
incubated for 2 h at RT on a shaker. For the immunoassay triplex
studies, eF525-, eF605-, and eF650-maleimide NCs were con-
jugated to rabbit anti-chicken IgG, goat anti-mouse IgG, and
rabbit anti-SEB, respectively. After 2 h, the reaction was stopped
by adding 0.7 uL of quencher directly to the mixture, vortexing,
and incubating for an additional 10 min on the shaker. The
resulting antibody-conjugated NCs were purified using a 100
KDa centrifugal filter unit. The reaction mixture was added to a
centrifugal filter unit (pre-equilibrated with purification buffer),
and the volume was increased to a total of 1 mL using purifica-
tion buffer, before being spun at 1000 g for 10 min (Beckman
CS-6KR Centrifuge). Once the sample volume had reduced to
~0.1 mL, an additional 1 mL of purification buffer was added
and the spin repeated, and this process was repeated for a total
of 4 spins. The NC-antibody conjugate was then transferred to a
1.5 mL microcentrifuge tube and spun at 2,500 x g for 5 min to
remove any aggregates. The purified NC—antibody conjugate
was characterized using UV—visible spectroscopy (Ultrospec
2100 Pro UV/Visible Spectrophotometer GE Healthcare, Piscat-
away, NJ) and stored at 4 °C prior to use.

Patterning 96-Well Plates with Capture Antibodies. High
binding white 96-well assay plates were functionalized with
capture antibodies prior to immunoassays. Wells were func-
tionalized with either single capture antibody species, by add-
ing 50 uL per well of 10 ug/mL rabbit anti-chicken IgG, goat anti-
mouse IgG, or rabbit anti-SEB in PBS, or multiple capture species,
by adding 50 uL of a capture antibody mix in PBS. The capture
antibody mix comprised 4 ug/mL rabbit anti-chicken IgG, 4 ug/mL
goat anti-mouse IgG, and 2 ug/mL rabbit anti-SEB in PBS. The
wells were sealed with Thermal Seal sealing film and incu-
bated for ~1 h at RT and then overnight at 4 °C. The wells
were then emptied, washed 4 x 200 uL/well with ddH,O, then
filled with 200 uL/well PBS + 1% BSA, and blocked at RT
for ~1.5 h on a rocker (The Belly Dancer, Stovall LifeScience,
Inc., Greensboro, NC).

Triplex Inmunoassay. Following blocking, the blocking so-
lution was removed from the wells and 50 ul/well of the
appropriate sample was added. Samples for the triplex immu-
noassay comprised mixed concentrations of chicken IgG (C: 0—
2.5 ug/mL), mouse IgG (M: 0—2.5 ug/mL), and SEB (S:0—0.5 ug/mL)
in PBS + 0.1% BSA. These were left to incubate on a rocker
for 1.5 h at RT. The wells were then washed with PBS
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significantly expand the utility of luminescent semi-
conductor NCs for multiplex formats within many
biological applications.

(4% 200 ul/well) before the tracer mix was added, 50 uL/
well, and incubated for 1 h at RT on the shaker. The triplex
immunoassay tracer mix consisted of eF525 NC-rabbit
anti-chicken IgG (1:10 dilution), eF605 NC-goat anti-mouse
IgG (1:20 dilution), and eF650 NC-rabbit anti-SEB (1:100
dilution) NCs in PBS + 0.1% BSA.The wells were then washed
with 2x 200 uL/well PBS followed by 2x 200 uL/well ddH,0
and dried with air. The fluorescence intensity and fluores-
cence intensity wavelength scans were recorded using a
Tecan Infinite M1000 Dual Monochromator Multifunction
Plate Reader using an excitation of 400 nm (Tecan, Research
Triangle Park, NC).

Flow Cytometry Analysis. Human whole blood was obtained
from the General Clinical Research Center facility at the Scripps
Research Institute with IRB approval, and peripheral blood cells
were isolated by FICOLL density gradient centrifugation. Proper
precautions were taken for handling blood-borne pathogens.
Mouse splenocytes were obtained from spleen harvested from
Balb/c mice onsite at eBioscience following standard IACUC
handling protocols. Cells were resuspended at 1 x 107 cells/mL
in eFluor NC Flow Cytometry Staining Buffer and 100 uL of cells
were stained as follows: mouse splenocytes were stained with a
mixture of anti-CD3 PerCP-eF710 (clone 17A2), anti-CD4 eF605
NC (clone GK1.5), anti-CD45R eF450 (clone RA3—6B2), and
anti-CD8a eF660 (clone 53—6.7); normal human peripheral
blood cells were stained with a mixture of anti-CD4 APC-
eF780 (clone RPA-T4), anti-CD8a eF650 NC (clone RPA-T8),
anti-CD19 eF450 (clone HIB19), and anti-CD56 PerCP-eF710
(clone CMSSB). All antibodies were used at the optimal con-
centration, as determined previously from single-color titration
experiments and defined by both low background staining of
negatively expressing cells and baseline separation between
negatively and positively expressing cells. Cells were stained for
30 min at 2—8 °C, washed by adding 2 mL of eFluor NC Flow
Cytometry Staining Buffer, and centrifuged at 500 g for 3 min.
The supernatant was discarded and the cells were resuspended
in approximately 300 uL of eFluor NC Flow Cytometry Staining
Buffer. Data were acquired on an LSR Il flow cytometer (Becton
Dickenson) using either the 405 nm laser (eF605 NC, eF650 NC,
eF450), the 488 nm laser (PerCP-eF710), or the 633 nm laser
(eF660, APC-eF780) and analyzed using FlowJo software (Tree
Star, Inc.).

Multicolor Cellular Inmunocytochemistry. MCF-7 cells were
plated onto 8-well chamber slides at a density of ~40,000 cells/
well in complete DMEM with 10% FBS, allowed to attach and
cultured overnight to 80—90% confluency before fixing with
100% methanol for 10 min at —20 °C. Wells were gently washed
with 1X PBS, pH 7.4 for a total of three times, not allowing the
well to dry at any time. Nonspecific binding sites were blocked
for 1 h at room temperature with 1% BSA in TBS. The blocking
solution was removed and combinations of either 2 sulfyhydryl-
reactive or 2 amine-reactive NC-conjugated antibodies with the
Alexa Fluor 647-conjugated Ki-67 antibody were diluted in the
blocking solution and incubated with the cells overnight at 4 °C.
The sulfyhydryl-conjugated antibodies were combined to-
gether at the following concentrations: 40 nM acidic cytokeratin
(clone AE1-eF605 NC), T nM tubulin (clone DM1A-eF650 NC),
and 5 ug/mL Ki-67 (clone 20Raj1-Alexa Fluor 647). The amine-
conjugated antibodies were coupled to the same NCs as were
used for the sulfyhydryl products but were used at 20 nM acidic
cytokeratin-eF605 NC, 1 nM tubulin-eF650 NC, and 5 ug/mL
Ki-67-Alexa Fluor 647. Following incubation, the antibody solu-
tions were aspirated and the wells were washed three times
with 1x TBS, pH 7.4. The chambers were removed from the slide
and the slides coverslipped with Fluoromount G mounting
medium. The edges of the coverglass were sealed with clear
nail polish. The fluorescence signal was visualized using a
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Zeiss Axiovert 200 epifluorescence microscope equipped with a
mercury arc lamp and optimal filter sets for the 605NC, 650NC,
and the Alexa Fluor 647 emission wavelengths. Optimal
exposure time for each channel was determined and images
combined Zeiss Axiovision 4.8 software.

Multicolor Immunohistochemistry of Mouse Spleen Tissue.
Male C57BL mice were euthanized using isoflurane followed
by cervical dislocation using IACUC-approved protocols. The
spleen was removed and placed in ice-cold 1x PBS, pH 7.2, and
rapidly frozen in 2-methyl butane on dry ice for 30 s prior to
removing and embedding the spleen in OCT compound. The
spleen was stored at —80 °C until sectioning. A 10 um thick
section was cut using a Leica CM3000 cryostat, mounted onto
Superfrost Plus slide, and stored at —80 °C.

Prior to staining, sections were allowed to come to room
temperature, were fixed for 10 min in 100% acetone, and were
then gently washed with 1x TBS, pH 7.4. Nonspecific binding
sites within the tissue were blocked with 1% BSA in TBS for 1 h at
room temperature. Experiments were performed to optimize
the concentration of NC-labeled antibodies on sections of
spleen after which a cocktail of NC-labeled antibodies was pre-
pared by diluting each of the NC-labeled antibodies to its
predetermined optimal concentration. The five NC-labeled
antibodies were diluted to the following concentration and
combined in 1% BSA TBS as follows: eF525- B220/20nM, eF565-
PECAM-1/20nM, eF605-CD11b/5nM, eF625-CD4/5nM, and
eF650-CD11c/1nM. Slides were also prepared using each of
the NC-labeled antibodies alone as well as one slide with
blocking solution and no antibodies to serve as an autofluores-
cence control. The blocking solution was removed from the
section, and the five-color antibody solution (or single colors)
was overlaid and covered with Parafilm and incubated in the dark
at 4 °C overnight. Sections were washed with three changes
of 1x TBS and coverslipped with Fluoromount G mounting
medium. The edges of the coverglass were sealed with clear nail
polish.

Fluorescence intensity was imaged using an Axiovert 200
microscope equipped with a Nuance EX spectral imager (CRI).
All images were taken using a 20x Plan Apochromat objective
and using a 460 nm excitation, 475 nm dichroic, and 500 nm
long pass emission filter. Images were taken from 500 to 750 nm
at 10 nm intervals using an exposure time of 50—100 ms. A
spectral library was constructed from the individually stained
slides consisting of the representative spectrum of each of the
NCs and the autofluorescence signal. By assigning a NC to each
representative spectrum and subtracting out the autofluores-
cence spectrum, the Nuance software was able to differentiate
each individual NC signal. The five-color slide was then imaged
and each NC spectra identified and assigned a pseudocolor in
the combined image shown in Figure 5B.

Labeling of Cell Membranes and In Vivo NC Uptake. Cell Culture.
Human alveolar adenocarcinoma cells (A549, ATCC) were cul-
tured in complete growth medium (Dulbecco's Modified Eagle's
Medium, DMEM; purchased from ATCC) supplemented with 1%
(v/v) antibiotic/antimycotic and 10% (v/v) heat inactivated fetal
bovine serum (ATCC). Cells were cultured in T-25 flasks and
incubated at 37 °C under 5% CO, atmosphere and a subculture
was performed every 3—4 days as described.'

Labeling of Cellular Membranes with Maleimide-NCs. We
found that when maleimide-activated NCs were subjected to
the conjugation procedure, the NCs could be used to efficiently
label the cell membranes of fixed cells. A549 cells were seeded
onto the wells of Lab-tek chambered coverwell slides (Nunc) that
were coated with fibronectin (5 ug/mL in PBS). Cell monolayers
were fixed with 3.7% paraformaldehyde, washed with PBS, and
blocked with PBS containing 1% bovine serum albumin (1% BSA/
PBS) for 1 h at room temperature. Maleimide-eF565, eF605, or
eF650 NC solutions (250 nM in 1% BSA/PBS) were incubated on
the cells for 1 h. Cells were then washed twice with PBS. Nuclei
were counterstained with DAPI (2 ug/mL in PBS).

Conjugation of NCs to Anti-Human CD61 (Integrin #3) Anti-
body. Conjugation buffer (100 uL) was added to 0.67 nmol
maleimide-activated eF565 NCs and incubated in a 60 °C water
bath for 10 min to reconstitute the NCs. Anti-human CD61
(1.0 nmol; integrin 53) in phosphate buffered saline (PBS) was

JENNINGS ET AL.

added to the NCs, and the conjugation reaction was stirred at
room temperature for 2 h. Unreacted maleimide groups on the
NCs were quenched by adding 0.7 uL of quenching buffer, and
the conjugate was purified using a desalting column. As a
negative control, NCs were subjected to the bioconjugation
procedure in the absence of antibody.

Conjugation of NCs to Transferrin. Human holo-transferrin
(Tf) was purchased from Sigma-Aldrich. All other reagents and
materials were obtained from eFluor Nanocrystal Conjugation
Kit - Amine-Reactive. Solid Tf was dissolved in 100 L 1x PBS, pH
7.4 (concentration 13.3 M), and mixed with 1.6 uL sulfo-HyNic
solution (10 mg/mL stock in DMF). The reaction was mixed at
room temperature for 2 h. The protein solution was added to a
ProSpin column (pre-equilibrated with 650 xL of conjugation
buffer for at least 30 min and spun at 750 g for 2 min to remove
excess buffer) and centrifuged at 750 g for 2 min. The resulting
filtrate was added to 4FB modified eF650 NC solution (0.67 nmoles)
with 13 uL of aniline buffer solution. The reaction was shaken for
2 h. Prior to reaction completion, 5.2 mg 2-sulfobenzaldehyde
was dissolved into 50 uL of conjugation buffer to yield the
quenching solution. A volume of 10 uL of quenching solution
was added to the reaction mixture and the mixture was shaken
for an additional 10 min. The reaction was then added to a 100k
MWCO concentrator (pre-equilibrated with 1 mL of purification
buffer) and diluted to 1—3 mL total volume. The concentrator
was spun at 3000 rpm for 10 min and the effluent was discarded.
Dilution and concentration was repeated for a total of four
concentration steps. The residual reaction solution was trans-
ferred to a microcentrifuge tube and spun at 7000 rpm for 5 min
to remove any precipitation/aggregates. The supernatant was
isolated and stored at 4 °C. NC concentration was determined
through UV—vis absorption analysis (ge45 nm = 1.11 x 10°
M~ Tem™).

Multicolor Cellular Labeling. Live A549 cells were labeled
sequentially with eF525 and eF650 NCs conjugated to human
transferrin (Tf) to label the late and early endosomes, respec-
tively. Late endosomes were labeled by the incubation of the
cells with eF525 NC-Tf (100 nM in complete tissue culture
medium) for 12 h. After removal of the conjugates, the cell
monolayer was washed and early endosomes were labeled by
incubation of the cells with eF650 NC-Tf (50 nM in complete
tissue culture medium) for another 12 h. The cells were washed,
fixed, and blocked with 1% BSA/PBS. The cell membrane was
labeled by incubation of the cells with the anti-human CD61-
eF565 NC conjugate (200 nM in 1% BSA/PBS) overnight at 4 °C.
Nuclei were stained with DAPI (2 ug/mL in PBS).

Microscopy. Epifluorescence image collection was carried
out using an Olympus IX-71 microscope where samples were
excited with a Xe lamp. Differential interference contrast (DIC)
images were collected using a bright light source. Filter cubes
utilized are shown in Supporting Information, Table 1. Micro-
graphs were captured with a DP71 color digital camera
(Olympus, Center Valley, PA) using constant camera settings
over time, as indicated. Images were analyzed using DP
Manager Software (Olympus, Center Valley, PA) and Image J
(NIH, Bethesda, MD; http://rsb.info.nih.gov/ij/).
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