A Simple Method for Preparing
Spectrally Encoded Magnetic Beads for
Multiplexed Detection

Robert Wilson,™* David G. Spiller,* lan A. Prior,5 Kees. J. Veltkamp,* and Alistair Hutchinson!

Department of Chemistry, Liverpool University, Liverpool L69 72D, UK., *Centre for Cell Imaging, School of Biological Sciences, Liverpool University, Liverpool L69 72D,
UK., *Department of Physiology, School of Biological Sciences, Liverpool University, Liverpool L69 72D, U.K., Department of Earth and Ocean Sciences, Liverpool
University, Liverpool L69 72D, UK., and IDefence Science and Technology Laboratory (DSTL), Fort Halstead, Sevenoaks, Kent TN14 7BP, U.K.

he design of new materials based

on nanoscale components is a ma-

jor focus of current research. Many
of these new materials require the structure
to be organized into multilayer thin films
with internal dimensions on the same scale
as those of the individual components. Of
particular interest is the preparation of thin
films of photoluminescent semiconductor
quantum dots (QDs) because of their poten-
tial applications in optoelectronics and
sensing.’? Such films can be prepared by
spin-coating,? spin-casting,” controlled pre-
cipitation,” chemical deposition,® Lang-
muir-Blodgett transfer,” and
Langmuir—Schaefer deposition,® but none
of these techniques offer the same prospect
of fine control and cost-effective simplicity
provided by LBL (layer-by-layer)
self-assembly.®'® LBL methods have been
used to assemble QDs on planar''~'3 and
spherical surfaces'*'? for graded semicon-
ductor films'""'2 and biological labels."*'?
A common feature of all these reports is
that they are based on water-soluble QDs
capped with mercapto ligands assembled
on surfaces coated with oppositely charged
polymers in aqueous solutions. Quantum
dots capped in this way have reduced lumi-
nescence intensities,”>?' and although
they are moderately stable in slightly basic
solutions, the ligands slowly dissociate lead-
ing to precipitation.?? Even before precipi-
tation occurs, they may undergo changes
that lead to variations in the amount of QDs
that can be assembled on oppositely
charged polymers. The amount of water-
soluble QDs that can be assembled also de-
pends on precise control over conditions
such as pH and ionic strength. In this report,
we show how these problems can be elimi-
nated by assembling trioctylphosphine ox-
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ABSTRACT This report describes a simple method for preparing encoded microspheres for use in multiplexed

biological detection. In this method, hydrophobic trioctylphosphine oxide (TOP0)-capped CdSe@ZnS quantum dots

(QDs) are assembled on polyamine-coated microspheres in chloroform and encapsulated in an outer shell of silica

nanoparticles functionalized with a specific recognition surface. Because TOPO-capped QDs are assembled instead

of their water-soluble equivalents, the microspheres are highly luminescent. The amount of QDs assembled

depends only on the surface area of the substrate, and therefore, the photoluminescence intensity increased

uniformly in proportion to the number of QD layers assembled. The outer shell of silica nanoparticles confers

stability on the assembled QDs but has no effect on their photoluminescence because it is transparent to excitatory

and emitted light. It was activated with aminosilane and functionalized with a recognition surface of protein

antigens using disulfide exchange chemistry. Magnetic beads furnished with spectral codes of up to three colors

of QDs matched to specific recognition surfaces were used as multianalyte sensors for serum proteins.

KEYWORDS: paramagnetic - layer-by-layer - covalent -
self-assembly - nanoparticles - suspension array - immunoassay

ide (TOPO) capped QDs on polyamine-
coated surfaces in an aprotic solvent. We
also show how microspheres on which QDs
have been assembled in this way can be
coated with an outer shell of silica nanopar-
ticles and provided with a recognition sur-
face of covalently attached protein anti-
gens. In order to demonstrate a practical
application of these microspheres, we show
how they can be encoded with up to three
colors of QDs and used for multiplexed
detection.

RESULTS AND DISCUSSION

Assembly of Quantum Dots. In previous re-
ports, when latex microspheres have been
used as templates for the LBL self-assembly,
they have been functionalized with sul-
fonate groups because the negatively
charged surface groups provide a founda-
tion for the deposition of oppositely
charged polymers.'*'® Magnetic micro-
spheres functionalized with sulfonate
groups cannot be made due to metal
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Scheme 1. Assembly of QDs. TOPO-capped QDs were assembled
on magnetic microspheres in CHCl;, and then each layer of QDs was
overcoated with a layer of PEl in H,O. Numbers indicate &-potentials
in millivolts at different stages in the assembly; each value is the
mean of measurements made on four different samples.

sulfonate interactions, and therefore, we covalently at-
tached a foundation layer of poly(ethylene imine) (PEI)
to epoxy-functionalized microspheres. The micro-
spheres were then dehydrated with methanol. If the
surface was not dehydrated, the microspheres irrevers-
ibly aggregated when they were transferred to an apro-
tic solvent. After transfer, the microspheres were incu-
bated with TOPO-capped CdSe@ZnS QDs in chloroform
and then washed with chloroform and methanol. In
early work, we assembled an intervening layer of PEI/
PSS/PEI (PSS = poly(sodium 4-styrenesulfonate) be-
tween each layer of QDs as in aqueous LBL methods,
but we later found that the same result could be
achieved with only a single intervening layer of PEI.
This is in contrast to the assembly of water-soluble
quantum dots in aqueous solution where we found
that assemblies based on single intervening layers of
PEI were much less luminescent than microspheres with
an intervening layer of PEI/PSS/PEI. In order to pro-
duce the same photoluminescence intensity, it was nec-
essary to assemble three layers of water-soluble QDs
for every layer of TOPO-capped QDs that was as-
sembled in an aprotic solvent. The process is summa-
rized in Scheme 1. Microelectrophoresis measurements
showed that epoxy-functionalized microspheres had a
slightly negative &-potential, which became positive af-
ter covalently attaching PEl and then approximately
zero after assembling a layer of QDs. In previous work
Nann has shown that highly luminescent water-soluble
QDs can be prepared by adding PEIl to TOPO-capped
QDs in chloroform,?® and Mulvaney and colleagues
have shown that when microspheres coated with PEI
are shaken with TOPO-capped QDs in chloroform, the
QDs are transferred from the organic phase to micro-
spheres in the aqueous phase.®* In these methods, and
the one reported here, it is suggested that some TOPO
ligands are replaced by primary amines of PEI co-
valently bonded to the QDs. In order to assemble addi-
tional layers of QDs, each layer must be overcoated
with a layer of PEl; in the absence of this layer, no fur-
ther QDs can be assembled, but the deposition of PEI
must be performed in aqueous solution because in
chloroform the QDs are displaced by the PEI. We be-
lieve that this is because the assembled QDs are still
mainly capped with TOPO so that in aqueous solution,
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but not chloroform, the structure is maintained by hy-
drophobic bonding while covalent bonds are formed
between PEIl and the QDs.

Commercial microspheres are encoded by inter-
nally doping them with different colors and concentra-
tions of organic dyes. In this approach, all colors are in-
corporated at the same time, and therefore, it is
necessary to exercise precise control over an increas-
ing number of variables as the number of colors and in-
tensities increase. This drawback imposes a low upper
limit on the total number of codes that can be gener-
ated. In layer-by-layer approaches, each color is con-
fined to a different layer, and therefore the only vari-
able is the surface area of the microspheres. Provided
that the microspheres are uniform in size and that the
size distribution does not change as additional layers of
QDs are assembled, it should be possible to generate a
series of resolvable codes. In order to investigate
whether this would be possible using the method re-
ported here, we assembled five layers of QDs on pla-
nar and spherical surfaces. On planar surfaces, the lumi-
nescence increased linearly in parallel with the number
of layers as shown in the Supporting Information, but
the increase in intensities of the microspheres was a
curve as shown in Figure 1B. When the intensities of
the microspheres were plotted against the square of
the layer number, however, a linear fit with a correla-
tion coefficient of 0.998 was obtained. This suggests
that the nonlinear increase is due to a gradual increase
in surface area as additional layers of QDs are as-
sembled. The intensities of the microspheres in the
five groups shown in Figure 1A have coefficients of
variation (CVs) of 5.5%, 6.34%, 6.4%, 6.98%, and 5.6%,
respectively. These values are close enough to the
manufacturer’s values of 5% for the CV of the micro-
spheres to suggest that most of the observed variation
is due to their size distribution rather than imperfec-
tions in the assembly process.

Coating with a Specific Recognition Surface. In early work,
we attempted to attach proteins to the microspheres
by nonspecific adsorption or covalent attachment to an
outer layer of polyamines, but microspheres functional-
ized in this way displayed relatively weak lumines-
cence when they were interrogated with fluorescent
(Cy-5 labeled) antibodies and often appeared diffuse
in a way that suggested that the outer surface had be-
gun to unravel in the presence of the nonionic deter-
gents and protein-blocking proteins that are used in
multiplexed detection. These problems were overcome
by coating the microspheres with several layers of silica
nanoparticles (SiNPs). This surface was then activated
with an aminosilane and functionalized with protein an-
tigens by disulfide exchange chemistry as shown in
Scheme 2. Although we used an aminosilane to acti-
vate the SiNPs, a wide range of other silanes are avail-
able that could have been used to activate the surface
of the microspheres with alternative chemical groups.
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Figure 1. (A) Confocal image of approximately equal
amounts of microspheres encoded with from one to five lay-
ers of green QDs and (B) graph showing the intensities of in-
dividual microspheres encoded with from one to five layers
of green QDs. The CV of the intensities within each group is
similar to that of the original magnetic microspheres sug-
gesting that it could be decreased by starting with micro-
spheres having a lower CV.

The main problem that we encountered when develop-
ing a high-quality surface coating was irreversible ag-
gregation of the aminosilanized microspheres when
they were reacted with common bifunctional reagents

Aminosilane Traut's Reagent

A A A A A A A

Figure 2. TEM images showing ~70 nm thick sections of mi-
crospheres embedded in epoxy resin. The core of the micro-
spheres is made of cross-linked polystyrene packed with iron
oxide nanoparticles (visible as dark specks) that allow rapid
concentration of the microspheres when a small permanent
magnet is applied. The inner shell (visible as a dark band) is
composed of five layers of QDs that render the microspheres
photoluminescent. The outer shell is composed of SiNPs
functionalized with protein antigens.

such as disuccinimidyl suberate (DSS) and succinim-
idyldithiopropionate (SPDP), but we found that this
could be avoided by using 2-iminothiolane (Traut’s re-
agent).?> This reagent simultaneously introduces a ter-
minal thiol group and a charged side chain when it re-
acts with primary amines. Microelectrophoresis
measurements showed that microspheres functional-
ized with Traut’s reagent had a &-potential of +88 mV
compared with &-potentials of close to zero produced
by reagents such as DSS and SPDP. This difference sug-
gests that Trauts’s reagent may prevent aggregation
by electrostatic repulsion. The terminal thiols are able
to participate in disulfide exchange reactions that result
in the formation of stable disulfide bonds between the
microspheres and proteins that have be functionalized
with SPDP.2° UV/vis
and photolumines-
cence spectra of the
functionalized surface
in a quartz cuvette
showed that it did not
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Scheme 2. Surface chemistry. Microspheres with an outer shell of SiNPs were activated with 2and S i
aminosilane and then reacted with Traut’s reagent. This reagent introduces terminal thiol (—SH) ure 2an X upporting
groups and positively charged side chains that appear to be important in preventing irrevers- Information) show
ible aggregatio_n of the microspheres. The thjol groups form disulfide ct?va!ent bonds wit‘h PI?P- that microspheres
proteins (proteins that have been functionalized with SPDP). Numbers indicate &-potentials in
millivolts. have a well defined

core-shell structure in
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Figure 3. (A) Confocal image of three sets of microspheres encoded with (I) three
layers of green QDs, (Il) one layer of red QDs and two layers of green QDs, and
(Il) one layer of red QDs, one layer of yellow QDs, and one layer of green QDs and
(B) the emission spectrum of one (circled) microsphere from each set. Color of
the circle corresponds to line color of the emission spectra in panel B.

which the QDs occupy a densely packed dark layer
sandwiched between the paramagnetic core and the

outer shell of SiNPs. The mean thickness of this layer is
38.2 nm. In the images shown, it was assembled from

Although each set of microspheres in this example
could have been encoded with only one color of
QD, the ability to encode with multiple colors is a
key requirement for higher levels of multiplexing.
Equal amounts of microspheres from each set were
mixed to form a suspension array,?”2° which was
then used to screen for three different types of se-
rum albumin. The reagent-limited format of these
assays was similar to multianalyte screens for
pathogens except that these are based on micro-
spheres of different size and gold nanoparticles.®®
The assays were carried out in two stages. In the
first stage, the suspension array was incubated with
the sample and antibodies specific for the albu-
mins, and in the second stage, the suspension ar-
ray was incubated with fluorescent Cy-5-labeled
antibodies specific for the antialoumin antibodies.

The progress of a multiplexed immunoassay performed
on a sample that contained BSA is shown Scheme 3. In
the first stage, the suspension array was mixed with
the sample and antibodies specific for BSA, HSA, and

five layers of green QDs having a mean diameter of OVA; antibodies specific for HSA and OVA bound to mi-

about 5 nm and six layers of PEL. This suggests that each
layer of the PEI contributes a mean thickness of around
2 nm. Microspheres coated with an outer shell of SiNPs

crospheres functionalized with HSA and OVA, but the
antibodies specific for BSA did not bind to microspheres
functionalized with BSA. In the second stage, the sus-

and provided with a protein recognition surface were  pensjon array was mixed with Cy-5-labeled anti-mouse
uniform in appearance and highly fluorescent when in-  antibodies; the labeled antibodies bound to micro-
terrogated with labeled antibodies. When stored at 4 spheres specific for HSA and OVA but did not bind to

°C in darkness, they retained their activity in multi- microspheres specific for BSA. Images of individual mi-

plexed assays for at least 6 months. crospheres that have participated in a multiplexed im-
Multiplexed Detection with Encoded Microspheres. Figure 3 mynoassay performed on a sample that contained BSA

shows confocal images of three sets of microspheres are shown in Figure 4. Microspheres encoded with

and the emission spectra of one microsphere from each  green (OVA) and red, yellow, and green (HSA) are fluo-
set. Each set of microspheres was coated with a differ-  yascent when viewed through the Cy-5 filter, but micro-

ent antigenic surface: microspheres encoded with spheres encoded with red and green (BSA) are not vis-
green QDs were functionalized with ovalbumin (OVA),  jple through this filter. We also used the suspension
microspheres encoded with green and red QDs were array to perform multiplexed immunoassays on

functionalized with bovine serum albumin (BSA), and
microspheres encoded with green, red, and yellow QDs
were functionalized with human serum albumin (HSA).

O) ONN®

® | W
00

Anti-BSA Anti-HSA A BSA@

Anti-OVA A\ Cy-5 Labelled Anti-Mouse X

. O O Scheme 3. Multiplexed immunoassay for serum proteins. In
step |, the suspension array is incubated with a sample con-
taining one serum protein (BSA) and antibodies specific for

Figure 4. Table showing decoded images of one individual three different serum proteins (BSA, HSA, and OVA); no anti-
microsphere from each set after it has participated in the BSA antibodies bind to microspheres encoded with red and
multiplexed assay shown in Scheme 3; microspheres spe- green QDs because they are bound to BSA in the solution. In
cific for BSA are not visible when imaged through the Cy-5 step Il, the suspension array is incubated with fluorescent
window on the extreme right of the table. The original mi- antibodies that are specific for all the antibodies used in step
crographs from which these images were extracted, and mi- |, but they do not bind to microspheres encoded with green
crographs showing the results of other multiplexed immu- and red QDs because these microspheres did not bind anti-
noassays can be found in the Supporting Information. BSA antibodies in step I.

w
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samples that contained (A) no added albumins, (B)
HSA, (C) OVA, and (D) both BSA and OVA. The results
of all these immunoassays are shown in the Support-
ing Information.

CONCLUSIONS

We have developed a simple method for prepar-
ing microspheres that are provided with a spectral
code matched to a specific recognition surface and
demonstrated their use in multiplexed detection. In
this method, TOPO-capped QDs are assembled be-
tween intervening layers of high molecular weigh
polyamines in an aprotic solvent. The method is less
complicated than those based on water-soluble
QDs, which require more QDs and more layers of in-
tervening polymers to achieve the same result. Be-
cause the amount of QDs assembled depends only
on the surface area of the microspheres and because
surface does not become more disperse during the

METHODS

Materials. Paramagnetic polystyrene microspheres functional-
ized with epoxy groups were from Dynal, Wirral, UK. they had
a mean diameter of 4.5 um (CV ~ 5%) and were supplied at a
concentration of ~4 X 10® microspheres/mL (30 mg mL™").
TOPO-coated CdSe/ZnS core-shell QDs in toluene were from Evi-
dent Technologies, Inc., Troy, NY. Silica nanoparticles (Ludox TM-
40; SiNPs) were the kind gift of W.R. Grace & Co, Columbia, MA.
Poly(sodium 4-styrenesulfonate) (PSS; MW 70 kDa), low molecu-
lar weight branched poly(ethylene imine) (low MW PEI; MW 25
kDa), aminopropyl triethoxysilane (APTES), glycidylpropyl! tri-
methoxysilane, o-xylene (anhydrous), and N,N-
diisopropylethylamine (biotech grade) were from Aldrich.
Branched poly(ethylene imine) (PEl; MW 750 kDa), bovine se-
rum albumin (BSA), human serum albumin (HSA), albumin from
chicken egg white (OVA), 2-iminothiolane (Traut’s reagent; HCI
salt), succinimidyldithiopropionate NHS (SPDP), dithiothreitol
(DTT), monoclonal anti-bovine serum albumin (anti-BSA; mouse
ascites fluid), monoclonal anti-human serum albumin (anti-HSA;
mouse ascites fluid), monoclonal anti-chicken albumin (anti-
OVA; mouse ascites fluid), and gelatin (from cold water fish skin)
were from Sigma. Cy-5-labeled monoclonal anti-mouse IgG
(raised against whole molecule) antibodies were from AbCam
Ltd., Cambridge, UK. Other reagents were of Analar (or equiva-
lent grade) or higher, and all solutions were prepared in HPLC
grade water from Aldrich.

Solutions. The following solutions were used: PBS, 15 mM so-
dium phosphate, pH 7.4, 0.15 M NaCl; PBS-Tween, PBS contain-
ing 0.05% (v/v) Tween-20; antibody diluent, PBS-Tween contain-
ing 1 mg mL~" gelatin; blocking solution, PBS containing 10
mg mL~" gelatin; antibody solution |, antibody diluent contain-
ing anti-BSA, anti-HSA, and anti-OVA in which the antibodies
were diluted to final IgG concentrations of ~5 g mL™"; anti-
body solution Il, antibody diluent containing Cy-5-labeled anti-
mouse at a final IgG concentration of 10 g mL™"; bicarbonate
solution, 0.1 M NaHCO;, pH 8.6.

Equipment. Magnetic precipitation of Dynal microspheres was
carried out using an MPC-S sample concentrator (Dynal), and
(slow-tilt) rotation of microspheres was carried out on a MX2
sample mixer (Dynal). UV/vis spectra were recorded on a
Hewlett-Packard 8452A diode array spectrophotometer. Fluores-
cence spectra were recorded on a Perkin-Elmer LS 50B lumines-
cence spectrometer. Epifluorescence images of encoded micro-
spheres were acquired with a Leica DMBL fluorescence
microscope equipped with a SPOT 2 camera system (SPOT Diag-
nostic Instruments, inc, Sterling Heights, Ml) and custom filters

www.acsnano.org

assembly process, it allows microspheres to be fur-
nished with resolvable spectral codes. These codes
were matched to a specific recognition surface by
overcoating the QDs with an outer shell of SiNPs
functionalized with proteins. The SiNPs conferred
stability on the microspheres in the presence of de-
tergents and blocking proteins and provided a foun-
dation for the covalent attachment of antigens. Be-
cause the shell was optically transparent, it had no
effect on the excitation or emission properties of the
QDs, and because it was chemically similar to glass,
it could be activated by traditional silane chemistry.
In order to functionalize the shell with a biological
recognition surface, a reaction scheme that pre-
vented irreversible aggregation of the microspheres
was developed. The method for assembling QDs
should also be useful for preparing photolumines-
cent thin films for other applications in optoelec-
tronics and sensing.

matched to the emission peaks of Cy-5 and the QDs. Cy-5 was ex-
cited at 660 nm, and the QDs were excited at 400 nm. The im-
age acquisition time was 250 ms. All images were acquired with
a 100X oil-immersion objective lens at a total magnification of
1000X. Confocal images were acquired with a Zeiss LSM 510 la-
ser scanning confocal microscope equipped with a Zeiss META
detector. Samples for transmission electron microscopy (TEM)
were prepared by adding a drop of the microsphere suspension
in methanol to Agar 100 epoxy resin (Agar Scientific) and allow-
ing it to polymerize overnight at 60 °C. Seventy nanometer sec-
tions of the polymerized resin were cut with an ultramicrotome
and viewed with a Tecnal Spirit transmission electron micro-
scope at an accelerating voltage of 100 kV. Samples for scan-
ning electron microscopy (SEM) were prepared by placing a drop
of the microsphere suspension on a standard aluminum SEM
stub and allowing it to dry in air. The sample was then sputter-
coated with 60% gold/palladium (Polaron E5100) and imaged
with a Philips XL30 SEM at an accelerating voltage of 20 kV. Zeta
potential measurements were made with a Zeta Plus zeta poten-
tial analyzer supplied by Brookhaven Instruments Ltd., Red-
ditch, UK.

Polymer-Coated Microspheres. One molar NaCl containing 100
mg mL~" HMW PEI was mixed 1:1 (v/v) with a vortexed suspen-
sion containing 6 mg of washed epoxy microspheres in 500 L of
water and rotated overnight at room temperature. At the end
of this time, the microspheres were washed with (1) 4 X 1 mL
of 0.5 M NaCl, (2) 4 X 1 mL of 0.1 M sodium borate solution, (3)
4 X 1 mL of 0.1 M sodium acetate, pH 4.5, and (4) 6 X 1 mL of 0.5
M NaCl. The microspheres were then resuspended in water and
stored at 4 °C.

PDP Functionalized Albumins. SPDP (0.2 mg) in 100 pL of DMF
was added dropwise to a stirred 10 mg of albumin (BSA, OVA,
or HSA) in 1 mL of bicarbonate solution. After being stirred for
1 h, the PDP-albumin (PDP = pyridyldithiopropionyl) was puri-
fied by gel exclusion chromatography on Sephadex G25. The
PDP concentration was determined at 343 nm after reduction
with DTT (e = 8.08 X 10> M~ " cm ™), and the protein concentra-
tion was determined from the absorbance at 280 nm (1% =
0.71) corrected for PDP. The molar ratio of PDP to albumin in
the purified products was ~2:1.

Assembly of Quantum Dots on Paramagnetic Microspheres. The follow-
ing protocol describes how microspheres were encoded with
the first two layers of QDs; additional layers were added by re-
peating steps 2 and 3: (1) 20 L (60 p.g) of polymer-coated para-
magnetic microspheres were magnetically precipitated and
washed with 4 X 1 mL of HPLC grade water (this had a pH of
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6.5) and 4 X 1 mL of methanol and then rotated in 1 mL of chlo-
roform containing an excess of TOPO-capped QDs for 1 h; (2)
the microspheres were magnetically precipitated and washed
with 1 mL of chloroform, 4 X 1 mL of methanol, and 1 mL of wa-
ter and then rotated for 1 hin 1T mL of a pH 8.0 solution contain-
ing 1T mg mL~" PEl and 0.5 M NaCl; (3) the microspheres were
washed with 4 X 1 mL of HPLC grade water and 4 X 1 mL of
methanol and then rotated in 1 mL of chloroform containing an
excess of TOPO-capped QDs for 1 h.

Assembly of Silica NPs on Paramagnetic Microspheres. (1) Encoded mi-
crospheres (60 p.g) with outer layers of PEI/PSS/PEI were ro-
tated for 1 h in HPLC grade water containing an excess of SiNPs;
the pH of this solution was 9.5. (2) The microspheres were mag-
netically precipitated and washed with 4 X 1 mL of water and
then rotated for 1 h in 1 mL of a pH 8.0 solution containing 1 mg
mL~" low MW PEl and 0.5 M NaCl. Step 1 was repeated three
times, and step 2 was repeated twice giving microspheres with
outer layers of SiNP/PEI/SiNP/PEI/SiNP.

Encoded Paramagnetic Microspheres Functionalized with an Antigenic
Protein Surface. SiNP-capped encoded microspheres (60 p.g) were
washed with 4 X 1 mL of ethanol and then rotated overnight in
1 mL of a mixture of ethanol/H,O/APTES (95:3:2 v/v). At the end
of this time, the microspheres were washed with 4 X 1 mL of eth-
anol and resuspended in 0.5 mL of bicarbonate solution. The mi-
crospheres were then added to 0.5 mL of bicarbonate solution
containing 1 mg of Traut’s reagent and rotated for 30 min. At the
end of this time, the microspheres were washed with 4 X 1 mL
of bicarbonate solution and resuspended in 1 mL of PBS contain-
ing of 0.5 mg of PDP-albumin. After rotating overnight the mi-
crospheres were washed with 4 X 1 mL of PBS and rotated in 1
mL of blocking solution for 1 h. At the end of this time, the mi-
crospheres were washed with 4 X 1 mL of PBS and stored in
darkness at 4 °C.

Multiplexed Immunoassays with a Suspension Array of Encoded
Microspheres. Sample solutions were prepared by dissolving one
or more of the albumins (BSA, HSA, or OVA) in antibody solution
I, such that the final concentrations of the albumins were 10 g
mL~". Suspension arrays were prepared by mixing three sets of
encoded microspheres. Set 1 was encoded with green QDs and
functionalized with OVA. Set 2 was encoded with green and red
QDs and functionalized with BSA. Set 3 was encoded with green,
red, and yellow QDs and functionalized with HSA. Equal amounts
of microspheres from each set in antibody diluent were mixed
and diluted 1:1 with the sample solution. After being rotated for
15 min, the microspheres were magnetically precipitated and
washed with 1 X 1 mL of PBS-Tween. They were then resus-
pended in antibody solution Il and rotated for a further 15 min.
At the end of this time, the microspheres were washed with 1 X
1 mL of PBS-Tween and imaged with the epifluorescence
microscope.
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Supporting Information Available: Method for assembly of
quantum dots in quartz cells and figures showing UV/vis and
fluorescence spectra acquired at intermediate stages in the as-
sembly, TEM and SEM images of intermediate stages in the as-
sembly of quantum dots and silica nanoparticles on micro-
spheres, and fluorescence micrographs showing results of
multiplexed immunoassays for albumins. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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