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ABSTRACT The parallel and highly sensitive detection of
biomolecules is of paramount importance to understand biological
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A streptavidin (SA) and biotin QD conjugate pair containing a

zwitterionic surface modification was designed for QD self-assembly with minimal nonspecific adsorption. Typical sandwich-type immunoassay procedures
were adopted, and the targeted protein binding events were effectively transduced and amplified by the fluorescence of the SA—biotin QD conjugates. The
detection limit of myoglobin in 100% serum was determined to be at the subattomolar (tens of copies per milliliter) level, which was achieved by using 100
cycles of the layer-by-layer QD assembly. Adsorption kinetics studies and Monte Carlo simulations revealed that this highly sensitive signal amplification
was accomplished by the zwitterionic surface, which gave equilibrium constants 5 orders of magnitude larger for specific binding than for nonspecific
binding. The QD conjugates showed an effective multivalency of two, which resulted in a broad linear dynamic range spanning 9 orders of magnitude of
target protein concentrations. The assay can be highly miniaturized and multiplexed, and as a proof-of-concept, parallel and rapid detection of four
different cancer markers has been successfully demonstrated. To demonstrate that this QD signal amplification can be a universal platform, sensitive
imaging and early detection of apoptotic cells were also showcased.
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enomics and proteomics research-
G ers have discovered many new bio-

markers that have the potential to
greatly improve the diagnosing, prognos-
ing, and monitoring of cancers and other
medical conditions.? A rapid and sensitive
assay that detects multiple specific mol-
ecules from the complex mixture present
in serum would allow for early intervention
and the treatment and better management
of diseases. Antibody-based recognition re-
mains one of the most promising strategies
for such applications. Immunoassays typi-
cally use reporters to transduce the antigen
binding interactions into a quantifiable
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change. These reporters include radioactive
tracers,® luminescent probes,* and substrates
containing antibody-linked enzymes.®> In
the case of enzyme-linked immunosorbent
assays (ELISA), a target protein can be cap-
tured by an antibody and then sandwiched
by a second antibody that incorporates a
catalytic product-generating enzyme. Much
attention has been focused on signal am-
plification without using enzymes.>~8 DNA
has been exploited as an amplifiable signal
reporter in techniques such as immuno-
PCR,? DNA-amplified electrochemical,'® and
liposome-PCR'" assays without using a
chromophore-generating enzyme. Metallic
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nanoparticle catalysts have replaced the enzyme in
ELISA in some studies.'? Biobarcode-based “scano-
metric” assays allow for simple, chip-based detection
and take advantage of antibody-associated gold nano-
particles that can catalyze the reduction of silver ions,
which leads to a marked enhancement of the scatter-
ing signal.’® Fluorescent signals can typically be several
orders of magnitude more sensitive than colorimetric
signals. Signal amplification through the deposition
of fluorophores should provide a simple, chip-based
detector with very high sensitivity. However, the
deposition of conventional fluorescent dyes in close
proximity would quickly result in self-quenching. For
example, polymer-based multiple fluorophore probes
have had limited success in immunoassays due to this
quenching problem.' In addition, unlike the selective
deposition of metal ions onto metallic nanoparticles,
the selective deposition of fluorophores demands a
new assembly strategy.

Semiconductor quantum dots (QDs) are bright nano-
emitters that have demonstrated the potential for
many applications, including biological probes for
imaging and assays.'> 2> Here, we present QDs as a
signal amplifiable reporter forimmunoassays with high
sensitivity and selectivity. The use of QDs for fluores-
cent signal amplification is advantageous because
QDs do not easily self-quench when aggregated or
assembled.?® For example, Giorgio et al. have demon-
strated subpicomolar protein detection using self-
assembled agglomerations of QD—antibody conju-
gates in solution phase.?®**” QDs can also provide
multiple conjugation sites on the surface. A QD con-
jugated with streptavidin (SA) or biotin is designed to
exploit the strong specific binding motif of SA and
biotin for self-assembly. Specific assembly of QDs
requires sophisticated controls to minimize nonspeci-
fic adsorption. QDs have an ideal architecture for this
purpose because their optical and surface adsorption
properties can be completely decoupled. The fluoro-
phore part (semiconductor QD core) can be completely
passivated inside while the outer surface can solely
consist of an engineered layer. Zwitterionic surface
modification of the QDs is used to overcome the
problem of nonspecific adsorption. Using QDs that
can biologically self-assemble with minimal nonspeci-
fic adsorption, target protein binding events can be
effectively transduced and amplified by the assembled
QD fluorescence. This biological self-assembly of QDs
for signal amplification is free from the background
signal problems, which is often observed in metallic
nanoparticle-based electroless metal depositions of
multiple rounds.”® Our QD-amplified immunoassay
demonstrated a subattomolar limit of detection for
the targeted proteins (tens of copies per milliliter) and
can also be highly miniaturized and multiplexed.
To demonstrate the capability of the multiplexed im-
munoassay to detect different proteins, the parallel
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detection of four different cancer markers has been
achieved. The sensitivity comparable to the conven-
tional ELISA has been achieved in less than half the
time needed for ELISA, without noticeable cross-
reactivity. To demonstrate that this QD signal amplifica-
tion can be a universal platform, sensitive imaging and
early detection of apoptotic cells were also showcased.

RESULTS AND DISCUSSION

Characterization of QD Biological Self-Assembly onto Beads.
We have recently developed the zwitterionic surface
engineering of QDs. Zwitterionic QDs are compact with
a surface ligand hydrodynamic thickness of less than
2 nm, forming stable colloids over a broad pH range
and even in saturated NaCl solution, and show minimal
nonspecific adsorption.?® Others have reported similar
colloidal properties for zwitterionic surface ligands on
nanoparticles.3°~32 CdSe/CdZnS (core/shell) QDs and
the zwitterionic surface ligand were synthesized as
previously reported and used for the experiments
herein.?® We have performed careful experiments on
QDs with mixed surface ligands. Remarkably, a partial
surface coverage (for example, 50% homogeneous
coverage) with the zwitterionic ligand can endow the
QDs with a colloidal stability and resistance to non-
specific adsorption that are equivalent to complete
zwitterionic surface coverage.?® QDs can be co-
decorated with the zwitterionic ligand and dihydro-
lipoic acid (DHLA), where the carboxylic acid in DHLA
can be used for conjugation to streptavidins (SAs).
The resultant zwitterion-decorated SA—QD conjugate
(abbreviated as (z)-SA—QD) shows high specificity to
biotin with minimal nonspecific adsorption. Similarly, a
biotin—QD conjugate with zwitterionic decoration
(abbreviated as (z)-B—QD) has been successfully ob-
tained (Figure 1a). The number of conjugated SAs or
biotins per QD was judiciously controlled by the mole
ratio used for the reaction, which yielded an average of
three SAs for (z)-SA—QD and 40 biotins for (z)-B—QD
(see Supporting Information (Sl) for the conjugation
efficiency). The optical properties of (z)-SA—QD and
(2)-B—QD remained unchanged after the conjugations;
the photoluminescence (PL) quantum efficiency was
~30%, and the emission peak was centered at 610 nm
(Figure S1). The high specificity between the SA—biotin
motifs on the QDs can be guaranteed by the zwitter-
ionic QD surface engineering because the zwitterionic
surface minimizes nonspecific adsorption and facili-
tates the interactions between each SA and biotin by
the small hydrodynamic size (Figure S2). The highly
specific, layer-by-layer self-assembly of (z)-SA—QD and
(z2)-B—QD was first tested using biotinylated agar
beads. Conjugates bearing surfaces decorated by sul-
fonate functional groups instead of the zwitterionic
moieties, (s)-SA—QD and (s)-B—QD, were used as
controls (Figure 1a). The sulfonate-bearing surface
ligand was synthesized as previously reported.®

VOL.7 = NO.10 = 9416-9427 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

9417



a (z-sA-QD (2)-B-QD (0]

Number of
2 2 incubation steps
RCS SRORS SN¥ p
Cdse/ dSe/ EY (2)-SA-QDs
R Cizns M Cdzns or (z)-B-QDs
N. QD o N QD )
I~30o ¥ AN
x o @ \’@g ° @ \ég Free SA + (2)-QDs
or free biotin + (z)-QDs
(s)-SA-QD (s)-B-QD

(s)-SA-QDs

(o]
i (25\/5 i or (s)-B-QDs

Free SA + (s)-QDs

1 2 3 4 5
re 3 ‘ .
A R R I L

6

7 8 9 10
I
T Loy U

o
90'5\4 N ; )
S Cdse/ ¥ Sl Cdse/ Y
in CdQZI;‘s 8 ‘N/n chZDns 90‘ L Rt (¢)-QD: ..-.-@
S7 v S7 or free biotin + (S)- S .
) IS ) 5@ e

b a d @® (2)-SA-QDs or (z)-B-QDs W (s)-SA-QDs or (s)-B-QDs
v("\ = oﬂ O Free SA + (2)-QDs or free biotin + (z)-QDs O Free SA + (s)-QDs or free biotin + (s)-QDs
< P >
- ')7 3 200 3 200 * + + *
{ ‘ ) > >
4 = [ ] = [Il
( 2 150 ¢ ¢ L 2 150 L ¥ 3 51
Q) 15 8 8
c £
"'VOO ) 2 100 o ¢ 2 100 + + & @
Biological QD %Df O L v S ¢ 3 I o
D 4
self-assembly & § 50 § 50 * @
~biot 2, - biotin-QD S S
biotinylated bead @ : biotin E % é O @ © @ © @ @ o 2 0 o

. streptavidin-QD conjugate (B-QD) 0
i 1 2 3 4 5
w conjugate (SA-QD) Number of QD in

cubation steps

7 8 9 10

[

3 4 5 6 7 8 9 10
Number of QD incubation steps

Figure 1. Streptavidin (SA) and biotin QD conjugate pair with a zwitterionic surface can self-assemble in a highly specific
layer-by-layer fashion. (a) Schematic representations of QD conjugates with different surface decorations: SA—QD conjugate
with zwitterionic surface (z)-SA—QD, biotin—QD conjugate with zwitterionic surface (z)-B—QD, SA—QD conjugate with
sulfonate surface (s)-SA—QD, and biotin—QD conjugate with sulfonate surface (s)-B—QD. (b) Schematic for biological QD self-
assembly onto biotinylated agar beads. (c) Fluorescent microscope images of the beads after each QD assembly incubation
step from 1 to 10 with the (z)-SA—QD/(z)-B—QD pair on the first row, physical mixture of free SAs (or biotins) and
unconjugated (z)-QDs on the second row, sulfonate surface-decorated SA—QD/biotin—QD conjugates, (s)-SA—QD/
(s)-B—QD pair on the third row, and physical mixture of free SAs (or biotins) and unconjugated (s)-QDs on the fourth row
(scale bar: 100 um). (d) Plots of the bead fluorescence intensities vs number of QD incubation steps for the (z)-SA—QD/
(z)-B—QD pair (closed circles in the left panel), physical mixture of free SAs (or biotins) and unconjugated (z)-QDs (open circles
in the left panel), the sulfonate surface-decorated SA—QD/biotin—QD conjugates, (s)-SA—QD/(s)-B—QD pair (closed squares
in the right panel), and physical mixture of free SAs (or biotins) and unconjugated (s)-QDs (open squares in the right panel).

The biotinylated agar beads were first incubated with
the (z)-SA—QDs in a phosphate buffer solution (PBS),
and the beads were collected and washed before the
second incubation with (z)-B—QD PBS solution. The
beads were incubated for 5 min each in the QD
solutions, and water rinse took 20 s each. After the
beads were washed again, the incubation was re-
peated by alternation of (z)-SA—QD and (z)-B—QD
(Figure 1b). Each incubation cycle has two sequential
incubation steps with SA—QDs and B—QDs. As the
incubation cycles were repeated, (z)-SA—QDs and
(z2)-B—QDs assembled layer-by-layer onto the beads,
which continually increased in fluorescence intensity
(first row in Figure 1c). A physical mixture of free SAs
(or free biotin) and unconjugated zwitterionic QDs
((2)-QDs) was coincubated as an unconjugated control
(second row in Figure 1c). (s)-SA—QD and (s)-B—QD
conjugates were incubated using a procedure identical
to that for (z2)-SA—QD and (2)-B—QD (third row in
Figure 1c). Unconjugated control experiments were
also performed using physical mixtures of free SAs (or
free biotin) and unconjugated sulfonate surface QDs
((s)-QD) (fourth row in Figure 1c). Fluorescent micro-
scope images of the beads were taken after each
incubation step, and the fluorescence intensity (Fl)
was plotted for all four cases (Figure 1d). Both the
(2)-SA—QD/(z)-B—QD and (s)-SA—QD/(s)-B—QD pairs
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showed increasing Fl with repeated incubation steps,
which indicates the layer-by-layer assembly of the QDs
via the SA and biotin binding. The (s)-SA—QD/
(s)-B—QD pair showed slightly higher FI over the (z)-
SA—QD/(z)-B—QD pair, presumably due to nonspecific
adsorption. A similar study has reported QD layer-by-
layer self-assembly using a SA and biotin binding motif
for magnetic bead barcodes.>* However, the unconju-
gated control experiments using physical mixtures
showed a dramatic difference between the (z)-QD
and (s)-QD cases. The physical mixture with the un-
conjugated (z)-QDs only marginally increased in Fl over
the repeated incubation steps, whereas the physical
mixture with the unconjugated (s)-QDs exhibited a Fl
increase comparable to that of the SA/biotin conju-
gated QDs. This Fl increase indicates a lower level of
nonspecific adsorption for (z)-QDs than for (s)-QDs.
When the Fls of the conjugated samples are subtracted
from those of the unconjugated controls, only the
zwitterionic surfaced QDs show meaningful selectivity
for specific over nonspecific adsorption. This nonspe-
cific adsorption accounts for the background signals in
assay applications. The zwitterionic surface engineer-
ing of the QDs is essential for specificity of the QD
signal amplification through self-assembly.

Myoglobin Immunoassay. The specific and stable am-
plification of fluorescence via the biological self-assembly
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Figure 2. QD self-assembly-based signal amplification yields a subattomolar limit of detection for the myoglobin
immunoassay. (a) Schematic of a myoglobin immunoassay using the (z)-SA—QD/(z)-B—QD pair for QD signal amplification
by biological self-assembly. (b) Bar graph showing the QD fluorescence signal-to-noise ratios vs the concentration of
myoglobin in 100% bovine calf serum after 5 (black), 10 (purple), 20 (blue), 50 (green), and 100 (red) QD assembly cycles. (c)
Scanning electron microscopy images showing top (upper) and trans-sectional views (lower) of the assembled QD stacks on

the substrate after 100 signal amplification cycles.

of QDs has been applied to immunoassays. As a proof-
of-concept experiment, myoglobin immunoassay was
performed using QDs as the signal amplifiable repor-
ter. Myoglobin is released from damaged muscle tissue
and is an important myocardial infarction marker.>®
This immunoassay followed the typical procedure for
sandwich-type assays and used myoglobin samples in
100% bovine calf serum (BCS) (Figure 2a) to simulate
complex media. Biotinylated secondary antibodies
were attached to the antibody-sandwiched myoglobin
(see Experimental Section for details) and alternatively
treated with the (z)-SA—QD and (z)-B—QD conjugates
to achieve layer-by-layer QD assembly from the bioti-
nylated secondary antibodies. Using a mechanized
dipper, the substrate was first dipped into a (z)-SA—QD
solution (0.50 4M in PBS), rinsed in a DI water bath, and
finally submerged in a (z)-B—QD solution (0.50 uM in
PBS). Another rinsing step in the DI water bath com-
pleted one QD deposition cycle. The substrate was
incubated for 5 min with each of the QD solutions, and
each water rinse took 20 s. The myoglobin was diluted
from 0.40 ug/mL to 0.98 ag/mL in 100% BCS. The QD
assembly was cycled 5, 10, 20, 50, and 100 times, and
the signal-to-noise ratio (SNR) of the fluorescence
signals was obtained (Figure 2b and Figure S3 for raw
data). The SNRis defined as the difference between the
FI from myoglobin sample incubated area and that
from the background (identical surfaces but myoglo-
bin sample not incubated) divided by the standard
deviation of the background Fl. The SNRs increased
with both the myoglobin concentration and the num-
ber of QD assembly cycles. After 100 cycles of QD
assembly, the SNR was amplified enough to lower the
limit of detection (LOD), defined by a SNR of greater
than 3, to 0.98 ag/mL.*® The volume of the myoglobin
serum solution was 30 L, and the LOD indicated that
~30 copies of myoglobin per milliliter could be de-
tected, which is more than 10 million times more
sensitive than conventional myoglobin ELISA (Figure
57).3” Typically, fluoroscent immunosorbent assay (FIA)
and chemiluminescent enzyme-linked immunosor-
bent assay (CLISA) are 10 to 100 times more sensitive
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than ELISA.**® Our method is expected to be more
than 100000 times sensitive than conventional FIA or
CLISA. Remarkably, as few as 5 QD assembly cycles
achieved a LOD an order of magnitude smaller than
that of conventional ELISA. This result proves that our
layer-by-layer QD assembly signal amplification tech-
nique can provide a highly sensitive (tens of copies per
milliliter) immunoassay after a reasonable length of
time (17 h for the 100 cycle run). Alternatively, it can be
exploited for rapid detection (less than 1 h for the 5
cycle run) with a LOD comparable to conventional
tools (sub ng/mL). Our technique also showed a re-
markably broad linear dynamic range (LDR) and ex-
hibited an R? greater than 0.99 for a 9 order of
magnitude concentration range, from 100 ag/mL to
400 ng/mL with sensitivity (A(signal)/Alog[myoglobin])
of 7.1 (Figure S10). The sensitivity is more than 10 times
larger than conventional myoglobin ELISA.3” This LDR
contrasts sharply with that of conventional ELISA
(typically 25 to 250 ng/mL).>” This wide LDR is well
suited for simple and rapid quantifications that require
neither dilution nor enrichment processes and sug-
gests that the QDs rapidly form a flat layer and sub-
sequently self-assemble by layer-by-layer stacking
fashion. Both top and trans-sectional scanning elec-
tron microscopy (SEM) images of a substrate after
100 cycles of QD self-assembly are shown in Figure 2c.
The top surface is flat and smooth with a domain size of
~10 nm. The trans-sectional image shows a ~610 nm
thick assembled QD stack which can be ~150 layers of
layer-by-layer-assembled QDs when close-packed as-
sembly of dried state QDs is hypothesized. This mas-
sive stack explains the powerful amplification of the
QD fluorescence signal. To investigate the effects of
the serum media, the experiments were repeated
using PBS instead of 100% BCS. The SNRs were
only enhanced 15—20% compared to the BCS cases
(Figure S4), which proves that our QD assembly-based
signal amplification for immunoassay functions rea-
sonably robust in complex media.

Kinetics Study and Monte Carlo Simulations on QD Assembly.
To understand the underlying mechanisms behind the
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Figure 3. Adsorption kinetics and Monte Carlo simulation studies show a 5 order of magnitude difference between the
specific and nonspecific binding equilibrium constants of the zwitterionic-modified QD conjugates. (a) Plots of the
fluorescence intensity of QD conjugates on a myoglobin-captured (25 ng/mL) substrate vs the incubation time for four
self-assembly cycles. The QD conjugate concentration was either 0.05 «M (black squares), 0.5 uM (red circles), or 5 uM (blue
triangles). (b) Plots of the signal-to-noise ratio vs number of QD assembly cycles for myoglobin (25 ng/mL) in 100% bovine calf
serum immunoassay. (c) Plots of the QD fluorescence intensity (filled symbols, scale on the left vertical axis) and standard
deviation (empty symbols, scale on the right vertical axis) vs number of QD assembly cycles for myoglobin samples in 100%
bovine calf serum with concentrations of 9.76 x 10~>, 9.76 x 103, 0.39, 100, and 1600 ng/mL (represented by the red
squares, orange circles, green inverted triangles, blue diamonds, and magenta triangles, respectively). (d) Plots of the QD
fluorescence intensity (filled squares, scale on the left vertical axis) and the standard deviation (empty squares, scale on the
right vertical axis) vs number of QD assembly cycles for the background incubated in 100% bovine calf serum with no

myoglobin. Dotted lines represent the results of the Monte Carlo simulations.

high sensitivity, speed, and broad LDR of immunoas-
says using QD self-assembly-based signal amplifica-
tion, the assembly kinetics of both the signal and
background were investigated along with different
QD surfaces. The self-assembly of the (z)-SA—QD/
(z)-B—QD pair was studied using 0.05, 0.5, and 5 uM
concentrations, and the incubation time of the QD
solutions used varied from 80 s to 20 min. A myoglobin
concentration of 25 ng/mL in 100% BCS was used, and
four identical QD assembly cycles were performed for
each experimental set. At longer incubation times, the
QD Fl rapidly increased and plateaued (Figure 3a). At a
QD concentration of 0.5 uM (the concentration used
for the myoglobin assays), half of the final FI level was
achieved after 80 s, and the Fl reached 90% of the final
in 2.5 min. A5 min QD incubation time was used for the
myoglobin assay experiments, which yields a Fl greater
than 99.9% of the final level. This long incubation time
may have been optimal for the LOD achieved with
limited cycles of QD amplification; however, shorter QD
incubation times can be used for more rapid opera-
tions. The total operation time, which is a combination
of the number of QD assembly cycles and the incuba-
tion time for each QD treatment, can be optimized by
varying these conditions. For example, an operation
with six assembly cycles and an 80 s incubation time
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resulted in the signal almost equivalent to an operation
with four assembly cycles and a 5 min incubation time,
but in about half the total time. This result suggests
that our QD amplification method can reach the same
LOD as conventional ELISA within 20 min after the
sample incubation. Higher Fl levels were observed at
higher (z)-SA—QD/(z)-B—QD concentrations. Each (z)-
SA—QD and (z)-B—QD incubation step was fitted to a
first-order Langmuir adsorption model. The specific

binding equilibrium constant, K; is defined by eq 1

K =

0
(1- 0)QD]

M

where [QD] is the concentration of the QD conjugate
and 6 is the coverage of the available specific binding
sites. The final plateau level of the Fl directly reflects the
coverage of specifically bound QD conjugate sites. K
was determined as 2.54 x 10° M™" (see S|, Figure S11
for Langmuir fit). Similar experiments by Demir et al.
revealed that the specific binding equilibrium constant
of commercial SA—QD conjugates on a biotinylated
silica surface was 8.43 x 10* M™", which is more than
an order of magnitude lower than ours.3® This discre-
pancy is a clear advantage of our QD assembly-based
signal amplification technique. The larger equilibrium
constant is thought to originate from the zwitterionic
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QD surface. Our QD conjugates are about half the
hydrodynamic size of the commercial QD conjugates,
which should allow more rapid diffusion and rotation.
The small zwitterionic surface ligands can also mini-
mize the steric hindrance of the interactions between
the surface-immobilized SAs and biotins. Our specific
binding equilibrium constant approached the value of
~107, which was comparable to the case of free SA
onto a biotinylated surface.*°

Our biological assembly-based QD signal amplifica-
tion technique exhibits a broad LDR of sample con-
centrations. To investigate the layer-by-layer deposi-
tion of (z)-SA—QD and (z)-B—QD and the multivalency
of the QD conjugates, the FI SNR of the QDs was
measured versus the number of QD assembly cycles
(Figure 3b). A myoglobin sample concentration of
25 ng/mL and QD incubation time of 5 min were used.
The SNR showed a linear dependence from 4 to 100
cycles, which is expected to continue beyond 100
cycles because no saturation behavior was observed.
Starting from the initial biotinylated secondary anti-
body anchoring layer, only a few QD assembly cycles seem
to be necessary to establish a stable base for the layer-by-
layer depositions. The SNR became detectable after four
QD assembly cycles and grew linearly with repeated
assembly steps. The QD Fl is directly dependent on the
total number of assembled QDs, which was modeled as the
sum of a geometric progression with a rate of m — 1 (eq 2)

Fl =ax[m-1"—-1/(m—2) )]

where m represents the combined effective multiva-
lency (a geometric mean of the effective multivalencies
of both (z)-SA—QD and (z)-B—QD), the number n of QD
assembly cycles, and a constant related to the initial
QD binding sites, a. By fitting this model to the data,
an effective multivalency of 2.0 was obtained for
(2)-SA—QD and (2)-B—QD self-assembly, which implies
that the QDs assemble through two effective arms and
consist of linear rather than branching connections.
This method of assembly explains the linear depen-
dence of the QD Fl on the number of assembly cycles.
These experiments were repeated using samples with
different myoglobin concentrations, and the QD FI
increased linearly with the number of assembly cycles,
irrespective of the sample concentration (Figure 3c).
The effective multivalency of the QD conjugate was
also unaffected by the myoglobin concentration within
our data range. This result explains how our QD ampli-
fication is robustly linear over a concentration range of
9 orders of magnitude.

As demonstrated by the bead experiments shown
in Figure 1, our QD assembly signal amplification
method is based on the presence of minimal nonspe-
cific adsorption of (z)-SA—QD and (z)-B—QD. The non-
specific adsorption behavior of QDs was investigated
by measuring the FI of the background area and the
changes in standard deviation against the number of
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QD assembly cycles (Figure 3d). The background was
incubated using 100% BCS that did not contain any
myoglobin, and the rest of the QD assembly procedure
was identical to those of the samples. The responses of
the Fl and standard deviation of the background to the
number of amplification cycles were dramatically dif-
ferently than those of the samples shown in Figure 3c.
The QD Fls of the background increased slowly over
repeated assembly cycles, whereas the Fl of the sam-
ples increased linearly and quickly. The standard de-
viations of the QD Fl of the background rapidly
increased, whereas the standard deviation of the sam-
ple was small and relatively constant. Monte Carlo sim-
ulations were performed to understand the changes in
the Fl and standard deviation of the background with
respect to the number of amplification cycles (dotted
lines in Figure 3d; see Sl for details and schematics in
Figure S5). To obtain the nonspecific adsorption equi-
librium constant, K., of (z)-SA—QD and (z)-B—QD with
the substrate surface, a substrate with one million
surface binding sites available for the nonspecific
adsorption and desorption of QDs was simulated for
each self-assembly dipping step using K,s, to govern
the probability. The assembly between (z)-SA—QD and
(2)-B—QD was simulated as complete with the multi-
valency of 2.0, which assumes that the equilibrium
constant for the specific binding is sufficiently larger
than for the nonspecific adsorption. Nonspecifically
adsorbed QDs can bind to other QDs during each
amplification step via the SA—biotin interactions be-
fore leaving the nonspecific binding site. Nonspecific
bindings between QD conjugates were neglected
because the zwitterionic QDs showed excellent colloi-
dal stability as confirmed by dynamic light scattering
experiments, which indicates that no aggregates or
agglomerates form. By fitting these simulations to the
actual Fl and standard deviation data, a K, of 66 was
obtained, which is approximately 5 orders of magni-
tude smaller than the equilibrium constant for specific
binding. Our (z)-SA—QD and (z)-B—QD conjugates
exhibit a large contrast between specific and nonspe-
cific binding, which is the key for successful signal
amplification in immunoassays. These experiments
and simulations were repeated for QDs with a different
surface species, specifically, the (s)-SA—QD and (s)-
B—QD conjugate pair. Monte Carlo simulations re-
turned a K., for (s)-SA—QD and (s)-B—QD more than
100 times larger than that for (z)-SA—QD and (z)-B—QD
(Kihsa Of 19 for (s)-SA—QDs/(s)-B—QDs, K,s, of 0.18 for
(2)-SA—QDs/(z)-B—QDs). According to our previous
studies, (s)-QDs also exhibit good colloidal stability
over reasonable pH and salt concentration ranges.>
The (s)-QDs have a much smaller degree of nonspecific
adsorption than both commercial QDs and QDs
modified with other functional groups, such as car-
boxylic acids, primary amines, and quaternary amines
(data not shown). Nevertheless, the (s)-SA—QD and
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Figure 4. Multiplexed cancer marker immunoassay. (a) Schematic for the multiplexed cancer marker immunoassay that
detects prostate-specific antigen and carcinoembryonic antigen through QD self-assembly signal amplification. (b) Bar graph
showing the QD fluorescence signal-to-noise ratios for the spots that capture the prostate-specific antigen, a-fetoprotein,
carcinoembryonic antigen, and cancer antigen 15—3 cancer markers after 10 QD assembly cycles (represented by blue, red,
black, and green bars, respectively). Three cancer marker solutions in 100% bovine calf serum were used; an “all antigens
sample” that contained all four cancer markers, a “PSA and CEA only sample” that contained only the prostate-specific
antigen and carcinoembryonic antigen and an “AFP and CA 15—3 only sample” that contained only the a-fetoprotein and
cancer antigen 15—3. Cancer marker concentrations of 15 ng/mL, 18 ng/mL, 11 ng/mL, and 14 units/mL were used for the
prostate-specific antigen, o-fetoprotein, carcinoembryonic antigen, and cancer antigen 15—3, respectively.

(s)-B—QD do not have the property of nonspecific
bindings as small as that of the (z)-SA—QD and
(2)-B—QD, so only the surface-engineered zwitterionic
QD conjugates can be successfully utilized for signal-
amplified assays. In our own experiences, polyethylene glycol
(PEG)-coated QDs gave a nonspecific adsorption level almost
as low as that of our zwitterionic surface QDs. However, the
high contrast between specific and nonspecific binding
as zwitterionic surfaced QD was difficult to obtain be-
cause the bulkiness of the PEGylation might have limited
the high specific binding between the SA—biotin motifs.>

4-Fold Multiplexed Cancer Marker Inmunoassay. We have
demonstrated that our QD assembly signal amplifica-
tion can lower the LOD to tens of copies per milliliter.
This reduction in the LOD can be particularly important
for the detection of cancer markers. For example,
prostate-specific antigen detection on the level of tens
of copies can greatly help identify disease relapse
during the early stages after surgical treatment.*’ The
widespread use of cancer markers in healthcare will
ultimately require the rapid, sensitive, and multiplexed
detection of many markers at once. Multiplexed ELISA
has been fiercely studied, but multiplexed and high-
throughput immunoassays are still highly sought
after.*? Multiplexed immunoassay with time-resolved
Forster resonance energy transfer (FRET)-based QD
biosensor has been reported.**** Subnanomolar sen-
sitive cancer marker immunoassay using a FRET-based
QD biosensor has been also investigated.*>*¢ Our QD
assembly signal amplification technique initiates from
a secondary antibody specific to the F. region of the
sandwiched antibodies. Signals from different antigen
capture sites that have been precoordinated using the
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microspot microarray method can be simultaneously
amplified and read in a parallel fashion. In addition, our
amplification method is not affected by the diffusion or
migration of the probes and can, therefore, potentially
enable highly miniaturized, integrated, and multi-
plexed immunoassays “testing all in a single droplet
of the test fluid”. As a proof-of-concept experiment, a
QD assembly signal-amplified multiplexed immunoas-
say was performed for four cancer markers, prostate-
specific antigen (PSA), o-fetoprotein (AFP), carcino-
embryonic antigen (CEA), and cancer antigen 15—3
(CA 15-3). Slides with four spots, each at a different
immobilized antibody designed to capture one of the
four cancer markers, were prepared (Figure 4a). Three
samples in 100% BCS were tested. The first sample
contained all four cancer markers: PSA (15 ng/mL), AFP
(18 ng/mL), CEA (11 ng/mL), and CA 15—3 (14 units/mL).
The second sample contained only two cancer
markers: PSA and CEA. The final sample contained
the other two cancer markers: AFP and CA 15—3. The
concentration of each cancer marker was the same in
all samples in which they were contained. The used
marker concentrations closely matched the known
detection limit of conventional ELISA. Other than the
test slide and cancer marker samples, all of the experi-
mental procedures were identical to those in the
myoglobin assay experiment. QD assembly signal am-
plification meaningfully enhanced the SNRs after only
10 cycles with a 10 min QD incubation time per cycle.
The first sample tested positive for all four cancer
markers, the second tested positive only for PSA and
CEA, and the last tested positive for only AFP and CA
15—3 (Figure 4b and Figure S6 for raw data). The SNRs
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Figure 5. Apoptotic cell imaging and detection. (a) Schematic for the apoptotic cell detection that exploits the QD self-assembly
signal amplification from the binding of annexin V—biotins onto phosphatidylserines. (b) Transmission and fluorescence microscope
images of HepG2 cells which have been treated by 5 uM of tamoxifen for 1, 2, 4, 8, and 16 h. “FITC”, “QD", and “3 cycles of QD
assembly”, respectively, represent the cells labeled by annexin V—FITC, annexin V—QD, and annexin V—biotin and subsequent three
cycles of QD assembly. The control cells with no tamoxifen treatment were also labeled by annexin V—QD (0 «M/QD) (scale bar:
20 um). (c) Bar graph showing the QD fluorescence signal-to-noise ratios for the apoptotic HepG2 cells shown in (b), where the
tamoxifen incubation times of 1, 2, 4, 8, and 16 h are represented by purple, blue, green, orange, and red bars, respectively. (d) Bar
graph showing the QD fluorescence signal-to-noise ratios after up to 10 signal amplification steps for the apoptotic HepG2 cells
which have been treated by 5, 20, and 80 M tamoxifen for 4 h (represented by black, red, and blue bars, respectively).

of the positive spots were consistently more than 3
times higher than for the negative spots which yielded
SNRs less than 3. However, they have a slight chance of
false positive errors because the assembly cycles of
only 10 were performed. As shown in Figure 3, the false
positive error can be insignificant as increasing the
number of QD assembly cycles. The false positive is
presumably due to the nonspecific adsorption of
biotinylated secondary antibodies onto the substrate.
The false positive adsorption can dissociate in a ran-
dom fashion as assembly cycles continue. Our QD
assembly signal amplification method has been suc-
cessfully used for the multiplexed immunoassay of four
different cancer markers in the complex medium of
100% BCS without noticeable cross-reactivity.
Apoptotic Cell Imaging and Detection. Signal amplifica-
tion by our layer-by-layer biological self-assembly of
QDs has been utilized for sensitive and multiplexed
immunoassays. To demonstrate that our QD signal
amplification can be a universal platform for a variety
of applications of sensing and imaging, it was further
applied for sensitive and early detection and imaging
of apoptotic cells. Sensitive and early detection of
apoptosis can allow rapid screening and discovery of
potential targets for therapeutic treatments for disease
such as cancer that are related to the imbalance
between cell proliferation and loss.*’ At the early stage
of apoptosis, redistributions of phospholipids between
the inner and the outer membranes begin. As a hallmark
for apoptosis, externalization of phosphatidylserine
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(PS) is typically detected by annexin V.* For example,
photostable apoptosis imaging using annexin V—QD
conjugates have been reported by van den Berg et al.*®
We adopted the annexin V-affinity-based assays for our
signal amplification assembly method (see SI for
details). Human hepatocellular carcinomas, HepG2
cells, were induced to apoptosis by tamoxifen, without
prior enrichment or purification steps. For the signal
amplification, the apoptotic HepG2 cells were treated
by annexin V—biotin conjugates and were subse-
quently treated by (z)-SA—QD and (z)-B—QD conju-
gates to achieve the layer-by-layer QD assembly
(Figure 5a). Tamoxifen (5 uM) was treated to the cells,
and the apoptosis was imaged using an annexin
V—FITC conjugate, annexin V—QD conjugate, or three
cycles of our QD assembly method after the coincuba-
tion for 1, 2, 4, 8, and 16 h (Figure 5b). We have also
performed a control experiment with identical (z)-
SA—QD and (2)-B—QD assemblies without the treat-
ment of annexin V—Dbiotin. For the control case without
annexin V—biotin treatment, the signal was more
than 590 times smaller than the counterpart (see SI,
Figure S12). FITC failed to show any apoptotic cells with
the images similar to the control 0 «M/QD. The con-
ventional QD conjugate has only marginally visualized
the apoptotic cells. The sample treated by QD assem-
bly showed the progression of apoptosis over time
with remarkable sensitivity. The three cycles of QD
assembly, which took only 30 min, have visualized the
apoptotic cells at as early as 1 h after the tamoxifen
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treatment. To quantify the enhancement by signal
amplification using QD assembly, SNRs of the images
in Figure 5b were compared (Figure 5¢; see Sl for the
SNR evaluation protocols and Figure S8a for the raw
data). The increase in SNR over time was found
throughout all the labeling methods; however, all the
FITC cases and conventional QD cases before 8 h did
not exceed the SNR of 3. The QD assembly signal
amplification has consistently multiplied the SNRs by
more than 3 times those of conventional QD cases,
which resulted in the early detection and sensitive
imaging of the apoptosis progression. The dose of
5 uM tamoxifen was judiciously chosen because the
dosage has been reported to be too low to reveal the
apoptosis of HepG2 cells even by caspase assays that
detect mitochondrial change which precedes the
membrane change.*® Our results showed the detec-
tion of early apoptosis that is more sensitive than the
caspase assay. For the annexin V—FITC apoptosis assay,
an order of magnitude larger tamoxifen dosage was
required for the positive results (Figure S9). To demon-
strate the large dynamic range and robustness of our
QD assembly signal amplification method, the cases of
different tamoxifen doses were monitored as increas-
ing the assembly steps up 10 (Figure 5d and Figure S8b
for the raw data). Tamoxifen-treated HepG2 cells (5, 20,
and 80 uM) were incubated for 4 h, and the SNRs for the
fluorescence images of apoptotic cells were obtained.
As is similar to the immunoassay cases, the SNRs
increased linearly by the repeated incubation steps,
which suggests layer-by-layer assembly of QDs from
PSs of the apoptotic cell membranes.

CONCLUSIONS

To summarize, we report a new, fluorescence-based,
heterogeneous immunoassay method with subattomolar

EXPERIMENTAL SECTION

QD Biological Self-Assemblies onto Biotinylated Agar Beads. Biotiny-
lated agar beads (diameter = ~100 um) were dispersed in
200 uL of (2)-SA—QD conjugate solution (500 nM). The beads were
coincubated with the QD conjugate for 5 min. To remove excess
QD conjugates and to collect the beads, the mixture solution
was filtered using fritted funnel and washed with excess DI
water. Small aliquot of the beads was collected and placed on a
glass substrate to image the fluorescence by a fluorescence
microscope equipped with a CCD camera (1 incubation step in
Figure 1c). Remaining beads were dispersed in 200 uL of (z)-
B—QD conjugate solution (500 nM). The beads were coincu-
bated with the QD conjugate for 5 min. After an identical
collection and washing step as used for step 1, fluorescence
microscope image of an aliquot was taken (2 incubation steps in
Figure 1c). The coincubations with either (z)-SA—QD or (2)-
B—QD were alternated for following incubation steps to 10.
QD biological self-assembly was performed in an identical
manner for (s)-SA—QD/(s)-B—QD pair and for the unconjugated
physical mixture pair.

Myoglobin Immunoassay Using QD Signal Amplification by Biological
Self-Assembly of (z)-SA—QD/(z)-B—QD Pairs. Various concentrations
of myoglobin solution were incubated on each myoglobin
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sensitivity, an LOD of tens of copies per milliliter, an
LDR for concentration of over 9 orders of magnitude,
and high multiplexing power, which allows for a highly
miniaturized and integrated sensing platform. Immu-
no-captured target molecules were transduced into
specific binding of QDs, and then the fluorescence
signal was amplified through the layer-by-layer assem-
bly of an SA/biotin QD conjugate pair. This signal
amplification was accomplished through a simple,
alternating dipping process and was efficient enough
to reach conventional ELISA detection levels in half the
time ELISA requires. Alternatively, subattomolar sensi-
tivity could be achieved by repeated signal amplifica-
tion over a reasonable length of time. This rapid,
selective, and sensitive signal amplification technique
relied on the high contrast between the specific and
nonspecific binding equilibria of the engineered zwit-
terionic surface of (z)-SA—QD and (z)-B—QD. Kinetic
studies gave a specific to nonspecific binding equi-
librium constant ratio of approximately 5 orders of
magnitude. The small zwitterionic surface ligand
provides a specific binding affinity of (z)-SA—QD to
(2)-B—QD approaching that of free SA to a biotiny-
lated surface. The minimal amount of nonspecific
adsorption of the (z)-QDs critically enhanced the SNR
of the layer-by-layer assembly immunoassays. Our
signal amplification method can be easily applied to
other antigenic targets and potentially to other
systems using many host—guest interactions. To
demonstrate the applicability of our signal amplifi-
cation, sensitive imaging and early detection of
apoptotic cells were showcased. We hope that the
high sensitivity and multiplexing power of this signal
amplification can be used for the parallel analysis of
proteins or lipids with small copy numbers, for
example, at a single cell level.

antibody (Ab)-immobilized substrates as follows: 0.98 ag/mL,
9.8 ag/mL, 98 ag/mL, 0.98 fg/mL, 9.8 fg/mL, 98 fg/mL, 0.98 pg/
mL, 9.8 pg/mL, 98 pg/mL, 390 pg/mL, 1.6 ng/mL, 6.3 ng/mL,
25ng/mL, 0.10 ug/mL, and 0.40 ug/mL of myoglobin solution in
100% bovine calf serum (BCS) or PBS buffer (50 mM, pH 7.5). The
substrates were washed by excess DI water, and 30 uL of mouse
monoclonal Ab to human myoglobin (5.5 nM in PBS) was
incubated onto the substrate for 30 min. The substrates were
again washed by excess DI water, and 30 uL of goat polyclonal
biotinylated Ab to mouse IgG (6 nM in PBS) was incubated with
the substrate for 30 min. The substrates were washed by excess
DI water. (z2)-SA—QD and (z)-B—QD conjugates were alterna-
tively treated to assemble QDs by layer-by-layer beginning from
the biotinylated secondary antibodies. Using a mechanized
dipper, the substrates were first dipped into a (z)-SA—QD
solution (0.50 #M in PBS) for 5 min, rinsed by dipping in a DI
water bath for 20 s, then submerged in a (z)-B—QD solution
(0.50 uM in PBS) for 5 min. One cycle of QD deposition was
completed by another rinsing step in DI water bath. Different
QD assembly cycles of 5, 10, 20, 50, and 100 were performed,
and the signal-to-noise ratios (SNRs) of the fluorescence signal
were obtained by using a fluorescence microscope equipped
with a CCD camera. The SNR is defined as the difference
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between the FI from myoglobin samples and that from the
background (identical substrates without myoglobin) divided
by the standard deviation of the background Fl.

Adsorption Kinetics Studies for QD Biological Self-Assembly by (z)-
SA—QD/(z)-B—QD Pairs. Thirty microliters of myoglobin solution
(25 ng/mL in 100% BCS) was incubated on myoglobin Ab-
immobilized substrates for 30 min. The substrate was washed
by excess DI water, and 30 uL of mouse monoclonal Ab to
human myoglobin (5.5 nM in PBS) was incubated onto the
substrates for 30 min. The substrate was again washed by
excess DI water, and 30 uL of goat polyclonal biotinylated Ab
to mouse IgG (6 nM in PBS) was incubated on the substrate for
30 min. The substrate was washed by excess DI water. Then,
30 uL of (z)-SA—QD conjugate solution (0.05, 0.5, or 5 M in PBS)
was incubated on the substrate for various incubation times
of 0, 80, 180, 320, 600, or 1200 s. To remove unbound QD
conjugates, the substrate was washed by excess DI water, and
30 uL of (z)-B—QD conjugate solution (0.05, 0.5, or 5 M in PBS)
was incubated by the similar fashion as that of (z)-SA—QD. One
cycle of QD assembly was completed by another washing with
excess DI water. Many cycles of QD assembly were repeated.
Fluorescent images of the myoglobin-captured substrate were
taken by using a fluorescence microscope equipped with a CCD
camera.

Calculation of Specific Binding Equilibrium Constant (K) for QD Self-
Assembly. From Figure 2a results, the specific binding equilibri-
um constant, K, was calculated as follows.

[QD] + [siteo] < [QD-site]

where [site,] is the number of available total binding sites of the
substrate and [QD - site] is the number of the QD-bound sites of
the substrate.

Rate of specific adsorption of QDs, v,q

Vad = kaq*[QD]-(1—0)-09
Rate of desorption of QDs, vy

Vg = kd'0'00

K Kad 0 1
T kg 1-61QD]

where 6 is a coverage of the total binding site, k,q is the rate
constant of specific adsorption of QDs, kq is the rate constant
for QD desorption, and oy is the concentration of the binding
sites (m~2).

Monte Carlo Simulation Studies for Nonspecific Adsorption Equilibrium.
The nonspecific adsorption equilibrium constant, K,s, was
calculated as follows.

[QD] + [sitey'] <= [QD-site']

where [sitey'] is the number of available total nonspecific
adsorption sites of the substrate and [QD-site’] is the number
of nonspecifically adsorbed sites of the substrate.

Rate of nonspecific adsorption of QDs, v,4’

Vad' = Kag'+(1—6)-0¢'

Rate of desorption of QDs from the substrate, v4

Vd/ = kd/'e'()'o/

kad' 0
S

where ' is the coverage of the total substrate site, k.4’ is the rate
constant for nonspecific adsorption of QDs, k4 is the rate
constant of QD desorption, and gy’ is the concentration of the
surface site (m~2) which was set as 10° for the simulation; 6’
governs the probability whether (z)-SA—QD or (z)-B—QD
adsorb onto or desorb from the substrate. The assembly
between (z)-SA—QD and (z)-B—QD was simulated as com-
plete with their multivalency of 2.0. The number of QD
assembly cycles was 100.
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4-Fold Multiplexed Cancer Marker Immunoassay. Three samples
were tested; first sample containing all four cancer markers of
PSA (15 ng/mL), AFP (18 ng/mL), CEA (11 ng/mL), and CA 15—3
(14 unit/mL), second sample containing only two cancer mar-
kers of PSA and CEA, and last sample containing the other two
cancer markers AFP and CA 15—3. The substrate was spotted by
PSA, AFP, CEA, and CA 15-—3 antibodies in precoordinated
positions. For each cancer marker serum sample solution,
30 uL of the sample solution was incubated on the substrate
for 30 min. To remove excess antigens, the substrate was washed
with excess DI water. After the washing step, the substrate was
dipped into the detection Ab cocktail solution which contains
PSA, AFP, CEA and CA 15—3 Ab (5.5 nM for each Ab) for 30 min.
To remove excess Abs, the substrate was washed with excess DI
water. The substrate was dipped into the biotinylated anti-lgG
antibody solution (6 nM) for 30 min. To remove excess Abs, the
substrate was washed with excess DI water. The substrate was
dipped into (z)-SA—QDs solution (10 mL, 500 nM) for 5 min. To
remove excess QD conjugates, each substrate was washed by
excess Dl water for 20 s. The substrate was subsequently dipped
into (z)-B—QDs (10 mL, 500 nM) for 5 min. Another rinsing step
in the DI water bath completed one QD deposition cycle. Ten
cycles of QD assembly was performed using a mechanized
dipper. After the 10 cycles of QD assembly, PL microscope
images of the substrate were taken using a fluorescence
microscope equipped with a CCD camera. The SNR is defined
as the difference between the Fl from the substrate with cancer
markers and that from the background (identical substrates
without cancer markers) divided by the standard deviation of
the background FI.

Apoptotic Cell Imaging and Detection Using a QD Signal Amplification
Method. HepG2 cells, human liver hepatocellular carcinoma cell
line, were cultured in each well of multiwell slide glass. The
cultured HepG2 cells were treated with tamoxifen solutions
which were prepared to have the concentrations of 5, 20, and
80 uM for 4 h. These tamoxifen solutions were prepared in MEM
serum-free culture medium. The control sample, which was
treated pure serum-free media, was used as the background
signal. After the treatments, cells were washed with PBS buffer
and treated with annexin V—biotin conjugates (0.7 uM) in
binding buffer (10 mM HEPES, 140 mM NadCl, 2.5 mM CaCl,,
pH 7.4) for 15 min at room temperature. After the treatments,
cells were washed with PBS buffer and fixed cells with 4%
formaldehyde solution. After the treatments, cells were washed
with PBS buffer and incubated with 3% bovine serum albumin
(BSA) for 30 min. To remove excess BSA, the cell-attached
substrate was washed with excess DI water. The cell-attached
substrate was dipped into (z)-SA—QDs solution (10 mL, 500 nM)
for 5 min. To remove excess QD conjugates, the cell-attached
substrate was washed with excess DI water for 20 s. The cell-
attached substrate was subsequently dipped into (z)-B—QDs
(10 mL, 500 nM) for 5 min. Another rinsing step in the DI water
bath completed one QD deposition cycle. Five cycles of QD
assembly was performed. After the five cycles of QD assembly,
PL microscope images of the cells were taken using a fluores-
cence microscope equipped with a CCD camera. For early
apoptosis diagnosis experiments, the cultured HepG2 cells were
treated with tamoxifen solutions which were prepared to
have the concentrations of 5 uM for 1, 2, 4, 8, and 16 h. These
tamoxifen solutions were prepared in MEM serum-free culture
medium. The control sample, which was treated pure serum-
free media, was used as the background signal. After the
treatments, annexin V—biotin and QD self-assembly methods
were the same as mentioned above. For “QD” samples, annen-
xin V—Dbiotin and (z)-SA—QDs were subsequently used for
labeling. For “3 cycles of QD assembly” samples, three cycles
of QD biological self-assembly was performed as mentioned
above. PL microscope images of the cells were taken using a
fluorescence microscope equipped with a CCD camera. The SNR
is defined as the difference between the FI from tamoxifen-
treated cells and that from the background (identical cells
without tamoxifen) divided by the standard deviation of the
background FI.

Optical Detection Setup. The fluorescent images were taken
using Zeiss Axiocam HR CCD camera. Photos of all samples have
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been taken with 12 different parts of the substrate, and their
signal and standard deviation have been measured and pro-
cessed by the Photoshop program.
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