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ensitive fluorescence-based DNA de-
tection techniques are widely used in
forensic analyses,' diagnosis of infec-
tious diseases,>> and identification of ge-
netic mutations,*® biological pathogens,’
and environmental contaminants.? Because
of the limited levels of targets present in a
particular sample, one often relies on the
enzymatic amplification of target DNA to
achieve the required sensitivity.”~ "' How-
ever, such a procedure is time-consuming,
laborious, prone to contamination, and
induces high levels of complexity and
cost.'” To avoid the added complexity
of enzyme-based approaches, complemen-
tary strategies are being developed to in-
stead amplify the optical signal generated
by each target molecule detected.'>'®
Some among those new strategies employ
single-stranded DNA (ssDNA)-decorated fluo-
rescent nanoprobes such as semiconductor
quantum dots and dye-doped silica nanopar-
ticles (NP) to provide enhanced detection
response as compared to that of individual
molecular fluorophores as well as improved
robustness toward photobleaching.'’ ~%°
A new class of fluorescent NPs recently
emerged as promising optical tools for a
variety of applications including ultrasensi-
tive DNA detection. Multilayer metal core—
silica shell fluorescent NPs offer several
advantages over commonly used dye-
doped nanoparticles.?' 2’ For example,
the interaction of dye molecules with the
metal core greatly improves the excitation
efficiency, enhances the emissive rates, and
reduces the lifetime of excited states, result-
ing in enhanced photostability and detect-
ability. Furthermore, self-quenching is
suppressed by plasmonic interaction via
the strong decrease in nonradiative
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ABSTRACT This study describes the preparation and characterization of a DNA sensing

architecture combining the molecular recognition capabilities of a cationic conjugated polymer

transducer with highly fluorescent core—shell nanoparticles (NPs). The very structure of the probe-

labeled NPs and the polymer-induced formation of NP aggregates maximize the proximity between

the polymer donor and acceptor NPs that is required for optimal resonant energy transfer. Each

hybridization event is signaled by a potentially large number of excited reporters following the

efficient plasmon-enhanced energy transfer between target-activated polymer transducer and

fluorophores located in the self-assembled core—shell aggregates, resulting in direct molecular

detection of target nucleic acids at femtomolar concentrations.
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molecular decay rates, which allows the
incorporation of larger amounts of dye
molecules into the silica shell,>"*® while
the latter protects the fluorophores from
collisional quenching and provides easy
conjugation to biomolecular probes such
as oligonucleotides and antibodies. Another
benefit of plasmonic enhancement in core—
shell nanostructures is the improvement of
FRET (Forster resonant energy transfer) effi-
ciency, range, and transfer rate.?>?* 32 As a
consequence, the location of donor and
acceptor molecules in proximity to the
metal core increases the strength of donor—
acceptor interactions and leads to the ex-
citation by a single donor of several accep-
tor molecules over distances exceeding the
natural range of FRET. Therefore, the use of
plasmonic enhancement in the develop-
ment of a FRET-mediated DNA detection
scheme can lead to massive improve-
ment in signal amplification and sensing
capacity.

In this paper, we report the development
of a novel plasmonic- and FRET-based DNA
sensing scheme based on core—shell
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Figure 1. Principle of DNA detection on fluorescent multilayer core—shell NPs: (a) target-ready NPs are prepared by
complexing ssDNA probe-grafted NPs with polymer transducer; (b) hybridization of target DNA with ssDNA probes activates
the polymer transducer as energy donor toward dye-doped silica shell and excitation at 410 nm generates fluorescence

emission by acceptor molecules at 550 nm.
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Figure 2. Imaging flow cytometry (IFC) images recorded
from Ag@SiO,@SiO,-+EiTC nanocomposites (left) and hol-
low nanoshell control samples (right). The excitation wave-
length was 488 nm, and the fluorescence emission was
collected through a 528 + 19 nm band-pass filter. See
Supporting Information for experimental details.

multilayer dye-doped acceptor nanoparticles grafted
with ssDNA probes and complexed with a cationic
conjugated polymer (CCP). This approach exploits the
chromism of the CCP, that is, intensity and spectral
changes in absorption and luminescence caused by
conformational changes of its conjugated backbone
upon electrostatic binding to DNA strands.>*73° The
capture of ssDNA targets onto the surface of the NPs
allows the transduction by the CCP of the hybridization
event to a FRET-mediated fluorescence signal by allow-
ing the light from a suitable source to be coupled from
the polymer to the acceptor molecules immobilized in
the outer silica layer of the NPs.'53¢73% The capacity of
the polymer as energy donor is increased by strong
near-field interactions in this plasmonic-enhanced
FRET system and results in faster transfer rate and
enhanced FRET efficiency and range. In addition, bind-
ing of positively charged polymer chains onto nega-
tively charged oligonucleotide-grafted NPs partially
neutralizes the particles' surface charge and leads to
the formation of NP aggregates.**' These nanoparti-
cle networks allow collective interactions between NPs
which, in turn, enhance plasmonic coupling and local
electric field intensities between the NPs*? and amplify
the overall optical signal generated by DNA hybridiza-
tion events. The resulting improvement in detection
sensitivity allows the development of fast, reliable, and
affordable molecular typing procedures without any
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prior chemical amplification or tagging of the starting
sample.

RESULTS AND DISCUSSION

The new particle-based DNA sensing scheme, illu-
strated in Figure 1, combines a probe-grafted fluores-
cent core—shell NP and a CCP (poly(1H-imidazolium,
1-methyl-3-[2-[(4-methyl-3-thienyl)oxylethyl]-, chloride)*
in a FRET pair with the polymer acting as the donor and
the dye-doped NP as the acceptor. We chose eosin-5'-
isothiocyanate (EiTC) as the energy acceptor because of
its well-documented photophysical characteristics and
the adequate overlap of its absorption band with the
emission band of the polymer donor (Supporting
Information, Figure S1). Monodisperse fluorescent
multilayer Ag@SiO,@SiO,+EiTC NPs with 50 £+ 10 nm
diameter silver cores and uniform 7 + 1 nm thick silica
spacer shells were prepared using a procedure pub-
lished recently (see ref 22, Methods, and Figure S2 in
Supporting Information) and adapted for use as the
FRET acceptor in the present work. This particular core
diameter was chosen based on the report by the
Lakowicz group showing that plasmonic enhancement
efficiency for fluorophores near the surface of silver
nanoparticles reaches a maximum for particle dia-
meters in the 40—70 nm range,** whereas the 7 nm
spacer thickness was determined in a previous study
by our group for ~50 nm Ag cores using varying silica
spacer shells.*?> The dye concentration in the outer
silica shell was chosen to avoid self-quenching be-
tween dye molecules and to maximize fluo-
rescence emission. The emission intensity of these
core—shell NPs is enhanced by a factor of 10, as
compared with hollow silica nanoshell control samples
(Figure 2). This high luminosity, combined with the
excellent chemical and optical stability and biocompa-
tible surface of these composite NPs, makes them ideal
candidates as nanolabels for sensitive detection of DNA
material. The NPs were grafted with amine-modified
20-mer oligonucleotide probes using N-hydroxysuccini-
mide (NHS) cross-linking chemistry, and the surface
coverage density of these oligonucleotide-grafted NPs
was determined to be ~1500 oligonucleotides per
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Figure 3. IFC fluorescence images, recorded at the nominal emission wavelength of the eosin acceptor, of (A) target-ready
NPs without complementary targets, excitation 410 nm; (B) target-ready NPs without complementary targets, excitation 488
nm; (C) images recorded after addition of complementary targets, excitation 410 nm. The fluorescence signal was recorded

through a 528 + 19 nm band-pass filter.

nanoparticle (see Methods), which is comparable to
coverage densities reported by other groups.****
When the CCP is added to the NPs, it binds electro-
statically to negatively charged ssDNA probes and
adopts a planar and highly conjugated form in which
fluorescence is effectively quenched.*® In the presence
of complementary DNA targets, hybridization takes
place and the polymer is believed to wrap around
the DNA double helix, reverting to a nonplanar, fluor-
escent conformation,>® whereupon excitation of the
polymer donor at 410 nm results in sensitized emission
from eosin acceptors located in the outer silica shell via
resonant energy transfer from the polymer—dsDNA
complexes (Figure 1). The design of this sensing
scheme was guided by the prediction that the lumi-
nescence of both the polymer and eosin molecules
would be strongly enhanced in proximity to the silver
core because both have relatively low intrinsic quan-
tum yields*” (57% for eosin*® and 3% for the poly-
mer®) and because the plasmonic band of Ag@SiO,
nanocomposites (centered at 400 nm) overlaps well
with the absorption band of the polymer transducer.
Recent studies of the influence of plasmonic coupling
on the optical properties of different CPs adsorbed
onto silver nanoparticles or silver island films have
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reported changes in the optical properties of the CPs,
including enhanced luminescence and shortened ex-
cited state lifetimes.* ' This was confirmed in the
present work by the measurement of a 30-fold
enhancement in the fluorescence signal with the poly-
mer adsorbed onto Ag@SiO, NPs (see Figure S3 in
Supporting Information). Finally, it was also hoped that
the interaction of the metal core with both fluoro-
phores would result in reduced lifetime and thus
improved photostability, as well as increased efficiency
and range of FRET transfer between the polymer donor
and the eosin acceptors.??

Since the polymer exists in its quenched planar
conformation in the target-ready NPs, the latter are
nonfluorescent when observed by imaging flow cyto-
metry (IFC) and excited near the nominal excitation
wavelength of the polymer donor at 410 nm (Figure 3A);
however, they are easily detectable when excited
directly at the nominal excitation wavelength of the
eosin acceptor at 488 nm (Figure 3B). Upon the addi-
tion of complementary 20-mer oligonucleotides to the
target-ready NPs (Figure 3C), excitation at 410 nm
results in the appearance of objects that are on average
significantly larger than on images recorded from
probe-grafted NPs before addition of the CCP.
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Figure 4. Point spread function images of particles from the two distinct populations of nanoparticle aggregates observed by
IFC, following the addition of complementary targets (4.8 x 10~ '> M) to target-ready NPs.
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Figure 5. Principle of DNA detection using polymer-induced particle networks: (A) target-ready nanoparticles aggregate
following partial charge neutralization by the cationic polymer; (B) hybridization of target oligonucleotides activates polymer
transducer as energy donor toward dye-doped silica shell and excitation of polymer at 410 nm generates emission of

fluorescence by acceptor molecules at 550 nm.

Statistical analysis of IFC images based on size, shape, and
intensity profile of the recorded objects reveal the pre-
sence of two distinct populations (Figure 4). The objects
grouped in the first population, which accounts for the
majority of all objects detected, are small and generate
weak fluorescence signal over a Gaussian intensity profile
(Figure 4, left). These objects, too small to be resolved by
the IFC apparatus (optical resolution ~1 um), may corre-
spond to individual NPs or small NP aggregates bearing
target oligonucleotides. The objects in the second popu-
lation are larger (~2—6 um in diameter) and emit
stronger fluorescence signal characterized by a top-hat
intensity distribution (Figure 4, right). Despite being less
numerous than the smaller objects, statistical image
analysis reveals that the integrated emission intensity
from these larger objects, which we believe are large
aggregates of target-ready NPs, accounts for ~80% of the
total analytical signal (see Figure S9 in Supporting
Information).

NPs grafted with anionic oligonucleotides are not
expected to aggregate in pure water;>> however, the
formation of large aggregates of target-ready NPs
might arise from the partial neutralization of negative
surface charges on probe-grafted NPs following addi-
tion of the positively charged polymer transducer,*
and hybridization of target molecules onto these larger
aggregates might then lead to readily detectable
changes in luminosity (Figure 5). Interestingly, a shift
toward longer wavelengths of the extinction spectrum
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of metallic nanoparticles is known to occur with de-
creasing interparticle distance,**~>° and the formation
of these aggregates upon the addition of CCP to probe-
grafted NPs can also be observed by dark-field scatter-
ing microscopy as a change in the color of scattered
light (Figure 6, left), where the blue or blue-green color
of probe-grafted NPs is shifted toward the red upon
the addition of the CCP. Furthermore, the increase in
size of NP aggregates is obvious in the histograms
calculated from the statistical analysis of dark-field
scattering images (Figure 6, right).

The sensitive response of NP aggregates to the
addition of complementary targets is incumbent on
the combination of three processes: (i) recognition and
transduction of the hybridization event by the CCP;
(i) plasmonic enhancement of the quantum yield of
the CCP and the eosin; (iii) excitation of the eosin-doped
silica shell by the polymer transducer. This was verified
in separate experiments where either the CCP transdu-
cer, silver core, or the eosin acceptor was omitted. In all
cases, a dramatic decrease in signal intensity was
observed (see Supporting Information, Figure S8).

As illustrated in Figure 7, a linear relationship exists
between luminescence intensity and the concentration
of target analyte, and it is possible with this molecular
sensing system to specifically detect the hybridization
of a few thousand molecules of complementary oligo-
nucleotides in a few minutes. In the case of 20-mer
target oligonucleotides, the limit of detection was
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Figure 6. Color images of dark-field scattered light microscopy (left) and corresponding spot size distribution histograms
(right) of (A) probe-grafted nanoparticles and (B) target-ready nanoparticle aggregates. See Supporting Information for

experimental details.
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Figure 7. Calibration curves for 20-mer single-stranded
DNA targets complexed with target-ready NPs measured by
IFC: calibration curve in black (filled squares) for the per-
fectly matched target analyte and in red (filled diamonds)
for the two-mismatch sequence. The open circle symbol
indicates the fluorescence signal recorded for a 100 equiv
excess of the two-mismatch sequence. The limit of detec-
tion for the perfectly matched 20-mer target is 1 x 10*
molecules, or 20 zmol in a volume of 20 uL.
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calculated as ~1x 10* molecules, or 2 x 1072° mol in
the 20 uL sample aliquot measured by IFC, or 8x 10 '®
M. In comparison with the perfect hybridization, the
presence of sequences having two mismatches leads
only to a slight increase of luminescence, as does the
addition of a large excess (100 equiv) of the two-
mismatch oligonucleotides. The presence of large ex-
cesses of noncomplementary DNA (e.g., fragmented
human genomic DNA) can in principle interfere with
the polymeric transducer because, though the probe
may be designed to be unique, numerous loci present-
ing one or a few mismatches with the probe are still
possible. Remarkably, Ho et al. succeeded in distin-
guishing a specific 20-mer sequence from fragmented
human genomic DNA, despite the presence in the
entire genome of numerous one- or two-mismatch
loci.3® This high selectivity toward the ssDNA target is
granted by the very high stringency used during the
detection step, that is, in pure water at 60 °C, in which
hybridization essentially only occurs with the ssDNA
probes electrostatically bound with the cationic
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polythiophene chains within the target-ready NP ag-
gregates, which act as the only counterion available for
the negative charges of the phosphate moieties. On
the basis of the prior work of Doré et al., the signal
generated from the hybridization of a single-mismatch
sequence (single nucleotide polymorphism, SNP)
should be higher than that of the two-mismatch
sequence.* Interestingly, the slower hybridization ki-
netics of single-mismatch sequences versus perfectly
matched targets also reported by Doré et al. could in
principle be exploited in a flow cytometry detection
scheme to increase selectivity, by optimizing the time
separating the addition of targets to the nanoprobes
and the measurement of fluorescence. The introduc-
tion of mismatched target DNA does not seem to
perturb the NP aggregates, given the fact that their
size remains relatively unchanged. However, the
average luminosity of individual aggregates is much
lower, an indication that only perfectly matched
oligonucleotides induce adequate energy transfer
(Supporting Information, Figure S9). Moreover, the
analytical signal measured for complementary tar-
gets was found to be linearupto ~107 "2 M (~6 x 10°
copies/uL) and to decrease at higher concentrations
(Supporting Information, Figure S10). Considering
the large number of probes available on each nano-
particle (~1500/NP or ~6 x 10%/uL), the particle capacity
is not expected to be a limiting factor. Rather, the
departure from linearity observed at higher concentra-
tion seems to result from the disruption of the NP
aggregates due to increasing electrostatic repulsions
within them. This was confirmed by IFC (Supporting
Information, Figure S10) and dark-field scattering micro-
scopy experiments (Supporting Information, Figure S7)
which show a significant decrease in spot size for higher

METHODS

Materials. The cationic conjugated polymer (CCP), poly(1H-
imidazolium, 1-methyl-3-[2-[(4-methyl-3-thienyl)oxylethyl]-, chlo-
ride), was graciously provided by the group of Prof. Mario
Leclerc and synthesized according to the procedure previously
published.®® Silver nitrate (AgNO;, Aldrich), sodium citrate
tribasic dihydrate (Na-Cit, Aldrich), tetraethoxysilane (TEOS,
Aldrich), ammonia (NH4OH 30%, Aldrich), eosin isothiocyanate
(EiITC, Marker Gene Technologies), 3-(@aminopropyl)triethoxy-
silane (APS, Aldrich), succinic anhydride (SA, Aldrich), N-hydro-
xysuccinimide (NHS, Aldrich), and sodium chloride (NaCl,
Aldrich) were used as received. Deionized water (18 MQ),
anhydrous ethanol (EtOH), N,N-dimethylformamide anhydrous
(DMF, Aldrich), and 2-(N-morpholino)ethanesulfonic acid buffer
(MES, Aldrich) were used as dispersion media.

DNA Sequences. Oligonucleotides were all purchased from
Integrated DNA Technologies, Inc. (Coralville, IA) in a standard
desalting purification grade, except for the Cy5.5-labeled probe,
which was HPLC purification grade. The oligonucleotide se-
quences used in this work are shown in Table S1 (Supporting
Information). An amino-modified 20-mer sequence corre-
sponding to a conserved region of the Candida albicans yeast
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target concentrations. Since it was shown that the ma-
jority of the luminescence is emitted from these larger
aggregates, their suppression is expected to cause a
severe drop in sensitivity.

CONCLUSION

We have presented herein a DNA sensing architec-
ture combining the molecular recognition capabilities
of a cationic conjugated polymer transducer with
highly fluorescent core—shell NPs and featuring a
unique amplification mechanism which is the result of
various essential elements. The very structure of the
probe-labeled core—shells NPs and the resulting poly-
mer-induced aggregates maximize the proximity be-
tween donors and acceptors that is required for optimal
RET. Moreover, strong plasmonic coupling between
metal cores is responsible for the enhanced luminosity
of fluorescent species as well as the increased range
and efficiency of RET, favoring the excitation of several
acceptors by each polymer donor throughout the
aggregate system. Finally, due to the acceptor's small
Stokes shift, homotransfer between eosin molecules
can promote energy distribution to the entire structure.
Moreover, each hybridization event is signaled by a
large number of excited reporters following the effi-
cient plasmon-mediated energy transfer between tar-
get-activated polymer transducer and the numerous
fluorophores located in the self-assembled core—shell
aggregates. The combination of both events results in
the sensitive detection of target nucleic acids at femto-
molar concentrations. Given these favorable character-
istics, such target-ready NP aggregates could allow
ultrasensitive and sequence-specific sensing of minute
amounts of DNA from aqueous sample volumes, with-
out any labeling or amplification of the nucleic acids.

genome>* was used as the capture probe. The binding capacity
of the probe-functionalized fluorescent core—shell NPs was
determined using the same probe sequence labeled at the 3’
end with a Cy5.5 dye.

Synthesis of Silver Nanoparticles, Spacer Silica Shell (Ag@Si0,), EiTC-
Doped Silica Shell (Ag@5i0,@Si0,+EiTC), and CCP/Ag@SiO0, Self-Assemblies.
The method employed for preparation of fluorescent multi-
layer core—shell NPs was described elsewhere.?? Typically, a
silver colloid with an average particle size of 50 + 10 nm was
prepared using a citrate reduction, and a first silica spacer shell
(7 £ 1 nm) was grown on the silver nanoparticles using an
adaptation of the Stober method. The particle concentration
of the colloidal solution, at ~2 x 10'%/mL, was obtained from
the determination of elemental Ag by flame atomic absorption
spectrometry and calculated for an average diameter of 50 nm.
The eosin acceptor dye was covalently incorporated in a
second silica shell using a dye-conjugated silane coupling
agent. The thickness of the silica spacer and the dye concen-
tration were optimized to find the optimal fluorescence signal
in terms of metal—fluorophore distance and self-quenching
between eosin molecules. These fluorescent nanoparticles
were used either as-is for spectroscopic measurements or for
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the preparation of probe-grafted fluorescent core—shell
nanocomposites.

For evaluation of the CCP fluorescence enhancement factor,
CCP/Ag@SiO, NPs were self-assembled by exploiting the elec-
trostatic attractions between positively charged CCPs and the
negatively charged surfaces of the core—shell NPs. Typically,
20 L of 8.4 x 10~* M CCP solution (calculated on a monomer
unit basis) was added to a 1 mL NP aliquot and shaken manually
for 30 min at room temperature. The resulting CCP/Ag@SiO,
NPs were centrifuged and washed three times with water to
remove the excess of CCP and then dispersed in 1 mL of water.
The procedure used to prepare hollow silica nanoshell control
samples from the fluorescent core—shell nanoparticles was
described elsewhere (see Figures S2 and S3 in Supporting
Information).??

Surface Modification and DNA Functionalization. The bioconjuga-
tion of the as-prepared fluorescent core—shell NPs with ssDNA
probes was performed by amine coupling processes. First,
amine-functionalized NPs were prepared by covalent surface
grafting of APS. To do so, 50 uL of APS was added to a 10 mL
aliquot of fluorescent NPs (2 x 10"° NPs/mL) and stirred for 2 h.
After that, the NPs were collected by centrifugation (10 000 rpm,
25 min) and washed three times with EtOH, and then redis-
persed in 5 mL of anhydrous DMF. Succinic anhydride was used
to convert the amine functional groups into carboxylate func-
tions. To 5 mL of fluorescent core—shell nanoparticles was
added 1 mL of a 50 mM succinic anhydride solution in DMF,
and the mixture was stirred for 4 h at room temperature. The
carboxylate-functionalized NPs were collected by centrifuga-
tion and washed three times with water and redispersed in 5 mL
of MES buffer solution (10 mM, pH 6). NHS-ester activation
chemistry was then used to bind the amino-terminated oligo-
nucleotides onto the carboxylate-modified NPs. Briefly, an NHS-
ester derivative is formed by reacting carboxylate groups with
NHS. Stable amide linkages are obtained by nucleophilic reac-
tion between the amine compounds and the carbonyl of the
active esters. In our case, the conjugation step was performed
by mixing T nmol of amino-terminated capture probe to 5 mL of
carboxylate-modified NPs, followed by the addition of 50 uL of a
50 mM NHS solution. The mixture was let to react 12 h in the
dark at 4 °C. EDC (1-ethyl-3-[3-dimethylaminopropyl]carbo-
diimide hydrochloride), which is commonly used as a cross-
linking agent in NHS chemistry, was not used in this conjugation
step to avoid partial erosion of the silver metallic core by
chloride ions. Instead, a longer reaction time was used and a
slight increase in pH (6.0—6.5) promoted nucleophilic attack by
the amine groups in their more active nonprotonated form. The
oligo-functionalized fluorescent NPs were collected by centri-
fugation and washed three times with water and were finally
redispersed in 5 mL of EtOH to avoid sample degradation. The
resulting oligonucleotide—nanoparticle conjugates were stored
at 4 °C and remained stable for months.

The binding capacity of the probe-functionalized fluores-
cent core—shell NPs was determined experimentally by mea-
suring the amount of Cy5.5-labeled probe left in the super-
natant after the conjugation step with the NPs. The results show
that ~1500 hybridization sites can be found on average per
probe-functionalized NP.

Sample Preparation and Hybridization Conditions. In order to pre-
pare target-ready NPs, 250 uL aliquots of probe-grafted NPs in
EtOH were centrifuged and resuspended in 250 uL of water. To
prevent interference on the polythiophene transducer by other
cationic counterions, all reactions and experiments were carried
out in electrolyte-free 18 M nanopure water. Then, 15 uL of a
8.4 x 10~® M CCP solution (calculated on a monomer unit basis)
was added to the NPs and shaken manually for 30 min at room
temperature. These CCP/probe NPs (i.e., target-ready NPs) were
then centrifuged and washed three times with water to remove
any unbound CCP and redispersed in 250 uL of water. For the
target detection experiments, a 3 x 108 NPs/mL suspension was
prepared by diluting 30 uL of target-ready NPs in 1.5 mL of
water. The complementary target oligonucleotides were added
to the target-ready NP suspension, the hybridization was
allowed to proceed at 60 °C for 10 min, and 20 uL aliquots of
the hybridized NPs were presented to the imaging flow
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cytometry apparatus. In this system, the electrostatically bound
CCP acts as a localized counterion to the negative phosphate
moieties to promote hybridization in pure water, that is, without
salt.3® The calibration curves were obtained by measuring the
fluorescence signal for successive additions of target oligo-
nueotides, after the specified 10 min equilibration period. Since
aggregate formation occurs over a period of time, control over
reaction and equilibration times is necessary to obtain repro-
ducible detection sensitivity. The detection limit was calculated
as 3 times the standard deviation of the fluorescence signal for
the blank (in the present case, the solution with the lowest
target concentration used to establish the calibration curve)
divided by the slope of the curve. Note that the as-prepared
probe-grafted fluorescent Ag@SiO, nanoprobes are very stable
at elevated temperatures and neither a shift or broadening of
the absorption peak nor a reduction of fluorescence was
observed after a long heating period.

It should be noted that target-ready NPs must be prepared
using an excess of DNA probes compared to CCP. Because of the
strong positively charged nature of the CCP (one positive
charge per monomer unit) and the anionic character of the
probe-functionalized NPs, significant nonspecific adsorption is
observed when an excess of CCP is added to the probe-grafted
NPs. The normally nonfluorescent target-ready NPs then be-
come highly fluorescent since a non-negligible fraction of the
CCP exists in a non-DNA-complexed, fluorescent random coil
conformation.
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