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A silica nanoparticle-based DNA biosensor capable of detecting Bacillus anthracis bacteria through the

use of unlabelled ss-oligonucleotides has been developed. The biosensor makes use of the optical

changes that accompany a nanoparticle-immobilized cationic conjugated polymer (polythiophene)

interacting with single-stranded vs. hybridized oligonucleotides, where a fluorescence signal appears

only when hybridized DNA is present (i.e. only when the ss-oligonucleotide interacting with the

polymer has hybridized with its complement). In order to enhance the sensitivity of the biosensor, two

different nanoparticle architectures were developed and used to elucidate how the presence of

neighboring fluorophores on the nanoparticle surface affects F€orster-resonant energy transfer (FRET)

between the polythiophene/oligonucleotide complex (FRET donor) and the fluorophores (FRET

acceptors). We demonstrate that the silica nanoparticle-based FRET platform lowers the limit of

detection at least 10-fold in comparison to the polythiophene itself, and allows the detection of

�2� 10�12 moles of ss-oligonucleotide in a 100 mL sample with a standard fluorimeter (i.e. has a limit of

detection of�2 nM ssDNA). Such nanoparticle-based biosensor platforms are beneficial because of the

robustness and stability inherent to their covalent assembly and they provide a valuable new tool that

may allow for the sensitive, label-free detection (the target DNA that produces the fluorescence signal is

unlabelled) without the use of polymerase chain reaction.
Introduction

There is significant interest in the development of rapid, sensitive,

and specific methods for the detection of infectious diseases and

protein biomarkers. Recently a number of teams have developed

conjugated polymers that make use of conformational changes in

the polymer backbone upon interaction with specific analytes to

transduce optical signals when targets are present.1–3 Though

such polymer-based detection assays can identify whole

bacteria,4–6 there is also significant interest in identifying bio-

logical targets based on a DNA ‘‘fingerprint’’. An innovative

strategy developed by Leclerc et al. has demonstrated the ability

to detect unlabelled target oligonucleotides.7 This label-free

mode of detection involves the use of a conjugated polymer

capable of transducing a fluorescence signal following the

hybridization of complementary oligonucleotides (oligomers).
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The actual mechanism involved in the biosensing is highlighted

in Scheme 1, where a fluorescent and positively charged poly-

thiophene will form a duplex structure upon mixing with

a negatively charged, single-stranded-oligomer (ss-oligomer).7As

the polythiophene wraps around the probe ss-oligomer to form

the duplex structure, its backbone will become more rigid and

planar leading to significant changes in both the optical and

fluorescence properties of the polymer.7 Specifically, the UV-

visible absorption maximum of the polymer is red-shifted and

because the absorption band of the polymer is shifted in this

duplex structure, it is no longer fluorescent when excited at 420

nm. However, upon hybridization with a complementary (target)

ss-oligomer, the polymer backbone returns to a twisted structure

similar to that of the free polymer, the absorption maximum

blue-shifts near its original absorption maximum, and the fluo-

rescence signal ‘‘turns on’’ to signal that a hybridization event has

occurred. Leclerc and coworkers have extended the utility of

these polythiophene-based biosensors by labeling the probe ss-

oligomer with an appropriate fluorophore (Cy3 or Alexa Fluor

546), where hybridization with the target results in an increase in

the emission intensity of the fluorophore through a F€orster

resonance energy transfer (FRET) mechanism.7 This requires

only that the absorption of the fluorophore (FRET acceptor,

Alexa Fluor 546, AF546) overlaps with the emission of the

polythiophene (FRET donor). If this condition is satisfied, the

presence of the target oligomers will lead to hybridization
Nanoscale, 2011, 3, 3747–3754 | 3747
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Scheme 1 Schematic description of the formation of polythiophene/single-stranded nucleic acid duplex and polythiophene/hybridized nucleic acid

triplex forms.
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between the probe oligomer and the target, resulting in a ‘‘turn

on’’ of the emission of the polymer which will transfer energy to

the FRET acceptor, increasing the emission intensity from the

FRET acceptor (Scheme 2). This is beneficial because the

quantum yield of AF546 is �26 times greater than that of the

polythiophene (0.79 vs. 0.03) so the resulting response to the

hybridization event should be enhanced significantly (i.e. the

polymer fluorescence can be transduced by the AF546 mole-

cules).7 The use of this FRET mechanism for biosensing is also

useful because the emission of the AF546 moiety is markedly

sharper in comparison to the broad emission of the poly-

thiophene, so the ability to distinguish between the turn-on of

fluorescence, particularly at low concentration, can be simplified

greatly. The solution properties of these FRET-based biosensors

are somewhat complicated, where it has been demonstrated that

the duplex structures actually assemble into long rod shaped

micelles with the fluorophores forming the core and the olig-

omer/polythiophene forming the corona (Scheme 3).8 Because

there is this high local concentration of fluorophore (FRET

acceptor) at the core of the micelle, it has been proposed that if

even a few of the duplex structures in the corona hybridize with

a target ss-oligomer and become emissive (FRET donors), there

are many FRET acceptors (AF546) in close proximity to the

donor, so the intensity of the emission of the FRET acceptor is

quite sensitive to the ‘‘turn on’’ of even a few polythiophene

‘‘transducers’’.8 Though this micelle based system provides highly

sensitive solution-phase detection, the fact that the system

requires that the micelles stay intact does not make it robust with
Scheme 2 Schematic description of the formation of polythiophene/AlexaFl

hybridized nucleic acid triplex forms.

3748 | Nanoscale, 2011, 3, 3747–3754
respect to changes in solvent conditions (salt, buffer and

concentration) and makes it difficult to utilize in more general

device-based applications where it would have to be immobilized

on solid supports. As such, the development of similar but more

robust, covalent assemblies of these polymer-based biosensors on

nanoparticle scaffolds can potentially allow the biosensor to be

employed in less controlled environments such as a deployable

sensor.

Cationic polymer-based nucleic acid biosensing has previously

been carried out on magnetic microparticles,9 agarose beads10

and silica nanoparticles.11,12 The investigations utilizing magnetic

nanoparticles9 and agarose beads10 were performed with the

method highlighted in Scheme 1, where the duplex structure was

immobilized on the surface of the beads and the resulting

detection is based on the increase in luminescence intensity that

accompanies the hybridization of the duplex with the target

oligomer. Both of these platforms require customized equipment

to analyse the biosensing that are not readily available to most

researchers, though the sensitivity of both assays is quite good. In

the case of the silica nanoparticle platform,11 a FRET based

approach was developed but the mechanism by which the sensor

operates differs from that outlined in Scheme 2. Specifically the

sensing protocol developed by Liu relies on fluorescein-labeled

target oligomers (i.e. is not label-free) and utilizes a hybridization

step prior to adding the conducting (transducing) polymer.11

This biosensing scheme works quite well because FRET only

occurs if the fluorophore-labeled target oligomer hybridizes with

the nanoparticle-bound probe oligomer so there is very little
uor546-modified single-stranded nucleic acid duplex and polythiophene/

This journal is ª The Royal Society of Chemistry 2011
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Scheme 3 Schematic description of the (a) rod-like micelle model of the

ss-oligomer/polythiophene aggregates and (b) the nanoparticle scaffolds

developed to mimic the aggregates.
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background emission from the direct excitation of the fluo-

rophore (i.e. the acceptor is only present if hybridization occurs).

In another example, fluorophore-doped silver@silica core–shell

nanoparticles can provide polymer based FRET detection of

oligomers, though the detection requires significant nanoparticle

aggregation and specialized imaging flow-cytometry equipment

to signal the hybridization events.12 We had interest in devel-

oping a sensor that could better mimic the micelle-based

biosensor developed by Leclerc et al.,7,8 where unlabelled olig-

omer targets can be detected. Here, we highlight the development

of two different nanoparticle architectures where AF546-based

FRET acceptors are immobilized on the surface of a silica

nanoparticle and are surrounded by ss-oligomer/polythiophene

(‘‘duplex’’) structures (Fig. 1), mimicking the micelle-like struc-

tures reported by Leclerc. Within these architectures, the AF546
Fig. 1 The principles of the biosensing mechanism, where the surface of

the nanoparticle is modified with AF546 in architecture A (a) and the

AF546 is localized on the streptavidin anchor near the oligomer/poly-

thiophene in architecture B (b).

This journal is ª The Royal Society of Chemistry 2011
FRET acceptor is anchored close to the nanoparticle surface

through direct surface modification or through the attachment of

an AF546-modified streptavidin molecule and each nanoparticle

can be thought of as the core of the aggregate micelle structure

depicted in Scheme 3. Post-modification of the nanoparticle

surface with ss-oligomer probe and polymer then makes up the

corona of the micelle, analogous to that illustrated in Scheme 3.

These nanoparticle-fixed architectures are of interest because

they allow us to elucidate how changing the number and prox-

imity of FRET acceptors close to the FRET donor will influence

the FRET efficiency and thus the emission intensity of the FRET

acceptor following the introduction of unlabelled target ss-olig-

omer sequences that would allow for the detection of Bacillus

anthracis.
Results and discussion

The silica nanoparticle scaffold employed in this investigation

was prepared via the St€ober method and was 188 � 30 nm in

diameter as measured by TEM and 196 � 36 nm in diameter

measured by dynamic light scattering (Nanosight, UK). For the

duration of the report, the nanoparticles are referred to as being

�200 nm. An amine group was introduced to the nanoparticle

surface by adding 3-aminopropyltriethoxysilane directly to the

crude reaction mixture. The resulting amine-modified nano-

particles were purified via repeated centrifugation cycles in

ethanol to remove all unreacted APTES and ammonium

hydroxide. The nanoparticles were then transferred to DMF and

either co-reacted with both succinic anhydride and 3 different

concentrations of AF546-N-hydroxysuccinimide (AF546-NHS,

Invitrogen) (Architecture A) or modified with succinic anhydride

to yield carboxylic acid-modified nanoparticles (Architecture B).

Nanoparticle A was mixed with NeutrAvidin (Invitrogen) in the

presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) to co-modify the surface with both Neu-

trAvidin and AF546. Nanoparticle B utilized EDC to couple

streptravidin-AF546 (Invitrogen) to the carboxylic acid groups

(Scheme 4). Both streptavidin and NeutrAvidin are tetrameric

proteins well known to interact strongly with biotinylated

substrates and were subsequently used to anchor biotinylated

probe ss-oligonucleotides (50-biotin-C6 spacer-ACAAA

TACCTGTAATTAGCGTTGCC-30) to the surface of the

nanoparticle to generate Aprobe and Bprobe, respectively. The

general approaches to prepare these nanoparticles are high-

lighted in Scheme 4 and the detailed synthetic protocols are

provided in the ESI†.

It has previously been reported that the ideal ratio of conju-

gated polymer to ss-oligomer is 1 : 1 with respect to charge.7 That

is, for each positive charge on the polymer backbone there should

be an off-setting negative charge on the probe oligomer, resulting

in an overall neutral charge in the duplex structure. To accurately

elucidate the concentration of probe oligomer on each Aprobe and

Bprobe nanoparticle prior to adding the conjugated polymer to

generate the duplex structure, an aliquot of each nanoparticle

was hybridized with a Cy5-modified complementary oligomer

(30-TGTTTATGGACATTAATCGCAACGG-Cy5-50) and the

concentration of bound target was quantified using UV-visible

spectroscopy. The hybridization was carried out at room

temperature in a buffer comprised of 30% formamide, 30% 15�
Nanoscale, 2011, 3, 3747–3754 | 3749
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Scheme 4 A schematic representation of the reaction scheme employed to modify the surface of the nanoparticles with the FRET donor/

acceptor biosensor. In (a) the ratio of the acceptor (AF546) to the donor (oligomer/polythiophene) can be tuned between 0.4 and 4.8 and in (b) the

acceptor : donor ratio is 3.
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SSPE buffer, 0.75% of a 4% polyvinylpyrrolidone solution and

39.25%MQwater with excess Cy5-modified target oligomer over

two hours and the resulting hybridized nanoparticles were

purified through repeated centrifugation cycles (four) in 1� PBS

buffer with 1 M NaCl to remove any unhybridized target

Cy5-modified oligomer. A UV-vis spectrum of the hybridized

nanoparticles was then acquired and the concentration of

Cy5-modified oligomer was quantified through the use of a cali-

bration curve (details provided in the ESI†). This analysis also

allows us to calculate the concentration of AF546 with respect to

the concentration of oligomer, with the assumption that all of the

ss-probe oligomer can form a duplex and hybridize with the

complementary ss-target oligomer. That is, the FRET acceptor/

donor ratio on Aprobe and Bprobe can be determined through

comparison of the UV-vis absorption spectra and comparison of

the relative absorption coefficients (i.e. 3Cy5 ¼ 250 000 and

3AF546 ¼ 104 000). A summary of these data is presented in Table

1 and in the ESI†. This characterization also allows the deter-

mination of the concentration of polythiophene that has to be

added to produce charge neutral duplex structures on the

nanoparticle surfaces. With the appropriate concentration of the

conjugated polymer added to each nanoparticle scaffold gener-

ating the duplex (Aduplex and Bduplex), the response in the emis-

sion intensity at 572 nm (from the AF546 FRET acceptor,

Scheme 2 and Fig. 1) is studied as the unlabelled target oligomer

is added to produce Atriplex and Btriplex, respectively. This

preliminary experiment was used to determine the nanoparticle

architecture best suited for label free oligomer detection and how
Table 1 Summary of the different AF546 : probe oligomer ratios for the
various different nanoparticle architectures

Nanoparticle architecture
Ratio of AF546 : probe
oligomer (FRET acceptor : donor)

Aprobe 4.8
Aprobe 1.5
Aprobe 0.4
Bprobe 3

3750 | Nanoscale, 2011, 3, 3747–3754
the donor/acceptor ratio and spatial separation of the FRET pair

affect the biosensing.

To assess the ability of each nanoparticle to detect unlabelled

ss-target oligomer, an emission spectrum of each derivative of

Aduplex was first recorded upon excitation at 420 nm (absorption

maximum of the polythiophene). These spectra are presented in

Fig. 2 (black spectra in Fig. 2a–c). The spectra have emission

peaks at 572 nm (direct excitation of AF546) and a weak, broad

emission centered at �530 (range between 500 and 600 nm) from

the polythiophene. In general, following the addition of excess

complementary unlabelled target ss-oligomer (30-TGTTTATG-

GACATTAATCGCAACGG-50, final concentration of target

oligomer is 10 nM, concentration of duplex is �2 nM) there is an

increase in emission intensity at 572 nm (due to FRET between

the polythiophene donor and the AF546 acceptor) as well as an

increase in emission intensity at 530 nm (due to the poly-

thiophene itself). The emission intensity increase is quantified by

comparing the relative emission intensity at 530 nm and 572 nm

prior to and following the addition of target ss-oligomer. As

demonstrated in Fig. 2 and shown in Table 2, the luminescent

responses of the Aduplex derivatives at 572 nm are quite different

as the acceptor/donor (AF546/duplex) ratio changes. Examina-

tion of the emission spectra in Fig. 2 suggests that after the

addition of target oligomer, only the Aprobe with �1.5 and 4.8

AF546 (acceptor) molecules per duplex (donor) provides emis-

sion intensity increases that can be ascribed to effective FRET

interactions between the AF546 and the polythiophene. In

addition, only these nanoparticles provide emission intensity

increases sufficient for label-free detection of complementary

oligomer, particularly in the presence of competing noncomple-

mentary ss-oligomers. The average emission intensity increase at

572 nm, which is ascribed to FRET between the polymer in the

triplex (‘‘on’’) state and the AF546, for each nanoparticle is�1.5,

2.8 and 1.2 for acceptor : donor ratios of 4.8, 1.5 and 0.4,

respectively. As described earlier, Leclerc et al. postulate that the

sensitivity of this FRET-based biosensing is improved through

the AF546 fluorophores aggregating at the interior of micelle-

like duplex structures (Scheme 3), where the FRET acceptor was
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 The spectral responses for the Aduplex when the FRET acceptor

(AF546)/donor (polythiophene) ratios are 4.8 (a), 1.5 (b) and 0.4 (c). For

each series of spectra the black spectrum is the signal from Aduplex

whereas the red spectrum is from Atriplex. Note that the emission intensity

increase at �530 nm is due to the polythiophene emission alone.
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always close to the FRET donor, particularly when very few

oligomer targets are present to activate the polymer fluores-

cence.7 As such, it was expected that increasing the relative

number of AF546 FRET acceptors on the nanoparticle surface

with respect to the number of donors (polythiophene in the

triplex state) would increase the FRET efficiency because the

donors would always be close to many acceptors. However, this

biosensor is most effective when the acceptor : donor ratio is

�1.5 : 1 (Fig. 2), where the relative fluorescence intensity of the

AF546 acceptors increases by �2.8-fold.
Table 2 Summary of the spectral responses and molecular separations for t

Nanoparticle
architecture

Relative intensity
increase at 530 nm

R
i

Aduplex(4.8) 1.2 1
Aduplex(1.5) 2.1 2
Aduplex(0.4) 1.5 1
Bduplex 1.7 1

This journal is ª The Royal Society of Chemistry 2011
The effectiveness of this label free DNA biosensing scheme is

dictated by the efficiency of FRET between the fluorescent state

of the conjugated polymer in the triplex form and the AF546

fluorophore appended to the nanoparticle surface.7 If efficient

FRET is occurring between the polythiophene and AF546

moiety, there should be little to no emission at 530 nm from the

polythiophene itself. However, as evidenced in Fig. 2 and high-

lighted in Table 2 there is generally an onset of both polymer

emission (emission peak centered at �530 nm) as well as an

increase in emission intensity at 572 nm from the AF546

acceptor. Note that the fluorimeter settings used to probe the

spectral responses following the addition of target oligomer for

Aduplex(0.4), Aduplex(1.5) and Aduplex(4.8) are not identical, so the

absolute intensity increases are not important, but rather the

relative intensity increases at each region in the spectra are. That

is, to best elucidate what is occurring within each biosensing

scenario (Aduplex(0.4), Aduplex(1.5) and Aduplex(4.8)) we compare the

relative emission intensity increase for both the polymer (donor)

emission at 530 nm and the AF546 (acceptor) emission at 572

nm. For Aduplex(0.4), following the addition of the target oligomer

there is an increase in the relative emission intensity at 530 nm

from the polymer but essentially no change in the relative emis-

sion intensity at 572 nm for AF546 suggesting that the polymer

emission turns on but does not effectively undergo FRET with

AF546 (Fig. 2c). In contrast, for Aduplex(1.5) the relative emission

intensities at 530 nm and 572 nm both increase significantly. This

suggests that both the polymer itself is emitting (530 nm) and

FRET is occurring between some of the excited polymer (donor)

and the AF546 molecules (acceptor), resulting in the relative

emission intensity increase at 572 nm. Finally, for Aduplex(4.8) the

relative increase in emission intensity from the polymer itself at

530 nm is small in comparison to the relative increase in intensity

at 572 nm, suggesting again that FRET is occurring. However,

because there are significantly more acceptors in Aduplex(4.8), it

was expected that the relative increase in emission intensity at

572 nm for Aduplex(4.8) would be greater than that for Aduplex(1.5).

To explain why the relative emission intensity increase may be

lower than expected it is instructive to determine the spatial

separation of the molecules on the nanoparticle surface. Note, it

is important to highlight that the number of probe oligomers on

each family of nanoparticles is essentially the same for

Aprobe(0.4, 1.5 and 4.8) and only the number of AF546 acceptors is

increasing.

When the acceptor/donor ratio is low (Aprobe(0.4)) calculations

suggest that the separation between all of the molecules (accep-

tors and donors) on the nanoparticle surface is �13 nm, which

exceeds the maximum 10 nm generally required for effective

FRET. This is consistent with what is observed in Atriplex(0.4)

upon introduction of the complementary target oligomer where

there is an increase in emission intensity at 530 nm from the
he various different nanoparticle architectures

elative intensity
ncrease at 572 nm

Average separation between
molecules on nanoparticle surface

.5 7 nm

.8 10 nm

.1 13 nm

.9 4 nm

Nanoscale, 2011, 3, 3747–3754 | 3751
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Fig. 3 The spectral responses for the Bduplex when the FRET acceptor

(AF546)/donor (polythiophene) ratio is 3, as dictated by the number of

AF546 fluorophores anchored to each streptavidin molecule. For each

series of spectra the black spectrum is the signal from Bduplex whereas the

red spectrum is from Btriplex. Note that the emission intensity increase at

�530 nm is due to the polythiophene emission alone.
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polythiophene itself and little if any intensity increase at 572 nm

due to FRET (Fig. 2c). This also illustrates that in the absence of

FRET, the intensity increase from the polymer alone at this

concentration is insufficient to definitively determine if the ss-

target oligomer is present. Conversely, as highlighted in Fig. 2b,

Aduplex(1.5) provides a high relative increase of 2.8 at 572 nm due

to FRET but there is also a significant relative increase in

emission intensity due to the polymer alone at 530 nm (Fig. 2b

and Table 2). Here the average distance between the molecules on

the nanoparticle surface is �10 nm, approaching the maximum

distance allowing for effective FRET. As such, the nanoparticles

produce both FRET-based emission at 572 nm and polymer

emission at 530 nm. Interestingly, for Aduplex(4.8), assuming an

equal distribution of the molecules over the entire nanoparticle

surface, the separation between the molecules is �7 nm, so the

FRET donors and acceptors should be well within the distance

for effective FRET. Aduplex(4.8) has a relative polymer-based

response that is low (suggesting effective FRET is occurring), but

the actual relative emission intensity increase at 572 nm is also

lower than expected. It is likely that at high acceptor : donor

ratios (Aduplex(4.8)) there is fluorophore aggregation on the

nanoparticle surface and this aggregation results in self-

quenching of the AF546 molecules, producing a less intense

emission. A report by Bringley and coworkers suggests that the

quantum efficiency of similar cyanine fluorophores decreases

significantly when the spatial separation of them within a silica

nanoparticle matrix is less than 10 nm.13 Imhof and coworkers

also report that as the separation of fluorescein molecules reaches

less than 10 nm, significant quenching of the fluorophore emis-

sion occurs.14 In both investigations the authors propose that this

decrease in quantum yield/emission intensity is the result of flu-

orophore aggregation on (and within) the nanoparticle.13,14 Such

data suggest that for (Aduplex(4.8)) the polymer (donor) and the

acceptors (AF546) are close enough to participate in effective

FRET, but when the AF546 molecules are in their excited states,

the energy is lost due to self-quenching with other AF546

molecules (average separation is �7 nm). Such aggregation-

induced self-quenching accounts for the relative emission

intensity increase at 572 nm not being as large as expected.

Interestingly, the spatial separation between the AF546 mole-

cules in Aduplex(1.5) correlates well with data reported by Imhof

et al.,14 where separations of 10 nm or greater do not cause

significant self-quenching, verifying that only some of the

molecules will be close enough to each other to participate in

FRET interactions. It has been reported that loading ‘‘Alexa’’

dye molecules (Invitrogen) onto biological molecules does not

generally lead to significant quantum yield decreases resulting

from self-quenching.15 As such, we wanted to explore a nano-

particle architecture that could potentially better arrange the

acceptors and donors in close proximity and decrease lumines-

cence quenching inherent to architecture A to elucidate if the

optical properties (i.e. FRET efficiency) and sensitivity of the

nanoparticle-based biosensor could be improved.

In order to fix the FRET pair in close proximity, an AF546-

modified streptavidin is first immobilized on the nanoparticle

surface, which will in turn bind the probe ss-oligomer (Bprobe),

keeping the polythiophene close to the FRET acceptor (separa-

tion less than 4 nm) when Bduplex is generated (Fig. 1b and

Scheme 4). Following the synthesis of Bprobe, the number of
3752 | Nanoscale, 2011, 3, 3747–3754
probe oligomers on Bprobe was also characterized through

hybridization with a Cy5-labelled complementary oligomer in

a process analogous to that described above for Aprobe. From

these data, and from the AF546 loading supplied with the

modified streptavidin (3 AF546/mole of streptavidin), it was

verified that the acceptor : donor (AF546 : probe oligomer) ratio

was 3. Again, following the addition of unlabelled target olig-

omer (10 nM target oligomer) there is a significant increase in the

luminescence intensity at 572 nm, suggesting that FRET occurs

between the polythiophene in the triplex state and the AF546

acceptor molecules (Fig. 3). However, there is also an increase in

the emission intensity at �530 nm which is due to the poly-

thiophene triplex alone. This suggests that FRET efficiency

between the polythiophene and the AF546 may not be the

limiting factor in this biosensor, because even when the FRET

pairs are localized on the same biomolecule and separated by

�4 nm not all of the donor energy is transferred to the AF546

acceptor. There is however clear signal differentiation between

the biosensor in its duplex state and the triplex state, suggesting

that Bduplex is also an effective means of detecting oligomers in

a label free manner (Fig. 3). Though the emission intensity does

not increase as much as anticipated, it appears that immobilizing

the AF546 onto the streptavidin moiety does improve the

resulting emission intensity of the biosensor in comparison to

Aprobe(4.8). As such, the limits of detection for unlabelled ss-target

oligomers for both Aprobe(1.5) and Bprobe were elucidated in

a competition assay with a noncomplementary oligomer.

The limits of detection (LOD) for the two most effective

nanoparticle biosensors were determined by using a constant

concentration of Aprobe or Bprobe (concentration of probe olig-

omer �2 nM) mixed with increasingly lower concentrations of

unlabelled target ss-oligomer (sequence 30-CTATCT

GATTGTTGAAGAAGGATT-50 or 30-TTGATTATTGT

TATCCTGTTATGCC-50). These data are presented for both

Aprobe(1.5) and Bprobe in Fig. 4. A critical aspect to any DNA

biosensor is the ability to distinguish between a complementary

target and potential competing interactions such as a noncom-

plementary oligomer. As can be seen in Fig. 4, there is some

response from presence of excess noncomplementary oligomer,

but the biosensor is effective down to modest concentrations of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 A schematic demonstrating the construction of n-MBprobe where

200 nm silica nanoparticles are covalently attached to 20 mm magnetic

beads and subsequently modified with probe ss-oligomers for solid

support based label-free detection of target DNA (a) and an SEM image

of the n-MBprobe used in the biosensing assay (b).
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�2 nM and 3 nM for Aduplex(1.5) and Bduplex, respectively

(calculating 3s on the response from the noncomplementary

oligomer). This is reasonable sensitivity, and considering it is

label free represents a unique and effective means of detecting

DNA from selected targets. It should also be highlighted that in

most cases Bacillus anthracis is used in a biological attack, it is

delivered in large, easily visible quantities, so a label-free detec-

tion assay, even with a nM limit of detection, is valuable.

For biowarfare agent detection there is an increasing need for

the development of field deployable devices. As such, devices that

utilize biosensors immobilized on solid substrates within micro-

fluidic devices are of particular interest. Recent attempts to

incorporate the micelle-based biosensor described in Scheme 3

onto a support that can be incorporated into a microfluidic

device (a 10–20 mm bead support) have resulted in poor surface

immobilization, irreproducible intensity increases in the presence

of target oligonucleotides and poor differentiation between

perfectly complementary target oligomers and noncomplemen-

tary control oligomers. This is due in large part to the instability

of the micelles following interaction with the bead surface,

particularly during washing procedures, which results in the loss

of the core–shell architecture responsible for the sensing mech-

anism (Scheme 3). In contrast, following immobilization of the

nanoparticle-based biosensors described in this report onto the

bead surface, the nanoparticle sensors remain functional due to

their covalent assembly.

The synthesis of this nanoparticle-on-magnetic bead (n-MB)

conjugate is described in detail in the ESI†. In general, the
Fig. 4 The limit of detection curves for Aduplex(1.5) (a) and Bduplex (b). In

both curves the red squares represent the relative luminescence intensity

increase following the addition of unlabelled complementary target ss-

oligomers and the white squares represent the relative luminescence

intensity increase following the addition of noncomplementary ss-oligo-

mers. Note that these sensing assays were carried out by first adding the

noncomplementary strand, and subsequently adding the complementary

target oligomer.

This journal is ª The Royal Society of Chemistry 2011
carboxylic acid-modified 20 mm magnetic beads (Kisker, cat#

PMC-18.0) were decorated with 200 nm amine-modified silica

nanoparticles in MES buffer and subsequently modified with

AF546-NHS and succinic anhydride to produce a surface

co-modified with both AF546 and a carboxylic acid (Fig. 5).

Note that the conditions to produce the AF546/COOH deco-

rated n-MBs were identical to that to produce Aprobe(1.5), so the

acceptor : donor ratio is close to 1.5. Finally the n-MBs were

modified with NeutrAvidin and the probe oligomer (50-biotin-C6
spacer-ACAAATACCTGTAATTAGCGTTGCC-30) to generate

n-MBprobe (Fig. 5). As highlighted in Fig. 5, the nanoparticle

coverage on each n-MB is excellent. In contrast to the investi-

gation of the micelles immobilized on the microbead surface, the
Fig. 6 A schematic representation of the n-MB architecture (a) and the

limit of detection curve for n-MBduplex (b). In the chart the red squares

represent the relative luminescence intensity increase following the

addition of unlabelled complementary target ss-oligomers and the white

square represents the relative luminescence intensity increase following

the addition of noncomplementary ss-oligomers. Note that this sensing

assay was carried out by first adding the noncomplementary strand, and

subsequently adding the complementary target oligomer.

Nanoscale, 2011, 3, 3747–3754 | 3753
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n-MBprobe could not only detect the presence of unlabelled target

oligomer, but the limit of detection on the solid support remains

close to that of the free nanoparticle in solution (�5 nM, Fig. 6).

Note that the standard deviation of each point is slightly higher

when the nanoparticle-based biosensor is immobilized on the

beads. We attribute this to a combination of scattering of light

from the large beads and the fact that the beads are so large that

they slowly precipitate from solution, which can cause slight

variation in intensities over the duration of the spectrum acqui-

sition. Interestingly, when the nanoparticles are immobilized on

a magnetic support, magnetic preconcentration measures can be

carried out in order to improve the sensitivity of detection. There

are big advantages to using these nanoparticle-on-bead scaffolds,

where it is possible to magnetically confine the sensors from

1–2 mL of water and redisperse them in 100 mL of water. Though

the limit of detection for the actual experiment would remain

�5 nM in the concentrated state, it is possible to detect the target

oligomers that were originally present in solution at 0.3–0.4 nM.

Conclusions

Within this report we describe the preparation of the ss-olig-

omer-modified nanoparticles decorated with Alexa Fluor 546

FRET acceptors and the subsequent preparation of a poly-

thiophene biosensor ‘‘duplex’’ moiety capable of providing

a fluorescence response in the presence of unlabelled comple-

mentary ss-oligomers. It has been demonstrated that tuning the

proximity and ratio of the FRET acceptor/donor pairs is

important in the sensing mechanism. If too few acceptors are

present the biosensing relies solely on the polymer biosensor

where positive responses at low (10–15 nM) concentrations are

difficult to distinguish. Conversely, too many acceptors lead to

more effective FRET between the polymer donors and AF546

acceptors, but self-quenching among the acceptors leads to

a decrease in the relative fluorescence intensity of the AF546

acceptor, resulting in poor biosensing. The optimum sensor in

this study provides a tradeoff between the spatial separation of

the FRET pairs and the donor : acceptor ratio. Though the

FRET efficiency is far from 100%, these nanoparticle-based

biosensors can readily discriminate between perfectly comple-

mentary target ss-oligomers and noncomplementary ss-oligo-

nucleotides in a competition assay with nanomolar limits of

detection employing a standard fluorimeter with no specialized

equipment or experimental setups. This nanoparticle scaffold can

provide a number of significant advantages where sample isola-

tion/manipulation is concerned. For example, the nanoparticles

can be immobilized on a magnetic bead (Fig. 5) allowing for
3754 | Nanoscale, 2011, 3, 3747–3754
magnetic preconcentration or manipulation within microfluidic

devices. Such a label-free detection scheme provides a valuable

new tool that can allow for the sensitive detection of DNA

without the use of PCR, and could be incorporated into

a deployable device for the on-site detection of biological warfare

agents such as Bacillus anthracis.
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