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 We have recently shown that fl uorescence enhancement can 
be observed from dye-labeled DNA when mixed with silver 
nanoparticles in the presence of the polycation spermine [ 13 ]  (see 
 Scheme    1  ). Although this behavior was shown for a wide variety 
of dyes, dyes in the red edge of the spectrum, such as Atto-
655, have shown the highest enhancement (more than 150× 
enhancement in fl uorescence intensity). [ 12a ]  Here, we show that 
this cheap and simple method can be used as an amplifi cation 
step to detect and quantify DNA at sub picomolar concentra-
tions without any enzymatic enhancement.  

 As a fi rst step to demonstrate the applicability of silver nano-
particle aggregation-based SEF for DNA detection, we have 
looked at the effect of SEF amplifi cation on the detection limit 
of dye-labeled DNA using a fl uorescence microplate reader. To 
make both measurements comparable, we have used the same 
instrument and the same gain setting for both measurements. 
As can be seen in  Figure    1  , more than two orders of magnitude 
enhancement in dye fl uorescence is achieved over the entire 
measured concentration range (from 600 × 10 −12   M  down to less 
than 0.1 × 10 −12   M ).  

 This also translated into a reduction of the detectable DNA 
concentration by more than two orders of magnitude, resulting 
in a level of detection (LOD) below 50 × 10 −15   M . Another 
important property of fl uorescence enhancement using nano-
particle aggregation is that it has a large linear range of more 
than three orders of magnitude. Interestingly, the process of 
aggregation of particles does not introduce a higher variance in 
the measurement data. In all measurements shown in Figure  1 , 
the standard deviation was smaller than the marker size and 
therefore does not appear on the graph. For all measurements 
in the linear region, both without SEF and with SEF, the rela-
tive standard deviation was below 4%. An additional useful 
property of SEF-based amplifi cation is that it does not add any 
background. Other amplifi cation methods, such as those based 
on enzymes that produce a fl uorogenic product, non-specifi c 
binding of materials involved in the amplifi cation step will 
increase the background for non-target sample. However, in the 
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  With the development of new synthesis routes and deeper 
understanding of their properties, noble metal nanoparticles 
have been extensively studied for use in different biosensing 
applications. [ 1 ]  Although non-optical characteristics of the nano-
particles, such as catalytic [ 2 ]  or electrical properties, [ 3 ]  have been 
applied for sensing, most of the published research on the use 
of nanoparticles for biosensing is related to their optical prop-
erties. Two main types of optical properties of nanoparticles 
are utilized in biosensing applications. The fi rst is the strong 
interaction of the metal nanoparticle with light, based on the 
plasmonic nature of the particle, and its sensitivity to the envi-
ronment. Using these properties, different types of biosensing 
assays were developed, for example, the nanoparticle was used 
as a tag in a surface-bound sandwich assay, [ 4 ]  the plasmon–
plasmon interaction between close particles was used to report 
the existence of biomolecule-based crosslinking, [ 5 ]  and the 
change in the position of the plasmon resonance of the nano-
particle was used to sense a biorecognition event. [ 6 ]  The second 
group of optical properties that are used in sensing applica-
tions is based on the modifi cation of optical properties of 
molecules in the vicinity of nanoparticles due to the high local 
fi elds that can be generated. Several types of spectroscopies 
can be enhanced by the local fi eld, [ 7 ]  giving rise to diverse phe-
nomena such as surface-enhanced Raman scattering (SERS), 
surface-enhanced fl uorescence (SEF), and surface-enhanced 
infra-red absorbance (SEIRA). SERS has been demonstrated as 
a useful technique for multiplexed DNA detection [ 8 ]  and pro-
tein detection. [ 9 ]  Recently, there has been a growing interest 
in the applications of SEF for biosensing applications. [ 10 ]  One 
of the main benefi ts of using SEF rather than SERS in diag-
nostic assays is the availability of fl uorescence microscopes and 
fl uorescence plate readers in most biochemistry labs, whereas 
Raman-based detection systems, are still rare in such settings. 
While the majority of the literature on biosensing applications 
of SEF involves nano-textured surfaces, [ 11 ]  only very few reports 
on enhancement in solution have been published. [ 12 ]  As most 
surfaces that provide high fl uorescence enhancement involve 
expensive lithographic processes, solution-based SEF that 
involves unmodifi ed nanoparticles holds promise for low-cost 
assays. 
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 Scheme 1.    Co-aggregation of dye-labeled DNA with silver nanoparticles.
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case of SEF, since enhancement can only occur from existing 
fl uorophores, there is no additional background added. 

 When designing a fl uorescence-based assay to detect DNA 
in its natural form (not labeled with a fl uorescent dye), one 
requires a method that can correlate the concentration of the 
non-labeled target DNA with a concentration of a labeled probe 
DNA. For this, we designed a magnetic-bead-based sandwich 
hybridization assay, as depicted in  Scheme    2  . Biotin-tagged cap-
ture oligonucleotides were immobilized on streptavidin-coated 
magnetic beads to create capture probe-modifi ed magnetic 
beads. The modifi ed beads could then specifi cally hybridize 
to one part of the target stand. A dye-labeled probe DNA was 
designed to hybridize to a second part of the target strand. After 
washing away the excess probe, one can relate the number of 
targets that were captured by the beads, to the number of probes 
that were attached to the beads. However, steric hindrance will 

prevent effective SEF by silver particles when the probe DNA 
is still bound to the magnetic beads, as the DNA would not 
be positioned at the optimal areas (the hot spots). Hence, an 
additional elution step was added. We then split the eluent in 
two parts, in order to achieve a fair comparison between direct 
detection of the labeled probe and detection using SEF-based 
signal amplifi cation.  

 In addition for optimization procedures which are usually 
done in magnetic-bead-based assays (for example, hybridiza-
tion time and magnetic bead concentration—see Figure S3 and 
Figure S4, Supporting Information), we also had to make sure 
that the optimized elution buffer does not interfere with the 
SEF enhancement step that follows. 

 For the elution conditions optimization, we choose to use a 
two-part hybridization assay, where the target was dye labeled, 
instead of using the full three-part hybridization assay, in order 
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 Figure 1.    Fluorescence intensity as a function of probe DNA concentration for direct detection (circles) and under SEF conditions (squares).

 Scheme 2.    Magnetic-bead-based sandwich hybridization assay for the detection of DNA.



© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 945wileyonlinelibrary.com

www.particle-journal.comwww.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

to minimize the variance between experiments. To determine 
the elution effi ciency, dye-labeled targets were captured by cap-
ture-probe immobilized magnetic beads, washed, and then put 
in the elution solution for 10 min. After magnetic separation, 
the fl uorescence of the supernatant was compared with the fl u-
orescence of the original target concentration in the same elu-
tion buffer. As can be seen in  Figure    2  A, for near neutral pH 
conditions, effective elution was possible only at a high temper-
ature. However, at basic pH, in the presence of NaOH, effi cient 
elution was observed both at room temperature and at elevated 
temperatures. Once we established the conditions for most effi -
cient elution, we looked at the effect of the eluent on the SEF 
signal. Our previous experience showed that most buffers (such 
as phosphate buffer) or even the addition of salt (NaCl) at low 
levels (10 × 10 −3   M ) caused a signifi cant drop in the enhanced 
fl uorescence intensity. As can be seen in Figure  2 B, when the 
dye-labeled probe is diluted in 10 × 10 −3   M  NaOH instead of 
in water, no signifi cant difference in fl uorescence is observed. 
This is in contrast to the 100 × 10 −3   M  NaOH or 10 × 10 −3   M  

of Tris (or phosphate) buffer, where a pronounced reduction in 
fl uorescence under SEF conditions is observed. We attribute 
the reduced effectiveness in the enhancement of the fl uores-
cence when using a high concentration of NaOH to the par-
tial deprotonation of spermine at very high pH, resulting in 
an ineffective charge neutralization of the DNA. At the lower 
NaOH concentration, the buffering effect of the other com-
ponents (which contribute 80% of the total volume) keeps the 
conditions similar to those which occur when the sample is in 
water.  

 Finally, we have compared the detection of unlabeled 
target DNA using the magnetic bead hybridization assay 
with and without the fl uorescence enhancement step of the 
silver nanoparticle aggregation.  Figure    3   shows the calibra-
tion curve for this assay. The detection limit for this assay is 
200 × 10 −12   M  without SEF, and 500 × 10 −15   M  with SEF. Again, 
we have obtained very low standard deviations (in four repeats), 
which were less than 9% for the assay without SEF and less 
than 10% for the assay with SEF, over the whole detectable 
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 Figure 2.    A) fl uorescence intensity of eluted FAM-labeled target using different elution buffers at RT (blue) and 95 °C (red). B) Fluorescence intensity 
of the probe DNA A655-tag diluted in different buffers to a fi nal concentration of 100 × 10 −12   M . The fl uorescence was measured under SEF conditions. 
T10E1 is 10 × 10 −3   M  Tris buffer pH 7.5 with 1 × 10 −3   M  of EDTA. PB10 is 10 × 10 −3   M  phosphate buffer, pH 6.6.

 Figure 3.    Fluorescence intensity as a function of target DNA concentration when using the magnetic-bead-based assay for direct detection (triangles) 
and under SEF conditions (squares).



© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim946 wileyonlinelibrary.com

www.particle-journal.com www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

concentration range. Additional control experiments done with 
a high concentration (100 × 10 −6   M ) of non-target control using 
a similar sized DNA sequence showed no statistical difference 
between the no-target (blank) control and the non-specifi c 
target control. (see Figure S1, Supporting Information).  

 An important factor that we are frequently questioned about 
is the effect of DNA probe sequence on the SEF-based fl uores-
cence enhancement. We previously reported on the use of [ 12a ]  a 
literature-based sequence designed for Taqman-based detection 
of the MecA gene of  Staphylococcus aureus . [ 14 ]  The choice for 
this sequence was based on the availability in our lab, and not 
because it was optimized for SEF. A different probe sequence 
(from the same paper) used for the detection of the fem-A gene 
was giving higher enhanced fl uorescence in our initial tests. [ 13 ]  
A totally different type of DNA sequence that we are currently 
looking at for extending the application of SEF for protein 
detection, the anti-VEGF aptamer V7T1, [ 15 ]  also shows high 
fl uorescence under SEF conditions (see Figure S2, Supporting 
Information). However, this does not mean that all sequences 
lead to high fl uorescence enhancement. We have noticed, that 
short DNA sequences (below 20–22 nucleotides) usually do not 
give high enhancement (see Supporting Information). Addi-
tionally, artifi cial DNA sequences we designed, that had only T 
bases, or T bases with a few G bases near the dye did not give 
an enhanced fl uorescence signal as high as those sequences 
that had at least two of the nucleotides A or C in the fi rst six 
bases (see Supporting Information). We are currently investi-
gating possible explanations for this phenomenon. 

 In conclusion, we have shown that by using SEF from dye-
labeled DNA co-aggregated with silver nanoparticles, two 
orders of magnitude reduction in the detection limit could be 
achieved. By combining the enhanced fl uorescence effect with 
a magnetic-bead-based sandwich hybridization assay, sub pico-
molar concentrations of unlabeled DNA could be detected and 
quantifi ed. This method of fl uorescence enhancement is very 
reproducible, leading to a barely detectable increase in the coef-
fi cient of variance for repeat experiments. We are currently pur-
suing the extension of this concept to protein detection.   

 Experimental Section 
  Materials and Reagents : Synthetic oligonucleotides were purchased 

from IBA-GmbH (Göttingen, Germany), see  Table    1   for sequences. The 
chemicals spermine (≥99.5% purity), ethylenediaminetetraacetic acid 
(EDTA), sodium hydroxide, tris(2-carboxyethyl)phosphine (TCEP), and 
silver nitrate (99.9999% purity) were purchased from Sigma–Aldrich. 
Streptavidin-coated Bio-Estapor magnetic microspheres, 1 µm diameter, 

were purchased from Merck Chimie SAS (Fontenay-sous-Bois, France). 
Maleimide-PEG2-Biotin was purchased from Thermo Scientifi c.  

  Nanoparticles Synthesis : EDTA-capped silver nanoparticles were 
synthesized as described previously [ 16 ]  with small modifi cations. 
Briefl y, 500 mL 0.16 × 10 −3   M  EDTA-acid solution containing 4 × 10 −3   M  
NaOH was heated to boiling. Under stirring, four aliquots of 1.25 mL 
26 × 10 −3   M  AgNO 3  were added and the solution was held at boiling for 
20 min. 

  DNA Immobilization on Magnetic Microspheres : 1 nmol “thiol-capture” 
DNA was reduced by 2 nmol TCEP and conjugated with 10 nmol 
maleimide-PEG2-Biotin at room temperature (RT) during a 2-h 
incubation to form biotin-labeled capture DNA. The biotin-labeled “thiol-
capture” DNA was purifi ed by gel fi ltration over an illustra NAP5-column 
(GE Healthcare). 500 µg streptavidin-coated magnetic microspheres 
were washed three times with wash-bind-hybridization buffer (WBH-
buffer: 20 × 10 −3   M  Tris-HCl, 1 × 10 −3   M  EDTA and 0.5 × 10 −3   M  NaCl, 
pH 7.5). Magnetic microspheres were collected with a DynaMag spin 
magnet (Life Technologies). The spheres were resuspended in 100 µL of 
buffer containing 40 × 10 −3   M  Tris-HCl, 2 × 10 −3   M  EDTA, and 1  M  NaCl. 
An equal volume of 0.6 × 10 −6   M  biotin-labeled “thiol-capture” DNA was 
added to the streptavidin-coated spheres and incubated at RT for 10 min 
under constant rotation. Unbound DNA was removed by three times 
washing with WBH-buffer and the beads were resuspended in 100 µL 
WBH-buffer. These beads were used for the two-part hybridization assay 
with labeled target (target-FAM). 

 For the three-part hybridization assay, the same protocol for the 
modifi cation of the beads was used, expect that the DNA used was 0.5 × 
10 −6   M  “biotin-capture” DNA. 

  Fluorescence Measurement : Fluorescence was measured on a Tecan 
Infi nite M200 PRO microplate reader with an excitation and emission 
wavelength as indicated in the assays. 

  Detection of Normal and Enhanced Fluorescence from Dye-Labeled 
DNA : A concentration series from 6.3 × 10 −15   M  to 200 × 10 −6   M  of the 
dye-labeled DNA “A655-tag” was made in mQ-water. To measure the 
normal fl uorescent signal of this series, 40 µL “A655-tag” was diluted 
in 50 × 10 −3   M  phosphate buffer pH 6.6 to a fi nal volume of 200 µL 
and fl uorescence was measured on the plate reader with excitation/
emission settings of 655/690 nm. To measure the silver-enhanced 
fl uorescence signal, 40 µL of “A655-tag” was mixed with 40 µL of 
500 × 10 −6   M  spermine in 10 × 10 −3   M  Tris-Tween 0.00005%. The DNA-
spermine mix was thereafter mixed with 120 µL Ag-nanoparticles 
buffered solution. The Ag-nanoparticles buffered solution was made by 
mixing the as-synthesized EDTA silver nanoparticles at a ratio of 2:3 with 
10 × 10 −3   M  phosphate buffer pH 6.6, and left after mixing at least 1 h 
prior to the measurement. The fi nal volume was 200 µL for both normal 
and SEF measurements. The fl uorescence intensity was measured for 
100 s at 10 s intervals directly after mixing. The mean fl uorescence 
intensity of the 10 measurements is shown in the graph. Values are 
means of three replicates. 

  Effect of Different Buffers on Normal and Enhanced Fluorescence of Dye-
Labeled DNA : Dilutions of 100 × 10 −12   M  “A655-tag” DNA were made in 
10 × 10 −3   M  NaOH, 100 × 10 −3   M  NaOH, buffer of 10 × 10 −3   M  Tris, and 1 
× 10 −3   M  EDTA, 10 × 10 −3   M  NaCl, 10 × 10 −3   M  phosphate buffer pH 6.6, 
and 10 × 10 −3   M  NaOH with 0.001% Tween. Measurement of SEF and 
plain fl uorescence was done as described in Section 2.5. 

  Optimization of the Elution Step for the Probe DNA : To optimize the 
elution, the labeled target DNA “target-FAM” is directly hybridized 
to DNA-capture-beads in a two-part hybridization assay and eluted 
in different ways. 2.5 × 10 −6   M  “target-FAM” was hybridized to 10 µg 
capture-DNA immobilized microspheres in 1 × WBH-0.05% Tween 20 
buffer at RT for 30 min. Unbound “target-FAM” was removed by washing 
twice with 0.1 × WBH-0.005% Tween 20. The elution of “target-FAM” 
was performed at RT and at 95 °C in mQ water, NaOH 100 × 10 −3   M , 
NaOH 10 × 10 −3   M , Tris 10 × 10 −3   M , EDTA 1 × 10 −3   M , and Tris 1 × 10 −3   M  
EDTA 0.1 × 10 −3   M  for 5 min. After magnetic bead separation, 100 µL 200 
× 10 −3   M  carbonate buffer pH 9.5 was added to 100 µL supernatant and 
fl uorescence was measured on the plate reader with excitation/emission 
settings of 488/522 nm. 
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  Table 1.    Sequences of the oligonucleotides used in this study.  

Name of DNA Sequence

Biotin-capture 5′- ACG CCT TCT TGT TGG AAA-biotin-3′

Target 5′- CCA ACA AGA AGG CGT AAG ACG TTA TCC ACC-3′

A655-tag 5′- Atto655-TGG AAG TCA GAT GGT GGA TAA CGT CTT-3′

Thiol-capture 5′- thiol-AAA AAA AAA GGT GGA TAA CGT CTT-3′

Target-FAM 5′- CCA ACA AGA AGG CGT–(U-FAM)-AAG ACG TTA TCC ACC-3′

Non-target 5′- TGG AAG TTA GAT TGG GAT CAT AGC GTC AT-3′
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  DNA Hybridization Assay with Magnetic Microspheres : In each 
hybridization reaction, 2 µL of the 5 mg mL −1  solution of capture DNA-
coated magnetic spheres was used. Prior to the reaction, the spheres 
were washed four times in WBH-buffer with 0.05% Tween 20 to remove 
the storage buffer and possibly released capture DNA, and resuspended 
in WBH-Tween20 0.05% buffer. The target and the dye-labeled signaling 
DNA probe “A655-tag” were heated for 5 min at 70 °C and cooled on 
ice to open up any secondary structure. A dilution series of 6.3 × 10 −15   
M  to 200 × 10 −12   M  “target” DNA was incubated with 2.5 × 10 −6   M  of 
the probe “A655-tag” and the “biotin-capture” immobilized spheres in 
100 µL WBH-Tween20 0.05% buffer in low profi le PCR strips (Sarstedt). 
Incubation took place for 2 h at RT under rotation to hybridize target 
DNA on immobilized spheres and DNA probe on target DNA. A 96-plate 
magnet DynaMag-96 Side (Life Technologies) was used to collect the 
magnetic microspheres. Excess of probe DNA was removed by three 
times washing with low salt buffer 0.1 × WBH-0.005% Tween. After 
removing all traces of wash buffer, the probe DNA was released by 
incubation with 100 µL 10 × 10 −3   M  NaOH for 10 min at RT. 40 µL of 
the supernatant was mixed with 160 µL phosphate buffer 62 × 10 −3   M  
for the normal fl uorescence measurement. Another 40 µL supernatant 
was mixed with 40 µL 500 × 10 −6   M  spermine in 10 × 10 −3   M  Tris-Tween 
0.00005% and 120 µL 2:3 diluted silver nanoparticles in 10 × 10 −3   M  
phosphate buffer. The fl uorescence intensity was measured for 100 s 
at 10 s intervals directly after mixing. The mean fl uorescence intensity 
of the 10 consecutive measurements was used in the graphs appearing 
in the paper. Excitation/emission of dye fl uorescence was measured at 
655/690 nm. The assay was performed in four replicates.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 This work was fi nancially supported by an NWO Veni grant (No. 
700.10.410)   

Received:  March 24, 2014 
Published online: April 28, 2014    

[1]   a)   K.    Saha  ,   S. S.    Agasti  ,   C.    Kim  ,   X.    Li  ,   V. M.    Rotello  ,  Chem. Rev.   
 2012 ,  112 ,  2739 ;    b)   I.    Willner  ,   R.    Baron  ,   B.    Willner  ,  Biosensors Bioel-
ectron.    2007 ,  22 ,  1841 ;    c)   N. L.    Rosi  ,   C. A.    Mirkin  ,  Chem. Rev.    2005 , 
 105 ,  1547 ;    d)   S. G.    Penn  ,   L.    He  ,   M. J.    Natan  ,  Curr. Opin. Chem. Biol.   
 2003 ,  7 ,  609 .  

[2]   a)   R.    Gill  ,   R.    Polsky  ,   I.    Willner  ,  Small    2006 ,  2 ,  1037 ;    b)   T. A.    Taton  , 
  C. A.    Mirkin  ,   R. L.    Letsinger  ,  Science    2000 ,  289 ,  1757 .  

[3]   a)   S. J.    Park  ,   T. A.    Taton  ,   C. A.    Mirkin  ,  Science    2002 ,  295 ,  1503 ;   
 b)   T. G.    Drummond  ,   M. G.    Hill  ,   J. K.    Barton  ,  Nat. Biotechnol.    2003 , 
 21 ,  1192 .  

[4]   a)   S. J.    Oldenburg  ,   C. C.    Genick  ,   K. A.    Clark  ,   D. A.    Schultz  ,  Anal. 
Biochem.    2002 ,  309 ,  109 ;    b)   S.    Schultz  ,   D. R.    Smith  ,   J. J.    Mock  , 
  D. A.    Schultz  ,  Proc. Natl. Acad. Sci. USA    2000 ,  97 ,  996 ;    c)   T. A.    Taton  , 
  G.    Lu  ,   C. A.    Mirkin  ,  J. Am. Chem. Soc.    2001 ,  123 ,  5164 .  

[5]   a)   R.    Verdoold  ,   R.    Gill  ,   F.    Ungureanu  ,   R.    Molenaar  , 
  R. P. H.    Kooyman  ,  Biosensors Bioelectron.    2011 ,  27 ,  77 ;   
 b)   R.    Elghanian  ,   J. J.    Storhoff  ,   R. C.    Mucic  ,   R. L.    Letsinger  , 
  C. A.    Mirkin  ,  Science    1997 ,  277 ,  1078 .  

[6]   a)   P.    Zijlstra  ,   P. M. R.    Paulo  ,   M.    Orrit  ,  Nat. Nano    2012 ,  7 ,  379 ;   
 b)   I.    Ament  ,   J.    Prasad  ,   A.    Henkel  ,   S.    Schmachtel  ,   C.    Sönnichsen  , 
 Nano Lett.    2012 ,  12 ,  1092 ;    c)   L.    Olofsson  ,   T.    Rindzevicius  ,   I.    Pfeiffer  , 
  M.    Käll  ,   F.    Höök  ,  Langmuir    2003 ,  19 ,  10414 ;    d)   B.    Sepúlveda  , 
  P. C.    Angelomé  ,   L. M.    Lechuga  ,   L. M.    Liz-Marzán  ,  Nano Today    2009 , 
 4 ,  244 .  

[7]   a)   E. C.    Le Ru  ,   P. G.    Etchegoin  ,  Principles of Surface-Enhanced 
Raman Spectroscopy ,  Elsevier ,  Amsterdam    2009 ;    b)   R.    Aroca  ,  Sur-
face-Enhanced Vibrational Spectroscopy ,  Wiley ,  Hoboken, NJ    2006 ;   
 c)   M.    Moskovits  ,  Rev. Mod. Phys.    1985 ,  57 ,  783 .  

[8]   a)   L.    Sun  ,   J.    Irudayaraj  ,  J. Phys. Chem. B    2009 ,  113 ,  14021 ;   
 b)   D.    Graham  ,   B. J.    Mallinder  ,   D.    Whitcombe  ,   W. E.    Smith  ,  Chem. 
Phys. Chem    2001 ,  2 ,  746 .  

[9]     G.    Wang  ,   H.-Y.    Park  ,   R. J.    Lipert  ,   M. D.    Porter  ,  Anal. Chem.    2009 ,  81 , 
 9643 .  

[10]   a)   K.    Aslan  ,   I.    Gryczynski  ,   J.    Malicka  ,   E.    Matveeva  ,   J. R.    Lakowicz  , 
  C. D.    Geddes  ,  Curr. Opin. Biotechnol.    2005 ,  16 ,  55 ;    b)   W.    Deng  , 
  F.    Xie  ,   H. T. M. C. M.    Baltar  ,   E. M.    Goldys  ,  Phys. Chem. Chem. Phys.   
 2013 ,  15 ,  15695 .  

[11]   a)   J.    Zhang  ,   E.    Matveeva  ,   I.    Gryczynski  ,   Z.    Leonenko  ,   J. R.    Lakowicz  , 
 J. Phys. Chem. B    2005 ,  109 ,  7969 ;    b)   J.    Malicka  ,   I.    Gryczynski  , 
  J. R.    Lakowicz  ,  Biochem. Biophys. Res. Commun.    2003 ,  306 ,  213 ;   
 c)   F.    Yu  ,   B.    Persson  ,   S.    Löfås  ,   W.    Knoll  ,  J. Am. Chem. Soc.    2004 ,  126 , 
 8902 ;    d)   K.    Aslan  ,   P.    Holley  ,   C. D.    Geddes  ,  J. Immunol. Methods   
 2006 ,  312 ,  137 .  

[12]   a)   R.    Gill  ,   L.    Tian  ,   W. R. C.    Somerville  ,   E. C.    Le Ru  , 
  H.    Van Amerongen  ,   V.    Subramaniam  ,  J. Phys. Chem. C    2012 ,  116 , 
 16687 ;    b)   M.    Furtaw  ,   J.    Anderson  ,   L.    Middendorf  ,   G.    Bashford  ,  Plas-
monics    2014 ,  9 ,  27 .  

[13]     R.    Gill  ,   E. C.    Le Ru  ,  Phys. Chem. Chem. Phys.    2011 ,  13 ,  16366 .  
[14]     P.    Francois  ,   D.    Pittet  ,   M.    Bento  ,   B.    Pepey  ,   P.    Vaudaux  ,   D.    Lew  , 

  J.    Schrenzel  ,  J. Clin. Microbiol.    2003 ,  41 ,  254 .  
[15]     Y.    Nonaka  ,   K.    Sode  ,   K.    Ikebukuro  ,  Molecules    2010 ,  15 ,  215 .  
[16]     S. M.    Heard  ,   F.    Grieser  ,   C. G.    Barraclough  ,   J. V.    Sanders  ,  J. Colloid 

Interface Sci.    1983 ,  93 ,  545 .   




