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 Development of a rapid, sensitive, and multiplex pathogen DNA sensor enables 
early diagnosis and, subsequently, the proper treatment of infectious diseases, 
increasing the possibility to save the lives of infected patients. Here, the development 
of an ultrasensitive and multiplex pathogen DNA detection method that combines a 
patterned Au nanowire (NW)-on-fi lm surface-enhanced resonance Raman scattering 
(SERRS) sensor with an exonuclease III-assisted target DNA recycling reaction is 
reported. Multiple probe DNAs are added to the target DNA solution, and among 
them, only the complementary probe DNA is selectively digested by exonuclease 
III, resulting in the decrease in its concentration. The digestion process is repeated 
by recycling of target DNAs. The decrease of the complementary probe DNA 
concentration is detected by SERRS. Combining the high sensitivity of the NW-on-
fi lm sensor and the target recycling reaction signifi cantly improves DNA detection 
performance, resulting in the detection limit of 100 f M  corresponding to 3 amole. By 
positioning Au NWs at specifi c addresses, multiple pathogen DNAs can be identifi ed 
in a single step. Clinical sample tests with multiple genomic DNAs of pathogens show 
the potential of this sensor for practical diagnosis of infectious diseases. 
  1. Introduction 

 Because infectious disease is caused by pathogenic micro-

bial agents, rapid and accurate identifi cation of pathogens 

from patients is vital for its early diagnosis, treatment, and 

prevention. Although culture-based assays have traditionally 

been used to identify pathogens, these methods are inher-

ently time consuming and labor intensive. Furthermore, the 
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wider spectrum of pathogenic fungi and their higher resist-

ances of antifungal agents markedly reduce the accuracy and 

sensitivity of these methods. [  1  ]  To overcome these limitations, 

culture-based assays have recently been complemented by 

molecular diagnostic methods that allow detection and anal-

ysis of biomarkers such as DNA, RNA, and proteins. [  2  ]  

 Several groups have recently suggested highly sensitive 

DNA detection methods that employ target recycling reac-

tions, which allow repeated use of a single target DNA for 

hybridization with probe DNAs. [  3  ]  In these reactions, the 

enzyme selectively digests only the probe DNAs hybrid-

ized with the target DNAs. The intact target DNAs released 

after the digestion hybridize again with the probe DNAs 

repeatedly, thereby achieving improved sensitivity. To date, 

various sensing methods based on fl uorescence, [  3a,b,j  ]  electro-

chemical signal, [  3d,i  ]  surface plasmon resonance (SPR), [  3e–g  ]  

and color change [  3c  ]  have employed target recycling reac-

tions to improve the sensitivity compared with the conven-

tional 1:1 hybridization-based approach. Surface-enhanced 
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    Figure  1 .     Schematic representation for the identifi cation of pathogenic fungal DNAs by a patterned NW-on-fi lm SERRS sensor coupled with an 
exonuclease III-assisted target recycling reaction.  
Raman scattering (SERS) is a phenomenon that enormously 

increases Raman signals of molecules near the noble metal 

nanostructures. [  4  ]  It has been proven to be an attractive 

method for sensitive detection of DNAs because strong 

SERS signals can be observed from only a few molecules at 

localized nanoscale gaps, namely hot spots. [  5  ]  However, there 

still remains a challenging task to develop a practical SERS 

sensor that can detect multiple target DNAs simultaneously 

while retaining high sensitivities. 

 Here, we report the development of an ultrasensitive 

and multiplex DNA detection method that utilizes both a 

single nanowire (NW) surface-enhanced resonance Raman 

scattering (SERRS) sensor and target recycling reaction. 

This sensor allowed detection of pathogenic target DNA 

with a detection limit of 100 f m , which is  ≈ 2 orders of mag-

nitude more sensitive than that achieved with the previously 

reported SERS sensors that do not use enzymatic amplifi ca-

tion. [  6  ]  Also, multiplex detection of target DNAs could be ver-

ifi ed by testing with DNAs of various lengths and sequences. 

The disease diagnostic capability of this sensor could be fur-

ther demonstrated by direct identifi cation of the pathogenic 

fungal DNAs from clinical samples.   

 2. Results and Discussion 

 The schematic representation of pathogen DNA iden-

tifi cation using a target recycling reaction coupled NW-on-

fi lm SERRS sensor is shown in  Figure    1  . Four pathogenic 

fungal DNAs,  Aspergillus fumigatus  ( A. fumigatus ),  Can-
dida glabrata  ( C. glabrata ),  Candida krusei  ( C. krusei ), and 

 Cryptococcus neoformans  ( C. neoformans ), were chosen 

as targets. They account for more than 10% of septicaemia 
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related pathogens and cause serious opportunistic infec-

tions in immunocompromised patients (e.g., transplant 

patients, AIDS sufferers, and cancer patients). [  7  ]  To identify 

these pathogenic fungal DNAs, four kinds of probe DNAs 

(Asper03, Cgla01, Ckru001, and Cne12;  Table    1  ) labeled 

with Cy5 were prepared. The probe DNAs were designed so 

that they can selectively hybridize with their target DNAs 

but do not interact with each other. Cy5 as a Raman dye has 

an absorption maximum of 647 nm, allowing the incoming 

light with a wavelength of 633 nm to excite resonant vibra-

tion of molecule. [  8a  ]  SERRS typically enhances Raman sig-

nals by  ≈ 10 2  to 10 3  times more compared with nonresonant 

SERS. [  8a  ]  When  A. fumigatus  DNA was added as a target 

to a mixture of probe DNAs, the complementary Asper03 

DNA selectively hybridized with this target DNA, forming a 

double-stranded DNA (dsDNA) with a blunt end. When exo-

nuclease III, which specifi cally recognizes hybridized DNAs 

with blunt end and catalyzes stepwise removal of mono-

nucleotides from 3′-hydroxyl termini of dsDNA, [  3a  ]  was added 

to the reaction tube, the enzyme digested Asper03 DNA 

and released  A. fumigatus  DNA from the DNA duplex. The 

released  A. fumigatus  DNA hybridized with another Asper03 

DNA and a new cycle started. After all Asper03 DNA 

were hydrolyzed, only the probe DNAs (Cgla01, Ckru001, 

and Cne12) that were non-complementary to  A. fumigatus  

DNA remained in the sample solution. These probe DNAs 

were then identifi ed by the patterned NW-on-fi lm SERRS 

sensor. The Au NW-on-fi lm structure is a well-defi ned SERS 

active platform, providing a line of SERS hot spots at the 

gap between the NW and the fi lm upon optical excitation. [  8  ]  

The NW sensor was fabricated by placing four Au NWs, 

each attached with four different capture DNAs (cAsper03, 

cCgla01, cCkru001, and cCne12; Table  1 ) complementary to 
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   Table  1.     DNA sequences used in the experiments. 

Classifi cation Name Sequence (5′  →  3′ )

Probe DNA Asper03 

Cgla01 

Ckru001 

Cne12

Cy5-CATGGCCTTCACTGGCTGT Cy5-CTGGAATGCACCCGG Cy5-CTGGGCGGACGGTCT Cy5-TCCTGTATGCTCTTTACTGGGTGTGCAG

Capture DNA cAsper03 

cCgla01 

cCkru001 

cCne12

SH-(CH 2 ) 6 -ACAGCCAGTGAAGGCCATG SH-(CH 2 ) 6 -CCGGGTGCATTCCAG SH-(CH 2 ) 6 -AGACCGTCCGCCCAG SH-(CH 2 ) 6 -

CTGCACACCCAGTAAAGAGCATACAGGA

Target DNA tAsp tCgla 

tCkru 

tCneo

ACAGCCAGTGAAGGCCATGTAGTCTATGGCAGCATC CCGGGTGCATTCCAGTAGTCTATGGCAGCATC 

AGACCGTCCGCCCAGTAGTCTATGGCAGCATC 

CTGCACACCCAGTAAAGAGCATACAGGATAGTCTATGGCAGCATC
the corresponding probe DNAs, on a Au fi lm. By measuring 

SERRS spectra from all four Au NWs after incubation of a 

sample solution on the NW-on-fi lm sensor, the missing probe 

DNA could be detected from the positional address of the Au 

NW that did not show SERRS signal. If the cAsper03-attached 

NW shows no SERRS signal of Cy5, it means that Asper03 

DNA is missing and that the target DNA is  A. fumigatus  

DNA complementary to Asper03 DNA.   

 While nicking endonucleases, ribonuclease H (RNase 

H), and deoxyribozymes (DNAzymes) have been used to 

detect DNA by a similar scheme, [  3c,e,f,j  ]  exonuclease III was 

chosen in this study because it is easy to handle and works 

well on DNAs of various lengths and sequences. [  3a  ]  In the 

current method, employing patterned Au NWs as a SERS 

platform is critical for multiplex detection of pathogen 

DNAs. Conventional fl uorescence, SPR, and color percep-

tion methods have used the positional encoding methods 

represented by microarray. [  3e,g  ]  The size, complex fabrica-

tion process, and lack of biocompatibility, however, still 

limit their broad usage. [  9  ]  Since Au NWs are biocompatible 

and very small in size (a few micrometers), they can be a 

superb material for making small sensor chips for multiplex 

detection. [  6  ,  10  ]  

 In order to improve the detection limit of this sensor, the 

probe DNA concentration, enzyme concentration, and incu-

bation time were optimized for two kinds of probe DNAs 

(Asper03 and Cgla01) and synthetic target DNA (tAsp; Table  1 ) 

complementary to Asper03 DNA. First, the effect of concen-

tration of probe DNA was investigated. The 0.1  μ  m  target 

DNA were incubated with different concentrations of probe 

DNA (0.5, 1, 2.5, 5, 10, 20, and 30  μ  m ) in solution containing 

exonuclease III (100 U per assay) at 37  ° C for 1 h and the 

optimal probe DNA concentration was determined to be 5  μ  m  

( Figure    2  a). Next, the reaction conditions for exonuclease III 

were optimized. It is important to determine the enzymatic 

reaction conditions because the exonuclease III digestion is 

the rate-limiting step of the target recycling reaction. [  3d  ]  The 

solution containing 5  μ  m  probe DNA and 0.1  μ  m  target DNA 

were treated with various concentrations of exonuclease III 

(50, 100, 150, and 200 U per assay) at 37  ° C for 1 h (Figure  2 b). 

In order to determine the optimal time of enzyme reac-

tion, the mixture of 5  μ  m  probe DNA, 0.1  μ  m  target DNA, 

and 100 U per assay exonuclease III was incubated at 37  ° C 

for varied incubation times (10, 20, 30, 40, 50, and 60 min) 
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(Figure  2 c). Figure  2 b,c show that an enzyme concentration 

of 100 U per assay and a reaction time of 40 min are optimal. 

Thus, all subsequent experiments were performed for 40 min 

using 5  μ  m  probe DNA and 100 U per assay exonuclease III. 

In Figure  2 d, dark gray spectrum of cAsper03 was obtained 

after full digestion with the enzyme, while the gray spectrum 

of cCgla01 remained intact after digestion. Both spectra were 

obtained under optimized conditions. The weak SERRS sig-

nals of cAsper03 NW can be attributed to the non-specifi c 

binding of Cy5. The distinct difference of the two 1580 cm  − 1  

band intensities clearly showed the identifi cation of the target 

DNA. The entire identifi cation process required only a few 

hours.    

 Figure 3   shows a plot of the SERRS intensities versus 

target DNA concentrations in  ≈ 10  − 15  to 10  − 9   m . The SERRS 

intensity increased linearly with decreasing target DNA con-

centration between 10  − 12  and 10  − 14   m . From the three times 

standard deviation rule, the detection limit of this method 

was estimated to be 100 f m  corresponding to 3 amol (1.8  ×  

10 6  molecules), when a typical assay volume of 30  μ L is used. 

This sensitivity is about two to three orders of magnitude 

better than that obtained with the previously reported SERS-

based detection methods. [  6  ,  11  ]   

 Next, samples prepared by mixing four target DNAs 

(tAsp, tCgla, tCkru, and tCneo; Table  1 ) were tested to see 

the possibility of multiplex detection. The concentration 

of only tAsp was varied while concentrations of the other 

target DNAs were fi xed at 100 n m . The same detection 

limit of 100 f m  could be achieved (Supporting Information, 

Figure S2a), indicating that the NW SERRS sensor can iden-

tify pathogen DNA even from a mixture of various DNAs 

at high concentrations without cross reactivity. Detection 

of pathogenic fungus was next performed using this sensor 

system. DNAs were extracted from the reference pathogenic 

strain and a concentration of 100 n m  was used. Pathogenic 

fungal DNA and exonuclease III were added to a mixture of 

four different probe DNAs (Asper03, Cgla01, Ckru001, and 

Cne12). After incubation at 37  ° C for 40 min, the resultant 

DNA solutions were incubated on the NW-on-fi lm sensor 

consisting of four Au NWs modifi ed by four capture DNAs 

(cAsper03, cCgla01, cCkru001, and cCne12), respectively. 

 Figure    4   shows that the SERRS intensity decreased only at 

the NW-on-fi lm structure modifi ed by capture DNA corre-

sponding to the pathogenic fungal DNA. This result verifi es 
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    Figure  2 .     Determination of the optimal conditions for exonuclease III-assisted target recycling reaction. The dark gray and gray bars represent the 
SERRS intensities of 1580 cm  − 1  band measured from cAsper03 and cCgla01-modifi ed NW-on-fi lm structures, respectively. The line represents 
the difference of two SERRS intensities. a) Effect of probe DNA concentration on SERRS intensity. Target DNA (tAsp) was incubated with different 
concentration of probe DNAs (Asper03 and Cgla01; 0.5, 1, 2.5, 5, 10, 20, and 30  μ  M ) in solution containing exonuclease III. b) Effect of enzyme 
concentration on SERRS intensity. The probe (Asper03 and Cgla01) and target (tAsp) DNAs were incubated with various concentrations of exonuclease 
III (50, 100, 150, and 200 U per assay). c) Effect of reaction time on SERRS intensity. The probe (Asper03 and Cgla01) and target (tAsp) DNAs were 
incubated with exonuclease III for different reaction times (10, 20, 30, 40, 50, and 60 min). d) SERRS spectra of Cy5 obtained from cAsper03 and 
cCgla01-modifi ed Au NW-on-fi lm sensors under optimized conditions.  
that multiplex detection of real pathogen DNAs is possible. 

More importantly, the detection limit of this sensor was not 

affected by the length of DNA. The SERRS results for long 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm

    Figure  3 .     Plot of SERRS intensities of 1580 cm  − 1  band versus 
concentrations of target DNA (tAsp). The inset shows a dynamic range 
and linear fi t line.  
 A. fumigatus  DNA (307 bp) showed a detection limit of 

100 f m  (Supporting Information, Figure S2b). Considering 

that one of the major challenges for SERS-based assays lies 

in the detection of long single-stranded DNA sequences, this 

result is quite promising.  

 Finally, diagnosis of real clinical samples was performed 

using this sensor. The target DNAs were extracted from 

positive blood culture samples and dropped onto the NW-

on-fi lm sensor in a blind manner. Among the eight clinical 

samples, fi ve samples showed decreased SERRS signals 

on the NWs attached with cAsper03 DNA and three sam-

ples at the NWs with cCgla01 DNA (Supporting Informa-

tion, Figure S3). The diagnostic results from the NW sensor 

exactly agreed with those obtained by conventional culture-

based assays. 

 Practical pathogen DNA assay should be simple, sensi-

tive and fast, and allow detection of multiple pathogenic 

agents in one reaction. [  2a  ]  The sensing method presented in 

this study is extremely sensitive, rapid, and allows multiplex 

detection of pathogens simultaneously after a reaction in a 

single tube. All these advantages are attained by combining 

a patterned Au NW-on-fi lm sensor with a target recycling 

reaction.   
bH & Co. KGaA, Weinheim small 2011, 7, No. 23, 3371–3376
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    Figure  4 .     a–d) Identifi cation of pathogenic fungal DNAs by a patterned NW-on-fi lm sensor coupled with a target recycling reaction. The bars 
represent the SERRS intensities of the 1580 cm  − 1  band obtained from each NW-on-fi lm sensor. When the sample contains fungal target DNAs, only 
the corresponding capture DNA-modifi ed NW-on-fi lm sensor shows decreased SERRS signals.  
 3. Conclusion 

 We have developed a highly sensitive and multiplex 

DNA detection assay system using a patterned Au NW-on-

fi lm SERRS sensor combined with a target recycling reaction 

employing exonuclease III. This sensor system allowed detec-

tion of target DNAs with a detection limit of as low as 100 f m  

and was used to successfully identify target pathogen DNAs 

from clinical samples, showing its potential for practical diag-

nosis of infectious diseases.   

 4. Experimental Section  

 Materials : All oligonucleotides were synthesized and purifi ed 
by Genotech, Daejeon, Korea. Thiol-functionalized capture DNAs 
were treated with 1  M  dithiothreitol (DTT; Sigma-Aldrich) and puri-
fi ed using a NAP-5 column (GE healthcare Co.). Genomic DNA from 
clinical isolates were kindly provided by the Yonsei Severance Hos-
pital (Seoul, Korea).  

 Preparation of the NW-on-Film SERRS Sensor : Single crystal-
line Au NWs were synthesized using the vapor transport method 
reported previously. [  8  ,  12  ]  As-synthesized Au NWs had dia meters 
of  ≈ 100 to 200 nm and lengths of tens of micrometers. The 
absorption band of the Au NWs was about 570 nm (Supporting 
Information,Figure S3). For the immobilization of capture DNA, 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 23, 3371–3376
5  μ  M  capture DNA in 1  M  KH 2 PO 4  (pH 6.7) was incubated on as-
grown Au NWs at room temperature for 18 h and excessive DNA 
was washed with 0.2% (w/v) sodium dodecyl sulfate (SDS) for 
5 min. The capture-DNA-modifi ed Au NWs were then transferred 
onto a Au fi lm that was fabricated by electron beam assisted depo-
sition of 10 nm Cr followed by 300 nm Au. For the patterning of 
NWs, a custom-built nanomanipulator with a tungsten tip ( ≈ 100 nm 
diameter at the end) mounted on a 3D piezoelectric stage (Sigma-
Koki) was used. [  5h  ]  By using a nanomanipulator, a single NW can 
be transferred routinely and the positional address of the NW pro-
vides the multiplex detection capability. [  6  ]   

 Preparation of Pathogenic Fungal DNA : Reference fungi used 
in this study (Supporting Information, Table S1) were obtained 
from the Korea Culture Center of Microorganisms (KCCM, Seoul, 
Korea) and the Korean Collection for Type Cultures (KCTC, Daejeon, 
Korea). All clinical isolates were provided by the Yonsei University 
College of Medicine, Seoul, Korea. Genomic DNAs from reference 
strains and clinical isolates were extracted using the QIAamp 
DNA Blood Mini Kit (QIAGEN, Hilden, Germany) according to the 
manufacturer’s instructions. Blood culture samples were treated 
as follows: 200  μ L of blood culture sample was mixed with 1 mL 
of tris(hydroxymethyl)aminomethane-ethylenediaminetetraacetic 
acid (Tris-EDTA) buffer (10 m M  Tris, 1 m M  EDTA, pH 8.0) and vor-
texed to lyse the red blood cells (RBCs). Then, it was centrifuged 
at 13 000 g for 1 min for the removal of red blood cells (RBCs). 
3375H & Co. KGaA, Weinheim www.small-journal.com
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The above steps were repeated twice and the pellet was collected. 
Genomic DNAs from the resultant samples were extracted and 
eluted with 100  μ L of elution buffer. 

 The target DNAs were prepared by amplifying 18S ribosomal DNA 
(rDNA) from reference strains (Supporting Information, Table S1). 
Polymerase chain reaction (PCR) for target DNA preparation was 
performed with the universal and species-specifi c primers by 
using the genomic DNAs from reference fungi and clinical iso-
lates. PCR was performed in 50  μ L reactions containing 1 ×  reac-
tion buffer, 0.2 m M  deoxyribonucleotide triphosphate (dNTP), 
2 units of  Thermus aquaticus  ( Taq ) DNA polymerase (Takara 
Shuzo Co., Shiga, Japan), 5 p M  forward primer, and 25 p M  reverse 
primer. Species-specifi c primers have the same sequences 
as those of species-specifi c probes. PCR using species-
specifi c primers (Asper03 for  A. fumigatus , Cgla01 for  C. gla-
brata , Ckru001 for  C. krusei , and Cne12 for  C. neoformans ) and 
universal primer (FunR, 5′-CTACGACGGTATCTGATCAT-3´) was per-
formed under the following amplifi cation conditions: 94  ° C for 
4 min, followed by 40 cycles of 94  ° C for 30 s, 52  ° C for 30 s, and 
72  ° C for 30 s, and a fi nal extension at 72  ° C for 5 min.  

 Detection of Pathogenic Fungal DNA : The probe DNA labeled 
with Cy5 and pathogenic fungal DNA was incubated with exonu-
clease III (New England BioLabs Ltd.) in enzyme specifi c buffer at 
37  ° C. The resultant solution was incubated at 75  ° C for 10 min in 
order to inactivate enzyme and sequentially incubated on the Au 
NW-on-fi lm sensor at 37  ° C for 1 h. After washing with 2 ×  saline-
sodium citrate (SSC) containing 0.1% (w/v) SDS for 5 min and 
drying under slight N 2  stream, SERRS spectra of the NW-on-fi lm 
sensor were measured under ambient conditions.  

 Instrumentation : SERRS spectra were measured with a home-
built micro-Raman system based on an Olympus BX41 micro-
scope. The 633 nm radiation of a He–Ne laser (Melles Griot) was 
used as an excitation source and the laser light was focused on a 
sample through a  × 100 objective (numerical aperture NA  =  0.7, 
Mitutoyo). The SERRS signals were recorded with a thermodynami-
cally cooled electron multiplying charge coupled device (EMCCD, 
Andor) mounted on the spectrometer with a 1200 groove mm  − 1  
grating. A holographic notch fi lter was used to reject the laser 
light.   

 Supporting Information 

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