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a b s t r a c t

Mass spectrometry (MS) based methodology offers simple, fast and sensitive diagnosis. While it has
become the predominate approach in biomolecular analysis, it has not been suitable for analyzing nucleic
acid due to its low ionization efficiency. We report herein on a DNA assay based on monolayer-barcoded
nanoparticles that were encoded with reporter mass molecules, which act as surrogate molecules for the
matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOF MS) identification of target
DNA through mass spectrometry in combination with magnetic microprobes. This assay demonstrated
high MS sensitivity, with the ability to detect target DNA at femtomolar (10−15 M) levels. This inaugural
atrix-assisted laser desorption/ionization
ime-of-flight MS (MALDI-TOF MS)
eporter mass molecules
old nanoparticle probe
agnetic microparticle probe

ingle nucleotide polymorphism (SNP)

effort using combined techniques is significant because it showed an extraordinary analytical capabil-
ity for differentiating the single nucleotide polymorphism (SNP), which comprises the most abundant
source of genetic variation in the human genome. We also report herein the feasibility of MS detection
of two target DNAs that have the same mass but different nucleotide base composition, which classic MS
methodology is inherently unable to differentiate.

© 2011 Elsevier B.V. All rights reserved.

etection

. Introduction

Mass spectrometry (MS) has long been utilized to determine
he molecular mass of small organic and inorganic molecules,
nd to characterize large biomolecules such as peptides and pro-
eins [1–3]. In recent years, MS applications have been further
xtended to environmental, forensic and medical research [4–6].
uch widely accepted applications are due to the specificity, speed
nd sensitivity of MS [1,2]. However, compared to the detec-
ion of diverse sets of biomolecules, such as peptides, MS has
ot been the platform of choice for the direct detection of DNA
olecules [7–9]. Of the many issues involved, two pose major

urdles [10–12]. First, MS sensitivity for DNA detection has not
een achieved at low femtomolar (fM) range, as is typically achiev-
ble for biomolecules such as peptides and proteins. This is due
o the low ionization efficiency of most DNA molecules. Second,

nlike successful MS sequencing of peptide molecules against
nown protein databases, denovo DNA sequence specific informa-
ion cannot be easily obtained by MS analysis due to the incomplete

∗ Corresponding author. Tel.: +86 25 8368 6041; fax: +86 25 8340 2848.
E-mail addresses: huanglq@nju.edu.cn, lhuang@sinobiopharma.com

L.L. Huang).
1 Both authors contributed equally to this work.

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.045
fragment ion readout nature of the DNA molecules by tandem
MS.

Due to the lack of ionization efficiency of DNA molecules
resulted in poor sensitivity, typically in a nanomolar (10−9 M) range
[13], MS analysis of DNA molecules for molecular diagnosis is still
a challenge. Many efforts to analyze DNA indirectly utilizing MS
have been made by detecting small molecular tags or peptides
[12,14–16] that encode DNA molecules. This encoding strategy
is based on the indirect detection of a probe modified with a
photo-cleavable linker coupled with a tag that is a small molecule
of known mass easily detectable by means of mass spectrome-
try, and which is released just before the detection step. Tagged
photo-cleavable linkers can be chemically attached to different
classes of probes such as DNA, cDNA, single stranded cRNA, aptamer
or antibody probes. Those methods are excellent for multiplexed
detection, for rapid, simultaneous single nucleotide polymorphism
(SNP) detection, and for proteomics. However, they introduced rel-
ative complexity in covalent bond formation of modifying tags to
the DNA molecules.

Addition of non-covalent probes to enhance the specificity of
the DNA detection has been reported in many studies in which

nanoparticle probes (NPs) showed several advantages over others.
NPs are frequently coupled with fluorescence [17] and other detec-
tion methods such as colorimetry [18] and Raman spectroscopy
[19]. MS offers unparalleled detection specificity and resolution and
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Fig. 1. (a) Schematic diagram of MMP–DNA–NPS. (b) MS based assay in combination
of MMP–DNA–NPS. Reporter mass barcoded gold nanoparticles including 25 bases
probing DNA I recognized the target DNA from 3′ terminal and function as a signal
readout probe. The other 22 bases probing DNA II were covalently immobilized on
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he surface of MMP. MMP with DNA II was utilized as a capture probe for the target
NA from 5′ terminal and also functionalized as a concentration and separation tool

or the target DNA in solution.

an serve as a better method for DNA detection when combined
ith NPs. Nanoparticles, such as Ag [20,21] and Au [22,23], which
emonstrated as desorption/ionization matrices, have also been
sed for many years to facilitate analyses by mass spectrometry
MS).

In earlier proof-of-concept experiments, we demonstrated the
se of monolayer nanoparticles for on-chip DNA hybridization
ssay [24]. It showed that MS analysis of DNAs can be realized at
he 100 pM level. Unlike the previous study, in which the probe
omplex was bound on the silicon chip surface, we have recently
eveloped an assay (illustrated in Fig. 1) in which the encoded
ass nanoparticles and probing DNA strands are assembled on the
agnetic microparticle (MMP) and served as a probe. Since MMP

s a powerful tool for separation and enrichment of biomolecules
25,26], it was found that the MS detection limit of DNA using this
ssay is at a lower fM level, one that approaches that of famil-
ar methods such as fluorescence [17], colorimetry [18], Raman
pectroscopy [19] and PCR [27]. We have shown that our method-
logy can detect and differentiate the most frequently occurring
ingle-base genetic mutations because dissociations of those three-
omponent sandwich complexes of the MMP–DNA–NPs between
erfectly complementary target strands and single nucleotide mis-
atches are differentiated [26,28] in the assay. We also report

erein the feasibility of MS detection of two target DNAs that may
ave the same mass but different nucleotide base composition.
hose possibilities are demonstrated because mass detection is not
he direct detection of the target DNA, but rather the detection of
he amplified “reporter mass” that acts as surrogate molecules.

. Experimental
.1. Materials and reagents

All DNA strands were synthesized and purified by Invit-
ogen Co. (Shanghai, China). HAuCl4·4H2O (99.9%) came from
2011) 1698–1702 1699

ShangJuly Chemical Co., Ltd. (Shanghai, China). Succinimidyl 4-
[p-maleimidophenyl]butyrate (SMPB) was obtained from Pierce
Biotechnology Co. (USA). Amino-functionalized MMP solution
(Dynal Biotech Co., Dynabeads M-270 Amine, 2.8 �m) was
commercially available from Invitrogen Co. Nanopure water
(18.2 M� cm), purified by a Sartorius Arium 611 system, was
used throughout the experiment. Mass-tagged molecules MI
([S(CH2)11(OCH2CH2)5OH]2) and MII ([S(CH2)11(OCH2CH2)6OH]2)
were synthesized by previously reported methods [29,30].

A Bruker Ultraflex III mass spectrometer was used for MALDI-
TOF MS detection. The mass spectrometer was operated in the
positive ion, reflector mode under a nitrogen laser (337 nm) for des-
orption and ionization and an accelerating voltage of about 20 kV.
For the limit detection, pure oligonucleotide-modified nanopar-
ticles were used as the matrix and a Bruker MALDI target plate
(AnchorChipR 400-384) was used as the target plate.

2.2. MMP–DNA–NPS-based DNA assay

Oligo-MMPs (MMP surface covalently immobilized HCV-DNA
(5′-SH-(CH2)6-A AAA AAA AAA GCA CCC TAT CAG-3′) were pre-
pared via reported protocol [31]. The double-functionalized gold NP
with reporter mass-tagged molecules MI and HCV-specific oligonu-
cleotides (5′-GCA GTA CCA CAA GGC AAA AAA AAA A-(CH2)3-SH-3′)
was prepared as previously reported [24]. Oligo-MMPs (5 mg/mL,
50 �L) and the double-functionalized gold NPs (50 �L) were
allowed to hybridize with 27 bp HCV target (5′-GCC TTG TGG
TAC TGC CTG ATA GGG TGC-3′) in series dilution from 10−11 M
to 10−15 M in 30 �L hybridization buffer (0.3 M NaCl, 10 mM
phosphate buffer, pH 7.0), followed by the addition of 6 M NaCl
solution (10 �L). The complex was first incubated at 45 ◦C for
30 min, and then rotated for 24 h at 25 ◦C. The sandwich complexes
(MMP–target–NPs) were separated on a 12-well plate magnetic
separator (Promega Co.) and washed seven times with 200 �L PBS
buffer (0.6 M NaCl, 10 mM phosphate buffer, pH 7.0). The resulting
complexes were dispersed in 10 �L of nanopure water, warmed
to 75 ◦C and stayed for 5 min, and then immediately separated
on a magnetic separator. Then the supernatants were analyzed
by the mass spectrometer. Two �L of de-hybridization products
(the released NPs) were dotted on the plate AnchorChipR 400-384).
Then, the matrix was applied as a solution onto the plate and subse-
quently allowed to dry at ambient temperature. For MS detection,
pure oligonucleotide (5′-GCA GTA CCA CAA GGC AAA AAA AAA A-
(CH2)3-SH-3′)-modified gold NPs (prepared via reported protocol
[32]) was used as the matrix. Each test was repeated three times.

For long chain of DNA detection, the 27 bp HCV-DNA
was replaced with a 79 bp HCV DNA fragment of 5′-
GTAGTGTTGGGTCGCGAAAG GCC TTG TGG TAC TGC CTG ATA
GGG TGC TTGCGAGTGCCCCGGGAGGTCTCGTAGACCGT-3′. For
detection of HBV genomic DNA in serum sample, isolation of
the HBV DNA from the serum sample by the use of standard
procedure of a restricted enzymatic digestion, extraction, and
sample clean-up (see Supplementary Data). The procedure of the
MMP–DNA–NPS-based DNA assay was the same as described for
27 bp HCV-DNA.

2.3. Detection of DNAs with the single nucleotide polymorphism

To evaluate the selectivity of the probes, four tests were run
with different sequences of the target DNA. Oligo-MMPs (50 �L)
(MMP surface covalently immobilized DNA II) (5′-TAA CAA TAA
TCC AAA AAA AAA A-(CH2)3-SH-3′) were allowed to hybridize with

target DNA strands 1 (5′-GGA TTA TTG TTA AAT ATT GAT AAG GAT-
3′), or a single-base mismatched target DNA strands 2 (5′-GGA
TAA TTG TTA AAT ATT GAT AAG GAT-3′), or 3 (5′-GGA TTA TTG
TTA AAT ATT GAT AGG GAT-3′), respectively in 30 �L 0.3 M NaCl,
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Fig. 2. Results of MMP–DNA–NPSs-based HCV-DNA detection. (a) Reporter mass
was detected for DNA concentrations of 1 fM, 100 fM, and 10 pM. The 10 pM sample
was diluted a factor of 10 prior to MS analysis avoiding the saturation of MALID-
TOF MS so that the signal is actually higher than it appears to be by a factor of 10.
(b) Signal profile of repeated analyses for DNA concentrations of 1 fM, 100 fM, and
700 F. Qiu et al. / Talan

0 mM phosphate buffer (pH 7.0). The solutions were incubated at
5 ◦C for 30 min, and then rotated for 3 h at 25 ◦C. The MMP–target
omplexes were separated on a magnetic separator and washed
hree times with 200 �L 0.3 M NaCl, 10 mM phosphate buffer (pH
.0). The complexes were re-dispersed in 50 �L buffer and 30 �L of
he double-functionalized gold nanoparticle solution. The double-
unctionalized gold nanoparticle (NP) with reporter mass-tagged

olecules MI and recognized DNA I (5′-SH-(CH2)6-A AAA AAA AAA
TC CTT ATC AAT ATT-3′) was prepared via reported protocol [24].
fter hybridization for 2 h, the sandwich complexes were washed
even times at 38 ◦C with assay buffer to wash off single-mismatch
ound and nonspecifically bound nanoparticles. The resulting com-
lexes were dispersed in 10 �L of assay buffer, warmed to 75 ◦C and
tayed for 5 min. They were then immediately separated on a mag-
etic separator. The procedure of MS detection was the same as
hat when HCV-DNA acted as the target.

.4. Detection of DNAs with the same masses but different
equences

The capture DNA II and II′ (5′-CAT ACT AAC ATA AAA AAA AAA A-
CH2)3SH-3′) modified MMP were allowed to hybridize with target
NA strands 1 (10 nM) and 4 (5′-TAT GTT AGT ATG ATA TAG GAA
AG TTA-3′) (10 nM), or none of them, or one of them in 0.3 M NaCl,
0 mM phosphate buffer (pH 7.0), respectively. Following incuba-
ion and rotation, the MMP–target complexes were separated on a

agnetic separator, washed with the buffer and re-dispersed in a
ybridization buffer, and then 30 �L of the mass-tagged molecule M
and M II encoded with the recognized DNA I and I′ (5′-HS(CH2)6-A
AA AAA AAA TAA CTA TTC CTA TAT-3′) gold nanoparticle solution
ere added to the buffer. After hybridization for 2 h, the sandwich

omplexes were washed seven times at ambient temperature with
ssay buffer to remove nonspecifically bound nanoparticles. The
rocedure of MS detection was the same as that when HCV-DNA
cted as the target.

. Results and discussion

.1. MMP–DNA–NPS-based DNA detection

As illustrated in Fig. 1, three-component sandwich complexes
f the MMP–DNA–NPs were formed when the target DNA was
etected from the homogeneous solution; MMP was functional-

zed with target-specific strands, while gold NP was functionalized
ith both target-specific oligonucleotides as well as reporter
ass molecules. MMP can act as a convenient handle for easy

eparation and concentration of bio-molecules in many studies
25,26,31]. To access the limit of detection (LOD) of the method,
he concentration of the mass-tagged gold NPs was held con-
tantly at 1 nM, but the target hepatitis C virus (HCV)-DNA, was
dded in series dilution from 10−11 M to 10−15 M for hybridization,
espectively. The MMP–DNA–NPs complexes were separated and
on-specifically bound nanoparticles were washed off. The solu-
ions were dispersed, warmed and stayed for dehybridization, and
hen immediately separated on a magnet separator. The resulting
olutions were detected by the mass spectrometer.

Owing to the high sensitivity of MS detection, amplification of
eporter masses and the pre-concentration nature of the magnetic
articles in solution, it was demonstrated that the target HCV-DNA
an be detected as low as 1 fM in homogeneous solution (Fig. 2).
ince the MALDI TOF MS detection is not intended to ionize the

NA directly, but rather to detect the reporter masses 869, [M+Na]+

sometimes also 837, [M+Na−S]+) assembled in MMP–DNA–NPs
omplex, the relative intensity of the reporter masses vs. the con-
entration of the HCV-DNA were shown in Fig. 2. It has been
10 pM. The signal intensity was calculated considering all dilution and concentration
factors.

recently reported that gold nanoparticles have been used as a
matrix for MALDI TOF MS to improve the MALDI ionization effi-
ciency [9,22,23]. Therefore, we used gold NPs as a matrix for MS
detection without the need of an organic matrix. Because it was
found that citrate-stabilized gold nanoparticles could not be used
directly in our MS detection, we used the nanoparticles that have
just only capped with 3′- or 5′-(alkanethiol) oligonucleotides. It was
found that the laser energy of ∼30% is optimal for the analysis of this
type of sandwich samples with a good reproducibility. Though the
MS response is proportional to the concentration of the target DNAs
as shown in Fig. 2, the variation in standard deviation is relatively
large, which may be due not only to complexity in the probing pro-
cess, but also to inherently poor quantitation performance of the
MALDI TOF technique [33].

Nevertheless, the sensitivity of this new method reached to the
lower fM range, thus approaching that of the polymerase chain
reaction (PCR) [34–36], and those of the following methods: using
gold nanoparticle probes in combination with fluorescence [17];
colorimetry [18]; and Raman spectroscopy [19]. Such high sensitiv-
ity in a low fM range should facilitate the analysis of nucleic acid in
biotechnology research and may make this method feasible for the
analysis of DNA without the need for target amplification schemes
such as PCR [34–36]. Furthermore, in contrast to the previously
reported DNA assay that showed nonspecific noise readout even
when the target DNA is absent [17–19], there is no noise detected in
the blank control in our method (Fig. 2) owing to the high specificity
of MS detection. This feature is critically important in molecular
diagnosis since the chance of false-positive results is very rare.

To further investigate the feasibility of the proposed
MMP–DNA–NPS-based MS method for DNA detection in longer
chain, and eventually genomic DNA fragments in real sam-
ples, we have initially attempted to test for probe capability
for a much longer DNA chain, a 79 bp HCV DNA fragment of
5′-GTAGTGTTGGGTCGCGAAAG GCC TTG TGG TAC TGC CTG ATA
GGG TGC TTGCGAGTGCCCCGGGAGGTCTCGTAGACCGT-3′. This
DNA contains the key 27 bp HCV-DNA sequence at the middle

with extra nucleic acids, 20 at the very 5′ end and 32 at the 3′

end of the DNA. The same probe for the short HCV DNA was
utilized under identical experimental conditions for this longer
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Fig. 3. (a) Results of single nucleotide polymorphism (SNP) detection. (1) The completely matched DNA 1. (2) A single mismatched DNA 2 mutated in 5′ terminal of X position
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rom T to G. (3) A single mismatched DNA 3 mutated in 3′ terminal of Y position fr
arget DNA 1 and 4 present. (2) The absence of any target DNA strands. (3) Only DN

CV DNA. The reporter mass was detected (see Supplementary
ata). The result indicated that designed MMP–DNA–NPS can
atch DNA with a longer chain as long as matched key DNA is
resent. This observation is consistent with the results using
ano-probe detection previously published [37,38] without
agnetic particles and encoded reporter mass. Blood samples

ontaining HBV genomic DNA were then selected and analyzed
tilizing the same MMP–DNA–NPS-based MS method. In the real
io-samples experiments, the samples went through standard
xtraction and pretreatment prior to MS detection. The reporter
ass was detected, and the results were shown in Supplementary
ata. However, this assay for real sample analysis and possible
uantization will need to be further investigated.

.2. Analysis DNAs with the single nucleotide polymorphism

SNPs represent the most abundant source of genetic variation
n the human genome, and SNP is of importance in clinical diag-
osis as many diseases are associated with such mutation [39,40].
stablished SNP detection techniques are mainly PCR-based, which
eans that they involve complex, labor-intensive procedures, are

asy contaminated, and can give false positive results [34–36]. We
eveloped this simple and rapid MMP–DNA–NPS-based method-
logy for SNP discrimination. This methodology relies on the
igh sensitivity of two oligonucleotide probes, and the specificity
fforded by the sequential hybridizations of two sequence-specific
robes that selectively “sandwich” the completely matched tar-
et [26]. To demonstrate the capability of the assay, a single base
as mutated (mismatched) in target DNA 2 with the mutation of
to G in position X, as compared with completely matched target
NA 1 (5′-GGA TXA TTG TTA AAT GAT AYG GAT-3′). Those exper-

ments were carried out to hybridize with completely matched
arget DNA 1 and a single-base mismatched target DNA 2, respec-
ively. At the hybridization step, single mismatched target DNA and
anoparticles were removed during the washing when the solution
emperature was raised to 38 ◦C so that the “single mismatched
arget DNA sandwich” was eliminated. After being warmed and
tayed subsequently for dehybridization, results showed a posi-
ive signal for the solution containing completely matched target
NA and a negative for the one with a mismatch. The solution
olor for completely matched DNA after dehybridization turned
ed owing to the formation of the sandwich as reported previously

24] (see Supplementary Data). The solution for mismatched DNA 2
as colorless (see Supplementary Data). Using the mass spectrom-

ter, reporter masses peaks 869 ([M+Na]+) and 837 ([M+Na−S]+) for
ompletely matched DNA were detected and shown in Fig. 3a(1).
to G. (b) Analysis of DNAs with the same masses but different sequences. (1) Both
esent. (4) Only DNA 4 present.

None of the reporter mass peaks for the single mismatched tar-
get DNA was detected in the identical experimental conditions
(Fig. 3a(2)). The high-stringency washing steps were performed
to remove unbound target DNA and nanoparticle probes, which
reduce overall nonspecificity. Because we could not discern the
color change at the lower concentration of the target than 1 nM,
and we would like to assure that the non-detection is not due to our
method, the experiment was performed at the 10 nM levels. MALDI
TOF MS analysis revealed that our coding strategy could distinguish
DNA sequences with a single-base mutation. To confirm the results,
we analyzed another single-base variation DNA 3 (mutated from A
to G in Y position). Again, the solution for mismatched DNA 3 was
colorless (see Supplementary Data). None of the reporter masses
peaks was detected for this mismatched DNA 3 through the same
process (Fig. 3a(3)).

This approach permits direct SNP DNA typing without the
need for primer mediated enzymatic amplification. Many typ-
ing methods based on various principles have been proposed,
including allele-specific PCR [34], ARMS-PCR [35], RFLP-PCR [35],
and ALM-ASA [36]. But all of those methods are based on DNA
polymerase-mediated template amplification, which can yield sev-
eral millions of copies of a target sequence within two hours.
However, cross contamination caused by amplicons can lead to
false positive results. As MS detection measures a very accurate
molecular weight, resulting in a high specificity, typing accuracy
was not affected by the impurities in a real genomic sample. Though
this assay showed promise of capable of accurately identifying SNP
genotypes from unamplified complex genomic DNA, detailed pro-
tocols need to be carefully and further investigated for real samples.

3.3. Analysis of DNAs with the same masses but different
sequences

MS detects the m/z value for a molecule, but is inherently unable
to differentiate two DNA molecules with the same masses but
with a different sequence in a single assay. The key to this detec-
tion is the design of three-component sandwich complexes of the
MMP–DNA–NPs for recognizing different target DNAs. To demon-
strate that our strategy could be employed with such specificity of
detection in the analysis, two strands of target DNA were chosen:
DNA 1 (5′-GGA TTA TTG TTA AAT GAT AAG GAT ATT-3′) and DNA
4 (5′-TAT GTT AGT ATG ATA TAG GAA TAG TTA-3′). They both have

the same mass but the nucleic acid sequences varied. To match the
two different target DNA 1 and 4, two matched MMP–DNA–NPSs
with probing DNAs and two sets of reporter masses (m/z 837 and
869 as well as m/z 925 and 957), respectively, were prepared.
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argets DNA 1 and 4, were added either together or individu-
lly to the solution containing both MMP–DNA–NPSs in separate
xperiments. The mass spectral readout results from the corre-
ponding mass-tags correlating to the added target DNAs are shown
n Fig. 3b. The color indication was also correlated with the forma-
ion of a sandwich in the experiments (see Supplementary Data).
his result has demonstrated that DNA 1 and 4 can be simulta-
eously detected and differentiated in one sample, even though
hey have the same molecular weight but different sequences.

hen both of those target DNAs were not present in the solu-
ion (see Supplementary Data), none of the reporter masses peaks
as detected. Again, the experiments were performed at the 10 nM

evel to observe the color change. It is interesting to note that
he detection of DNA 1 and 4 did not interfere with each other
ven at this much higher concentration than that of the detection
imit.

The results also demonstrated that this assay is very specific
hen multiple target DNAs are present in a sample. Since modern
S equipment has a very high mass resolving power, the detectable
ass range of reporters should also be very large. The multiplex-

ng capability could be achieved by utilizing distinct mass tags
or each individual target. The high resolution of MS allows for
lmost unlimited choice of mass tags, which offers advantage over
ther multiplexing protocols. This assay includes two sequential
ybridizations of the target DNA to the MMP probe and the AuNP
robe, so that the design of these probes is critical to the specificity
f the assay.

. Conclusion

We have demonstrated that the MS method, in combination
ith the MMP–DNA–NPS, can detect SNP and multiple DNA with

he same mass but different sequences with excellent sensitivity
nd selectivity. The method has the potential to revolutionize the
S detection of DNA in four distinct ways: (1) it lowers the detec-

ion limit to fM levels; (2) it is able to analyze SNP and multiplexed
NA molecules in a homogenous solution; (3) it is able to reveal

pecificity of the DNA sequencing information in complex mix-
ures; and (4) it confers the ability to perform the analysis using
he small and amplifiable reporter mass readout that can be mea-
ured by a simple bench-top MS without the need of expensive
andem MS instruments.

The sensitivity may be further improved by optimizing the
mplification factors of the assembled reporter mass molecules.
he quantitation of DNA by this method may also be validated
y standardizing the assay. Our on-going efforts focus on applying
he assay for the detection of DNAs extracted from the biological
amples. We are also undertaking the application of the assay for
iomarkers and microbes.
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