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Single quantum dot-based biosensor for DNA point mutation
assay

Wei Tang,"? Guichi Zhu,"? Li Liang"® and Chun-yang Zhang "¢

Sensitive and selective detection of point mutation is essential to molecular biology research and early clinic diagnosis.
Here, we demonstrate a single quantum dot (QD)-based biosensor for DNA point mutation assay. In this assay, the mutant
target (G/C) remains unchanged after the endonuclease treatment, and the polymerase chain reaction (PCR) may e
initiated with the assistance of primers and polymerase, generating a large number of mutant targets. The amplifi__.
mutant targets can be captured by the biotinylated probes during the process of denaturation and annealing, and the C
dGTP may be assembled into the biotinylated probe with the catalysis of polymerase, leading to the formation of Cy -
labeled biotinylated probes. The Cy5-labeled biotinylated probes can be further assembled onto the QD surface to ob™ *
Cy5-DNA-QD complex, resulting in the generation of fluorescence resonance energy transfer (FRET) between the QD donu:
and the Cy5 receptor. The mutant targets can be quantitatively evaluated through the measurement of Cy5 counts by -==!
internal reflection fluorescence (TIRF) microscopy. While in the presence of wild-type targets (T/A), no Cy5-dGTP can be
assembled into the biotinylated probe due to the presence of mismatch and consequently no FRET is observed. This sinclea
QD-based biosensor exhibits high sensitivity with a detection limit of 5.3 aM (or 32 copies) and can even discriminate s
low as 0.01 % variant frequency from the mixture of mutant target and wild-type one. Importantly, this biosensor can be

used for genomic analysis in human lung cancer cells, and may be further applied for early clinical diagnosis a a

personalized medicine.

1. Introduction

With the development of individualized medicine, there is an
increasing need for the identification of genetic mutations in
clinical samples. Genetic mutation consists of single-base
substitution (point mutation), insertion, and deletion at
specific position, and point mutation is one of the most
abundant forms of genetic mutation in human genomes.
Point mutation usually results from the endogenous DNA
replication/repair defects or the environmental mutagen
exposures,z'3 and it plays important roles through the
regulation of functional encoded proteins in various biological
events such as cellular growth, differentiation, and
apoptosis.4 More and more researches indicate that the point
mutations in genomic DNA are closely associated with some
severe diseases including cancers, Alzheimer’ s disease, sickle
cell anemia and neuropsychiatric disorders.”® Moreover, the
individuals with different types of point mutations might have
different responses to pathogens, drugs, vaccines and
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chemical agents.

of point mutation in human genome is of great importance o

Consequently, the accurate identificatior

early diagnosis of disease and prognosis in family genetic
disorders as well as the pharmacological research.

So far, a variety of methods have been developed fo.
point mutation assay including sequencing analysis,n‘12 sing' -
strand conformation polymorphism (SSCP),13’14 high resolutio..
melting analysis (HRMA),lS'17 denaturing high performan -
liquid chromatography (DHPLC),18 mutant-enriched PC
method,w’20 microbead-based ligase reaction assay,21
label-free fluorescent

and
molecular switch-based meth( - ~*
Among them, the sequencing analysis is the most widely used
method for point mutation assay, but it usually suffers from
poor sensitivity and large sample consumption. The SSC~

another frequently used method with the advantage of high
sensitivity, but it needs gel electrophoresis and is only suitak <
for qualitative analysis. The HRMA method relies on ti =
differences of melting curve shape between the mutant target
and the wild-type one, and has become an important tool for
point mutation assay. However, it may only be used for the
analysis of small and highly purified DNA fragments. T e
DHPLC seems to be a good alternative method due to its
rapidness and reliability, but it is hard to distinguish t' e
mutation types and it also involves expensive apparatus. Tl..
mutant-enriched PCR method is a restriction fragment lengtk
polymorphism (RFLP) analysis with high specificity = -
sensitivity. However, it involves two-step PCR and restriction
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digestion, and the RFLP analysis requires the electrophoresis.
The microbead-based ligase reaction assay is a rapid point
mutation detection method, but the involvement of molecular
beacon increases the experimental cost. Therefore, the
development of highly sensitive and specific methods for point
mutation assay still remains a great challenge.

Recently, the semiconductor quantum dots (QDs) have
gained increasing attention because of its excellent optical
properties including high quantum yields, narrow and size-
tunable fluorescence spectra, and less susceptible to photo-
bleaching/quenching.z}26 Moreover, the QDs are much
brighter with longer lasting time than organic fluorophores
and fluorescent proteins.27 The QDs have been widely used in
fluorescence imaging, biological labeling, biomedical research,
and even in the field of single-molecule detection.” Especially,
the QDs may function as the fluorescence resonance energy
transfer (FRET) donors in the development of various
biosensors for the detection of proteins, nucleic acids and
small molecules.”®*° Here, we develop a single QD-based
biosensor for sensitive and selective detection of DNA point
mutation. In this assay, the mutant targets are enriched by
endonuclease digestion and PCR amplification, and then the
single base extension reaction is initiated with the assembly of
Cy5-dGTP into the biotinylated probe. The resultant Cy5-
labeled biotinylated probes may be assembled onto the QD
surface to form a Cy5-DNA-QD complex, leading to the
occurrence of FRET between the QD and Cy5. While in the
presence of wild-type targets, the single-base extension
reaction cannot be initiated and no FRET occurs between the
QD and Cy5. This method allows for highly sensitive detection
of mutant targets with a detection limit of as low as 5.3 aM (or
32 copies), and it can even distinguish 0.01 % variant
frequency from the mixture of mutant target and wild-type
one. Importantly, this method can be used for genomic
analysis in human lung cancer cells, and may be further
applied for early clinical diagnosis and personalized medicine.

2. Experimental section

2.1 Materials and reagents

All oligonucleotides (Table 1) were synthesized and HPLC
purified by Sangon Biotech (Shanghai) Co., Ltd. Tag DNA
Polymerase, endonuclease Mscl, shrimp alkaline phosphatase,
E.coli exonuclease |, deoxynucleotide (dNTP) solution mixture
were purchased from New England Biolabs (Beverly, MA, USA).
Cyanine 5-dGTP (Cy5-dGTP) was obtained from PerkinElmer
(Boston, MA, USA). 10000 X SYBR Green | was purchased
from Xiamen Bio-Vision Biotechnology (Xiamen, China). The
streptavidin-coated 605 nm emission QD were obtained from
Invitrogen Co. (Carlsbad, CA, USA). All other chemical reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2| J. Name., 2012, 00, 1-3

Table 1 Sequences of targets, primers and probes Ji., aricie Online
DOI: 10.1039/C5AN01270H

note sequence (5’-3’)

mutant target AAC GTA CTG GTG AAA ACA CCG CAG

(double- CAT GTC AAG ATC ACA GAT TTT GGG

stranded DNA) CGG GCC AAA CTG CTG GGT GCG GAA
GAG AAA GAA TAC CAT GCA GAA GG*
GGC AAA

wild-type AAC GTA CTG GTG AAA ACA CCG CAG
target CAT GTC AAG ATC ACA GAT TTT GGG
(double- CTG GCC AAA CTG CTG GGT GCG GAA

stranded DNA)  GAG AAA GAA TAC CAT GCA GAA GGA
GGC AAA

CTG GTG AAAACACCG CAGC

TGC CTC CTT CTG CAT GGT ATT

Biotin-GCA CCCAGCAGT TTG GCCC

forward primer
reverse primer
biotinylated
probe

®The underlined letter in mutant target and wild-type targ -t
indicates the point mutation.

2.2 Endonuclease digestion and PCR amplification

Because the recognition sequence of endonuclease WMscl
locates at the site of point mutation, the sequence of TGG |
CCA in wild-type target can be cleaved into two fragments, v’ «
the sequence of GGGCCA in mutant target cannot be cleave.
The endonuclease digestion reaction was performed in 10 ) _
of reaction mixture containing 5 U Mscl, the targets . *
1 X CutSmart buffer (50 m 4
potassium acetate, 20 mM Tris-acetate, 10 mM magnesium
acetate, 100 pug/mL BSA, pH 7.9), and incubated at 37 °C fo1 4
h. Then the PCR amplification was carried out in 20 pL ui

different concentrations,

reaction mixture containing 4 pL of Mscl digestion produc’ .,
250 nM forward primer, 250 nM reverse primer, 0.2 mM dN1. |
1 U Tag DNA polymerase, and 1X LongAmp Taqg reactic .i
buffer (60 mM Tris-SO4, 20 mM (NH,),S0,4, 2 mM MgS0,, 3 .°
Glycerol, 0.06 % IGEPAL CA-630, 0.05 % Tween 20, pH 9). Tt »
amplification involved the initial denaturation at 94 °C for ~
min, followed by 30 cycles of 94 °C for 20 s, 57 °C for 30 s.
65 °C for 30 s, and final extension at 65 °C for 5 min.

2.3 Single-base extension reaction

Before single-base extension reaction, the PCR products were
treated with E.coli shrimp alka... ¢
phosphatase to degrade the excessive primers and tf 2

exonuclease | and
unincorporated dNTPs. 5 pL of PCR products were mixed wi “
5 uL of enzymatic mixture containing 1 U E.coli exonuclease *
1 U shrimp alkaline phosphatase, and 1 X CutSmart buffer (57
mM potassium acetate, 20 mM Tris-acetate, 10 ~—**
magnesium acetate, 100 pg/ml BSA, pH 7.9), and incubated ~+
37 °C for 1 h, followed by enzyme inactivation at 80 °C for . 0
min. The single-base extension reaction was performed in 20
UL of total volume containing 8 pL of enzymatic digestic n
products, 200 nM biotinylated probe, 2 uM Cy5-dGTP, 1 U Tay
DNA Polymerase, and 0.5X LongAmp Taq reaction buffer (>~
mM Tris-SO4, 10 mM (NH,4),S04, 1 mM MgSO,, 1.5 % Glyce.
0.03 % IGEPAL CA-630, 0.025 % Tween 20, pH 9.0). The
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extension reaction involved the initial denaturation at 94 °C for
3 min, followed by 40 cycles of 94 °C for 20 s, 60 °C for 40 s,
and eventually at 4 °C. The extension products were further
treated with 1 U shrimp alkaline phosphatase to digest the
excessive Cy5-dGTP at 37 °C for 1 h, followed by enzyme
inactivation at 65 °C for 10 min.

2.4 FRET detection

The 9 uL of reaction products was added to the incubation
solution with a final volume of 100 pL containing 0.5 nM
streptavidin-coated 605 nm emission QD and 1X incubation
buffer (100 mM Tris-HCI, 10 mM (NH,4),SO, , and 3 mM MgCl,,
pH 8.0). The mixture was incubated at room temperature for
10 min to make the streptavidin-coated QD conjugate with the
biotinylated probes. At last, the fluorescence spectra of
reaction solution were measured by a Hitachi F-4500
fluorometer (Tokyo, Japan) equipped with a xenon lamp as the
excitation source. The spectra of QD and Cy5 were recorded at
the excitation wavelength of 488 nm. The excitation and
emission slits were set for 10 nm and 10 nm, respectively.

Before total internal reflection fluorescence (TIRF)
microscopy imaging, 100 pL of reaction solution was diluted
25-fold with the dilution buffer containing 67 mM glycine-KOH
(pH 9.4), 50 pg/mL BSA, 2.5 mM MgCl,, 1 mg/mL Trolox. In
order to minimize the photobleaching, an oxygen-scavenging
buffer (1 mg/mL glucose oxidase, 0.4 % (w/v) D-glucose, and
0.04 mg/mL catalase) was added into the imaging buffer. The
glass slides were pretreated according to the method
proposed by Chan et al.®! The QDs were excited by a Jive 488-
nm DPSS laser (Cobolt) via TIRF. Both the QD and the Cy5
fluorescence signals were collected by an oil immersion
objective (NA 1.45, 100 X, Olympus), and imaged onto the two
halves of an Andor Ixon DU897 EMCCD with a time resolution
of 50 ms. A series of sequential frames on different locations
were acquired from a single slide. The images were obtained
with Image J (version 1.48e19, Broken Symmetry Software,
U.S.A.). An imaging region of 200X 200 pixels was selected for
data analysis. The Cy5 counts were obtained by summing up
five frames with the ‘analyze particles’ data of Image J.

2.5 Electrophoresis

The products were analyzed by 12% PAGE gel electrophoresis
at room temperature in 0.5X TBE buffer (45 mM Tris-borate,
45 mM boric acid, 1 mM EDTA, pH 8.3) with 1X loading
buffer and 1X SYBR Green | as the fluorescent indicator. The
images of gel electrophoresis were acquired with a Kodak
Image Station 4000MM (Woodbridge, CT, USA).

2.6 Extraction of genomic DNA

The H460 cells were cultured in Dulbecco’s modified Eagle’s
media (DMEM) supplemented with 10 % fetal bovine serum,
100 pg/mL penicillin and 100 pg/mL streptomycin. The cells
were incubated at 37 °C in humidified air with 5 % CO,. The
genomic DNA of H460 cells was extracted from 2.5X 10° cells
using the Takara MiniBEST universal genomic DNA extraction

This journal is © The Royal Society of Chemistry 20xx
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kit according to the manufacturer’s procedurgs, ,andothe
extracted genomic DNA was eluted with BO'ul08f &llitioh Blaffet.

3. Results and discussion
3.1 Principle of point mutation assay

As shown in Scheme 1, the point mutation assay involves tiiree
steps including PCR amplification, single base extensic

reaction, and FRET detection. We chose the L858R poir:®
mutation in human epidermal growth factor receptor (EGF ')
gene as a model.*? In the first step, the mutant targets remain
uncleaved after treatment with endonuclease Mscl, but mc st
wild-type targets are cleaved into two fragments. With the
assistance of primers and Taq polymerase, the mutant targets
and the uncleaved wild-type targets are amplified by PCR. ...
the second step, the amplified mutant target are captured ',
the biotinylated probes during the process of denaturation ar *
annealing, and meanwhile the Cy5-dGTP is assembled into th~
biotinylated probe with the catalysis of Tag polymerase 't
60 °C. When the temperature is increased to 94 °C, the
duplexes are denatured, releasing both the Cy5-labe.
biotinylated probes and the mutant targets. The rele _u
mutant targets can hybridize with new biotinylated probes to
initiate the single-base extension cycle, generating large
numbers of Cy5-labeled biotinylated probes. Although tre
wild-type targets may be captured by the biotinylated probe.,
the Cy5-dGTP cannot be assembled into the biotinylated prol _
due to the presence of mismatched base. In the third step, ti.

Cy5-labeled biotinylated probes are attached onto the 7
surface through biotin-streptavidin interaction to form a Cy5S
DNA-QD complex, resulting in the generation of FRET betwed n
the QD donor and the Cy5 receptor. When the Cy5-DNA-Gu
complex is excited by a 488 nm laser, the fluorescence signi s
of both QD and Cy5 can be observed simultaneously. Thc
mutant target can be quantitatively evaluated by t'ec
measurement of Cy5 counts. Even though some free Cy5-dG1.
molecules may exist in the solution, they are far away from t}
QD surface and no FRET between the QD and Cy5 can L

observed in the single-particle/molecule imaging.

J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c5an01270h

P OO~NOUILAWNPE

Analyst

GC TC .
Mutant [ ||| ||| g 111 LT Tagl LI Wild-type
Endonuclease
cc [T TAGITIITIT Cleaved
MM Tee IITITIT T
¢ TITTIIIAGIIIIIIT Uncleaved
pmm T lP(ZR emm——
. . ,° .
’ Y s Ay
O T , 1 Q— .
JSommmmm DO ! 3
| oo OOm | OO moomm
] 1 ] ]
ponnnnnnnnnng I prnninnnnninng i
| ! \ I
. I m/’ *y L
] - Denaturati -_d\ li
Biutin_\'latedpmbe enaluralionand Annealing
r
———— <
lllGc Illlrc
*
Cy5-dGTP & Single base extension
*
R J—
—1IIT¢ —1lllre
@ Streptavidin coated QD
FRET

No FRET

k

c

/?
FD]IEC

I-thitati?:-n (488 nm) Excitation (488 nm)

Scheme 1 Schematic illustration of single QD-based biosensor

for DNA point mutation assay.

To confirm the PCR amplification, single base extension
reaction, and FRET detection involved in this assay, we performed
nondenaturating polyacrylamide gel electrophoresis (PAGE) analysis
(Fig. 1A and 1B) and fluorescence measurement (Fig. 1C). As shown
in Fig. 1A, a distinct band is observed in the presence of mutant
target after PCR amplification, but no band is observed in the blank
group. Notably, a weak band is observed in the presence of wild-
type target after PCR amplification, because endonuclease Mscl is
unable to digest the wild-type targets completely. We used PAGE to
analyze the products of single-base extension reaction (Fig. 1B). The
left image of Fig. 1B is obtained via the sliver staining and the right
image is acquired by a Kodak Image Station 4000MM at an
excitation wavelength of 635 nm (for Cy5 molecule). In the left
image, a distinct 19 bp band from the biotinylated probe is
observed in the lanes of blank and wild-type target (WT). While in
the presence of mutant target, a new band appears in the lane of
mutant target (Mut), which results from the assembly of Cy5-dGTP
into the biotinylated probe in single-base extension reaction (left
image of Fig. 1B). This is confirmed by the appearance of a new
band upon the excitation of Cy5 fluorescence in the presence of
mutant target (right image of Fig. 1B). After the addition of QDs into
the products of single-base extension reaction, we measured the
fluorescence of both the QDs and Cy5 (Fig. 1C). The addition of
mutant target induces the decrease of QD fluorescence intensity
and the increase of Cy5 fluorescence intensity, suggesting the

4| J. Name., 2012, 00, 1-3

occurrence of FRET between the QD and Cy5 due to the formation
of a Cy5-DNA-QD complex. In contrast, BothlGhe> B and2Cys
fluorescence intensities remain unchanged in the presence of wild-
type target as compared with that in the blank group, suggesting o
occurrence of FRET between the QD and Cy5. This result al .
demonstrates the high specificity of the proposed method for DM *
point mutation assay.

M Blank WT Mut

Probe Blank WT Mut Probe Blank WT Mut

c 600 - QD

500 - Blank
— Wild-type
4004 Mutant
=
‘w3004
s
@
E 200 4
100 ~

600 620 640 660 680 700
Wavelength (nm)

Fig. 1 Verification of single QD-based biosensor for DNA poii..
mutation assay. (A) PAGE analysis of the PCR-amplified products. J)
PAGE analysis of the single-base extension products. The left imag
is obtained via the sliver staining and the right image is acquired ! ;
a Kodak Image Station 4000MM at an excitation wavelength of 6.~
nm (for Cy5 molecule). (C) Fluorescence spectra of the single-base
extension products with the addition of QDs. The concentratic of
mutant target is 1 fM, and the concentration of wild-type target is 1
fM. The M, WT and Mut represent the DNA maker, wild-type target,
and mutant target, respectively.

3.2 Detection of point mutation with TIRF microscope

To further verify the feasibility of single QD-based biosensor for
DNA point mutation assay, we performed the fluorescence images
with TIRF microscopy in the presence of mutant target and wild-
type one, respectively. As shown in Fig. 2, in the presence of mute 1t
target (Fig. 2A and 2B), the fluorescence signals of QD (Fig. 2A,
green color) and Cy5 (Fig. 2B, red color) are observ u
simultaneously. The presence of mutant target enables t

assembly of Cy5-dGTP into the biotinylated probe and the
formation of Cy5-DNA-QD complex, making the Cy5 molecul in
close proximity to the QD and consequently the occurrence of FRET

This journal is © The Royal Society of Chemistry 20xx
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between the QD and Cy5. However, in the presence of wild-type
target (Fig. 2C and 2D), only the fluorescence signal of QD can be
detected (Fig. 2C, green color), but no Cy5 fluorescence signal is
observed (Fig. 2D), suggesting no occurrence of FRET between the
QD and Cy5 because no Cy5-dGTP can be assembled into the
biotinylated probe. Notably, the QD fluorescence signals in the
presence of mutant target (Fig. 2A) are much weaker than those in
the presence of wild-type target (Fig. 2C) due to the quenching of
QD fluorescence as a result of energy transfer from the QD donor to
the Cy5 acceptor in the Cy5-DNA-QD complex.

Fig. 2 Fluorescence images of the single QD-based biosensor in the
presence of mutant target (A and B) and wild-type target (C and D),
respectively. A and C are the images of QDs. B and D are the images
of Cy5. The mutant target concentration is 1 fM, and the wild-type
target concentration is 1 fM. The scale bar is 2 um.

3.3 Optimization of experimental condition

To ensure the good performance of the single QD-based biosensor,
we optimized the probe-to-QD ratio to obtain high FRET efficiency.
We synthesized a double-stranded DNA probe with a length of 20
bp. One strand is labeled with biotin at the 5’ end (5’-biotin-CAA
TTC CCG TCG CTA TCA AA-3’), and its complementary strand is
labeled with Cy5 at the 5’ end (5’-Cy5-TTT GAT AGC GAC GGG AAT
TG-3’). We calculated the FRET efficiency according to the equation
of E=1 — (F/ Fp), where F is the fluorescence intensity of QD
donor in the presence of Cy5 acceptor, and F, is the fluorescence
intensity of QD donor in the absence of Cy5 acceptor. As shown in
Fig. 3A, the FRET efficiency improves with the increase of probe-to-
QD ratio from 1 to 36, and levels off beyond the ratio of 36.
Therefore, the probe-to-QD ratio of 36 is used in the following
research.

The concentration of Cy5-dGTP is a key factor in the single
base extension reaction and influence the subsequent FRET
efficiency. Theoretically, the high-concentration Cy5-dGTP may lead
to high single-base extension efficiency and the assembly of more
Cy5 molecules into the biotinylated probes and consequently the

This journal is © The Royal Society of Chemistry 20xx
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high FRET efficiency. To optimize the Cy5-dGTP concgnfratiomn we
measured the FRET efficiency at various REHCEntPaRioRs\ NFLAOWSL
dGTP. As shown in Fig. 3B, the FRET efficiency improves with the
increase of Cy5-dGTP concentration from 0.5 uM to 2 uM, .
remains unchanged beyond the concentration of 2 uM. Therefor ,
we chose 2 pM as the optimal Cy5-dGTP concentration in t*
subsequent research.

A s
0.5+ B —g—
) T
= e
5 04 e
5 o034 /’
2 o2 d
0ad /
p,
0.0
T T T T T 1
0 10 20 30 40 50

Ratio of probe-to-QD

FRET eficiency

Fig. 3 (A) Variance of FRET efficiency with the ratio of probe-to-Qu
(B) Variance of FRET efficiency with the concentration of Cy5-dGT .
Error bars show the standard deviation of three experiments.

3.4 Sensitivity of point mutation assay

To investigate the sensitivity of the proposed method for DNA point
mutation assay, we measured different-concentration targets ui

the optimally experimental conditions. Fig. 4A shows the variane2
of Cy5 counts with the target concentration in the range from 0 ¢
10 fM. Despite of the increasing concentration of wild-type targn*
the Cy5 counts show no significant change (Fig. 4A). In contrast, the
Cy5 counts increase gradually with the increasing concentration of
mutant target, and a linear correlation is obtained between the Cy5
counts and the mutant target concentration in the range from 0
aM to 3 fM (Fig. 4B). The regression equation is N = —116.42 +
194.92 log,, C with a correlation coefficient of 0.9858, where N s
the Cy5 counts and C is the concentration of mutant target (alV. ,,
respectively. The limit of detection is calculated to be 5.3 aM (or 32
copies) based on the evaluation of the average signal of control _ s
three times standard deviation. Notably, the sensitivity of single

J. Name., 2013, 00, 1-3 | 5
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QD-based biosensor has improved by as much as 6 orders of
magnitude as compared with that of surface enhanced Raman
scattering-based assay (1.4 pM),33 by more than 5 orders of
magnitude as compared with that of the rolling circle amplification-
based electrochemiluminescence assay (0.1 pM),34 and by more
than 2 order of magnitude as compared with that of ligation
reaction-based electrochemical assay (0.1 fM).35 The improved
sensitivity may be attributed to both the high amplification
efficiency of PCR and the high signal-to-noise ratio of single QD-
based biosensor.

A 60, .
mmm wild-type target
Il mutant target
500
= 4004
; 1
S 3004
~ 200
100 4
|]_
0 10 30 100 300 1000 3000 10000
Target concentration (aM)
B 600 -
. A
500 1 3
<4 //
s 400 4 4
2 ] >
g 300 ~
P d
A3
I} 4 n
i v
O 2004 Ve
J'/(f
100{ o~
0 T T L T T T T T T T T ]l
L0 15 20 2.5 3.0 35
log,,C (aM)

Fig. 4 (A) Variance of the Cy5 counts with the concentration of
mutant target (red column) and wild-type one (black column). (B)
The Cy5 counts show a log-linear correlation with the concentration
of mutant target in the range from 10 aM to 3 fM. Error bars show
the standard deviation of three experiments.

3.5 Measurement of variant frequency

In general, there is only a trace amount of mutant gene at the early
stage of diseases, and their information is usually hided by the
presence of abundant wild-type gene.36 It is particularly imperative
to accurately identify the minimal amount of mutant target among
plentiful wild-type ones for early clinical diagnosis. To evaluate the
feasibility of single QD-based biosensor for variant frequency assay,
we measured the artificial mixtures of mutant target and wild-type
one at various percentages. The total concentration of mutant

6 | J. Name., 2012, 00, 1-3

target and wild-type one is 10 pM, and the mixtuge,ingludes;Q
0.01 %, 0.05 %, 0.1 %, 0.5 %, 1 %, 5 %, 10°% G0 %/ Grid AEF0%
mutant target, respectively. As shown in Fig. 5, the Cy5 counts
increase with the increasing percentage of mutant target in «
mixture. It is worth noting that the proposed method can ev; .
distinguish as low as 0.01 % variant frequency, in which t*

concentration of wild-type target is 10000 times higher than th~t,~*
the mutant target. The proposed method with the discriminati n
capability of 0.01 % variant frequency is superior to most currenuy
used approaches for point mutation assay including the catior ¢
conjugated polymer-based FRET method (2-8%),>” the microbeat
based ligase detection reaction assay (0.25 %),21 and the mutar -
enriched PCR method (0.05 %).19

700~
600 1
500+

400

CyS counts

300+

200 4

0 001 005 0.1 05 1 5 10 50 100

Variant frequency (%)

Fig. 5 Variance of the Cy5 counts as a function of variant frequen v.
The total concentration of mutant target and wild-type one is 1u
pM. Error bars show the standard deviation of three experiment..

3.6 Real sample analysis

To further validate the feasibility of the proposed method for re al
sample analysis, we measured the spiked wild-type target / mutant
target in the genomic DNA of H460 cells. The H460 is a wild-ty e
lung cancer cell without L858R point mutation.***° We used the
pure buffer solution and the genomic DNA without any targets s
the control group. As shown in Fig. 6, no significant difference 15
observed between the control group and the wild-type group wi*’
the wild-type target spiked in the genomic DNA and buffer soluu.
However, high Cy5 counts are observed in both the mutant target-
spiked genomic DNA sample and the mutant target-spiked buffer
solution (Fig. 6). These results demonstrate that the propos u
method can be applied for DNA point mutation assay in compl x
genomic DNA sample with good accuracy and reliability.

This journal is © The Royal Society of Chemistry 20xx
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b
U
=

I B uffer
I Genomic DNA

200

100 1

CyS counts

50+

Mutant

Control

Wild-type

Fig. 6 The Cy5 counts obtained under different conditions. From left
to right: a buffer solution, a 10 % extracted genomic DNA sample,
100 aM wild-type target in the buffer solution, 100 aM wild-type
target in the genomic DNA sample, 100 aM mutant target in the
buffer solution, and 100 aM mutant target in the genomic DNA
sample. Error bars show the standard deviation of three
experiments.

4. Conclusions

In summary, we have developed a single QD-based biosensor
for sensitive and selective detection of DNA point mutation.
This biosensor takes advantage of the excellent specificity of
endonuclease Mscl and single base extension reaction, and it
can distinctly differentiate the mutant target from the wild-
type one. Due to the high amplification efficiency of PCR and
the high signal-to-noise ratio of single-molecule detection, this
biosensor can sensitively detect the mutant target with a
detection limit of 5.3 aM (or 32 copies), and it can even
discriminate as low as 0.01 % variation frequency from the
mixture of mutant target and wild-type one. More importantly,
this biosensor can be used for genomic analysis in human lung
cancer cells, and may be further applied for early clinical
diagnosis and personalized medicine.
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