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Temperature- and ﬂow-enhanced detection speciﬁcity
of mutated DNA against the wild type with reporter
microspheres
Ceyhun E. Kirimli,a Wei-Heng Shihb and Wan Y. Shih*a
Detection of mutated (MT) deoxyribonucleic acid (DNA) amongst the wild type (WT) requires the probe DNA
(pDNA) that is complementary to the MT to discriminate the WT by one or two nucleotide mismatches.
Traditionally this is achieved by raising the temperature to above the melting temperature (Tm) of the WT
(TWT) but below that of the MT (TMT). However, a raised temperature is also accompanied by a weakened
binding of the MT to the pDNA which can reduce the detection sensitivity. In this study, we investigated
ﬂow as a way to enhance MT detection speciﬁcity at a lower temperature. Gold-coated glass (GCG) slides
immobilized with pDNA complementary to the target MT were placed at the center of the ﬂow cell. The
detection was done by ﬂowing MT or WT at various concentrations followed by ﬂowing 105 ml1
ﬂuorescent reporter microspheres (FRMs) that were 6 mm in size and coated with reporter DNA
complementary to the MT or WT but diﬀerent from the pDNA at various ﬂow rates and temperatures. The
detection of MT or WT was characterized by counting the FRMs captured on the GCG. Hepatitis B virus
1762/1764 double mutation (HBV DM) was the model MT and the TMT and TWT were 47  C and 22  C,
respectively. It was shown that at room temperature, ﬂow initially increased the binding of both the MT
and WT at lower ﬂow rates but decreased the binding at ﬂow rates $4 ml min1 due to the increase in
the ﬂow-induced impingement force on the FRMs to overcome the binding of the MT and the WT to the
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GCG at higher ﬂow rates. At $30  C the decrease in binding of the WT with an increasing ﬂow rate was
more than that of the MT because 30  C was above the TWT but still well below the TMT. As a result, the
detection of MT at 30  C with a ﬂow rate of 4 ml min1 was more speciﬁc than at 35  C without ﬂow.
These results indicate that ﬂow can diminish WT binding at a lower temperature than without ﬂow and
allow MT detection to occur at a lower temperature with high speciﬁcity.

Introduction
Cancer is a genetic disease and gene mutation is an important
form of genetic defect that plays an important role in cancer
pathways. Detecting gene mutation is essential for cancer
diagnosis, cancer therapy decision, as well as therapy eﬃcacy
monitoring. Many genetic cancer markers are known to circulate in body uids such as serum and urine. Detecting circulating genetic markers in serum or urine is minimally invasive
or non-invasive, which can be an integral part of the therapy
monitoring when the primary tumor is removed or hard to get
to. One challenge of detecting cancer genetic markers in serum
or urine is that the wild type shed by the normal cells may be far
more abundant than the defected gene shed by the cancer. For
example, the wild type (WT) Kras gene is known to outnumber
the mutant (MT) Kras gene by a factor of 240.1 Gene mutation is
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among the most challenging to detect as one must be able to
detect and diﬀerentiate the MT from the WT given that the WT
outnumbers the MT and the genetic diﬀerence between the MT
and WT is oen one nucleotide. Currently WT can be discriminated using methods such as denaturing gradient gel electrophoresis,2 temperature gradient gel electrophoresis,3 single
strand conformation polymorphisms,4–6 heteroduplex analysis,7
chemical cleavage methods,8,9 protein truncation tests,10,11 DNA
chips12,13 and high resolution melting temperature analysis.14
All of the above methods are based on the fact that the
hybridization kinetics between the WT and the probe DNA
(pDNA) is diﬀerent from that between the MT and the pDNA.
For a pDNA that is perfectly complementary to MT, the melting
temperature of the MT, the de-hybridization temperature
between the pDNA and the MT, TMT, is higher than the melting
temperature of the WT, the de-hybridization temperature
between the pDNA and the MT, TWT. This melting temperature
diﬀerence is important in diﬀerentiating the MT from the WT.
Typically the MT is detected at a temperature between TMT and
TWT.14–16 While raising the temperature within the TMT–TWT
window may minimize the binding of the WT to improve
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Fig. 1 A schematic of the nucleotide sequences of (a) MT and (b) WT and their
hybridization on pDNA, upstream rDNA and downstream rDNA.

specicity; it can also reduce the binding of the MT, thus
reducing the sensitivity. Some single-nucleotide mutations may
have a TMT–TWT window as small as less than 1  C,17 making it
diﬃcult to diﬀerentiate MT from WT by temperature means
alone. Recent development of locked nucleic acid (LNA) pDNA
that can help widen the window between TMT and TWT is one
way to help better diﬀerentiate MT from WT.18
Fluorescent polystyrene microspheres have been used as a
means of detecting DNA hybridization.19 Furthermore in a
systematic study involving shear ow, microspheres were
coated with single stranded DNA to hybridize with pDNA on a
surface under the inuence of various levels of shear stress. It
was shown that shear stress played an important role similar to
that of temperature in that DNA became increasingly dehybridized with an increasing shear stress and that there existed a critical shear stress above which microspheres became
detached from the surface and that DNAs with a single
mismatch exhibited a somewhat lower number of attached
microspheres per unit area.20 In addition, ow has also been
shown to minimize cross-binding of closely related species of
Bacillus anthracis (BA) such as B. thuringiensis (BT), B. cereus
(BC), and B. subtilis (BS) to anti-BA antibody immobilized on a
sensor situated at the centre of a laminar ow.21 Fluid ow in a
narrow channel has also been shown to help enhance detection
sensitivity by reducing nonspecic binding.22–24 Therefore, it
seems possible that uid ow may be an auxiliary tool to further
improve the specicity of mutation detection.
The purpose of this study was to investigate how ow can
aﬀect the specicity of mutation detection in addition to
temperature with the help of uorescent reporter microspheres
(FRMs). The model mutant (MT) gene was the 1762T/1764A

Table 1

HBV double mutation which is present in 50–85% of hepatocellular carcinomas (HCC).25–29 The HBV DM MT gene has two
mutated sites that are close to each other as shown in the
schematic in Fig. 1a and in Table 1. A gold-coated glass (GCG)
with pDNA complementary to the MT covalently immobilized
on its surface was vertically immersed in the center of a laminar
ow of the MT or WT solution for the MT or WT to hybridize to
the pDNA on the GCG. Separately, FRMs are covalently coated
with reporter DNA (rDNA) that is complementary to MT and WT
but diﬀerent from pDNA (see the schematic in Fig. 1 and
Table 1). Aer MT or WT binding, the GCG was immersed in a
ow of FRMs for the FRMs to hybridize to the captured MT or
WT on the GCG. By varying the ow rate at various temperatures
between TMT and TWT we will be able to determine whether ow
helps to improve the specicity of mutation detection.

Experimental
Target DNAs, probe DNA, and reporter DNAs
The MT used in this study was a 200-nucleotide (nt) long singlestranded DNA (Integrated DNA Technologies) containing the
nucleotide sequence of the Hepatitis B virus genome (GeneBank
Accession #X04615) centered around the 1762T/1764A double
mutations.30 Part of the sequence of the MT around the double
mutations is shown in Table 1 where the two mutation sites
were denoted by underlines. A partial sequence of the 200-nt
long WT is also shown in Table 1. 16-nt long synthetic singlestranded pDNA and 30-nt reporter DNA (rDNA) were purchased
from Sigma. The pDNA was complementary to MT targeting the
16-nt sequence focused around the double mutation sites of the
MT. The sequence of the pDNA is also shown in Table 1.
The pDNA was amine-activated and had a 12-polyethyleneglycol
(PEG) spacer at the 50 end. The melting temperature of the MT
with pDNA was 47  C and that of the WT with pDNA was 23  C as
estimated using salt adjustment for phosphate buﬀered saline
(1 PBS).31,32 These two melting temperatures are also listed in
Table 1.
There were two diﬀerent 30-nt long rDNAs. The rDNAs were
complementary to the sequence of the MT and WT upstream
and downstream of the 16-nt sequence that was complementary to the pDNA. The reason for using two diﬀerent reporter
DNAs was that the present study was aimed at a model study to
detect trans-renal DNA in patients' urine samples. Trans-renal
DNAs are DNA fragments of less than 200 bps from distant
organs. The sequence targeted by the pDNA might not be

The sequences of the pDNA, MT, WT, upstream rDNA, downstream rDNA and their corresponding melting temperatures, Tm

Type of DNA

Sequence (50 to 30 )

Tm ( C)

MTa
WT
pDNA
Upstream rDNA
Downstream rDNA

50 GGTTAATGATCTTTGT30
50 GGTTAAAGGTCTTTGT30
Amine-50 -ACAAAGATCATTAACC-30
Amine-50 -ACAGACCAATTTATGCCTACAGCCTCCTAG-30
50 -AATCTCCTCCCCCAACTCCTCCCAGTCTTT-30 -amine

47
23
—
76.3
77.4

a

Mutation sites are indicated by underlines.
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always at the center of the DNA fragments. Including two
reporter sequences one upstream and one downstream would
ensure that there always be one reporter DNA that could attach
to the captured DNA fragments. The upstream rDNA was
amine activated with a 12-PEG spacer at the 50 end and the
downstream rDNA was also amine activated but with a 7-PEG
spacer at the 30 end. The sequence of the upstream rDNA and
that of the downstream rDNA are also shown in Table 1. The
melting temperature of the upstream rDNA to the MT/WT was
76.3  C and that of the downstream rDNA to the MT/WT was
77.4  C. Since the sequences of the WT and MT were identical
except for the two mutation sites, the melting temperature of
the upstream or downstream rDNA to the WT was the same as
that of the upstream or downstream rDNA to the MT. The
melting temperatures of the two rDNAs with the MT and those
of the rDNA with the WT are also listed in Table 1. Fig. 1a and b
show schematics illustrating the relationship between MT,
pDNA, and upstream and downstream rDNAs and that
between WT, pDNA, and upstream and downstream rDNAs,
respectively. The upstream and downstream tDNAs were
designed to have much stronger binding to the target MT or
WT than the pDNA to the target MT or WT. Therefore, when
unbinding due to the ow-induced impingement force
occurred it would occur at the binding sites between the pDNA
and the MT or WT but not at that between the rDNA and the
MT or WT. Because the binding of the pDNA to the WT was
much weaker than that of pDNA to the MT, theoretically, the
ow-induced impingement force could more easily overcome
the weaker binding between the pDNA and the WT than that
between the pDNA and the MT to allow us to selectively detect
MT but not WT.

Analyst

Fig. 2 A schematic of (a) pDNA immobilization on a GCG surface using sulfoSMCC, and (b) schematic of rDNA conjugation on carboxylated FRMs with sulfoNHS and EDC.

Substrate preparation and pDNA immobilization
Glass microscope coverslips (22 mm  22 mm) were deposited
with 100 nm thick gold using thermal evaporation. The coverslips were then cut into small rectangular pieces of approximately 3 mm  3 mm. In the following we will refer to these
3 mm  3 mm gold-coated glass coverslips as GCGs. The
surface of these GCGs was cleaned by immersing them into 100
times diluted piranha solution (1 : 1 sulfuric acid : hydrogen
peroxide by volume) for 2 minutes and then washed with
deionized water and anhydrous ethanol. The GCGs were then
immersed in 50 ml of 0.01 mM 3-mercaptopropyl trimethoxysilane (MPS) (Sigma) solution in ethanol to coat the MPS on the
gold surface of the GCGs. The pDNA was immobilized on the
MPS surface using sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) (Pierce) as the bi-function. The maleimide end of the SMCC reacted with the thiol of
the MPS on the GCG surface and the NHS ester end of the SMCC
reacted with the amine at the 50 end of the pDNA, thereby,
covalently immobilized the pDNA on the GCG surface (Fig. 2a).
The 12-PEG spacer at the 50 end of the pDNA would allow the
pDNA to be at a distance from the GCG surface for easy
hybridization to the tDNA. Aer MPS coating, the MPS-coated
GCGs were immersed in a 1 mM pDNA solution with 5 mM sulfoSMCC for 1 hour to immobilize the pDNA. The GCG was then
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rinsed with DI water and phosphate buﬀer saline (PBS) solution
and made ready for MT or WT binding.
The gold coating was homogenous as it was done by thermal
evaporation at 3.1  105 torr (Thermionics Vacuum Evaporator, Model VE-90). The gold coating was smooth with a
uniform thickness of about 100 nm.33
A micrograph of a GCG bound with FRMs at 105 ml1
following tDNA detection at 100 pM at room temperature
without ow is shown in Fig. 3. As can be seen, the distribution
of the FRMs was quite uniform supporting that the distribution
of the pDNA on the MPS surface was uniform. The uniformity of
the pDNA distribution on the MPS surface was also supported
by the visualization of the Cy3-labeled tDNA captured by the
pDNA on the MPS of a piezoelectric plate sensor prepared with
the same methodology albeit via a somewhat diﬀerent biotin–
streptavidin–biotin scheme.34
rDNA conjugation to FRMs
Blue uorescent polystyrene microspheres (FRMs) (bright blue,
excitation: 360 nm, emission: 407 nm) (Polysciences) 6 mm in
diameter were conjugated with two rDNAs. First, 0.1 ml of 2.1 
108 particles per ml of stock suspension of FRMs was diluted

Analyst, 2013, 138, 6117–6126 | 6119

View Article Online

Published on 24 July 2013. Downloaded by Drexel University on 24/10/2013 18:22:10.

Analyst

Fig. 3 Fluorescent micrograph of bright blue FRMs on a GCG surface following
hybridization of 100 pM of tDNA. Area shown is approximately 1 mm by 1 mm.

10 times in PBS. Aerwards, the suspension went through the
following washing steps three times: vortexing for 15 seconds,
centrifuging at 3700 rpm (Centra, CL2, IEC, MA), discarding the
supernatant, re-suspending the sediment in 10 ml of PBS. For
conjugation, FRM suspensions at 2.1  106 particles per ml
were incubated with 3.3 mM, 330 nM, 33 nM and 3.3 nM of
mixed upstream and downstream rDNA solutions at a 1 : 1 ratio
with 5 mg ml1 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma, MA) and 5 mg ml1 sulfonated N-hydroxysuccinimide (sulfo-NHS) (Pierce, IL) at pH ¼ 6 at room
temperature for 1 h (Fig. 2b). The suspensions were then
washed by centrifugation 3 times as described above. Aer the
nal washing, 10 ml of four diﬀerent stock conjugated FRM
suspensions at 2.1  106 particles per ml were obtained from
four diﬀerent rDNA concentrations. In each experiment, 1 ml of
a stock conjugated FRM suspension was further diluted 10
times to a volume of 10 ml and a concentration of 2.1  105
particles per ml. In the following, all results were obtained at
2.1  105 particles per ml. Overall, due to the high negative
charges on the FRMs and the high negative charges of the
rDNAs, the FRMs whether conjugated or unconjugated were
stable against aggregation as evident in Fig. 3 where the FRMs
captured on the surface were well separated supporting that
these FRMs did not aggregate in the suspensions. Fig. 4a shows
a schematic of a FRM covalently coated with both the upstream
and downstream rDNAs.
tDNA hybridization and subsequent capturing of FRMs
Hybridization of the MT or WT to the probe DNA on a GCG and
the subsequent hybridization of the FRMs by the bound MT or
WT on the GCG were carried out in an open ow cell where the
GCG was placed at the center of the detection chamber with the
major faces of the GCG parallel to the direction of the ow as
schematically shown in Fig. 4b at various temperatures
controlled in an incubator (Digital Control Steel Door Incubator
10-180E, Quincy Lab). The custom-made ow cell was 18.5 mm
6120 | Analyst, 2013, 138, 6117–6126
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Fig. 4 (a) A schematic of a FPM coated with upstream and downstream rDNA,
(b) a schematic of the ﬂow cell where the GCG is placed at the center of laminar
ﬂow, and (c) a schematic of the ﬂow system.

long, 3.5 mm wide, and 5.5 mm deep (volume ¼ 356 ml and
cross-section area ¼ 19.25 mm2) driven with a peristaltic pump
(model 77120-62, Cole-Parmer's Master Flex, Vernon Hills, IL). A
schematic of the ow system is shown in Fig. 4c. An open
container of deionized water was included in the incubator to
control the humidity in the incubator to minimize evaporation
from the open ow cell.
To examine the eﬀects of both the temperature and the ow
rate, we carried out hybridization experiments at various
temperatures and various ow rates. The temperatures examined were room temperature (RT), 30  C, and 35  C, which were
between the melting temperature of the WT, 23  C, and that of
the MT, 47  C. The ow rates examined were 0, 2, 4, and 6 ml
min1. At the given temperature and ow rate, we rst circulated the MT or WT solution through the ow cell for 30 min for
the MT or WT to bind to the pDNA on the GCG as illustrated by
the schematic in Fig. 5a. Aerwards, we circulated the FRM
suspension through the ow cell for 30 min to allow the FRMs
to bind to the MT or WT captured on the GCG as schematically
illustrated in Fig. 5b. PBS was then owed through the ow cell
to wash oﬀ loosely bound FRMs at a ow rate of 2 ml min1 for
30 min as schematically shown in Fig. 5c.

FRM counting
Aer washing, the GCG was air dried and examined using a
uorescent microscope (BX51, Olympus). The number of FRMs
per unit area was determined with a custom made program
written in MatLab as follows. The images taken in grayscale
were turned into black and white using Otsu's method.35 As the
brightness of each FRM was diﬀerent in each image (due to
diﬀerent exposure times and FRM uorescence decay), the
number of white pixels per FRM could be diﬀerent in each
image aer black and white conversion. To determine the
average number of white pixels per FRM, clusters of white pixels
were labeled and cluster size distribution was determined. The
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FRM conjugation and initial room-temperature testing
without ow

Fig. 5 A schematic of (a) tDNA sequence ﬂowed over pDNA immobilized on a
GCG, (b) upstream and downstream rDNA-conjugated FRMs ﬂowed over the GCG
surface and FRMs hybridized on the ﬂanking regions of the tDNA sequences, and
(c) unbound or loosely bound FRMs washed oﬀ from the GCG.

number of the FRMs per unit area in each image was determined from the pixel cluster size distribution as follows. First,
clusters of white pixels less than 20 pixels were considered to be
noise due to the gray-scale to black-white conversion and were
not included in FRM counting. Second, in addition to wellseparated FRMs, some FRMs were close together, they might
appear as one large cluster. These large clusters of white pixels
were separated from clusters of white pixels corresponding to
single FRMs when determining the average number of white
pixels per FRM. This was accomplished by applying an outlier
removal algorithm (ASTM E178, k ¼ 1.5, ASTM ¼ American
Society for Testing and Materials) with the large outlying clusters representing groups of FRMs that were too close to be seen
as separate FRMs. Aer the large outlying groups of white pixels
were neglected, the average FRM size in terms of the number of
white pixels was determined by dividing the total number of
white pixels in the remaining clusters by the total number of the
remaining clusters. Once the average FRM size was determined,
the total number of white pixels in all clusters including the
large outliers was divided by this average number of white
pixels per FRM to estimate the total number of FRMs per unit
area.
It is worth noting that the rDNA immobilized on the FRM
surface did not interfere with either the absorption or the
emission of the FRMs as the absorption of DNAs occurred at
wavelengths below 300 nm with a peak at 260 nm (ref. 36)
whereas the absorption of FRMs occurred between 300 and
400 nm and the emission occurred above 400 nm. The present
uorescent images of the FRMs were also well validated by the
bright-eld images of the FRMs as the FRMs were visible in
bright-eld images (not shown) due to their large size.
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In order to determine the optimal conditions for FRM conjugation to the rDNAs, diﬀerent concentrations (3.3, 33, 330, and
3300 nM) were used to conjugate rDNAs to the FRMs as
described above. To determine which concentration had the
optimal conjugation conditions, we soaked GCGs with immobilized pDNAs in a 1 mM solution of the 200-nt MT followed by
rinsing with PBS. We then soaked the GCGs in suspensions of
rDNA-conjugated FRMs obtained with diﬀerent rDNA concentrations over 30 min followed by rinsing with PBS. Fig. 6a shows
the number of FRMs per mm2 on the GCG surface versus the
rDNA concentration for rDNA conjugation to the FRMs. As can
be seen from Fig. 6a, the FRMs conjugated in 330 nM rDNA
solution exhibited the most number of FRMs per mm2 captured
on the GCG surface under identical pDNA immobilization and
tDNA hybridization conditions, indicating that the optimal
rDNA concentration for the rDNA conjugation on the FRMs was
330 nM. The decrease in the number of FRMs hybridized at
higher concentrations of rDNA is likely due to the increased
steric hindrance associated with a higher rDNA density on the
FRM surface, which reduced the hybridization eﬃciency of

Fig. 6 Number of FRMs per mm2 captured on the GCG (a) followed by 1010 M
MT detection versus rDNA concentration and, (b) followed by MT detection versus
MT concentration with pDNA optimally immobilized in 330 nM pDNA. Both (a)
and (b) were obtained at room temperature and without ﬂow.

Analyst, 2013, 138, 6117–6126 | 6121

View Article Online

Published on 24 July 2013. Downloaded by Drexel University on 24/10/2013 18:22:10.

Analyst

Paper

the FRMs with the captured DNA on the GCG surface.37–39 In
what follows, all FRMs were conjugated with rDNAs at this
concentration.
We then tested thus-obtained FRMs following MT hybridization to the GCG at various MT concentrations for 30 min
followed by FRM binding at 2.1  105 particles per ml and for 30
min where binding of both MT and FRMs was carried out at
room temperature without ow. The resulting number of FRMs
per mm2 versus MT concentration is plotted in Fig. 6b. As can be
seen from Fig. 6b, at 1016 M and 1017 M of MT, the GCG
showed about 450 and 300 FRMs per mm2, respectively while at
1018 M and 1019 M of MT tDNA, the number of FRMs per
mm2 was comparable to that of the negative control at 0 M of
MT. Sample uorescent images of FRMs obtained at 1018 M,
1017 M, and 1016 M MT are shown in insets I, II, and III,
respectively, indicating that the concentration sensitivity of this
method without ow was about 1017 M of MT.
Eﬀect of ow rate and temperature
Combinations of 3 diﬀerent temperatures (room temperature,
30  C and 35  C) and 4 diﬀerent ow rates (no ow, 2, 4 and 6 ml
min1) were studied. The MT or WT was rst owed for 30 min
followed by the ow of FRMs over 30 min at the same temperature and ow rate, and nally washed with PBS at a ow rate of
2 ml min1 at the same temperature as described above. The
MT and the WT were kept at 1010 M. The number of FRMs per
mm2 hybridized to the MT on the GCG surface, to the WT on the
GCG surface and to the negative control versus ow rate at room
temperature, 30  C, and 35  C are plotted in Fig. 7a–c. It is
interesting to note from Fig. 7a that at RT, the ow increased
the binding of both the MT and the WT in the 2–4 ml min1
range but decreased the binding of both the MT and the WT as
the ow rate increased. Such an increase of binding at a low
ow rate and a decrease in binding upon further increase of
ow rate were also observed in the Bacillus anthracis detection
in ref. 21. The enhancement of binding by a ow has also been
observed in antibody binding on antigen.40 The enhanced
binding at a lower ow rate was presumably because ow helped to bring more tDNAs to the GCG surface for binding.
Without ow, the DNAs would have relied solely on diﬀusion to
get to the GCG surface. While ow can help bring more tDNAs
to the GCG surface, it could also generate an impingement force
on the FRMs21 which could overcome the binding force between
the tDNAs and pDNAs to unbind them from the GCG, thus
reducing the overall number of FRMs bound on the GCG
surface as the ow rate was further increased. At 30  C and
35  C, though, the binding of both the MT and the WT
decreased monotonically with an increasing ow rate,
presumably due to the weakening of the binding of the pDNA to
both the MT and the WT. Although the binding of the pDNA to
both the MT and WT decreased with an increasing ow rate at
30  C and 35  C, what was of interest is that the binding of the
pDNA to the WT was suppressed to the levels similar to the
negative controls at higher ow rates, suggesting that ow
made the detection more selective at these two temperatures. In
the following, we will refer to the number of FRMs per mm2
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Fig. 7 Number of FRMs per mm2 captured by a GCG followed by: detection in
the control (no MT or WT, black); detection at 1010 M WT (red); and detection at
1010 M MT (blue). Detections were carried out in triplicate (a) at room
temperature, (b) at 30  C, and (c) at 35  C.

captured on the GCG surface as the “signals”, S and SMT, SWT,
and SC, refer to the number of FRMs per mm2 captured on the
GCG surface following owing a 1010 M MT solution, a 1010
M WT solution, and a control blank PBS, respectively. To
examine whether the ow helped to increase the detection
specicity, we plot the ratio, SWT/SC versus ow rate in Fig. 8a
with black for room temperature, red for 30  C and blue for
35  C. As can be seen, with ow, SWT/SC was signicantly
reduced to close to unity not only at 35  C but also at 30  C. We
further compared the SWT and SC using the Mann–Whitney U
test.41 The resulting p value versus ow rate is plotted, again,
with black for room temperature, red for 30  C and blue for
35  C. As can be seen, at low ow rates of 0 and 2 ml min1 SWT
and SC were statistically diﬀerent (p < 0.05) at room temperature
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Fig. 9 SMT/SWT versus ﬂow rate where SMT is the number of FRMs per mm2
captured by a GCG followed by detection at 1010 MT and SWT is the number of
FRMs per mm2 captured by a GCG followed by detection at 1010 WT at room
temperature (black), at 30  C (red), and at 35  C (blue). Detections were carried
out in triplicate.

SMT/SWT at 10, 103, 106, and 107 WT/MT concentration ratios

Fig. 8 (a) SWT/SC and (b) p value versus ﬂow rate at room temperature (black), at
30  C (red), and at 35  C (blue) where SWT and SC are the numbers of FRMs per
mm2 captured by a GCG followed by detection at 1010 WT and that captured by
a GCG followed by detection in control (no WT or MT). Detections were carried
out in triplicate.

and at 30  C while at high ow rates of 4 and 6 ml min1 SWT
and Sc were only statistically diﬀerent at room temperature but
not at 30  C. These results indicated that the diminished
signicance of SWT against SC at a ow rate of 4–6 ml min1
permitted specic MT detection at a lower temperature of 30  C
as opposed to 35  C with a ow rate of 0–2 ml min1. One
measure of MT detection specicity with respect to WT is
SMT/SWT. In Fig. 9, we plot SMT/SWT versus ow rate for all three
temperatures: room temperature (black), 30  C (red) and 30  C
(blue). As can be seen, by increasing the temperature alone,
SMT/SWT increased only slightly from about 11 to about 12 at
35  C. With ow, SMT/SWT increased dramatically. More
importantly, at 30  C ow weakened the binding of WT more
than that of MT to allow SMT/SWT to reach around 24 at 4 ml
min1, which was higher than the SMT/SWT at any ow rate at
35  C, indicating that ow could indeed enhance the detection
specicity at a low temperature to allow more sensitive detection. The above results indicated that with the present ow
setup the optimal detection conditions for the current HBV DM
MT occurred at 30  C and a ow rate of 4 ml min1.
This journal is ª The Royal Society of Chemistry 2013

As can be seen from Fig. 6b, 1017 M was the lowest MT
concentration where the MT could be detected without ow by
using the current detection scheme. To see how specic the MT
detection was at this lowest detectable concentration, we used
the optimal conditions, i.e., 30  C with a ow rate of 4 ml min1
and carried out MT detection at 1017 M for 30 min followed by
30 min of FRM hybridization. We then carried out WT detection
at concentrations of 1016, 1014, 1011, and 1010 M (i.e.,
10-fold, 103-fold, 106-fold, and 107-fold that of the MT) followed
by 30 min of FRM hybridization. In Fig. 10a, we plot the number
of FRMs per mm2 captured by the hybridized WT at diﬀerent
concentrations, with and without 4 ml min1 ow rate (empty
and pattern lled blue bars respectively) and the number of
FRMs per mm2 captured by the hybridized mixture of the same
concentrations of WT and 1017 M of MT with and without 4 ml
min1 ow rate (empty and pattern lled red bars respectively)
versus WT concentration at 30  C. Also plotted in Fig. 10a are the
horizontal bars indicating the number of FRMs per mm2
captured by hybridized 1017 M of MT only, at 30  C with and
without 4 ml min1 ow rate (violet and green respectively) and
that non-specically bound of control (brown). In Fig. 10b, we
plotted the SMT/SWT and SMix/SWT ratios with and without 4 ml
min1 ow rate deduced from Fig. 10a. As can be seen, without
ow, SWT remained diﬀerent from SC. With a ow of 4 ml min1,
SWT was not distinguishable from SC. Moreover, mixture
experiments showed that, at 30  C, even the addition of 107 fold
more amount of WT did not result in a signicant increase in
the number of hybridized FRMs, when 4 ml min1 ow is
applied. On the other hand, in the case of no ow, the number
of FRMs hybridized increased signicantly. Moreover specicity
increased signicantly under ow conditions with respect to noow conditions as can be seen from Fig. 10b, and mixing
signicantly high concentrations of WT into a solution of
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r ¼ 1010 kg m3 was the density of the uid, h ¼ 1.05 cP the
viscosity of the uid and w the width of the ow cell, well in the
range of laminar ow. Furthermore the entrance length, Ie,
the length over which a fully developed velocity prole can be
established once the ow entered the ow cell, can be calculated using:
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Ie ¼ 0.06dRe,

(1)

where d is the width of the ow cell. According to eqn (1) even at
the highest ow rate which gave the largest Re, the entrance
length was approximately 3.8 mm which was well below
7.7 mm, the distance from the inlet of the ow cell to GCG.
Therefore, the ow in the detection chamber at the position of
GCG was laminar and the ow velocity prole in the width
direction was parabolic as schematically shown in Fig. 4b: u was
zero at the cell wall and maximum at the center of the ow.
Thus, unlike other systems where the capture surface is part of a
wall of the ow channel,21 at which point the uid velocity
diminishes to zero, the present system situates the capture
surface at the center of the ow where the ow velocity is at a
maximum (as shown schematically in Fig. 4b). The concept of
Goldman et al.,42 for a sphere parallel to a planar wall in a
uniform ow, could be applied to the FRMs bound on the GCG
in the middle of a laminar ow where the ow velocity was
uniform as discussed above. According to Goldman et al., in the
middle of the ow cell where GCG is situated, one can obtain an
analytical expression for the impingent force on a bound FRM
as
Fig. 10 (a) Number of FRMs per mm2 versus WT concentration and, (b) ratio of
the number of FRMs per mm2 of MT/WT and mixture/WT versus WT where the
mixture is 1017 M MT mixed with diﬀerent WT concentrations, and brown, blue
and green horizontal bars represent the number of FRMs per mm2 for control,
1017 M MT with ﬂow and 1017 M MT without ﬂow conditions. Both (a) and (b)
are done at 30  C in 4 ml min1 ﬂow rate or under no ﬂow conditions. Detections
were carried out in triplicate.

1017 M MT did not change this ratio. This indicates that the
presence of WT of any concentration at 30  C and 4 ml min1
had no discernible contribution to the detection signal even at a
MT concentration as low as 1017 M and that a ow of 4 ml
min1 made the detection as specic as 1017 M MT/1010 WT,
or 1 MT to 107 WT.

Discussions
There were two main reasons for us to choose 6 mm FRMs.
Firstly, they are easily visible in an optical microscope. The
uorescent signals of the FRMs could be validated by the brighteld images of the FRMs. Secondly their relatively large size
increased the impingement force induced on the FRMs bound
on the surface by the ow. With a cross-sectional area of the
detection chamber being 19.25 mm2, the average ow velocity u
was 1.7, 3.5 and 5.2 mm s1 for ow rates 2, 4, and 6 ml min1,
respectively. The Reynolds number, Re ¼ ruw/h, was just 6, 12,
and 18 at ow rates 2, 4, and 6 ml min1, respectively where
6124 | Analyst, 2013, 138, 6117–6126

F ¼ (1.7)6pha(1.5u),

(2)

where u is the average ow velocity and 1.5u is the ow velocity
at the center of the ow, and a ¼ 3 mm is the FRM radius. The
deduced impingent force on the FRMs by the ow was about
262, 524, and 787 pN with u ¼ 1.7, 3.5 and 5.2 mm s1 at 2, 4,
and 6 ml min1, respectively. Although the exact binding forces
between the pDNA and the WT and those between the pDNA
and the MT were not known and it was unclear whether there
were more than one captured MT or WT bound to a FRM, it
suﬃces to say that the deduced force was consistent with 70–
1500 pN found in the de-hybridization of a single doublestranded DNA.43,44
It is also of interest to note that standard detection of
methylations uses bisulte to rst convert unmethylated cytosines to uracils to create single-nucleotide mismatches not
unlike single mutations.45,46 It is likely that the current methodology of using ow- and temperature-dependent FRM
hybridization can be applied to detect methylations as well by
designing probes for the methylated cytosine residues that are
associated with a disease such as colon cancer.

Conclusions
We have investigated the eﬀect of a laminar ow on enhancing
the specicity of MT detection at a lower temperature by
immersing the detection GCG surface at the center of the ow of
This journal is ª The Royal Society of Chemistry 2013
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the target MT or WT at various ow rates and temperatures.
pDNA complementary to the target MT DNA was immobilized
on the GCG surface. 30 min of ow of the MT or WT DNA
solution was followed by a ow of 6 mm FRMs of 105 FRMs per
ml for 30 min at the same ow rate and temperature. With HBV
DM as the model MT, we have shown that ow can increase the
MT detection specicity by lowering the detection temperature
to allow (1) a higher ratio of SMT/SWT and (2) a lower SWT not
distinguishable from SC. For the present system, a ow rate of
4–6 ml min1 reduced the specic MT detection temperature
from 35  C without ow to 30  C with a ow rate of 4–6 ml
min1. Furthermore, optimal specic MT detection was shown
to occur at a lower temperature with ow than the temperature
without ow. For example, the detection specicity as measured
by SMT/SWT was 24 at 30  C and 4 ml min1 as opposed to 15 at
35  C without ow. These results clearly indicate that ow can
be utilized to help increase mutation detection specicity at a
lower temperature.
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