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A  lateral  flow  biosensor  based  on an  immuno-chromatographic  assay  has  been  developed  for  the detec-
tion of  DNA-binding  proteins.  The  biosensor  is  composed  of  four  parts: a sample  pad,  a  conjugate  pad,  a
strip  of nitrocellulose  membrane  and  an  absorbent  pad.  A  DNA  probe  containing  a  specific  protein  bind-
ing consensus  sequence  is  coated  onto  gold  nanoparticles,  while  an antibody  against  the DNA-binding
protein  is immobilized  onto  a test  zone  of  the  nitrocellulose  membrane.  The  target  protein  binds  to  the
protein  binding  DNA  sequence  that  is coated  on  the  gold  nanoparticles  to form  nanoparticle-DNA–protein
ateral flow assay
iosensor
NA-binding protein
-jun

complexes,  and  the  complexes  are  then  captured  by the  antibody  immobilized  on  the  test  zone  to  form
a red  line  for  visual  detection  of  the  target  protein.  This  biosensor  was  successfully  applied  to a  DNA-
binding  protein,  c-jun,  and  the  developed  biosensor  allows  for  the  rapid  detection  of down  to  0.2  footprint
unit  of  c-jun  protein  within  10 min.  This  biosensor  was  verified  using  HeLa  cells  and  it  visually  detected
c-jun  activity  in  100  �g of crude  cell  lysate  protein.  The  antibody  against  c-jun  used  in  the biosensor  can
distinguish  c-jun  from  other  nonspecific  proteins,  with  high  specificity.
. Introduction

DNA-binding proteins have DNA-binding domains and thus
ave specific or general affinity for either single or double stranded
NA. Transcription factors, a group of DNA-binding proteins, have

pecific affinity for particular DNA sequences and are the key
actors in gene expression (Latchman, 1997; Mitchell and Tjian,
989; Reese, 2003). The determination of interactions between
NA-binding proteins and their counterparts is pivotal to our
nderstanding of cellular functions. Since a high proportion of
ranscription factors are encoded by proto-oncogenes or tumor
uppressor genes which are usually dysregulated in cancer progres-
ion, they represent highly desirable and logical targets for disease
iagnosis, therapeutical interference, and drug development
Libermann and Zerbini, 2006; Oikawa, 2004). Thus, the develop-

ent of rapid and simple methods for DNA-binding protein detec-
ion has great potential in the area of diagnosis and biomedicine
esearch.

Commonly used methods for studying sequence-specific
NA-binding proteins are gel electrophoretic mobility shift

ssays (EMSA) (Garner and Revzin, 1981) and DNase footprinting
ssays (Galas and Schmitz, 1978). These assays are based on
igration retardation of protein and DNA complexes through
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gel electrophoresis, but are laborious, as they require complex
instrumentation and laboratory operations. Furthermore, they are
time-consuming and require radioisotope or fluorescence labeling.
Several novel methods have been developed for the detection
of DNA-binding proteins such as chromatin immunoprecip-
itation chips (Bulyk, 2006b; Viggiani et al., 2009; Zhu et al.,
2009), protein-binding microarrays (Bulyk, 2006a),  and electrode
DNA–protein detection (Boon et al., 2002). But the precise immo-
bilization of DNA on chips or electrodes hinders their application.
Recently, gold nanoparticle (AuNP) based colorimetric (Ou et al.,
2010), fluorescence resonant energy transfer (FRET) (Knoll and
Heyduk, 2004; Xu et al., 2008), and surface-enhanced Raman
spectroscopy based detection assays (Joshi et al., 2010) were
established. But the requirement of digestion by exonuclease III
needs additional procedures and increases the detection time.
The chromatographic lateral flow assay represents a fast and
convenient method that offers a new approach for DNA–protein
interaction studies.

The chromatographic lateral flow strip is a one-step test for
rapid identification of various analytes. We  have previously devel-
oped different types of lateral flow biosensors for nucleic acids
(Mao  et al., 2009), proteins (Xu et al., 2009), and cancer cells
(Liu et al., 2009). In this study, we  describe a simple and easy-
to-use biosensor for rapid detection of DNA-binding proteins.

The unique property of AuNPs renders visual detection of target
proteins without the need of nuclease or fluorescence labeling.
Qualitative analysis is performed by observing the presence of
a red test line and semi-quantitative analysis is performed by

dx.doi.org/10.1016/j.bios.2011.06.014
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:zeng6@yahoo.com
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Fig. 1. Schematic of the biosensor design. (A) Probe-AuNP complexes are incubated
with cell lysate, and the c-jun protein is captured by the DNA-binding sequence
Z. Fang et al. / Biosensors and

eading the optical density of the test line with a portable “strip
eader”.

C-jun was chosen to evaluate the performance of this biosen-
or because the dysregulation of c-jun kinase-activated pathway
ignaling was reported to contribute to the development of many
iseases, especially cancer (Jiao et al., 2010; Maeda and Karin, 2003;
chutte et al., 1989; Xin et al., 2004; Zhang et al., 2007).

The biosensor was composed of four parts: a sample pad,
 conjugate pad, a strip of nitrocellulose membrane, and an
bsorbent pad. A 5′-thiol-modified 40-mer-DNA probe (probe
, SH-5′-AAAAAAAAAAAAAAAAAAAATCCGGCTGAATCATCAAGCG-
′) containing the c-jun binding site (underlined) was  coated
nto 15 nm AuNPs. Another 5′-biotin-modified 20-mer DNA probe
probe 2, biotin-5′-CGCTTGATGATTCAGCCGGA-3′) was mixed with
robe 1 coated AuNPs to form a double stranded DNA probe. A
onoclonal antibody against c-jun protein and streptavidin (SA)
ere immobilized onto the nitrocellulose membrane at test zone

nd control zone, respectively. The target c-jun protein binds to the
ouble stranded DNA probe to form c-jun-probe-AuNPs complexes.
he c-jun protein on the AuNPs is then captured by the antibody
n the test zone, to form a red test line. The remaining probe-
uNPs complexes continue to migrate towards the absorbent pad
nd are captured by streptavidin through streptavidin–biotin inter-
ction on the control zone (Fig. 1). The red band on the control
one indicates that the biosensor works properly, and the red
and on the test zone indicates the presence of active c-jun pro-
ein.

. Experimental

.1. Materials

Sodium citrate, bovine serum albumin (BSA), ovum albu-
in  (OVA), and streptavidin were purchased from Sigma–Aldrich

Steinheim, Germany). All DNA probes were synthesized by Shang-
ai Sangon Biological Engineering Technology (Shanghai, China).
uman recombinant c-jun protein was purchased from Promaga

Madison, WI,  USA). Rabbit monoclonal antibody against c-jun was
urchased from Cell Signaling Technology (Beverly, USA). Nitro-
ellulose membrane was purchased from Shantou ealon (Shantou,
hina). Fiberglass and absorbent paper were purchased from
hanghai Kinbio (Shanghai, China). All buffer solutions used in this
tudy were prepared in our lab. Other chemicals were purchased
rom standard commercial sources and were of analytical grade
urity.

.2. Preparation of AuNPs–DNA probe conjugates

AuNPs with an average diameter of 15 nm were prepared
sing citrate reduction method (Mao  et al., 2009). Briefly, 4 mL
f 1% sodium citrate was added to 100 mL  of a rapidly stirred
nd boiling aqueous solution of 1 mM HAuCl4. After turning red,
he solution was boiled for 10 additional minutes then cooled to
oom temperature. The AuNPs were collected and concentrated

 times by centrifugation (12 × 103 rpm, 20 min). One hundred
icroliters of ultra-pure water (18.2 M�/cm, Millipore, Billerica,
A,  USA) containing 1 OD of thiolated DNA probe 1 (SH-5′-C6-

AAAAAAAAAAAAAAAAAAATCCGGCTGAATCATCAAGCG-3′) was
dded to 1 mL  of the AuNP solution (4 times concentrated) and
haken gently overnight at 4 ◦C. The DNA coated AuNPs (1.1 mL)
ere subjected to “aging” by adding 110 �L 100 mM phosphate
uffer (pH 7.0) with 1% sodium dodecyl sulfate and 1.5 M NaCl.
he solution was kept at 4 ◦C for 12 h. After “aging”, 1 OD (100 �L)
f complementary probe 2 (biotin-5′-CGCTTGATGATTCAGCCGGA-
′) was added. The mixture was shaken gently for 2 h at room
on  the AuNPs. (B) Schematic of the lateral flow biosensor. (C) C-jun-probe-AuNP
complexes are captured by antibody on the test zone and the excess complexes are
captured by streptavidin on the control zone.

temperature. Particles were centrifuged (12 × 103 rpm, 20 min)
and rinsed 3 times with rinsing buffer (20 mM  Na3PO4, 5% BSA,
0.25% Tween-20, 10% sucrose, and 0.1% NaN3) to remove any
unbound DNA. The red pellet was  re-suspended in 150 �L of
rinsing buffer and then stored in a refrigerator at 4 ◦C until
use.

2.3. Construction of lateral flow biosensor

Rabbit monoclonal antibody against c-jun protein (0.67 mg/mL,
30 �L) and streptavidin (0.5 mg/mL, 30 �L) were dispensed onto a
strip of nitrocellulose membrane (25 mm  in width) simultaneously,
to form a test zone and a control zone with a lateral flow dispenser
(Shanghai Kinbio, Shanghai, China). The membrane was then dried
at room temperature for 12 h and stored at 4 ◦C until use.

Strips of fiberglass (16 mm in width) were used as sample pads
after being soaked in sample pad buffer (1% Triton, 1% BSA, 2% glu-
cose, 50 mM boric acid, pH 8.0). The sample pads were dried and
stored in low-humidity at room temperature. Conjugate pads were

strips of fiberglass of 6 mm in width and absorbent pads were strips
of thick absorbent paper of 17 mm in width. A strip of sample pad,
conjugate pad, nitrocellulose membrane and absorbent pad were
attached along the long axis of an adhesive plate with an overlap of
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Fig. 2. (A) Photo images (left) and corresponding intensities (right) of the biosensors loaded with different amounts of purified c-jun protein. (B) Histogram presenting the
peak  areas of the test lines responding to different amounts of purified c-jun protein. The peak area of the test line responding to 0.4 fpu, 0.3 fpu, or 0.2 fpu of c-jun protein
is  much higher than that without c-jun protein (*p < 0.05, n = 3). (C) Photo images (left) and corresponding intensities (right) of the biosensors loaded with crude cell lysate.
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D)  Histogram presenting the peak areas of the test lines responding to different am
ithout cell lysate (*p < 0.05, n = 3).

–3 mm in the order as shown in Fig. 1B. The plate was then cut into
.4 cm-wide strips using a paper cutter (Programmed high speed
utter, Shanghai Kinbio, shanghai, China).

.4. Cell culture

HeLa S3 cells were grown in Dulbecco’s modified Eagle’s
edium (DMEM) with 10% fetal calf serum (FCS), 100 U/mL peni-

illin, and 0.1 mg/mL  streptomycin. Cells were cultured at 37 ◦C
ith 5% CO2.

.5. Preparation of crude cell lysate

Cells were washed 3 times with cold PBS (supplied with 0.5 mM
DTA, 1 mM dithiothreitol (DTT), and 1 mM PMSF). Then 200 �L of
on-denaturing cell lysis buffer (20 mM Tris–HCl (pH 8.0), 137 mM
aCl, 10% glycerol, 1% Nonidet P-40, 2 mM  EDTA, 2 mg/mL  leu-
eptin, 2 mg/mL  aprotinin, 1 mM DTT, and 1 mM PMSF) was added

nto a 10 cm dish containing the cells. The mixture was  kept on
ce for 30 min  with intermittent mixing and centrifuged for 30 min

t 4 ◦C (12 × 103 rpm). The supernatant was collected as crude cell
ysate. Protein concentration in crude lysate was determined by
radford protein assay (Supplemental information, Fig. S1).  In order
o test the effect of other cell components (nucleic acids, proteins,
 of cell lysate. The peak area with 150 �g or 100 �g of cell lysate is higher than that

cell matrices, etc.) in the cell lysate on the performance of the
biosensor, crude cell lysate was inactivated by heating at 50 ◦C in a
water bash for 30 min.

2.6. Detection of c-jun protein by lateral flow biosensor

To detect c-jun by lateral flow biosensor, 1.5 �L of DNA probe
conjugated AuNPs was  mixed with different amounts of cell lysate
or purified c-jun protein in 20 �L of binding buffer (10 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1 mM DTT, and 4% glyc-
erol) and incubated for 20 min  at room temperature before loading
onto the conjugate pad of the biosensor. Then, 40 �L of load-
ing buffer (20 mM Tris–HCl (pH 8.0), 150 mM NaCl) was loaded
to the sample pad. The biosensor was scanned using a hand-
held “strip reader” (Shanghai Kinbio, Shanghai, China) 20 min
later.

2.7. Statistical analysis

SPSS 10.0 software (SPSS Inc., IL, US) was  used for statisti-

cal analysis. The results were expressed as means ± SD of three
independent experiments. Individual comparisons were made by
Student’s t-test for paired data and p-values less than 0.05 were
considered to be significant.
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Fig. 3. (A) Photo images (left) and corresponding intensities (right) of the biosensors loaded with 150 �g of cell lysate with three concentrations of NaCl: 200 mM (top),
150  mM (middle), 100 mM (bottom). (B) Histogram representing peak areas of the test lines responding to different concentrations of NaCl. The test line with 150 mM NaCl
is  higher than others (*p < 0.05, n = 3). (C) Photo images (left) and corresponding intensities (right) of the biosensors loaded with c-jun protein and cell lysate with different
treatments. (D) Histogram representing peak areas of the test lines responding to 150 �g of inactivated cell lysate, 150 �g of untreated cell lysate, 150 �g of inactivated cell
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ysate spiked with 0.3 fpu of c-jun protein, and 0.3 fpu of c-jun protein. The intensi
nd  the intensities of test lines responding to c-jun protein and inactivated cell lysa

. Results and discussion

.1. Sensitivity of the lateral flow biosensor

The sensitivity of the biosensor was tested using purified human
ecombinant c-jun protein. Fig. 2A shows the typical images along
ith the corresponding optical responses of the biosensors loaded
ith different amounts of purified c-jun protein. There was no red

and observed on the test zone of the biosensor in the absence of
-jun protein. The test line was visible at 0.2 footprint unit (fpu, a
easurement unit for the activity of DNA-binding proteins defined

s the amount of protein required to yield a complete footprint
major and minor protected site) within the 72 bp repeat of the
V40 early promoter) of c-jun protein, which can be considered as
he threshold for visual detection (Fig. 2A). The intensities of the
ands on the test zones (peak areas) increased with the concentra-
ion of c-jun protein (Fig. 2B).

The biosensor was also shown to detect c-jun protein in cul-
ured cell samples. Different amounts of crude cell lysate (0, 50, 100,
50 �g) were tested and the results are shown in Fig. 2C. No test

ine was observed in the absence of cell lysate. A visible red line was
bserved at the test zone of the biosensor when loaded with crude
ell lysate containing 100 �g or more of total protein. The intensi-

ies of the test lines increased with the amount of cell lysate loaded
Fig. 2D). The activities of c-jun protein in the same four samples
ere confirmed by the conventional method, EMSA. Except for the
egative control, all the other three samples had shifted bands, and
est line responding to inactivated cell lysate is significantly lower than the others,
ked with c-jun protein are not significantly different (*p < 0.05, n = 3).

the trend of band intensity change with the amount of cell lysate
is the same as that observed using the biosensor (Supplemental
information, Fig. S2).

This test provides an extremely rapid method for detecting
activity of transcription factors. It can be performed within 10 min,
which is much less time required for EMSA, DNase footprinting
assay, and other methods. Although the biosensor is less sensi-
tive than EMSA as a shifted band was  observed in the lane loaded
with 50 �g of cell lysate (Supplemental information, Fig. S2),  it
is less time-consuming and provides an alternative method for
the detection of transcription factors. By using the chromato-
graphic assay as a substitute for the electrophoretic mobility
assay, we can avoid the usage of electrophoretic apparatuses
and simplify the detection procedure. Furthermore, the usage of
AuNPs, instead of fluorescent dye, enables visual detection of the
results.

3.2. Specificity of the lateral flow biosensor

Two important types of molecular interactions contribute to the
success of this assay. One is hybridization between AuNPs-probe
1 and biotinylated probe 2, which creates a binding site for c-jun
protein. The other is association between the DNA-binding site and

c-jun protein, through which the target protein is captured to the
AuNPs. The binding buffer used for the two types of molecular inter-
actions was  based on that used in EMSA. Different concentrations
of NaCl in the binding buffer were tested and 150 mM was shown
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o be optimal (Fig. 3A and B). This binding buffer was used through
ut this study.

To determine if the presence of other cell components (nucleic
cids, proteins, cell matrices, etc.) in the cell lysate affect the detec-
ion, the biosensor was tested with heat inactivated cell lysate,
ntreated cell lysate, inactivated cell lysate spiked with purified
-jun protein, and purified c-jun protein. As shown in Fig. 3C, no
est line was observed when 150 �g of inactivated cell lysate was
oaded. A red test line was observed when the biosensor was loaded

ith 150 �g of untreated cell lysate, 0.3 fpu of purified c-jun pro-
ein, or 150 �g of inactivated cell lysate spiked with 0.3 fpu of
urified c-jun protein. The intensities of the test lines respond-

ng to 0.3 fpu of purified c-jun protein and inactivated cell lysate
piked with 0.3 fpu of purified c-jun were not significantly differ-
nt (Fig. 3D). The results show that cellular components in the cell
ysate do not affect the performance of this biosensor. The results
lso show that the biosensor detects only active c-jun protein, as
he biosensor did not respond to inactivated cell lysate.

Specificity of the biosensor was also investigated by introducing
ne mutation into the protein-binding site. Adenine deoxynu-
leotide in the middle of the c-jun protein binding sequence
TGAaTCA, small case) was changed to T (TGTtTCA), and a new
iosensor was constructed by using the mutated probes. The two
iosensors with original and mutated binding sequences were com-
ared. As shown in Fig. S3, Supplemental information, a clear red
est line was observed with the biosensor containing the original
robes, when 150 �g of cell lysate was loaded, but no test line was
bserved with the biosensor containing the mutated probes, when
50 �g of cell lysate was loaded. The specificity of the biosensor was
urther tested by applying 300 �g of ovum albumin to the biosen-
or, resulting in no observable band on the test zone (Supplemental
nformation, Fig. S3).  These results demonstrate that the biosensor
as high specificity.

EMSA and other assays that do not employ antibodies have
pecificity problems due to nonspecific binding of DNA-binding
roteins. There are usually smears in gels following electrophoresis
s in EMSA or high background as observed in FERT-based assays.
he present biosensor has selectivity with no background, because

 specific monoclonal antibody is used in the assay. Even if there
re nonspecific proteins bound to the DNA-binding probe, the anti-
ody in the test zone can distinguish c-jun from other proteins,
hich maintains specificity. Furthermore, other antibody-based

r aptamer-based assays cannot differentiate active DNA-binding
roteins from inactive proteins, in contrast the current biosensor
pecifically detects active DNA-binding proteins. Commercialized
ntibodies or aptamers recognize certain epitopes of target pro-
eins, i.e., the specific polypeptide sequences of the proteins. They
apture proteins whether they are active or not. As only active pro-
ein can bind to the consensus protein binding DNA sequence, the
NA probe conjugated AuNPs in the current assay captures only
ctive DNA-binding proteins and the test result is a direct measure
f the activity of the transcription factor. Gold nanoparticle-based
olorimetric assays (Ou et al., 2010) also detect active DNA-binding
roteins as well as provide a visual detection method, but the
eed for exonuclease III treatment in this format makes the assay
ore laborious. In addition, it is difficult to discriminate small color

hanges at low concentration of target protein.
. Conclusion

In the present work a rapid and easy-to-use biosensor for detect-
ng DNA-binding proteins was developed and successfully applied
ctronics 27 (2011) 192– 196

for the detection of c-jun activity in purified protein and cell sam-
ples. It has several advantages over other published methods. First,
this biosensor is rapid and easy-to-use. It takes less than 10 min
to visually detect the results. Second, it has high specificity as no
background was  observed on the test zone. Third, the biosensor
can distinguish between active and inactive DNA-binding proteins,
and only detects active DNA-binding proteins. Therefore it can be
used to detect and measure the activity of transcription factors
in cell samples. It is easy to apply this assay to detect different
DNA-binding proteins by changing the consensus protein bind-
ing sequence and the corresponding antibody. Furthermore, this
biosensor can be modified to design two or more test zones on a
single strip of nitrocellulose membrane for multiplex assays. Mul-
tiplex biosensors can be used to study interactions between two or
more different DNA-binding proteins simultaneously.
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