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a b s t r a c t

On the basis of the supported protein layers (SPLs) substrate, the study presented an ultrasensitive and
highly specific platform for single-molecule fluorescence detection of antibody using quantum dots
(QDs) as probes. To construct the SPLs surface platform for antibody immobilization, bovine serum
albumin (BSA), anti-BSA, and protein G were firstly attached to carboxyl-terminated substrate surfaces
by turns. Then nonspecific adsorption of single antibody molecules on SPLs surfaces was investigated.
Through the irreversible interaction between streptavidin and biotin, streptavidin-QD conjugates were
employed to conjugate with biotinylated antibody, producing QD-antibody conjugates for generating
fluorescent signals in fluorescent imaging. Epi-fluorescence microscopy equipped with an electron mul-
odification
uantum dot
pi-fluorescence microscopy
ntibody

tiplying charge-coupled device was chosen as the tool for single-molecule fluorescence detection here.
The concentration of antibody is quantified based on the direct counting of individual fluorescent spots,
one by one. The generated fluorescent signals increased with the increasing concentration of immo-
bilized antibody and were found to be proportional to antibody concentrations. The better brightness
and photostability of QDs, and slower increase in the number of counted molecules make a large linear
dynamic range of 1.0 × 10−14 to 3.0 × 10−12 mol L−1 between the number of single molecules and antibody

comp
concentrations, which is

. Introduction

Sensitive and specific antibody detection has attracted a strong
nterest in the fields of analytical chemistry, proteomics, and
iomedical diagnostics [1–6]. Assays, based on the detection of
isease-specific antibody in low numbers, have the ability to pro-
ide new details and insights for early-stage diagnoses [1–3]. In
ddition, due to the high specificity and affinity of antibodies to
arget analytes, antibody-based sensor technologies have found
ide-ranging applications for biomolecule analysis [7–10]. Among

he methods developed for more sensitive and quantitative pro-
ein analysis, single-molecule detection (SMD) methods hold great
romise in this respect. SMD is accomplished by detecting the dis-
inct fluorescent signal of single target molecules, which represents

he ultimate level of sensitivity in analytical chemistry [11,12].
MD has successfully been applied both in free solution and to
urface-immobilized molecules to quantify protein analyte of ultra-
ow concentrations [5,13–16]. In free solution, a fluorescence signal
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arable to the previously reported surface-based SMD analysis.
© 2010 Elsevier B.V. All rights reserved.

is detected when a fluorescence molecule diffuses into the probe
volume. Due to the large diffusion rate and the short residence
time of single molecules in the probe volume, it is very difficult
to capture single molecules in solution with very low concentra-
tions. Therefore, current methods for quantitative SMD analysis are
largely based on protein immobilized onto a surface, employing
fluorescence imaging and then counting of single target molecules
[5,9,12,14,16]. Since molecules remain stationary in the fluores-
cence image, single-molecule counting of immobilized molecules
is generally easier than that in free solution, which could elimi-
nate the limit of either photobleaching or the residence time of the
molecule on the surface by allowing signal to be integrated over
time [16].

Despite recent successes, implementation of quantitative
analysis using SMD method still faces several challenges. The
first challenge is to minimize nonspecific adsorption yet with
effective antibody immobilization on a surface. A number of
efforts have been focused on obtaining functional surfaces,
such as carboxyl-terminated silanization surface [14], hydrophilic

layers-modified poly(dimethylsiloxane) surface [17,18], and poly-
electrolyte multilayers-based membrane surface [19], to reduce
nonspecific adsorption. Another common strategy for preventing
nonspecific adsorption is to block the surfaces with bovine serum
albumin (BSA), however, this step often hinder access of molecules
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f interest to binding sites [7,12,20–22]. Mitra and co-workers
emonstrates that a BSA-coated surface has the lowest nonspecific
inding among 12 evaluated surface chemistries for SMD, which
till allows antibody immobilization using covalent cross-linking
etween them [12]. However, the abovementioned drawback still
xits here and then results in a high detection limit. A second obsta-
le to immobilize antibody on a surface is an inevitable loss in
inding affinity and poor reproducibility because of random orien-
ation, denaturation, and chemical modification of these antibodies
23]. Due to steric problems, such as improper orientation of a frac-
ion of the antibodies, inaccessible binding domains, or hindrance
f antibody hinge motion by covalent immobilization, this loss in
ffinity is typically an order of magnitude or more [23,24]. To over-
ome these drawbacks, protein G has been used to specifically bind
he Fc region of antibodies with high affinity, which is expected to
etter retain antibody functionality than direct covalent binding.
ompared with other approaches for immobilizing protein on sub-
trate surface (such as affinity arrays, directed antibody arrays, cell
apture on a surface, etc.), the protein G-based arrays is able to form
properly oriented antibody for further antigen binding and to

mmobilize different types of antibodies in numerous immunoas-
ays [5,14,17,25,26]. Recent studies have demonstrated that such
mmobilization methods based on specific interactions could yield
riented antibody immobilization and improve the binding capac-
ty and sensitivity of target analytes [3,26–28]. The methods are
argely based on covalent immobilization of protein G to a surface
r chemical treatments of them. Therefore, the loss of biological
ctivity of protein G is inevitable. Finally, in order to achieving high
ensitivity of SMD methods (in terms of signal intensity and detec-
ion limit), the label which attached to the antibody to generate a
uorescent signal should be bright and stable [29,30].

In this study, we construct a supported protein layers (SPLs) sur-
ace for antibody immobilization with low nonspecific adsorption.
riefly, the amine groups of BSA firstly reacted with the carboxyl
roups of substrate surface, generating a BSA-coated substrate sur-
ace. Then anti-BSA bound to immobilized BSA through the specific
nteractions between them. Finally, protein G was employed to bind
n the top of the SPLs with high affinity. After that, nonspecific
dsorption of single antibody molecules on the SPLs surface was
rst investigated. Then quantum dots (QDs), with unique optical
roperties, were employed to form complexes with target antibody
olecules and used as fluorescent probes for single-molecule imag-

ng [31–34]. Epi-fluorescence microscopy (EFM) was chosen as the
ool for single-molecule fluorescence detection here. The generated
uorescent signals were taken by an electron multiplying charge-
oupled device (EMCCD). We observed that the number of single
uorescent spots increased with the increasing concentration of
ntibody and was proportional to that. Under optimal conditions,
his study provided a detection limit of 1.0 × 10−14 mol L−1 via a
ingle-molecule counting approach, which was comparable to the
reviously reported surface-based SMD analysis.

. Experimental

.1. Reagents and materials

Monoclonal anti-human IgG-biotin conjugate (Clone HP-6017)
as purchased from Sigma–Aldrich Co. (St. Louis, MO, USA).
dot 605-goat F(ab’)2 anti-mouse IgG conjugate (H + L), QD 605-

treptavidin conjugate and Alexa Fluor 568 labeled F(ab’)2 fragment

f goat-anti-mouse IgG (H + L) were obtained from Invitrogen
o. (Eugene, OK, USA). Protein G was obtained from Gen-
cript Co. (Piscataway, NJ, USA). Allyltrimethoxysilane (ATS) was
urchased from Acros Organics BVBA (Geel, Belgium). 1-Ethyl-3-
3-dimethyllaminopropyl) carbodiimide hydrochloride (EDC) and
Fig. 1. Scheme for SPLs modification on the carboxyl-terminated substrate and the
immobilization procedure of single QDs-labeled antibody molecules on SPLs surface.

N-hydroxysuccinimide (NHS) were obtained from Medpep Co.,
Ltd. (Shanghai, China). Other reagents and chemicals (analytical
grade) were used as received. All buffer solutions were prepared
with ultra-pure water and filtered through a 0.22 �m filter twice.
Microscope cover glasses (22 mm × 22 mm) were purchased from
Cole-Parmer (IL, USA).

2.2. Apparatus

EFM imaging were performed with an Olympus IX81 fluores-
cence microscope (Tokyo, Japan) equipped with a high-numerical-
aperture 60× (1.45 NA) oil-immersion objective lens, a mercury
lamp source, a mirror unit consisting of a 470–490 nm excita-
tion filter (BP470-490), a 505 nm dichromatic mirror (DM 505),
a >580 nm emission filter (IF580), and a 16-bit thermoelectrically
cooled EMCCD (Cascade 512B, Tucson, AZ, USA). Imaging acqui-
sition and data analysis were performed using the MetaMorph
software (Universal Imaging, Downingtown, PA, USA). The TIRFM
imaging system is also equipped with a fluorescence microscope
control unit, a laser incidence angle adjustment knob, and a solid
laser with � = 488 nm instead of a mercury lamp.

Contact angle measurement (CAM) was performed on
Tensionmeter-K121 processor (Krüss Company, Germany). The
glass substrates were immersed into and retracted from ultra-pure
water medium. Fluorescence spectrum was taken using a Hitachi
F-4500 spectrophotometer (Japan) operated at 488 nm of excita-
tion wavelength and 10 nm of slit width. QDs at a concentration
of 1.0 × 10−9 mol L−1 was measured both in phosphate buffered
saline (PBS, pH 7.4) solution and borate buffer solution (pH 8.3).
All measurements were performed at room temperature.

2.3. Fabrication of supported protein layers

In the procedures to form hydrophilic carboxyl-terminated
substrate surfaces, the study followed the approach built in our
previous work [14]. Briefly, the pretreated glasses were first
dipped into 1% allyltrimethoxysilane (v/v) anhydrous toluene
solution for 2 h to get the silanized surfaces. Subsequently,
the vinyl-modified silanization surfaces were oxidized with
permanganate-periodate (0.5 mmol L−1 KMnO4, 19.5 mmol L−1

NaIO4, and 1.8 mmol L−1 K2CO3) for 48 h with gentle stirring
at room temperature. Then the substrates were rinsed with a
0.3 mol L−1 NaHSO3, 0.1 mol L−1 HCl, ultra-pure water, and abso-

lute alcohol. After that, they were dried under a nitrogen stream
and stored in an oven for 20 min at 120 ◦C. Finally, the glass sub-
strates were stored in a vacuum desiccator at room temperature
prior to use.
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Fig. 2. CAM of the modified glass surfaces. They were characterized by mea-
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As shown in Fig. 1, the surface of carboxyl-terminated substrate
as further modified by coating BSA, anti-BSA, and protein G on

he top of that, which formed the SPLs surface. Briefly, the carboxyl
roups were activated by a solution containing EDC (35 mg mL−1)
nd NHS (10 mg mL−1) for 2.0 h before SPLs immobilization. Then
he substrate surfaces were rinsed with ultra-pure water for 120 s
nd dried under a nitrogen stream. For attaching the protein layers,
he activated glass substrates were allowed to react with BSA for
0 h at room temperature (4 mg mL−1 in PBS buffer). Subsequently,
he anti-BSA solution was added to incubate with the BSA through
he specific interactions. At a concentration of 10 �g mL−1 in PBS
olution, the reaction continued 6 h at room temperature. Then the
ubstrates were incubated with protein G in PBS solution, at a con-
entration of 20 �g mL−1, the reaction continued 8 h at 37 ◦C. For
ll three reactions, 100 �L of the reactant solution was used, and
he glass substrates were washed with PBS and ultra-pure water
or 120 s and 60 s after each step.

.4. Antibody immobilization and QDs labeling

For the quantitative SMD analysis, monoclonal anti-human
gG-biotin conjugate was chosen as the target antibody to
e detected and quantified in the experiment. First, 100 �L
f the sample antibody solution with different concentrations
3.0 × 10−12, 1.0 × 10−12, 5.0 × 10−13, 1.0 × 10−13, 3.0 × 10−14, and
.0 × 10−14 mol L−1 in PBS buffer) were added separately in each
PLs surface. Three measurements were done for each pre-
ared concentration. In addition, PBS solutions without the target
ntibody were used as the negative-control experiments. The incu-
ation reaction proceeded for 16 h at 37 ◦C. Subsequently, the
ubstrate surfaces were rinsed with PBS and ultra-pure water each
or 120 s and 60 s, respectively. Finally, the substrate surfaces were
ried under a nitrogen stream.

QDs-streptavidin conjugates were employed to form complexes
ith immobilized antibody molecules and used as fluorescent
robes for single-molecule imaging. They were firstly diluted in
BS solution before use. Then QDs were applied onto the antibody-
mmobilized SPLs surfaces. According to the instruction of the
roduct, the dominant binding mode is one QD conjugate per ana-

yte if the assay is carried out at a saturating concentration. In this
tudy, corresponding to the different concentrations of target anti-
ody, the concentrations of QDs were chosen as 10 times over the
argets. This step guarantees that a single QDs molecule labeled a
ingle immobilized antibody molecule. The reaction proceeded for
h at room temperature before being cleaned. Subsequently, the

ubstrate surfaces were rinsed with PBS and ultra-pure water for
80 s and 60 s, respectively. Then, they were dried under a nitro-
en stream. A borate buffer solution (pH 8.3) was placed in situ for
uorescent imaging of quantitative SMD analysis [14].

.5. Nonspecific adsorption measurement

Nonspecific adsorption could generate false positive identifica-
ions and have an adverse effect on the accuracy and sensitivity
f single-molecule counting. To quantify the efficiency of SPLs
urfaces in decreasing nonspecific adsorption, two different dye-
abeled antibodies, QDs-anti-mouse IgG conjugate F(ab’)2 (H + L)
nd Alexa Fluor 568 labeled F(ab’) 2 fragment of goat-anti-mouse
gG (H + L), were added separately to the SPLs surfaces. At a concen-

ration of 5.0 × 10−12 mol L−1, two sample antibodies incubated for
6 h at 37 ◦C. After that, they were both rinsed with PBS and ultra-
ure water for 180 s and 60 s, respectively. Finally, PBS was placed in
itu for fluorescent imaging using EFM (for QDs-labeled antibody)
r TIRFM (for Alexa Fluor-labeled antibody).
suring advancing water contact angles. The reported values for each step glass
surfaces were averages and standard deviations of four measurements. Materials:
1, bare glass surface; 2, hydroxyl-group glass surface; 3, allyl-group glass surface; 4,
carboxyl-group glass surface; 5, BSA-coated substrate surface.

2.6. Single-molecule imaging using EFM and TIRFM

For the fluorescent imaging of EFM, the SPLs substrate with
the immobilized QDs-antibody molecules was placed on the XY
sample stage. By adjusting the XY sample stage, the sample solu-
tion was moved over the 60× oil-immersion objective. When the
mercury lamp was switched on, excitation light of 470–490 nm
passed through the excitation filter and reached the oil-immersion
objective via a dichroic mirror, resulting in the excitation of the
QDs-antibody complexes. The fluorescent signals of the target
molecules passed through the dichroic mirror and emission fil-
ter, and were received by the EMCCD. The focus of the objective
was fine-tuned until the clearest image with bright and “blinking”
of fluorescent spots was observed, indicating that the strongest
fluorescent signals of the target molecules immobilized on the
substrate surface were detected. The fluorescent images of each
location on the substrate surface were obtained by the EMCCD
during the irradiation of the mercury lamp. The images correspond-
ing to various locations were acquired by manually moving the
XY sample stage. The image data were further analyzed using the
MetaMorph software.

The imaging mode could be changed between EFM and TIRFM
with the excitation source switched from mercury lamp to laser
beam. For the TIRFM imaging, the procedure was performed
according to the method described in Ref. [5]. Briefly, by adjusting
the incident angle of the laser beam and the focus of the objective,
the fluorescence images of TIRFM were acquired by the EMCCD. The
subsequent procedures were the same as the operation of EFM.

3. Results and discussion

3.1. The hydrophilicity characterization of modified substrate
surfaces

The modification of the substrate surfaces changes the terminal
groups of each step on the surfaces, leading to the change of surface
hydrophilicity. In this paper, CAM was employed for monitoring

the surface properties of modified substrate surfaces and analyz-
ing the hydrophilic nature of the glass surfaces. The contact angle
value (CAV) of each step for the modified substrate surfaces was
shown in Fig. 2. For the bare glass surface, the CAV was 48.3◦, indi-
cating a moderate hydrophilic surface. The CAV changed into 14.7◦
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Fig. 3. The quantitative SMD analysis of nonspecific adsorption on SPLs sub-
strate surfaces after incubation with dye-labeled antibody at a concentration
of 5.0 × 10−12 mol L−1: (A) fluorescent image of Alexa Fluor-labeled antibody by
TIRFM; (B) fluorescent image of QDs-labeled antibody by EFM. Scale bar, 8 �m.
006 D. Jiang et al. / Tala

fter the activated treatment to glass substrate surfaces, which was
ore hydrophilic than the bare glass owing to the highly polar-

ty of the generated hydroxyl groups. After silanization treatment,
he CAV of the substrate surface increased to 62.4◦. Due to the
ydrophobic nature of alkane groups and non-polar vinyl groups of
TS, this procedure decreased the hydrophilicity of the substrate
urface and generated hydrophobic substrate surface. The contact
ngle decreased with the oxidation of a vinyl group to obtain a
arboxyl group, and the CAV of carboxyl-terminated surface was
2.4◦. The data indicated that a hydrophilic surface with carboxyl
roups was generated on the substrate surfaces, which were highly
uitable for bioassays [14,17]. Finally, upon the immobilization of
SA, the CAV increased to 81.0◦. The data of CAM indicates that the
erminal groups with functionality were indeed generated in mod-
fied surfaces and SPLs surface was obtained on the glass substrate
or antibody immobilization. In addition, the surface coverage was
alculated by analyzing the area fraction (f) of the glass substrate,
hich was obtained following the method reported in Ref. [35].
sing the mean contact angle of the hydroxyl-group glass surface
nd the measured contact angle for BSA-coated substrate surface,
could be estimated to be 0.59.

.2. Imaging analysis

For quantitative SMD analysis, the previous researches usually
mploy laser-induced fluorescence microscopy (LIFM) including
onfocal fluorescence microscopy (CFM) and TIRFM. Unlike these
eported studies, EFM is utilized for single-molecule fluorescence
etection here, which employs an inexpensive light source of mer-
ury lamp and provides a convenient and alternative method for
uantitative SMD analysis [14,36,37]. Additional studies were con-
ucted to obtain the excellent resolution of single fluorescent spots

n the fluorescence images by optimizing a variety of imaging con-
itions. In our system for fluorescent imaging, intensifier gain and
xposure time were firstly selected, and the optimized values were
et to 2400 and 160 ms, respectively. In this case, singe fluorescent
pots could be identified easily. The second step was to guarantee
hat the uniformity of fluorescence intensity on the images used
or single-molecule counting, which aimed to overcome the lim-
tations of the nonuniform illumination region by mercury lamp
or laser beam) through the objective. The EMCCD has an imag-
ng region of 512 × 512 pixels with each pixel of 16 �m × 16 �m
n size. The light intensity gradually decreased from the center
utward. Therefore, a 150 × 150 pixels subregion was selected in
he method with the 60× TIRFM objective and each pixel imaged
.267 �m × 0.267 �m in the object plane. Thus, the subframe image
ith an area of 40 �m × 40 �m was used for single-molecule count-

ng. For each concentration, 60 (three images of each location)
ubframe images were obtained from location to location on the
ubstrate surface by moving the XY sample stage.

.3. Nonspecific adsorption and the estimation of detection limit

Nonspecific adsorption could generate false positive identifica-
ions and have an adverse effect on the accuracy and sensitivity
f quantitative SMD analysis. Therefore, it is critical to minimize
he nonspecific adsorption of antibodies to solid surfaces for the
evelopment of single-molecule immunoassays [12]. The silanized
urfaces are often hydrophobic as a result of their hydrophobic
hains, which are liable to cause protein adsorption owing to
he hydrophobic interaction between them and the hydrophobic

omains of proteins. In this study, we first provide a hydrophilic
nvironment by generating the carboxyl-terminated silanized sur-
ace, which is highly suitable for bioassays. Subsequently, BSA, a
ommon used blocking agent, is employed here to reduce nonspe-
ific binding. Finally, anti-BSA and protein G are incubated with the
Image conditions for TIRFM: excitation wavelength, 488 nm; emission wavelength,
>580 nm; readout speed, 5 MHz. Image conditions for EFM: excitation wavelength,
470–490 nm; emission wavelength, >580 nm; readout speed, 5 MHz.

BSA-immobilized surface by turns, which form the SPLs surface.
To quantify the efficiency of the SPLs surface in decreasing non-
specific adsorption, a study quantified the nonspecific adsorption
of dye-labeled antibodies via a single-molecule counting approach
was conducted. In order to eliminate the effects caused by differ-
ent kinds of fluorescent probes, both Alexa Fluor-labeled antibody
(organic dye-labeled antibody conjugate) and QDs-labeled anti-
body (inorganic dye-labeled antibody conjugate) were used for
investigating nonspecific adsorption. Fluorescent images of SPLs

surfaces after incubating with different dye-labeled antibodies
were shown in Fig. 3A and B, respectively. At a concentration of
5.0 × 10−12 mol L−1 for each dye-labeled antibody, it is obvious that
only a few fluorescent spots are observed on the SPLs surfaces.
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Fig. 4. The typical 3 times amplification subframe images for the pixel area of single
D. Jiang et al. / Tala

or Alexa Fluor-labeled antibody fragment, only 537 spots were
bserved in 100 images, i.e., about 5.4 spots appeared in an image
n average. For QDs-labeled antibody fragment, only 375 spots
ere observed in 100 images, i.e., about 3.8 spots appeared in an

mage on average. The number of nonspecific adsorption was sim-
lar for two different dye-labeled antibodies, which indicated that
he types of fluorescent probes had no effect on antibody adsorp-
ion. Both results demonstrated that there was only a few number
f adsorbed antibody molecules on the SPLs surfaces. Thus, we can
onclude that the number of the nonspecifically bounded antibody
as extremely small on fabricated SPLs surfaces at a level of the

oncentrations below 5.0 × 10−12 mol L−1.
In the negative-control experiments, QDs-streptavidin conju-

ates could not be adsorbed on the SPLs surfaces, since protein
on the top of SPLs surfaces only react with the Fc terminal of

iotinylated antibody. After a clean step with PBS and ultra-pure
ater, the free QDs were easily rinsed off from the substrate sur-

aces. For the detection limit estimate, it depends on the number of
ubframe images that are used for count. To quantify the concentra-
ion of fluorescent spots in a solution of very low concentration, we
hould acquire as many images on substrate surfaces as possible.

hen 20 images were acquired here and ensured that the molecule
umber in positive experiments was at least two times as many
s that in negative-control ones, the detection limit was down to
.0 × 10−14 mol L−1 with a single-molecule counting approach.

.4. The effect of QDs for fluorescent imaging and the
dentification of single spots

In this study, QDs-streptavidin conjugate is employed to form
omplexes with biotinylated antibody molecules and used as fluo-
escent label for single-molecule imaging. Through the irreversible
nteraction between streptavidin and biotin (Ka = 1015 mol L−1)

ith rapid binding kinetics and strong affinity, this procedure leads
o stable QDs-labeled antibody complex. For fluorescent imaging,
variety of photophysical effects relating to QDs were considered

n this experiment. Firstly, it is found that on continuous excita-
ion, the photoluminescence intensity of QDs initially increases and
onverges to a maximum value. Therefore, the irradiation of the
ight continued 60–90 s for each location of the substrate surfaces,
nd fluorescent images for different location were acquired by the
MCCD during this time. Secondly, most available QDs to date still
uffer from photoblinking of single QDs. This fluorescence intermit-
ency (blinking between on and off state) is a potential limitation
f QDs for single-molecule counting, since that only QDs that are in
he ON state in the detection volume at the time of acquisition will
e detected. In other words, a fluorescent signal of single QD may
e not appear in the images when it is imaged in the OFF state. To
liminate the effect of the “blinking” and improve the accuracy of
ingle-molecule counting, three images were obtained during the
rradiation of the light in the same location. During the subsequent
ata analysis, the average number of fluorescent spots in three sub-
rame images was taken as the number of the single molecules in
he location. Finally, the fluorescence intensities of QDs both in PBS
uffer solution and in borate buffer solution were investigated. QDs
aintained good spectral emission in both buffer solutions, but

he fluorescence intensity of them in borate buffer solution was
igher than that in the PBS buffer solution (data not shown here).
herefore, borate buffer solution was selected for the final fluores-
ence imaging of QD-antibody conjugates immobilized on the SPLs
urface.
As discussed above, the blinking of QDs is a limitation for flu-
rescent imaging, however, this phenomenon can be utilized for
he identification of single QDs. In other words, this indicates the
resence of a single QD in the SPLs surfaces. Corresponding to the
ifferent concentrations of immobilized antibody, the concentra-
fluorescent spots at the 5.0 × 10−13 mol L−1 positive experiments. Scale bar, 8 �m.
Image conditions for EFM: excitation wavelength, 470–490 nm; emission wave-
length, >580 nm; readout speed, 5 MHz.

tions of QDs were chosen as 10 times over the targets here. This
concentration ratio of QDs to target antibody molecules guaranteed
that a single QDs molecule labeled a single immobilized antibody
molecule. Therefore, a single fluorescent spot corresponded to a
single antibody molecule in fluorescent images. For a further step,
the fluorescence intensities of individual spots are analyzed. The
abovementioned two factors are considered before analyze: (1) the
available QDs suffers from the blinking (ON/OFF) of single QDs; (2)
on continuous excitation, the photoluminescence intensity of QDs
initially increases and converges to a maximum value. This two
factors result in the different fluorescence intensity of individual
QDs. Therefore, the shape of individual spots is difference, mean-

ing that single fluorescent spots occupy different pixel area above
the optimal threshold. As shown in Fig. 4, the pixel intensity of sin-
gle QD does not exceed a 3 × 3 pixel area in the images. A statistical
research of the size across 500 spots at 5.0 × 10−13 mol L−1 positive
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fter (B) setting the optimal threshold. Scale bar, 8 �m. Other conditions as in Fig. 4.

xperiments demonstrates that the pixel intensities of nearly all
>96.5%) single fluorescence spots are no more than this pixel area
f a single QDs. The results indicate that the fluorescent spots are
ingle QDs in the subframe images.

.5. The selection of threshold and the quantification of antibody

As discussed above, single fluorescent spots corresponded
o single antibody molecules. A typical subframe image of flu-
rescent spots for positive experiment at a concentration of
.0 × 10−12 mol L−1 was shown in Fig. 5A. It is obvious that single
uorescent spots could be distinguished from background noise in

he subframe image. However, the fluorescence intensities of sin-
le spots were different and the contrast between single fluorescent
pots and background noise was not striking. In order to solve this
roblem and ensure the accuracy and reproducibility of the results
Fig. 6. Relationship between the number of single molecules and antibody concen-
tration. Conditions as in Fig. 4.

for quantitative SMD analysis, the acquired subframe images need
to be further processed. In other words, it was necessary to optimize
the threshold for the elimination of background noise to improve
the performance of single-molecule counting. A reported strategy
in our previous work was adopted to obtain suitable threshold
here [14]. Briefly, 15 different threshold values corresponding to
15 different subframe images of blank SPLs surfaces were applied
to remove background noise, which mainly consists of buffer back-
ground fluorescence and associated noise. Then the mean value and
standard deviation (�) of 15 threshold values were calculated. The
optimized threshold was defined as 3� above the mean value for
the identification of the fluorescent spots. After the optimal thresh-
old was set, we further defined target molecules as sets of pixels
that (1) have intensity values are greater than the threshold, (2)
are contiguous with other pixels within that spot and (3) comprise
an area within 3 × 3 pixel. Nearly all spots on the subframe images
in lower concentrations (≤5.0 × 10−13 mol L−1) satisfied with the
conditions, meaning that single spots corresponded to single target
molecules. Only few spots in higher concentrations occupied more
than 3 × 3 pixel area, which exceeded that of a single molecule. The
higher the concentration, the more spots there were that occupied
larger pixel area. In these cases, taking the ratio of the larger area in
the subframe images to the average pixel area of a single molecule
as the number of single molecules is more accurate than taking
the number of single fluorescence spots, even if the calibration is
somewhat rough. The typical subframe image of fluorescent spots
for positive experiment after the selection of threshold was shown
in Fig. 5B, which was obtained from the same location as shown in
Fig. 5A.

To quantify the antibody, the numbers of fluorescent spots
in 720 subframe images of all positive and negative-control
experiments over a concentration region of 1.0 × 10−14 to
3.0 × 10−12 mol L−1 are analyzed and counted. The approach is gen-
eral and is based on the direct counting of individual antibody
labeled with QD on the SPLs surfaces, molecule by molecule, with-
out any amplification steps. The number of QDs increased with the
increasing concentration of immobilized antibody on SPLs surfaces.
For each concentration of the sample solution, the total number
of single molecules in each subframe image was obtained. The
molecule number corresponding to an antibody concentration was
calculated via the total molecule number in positive experiments

subtracted that in negative-control ones. The reported numbers
of each concentration are the averages of three-time measure-
ments under the same optimal condition. As shown in Fig. 6, the
linear relationship between the antibody concentration and the
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umber of molecules was obtained in the range of 1.0 × 10−14 to
.0 × 10−12 mol L−1, the coefficient correlation was 0.9920. The rel-
tive standard deviation (RSD) was 5.7% for the concentration of
.0 × 10−12 mol L−1 (n = 3). The low background level, the better
rightness and photostability of QDs, and slower increase in the
umber of counted molecules make the linear dynamic range much

arge.

. Conclusions

This article describes a platform of SPLs surface for oriented
ntibody immobilization with low nonspecific adsorption, pro-
iding a promising method for the development of ultrasensitive
mmunoassays. Owing to the improved brightness and photostabil-
ty achieved by employing QDs as fluorescent probe and oriented
ntibody conjugation with protein G on the top of SPLs surface,
ounting of single target molecules has been realized. The con-
entration of antibody is quantified based on the direct counting
f individual fluorescent spots, molecule by molecule, without
he need for any amplification technique. The number of fluores-
ent spots increased with the increasing concentration of antibody
mmobilized on SPLs surfaces, and slower increase in the number of
ounted molecules make a large linear dynamic range. The method
rovided a limit of detection at 1.0 × 10−14 mol L−1, which is com-
arable to the previously reported surface-based SMD analysis. For
he following work in future, the successful fabrication of SPLs sur-
ace and the low detection limit of the method suggest that it can
e a promising strategy in detection of proteins at femtomolar level
y sandwich immunoassays.
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