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Rapid and sensitive detection of the common acute lymphoblastic leukemia antigen (CD10) is crucial
for diagnosing and prognosing hematopoietic tumors and several carcinomas. In the present study, a
label-free immunosensor for detecting CD10 by Quartz Crystal Microbalance (QCM) was developed. The
detection system has a good selectivity based on the biospecific interactions between the CD10 anti-
gen and antibody, and the sensitivity of the immunosensor was further improved for Au NPs not only

carried more antibodies but also acted as mass enhancers. Experimental results confirmed that this devel-
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1. Introduction

Common acute lymphoblastic leukemia antigen, known as
CD10, is a zinc-dependent metalloendoprotease. It plays important
roles as a multifaceted environment actor in stem cells, physio-
logical mechanisms and cancer [1]. CD10 was first identified in
leukemia as tumor-specific antigen for it expresses in acute lym-
phoblastic leukaemia and follicle center cell lymphoma [2], then it
has been widely used for evaluating tumor progression [3]. Dere-
gulation of CD10 expression may cause severe disturbances in cells
and their environment, ultimately lead to serious diseases. There-
fore, sensitive and accurate detection of CD10 is indispensable.

Previous studies of CD10 usually paid more attention on the
biologic role of CD10 rather than the quantitative analysis of
CD10 [4,5]. In order to quantitative detect CD10, our group has
developed an electrochemical immunosensor by using scan-
ning electrochemical microscopy [6]. Reduction current which
reflected the concentration of CD10 was monitored and a current
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topographic image corresponded to the specific binding between
CD10 and anti-CD10 was also provided. Though sensitive detection
of CD10 was achieved with a detection limit of 4.38 x 10~12 M,
the signal was inevitably to be interrupted because the binding
reaction was detected indirectly. In order to quantitative analysis
CD10 in a straightforward way, herein, a label-free immunosensor
for detecting CD10 based on Au NPs by QCM is reported.

QCM is an efficient mass detection instrument [ 7]. After the ana-
lyte is captured on the quartz crystal, the frequency shift reflects the
corresponding mass change, thus offering the reaction information
inreal time. Compared with the traditional antigen detection meth-
ods (chemiluminescence detection [8], fluorescence detection [9],
electrochemical methods [10], etc.) which are usually recognized
through the signals generated from labels such as enzymes [11],
radioactive isotopes [12] or fluorescent agents [ 13], QCM can detect
the physical and chemical changes of antigen-antibody reaction
directly while preventing the interference. Moreover, the detec-
tion process is less sophisticated in contrast with other label-free
methods such as immunosensor based on surface plasmon res-
onance [14]. Thus QCM becomes attractive tool and has gained
considerable interest. In previous reports, QCM has been success-
fully used in gel spreading [15], gas adsorption [16], biomolecule
detection (such as DNA [17], enzyme [ 18], liposome [19]), etc. QCM
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has also been utilized in immunoassays. For instance, Shons et al.
used QCM to determine the antibody activity [20]. Since then rel-
evant studies have been subsequently reported, referring to the
use of QCM for the detection of antigen—antibody reaction. Kyusik
etal.[21] utilized QCM to analyze the binding of immunoliposomes
with antigen, and investigated the action of liposomes as the signal
enhancing reagents in competitive QCM immunoassay. Wang et al.
has developed an integrated QCM immunosensor array to explore
the differentiated leukocyte antigens for immunophenotyping of
acute leukemia [22].

Because the mass change from the binding of antigen on the
crystal surface is small, it is necessary to further improve sensi-
tivity of QCM immunosensor. Many signal enhancers have been
used in QCM sensors such as nanoparticles, enzymes, liposomes,
etc. Among them, nanoparticles demonstrate a great potential in
increasing sensitivity, for they have a relatively large mass com-
pared to most analytes and the ability to be surface functionalized.
Generally, Au NPs present good biocompatibility, large specific sur-
face area and high surface free energy, which make them widely
used in the field of biological chemistry [23-26]. Au NPs have
generated an increasing attention serving as excellent carriers for
the loading of signal tags, such as proteins [27,28], quantum dots
[29], DNA [30], liposome [31]. Moreover, since Au NPs can change
the sensing surface stress obviously, they have also been utilized
in mass detection systems such as microcantilever [32] and QCM
based platform. Au NPs have been investigated to be utilized in QCM
sensors to detect metal ions [33], thrombin [34], bacterial cells [35],
etc. However, there are few reports about antigen detection using
Au NPs as carriers and mass enhancers in QCM immunosensors.

Herein we utilized Au NPs as signal enhancing reagents with
antibody (Ab,) fixed on their surface, and the resulting compos-
ites were bonded specifically to CD10 immobilized on the crystal
surface. Due to the mass increase on crystal surface, the frequency
change became significantly larger than that without Au NPs. After
the layer-by-layer modification of quartz crystal, the mass of the
crystal surface increased and the resonance frequency decreased.
The shifts of changed frequency correspond to the weight change
from the specific attachment of antigens to the antibody immobi-
lized on the quartz crystal surface of QCM. The binding information
of antigen and antibody without any labels can be achieved in real
time.

2. Materials and methods
2.1. Materials

CD10 and CD10 antibody (Ab) were purchased from Biosynthe-
sis Biotechnology Co. (Beijing, China). CD10 and Ab were dissolved
in phosphate buffered saline (PBS, pH 7.4, containing 0.01 M of
phosphate and 0.1 M of KCl), respectively, and stored at 4 °C for sub-
sequent experiments. CD10 solutions with different concentrations
were prepared in PBS (pH 7.4). HAuCl,-4H,0 was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Other chem-
icals with analytical reagent grade can be directly used as received
without any purification. L-Glutathione was purchased from Solar-
bio. S&T Co. (Beijing, China). In experiments, ultrapure water was
used throughout.

2.2. Equipments

Q-Sense E1 QCM-D instrument was purchased from Q-Sense
AB, Visra Frolunda, Sweden. Gold-coated quartz crystal with a fun-
damental resonant frequency of 5 MHz was bought from Q-Sense.
Morphology and structure of Au NPs were characterized by trans-
mission electron microscopy (TEM; JEOL JEM-2100, operated at

200kV). Ultraviolet-visible (UV-vis) spectra were recorded on a
UV-2800 Ultraviolet spectrophotometer (UNICO Instrument Co.,
Ltd., Shanghai). Atomic Force Microscopy (AFM) image was taken
with a Being Nano-Instruments CSPM-4000 (Benyuan, China).

2.3. Fabrication of immunosensor

2.3.1. Preparation of Au NPs

Au NPs were prepared through thermal reduction of HAuCly
by sodium citrate. Firstly, 0.01% of HAuCly solution and 1.0% of
trisodium citrate solution were filtered through 0.22 pm micro-
porous membrane filter successively, and then 100 mL of HAuCl,
solution (0.01%) was heated until boiling, after that, 3.0mL of
trisodium citrate solution was added. When the color of the solu-
tion changed, the following procedures were to stop heating,
accompanied by an additional stirring for 15 min. Finally, the result-
ing Au NPs were stored at 4°C, and treated with ultrasonic wave
before further use.

2.3.2. Preparation of Ab,/Au NPs

To link Ab; to Au NPs and increase the stability at the same time,
glutathione was added to Au NPs solution. The resulting mixture
was centrifuged for 10 min at 10,000 rpm to remove the excess glu-
tathione. After the achievement of capped Au NPs, freshly prepared
EDC solution (5 mM/L) was added to the capped Au NPs with stir-
ring for 15 min to activate the surface carboxylic groups of capped
Au NPs. Then, the mixture was centrifuged again and the soft sed-
iment was washed with PBS. After that, 110 nL of Ab, solution
(1.0 x 10=7 M) was added to the capped Au NPs solution to form
the mixture at 4 °C for 9 h. Subsequently, Ab, was modified on the
capped Au NPs by forming an amide bond between the carboxylic
group and amino group. After the centrifugation and discard of
supernatants, the resulting Ab,/Au NPs were finally re-dispersed
in PBS (pH 7.4), and stored at 4 °C for further use.

2.4. QCM measurement procedure

Before a particular use, the quartz crystal of QCM needs to
be cleaned with piranha solution, followed by the treatment
of a 3:1 (volume ratio) mixture of concentrated sulfuric acid
and hydrogen peroxide, and the rinse with deionized water.
Afterward, the treated quartz crystal was immersed in a boil-
ing mixture (Vyitrapure water:Yammonia: Vhydrogen peroxide =5:1:1) for
10-15 min. Finally, the quartz crystal was cleaned with ultrapure
water, and then blew with a stream of dry nitrogen gas. Before the
quartz crystal was put on reaction cell, relevant important proce-
dures should be performed, including the treatment of the gold
surface of quartz crystal with 15 L of MPA (3-mercaptopropionic
acid, 10 mM) overnight, the activation with the EDC/NHS solution
for an hour to produce the carboxyl quartz crystal, and the washing
treatment of the quartz crystal with PBS.

The schematic representations of CD10 detection by QCM and
a typical QCM readout for CD10 detection procedure were exhib-
ited in Figs. 1 and 2, respectively. The figures showed the binding of
Ab, /Au NPs to CD10 immobilized with Ab; on the gold coated crys-
tal surface, and the morphology was characterized by AFM shown
in Fig. S1 (see Supplementary materials). The numerous “islands”
in the image above clearly showed the binding of Ab,/Au NPs to
CD10 immobilized with Ab; on the gold coated crystal surface.
After PBS was pumped into the cell at a flow rate of 60 p.L/min,
the quartz crystal was put into the cell. When the frequency got
stable, 1.0 x 10~7 M of Ab; was added and incubated for an hour,
which helped to its cross-linking on the activated gold surface via
its N-terminal amino group. After that, the stable frequency (F1)
of the quartz crystal immobilized with Ab; was recorded. In PBS,
CD10 solutions with different concentrations from 1.0 x 10~8 M to
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Fig. 1. Schematic representation of CD10 detection by QCM.

1.0 x 10-"'M were pumped into the cell, and incubated for an
hour. Finally, Ab,/Au NPs in PBS was added and immobilized on
the CD10/Ab, quartz crystal for reaction. After reaction, PBS solu-
tion was injected to wash the nonspecific bound Ab,, and the
stable frequency F2 was recorded again. The frequency change
(AF=F2 —F1) was related to the total amount of CD10 immobi-
lized with Ab; on the quartz crystal. At the same concentration, the
frequency changes of Ab,/Au NPs and Ab, (Fig. 2A and B) were com-
pared. When the Ab,/Au NPs was used, the frequency change was
much bigger than that when only the Ab, was used. Upon reach-
ing 100 Hz, the stable frequency between CD10 and Aby/Au NPs
was 40 Hz. When the Ab, was used alone, the frequency change
was close to 60Hz, while the stable frequency change between
CD10 and Ab, was approximately 10 Hz. The probably reason is that
Au NPs carry more Ab,, allowing specific binding to more CD10.
Moreover, the Au NPs modified with Ab, were adsorbed on the
crystal, thus inducing the increase of the crystal surface mass and
the decrease of the resonance frequency.

3. Results and discussion
3.1. Characterization and modification of Au NPs

Morphology and structure of Au NPs were characterized by
TEM. The prepared Au NPs have an average diameter of 15-18 nm
(Fig. 3A), indicating a regular shape. The Au NPs were also char-
acterized by UV-visible absorption spectrum, and the maximum
absorption peak was around 520 nm (Fig. 3B). The Au NPs used in
our study were synthesized by the reduction of an aurate salt with
reducing agents. Thus they need to be surface modified to be more
stable and compatible for preparation of bioconjugate in the subse-
quent experience. Amino (-NH; ) and thiol (-SH) groups are known
to have high affinity for the gold. There are two carboxylic groups,
one thiol group and three amino groups in glutathione [36], thus
glutathione was chosen as capping agents to protect the Au NPs
from clustering. At the same time, Ab, can be linked on the Au
NPs by an amide bond formed between the carboxylic groups of

Fig. 2. (A) A typical QCM readout of the CD10 detection procedure; (B) QCM readout without Au NPs.
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Fig. 3. (A) TEM image of Au NPs; (B) the UV-visible spectrum of Au NPs.

glutathione capped Au NPs and amino groups present in the Ab,
antibody, come into being a sandwich-type structure on the surface
of quartz crystal.

3.2. Preparation of the immunosensor

The schematic representations of preparation processes of the
immunosensor and the detection strategy were shown in Fig. 1.
After a sandwich-type immunoreaction, the CD10 antigen and
Ab,/Au NPs were captured on the surface of quartz crystal, and
the frequency change reflected the immunoreactions.

3.3. Optimization of detection conditions

In this developed sensing platform, the concentration of Ab; is
a crucial component. A high Ab; concentration may increase the
steric hindrance, which is unfavorable for the specific binding with
CD10. However, a low Ab; concentration may affect the binding
efficiency with CD10. To measure the response as a function of the
Ab; concentration of the immunosensor, different amounts of Aby
assays were conducted. When a series of Ab; samples with different
concentrations from 1.0 x 10~ M to 1.0 x 10~ M were used, the
frequency changes were markedly different. As exhibited in Fig. 4A,
the frequency changes increased with the each increment of Ab,

Fig. 4. (A) Optimization of the concentration of Aby; (B) optimization of pH; (C) optimization of the temperature.
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Fig. 5. Real-time frequency responses of QCM immunosensor for detection of CD10.
The concentrations of CD10 were from 1.0 x 108 to 1.0 x 10~'! M. The insert shows
linear relationship between the frequency shifts and the concentration of CD10
antigen in the range from 1.0 x 10-'' M to 1.0 x 10~'° M. Error bars are standard
deviation of three repetitive measurements.

amount. Especially, a sufficient frequency change could be obtained
at 1.0 x 10~7 M, which was thus used for following experiments.
The performance of this immunosensor was depended on the
pH and temperature. As shown in Fig. 4B, the maximum response
from pH appeared at pH 7.4, which was thus selected in this study.
As demonstrated in Fig. 4C, the optimal temperature was 37 °C.

3.4. QCM detection of the immunosensor

Under the optimized assay conditions, a series of antigens in
the concentration range from 1.0 x 1078 M to 1.0 x 10~11 M were
determined, as shown in Fig. 5. The QCM is a piezoelectric sensor
and its resonant frequency (AF) is proportional to changes in mass
adsorbed on the quartz surface under certain conditions according
to the Sauerbrey equation: AF=—C; Am, in which C; is a constant
dependent on the quartz properties [37]. Therein, the frequency
shifts of Ab,/Au NPs were in response to the CD10 of different con-
centrations. With the increase of CD10 concentration, the CD10
frequency change increased, indicating that the more CD10 was
specifically bonded with antibody. In addition, the frequency shift
has a good linear relationship with the concentration of CD10 in
therange from 1.0 x 10~ M to 1.0 x 1019 M. The detection limit is
2.4 x 10~12 M (36 method, n=11). When the concentration of CD10
continued to increase, the chemical absorption on the quartz crys-
tal trended to saturation gradually, and finally the adsorption phase
achieved the saturation limit of the surface coverage.

The results from relevant experiments performed without CD10
were shown in Fig. S2 (see Supplementary materials). As observed,
after PBS was pumped in the detection cell to wash the nonspecif-
ically bonding Ab,/Au NPs, the frequency change was rather small
and even could be ignored, which may be ascribed to the absence
of CD10. On this account, none of Ab,/Au NPs was modified on the
quartz crystal, and thus the frequency could not be changed.

3.5. Specificity and repeatability of the immunosensor

Specificity of the detection was evaluated by testing response of
other human lymphocyte antigens (CD19 and CD20). Higher shift of
frequency was observed with the CD10 than CD19 and CD20 (Fig. 6).
When mixed with these three antigens, the frequency shift had no
obvious change compared with that of CD10. These results clearly

Fig. 6. Frequency responses after the addition of CD10,CD19 and CD20. The concen-
tration of CD10: 1.0 x 10~'° M. The concentration of CD19 and CD20: 1.0 x 10-8 M.

demonstrated that the non-target molecules did not interfere with
the CD10 analysis and this method has good specificity for the CD10
antigen. The repeatability of the immunosensor was estimated by
the measurement the frequent change of the immuosensors which
were fabricated on the same surface of quartz crystal and used
the same suspension of Ab,/Au NPs under the optimized exper-
iment conditions for six times. The corresponding results showed
an acceptable repeatability with a relative standard deviation (RSD)
of 5.8%.

4. Conclusions

In this work, a label-free sandwich immunosensing method was
reported to detect the CD10 antigen by using QCM. Au NPs worked
as the antibody carriers and mass signal enhancers. According to
the frequency change, the immune response process of CD10 and
anti-CD10 could be detected in real time. Furthermore, the proce-
dure was simple and easy to be operated. This label-free sandwich
immunosensing method could detect the CD10 concentration in
the range from 1.0 x 10~8 to 1.0 x 10~11 M. We expect this plat-
form to be developed into a promising application in real sample
analysis.
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