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ABSTRACT

A lateral flow biosensor based on immunoassay has been developed for the detection of human stem cells
for the first time. Antibody specific for a human stem cell surface antigen, SSEA-4, is coated onto gold
nanoparticles, whereas antibody against another human pluripotent stem cell surface antigen, SSEA-3,
is immobilized on the test zone of the NC membrane. Target cells bind to the antibody coated on the gold
nanoparticles to form nanoparticles-stem cell complexes, and the complexes are then captured by
another antibody immobilized on the test zone to form a red line for visual detection. This biosensor
has been successfully applied to human embryonic stem cells and induced pluripotent stem cells. It is
capable of detecting a minimum of 10,000 human embryonic stem cells by the naked eye and 7000 cells
with a portable strip reader within 20 min. This approach has also shown excellent specificity to distin-
guish other types of cells. The biosensor shows great promise for specific and handy detection of human

pluripotent stem cells.

© 2013 Elsevier Inc. All rights reserved.

Recently, stem cell research has elicited continued scientific,
commercial, and public interest. Stem cells, such as embryonic
stem (ES)? cells and induced pluripotent stem (iPS) cells, are
pluripotent and can differentiate into any of the hundreds of cell
types. The biological properties of stem cells have raised exciting
new prospects of generating an ideal source of healer cells that has
no adverse effect and low risk of immune rejection [1]. These unique
capabilities make stem cells a renewable source of a wide range of
cell types for potential use in drug screening and therapies for many
diseases [2-4]. Discrimination of stem cells from other cells is very
important in two aspects: induction of pluripotent stem cells from
somatic cells and direct differentiation of stem cells to somatic cells.
An efficient approach for the detection of stem cells is critical in
research and clinics. Therefore, it is important to develop a
convenient method to discriminate stem cells from other cells using
specific genes or protein markers.

Most of the methods, except the flow cytometric method and
immunofluorescence [5], for stem cell identification are based on
the analyzing of cell lysate such as reverse transcription-polymer-
ase chain reaction (RT-PCR) [6], Western blot [7], and Northern
blot [8]. They use specific expressed proteins [5.7] and messenger
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RNAs (mRNAs) [8] in stem cells as markers. These methods are
time-consuming and cumbersome to perform.

Detection of biological entities using cell-based assays has al-
ready found its niche in biomedical research as well as in clinics
[9]. Various biosensors for whole cell detection have been reported
to detect cancer cells [10,11] and immunocytes [12-14], such as
microfluidic cell-based biosensor (mfCBB) [15], light-addressable
potentiometric sensor (LAPS) [16], and localized surface plasmon
resonance biosensor (LSPRB) [17], whereas no stem cell biosensor
has been reported.

Gold nanoparticles (AuNPs) are better than other signal trans-
ducers by the virtue of their facile synthesis, large specific surface
area, high chemical stability, favorable biocompatibility, good con-
ductivity, and high affinity of binding to amine/thiol-containing
molecules [18]. Previously, we developed different kinds of biosen-
sors based on AuNPs to detect transcriptional factors [19], copper
[20], nucleic acid [21], and cancer cells [10], which offer a promis-
ing approach to realize handy detection of whole stem cells.

In this article, we show the development and working principle
of a lateral flow biosensor (LFB) for stem cell detection. The surface
proteins, SSEA-3 and SSEA-4 [22], are used to mark human
pluripotent stem cells (hPSCs). AuNPs-SSEA-4 antibody-stem cells
complexes captured by the antibody of SSEA-3 accumulate on the
test line and produce a characteristic red band that can be used for
either qualitative (i.e., visual evaluation) or quantitative detection
of cells by a portable strip reader. Antibodies of human immuno-
globulin G (IgG) are immobilized on the control line to capture
the excess of AuNPs-SSEA-4 antibody, resulting in a second red
line. The LFB has the following features: (i) short detection time
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(within 20 min), (ii) tested cells without lysis, and (iii) no need for
complex and expensive instrumentation.

Materials and methods
Materials

Human SSEA-3 and SSEA-4 antibodies were purchased from
R&D Systems (Minneapolis, MN, USA). Bovine serum albumin
(BSA) and HAuCl, were purchased from Sigma-Aldrich (Steinheim,
Germany). Nitrocellulose (NC) membranes were purchased from
Shantou Ealon (Shantou, China). All other reagents were purchased
from standard commercial sources and were of analytical grade. All
buffer solutions used in this study were prepared in our laboratory
using ultrapure water (resistance of 18 MQ).

Preparation of AuNPs-SSEA-4 antibody conjugates

AuNPs (average of 25 nm) were prepared according to the liter-
ature with slight modification [10]. Briefly, in a 250-ml round-bot-
tom flask, 4 ml of 1% trisodium citrate was added to 100 ml of
rapidly stirred and boiling HAuCl,. The color of the solution turned
deep blue in 20 s and then turned wine red in 60 s. The solution
was kept boiling for approximately 10 min and then was returned
to room temperature by natural cooling to form AuNPs. The result-
ing AuNPs solution was stored at 4 °C and was used for the prepa-
ration of the AuNPs-SSEA-4 antibody conjugates.

The pH of AuNPs solution was adjusted to 8.0 with 100 mM
K;COs3. Then 9 pg of human SSEA-4 antibody was added to the
100 pl of AuNPs solution. After shaking at 200 rpm for 1 h at room
temperature, 10% (w/v) BSA stock solution was added to the AuNPs
solution to a final concentration of 1% (w/v). Next, 1 h later, the
resulting AuNPs solution was concentrated by centrifugation. After
centrifugation for 30 min at 12,000 rpm, the supernatant was re-
moved without disturbing the pellet. The loose part of the pellet
was resuspended with resuspension solution (20 nM NazPO,4, 10%
BSA, and 0.05% NaNs) in a small volume (~100 pl).

Preparation of LFB for stem cell detection

The LFB for stem cell detection is fabricated as the schematic
diagram shown in Fig. 1. The biosensor consists of three compo-
nents: sample pad, NC membrane, and absorbent pad. The sample
pad is prepared by soaking glass fiber (17 mm x 30 cm) in the sam-
ple pad buffer (1% Triton, 1% BSA, 2% glucose, and 50 nM boric acid,
pH 8.0). Then it was dried and stored in a low-humidity chamber at
room temperature.

Human SSEA-3 monoclonal antibody (30 pl of 1 mg/ml) and IgG
antibody (30 pl, 1 mg/ml) were dispensed onto the NC membrane
(25 mm x 30 cm) to form a test line and control line with a lateral
flow dispenser (Shanghai Kinbio, Shanghai, China), respectively.
The distance between the test line and the control line was approx-
imately 5 mm. The membrane was then dried at room temperature
for 12 h and stored at 4 °C. Finally, the three components of the LFB
were assembled on a plastic adhesive backing (60 mm x 30 cm).
Each part overlapped 2 mm to ensure the migration of sample
solution through the biosensor during the assay. Strips with a
4 mm width were cut by using a paper cutter (programmed
high-speed cutter, Shanghai Kinbio).

Detection of stem cells by LFB
The experiments were performed in 80 pl of sample solution

containing different amounts of stem cells and 2 pl of AuNPs-
SSEA-4 antibody conjugates in 10 mM phosphate-buffered saline

(PBS). After reaction for 10 min at room temperature, the solution
was applied to the sample application well and the test line and
control line were visualized within 10 min. For quantitative detec-
tion, the biosensor was scanned using a handheld strip reader
(Shanghai Kinbio). The optical intensity of the test line and control
line could be recorded simultaneously by using the Shanghai Kin-
bio strip reader software. To define a positive result, we used the
signal/noise (S/N) ratio (S/N > 3) as reference. Signal is the optical
intensity of the test line with detected sample, and noise is the
intensity of the test line with PBS.

Statistical analysis

SPSS 10.0 software (SPSS, Chicago, IL, USA) was used for statis-
tical analysis. The results are expressed as means * standard devi-
ations 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.

Results and discussion
Principle of LFB for stem cell detection

In this study, an LFB for stem cell detection based on the double
antibody sandwich method is proposed, as depicted in Fig. 1. The
human SSEA-4 antibody is conjugated with AuNPs to form AuN-
Ps-SSEA-4 antibody conjugates. The human SSEA-3 antibody is
immobilized on the test line of the LFB. In a typical assay, sample
solution containing stem cells and AuNPs-anti-SSEA-4 conjugates
is premixed and applied on the LFB sample pad. The solution con-
taining the AuNPs-SSEA-4 antibody-stem cell complex migrates
by capillary action until it is captured on the test line by SSEA-3
antibody immobilized on the membrane. The accumulation of
AuNPs on the test line is visualized as a characteristic red band
(test line). The excess of AuNPs-anti-SSEA-4 conjugates continues
to migrate to the control line in which the anti-human IgG anti-
body is immobilized. The excess of AuNPs-anti-SSEA-4 conjugates
is then captured by the anti-mouse IgG antibody to form a second
red band (control line). In the absence of stem cells, no red band is
observed in the test line. In this case, a red control band shows that
the LFB is working properly. Qualitative analysis is performed by
observing the color change caused by the accumulation of AuNPs
on the test line, and quantitative detection can be realized by
recording the optical density of the test line with the strip reader.

Optimization of experimental conditions

To improve sensitivity and specificity for the detection of stem
cells, the experimental conditions were optimized systematically.
We studied the effect of the amount of AuNPs-anti-SSEA-4 conju-
gates and the reaction buffer on the S/N ratio of the assay. The
amount of AuNPs-anti-SSEA-4 conjugates is one of the most
important factors to affect the sensitivity of the LFB. Different
volumes of the AuNPs-anti-SSEA-4 conjugates, ranging from 1 to
3 pl, were used to conjugate with 1 x 10° stem cells. The highest
S/N ratio was obtained with a volume of 2 pl of AuNPs-anti-
SSEA-4 conjugate (Fig. 2A). Therefore, 2 pl of AuNPs-anti-SSEA-4
conjugate was selected in the following experiments. Sample
buffer is another important factor affecting the sensitivity and
specificity of the LFB. In this study, three types of reaction buf-
fer—10 mM PBS, 10x saline-sodium citrate (SSC), and 10 mM
Tris-buffered saline (TBS)—were used to test the assay perfor-
mance. The best S/N ratio was obtained when 10 mM PBS was used
in the assay. Accordingly, 10 mM PBS was used throughout the
experiments to obtain the best signal (Fig. 2B).
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Fig.1. Schematic illustration of the LFB for the detection of human pluripotent stem cells (hPSCs).
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Fig.2. (A) Effect of the amount of AuNPs-anti-SSEA-4 conjugate on the S/N ratio of 1 x 10° stem cells assay. (B) Effect of different sample buffers on the S/N ratio of LFB.

Amount of stem cells: 1 x 10%; volume of sample solution: 80 pl (n = 3).

Performance of stem cell sensor

At the optimized conditions, the stem cell sensor was used to
detect different amounts of stem cells in the sample solution. First,
stem cells were mixed in sample buffer at seven dilutions as fol-
lows: 0, 1 x 10% 2 x 10% 4 x 10% 8 x 10% 1 x 10 and 2 x 10°.
The visual judgment of the test line could be used for the qualita-
tive detection of stem cells. Fig. 3A shows the typical photo images
(left) and the corresponding optical responses (right; intensities of
test line and control line) of the LFB with the sample buffer
containing different amounts of stem cells. There is no red band
observed on the test line of the LFB in the absence of stem cells
(negative control). The red bands on the test line are observed with
as little as 1 x 10* stem cells. The red bands appearing on the con-
trol line LFB indicate that the LFB was working properly. Quantita-

tive detections were performed by recording the intensities of the
test lines with a strip reader. The peak areas increased with the in-
crease of the target cell amounts (Fig. 3A, curves a-g). The resulting
calibration plot of the peak areas versus the logarithm of stem cell
number is linear over the 1 x 10 to 2 x 10° range. The detection
limit of 7000 stem cells (based on S/N = 3) was estimated (Fig. 3B).

For the specificity assay, many kinds of cell lines without the
expression of SSEA-3 and SSEA-4 were tested. Fig. 4 displays that
high peak area was observed on the test line of the biosensor when
the human embryonic stem cells were tested, but low peak areas
on test bands were observed when mouse embryonic stem cells,
SP20 cell line, 293T cell line, human fibroblast cells, and HeLa cells
were tested. These results demonstrate that the biosensor is spe-
cific for human pluripotent stem cells, not for stem cells from other
species or human somatic cells.
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Fig.3. (A) Typical responses of LFB with increasing amounts of stem cells. The amounts of stem cells were 0 (a), 1 x 10% (b), 2 x 10%(c), 4 x 10%(d), 8 x 10%(e), 1 x 10° (f), and
2 x 10° (g). (B) Calibration curve of the assay with different amounts of stem cells. The peak areas were averages for three measurements.
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Fig.4. Photo images of LFB for specificity analysis with stem cells. Column 1:
human embryonic stem cells; column 2: mouse embryonic stem cells; column 3:
SP20 cell line; column 4: 293T cell line; column 5: human fibroblast cells; column
6: Hela cells.

Conclusion

In the current work, we have developed a rapid, sensitive, and
highly specific biosensor for the detection of human pluripotent
stem cells. The LFB is capable of detecting a minimum of 10,000
stem cells within 20 min by the naked eye and 7000 stem cells
with a portable strip reader. The response of the optimized LFB is
highly linear over a range of 1 x 10* to 2 x 10°> human stem cells.
The LFB can have important applications in the field of

regenerative medicine such as to determine the efficiency of iPS
cells from somatic cells and to determine the efficiency of direct
differentiation from ES or iPS cells to somatic cells, including
hematopoietic cells, cartilage cells, and adipose cells. By analogy,
this approach can be extended to detect different types of stem
cells. For example, a pair of antibodies to mouse stem cell surface
markers, SSEA-1 and Thy-1, can be used in the LFB for the detection
of mouse stem cells. Furthermore, it is possible to develop a stem
cell biosensor for the simultaneous detection of two kinds of stem
cells. Such an LFB does not require any specialized equipment or
skills. It is inexpensive and rapid and, thus, holds great potential
for wide applications, especially in stem cell clinical therapy.
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