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HIGHLIGHTS

GRAPHICAL ABSTRACT

e An off—on switchable fluorescence
nanoprobe to recognize sialic acid
was constructed.

e The competition between cell surface
sialic acid and PSA lights up the
fluorescence.

e The competitive method can be used
for in situ imaging of cell surface
sialic acid.

e The imaging method can detect cell
number and the amount of cell sur-
face sialic acid.

e This method can be used for the dy-
namic monitoring of cell surface SA
change.
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Sialic acid (SA) usually locates at the terminal position of the sugar chains on cell membranes, and its
expression level is closely associated with cancer. Here polysialic acid (PSA) embedded gold nano-
particles (AuNPs) were prepared and functionalized with fluorescent 3-(dansylamino)phenylboronic acid
(DAPB) for in situ imaging and detection of cell surface SA. The fluorescence resonance energy transfer
(FRET) from DAPB to AuNPs quenched the fluorescence of DAPB. In the presence of additional SA or SA-
abundant cells, the competitive binding of DAPB with SA and PSA led to the release of the assembled
DAPB from the surface of PSA-embedded AuNPs, resulting in fluorescence of DAPB on SA-abundant cell
surface. The proposed methods realized the in situ imaging and monitoring of cell surface SA, and could
also be applied to the quantification of cell number and the amounts of cell surface SA. This work not
only proposed a convenient visualization method for the analysis of SA on cell membranes, but also
provided a potential tool for accelerating the elucidation of the basic role of SA in various biological
processes and development of anti-cancer therapies.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Sialic acids (SAs), also called N-acetyl neuraminic acid, include a
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family of 9-carbon acidic monosaccharides, and can usually be
found at the terminal end of the glycan chains on cell surface [1]. In
the body of vertebrates, SAs participate in various physiological and
pathological processes, such as intracellular signaling and cell
recognition [2]. The change of the expression level of cell surface SA
is closely related to the development of cancer, as high expression
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of SA can usually be found on tumor cell surface [3]. Therefore, the
detection of cell surface SA, especially in situ analysis, is of great
significance to the diagnosis and therapy of cancer.

Traditional labeling detection methods commonly use different
types of lectins to recognize the corresponding glycans [4—7]. Both
the number of glycan—lectin pairs and the specificity of glycan—lectin
recognition have been known to be unsatisfactory [8,9]. Thus the
exploration of high specific recognition mechanism for selective
glycan analysis is in urgent need by cancer researchers. Recent
research has suggested that SA can specifically combine with phenyl
boronic acids though a reversible boronic acid—diol interaction at
normal physiological pH condition (7.4)[10,11]. The reversible linkage
of boronic acid with SA offers a brand-new direction for the recog-
nition and detection of cell surface SA by assembling the boronic
groups on various biosensing materials [12—15].

Recently, a large number of biosensing materials have been
designed for cell analysis with desirable performance [16—18]. Gold
nanoparticles (AuNPs) are especially attractive in cytosensing due
to the favorable biocompatibility and ease of functionalization
[19—24]. Moreover, the AuNPs can be extensively used as not only
the carriers of signal molecules [9,19—24], but also the quencher of
some fluorescent dyes [25—27] or quantum dots [28,29] via fluo-
rescence resonance energy transfer (FRET). This work integrated
the quenching ability of AuNPs on the fluorescence of dansyl group
[19] with the recognition ability of boronic group to SA [10—15] to
design a novel nanoprobe, which could be prepared by assembling
3-(dansylamino)phenylboronic acid (DAPB) on polysialic acid (PSA)
embedded AuNPs (PSA-AuNPs). The fixed DAPB could be released
in the presence of SA or SA-abundant cells, due to the competitive
binding of DAPB with SA or cell surface SA and PSA. Thus the
fluorescence of DAPB on SA-abundant cell surface could be turned
on to provide a visualization method for in situ imaging of cell
surface SA (Scheme 1). The practicality of the imaging method was
confirmed by its application in quantification of cell number and
the amounts of cell surface SA. In addition, this strategy realized in
site monitoring of SA expression level on cell surface, which may
offer a potential tool for the development of SA-targeted anti-
cancer methods.

2. Experimental
2.1. Chemicals

Chloroauric acid (HAuCly-4H,0) was obtained from Shanghai
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Chemical Reagent Company (China). Trisodium citrate was ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (China). DAPB,
PSA, SA and sialidase were purchased from Sigma—Aldrich Inc.
(USA). D282 dye for staining cell membrane was from Invitrogen
Co. Ltd (Shanghai, China). Hela cells (cervical cancer cell) were
from KeyGen Biotech. Co. Ltd. (Nanjing, China). Phosphate buffer
saline (PBS, pH 7.4) contained 136.7 mM Nac(l, 2.7 mM KCl, 8.72 mM
NayHPOy4, and 1.41 mM KHyPOg4. All aqueous solutions were pre-
pared using ultrapure water (>18 MQ, Milli-Q, Millipore).

2.2. Apparatus

The transmission electron microscopic (TEM) images were ob-
tained on a JEM-2100 transmission electron microscope (JEOL Ltd.,
Japan). Dynamic light scattering (DLS) was observed on a 90 Plus/
BI-MAS equipment (Brook haven, USA). The UV—vis absorption
spectra were obtained with a UV—vis spectrophotometer (Nano-
drop-2000C, Nanodrop, USA). The fluorescence spectra were ob-
tained on a spectrofluorophotometer (RF-5301PC, Shimadzu,
Japan). The cell images were gained on a TCS SP5 laser scanning
confocal microscope (Leica, Germany). MTT assay was performed
on a microplate reader (680, Bio-Rad, USA).

2.3. Cell culture and treatment

HelLa cells were cultured in a flask in Dulbecco's modified Eagle's
medium (DMEM, GIBCO) supplemented with 10% fetal calf serum
(FCS, Sigma), penicillin (100 pg mL™'), and streptomycin
(100 ug mL~ 1) at 37 °C in a humidified chamber, containing 5% CO>.
Cell number was determined using a Petroff-Hausser cell counter
(USA).

2.4. Preparation of DAPB functionalized PSA-AuNPs as the
nanoprobe

PSA-AuNPs were firstly prepared by heating 200 mL HAuCly4
solution (0.01%) containing 30 mg PSA to 100 °C, followed with
addition of 5.0 mL trisodium citrate (1%) to the boiling solution
under continuous stirring [8]. The reaction mixture was stirred at
100 °C for 1 h until the color turned deep red to obtain PSA-AuNP
solution, which was stored at 4 °C. DAPB (0.1 mL, 0.3 mg mL™!)
was then added to 1.0 mL of the obtained PSA-AuNP solution and
stirred at room temperature overnight. Afterward, the mixture was
centrifuged and washed twice with PBS, and the resulting
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Scheme 1. Schematic illustration of nanoprobe preparation and off—on fluorescence switch for in situ imaging of cell surface SA.
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nanoprobe was finally re-suspended in 1 mL PBS. The supernatant
containing excess DAPB was collected for fluorescent analysis to
determine the amount of DAPB on each functionalized PSA-AuNP.
The DAPB functionalized PSA-AuNPs were characterized with
TEM, DLS and UV—vis spectroscopy, and the concentration of the
nanoprobe solution is calculated to be 1 nM.

2.5. Quantification of HeLa cells with the functional nanoprobe

Nanoprobe solution (1 mL) was mixed with 100 pL cell sus-
pension of different concentrations, respectively. After incubation
for 1 h at 37 °C, the fluorescent intensity of the mixtures was
determined to obtain the calibration curve.

2.6. In situ imaging of cell surface SAs

HeLa cells (0.5 mL, 1 x 10 mL~!) were seeded in each confocal
dish for 24 h, and 100 pL of the proposed nanoprobe was then
added into the dish. After 1-h incubation at 37 °C, the cells were
sent for confocal observation. For the monitoring of the cell surface
SAs under the treatment of sialidase, HeLa cells were treated with
sialidase (60 mU) for different times and then incubated with
100 pL nanoprobe for 1 h to perform confocal imaging.

2.7. In situ monitoring and quantification of cell surface SA under
sialidase treatment

In order to test the feasibility of the nanoprobe for the in situ
monitoring of cell surface SA, sialidase, an enzyme that cleave the
terminal SA residues from the glycan chains, was used to treat the
cells. Briefly, HeLa cells were treated with sialidase for different
times to show different cell surface SA expression levels, which
provided the standard samples to obtain the calibration curve for
quantification. Afterward, the sialidase-treated cells were split into
two groups. The first group was used for confocal imaging, and the
cells were incubated with 100 uL nanoprobe (DAPB functionalized
PSA-AuNPs) to obtain the average fluorescence intensity of the cell
area (FIC, which is defined as the average blue channel intensity in
cell area read by Adobe Photoshop software, subtracted by back-
ground blue channel intensity at the wavelength of 450 nm).
Another group was used to calculate the amount of cell surface SA
with a standard curve for fluorescence measurement of DAPB.
These cells were centrifuged, redistributed in 100 pL PBS, and then
added to 1 mL nanoprobe solution. After 1-h incubation at 37 °C,
the fluorescence intensity was determined, respectively, to obtain
the amounts of the DAPB released from AuNPs. Assuming the
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interaction between DAPB and SA possessed one-to-one corre-
spondence, the number of SA (n) on each HeLa cell could be ob-
tained. From the plot of FIC vs. n, the semi-quantitative estimation
of the average number of cell surface SA under sialidase treatment
was achieved.

3. Results and discussion
3.1. Characterization of PSA-AuNPs and nanoprobe

The transmission electron microscopic (TEM) image of the PSA-
AuNPs showed an average diameter of 18 + 2.3 nm (n = 32) with a
narrow distribution, which was consistent with the dynamic light
scattering (DLS) result of 20.2 nm and 5 nm larger than the naked
AuNPs synthesized under the same condition without the presence
of PSA (Fig. Sla—Slc, Supplementary material). The average
diameter of PSA-AuNPs obviously increased with an apparent cor-
e—shell structure. The UV—vis absorption spectrum of PSA-AuNPs
showed an absorption peak at 528 nm, which red shifted to
537 nm after DAPB was conjugated on their surface (Fig. S1d,
Supplementary material), confirming the successful modification
of DAPB. The average amount of DAPB assembled on each nanop-
robe was measured to be around 10 (Fig. S2, Supplementary
material).

3.2. Fluorescence of DAPB after competitive binding with SA
monosaccharides or HeLa cells

SA monosaccharides and HeLa cells with overexpressed SA on
the surface of cell membrane were used for evaluating the
competition-based fluorescence recovery of the DAPB. No fluores-
cence of the nanoprobe solution could be observed in the absence
of SA or Hela cells (curve A in Fig. S3a and S3b, Supplementary
material), indicating the quenching effect of the AuNP core to
DAPB fluorescence. The tiny fluorescence occurred at a long time
resulted from the dissociation of DAPB from the nanoprobe surface.
In the presence of SA or Hela cells, the solution showed gradually
increasing fluorescence of DAPB, which tended to a maximum value
after 1 h (curve B in Fig. S3a and S3b, Supplementary material),
indicating the competitive binding of DAPB with free SA or cell
surface SA and the PSA-AuNPs, which led to the release of DAPB
from nanoprobe surface. This result demonstrated the competition
mechanism of the fluorescence recovery and an efficient method
for in situ fluorescence imaging of cell surface SA.
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Fig. 1. (a) Fluorescence spectra of nanoprobe solution (1 mL, 1 nM) after treated with 1.0 x 10°,1.0 x 10%,2.0 x 10%, 3.5 x 105, 5.5 x 10° and 1.0 x 107 HeLa cells for 1 h (from A to F).

(b) Plot of fluorescence intensity vs. cell number.
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Fig. 2. Confocal images of HelLa cells incubated with nanoprobe solution.

3.3. Fluorescence detection of HeLa cells

The proposed nanoprobe was firstly used for the quantification
of HelLa cells. After HeLa cells were incubated with the nanoprobe
solution (1 mL) for 1 h, the fluorescence intensity (I) of the mixtures
with different numbers of cells (C) was detected to obtain the
calibration curve (Fig. 1). The plot of I vs. C showed a linearity with a
correlation coefficient R of 0.995. At the points of 1.0 x 10° and
1.0 x 107 cells, the fluorescence signals showed the relative stan-
dard deviation of 7.2% and 3.6% for six determinations, respectively,
indicating good reproducibility for cell quantification.

Assuming the fluorescence of free DAPB was identical with the
DAPB bound to free SA or cell surface SA, the amount of the DAPB
released from AuNPs to bind free SA or cell surface SA could be
obtained (Fig. S2, Supplementary material), which provided a
fluorescence method for in situ detection of cell surface SA. The
average number of SA molecules (n) on the surface of each HeLa cell
could be calculated to be about 7.0 x 108.

3.4. Cytotoxicity of DAPB functionalized PSA-AuNPs

Before cell imaging analysis, the cytotoxicity of DAPB function-
alized PSA-AuNPs was evaluated by MTT assay. HeLa cells main-
tained high viability during the 3-h incubation (Fig. S4,
Supplementary material), exhibiting satisfactory biocompatibility.
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3.5. In situ imaging analysis of cell surface SA

For in situ imaging analysis of cell surface SA, HeLa cells were
used as the model to perform the confocal imaging detection. HeLa
cells (0.5 mL, 1 x 10% mL~") were firstly seeded in a 20 mm confocal
dish and incubated for 24 h. After 1-h incubation of HeLa cells with
100 pL nanoprobe solution, the dish was sent for observation under
the confocal microscope (Fig. 2). The fluorescent image showed
obvious fluorescence signal of DAPB, which was completely
distributed on the membrane of HeLa cells. While the region of
cytoplasm showed negligible fluorescence, indicating the specific
recognition of DAPB with the cell surface SA. Thus the proposed
nanoprobe possessed good affinity and specificity with negligible
background signal. This was obviously different from the observa-
tion of Hela cells directly treated with DAPB solution, which
showed the fluorescence signal of DAPB not only on the cell
membrane but also in the cytoplasm due to the unspecific endo-
cytosis of DAPB (Fig. S5, Supplementary material). Thus the
nanoprobe could not be taken in by the cells, and the signal came
from the competitive binding of the SA on cell surface with those on
PSA-AuNPs. This provided another method for imaging cell surface
SAs with a low background.

3.6. Monitoring and quantification of cell surface SA in response to
sialidase

The imaging method for the monitoring of the change of cell
surface SA was demonstrated by using a SA-related enzyme, siali-
dase, to treat HelLa cells, and then using the proposed nanoprobe to
incubate the enzyme-treated cells for confocal observation. The
sialidase treatment could cut SA molecules down from the terminal
of glycan chains, which reduced the intensity of fluorescence signal
in the confocal images. After HeLa cells (0.5 mL, 1 x 10° mL~!) were
cultured with sialidase (60 mU) in a confocal dish for different
times, the fluorescence intensity of DAPB on sialidase-treated HeLa
cells obviously decreased (Fig. 3). After 4-h treatment with

Fig. 3. Confocal images of HeLa cells treated with sialidase (60 mU) for different times and then incubated with nanoprobe solution (100 pL, 1 nM) for 1 h. The fluorescent images
were color-coded by a pseudocolor processing system to show the distribution of SAs. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. (a) Plot of fluorescence intensity in vitro vs. sialidase treatment time. (b) Plot of FIC vs. n (number of SA molecules).

sialidase, no fluorescence signal could be detected. The control
experiment without sialidase-treatment did not show the decrease
of DAPB fluorescence on the cell surface (Fig. S6, Supplementary
material). Therefore, sialidase exhibited efficient cleavage of cell
surface SA. These results demonstrated the ability of the proposed
method for noninvasive detection of the expression levels of cell
surface SA, which provided a potential tool for the researching of
SA-targeted anti-cancer methods.

Afterward, the assessment of the cell surface SA with the DAPB
functionalized PSA-AuNPs for imaging assay was further examined.
As mentioned above, after HeLa cells were treated with sialidase for
different times, they possessed different SA expression levels, thus
providing the standard samples for getting the calibration curve.
The sialidase-treated HeLa cells were divided into two groups. One
group was incubated with nanoprobe to obtain the average fluo-
rescence intensity of the cell area (FIC) from the confocal images
(Fig. 3) by reading the average blue channel intensity within cell
area (subtracted by background blue channel intensity) with Adobe
Photoshop software, while another group was used to obtain the
corresponding SA number n on each cell via the standard curve for
the calculation of DAPB amount (Fig. S2, Supplementary material).
These cells were added to 1 mL nanoprobe solution, and incubated
for 1 h to perform the fluorescence detection (Fig. 4a). The cali-
bration curve was shown in Fig. 4b, which showed a linear rela-
tionship between the FIC and n. With this calibration curve, the
average number of cell surface SA could be estimated by reading
the FIC value from the confocal fluorescence images, which was
quite simple and convenient, compared with traditional methods.
The average amount of SA on each HeLa cell was detected to be
7.0 x 108, and the number of cell surface SA sharply decreased from
original 7.0 x 108 to 6.0 x 10* after treated with sialidase for 0.5 h.

4. Conclusions

This work prepared DAPB functionalized PSA-AuNPs for in situ
imaging and fluorescence quantification of cell surface SA by the
competitive binding of DAPB to PSA-AuNPs and cell surface SA,
which turned on the fluorescent signal of the DAPB on cell surface.
The proposed approach showed good performance for the detec-
tion of cell number, and realized the imaging of cell surface SA with
low background. This method could be applied for the monitoring
of cell surface SA at a certain time point. Compared with existed
methods, the proposed strategy used a dual functional molecule to
achieve both the FRET from DAPB to AuNPs and the specific
recognition of boronic group to SA and provided a convenient
visualization method for in situ imaging of cell surface SA via a one-
step incubation. We anticipated that the proposed protocol would

be favorable for the elucidation of SA-involved biological processes,
the diagnosis of cancer and the development of SA-targeted anti-
cancer strategies.
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