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Fluorescent visual quantitation of cell-secreted
sialoglycoconjugates by chemoselective
recognition and hybridization chain reactiont
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Sialic acid (SA), usually located at the termini of glycan chains, is one of the most important monosacchar-
ide blocks for glycosylation of proteins. The expression level of sialoglycoconjugates (SiaGCs) in cellular
secretome is of great significance in diagnosis of tumor malignancy. This work developed a fluorescent
visual method for the detection of SiaGCs secreted from living cells by a boronic acid modified chip
based chemoselective recognition and hybridization chain reaction. The cell-secreted SiaGCs, which
were labeled with the azide group through a metabolic labeling technique during cell culture, were cap-
tured by the chip through chemoselective recognition of boronic acid toward SA. After further conjugat-
ing the azide group with an alkyne modified DNA probe, the captured SiaGCs could be conveniently
endowed with the amplified fluorescent signal through a hybridization chain reaction of a pair of dye-
labeled DNA hairpins, which led to a quantitative imaging method for detection of SiaGCs. The average
amount of metabolically labeled SiaGCs secreted from a single Hela cell and MCF-7 cell was 2.18 x 107/
and 3.98 x 107 mol, respectively. The proposed method could be utilized to monitor the variation of the
secreted SiaGCs during drug treatment, providing a useful tool for investigating the glycosylation and
glycan-related biological processes.

rsc.li/analyst

Introduction

The extracellular matrix (ECM) is a dynamic and complex
three-dimensional macromolecular network existing in all
tissues and organs. The major constituents of the ECM
include elastin, collagens, fibronectin, laminins, proteogly-
cans, glycosaminoglycans, and other glycoproteins, which
provide spatial context and structural support for signaling
events and cell proliferation."” Most secreted proteins are
decorated with a dense and complex array of glycan chains,
which are involved in the ECM to regulate diverse cellular
physiological processes, including cell growth, proliferation,
differentiation, migration, homeostasis and morphogenesis."™
Therefore, abnormities of glycosylation on secreted proteins
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are associated with the initiation and progression of many dis-
eases, such as fibrosis and cancer, which suggests that glycans
on secreted proteins can act as potential targets for disease
diagnosis and pharmacological treatment.>*'%'*

Among various glycoconjugates, sialoglycoconjugates
(SiaGCs), which possess terminal sialic acids (SAs),">'* are of
vital importance due to their role in mediation and modu-
lation of a series of physiological and pathological
processes.>'*'> The total SiaGC content in the serum has
been detected to predict the risk of various diseases, including
coronary heart disease and cardiovascular disease.'®™® Cancer
cells often aberrantly display an increase in overall sialylation
compared with their normal counterparts,"'® leading to
excessive secretion of SiaGCs.”°* Thus, the detection of
SiaGCs in cellular secretome can provide a comprehensive
understanding of cell status with abnormal cell metabolism
and malignant tumor progression.

The current detection methods for glycoprotein-related cel-
lular secretome mainly focus on extraction and identification
of the glycosylated proteins.'*>>*® These methods need to
modify the carbohydrates with chemical oxidants or biological
enzymes and then separate the glycosylated proteins by chemi-
cal affinity selection, which causes a considerable loss of
glycan expression information. Besides, most of them can only
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Scheme 1 Schematic illustration of detection of SiaGCs secreted from
cells.

give a qualitative description of the glycan in cellular secre-
tome, and a quantitative method for one specific carbo-
hydrate-containing compound secreted from cells is still an
urgent demand. This work developed a fluorescent visual strat-
egy for quantification of metabolically labeled SiaGCs in cellu-
lar secretome.

In order to avoid the complex sample handling and the loss
of SA information, the proposed method firstly labeled the SAs
in living cells with the azide group through a metabolic
labeling technique (Scheme 1). Owing to the small size, the
azide group will cause negligible influence on cellular
physiology.'**”?® The secreted SiaGCs could be conveniently
captured with a phenyl boric acid (PBA) modified chip through
the chemoselective conjugation between PBA and SA**™** to
generate fluorescent signals by conjugating the azide group
with an alkyne modified DNA probe and then performing a
hybridization chain reaction (HCR) for signal amplification.
The fluorescent image was then obtained to quantify the
amount of SiaGCs in the cellular secretome. The designed
strategy successfully achieved the visual quantification of
metabolically labeled SiaGCs secreted from different types of
cells and the variation monitoring of SiaGCs during drug treat-
ment. Thus, this work provides a useful quantification tool for
uncovering glycan-secretion related biological processes.

Experimental
Materials and reagents

4-Mercaptophenyl boronic acid (MPBA), succinimidyl ester-
PEG 3400-maleimide (NHS-PEG 3400-Mal, >99%), sialic acid
(SA), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholin-4-
ium chloride (DMTMM, 2>96.0%), dibenzocyclooctyne-Cy3
(DBCO-Cy3), 3-azidopropan-l-amine, ion-exchange resin
IR-120 and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich, Inc. (USA). Fetal bovine serum (FBS), strepto-
mycin, penicillin and tetraacetylated N-azidoacetyl-o-mannos-
amine (Ac4ManNAz) were obtained from Thermo Fisher
Scientific (USA). Triethylamine, ethanol, methanol (MeOH),
trichloromethane (CHCl;), acetic anhydride (Ac,0), ethyl
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acetate (EtOAc), sodium methoxide (MeONa) and pyridine
were provided by J&K Technology Co., Ltd (China). Sambucus
nigra agglutinin (SNA) was purchased from Vector
Laboratories (USA). a2-3,6,8,9 Neuraminidase A (sialidase) was
purchased from New England Biolabs, Inc. (USA).
Tunicamycin (TM) was provided by Abcam PLC Co., Ltd (USA).
The amino-modified glass slides were purchased from
Shanghai Baio Technology Co., Ltd (China). Cell culture media
such as RPMI-1640, Dulbecco’s modified Eagle’s medium
(DMEM), phosphate buffered saline (pH 7.4, containing
136.7 mM NacCl, 2.7 mM KCl, 8.72 mM Na,HPO,, 1.41 mM
KH,PO4, 1 mM MgCl,, and 1 mM CaCl,), and HeLa, HaCaT,
MCF-7 and MCF-10A cell lines were purchased from KeyGEN
Biotech Co., Ltd (Nanjing, China). All DNA sequences shown
in Table S1f were customized from Sangon Biological
Engineering Technology & Co. Ltd (Shanghai, China). Tris-
EDTA buffer (TE) containing 10 mM Tris-HCl and 1 mM EDTA
(pH 8.0) was used as DNA stock solution. HCR hybridization
buffer was prepared by adding 100 mM NaCl and 10 mM
MgCl, in TE. All other reagents were of analytical grade. All
aqueous solutions were prepared using ultrapure water
(>18 MQ, Milli-Q, Millipore).

Apparatus

The chip was scanned with a Biochip Analysis System
(Capitalbio, China). The fluorescence cell images were
obtained with a TCS SP8 confocal laser scanning microscope
(CLSM) (Leica, Germany). Native polyacrylamide gel electro-
phoresis (PAGE) was performed on an Electrophoresis
Analyzer (Bio-Rad, USA) and imaged on a Bio-Rad ChemDoc
XRS facility (Bio-Rad, USA). Contact angle measurements were
performed on an OCA30 Video Optical Contact Angle
Measuring Instrument (Dataphysics Instruments Gmb, USA).
'H NMR was recorded on an FT AM 400 (400 MHz). Chemical
shifts were reported in parts per million (ppm) referenced to
the appropriate solvent peak or 0.0 ppm for tetramethylsilane.
The fully decoupled **C NMR was recorded on an FT AM 400
(101 MHz). The mass spectrum was obtained by using a
SHIMAZU LCMS-2020. The cells numbers were calculated
using a Countess II FL Automated Cell Counter (Life
Technologies, USA).

Cell culture

HeLa and HaCaT cell lines were cultured at 37 °C in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum, penicillin (100
pg mL™'), and streptomycin (100 pg mL™") in a humidified
atmosphere containing 5% CO,. MCF-7 and MCF-10A cell
lines were cultured in RPMI 1640 medium (GIBCO) sup-
plemented with 10% fetal bovine serum, penicillin (100
pg mL™Y), and streptomycin (100 pg mL™") at 37 °C with 5%
CO,.

Preparation of capture chip

An array containing 75 identical holes (15 rows x 5 columns)
was designed on a single amino-modified glass slide. The dia-
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meter of each hole was 2 mm. 10 mM NHS-PEG 3400-Mal was
added in each hole and incubated at 37 °C for 6 hours. After
the slide was thoroughly washed with ultrapure water and
dried with nitrogen stream, it was immersed in 10 mM MPBA
in ethanol containing 0.1% triethylamine and vibrated for 2 h
at room temperature. The unreacted groups were blocked with
20% BSA in PBS for 1 h at 37 °C.*>>?® After washing thoroughly
with ultrapure water and drying with a nitrogen stream, the
capture chip was kept at 4 °C for further use.

Metabolic labeling of sialic acid

HeLa cells were seeded in sterilized dishes and cultured over-
night. They were then incubated in fresh culture medium con-
taining 40 pM Acy;ManNAz for another 2 days. In order to
demonstrate the successful labeling, these cells were washed
with 1% FBS-containing PBS and treated with 10 pM
DBCO-Cy3 for 30 min at 4 °C. They were then carefully washed
with PBS to perform the imaging with CLSM.

Profiling of SiaGCs

After AcyManNAz treated HeLa cells were cultured in 700 pL
PBS for 6 h, the PBS containing the secreted SiaGCs was col-
lected as the cellular secretion. The number of HeLa cells in
Petri dishes was calculated by Cell Counters. The cellular
secretions from HaCaT cells, MCF-7 cells and MCF-10A cells
were obtained with the same procedure. HCR hairpins H1 and
H2 were dissolved in 50 pL HCR hybridization buffer, respect-
ively. Then the solutions were annealed in a thermocycler with
the temperature rising rapidly to 95 °C and subsequently drop-
ping slowly to 25 °C in approximately 3 h. The solutions were
stored at 4 °C for future use.

As shown in Scheme 1, 2 pL of cellular secretion was added
into each hole of the capture chip and incubated at 37 °C for
4 h. After the chip was washed with water thrice and dried
with nitrogen stream, 2 pL of 10 pM DBCO-labeled HCR
primer was added into the holes and incubated at 4 °C for
30 min to perform the click reaction. The chip was then
washed thoroughly with ultrapure water and dried with nitro-
gen stream, and 2 pL of the mixture of 10 pM annealed HCR
hairpins H1 and H2 in HCR buffer was added into each hole
and incubated at 37 °C for 2 h to perform HCR amplification.
After the chip was thoroughly washed with 0.05% tween 20
and dried with nitrogen stream, it was submitted to a biochip
analysis system to measure the fluorescence signals. The mean
fluorescence intensity (I) of each hole was automatically

Ac,O
Pyridine

Scheme 2 Synthesis of azide-modified sialic acid.
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recorded and represented by color scale for data processing,
which ranged from 0 to 65 535.

Synthesis of azide-modified sialic acid

The azide-modified sialic acid was firstly synthesized with an
improved method as shown in Scheme 2.>”7*° The SA (800 mg)
was heated with Ac,O (20 mL) and pyridine (20 mL) at 60 °C
for 2 h. The reaction mixture was concentrated in vacuo to give
protected SA (1250 mg, 93%). The protected SA (0.8 mmol,
415.6 mg) and DMTMM (2 mmol, 553.4 mg) were dissolved in
8 mL MeOH in a 25 mL Schlenk flask equipped with a mag-
netic bar. 3-Azidopropan-1-amine (2.4 mmol, 240 mg) was
added dropwise to the solution, and the mixture was allowed
to stir for 3 h at room temperature under nitrogen atmosphere.
The solution was concentrated under vacuum and purified
using a flash chromatography column (EtOAc) to obtain the
azide-modified SA as white solid (330 mg, with a yield of 69%),
which was dissolved in 10 mL MeOH in a 25 mL Schlenk flask
equipped with a magnetic bar. After 0.4 mL MeONa (5 M in
MeOH) was added dropwise, the mixture was allowed to stir
for 8 h at room temperature and acidized by ion-exchange
resin IR-120. The mixture was filtered, and the filtrate was con-
centrated under vacuum, purified using a flash chromato-
graphy column (CHCl;:MeOH:H,0 = 6:4:1) to obtain the
pure azide-modified SA as white solid (125.2 mg, with a yield
of 58%).

Remodeling of N-glycosylation with tunicamycin treatment

Four kinds of cell lines were seeded at the same concentration
and cultured overnight, washed three times with PBS, and
then treated with the mixture of Ac;ManNAz (40 pM) and TM
(100 nM) in a 5% CO, incubator at 37 °C for 48 h. The con-
trolled trials were performed with an identical procedure
without TM treatment. The collected cellular secretion was
added into each hole of the capture chip to perform the visual
detection. The variation of fluorescence intensity upon TM
treatment was analyzed by one-way ANOVA.

Results and discussion
Characterization of capture chip

The contact angle images of glass slides modified with amino
group (40.1°), MAL (61.4°) and MPBA (75.3°) showed the
increasing hydrophobicity of amino group, maleimide and
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Fig. 1

(a) Contact angle images of the glass slide modified with amino group (A), maleimide (MAL) (B) and 4-mercaptophenyl boronic acid (MPBA)

(C). (b) Comparison of capture ability for untreated Hela cells at (A) MAL- and (B) MPBA-modified glass slides, and (C) sialidase-treated Hela cells at

the MPBA-modified glass slide. Scale bar: 300 pm.

phenylboronic groups (Fig. 1a), which confirmed the success-
ful chip modification. These modified chips showed different
cell capturing abilities (Fig. 1b). The MPBA-modified glass
slide could capture more suspended HeLa cells than the MAL-
modified chip, while sialidase-treated suspended HeLa cells
showed lower loading, indicating the chemoselective reco-
gnition of MPBA to SA on the prepared capture slides.

Characterization of azide-modified sialic acid

After the synthesized azide-modified sialic acid was purified
with column chromatography (chloroform/methanol/water =
6:4:1, Ry = 0.45), it showed the following characteristics:
molecular weight 390.15 (Fig. S11); "H NMR (400 MHz, deuter-
ium oxide) 6 4.02-3.91 (m, 1H), 3.88-3.74 (m, 2H), 3.72-3.65
(m, 1H), 3.64-3.43 (m, 2H), 3.42-3.21 (m, 5H), 2.29-1.90 (m,
5H) and 1.81-1.69 (m, 2H) (Fig. S21); "*C NMR (101 MHz, deu-
terium oxide) § 174.91, 172.66, 95.56, 70.48, 70.13, 68.25,
66.75, 63.17, 52.14, 48.79, 39.60, 36.81, 27.48 and 22.09
(Fig. S37). These characteristics confirmed the successful syn-
thesis and purification of azide-modified SA.

Metabolic labeling of cellular SiaGCs

DBCO-Cy3 was used to validate the metabolic labeling of cellu-
lar SiaGCs. After HeLa cells were treated with Ac,ManNAz, they
exhibited obvious fluorescence of Cy3, while HeLa cells
without Ac,;ManNAz treatment did not show any response
(Fig. 2), indicating the feasibility of metabolic labeling of cellu-
lar SiaGCs.

Feasibility of HCR amplification for fluorescent visual analysis

HCR amplification can produce a long double-strand DNA
with an amplified fluorescence signal readout.*"**
fied with gel electrophoresis, which showed the good purity of
annealed HCR hairpins H1 and H2, and the efficiency of HCR
in the presence of HCR primer (Fig. S47).

In order to improve the sensitivity, 20% BSA was employed
to block the capture chip and reduce nonspecific adsorption.

1t was veri-
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Bright field DBCO-Cy3 Overlay

Fig. 2 Validation of metabolic glycan labeling in HelLa cells before (-)
and after (+) AcsManNAz treatment. Scale bar: 100 pm.

After the cellular secretion from Ac,ManNAz-treated HeLa cells
was added into the holes of the capture chip, the click reaction
and HCR amplification were performed with a DBCO-labeled
primer and then HCR hairpins H1 and H2, which produced a
fluorescence signal 17.8 times higher than that without HCR
(A and B in Fig. 3), while no fluorescent signal was observed
from the cellular secretion of HeLa cells without metabolic
labeling (C in Fig. 3), which excluded the nonspecific absorp-
tion of the DNA probe and demonstrated the successful HCR
amplification on the capture chip.

The alkynyl-mediated click conjugation of the DBCO-
labeled primer to the azide-modified SA captured on the chip
was further demonstrated. As shown in D in Fig. 3, in the
absence of DBCO, the signal was almost indiscernible. After
the cellular secretion was treated with 10 pg mL™" SNA at 37 °C
for 1 h to block the SA group,*>** a significant decrease of
the fluorescence signal was observed (E in Fig. 3), which
further confirmed the SA-mediated chemoselective capturing
process. All of these results validated the feasibility of the pro-
posed method for the detection of SiaGCs secreted from living
cells.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Fluorescent image of AcsManNAz-labeled SiaGCs secreted
from Hela cells at MPBA-modified glass slide before (A) and after (B)
HCR, (C) unlabeled SiaGCs with the same procedure as B, (D) B with re-
placement of the DBCO-labeled primer by the DBCO-unlabeled primer
and (E) B with an additional step of incubating SiaGCs with SNA before
capture. (b) Corresponding fluorescent intensity.

Detection performance

The incubation time of the cellular secretion for capturing
SiaGCs to the chip was optimized to be 4 h (Fig. S5t). The
secretions from two kinds of cancer cells, HeLa cells and
MCF-7 cells, and their corresponding normal cells, HaCaT
cells and MCF-10A cells, were detected under optimal con-

Paper

ditions, respectively (Fig. 4). After these cells were treated with
Ac,ManNAz and then incubated with fresh PBS for 6 h to
collect the cellular secretion, the detection procedure was per-
formed to record the fluorescent signals. The fluorescence
intensity for HeLa and MCF-7 cells exhibited a rapid increase
along with the increasing cell number to 1.8 x 10° cells per
mL. The slow increase at the high cell number was attributed
to the limited capture sites on the chip. In contrast, the fluo-
rescence signal for HaCaT and MCF-10A cells was much
weaker, indicating the overexpression of SiaGCs in cancer cells.

Thus, the proposed method could distinguish between
cancer cells and their corresponding normal cells well. At the
low concentration range, the fluorescence intensity was pro-
portional to the number of HeLa and MCF-7 cells (Fig. 4, the
white frame), which showed the linearity in 33 to 520 cells per
hole for HeLa cells and 25 to 320 cells per hole for MCF-7 cells
(Fig. S6T) as shown in eqn (1):

I= ki X Neent + by

(1)

where the corresponding k; and b, are 30.7 and 819.6 for HeLa
cells and 56.2 and 1023 for MCF-7 cells, respectively.

In order to quantify the metabolically labeled SiaGCs
secreted from living cells, the calibration curve was obtained
with the synthetic azide-modified SA on the capture chip
(Fig. S77), which showed linearity in the range from 0.4 to 16
fmol (R = 0.998) as shown in the following linear equation:

I'=ky X nsa-nz + b2

(2)

where the corresponding k, and b, are 1411 and 1261,

respectively.
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and (b) plots of fluorescent intensity vs. cell concentration.
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(a) Fluorescent images of metabolically labeled SiaGCs secreted from different concentrations of HelLa, HaCaT, MCF-7 and MCF-10A cells,
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Fig. 5 (a) Fluorescent image and (b) histogram for secreted SiaGCs
from four kinds of cells. C and T indicate spots without and with TM
treatment, respectively. Statistical analysis in (b): t-test (***p < 0.001; NS,
not significant).

Considering the low background, which resulted in the rela-
tively low values of b; and b,, the average amount of metaboli-
cally labeled SiaGCs secreted from each cell could be assumed
from eqn (1) and (2) with eqn (3):

k=ky/ks. (3)

The metabolically labeled SiaGCs from a single HeLa cell
and MCF-7 cell were 2.18 x 10™*” mol and 3.98 x 10~ mol,
respectively.

Monitoring of secreted SiaGCs

The glycosylated proteins in cellular secretome are mainly
posttranslationally modified with N-linked glycans.'*"?
Tunicamycin (TM) can act as an N-glycosylation inhibitor to
affect the glycosylation level of secretome, but it does not
affect cell growth or morphology.*>™*® Thus, TM was used to
treat the cells for regulating the level of secreted SiaGCs. After
TM treatment, the fluorescence intensity for HeLa and MCF-7
cells decreased significantly (Fig. 5), which could be attributed
to the inhibition of N-glycan residues, while the change of
fluorescence intensity for HaCaT and MCF-10A cells upon the
TM treatment was insignificant (Fig. 5b). This result further
verified the specificity of the designed strategy and proved the
practicality of the proposed strategy as a platform for monitor-
ing the secreted SiaGCs from different cell lines.

Conclusions

This work proposes a fluorescent visual method for the quanti-
tation of metabolically labeled SiaGCs secreted from living
cells. The secreted target SiaGCs can be conveniently captured
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by a boronic acid modified chip through chemoselective recog-
nition and be translated to fluorescent signals with an alkyne
modified DNA probe to initiate the HCR amplification. The
amplified visual signal can be used to quantify the amount of
metabolically labeled SiaGCs secreted from a single cell with a
calibration curve. The proposed method can also be used for
distinguishing the cancer cells from normal cells and monitor-
ing the variation of the secreted SiaGCs during drug treatment,
underlining its promising application.
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