
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 6
:1

8:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Simultaneous flu
aInstitute of Pharmacy & Pharmacology, Univ

China. E-mail: 1025165380@qq.com
bHunan Province Cooperative Innovation Cen

Hengyang, Hunan, China

† Electronic supplementary informa
10.1039/c6ra27612a

‡ These authors contributed equally to th

Cite this: RSC Adv., 2017, 7, 12374

Received 1st December 2016
Accepted 15th February 2017

DOI: 10.1039/c6ra27612a

rsc.li/rsc-advances

12374 | RSC Adv., 2017, 7, 12374–12381
orescence analysis of the different
carbohydrates expressed on living cell surfaces
using functionalized quantum dots†
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Cui-yun Yuab and Honglin Huanga

The aberrant expression of carbohydrates has been associated with the occurrence, growth, progression

and metastasis of tumors. Tumor-associated carbohydrates may have great potential as tumor markers

for the early diagnosis of hepatocellular carcinoma (HCC). Therefore, characterizing HCC-associated

carbohydrate expression is of great importance to assist the early diagnosis of HCC. A fluorescence

method for characterizing carbohydrates expressed on both normal human cells (LO2 cells and

endothelial cells) and HCC cells (HepG2 cells) using functionalized quantum dots (QDs) has been

proposed in this study. The QDs were successfully fabricated and covalently conjugated with Datura

stramonium agglutinin (DSA) or Lens culinaris agglutinin (LCA) via 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC) coupling reaction. The formed functionalized QDs (lectin–QDs

conjugates) were characterized using ultraviolet and fluorescence spectra, agarose gel electrophoresis,

hemagglutination activity tests, lectin competitive-binding assay and carbohydrate inhibition assays. The

functionalized QDs were found to retain stable fluorescence and carbohydrate recognition abilities.

Significant differences of carbohydrates expressed between on the normal cells and the HepG2 cells

were evaluated by fluorescence imaging and flow cytometric analysis. The experimental results illustrate

that the functionalized QDs could be used as promising tools for monitoring in situ cell surface

carbohydrate expression and evaluating the differences in the carbohydrates expressed on normal cells

and tumor cells surfaces, which is very important for helping the early diagnosis of HCC.
Introduction

Carbohydrates are known to be involved in numerous biological
events, including cell adhesion, fertilization, differentiation,
immune responses, host–pathogen interactions, cellular
communications, and tumor cell metastasis.1,2 A large corpus of
evidence indicates that the aberrant expression of carbohy-
drates on cell surfaces has been associated with the occurrence,
growth, progression and metastasis of many tumors.3–5 Tumor-
associated carbohydrates have great potential as a source of
tumor markers for the early diagnosis of cancer.6,7 Hepatocel-
lular carcinoma (HCC) was ranked as the h most common
and one of the deadliest human malignancies in the world.8

The success of treatment for HCC largely depends on the stage
at which it is diagnosed.9 Imaging and measurement of
ersity of South China, Hengyang, Hunan,

ter for Molecular Target New Drug Study,

tion (ESI) available. See DOI:

is work.
biomarkers are considered valuable approaches for the early
diagnosis of HCC. The sugar residues of glycoconjugates such
as alpha-fetoprotein,10 transferrin,11 and Apo-J12 have been
shown to become altered with consequent malignant trans-
formation of the glycoconjugate-producing cells and tissues in
HCC. Cancer-associated carbohydrates may act as potential
biomarkers for early detection of HCC.13 Characterizing cancer-
associated carbohydrates expressed on cell surfaces is critical
both to understanding its role in the development of HCC and
to diagnosing the HCC.

In recent years, considerable efforts have been directed toward
developing methods to identify and quantify carbohydrates.
Several methodologies including cell sensing technology,14 optical
imaging techniques,5 histochemical approaches, and mass spec-
trometry15,16 have been employed towards probing the type and
structure of the carbohydrates. Mass spectrometry has emerged as
a powerful technique for proling carbohydrates, because of
recent increases in measurement sensitivity and precision.
However, mass spectrograph only detects carbohydrate in lysed
cells, which could lead to carbohydrate loss. Additionally, the
interpretation of spectral data is still a major bottleneck for
carbohydrate analysis. In comparison with nucleic acids and
proteins, carbohydrates possess certain unique properties that
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic representation of lectin–QDs conjugates
detecting cell surface carbohydrates.
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render their analysis difficult.2 The structural diversity and
complexity of the sugar residues expressed on the cell surface have
necessitated the development of novel methodologies to study
them. Although histochemical approaches are powerful, they do
have some shortcomings. The methods commonly used for cell
and tissue xation can render carbohydrates on glycoproteins and
glycolipids inaccessible, because of protein denaturation or
carbohydrate loss during the process. In addition, the overall
process of the histochemical approaches is fairly lengthy and
expensive because of multiple steps and expensive reagents.
Therefore, it is very important to continue to develop facile,
convenient and specic methods to characterize cell surfaces
carbohydrates for the elucidation of differences in carbohydrate
expression on normal cells and tumor cells. These techniques will
aid in understanding the role of carbohydrate alterations in the
formation and metastasis of malignant tumors, and contribute to
the development of new methods for the diagnosis of cancer.

Recently, uorescent probes have been considered a valuable
detection method because of their ability to provide detailed
and sensitive illumination in terms of cell structure and
molecular content.17 In the past few decades, most studies have
focused on traditional uorescent probes such as organic
dyes.18 Nevertheless, these organic-dye-based sensing platforms
have restricted sensitivity due to the deciency of dyes such as
narrow excitation bands, broad emission bands with red spec-
tral tails, poor resistance to photobleaching, and impossible
simultaneous evaluation of several light-emitting uorescent
probes as a result of spectral overlap. Quantum dots (QDs) are
emerging as a new tool for molecular uorescent probes
because of their unique advantages over traditional uorescent
dyes and uorescent proteins, including their broad excitation
spectra, narrow and symmetric photoluminescence bands,
superior photostability and chemical stability, and versatility in
surface modication.19 The broad absorption band of QDs
allows QDs with different uorescence emission wavelengths to
be excited with a single excitation light, resulting in several
emissions of different colors that may be detected simulta-
neously.20 Moreover, the photostability of QDs makes long-term
tracking of biological molecules possible.21 The straight forward
separation of excitation and emission of the QDs allow the
uorescence signal to be distinguished from cellular auto-
uorescence, thereby enhancing the specicity of the probe.
Based on these promising properties, QDs combined with
specic recognition molecules, represent a promising and
attractive luminescent probe system for biomedical applica-
tions in detection and imaging22–25 and clinic diagnosis.26

Molecules capable of carbohydrate recognition such as lec-
tins,17,27 antibodies,1 aptamers,28 nucleic acids1,29 and boric
acid1,30 have been reported. The antibodies are generally
directed towards terminal carbohydrate structures. In contrast,
lectins can detect changes in the carbohydrate core structures.
Lectin can recognize and bind to specic carbohydrate struc-
tural epitopes. For example, DSA can bind to N-acetylgalactos-
amine (GalNAc) and (b-1,4) triantennary N-linked glycans12 and
LCAmay recognize N-acetylglucosamine (GlcNAc) and mannose
(Man).1 Moreover, lectins tagged with a uorophore or enzyme
can be used to stain tissue sections to provide information on
This journal is © The Royal Society of Chemistry 2017
the distribution and kind of carbohydrates within the sample.
Therefore, lectins have great potential as carbohydrate research
tools31 and imaging agents.32

Tumor biomarkers are useful for the early diagnosis of
HCC.33 However, a single HCC biomarker lacks sufficient
sensitivity and specicity.34 The level of DSA-reactive Apo-J
allowed researchers to differentiate HCC from cirrhosis.12

Additionally, the LCA-reactive fraction of alpha-fetoprotein
(AFP-L3) is only produced by malignant liver cells, binds to
LCA with high affinity, and is the major glycoform found in
individuals with HCC.34 Characterizing the DSA-binding
carbohydrates and LCA-binding carbohydrate may be a useful
approach for aiding in the early diagnosis of HCC.

In this context, a simple and efficient uorescence method
was developed to characterize in situ cell surface HCC-associated
carbohydrate expression using functionalized quantum dots.
First, we synthesized carboxyl-terminated QDs of different
emission wavelengths. Then the fabrication and characterization
of two functionalized QDs (QDs–DSA conjugate, QDs–LCA
conjugate) was carefully studied. The functionalized QDs were
applied to detect HCC-associated carbohydrates expressed on the
cell surface (as illustrated in Scheme 1).
Materials and methods
Reagents and materials

Cadmium perchlorate (CdCl2$2.5H2O), sodium borohydride
(NaBH4) and tellurium (Te) were provided by Sinopharm
Chemical Reagent Co, Ltd (Beijing, China). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC),
LCA, DSA, dimethyl sulfoxide (DMSO) and thioglycolic acid
(TGA) were supplied from Sigma-Aldrich (St Louis, MO, USA).
Dulbecco's Modied Eagle's Medium (DMEM), penicillin,
streptomycin and fetal bovine serum (FBS) were obtained from
Gibco (Grand Island, NY, USA). All other reagents were of
analytical grade and used as received. Deionized water from
a Milli-Q device (18.2 MU; Millipore, Molsheim, France) was
used throughout this study. Endothelial cells (ECs), LO2, and
HepG2 cell lines were obtained from the Shanghai cell bank of
Chinese Academy of Science (Shanghai, China).
RSC Adv., 2017, 7, 12374–12381 | 12375
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Synthesis and characterization of QDs

Water-soluble CdTe QDs were synthesized using a two-step
method with slight modication.35 TGA was used as a stabi-
lizing and functionalizing agent. First, 0.1221 g of Te and
0.7620 g of NaBH4 (molar ratio of Te to NaBH4 was 1 : 20) were
added to 8 mL of O2-free ethanol-water (volume ratio of water to
ethanol was 1 : 3) in a ask for 2 h to prepare the NaHTe solu-
tion. Then, the mixture solution (0.4574 g CdCl2$2.5H2O and
340 mL of TGA were dissolved in 100 mL of deionized water,
followed by adjustment of the pH by dropwise addition of 1 M
solution of NaOH to 10.5. The mentioned pH values were
experimentally found to be optimal for the synthesis of stable
colloids) was placed in a three-necked ask tted with a septum
and valves, and it was degassed by nitrogen gas bubbling for
30 min. Subsequently, the freshly prepared NaHTe solution was
quickly injected into the above mixture solution with vigorous
stirring, followed by reuxing at a constant temperature of 98 �C
under a nitrogen-saturated atmosphere. The CdTe QDs precur-
sors with different uorescence emission wavelengths can be
obtained by varying the reux time from 10 min to 10 h. To
improve the photoluminescence properties of the CdTe QDs
(enhancement of the band-edge and suppression of the trap-
emission), the CdTe QDs precursors were irradiated with the
“white light” of a 100W xenon lamp (the intensity of the light was
approximately 200 mW cm�2) for 1 h. The prepared QDs were
precipitated using isopropanol and puried via centrifugation at
10 000 rpm for 5 min. The collected samples of QDs were stored
in the dark at 4 �C.

The characterization of QDs including optical properties,
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FT-IR) chemical analysis and cytotoxicity
is very important for the conjugation and bioapplication of QDs.
The optical properties, TEM, FT-IR analysis and cytotoxicity of
QDs have been investigated carefully. The UV-vis absorption
spectra of the QDs and functionalized QDs were characterized by
a Shimadzu UV-1750 spectrophotometer (Shimadzu Corporation,
Japan) and uorescence spectra were measured using an F-7000
uorescence spectrophotometer (Shimadzu Instruments Corpo-
ration, Japan). Experimentally, the quantum yield (QY) of the
QDs can be estimated following the procedure of ref. 34 at room
temperature comparing the uorescence of both the test sample
and a dye of a known QY (rhodamine 6G in water as a standard,
the reference QY was 0.95).36 The chemical characterization of
the QDs was carried out using a Perkin-Elmer FT-IR spectrometer
(Perkin Elmer Co., UK). The spectra were recorded aer eight
scans by correcting the background. The surface morphology of
the QDs was examined using JEM 2100 transmission electron
microscopy running a LaB6 (lanthanum hexaboride crystal)
emitter at 200 kV (S-3400N, Hitachi, Tokyo, Japan).
Fabrication and characterization of functionalized QDs

The puried carboxyl-terminated QDs (QD550 or QD618, 160
pM) were activated in the presence of 160 nM EDC for 30 min.
The resulting activated QDs were covalently linked to the lectin
(QD550: DSA molar ratio in the reaction was 1 : 5, QD618: LCA
molar ratio in the reaction was 1 : 10) in 20 mM boric acid
12376 | RSC Adv., 2017, 7, 12374–12381
buffer (pH 8.4). The reaction was gently stirred for 2 h at room
temperature. Finally, the nal QD–lectin conjugates were puri-
ed by ultraltration (100 kDa, 12000 rpm, 5 min) using amicon
ultra-4 centrifugal lter devices.

To conrm whether the QDs were successfully conjugated
with lectins, agarose gel electrophoresis was performed on
a Tanon EPS-300 (Tanon Technology Corporation, Shanghai,
China). Aer polymerization, aliquots of free QDs or function-
alized QDs were mixed with glycerol at a ratio of 5 : 1 (v/v) and
then loaded into the gel wells, respectively. The gels were
immersed in electrophoresis running buffer (0.5 � TAE) and
the 1% agarose gel ran at 140 V for 30 min. The running proles
of the samples were observed by AlphaImager HP Fluorescent
and Visible Light Gel Imaging System (Protein Simple Corpo-
ration USA) (excitation wavelength at l ¼ 302 nm).

The cytotoxicity of the free QDs (QD550 and QD618) and the
functionalized QDs (QD550-DSA and QDs618-LCA) was deter-
mined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay. HepG2 cells and LO2 cells (2 �
105 cells per mL) were cultured in DMEM supplemented with
10% FBS and 100 U mL�1 penicillin-streptomycin at 37 �C and
5.0% CO2 in 96-well plates. Aer an incubation of 24 h, the cells
were washed with PBS (pH 7.4, sterilized, 3 times) and then
incubated with 100 mL of fresh DMEM or medium containing
free QDs or functionalized QDs (0.02, 0.05, 0.1, 0.2, 0.5, or 1.0
mM) for 24 h and 48 h, respectively. Subsequently, 20 mL MTT
solution (5 mgmL�1) was added to each well and cultured for 4 h
at 37 �C. Then the supernatant was removed and replaced with
150 mL of DMSO for 15 min until crystals were dissolved. MTT
quantication wasmeasured at 570 nmwith amicroplate reader.

Hemagglutination activity of the lectin and the functional-
ized QDs was evaluated using hemagglutination tests. QD550-
DSA, DSA, QD618-LCA and LCA underwent serial two-fold
dilutions in 96-well plates and were incubated with a 2% (v/v)
trypsinated rabbit erythrocyte cell suspension in 150 mM
NaCl for 45 min at room temperature. The highest dilution of
the lectin or the functionalized QDs causing visible hemagglu-
tination was regarded as the titer and the minimum concen-
tration of the lectin required for agglutination was considered
as one unit of hemagglutination activity. The specic hemag-
glutination activity of the functionalized QDs was dened as the
ratio of the activity of the functionalized QDs and lectin to the
activity of the same content of lectin.

The carbohydrate inhibition assays were performed by
incubating the functionalized QDs with monosaccharide
(50 nM GalNAc for QD550-DSA and 20 nM Man for QD618-LCA,
respectively) for 1 h at 25 �C prior to incubation with rabbit
erythrocytes, and then the hemagglutination state of the rabbit
erythrocyte cell was observed using an inverted uorescence
microscope (IX71, Olympus Corporation, Japan).

The stability of the uorescence signal, specic targetability,
lectin competitive-binding assay and the effect of the concen-
tration of the functionalized QDs were investigated using ow
cytometry (FCM) analysis. The FCM assay were measured on
a BD FACS Calibur ow cytometer equipped with an argon
ionlaser (Becton Dickenson, USA). The uorescence was excited
at l ¼ 488 nm and the different emitted uorescence signals
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The absorption and emission spectra of QDs and functionalized
QDs. (a) QD550 (b) QD618 (c) QD550-DSA (d) QD618-LCA. The
excitation wavelength of QD550 and QD618 was 380 and 450 nm,
respectively. The slit width was set to 2 nm.

Fig. 2 The TEM images of the QDs.
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were measured simultaneously with an FL1 lter (530 nm/30
nm) or FL2 lter (585 nm/42 nm) for QD550-DSA and QD618-
LCA, respectively. All parameters were collected as logarithmic
signals. Data analyses were carried out with FlowJo7.6.1 ob-
tained from BD Biosciences. For FCM studies, the cells were
harvested using a 0.25% trypsin digestion, and then concen-
trated by centrifugation (1000 rpm min�1, 5 min). Subse-
quently, the cells were resuspended with 300 mL PBS in 5 mL
polystyrene tubes (Falcon, Becton-Dickinson).

To investigate the effect of the concentration of the func-
tionalized QDs, the functionalized QDs (QD550-DSA, or QD618-
LCA) at desired concentrations (2.4, 4.7, 9.4, 23.5 and 37.6 nM)
was introduced to the resuspended cells (1� 106) and shaken at
room temperature for 20 min (the endocytosis of the function-
alized QDs was observed when incubation time was prolonged)
at 450 rpm in the dark, respectively. Then, the functionalized
QDs stained cells were washed once with 500 mL of incubation
buffer (consisting of PBS supplemented with 2.0% FBS) to
remove unbound functionalized QDs. Subsequently, cells were
suspended in 300 mL of PBS for FCM analysis. The experimental
procedure of the stability of the uorescence signal, specic
targetability and lectin competitive-binding assay of the func-
tionalized QDs were given in ESI.†

Fluorescence microscopy

The cells (HepG2, ECs and LO2) were cultured at 37 �C and 5.0%
CO2 for 24 h in six-well plates with (initially) 2 � 105 cells per
mL, the cells were rinsed with PBS and then incubated with
fresh serum-free media containing functionalized QDs at
23.5 nM for QD550-DSA and 9.4 nM for QD618-LCA for 20 min.
Aer incubation, excess functionalized QDs were rinsed off the
cells with PBS. Then, the functionalized QDs stained cells were
imaged by an IX71 inverted uorescence microscope with a 40
� 10 magnication objective and the exposure times for each
lter were kept constant for each image series.

Flow cytometry analysis of carbohydrates aer functionalized
QDs staining

The proling of carbohydrates expressed on the HepG2, ECs and
LO2 cells was detected through the mean uorescence intensity
of the functionalized QDs stained cells using FCM analysis.
Proper gates for the detection of green-labeled cells (QD550, gate
Q3), red-labeled cells (QD618, gate Q1) and simultaneously
green-labeled and red-labeled cells (gate Q2) uorescence events
were set with a blank solution containing an equivalent amount
of unlabeled cells (gate Q4). These unlabeled cells were also
prepared and analyzed before the functionalized QDs stained
cells assays. Compensation was performed for dual color detec-
tion and a total of 10 000 uorescence events from the cells were
recorded for subsequent analysis.

Results and discussion
Synthesis and characterization of the QDs

The synthesis conditions of the QDs were systematically opti-
mized and the optimal proportion of Cd2+ : Te : NaBH4 ¼
This journal is © The Royal Society of Chemistry 2017
1 : 0.5 : 10 was ultimately determined. A typical temporal evolu-
tion of the absorption and photoluminescence of the crude
solution of CdTe QDs during the synthesis are shown in Fig. S1
(ESI†). A growth of the QDs during reux is indicated by a low-
energy shi of the absorption and emission. The crude solu-
tions of QD550 (showing green uorescence) andQD618 (showing
red uorescence) were chosen for following studies because they
can provide better contrast with cellular autouorescence.

As shown in Fig. 1a and b, the absorption spectra of the
original QD550 and QD618 suspensions were broad and QD550
and QD618 suspensions show an emissionmaximum at 550 nm
and 618 nm, with a full width at half maximum of 27 nm and
35 nm, respectively. The accurate geometry of the QDs was
investigated with TEM (Fig. 2). The QD550 and QD618 samples
were almost homogeneously spherical-shaped particles. The
diameter of the particles was 2–4 nm, which was consistent with
the diameters estimated at 2.9 nm and 3.5 nm for QD550 and
QD618, respectively, according to the empirical formula.37 The
QY of QD550 and QD618 was 25.7% and 28.9% under the
optimized synthesis conditions, respectively. When the
prepared QD550 and QD618 solution was exposed to light for
1 h, the QY of the QDs was signicantly enhanced, by nearly
50%, which was probably because the irradiation resulted in an
RSC Adv., 2017, 7, 12374–12381 | 12377
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incorporation of sulfur into the particles and the formation of
CdTe(S) alloyed nanocrystals.38 The experimental results show
that the synthesized QD suspensions are stable for at least 3
months at 4 �C in the dark.

FTIR patterns of QDswere shown in Fig. S1 (ESI†), the peaks at
1588 cm�1 and 1388 cm�1 show the asymmetric and symmetric
vibrations of COO�, respectively.39 This is in accordance with the
pH of the cadmium precursor solution (pH 10.5). The stretching
vibration of S–H (2564 cm�1) was not observed in the as-prepared
CdTe QDs with TGA used as the stabilizing and functionalizing
agent. This was attributed to the thiol bound to the surface of
QDs, which can dramatically remove the traps states.
Fabrication and characterization of functionalized QDs

The thiol group of TGA is linked to the surface of CdTe QDs by
thiol group-Cd coordination, and the functional carboxylic
group is free, which can be easily coupled to lectin with amine,
most commonly by using EDC. Here, the EDC was used as
a carboxyl-activating reagent for the lectin conjugation. The
fabrication conditions of the functionalized QDs were system-
atically optimized and an optimal proportion (QDs : EDC : DSA/
LCA¼ 1 : 1 : 5/10) for the synthesis of stable functionalized QDs
was ultimately determined.

The optical properties of QD550-DSA (Fig. 1c) and QD618-
LCA (Fig. 1d) did not show signicant changes compared with
free QD550 (Fig. 1a) and QD618 (Fig. 1b), demonstrating that
the conjugation process did not change the optical character-
istics of the QDs. In addition, the mean uorescence intensity of
the lectin-functionalized QDs/HepG2 complexes did not appear
any changes in an hour (Fig. S2, ESI†), proving that the func-
tionalized QDs are photostable, which is crucial for biolabeling
applications.

Fig. 3 shows that the functionalized QDs exhibited slower
mobility than the free QDs, which could be attributable to their
different surface charges and sizes. The difference in the
mobility of the QDs versus the functionalized QDs indicates that
the functionalized QDs are successfully conjugated with lectin.
Fig. 3 Agarose gel electrophoresis (a) QD550, (b) QD550-DSA, (c)
QD618 and (d) QD618-LCA.

12378 | RSC Adv., 2017, 7, 12374–12381
The results of the MTT assay are shown in Fig. 4. Low
concentrations (<0.1 mM) of QDs and functionalized QDs did
not produce noticeable reduction in cell viability during 24 h of
incubation. In addition, the functionalized QDs produced lower
cytotoxicity compared with free QDs at the same concentration.
This was attributed to the lectin bound to the surface of the
functionalized QDs, which can dramatically reduce the leakage
of Cd. However, the cytotoxicity of QDs and functionalized QDs
increased gradually as the spiked QDs or functionalized QDs
concentration was increased.

The hemagglutination activity of the lectin was analyzed
using a hemagglutination test before and aer conjugation of
the QDs (Table S1, ESI†). Clearly, under the same conditions,
the QD618 alone did not show hemagglutination activity,
whereas the QD618-LCA displayed activity equal to that of the
LCA lectin. The same behavior was observed for QD550-DSA.
This suggests that the crosslinking process of the functional-
ized QDs did not affect the hemagglutination activity of lectin.

The results of the carbohydrate inhibition assays are shown
in Fig. 5. The rabbit erythrocyte cells were agglutinated tightly
together when incubated with QD618-LCA (see in Fig. 5C).
However, the rabbit erythrocyte cells were homodisperse when
QD618-LCA was incubated with Man for 1 h at 25 �C prior to
incubation with the cells (Fig. 5D). The experimental results
suggests in the presence of Man, the agglutinated rabbit
erythrocyte cells was decreased, which indicates that the inter-
action of QD618-LCA with rabbit erythrocyte cells is inhibited by
Man. The same behavior was observed for QD550-DSA, as
shown in Fig. 5A and B. The results also further suggest that
QD618-LCA and QD550-DSA retain the hemagglutination
activity of lectin, which is capable of recognizing specic
carbohydrates, even aer the conjugation process.

The experimental results of the effect of concentration of the
functionalized QDs indicate that the uorescence signal
increased gradually with an increase in the concentration of
functionalized QDs, which is attributed to more HepG2 cells
Fig. 4 Cell viability (MTT assay) of HepG2 cells (A) and LO2 (B) cells
against various gradient concentrations of the QDs and functionalized
QDs exposed for 24 h (a) and 48 h (b). Notes: the data presented are
mean � SD of triplicate samples.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The results of carbohydrate inhibition assay on rabbit eryth-
rocyte cell, (A) QD550-DSA, (B) QD550-DSA after QD550-DSA
pretreatment with GalNAc, (C) QD618-LCA, (D) QD618-LCA after
QD618-LCA pretreatment with Man.
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being stained by the functionalized QDs. However, when the
concentration of QD550-DSA was increased to 23.5 nM and the
concentration of QD618-LCA was increased to 9.4 nM, the uo-
rescence intensity remained stable (Fig. S3, ESI†). Based on these
results, the optimal concentrations of 23.5 nM for QD550-DSA
and 9.4 nM for QD618-LCA were chosen in the following assay.

HepG2 cells treated with QDs alone showed low uorescence
intensity (7.54 � 0.311 for QD550 and 74.66 � 2.435 for QD618,
Fig. S4, ESI†). In contrast, cells treated with functionalized QDs
demonstrated a high gated uorescence intensity (23.04� 1.474
for QD550-DSA and 313.2 � 5.362 for QD618-LCA, Fig. S4†),
indicating that the functionalized QDs probe can be used for
liver cancer cell-specifc imaging.

Low uorescence intensity (16.30 � 1.718 for QD550-DSA
and 176.7 � 15.63 for QD618-LCA, Fig. S5, ESI†) was observed
when the HepG2 cells were pretreated with lectin. In contrast,
cells untreated with lectin showed a higher gated uorescence
intensity (24.38 � 0.8783 for QD550-DSA and 404.2 � 7.508 for
QD618-LCA, Fig. S5†), indicating that HepG2 cells express Gal-
NAc, GlcNAc or Man residues in their surface glycoconjugates,
which further verify that the cell-targeting ability of the func-
tionalized QDs is caused by the interaction between lectin and
cell surface carbohydrate.
Fig. 6 Fluorescence microscopy images of HepG2, LO2 and ECs cells
stained by functionalized QDs. The fluorescent images (A and C) of
cells incubated with QD550-DSA (23.5 nM) or QD618-LCA (9.4 nM) for
20 min at 37 �C. Bright field images (B and D) of cells incubated with
functionalized QDs.
Applications of functionalized
quantum dots
Qualitative uorescence analysis of carbohydrates using
functionalized QDs by uorescence imaging

The expression proles of GalNAc and GlcNAc/Man on HepG2,
ECs and LO2 cells were characterized by uorescence micros-
copy images. As shown in Fig. 6, stronger green and red uo-
rescent signals were observed on the HepG2 cells than on
normal human cells (ECs and LO2), which suggests that the
level of DSA-binding and LCA-binding carbohydrates expressed
This journal is © The Royal Society of Chemistry 2017
on the HepG2 cells was higher than ECs and LO2 cells. This
could be attributed to the difference in expression levels of
glycosyl complexes between cancer cell and normal cell. The
result is consistent with a literature report demonstrating that
altered glycoconjugate has been observed in hepatocellular
RSC Adv., 2017, 7, 12374–12381 | 12379
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carcinoma.10 The experimental results indicate that the func-
tionalized QDs could be used as effective probes for evaluating
the difference of HCC-associated carbohydrate expression on
the cell surface.
Fig. 7 Flow cytometry results of carbohydrate expression on the
HepG2 cells using the functionalized QDs. All dot plots show dual-
parameter results of the green channel (QD550) versus the red
channel (QD618). (a) The negative control. (b) HepG2 cells incubated
withQD550-DSA. (c) HepG2 cells incubated with QD618-LCA. (d)
HepG2 cells incubated with QD618-LCA and QD550-DSA mixtures.
Flow cytometry analysis of carbohydrates aer functionalized
QDs staining

Keeping other parameters (including the number of collected
cells, the analysis conditions) xed, the expression level of
carbohydrates was positively correlated with the mean uores-
cence intensity of the functionalized QDs stained cells by FCM
assay. The mean uorescence intensities of the cells aer
incubation with QD550-DSA or QD618-LCA were shown in Table
1. The green uorescence intensity of the HepG2 cells stained
with QD550-DSA was 2.76-fold and 3.69-fold greater than that of
the LO2/ECs cells, conrming that the level of DSA-binding
carbohydrates expression on the HepG2 cells was higher than
normal cells. The mean red uorescence intensity of the HepG2
cells stained with QD618-LCA was nearly 2.00-fold and 2.03-fold
greater than that of the LO2/ECs cells. This conrmed that the
level of LCA-binding carbohydrate expression on the HepG2
cells was considerably higher than that of on normal cells,
which is consistent with the results obtained by uorescence
images. This further veried that the there is difference in
expression of the DSA-binding carbohydrate and LCA-binding
carbohydrate between cancer cells and normal cells, which
suggesting that carbohydrate expression may be used as
important indicator of liver cancer.

The dot-plot of the green uorescence burst area versus the
red uorescence burst area is shown in Fig. 7. A negative control
experiment using the same amount of unlabeled HepG2 cells
demonstrated that there was no appreciable uorescence burst
observed in the uorescence channels (Fig. 7a). Fig. 7b and c
demonstrate the uorescence burst of the HepG2 cells incu-
bated with QD550-DSA (detected in gate Q3) and QD618-LCA
(detected in gate Q1), respectively. As shown in Fig. 7d, when
HepG2 cells were incubated with QD550-DSA and QD618-LCA
simultaneously, the green uorescence bursts and red uores-
cence bursts simultaneously generated from 74.9% of the
HepG2 cells were detected in gate Q2, demonstrating that
74.9% of the HepG2 cells were successfully labeled by QD618-
LCA and QD550-DSA concurrently. Clearly, it is feasible to
Table 1 The mean fluorescence intensities of the functionalized QDs
stained cells by FCM assay. The data are representative of three
different experiments and are shown as mean � SD (n ¼ 3)

Cells Functionalized QDs
Mean uorescence
intensity (�X � s)

HepG2 QD550-DSA (green) 28.37 � 1.501
HepG2 QD618-LCA (red) 404.2 � 7.508
LO2 QD550-DSA 10.27 � 1.36
LO2 QD618-LCA 201.7 � 16.71
ECs QD550-DSA 7.69 � 1.18
ECs QD618-LCA 198.7 � 13.21

12380 | RSC Adv., 2017, 7, 12374–12381
simultaneously label HepG2 cells using two functionalized QDs
to concurrently monitor cell surface carbohydrate expression.
Conclusions

In this work, we have demonstrated a uorescence method for
characterizing carbohydrates on cells surfaces using function-
alized QDs. The as-proposed functionalized QDs are highly
stable in biological medium and could be used as a uorescence
probe to detect the differential expression of glycosyl complexes
on cellular surfaces. The differences in GalNAc and GlcNAc/Man
residue expression on normal cells and HCC cells can be eval-
uated simultaneously using the proposed detecting strategy.
These differences in carbohydrate expression may help detec-
tion and treatment of HCC.
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