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A Single Excitation-Duplexed Imaging Strategy for Profiling Cell
Surface Protein-Specific Glycoforms
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Abstract: This work develops a site-specific duplexed lumi-
nescence resonance energy transfer system on cell surface for
simultaneous imaging of two kinds of monosaccharides on
a specific protein by single near-infrared excitation. The single
excitation-duplexed imaging system utilizes aptamer modified
upconversion luminescent nanoparticles as an energy donor to
target the protein, and two fluorescent dye acceptors to tag two
kinds of cell surface monosaccharides by a dual metabolic
labeling technique. Upon excitation at 980 nm, only the dyes
linked to protein-specific glycans can be lit up by the donor by
two parallel energy transfer processes, for in situ duplexed
imaging of glycoforms on specific protein. Using MUC1 as the
model, this strategy can visualize distinct glycoforms of MUC1
on various cell types and quantitatively track terminal mono-
saccharide pattern. This approach provides a versatile platform
for profiling protein-specific glycoforms, thus contributing to
the study of the regulation mechanisms of protein functions by
glycosylation.

In eukaryotic cells, most of cell surface proteins are
covalently attached to sugar chains, a repertoire of extremely
diverse structures composed of several monosaccharide
building blocks.[1] The unique glycosylation pattern, a popula-
tion of glycoforms that share the same polypeptide back-
bone,[2a] serves as an important determinant for protein
conformation and activity,[1c,2] and in turn, these glycoforms
are regulated by a particular set of signal pathways.[1] More-
over, the variation of the glycan structures of a certain
glycoprotein can be closely linked with specific changes of cell
physiological states.[1] Thus in situ visualization of glycoforms
of a given glycoprotein on a cell surface can contribute to the
understanding of glycosylation machinery and its pleiotropic
regulation of biological functions, and the identification of
new diagnostic biomarkers as well as therapeutic targets.[2b]

Fluorescence resonance energy transfer (FRET)-based
imaging technique has offered an attractive solution for
imaging monosaccharides on specific cell surface proteins,
such as EGFR,[3a] integrin avb3,

[3b] and aXb2,
[3c] as well as

intracellular proteins.[3d,e] These strategies rely on the respec-
tive labeling of protein and monosaccharide with donor and
acceptor, and the emergence of FRET,[3] thus allowing the

detection of only one kind of monosaccharide. Considering
the diversity and complexity of the glycoforms,[1, 2] profiling
multiple monosaccharides on a given cell surface protein is
very significant for revealing complex glycan-regulated signal
pathway machinery.[1] Virtually no progress has been made in
this challenging field owing to the difficulty in obtaining
appropriate pairs of donors and acceptors without interfer-
ence and to avoid the serious acceptor bleed-through result-
ing from the discrepancy between protein copy number and
glycan abundance.[3b]

These problems can be solved by using a donor for single
excitation to simultaneously and effectively activate multiple
acceptors of large amount. Owing to the unique polychro-
matic light emitting properties, upconversion luminescent
nanoparticles (UNPs) provide an excellent solution.[4] Multi-
ple color emission from UNPs has been reported for nucleic
acid assay and intracellular drug release monitoring.[4c,d]

However, these systems were not designed for targeting
a specific location, thus are not suitable for protein-specific
glycoform study. This work used UNPs to construct a site-
specific duplexed luminescence resonance energy transfer
(D-LRET) system on cell surface for simultaneous imaging of
different protein-specific monosaccharides using mucin
1 (MUC1) as the model protein (Scheme 1). The UNP
exhibited two energy emission bands (EEB1 and EEB2) upon
single excitation, each of which could only match to light up
one kind of fluorescent dye in close proximity (within
10 nm)[5] through LRET, leading to a novel duplexed imaging
strategy with single near-infrared excitation.

The target protein MUC1, known as CA15-3, is a tumor
marker extensively O-glycosylated and overexpressed in
a variety of epithelial cancers.[6] The extracellular section of
MUC1 extends 200–500 nm beyond the cell surface and
contains variable number of tandem repeat (VNTR)
regions.[6a,b] Sialic acid (Sia) and fucose (Fuc) are the two
common terminators of glycan chains which are suggested to
be closely related to malignant transformation and onco-
genesis,[1, 7] thus were chosen as the sugars of interest. To
achieve the designed duplexed imaging strategy, the mono-
saccharides and MUC1 were firstly labeled sequentially:
metabolically labeling of monosaccharides on cell surface
with different fluorescent dyes,[8] and specific recognition of
MUC1 by aptamer-functionalized UNP (Apt-UNP) (Sche-
me 1A). The targeting of the UNP to MUC1 was enabled by
functionalization of UNP using aptamer S2.2, which is a 25-
mer with high binding affinity toward individual repeat of
VNTR on MUC1 and smaller volume than antibodies.[9] Thus
multiple Apt-UNP could be assembled on each MUC1
polypeptide backbone. Upon a continuous-wave single exci-
tation at 980 nm, two EEBs of UNP could be regarded as two
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independent energy donors. Only the fluorescence of accept-
ors clicked to MUC1-linked glycans could be lit up (Sche-
me 1B). Distinct metabolically labeled glycoforms of MUC1
among different cell lines could be compared using the D-
LRET strategy. In particular, through assigning N-acetylga-
lactosamine (GalNAc), the initial monosaccharide at O-
glycosylated site,[6a, 7] as the reference, this work proposed
a quantitative strategy for obtaining the relative expression
ratio of different metabolically labeled terminal sugars on
MUC1, thus providing a strategy to dynamically monitor the
terminal glycan pattern change in response to drugs. Com-
pared with previous FRET systems,[3] this strategy featured
two paralleled and non-interfering energy transfer processes
by single near-infrared excitation. In particular, this work
exploited an upconversion process to avoid acceptor spectral
bleed-through, which is a major problem in current FRET-
based protein-specific glycan imaging.[3b]

To construct the site-specific D-LRET system, a core–
shell UNP, NaYF4 :Er/Gd/Yb(2/10/18%)@NaGdF4 wrapped
with oleate, was synthesized.[10a] Transmission electron micro-
scopic (TEM) images suggested a hexagonal morphology of
the core–shell UNP with a uniform diameter around 25 nm
(Figure 1A). The luminous efficiency of the core–shell UNP
was about 6.5 fold that of core-only UNP (Supporting

Information, Figure S1). After removing oleate with HCl,
the UNP was linked to a T21-conjugated aptamer S2.2 (Apt)
using a carboxylic group-modified oligonucleotide (A30-
COOH) as the linker and particle stabilizer (Figure 1A;
Supporting Information, Figure S2A).[10b] The step-by-step
assembly of the Apt-UNP was characterized in the Support-
ing Information, Figure S2B–G, and the amount of Apt
conjugated to each UNP was estimated to be 3 (Supporting
Information). The specific recognition of Apt (Figures S3 and
S4) and Apt-UNP (Figures S5 and S6) toward MUC1 was
verified using MCF-7 (MUC1-positive) and HepG2 (MUC1-
negative) cells (Figure S7).[11] The scanning electron micro-
scopic images and co-localization experiment also demon-
strated the binding of Apt-UNP to MUC1 in a string-like
arrangement on MCF-7 cells (Figure S6).

The luminescent intensity of the A30-COOH stabilized
UNP (A30-UNP) and the feasibility of using A30-UNP to
construct D-LRET system were evaluated in vitro. The
upconversion luminescence (UCL) spectrum presented two
sharp energy emission bands (EEB1: 530 to 560 nm, EEB2:
640 to 670 nm) with almost zero spectral baseline (Fig-
ure 1B). Fluorescent dyes Alexa Fluor 555 (AF555) and
Alexa Fluor 660 (AF660) were chosen as the acceptors to
match the two emissions of UNP (Supporting Information,
Figure S8). A30-UNP was subjected to hybridize with either
AF555 or AF660 labeled oligonucleotide T6 (T6-AF555 or
T6-AF660), or both. The orthogonality of the two LRET
processes was demonstrated by the two LRET peaks at 570
(LRET1) and 690 nm (LRET2), respectively, with signal
intensity almost invariant to those in single LRET system
(Figure 1B). Owing to the partial spectral overlap of two
acceptors, the mutual influence between LRET1 and LRET2
was further examined, which showed negligible effect (Sup-
porting Information, Figures S9 and S10). Notably, two T6-
dyes did not exhibit observable signal under 980 nm excita-
tion even at high concentration of 10 mm (Figure 1B,

Scheme 1. The site-specific D-LRET method for duplexed imaging and
dynamic monitoring of protein-specific monosaccharides on an intact
cell surface. A) Two kinds of monosaccharides and the underlying
protein were sequentially tagged with fluorescence acceptor dyes and
aptamer-functionalized UNP (Apt-UNP) as a donor by dual metabolic
labeling and aptamer recognition, respectively. B) Upon excitation at
980 nm, two non-interfering paralleled energy transfer processes from
UNP to two acceptors displayed the existence of corresponding
monosaccharides.

Figure 1. A) TEM images of core UNP (a), core–shell UNP (b), oleate-
free UNP (c), and Apt-UNP (d). B) Emission spectra of A30-UNP
(black), A30-UNP after hybridizing with AF555-T6 (red), AF660-T6
(blue), and both (green), and the mixture of AF555-T6 and AF660-T6
(magenta). Excitation wavelength: 980 nm.
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magenta), indicating a unique advantage of using UNP as the
donor for avoiding acceptor spectral bleed-through. The
signal intensity of LRET peaks exhibited a linear relationship
with the acceptor concentration up to 1.2 mm (Supporting
Information, Figure S11), enabling quantitative detection of
protein-specific sugars on cell surface.

A single LRET system in site-specific format was then
constructed on cell surface for imaging of MUC1-specific Fuc.
The Fuc on MCF-7 cells was metabolically labeled and then
clicked by AF555-azide. Under 980 nm excitation by confocal
laser scanning microscopy (CLSM), an obvious AF555
fluorescence signal was observed around MCF-7 cells
(Figure 2), which could be attributed to the LRET between

EEB1 of UNP and AF555. Since LRET could only generate
when the donor–acceptor distance was less than 10 nm,[5] the
obtained signal reflected the expression level of metabolically
labeled Fuc only expressed on MUC1-specific glycan chains.
To verify the energy transfer process, a series of control tests
were performed. After photobleaching of acceptor AF555,
the LRET signal disappeared along with dequenching of the
UCL, and the cells labeled with AF555-azide or Apt-UNP
alone showed only AF555 fluorescence (Ex: 514 nm) or UCL
(Ex: 980 nm) with disappearance of LRET (Figure 2). The
emission spectra on the cell surface collected by CLSM under
980 nm (Supporting Information, Figure S12) were consistent
with the imaging data (Figure 2). Notably, in the absence of
Apt-UNP, the AF555-labeled cells exhibited a straight line,
indicating no bleed-through signal even when acceptor was in
large excess. Also, this single LRET process did not influence
the other EEB peak (Supporting Information, Figure S12),
suggesting the possibility to construct D-LRET system on cell
surface MUC1.

A site-specific D-LRET system was developed to imple-
ment duplexed imaging of two kinds of monosaccharides of
MUC1 on cell surface using Sia and Fuc as the targets. Cell

surface Fuc and Sia were metabolically labeled with AF555
and AF660 respectively (Supporting Information, Figure S13)
using a dual metabolic labeling protocol,[8a] followed by
tagging MUC1 with Apt-UNP. Under excitation at 980 nm,
both AF555 and AF660 fluorescence could be observed in the
cell membrane region (Figure 3; Supporting Information,

Figure S14), which could be attributed to the simultaneous
LRET from the two EEBs of Apt-UNP to the two dyes
(Supporting Information, Figure S15). The LRET signals
suggested the existence of the corresponding metabolically
labeled sugars on MUC1. The expression of Fuc and Sia of
MUC1 on two types of tumor cells (MCF-7, T47D) and one
type of normal cells (MCF-10A) were further studied. These
cells are all of epithelial type from human mammary gland.
MCF-7 and MCF-10A cells express both Fuc and Sia on
MUC1, while T47D cells exhibit only MUC1-specific Sia. The
absence of MUC1-specific Fuc on T47D cells is due to the loss
of Core 2 b1-6-GlcNAc-transferase activity.[6a,b, 7b] These
results suggested the importance of using the proposed
strategy to uncover protein-specific glycosylation information
masked by global detection techniques. The observed distinct
terminal patterns of metabolically labeled MUC1 glycoforms
on three types of cells were in good agreement with literature
reports,[6,7b,12a] thus could be used to differentiate different cell
phenotypes.

Considering the obvious global Fuc signal on T47D and
indiscernible LRET signal for Fuc on MUC1 (Figure 3), it
could be deduced that the observed LRET luminescence was
exactly from MUC1 rather than adjacent proteins. The
protein-specific signal was further verified by tunicamycin
inhibition experiment (Supporting Information, Fig-
ure S16).[3c] After blocking N-linked glycosylation with tuni-
camycin, the cell surface D-LRET signal was not affected by
the absence of N-glycans. The unique structure of mucin
family[6b,c] ensured the differentiation of protein-specific
monosaccharaides even using a UNP with diameter of
25 nm as the donor.

Figure 2. Protein-specific imaging of metabolically labeled Fuc on cell
surface MUC1 by single LRET. Scale bar: 10 mm.

Figure 3. Duplexed protein-specific imaging of metabolically labeled
Fuc and Sia of MUC1 on MCF-7, T47D and MCF-10A cells. Scale bar:
10 mm.
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To achieve relative quantification of two kinds of meta-
bolically labeled terminal monosaccharaides (Fuc and Sia) of
MUC1, GalNAc, the sugar initiates O-glycosylation at serine
or threonine of MUC1 peptide chain,[6a,b,7] was chosen as the
native reference, to exclude the influence due to the differ-
ence of the relative intensity and energy transfer efficiency
between two donor dyes. Duplexed imaging of Fuc and
GalNAc, as well as Sia and GalNAc of MUC1 on MCF-7
(Figure 4A), T47D (Supporting Information, Figure S17) and

MCF-10A (Supporting Information, Figure S18) cells were,
respectively performed by assigning GalNAc as the LRET2
reference, followed by acquiring LRET intensity of each
channel (Figure 4B). Considering that the amount of GalNAc
at MUC1 glycoforms is equivalent to the amount of O-
glycosylated sites,[6a,b, 7b, 12a] the proportion of LRET1 to
LRET2 could be regarded as the abundance of metabolically
labeled Fuc (or Sia) terminal averaged over O-glycosylated
site. Further, through acquiring the ratio of Sia terminal to
Fuc terminal per O-glycosylated site, the ratio of metabol-
ically labeled Fuc to Sia expressed on MUC1 glycoforms
could be obtained as 2.7:1, 0.065:1 and 5.4:1 for MCF-7, T47D
and MCF-10A cells, respectively (Figure 4D). The LRET
intensity was also verified through analyzing LRET efficiency
by CLSM for each pair of monosaccharides on MCF-7 cells

(Supporting Information, Figure S19). The different ratios of
metabolically labeled Fuc to Sia on MUC1 for different cell
types might be partly caused by different levels of key
glycosyltransferase activity governing the extension and
termination of O-glycans,[6a,b,7b, 12] and the difference of sugar
analog labeling extent. The ratio of Fuc to Sia offered
a desirable parameter for monitoring the dynamic change of
terminal glycans on the target protein. During incubation with
a model drug, neuraminidase, the change percentage of the
ratio for MUC1 on MCF-7 cells increased remarkably due to
the specific cleavage of Sia by neuraminidase (Supporting
Information, Figure S20). This result demonstrated that the
proposed method could be used to track protein-specific
terminal glycan pattern.

In conclusion, this work provides a smart solution to
implement duplexed imaging of protein-specific glycoforms
on cell surface. The UNP oriented at MUC1 can be used as
the single donor for two acceptors labeled on two mono-
saccharides, respectively, leading to two non-interfering
LRET processes. The near-infrared excitation and upconver-
sion process have been exploited to avoid acceptor spectral
bleed-through, which is a unique advantage particularly
significant when the glycans (acceptor) are in huge excess
compared with the underlying protein (donor). The D-LRET
system has been successfully employed for duplexed imaging
and quantification of the ratio of metabolically labeled Fuc to
Sia among different cell lines, as well as tracing of dynamic
terminal pattern change on MUC1. The proposed single
excitation-duplexed imaging strategy is compatible with other
glycan labeling techniques and protein tagging methods. For
smaller target proteins, this method can be employed by using
UNPs with sub-10 nm diameter.[4b] With more click pairs
available and other rare-earth elements for tuning UNP
emission, it can be expanded to multi-channel imaging of
protein-specific glycoforms. Thus this method could contrib-
ute to the understanding of the complex machinery of protein
post-transcriptional modification, and provide a powerful
platform for developing glycan-related biomarkers and
glycan-targeted drugs.
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