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Abstract: Although it has been well known that dynamic
changes in glycosylation are associated with tumor progres-
sion, it remains challenging to selectively visualize the cancer
glycome in vivo. Herein, a strategy for the targeted imaging of
tumor-associated glycans by using ligand-targeted liposomes
encapsulating azidosugars is described. The intravenously
injected liposomal nanoparticles selectively bound to the
cancer-cell-specific receptors and installed azides into the
melanoma glycans in a xenograft mouse model in a tissue-
specific manner. Subsequently, a copper-free click reaction was
performed in vivo to chemoselectively conjugate the azides
with a near-infrared fluorescent dye. The glycosylation dynam-
ics during tumor growth were monitored by in vivo fluores-
cence imaging. Furthermore, the newly synthesized sialylated
glycoproteins were enriched during tumor growth and identi-
fied by glycoproteomics. Compared with the labeling methods
using free azidosugars, this method offers improved labeling
efficiency and high specificity and should facilitate the
elucidation of the functional role of glycans in cancer biology.

The green fluorescent protein (GFP) and its variants have
revolutionized the molecular imaging of proteins.[1] Proteins
of interest can be genetically fused with GFP and visualized in
live cells and living animals. This strategy, however, cannot be
directly extended to study other biomolecules such as glycans,
as they are not genetically encoded. Alternatively, glycans can
be metabolically labeled with azidosugars, followed by
covalent conjugation with fluorescent probes by bioorthogo-
nal chemistry.[2, 3] This metabolic glycan labeling technique has
greatly compensated for the lack of methods available for
glycan imaging that are analogous to GFP. However, unlike
GFP fusions, which can be conveniently targeted to specific

tissues by employing the proper tissue-specific promoters,[3–5]

the metabolic glycan labeling technique cannot selectively
label glycans in a specific tissue of interest in vivo. Upon
administration to mice, azidosugars are metabolized and
incorporated into glycans in various tissues.[6–8] The lack of
tissue selectivity has limited the use of azidosugars for in vivo
glycan imaging where probing glycosylation in a specific
tissue is desired, for example, the targeted imaging of tumor-
associated glycans.

Herein, we describe the realization of selective labeling
and targeted imaging of glycans in a tissue-selective manner
in vivo using ligand-targeted liposomes encapsulating azido-
sugars (Figure 1). Accumulating evidence has indicated that

altered cell surface glycosylation accompanies tumor pro-
gression at various pathophysiological stages.[9, 10] We there-
fore chose to demonstrate our strategy by targeted labeling
and imaging of tumor-associated glycans in vivo. We have
previously developed ligand-targeted liposomes encapsulat-
ing azidosugars for selectively labeling glycans of specific cell
types in cell cultures.[11] We envisioned that the liposomal
azidosugar-based strategy could be extended for tumor-
targeted glycan labeling in vivo. In particular, sialic acids,
which are often the terminal monosaccharides of cell-surface
glycans, have been shown to play an important role in tumor
growth and metastasis.[12–14] Several sialylated glycans, includ-
ing sialyl Lewis X[15] and sialyl Tn,[16] have been identified as

Figure 1. Targeted imaging of the cancer glycome in vivo. The ligand-
targeted liposomes encapsulating azidosugars are intravenously
injected into the tumor-bearing mice. The ligands (e.g., cRGDyK) are
selectively recognized by the cell-surface receptors (e.g., aVb3)
expressed on the tumors, which induces the internalization of the
liposomal azidosugars into the cancer cells. The azidosugars are
utilized by biosynthetic enzymes and incorporated selectively into
tumor-associated glycans, and then directly visualized by copper-free
click chemistry in vivo.
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tumor-associated antigens. We therefore chose to evaluate
our liposomal azidosugar-based method by probing sialylated
glycans in a xenograft model of melanoma in living mice.

Before performing in vivo experiments, we confirmed the
selectivity in B16–F10 cells, a mouse melanoma cell line,
which exhibit sialic acid-correlated high metastatic poten-
tial.[17,18] We employed a cyclic Arg–Gly–Asp–D-Tyr–Lys
(cRGDyK) pentapeptide as the targeting ligand.[19, 20] The
RGD-containing peptide is recognized by integrin aVb3,
which is overexpressed on the B16–F10 cell surface.[21,22] To
prepare aVb3-targeting liposomes, we conjugated cRGDyK to
an N-hydroxylsuccinamide (NHS)-activated PEGylated dis-
tearoylphosphatidylethanolamine (DSPE), DSPE–
PEG2000–NHS. The resulting RGD-containing lipid,
DSPE–PEG2000–cRGDyK, together with dioleoylphospha-
tidylcholine (DOPC) and cholesterol at a molar ratio of
50:50:5, was used to fabricate the cRGDyK-functionalized
and PEGylated liposome (cRGD–LP) with a diameter of
approximately 200 nm. 9-Azido sialic acid (9AzSia) was
encapsulated at an azidosugar to lipid molar ratio of
approximately 1.2:1 to obtain cRGD–LP–9AzSia for the
targeted labeling of sialylated glycans in B16–F10 cells
(Supporting Information, Table S1). MCF-7 cells with a low
expression level of integrin aVb3 were used as a negative
control. The cells were incubated with cRGD–LP–9AzSia
(10–100 mm, calculated based on the 9AzSia concentration)
for 24 hours, followed by reaction with the aza-dibenzocy-
clooctyne–Cy5 conjugate (DBCO–Cy5) through copper-free
click chemistry.[23,24] Confocal fluorescence microscopy and
flow cytometry showed significant labeling of cell-surface
sialylglycoconjugates in B16–F10 cells and much lower label-
ing in MCF-7 cells (Figure S1). When the cells were treated
with 9AzSia encapsulated in liposomes without the cRGDyK
ligand (LP–9AzSia), the cell-selective labeling was dimin-
ished. These results indicate that cRGD–LP–9AzSia selec-
tively labels the sialylated glycans on the targeted B16–F10
cells, prompting us to evaluate the in vivo targeting efficacy.

To evaluate cRGD–LP–9AzSia in vivo, we tested the
targeted glycan labeling in a melanoma xenograft mouse
model. B16–F10 cells were implanted into one side of the
flank of Balb/c mice, and MCF-7 cells were implanted into the
other side as a control tumor that is not targeted by cRGD–
LP–9AzSia. The two types of tumors exhibited a similar
growth rate (Figure S2 a). The administration of liposomal
azidosugars did not affect the tumor growth rates (Fig-
ure S2b, c). Furthermore, we evaluated the circulation time of
the near-infrared dye DBCO–Cy5 and determined that it had
mostly been cleared from the blood stream of the mice with
no cRGD–LP–9AzSia administration after three hours, leav-
ing minimal background fluorescence (Figure S3 a). The
tumor-bearing mice were then intravenously injected daily
with cRGD–LP–9AzSia (235 mgkg�1, calculated based on
9AzSia) for seven days. On the eighth day, DBCO–Cy5
(0.14 nmol kg�1) was injected into the tail vein. After the
copper-free click reaction had occurred inside the living
animals and the excess DBCO-Cy5 had been cleared from the
bloodstream in five hours, the mice were subjected to whole-
body fluorescence imaging. We observed strong fluorescence
on the melanoma xenograft, corresponding to the cell-surface

sialylglycoconjugates (Figure 2a). The tumor-to-background
ratio (TBR) was quantified to be 177.0� 16.8 (mean� s.d.).
Importantly, the xenograft of the MCF-7 tumor in the same
mouse exhibited minimal fluorescence, and a positive-to-
negative tumor ratio (PNR) of 5.9� 0.3 was achieved (Fig-
ure 2 f). Time course fluorescence imaging of the labeled mice
confirmed that the excess free DBCO–Cy5 had been cleared
three hours after injection, and the dyes chemically con-
jugated onto the 9AzSia-incorporated tumor-associated gly-
cans remained detectable for up to 24 hours (Figure S3 b).
Notably, strong labeling was also observed in several organs,
including the kidney, liver, and spleen (Figure 2a), which was

Figure 2. Targeted in vivo imaging of tumor-associated sialylated gly-
cans using cRGD–LP–9AzSia. a–e) Whole-body fluorescence images of
tumor-bearing mice administered with cRGD–LP–9AzSia (235 mgkg-1;
a), LP-9AzSia (235 mgkg-1; b), 9AzSia (235 mgkg-1; c), Ac4ManNAz
(300 mgkg-1, equimolar to 9AzSia; d), and LP (e) for 7 days. DBCO–
Cy5 was then injected into the mice. Shown are representative (n =5
mice per group) images at 5 h after dye injection. T(+) = integrin avb3-
positive B16–F10 tumor, T(�) = integrin avb3-negative MCF-7 tumor.
The color-coded scale is for the fluorescence intensity. Scale bar: 1 cm.
f) Quantification of the fluorescence signal. TBR: The contrast-to-
background ratio (CBR) of the tumor divided by the CBR of nearby
normal tissue. PNR: The CBR of a B16–F10 tumor divided by the CBR
of an MCF-7 tumor. All fluorescence images were taken using the
same exposure time. Error bars represent the standard deviation from
five experiments. g) Fluorescence images of tumor tissue sections
from mice treated with cRGD–LP–9AzSia. The nuclei were visualized
by staining with 4’,6-diamidino-2-phenylindole (DAPI; blue signal).
Scale bars: 100 mm.
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probably due to renal clearance, as well as accumulation of
cRGD–LP–9AzSia in the liver and spleen, as confirmed by
ex vivo imaging of the isolated organs (Figure S4). We also
isolated the tumor tissues and performed high-resolution
fluorescence imaging on the tissue sections (Figure 2g). A
much higher fluorescence intensity was observed in the B16–
F10 tumor sections, in agreement with the in vivo imaging
experiments. These results suggest that the targeted labeling
of sialylated glycans on the aVb3-positive tumors using
cRGD–LP–9AzSia is achieved by an active targeting mech-
anism that is based on specific ligand–receptor interactions.

Tumors may also be passively targeted by accumulating
liposomes or other nanocarriers in tumors by the enhanced
permeability and retention (EPR) effect.[25, 26] As a compara-
tive study, we injected LP–9AzSia into the tumor-bearing
mice. Much lower labeling was observed for the tumor tissues
(Figure 2b; see also Figure S5). TBR and PNR were quanti-
fied as 19.5� 3.1 and 1.0� 0.1, respectively (Figure 2 f). These
results suggest that the EPR effect alone is not sufficient for
the selective labeling of tumor-associated glycans by lip-
osomal azidosugars at the designated dosages. Rather, active
ligand targeting is essential in our system.

We also evaluated the targeting efficiency of the free
azidosugars. 9AzSia, at the dosages giving an equal amount of
azidosugars as the cRGD–LP–9AzSia administration, was
intravenously injected into the tumor-bearing mice and
labeled with DBCO–Cy5. As expected, a low-intensity
fluorescence signal was observed for the tumor tissues
(Figure 2c; see also Figure S5). Furthermore, we tested
Ac4ManNAz by intraperitoneal injection, using dosages
similar to those previously used to label sialylated glycans in
various tissues of mice, as detected ex vivo.[4] Similar to
9AzSia, Ac4ManNAz administration failed to result in
significant fluorescence of the tumors after in vivo reaction
with DBCO–Cy5. The targeting effect of both azidosugars
was negligible, as indicated by TBR values of 1.5� 0.2
(9AzSia) and 16.2� 2.8 (Ac4ManNAz), and PNR values of
1.1� 0.1 (9AzSia) and 1.1� 0.1 (Ac4ManNAz; Figure 2 f).
The low tumor targeting efficiency of Ac4ManNAz is in
agreement with previous reports by the Brindle group.[27,28]

Taken together, our results indicate that the ligand-targeted
liposomes not only achieve selectivity between positive and
negative tumors, but also significantly improve the incorpo-
ration of the azides into the tumor-associated glycans. These
two factors are probably both essential for realizing the
targeted imaging of tumor-associated glycans in living mice.

The ability to achieve the targeted labeling and visual-
ization of tumor-associated glycans in vivo should enable
numerous studies of cancer glycobiology. One of the interest-
ing applications is to monitor the dynamic changes of
sialylation during tumor growth. To explore this, we per-
formed in vivo targeted imaging of the newly synthesized
sialylated glycans at different stages of tumor growth. The
mice were implanted with B16–F10 tumors. After tumor
growth for 7, 11, and 14 days, the mice were administered with
cRGD–LP–9AzSia with the same dosages for another seven
days, followed by injection with DBCO–Cy5 for in vivo
imaging on day 14, 18, and 21, respectively. The fluorescence
intensity of the tumors, which corresponds to the newly

synthesized sialylated glycans, increased over time, indicating
a time-dependent increase of biosynthesis of the sialylated
glycans during tumor growth (Figure 3). It should be noted
that the fluorescence intensity of whole-body images
appeared dimmed in late-stage tumors, probably because
those tumors grew deeper under the skin (Figure 3a). To
better compare the relative fluorescence intensities at the
three stages, the isolated tumors were imaged ex vivo (Fig-
ure 3b).

Finally, we sought to enrich and identify the tumor-
associated sialylated glycoproteins (Figure 4a). Notably, our
method is well suited for investigating the newly synthesized
glycoproteins during tumor growth owing to the metabolic
incorporation of the azidosugars. B16–F10 tumor tissues
labeled with cRGD–LP–9AzSia at the three stages were
isolated from mice at day 14, 18, and 21, respectively, and the
tissue lysates were reacted with alkyne-biotin, followed by
enrichment with streptavidin beads. In-gel fluorescence
analysis showed a decrease in labeling intensity for newly
synthesized sialylated glycoproteins over time, suggesting
a time-dependent decrease in the biosynthesis of sialylated
glycoproteins (Figure 4b). Notably, the imaging results in
Figure 3 indicate that the overall biosynthesis of sialome,
which includes both glycoproteins and glycolipids, increases
during tumor growth. These observations may be due to
a strong increase in the biosynthesis of sialic acid-containing
glycolipids.

We then subjected the enriched sialylated glycoproteins to
gel-based proteomic identification by tandem mass spectrom-

Figure 3. Monitoring the dynamic changes of sialylation during tumor
growth. a) Representative in vivo fluorescence images of tumor-associ-
ated glycans in mouse models. Balb/c nude mice were xenografted
with B16–F10 cells at the right dorsum. After tumor growth for 7, 11,
and 14 days, cRGD–LP–9AzSia was injected into the mice for another
7 days, followed by injection with DBCO–Cy5. Five hours after the
DBCO–Cy5 injection, the mice were directly visualized using an IVIS
imaging system on day 14, 18, and 21, respectively. T(+) = integrin
avb3-positive B16–F10 tumor. Scale bar: 1 cm. b) Ex vivo fluorescence
images of isolated B16–F10 tumors at the corresponding stages. Scale
bar: 0.2 cm. The color-coded scales represent the fluorescence inten-
sity. Representative images from three experiments are shown.
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etry. Using a high-confidence filter, that is, selecting only
proteins with � 5-fold increases of the spectra counts in the
cRGD–LP–9AzSia treated samples above the cRGD–LP
control samples, we selectively identified 204, 180, and 156
glycoproteins in day 14, 18, and 21 tumors, respectively
(Tables S2–S4). Most of the identified proteins are membrane
or secreted proteins with the consensus sequence of N-linked
glycosylation (N–X–S/T, where X is any amino acid except
proline). There are 121 sialylated glycoproteins commonly
identified in all three stages (Figure 4c). Gene ontology
analysis revealed several enriched biological processes, indi-
cating that the tumor-associated sialylglycoproteins are
mainly related to cell adhesion, wounding response, and
inflammatory response (Figure S6). These processes have
been proven to be important in tumor progression.[29,30] The
relative abundances of the individual proteins identified in
the three stages were compared according to their spectral
counts (Figure S7).[31.32] Overall, most proteins showed lower
spectral counts in later stages of tumor growth, which is in
agreement with the in-gel fluorescence results. Those proteins
with significant changes in abundance were selected for
further analysis (Figure 4d). Considering the semi-quantita-
tive nature of spectral counting, we set the selection criteria as
follows: Only proteins with � 20 spectral counts and � 2-fold
difference in the spectral counts between day 14 and day 21
samples were chosen. Several important cell-surface recep-
tors, including the epidermal growth factor receptor (EGFR),

sialic acid-binding immuno-
globulin-like lectin 1
(SIGLEC1), and CD36,
showed decreasing spectral
counts. As only newly synthe-
sized proteins into which the
azidosugars had been meta-
bolically incorporated were
enriched and identified, these
results suggest a decrease in
the biosynthesis of these
receptors or/and less sialyla-
tion on the newly synthesized
receptors. Furthermore, we
also identified a few proteins,
such as transmembrane
emp24 domain-containing
protein 9 (TMED9), with
increasing spectral counts.

In summary, we have dem-
onstrated a strategy that
makes use of ligand-targeted
liposomes encapsulating azi-
dosugars for the selective met-
abolic labeling of tumor-asso-
ciated glycans with azides in
living animals. The selectivity
is achieved by the specific
recognition of tumor-express-
ing receptors by the ligands on
the liposome surface. In com-
bination with click chemistry,

liposomal azidosugars enable the in vivo fluorescence imag-
ing of tumor-associated sialylated glycans and the proteomic
identification of sialylated glycoproteins that are newly
synthesized during tumor growth. Compared with labeling
methods that use free azidosugars, our method offers
improved labeling efficiency and high specificity. The facile
procedure for preparing ligand-targeted liposomes allows for
the introduction of various ligands for the targeting of
different cancer types. Other azidosugars, such as N-azido-
acetylgalactosamine[33] and azidofucose,[34] may also be
explored for labeling different types of glycans. This work
should facilitate the elucidation of the functional role of
glycans in cancer biology.
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