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This work designs a functional dendrimer probe to conveniently
identify newly generated sialic acid groups in vivo with a dual-color
imaging strategy, which achieves in situ semiquantitative evaluation
of the sialylation difference between tumor and normal tissues to
reveal sialylation-related biological events and promote clinical
tumor diagnosis.

Sialylation is an important glycosylation process,' which can
introduce sialic acid (SA) to the outmost end of glycan chains
attached on proteins, lipids, or RNAs.>™ As the terminal group
of glycan, SA is the main executor of glycan functions,” and
further mediates various physiological and pathological
processes,®’ especially the migration,®® metastasis’®'! and
immune evasion of tumor cells.'>*® Thus, in situ evaluation
of in vivo sialylation can promote more precise identification of
SA-related biological processes. Although the goal of the direct
detection of SA has been achieved by many methods,'""
methods for in situ evaluation of in vivo sialylation are still rare,
which is an urgent demand to elucidate sialylation-related biolo-
gical mechanisms for diagnostic and therapeutic applications.
To evaluate the sialylation, the signal response between the
substrate and SA is the key issue. Generally, methods for direct
detection of SA are essential to compose sialylation evaluation
strategies, which usually utilize lectins,'®'” chemical selec-
tivity'®'® or metabolic labeling®>*' technologies to recognize
SA. By introducing another signal label on the substrate,
fluorescence resonance energy transfer (FRET) is an efficient
tool for the construction of an intracellular glycosylation signal
response. Some FRET based methods have been successfully
used for in situ imaging of O-GlcNAcylation.*>** Our group has
also achieved in situ evaluation and diversion of sialylation by
FRET** and on-quencher fluorescent dyes.>®> However, these
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In situ evaluation of in vivo sialylation
with a dual-color imaging strategyf
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FRET based methods suffer from low signal sensitivity and high
background. Besides, they need complex construction of the
probes with engineered proteins or nanoparticles, which limits
their applications in vivo and clinical applications.

Herein, this work developed a dual-color imaging strategy to
in situ evaluate in vivo sialylation with a functional dendrimer
probe. The dendrimer probe was conveniently constructed on a
bis-MPA-acetylene dendrimer (Den-Acet), which was conju-
gated with azide-labeled galactose (Gal), folic acid (FA) and
Cy5 groups through the click reaction®*® and amide conden-
sation (Fig. 1A).>° In the obtained Den-Gal/Cy5/FA probe, Gal is
the substrate for the sialylation proceeding by a-2,3-sialyltrans-
ferase (ST3Gal) and o-2,6-sialyltransferase (ST6Gal),***! and FA
was used for receptor-mediated endocytosis of the probes into
tumor cells.**** By injecting the probes into the tumor region
in a living mouse, SA groups were bound to the Gals on
Den-Gal/Cy5/FA through sialylation (Fig. 1B). After collection
and sectioning of the tumor tissue, the tissue slices were
sequentially treated with sodium periodate (NalO,) and
fluorescein-5-thiosemicarbazide (FTZ) to label the SA with
FTZ fluorescence.'®** Restricted by the nanoscale size of the
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Fig. 1 Schematic illustration. (A) Preparation of the dendrimer probe
Den-Gal/Cy5/FA. (B) In situ evaluation of in vivo sialylation by dual-color
imaging.
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Den-Gal/Cy5/FA, the FTZ fluorescence overlying the Cy5 fluores-
cence was used to identify the newly generated SA, which could
be used for evaluation of the sialylation difference between
tumor and normal tissues. This work provides a convenient tool
for in situ evaluation of in vivo sialylation, which exhibits huge
potential for revealing sialylation-related biological events and
clinical tumor diagnosis.

For the preparation of the functional dendrimer probe, the
generation 5 bis-MPA-acetylene dendrimer was chosen as the
substrate, which contains 96 acetylene groups for efficient
modification of the functional groups. As the substrate
for sialylation, N;-PEG-Gal was prepared by deacetylation of
N;-PEG-Gal-4Ac using esterase (Fig. S1A, ESIt).*> The ESI-MS
analysis demonstrated the successful deacetylation of N;-PEG-
Gal-4Ac (Fig. S1B, m.w. 528, + Na', ESI{) to obtain N;-PEG-Gal
(Fig. S1C, m.w. 360, + Na', ESI{). The Den-Acet was firstly
covalently bound with N;-PEG-Gal, N;-PEG-NH,, and N;-PEG-
FA through Cu-BTTAA catalyzed click reaction. The obtained
Den-Gal/NH,/FA was then conjugated with NHS-Cy5 to obtain
Den-Gal/Cy5/FA through the amide condensation between the
NH, and NHS groups. The nanoscale sizes of Den-Acet and
Den-Gal/Cy5/FA were firstly characterized by transmission elec-
tron microscopic (TEM) and dynamic light scattering (DLS)
analysis (Fig. S2, ESI{), which exhibited narrow size distribu-
tions of hydrodynamic diameters around 10 and 13 nm. The
successful conjugation of Cy5 was obviously observed by the
color change of the dendrimer probes from light yellow
(Fig. S3A, tube 1, ESIT) to deep blue (Fig. S3A, tube 2, ESIt)
after Cy5 conjugation. In contrast, the production of Den-Gal/
FA with NHS-Cy5 appeared light blue (Fig. S3A, tube 3, ESIf).
Meanwhile, the fluorescence spectra of Den-Gal/Cy5/FA exhib-
ited strong Cy5 fluorescence, while that of the production of
Den-Gal/FA with NHS-Cy5 and Den-Gal/NH,/FA was weak
(Fig. S3B and C, ESI¥). Thus, the Cy5 groups were successfully
covalently conjugated to the dendrimer using N;-PEG-NH, as
the linker with negligible nonspecific adsorption.

The successful modification of FA was demonstrated by
infrared spectra (Fig. S4, ESIt), which exhibited extra character-
istic absorption peaks of N3;-PEG-FA around 2350 cm ™' in
Den-Gal/Cy5/FA compared to that of Den-Gal/Cy5. To verify
the successful conjugation of Gal to the dendrimer probe, a
FITC-SBA lectin chip was prepared, which could specifically
recognize Gal.>® The FITC fluorescence intensity on the initial
SBA lectin chip suggested a uniform decoration of each lectin
spot on the chip (Fig. S5A and B, ESIf). After incubation
with Den-Gal/Cy5/FA (Fig. S5C line 1, ESIf), Den-Gal/Cy5
(Fig. S5C line 2, ESIt) and Den-Cy5/FA (Fig. S5C line 3, ESIY),
both Den-Gal/Cy5/FA and Den-Gal/Cy5 exhibited similarly
strong Cy5 fluorescence on the lectin spots, while that of
Den-Cy5/FA exhibited tiny nonspecific adsorption (Fig. S5D,
ESIY). Thus, the successful conjugation of Gal on the dendrimer
probe was effectively demonstrated.

The N3;-PEG-Gal in this work contains two reactive hydroxyl
groups at both positions 3 and 6 of the sugar ring,’” which are
the acceptor sites of ST3Gal and ST6Gal. To investigate
the in vitro performance of Den-Gal/Cy5/FA for these STs, a
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Fig. 2 (A) Fluorescence images of the initial SNA lectin chip. Lines 1-3
were the same. (B) Average FITC fluorescence intensities from (A). (C)
Fluorescence images of the SNA lectin chip incubated with Den-Gal/Cy5/
FA (line 1), and products of Den-Gal/Cy5/FA with ST3Gal (line 2) and
Den-Gal/Cy5/FA with ST6Gal (line 3). (D) Average Cy5 fluorescence
intensities from (C). Error bars represent + S.D. (n = 3).

FITC-SNA lectin chip was prepared, which could specifically
recognize SA*® on the sialylated Den-Gal/Cy5/FA. Den-Gal/Cy5/
FA was incubated with CMP-Sia and ST3Gal or ST6Gal in PBS
(pH 7.4) at 37 °C for 2 h, respectively. 100 nM of the products
was directly dropped onto the different spots on the SNA lectin
chip. The FITC fluorescence intensity on the initial SNA lectin
chip suggested a uniform decoration of each lectin spot on the
chip (Fig. 2A and B). After incubation with 100 nM of Den-Gal/
Cy5/FA and the formation of different products, both the
products of Den-Gal/Cy5/FA with ST3Gal (Fig. 2C and D line
2) and Den-Gal/Cy5/FA with ST6Gal (Fig. 2C and D line 3)
exhibited strong Cy5 fluorescence on the lectin spot, while that
of raw Den-Gal/Cy5/FA exhibited tiny nonspecific adsorption
(Fig. 2C and D line 1). Thus, the Den-Gal/Cy5/FA could be
successfully sialylated by ST3Gal and ST6Gal in vitro, which
could also be an efficient substrate for in vivo applications.

As a proof-of-concept, mouse breast cancer 4T1 cells were
chosen as the cell model. Normal mammary epithelial MCF-
10A cells were used as a negative control. The optimized time
for the probe entry was proved to be 60 min by confocal laser
scanning microscope (CLSM) images of cells treated with Den-
Gal/Cy5/FA for regular time intervals (Fig. S6, ESIT). 4T1 and
MCF-10A cells were incubated with different concentrations of
Den-Gal/Cy5/FA or Den-Cy5/FA (10-250 nM) at 37 °C for 1 h.
After the cells were washed and fixed, the SA groups were
oxidized by NalO,, and were further labeled with FTZ through
aniline catalysis. The CLSM images showed obvious FTZ (green)
and Cy5 (red) fluorescence distributed inside 4T1 cells, but
weak FTZ fluorescence inside MCF-10A cells (Fig. S7, ESIt).
Here, the FTZ fluorescence indicated the distribution of both
the original and newly generated SA groups, and the Cy5 fluores-
cence indicated the distribution of Den-Gal/Cy5/FA or Den-Cy5/FA
probes. Through the colocalization of FIZ fluorescence with Cy5
fluorescence, the FTZ@Cy5 fluorescence images were obtained by
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Fig. 3 (A) Colocalization of FTZ fluorescence with Cy5 fluorescence
obtained by collecting the FTZ fluorescence within the Cy5 fluorescence
area in Fig. S7 (ESIY). Scale bar: 20 um. (B) Statistical FTZ@Cy5 intensities
from (A). Error bars represent &+ S.D. (n = 3).

collecting the FTZ fluorescence within the Cy5 fluorescence area
(Fig. 3). Considering that the newly generated SA groups mainly
occurred on Den-Gal/Cy5/FA probes restricted within a nanoscale
space, the FTZ@Cy5 fluorescence images could correctly identify
the existence of newly generated SA groups. As a result, the 4T1
cells treated with Den-Gal/Cy5/FA exhibited obvious FTZ@Cy5
signals (Fig. 3), which increased with increased probe concentra-
tions. In contrast, the 4T1 cells treated with Den-Cy5/FA only
exhibited weak FTZ@Cy5 signals after the probe concentration
was higher than 200 nM. Besides, the MCF-10A cells treated with
Den-Gal/Cy5/FA constantly exhibited tiny FTZ@Cy5 signals
with the increased probe concentrations, which was consistent
with the low SA expression in normal cells.*® Thus, through an
accurate regulation of the probe concentration, the Den-Gal/Cy5/
FA could provide a high specificity to visualize the newly gener-
ated SA inside cells.

As an alternate way to detect SA inside cells, FITC-SNA was
applied to recognize SAs instead of NalO, oxidation and FTZ
labeling. As a result, strong FITC fluorescence was observed on
the 4T1 cell surface (Fig. S8, ESIt), and the colocalized FITC@Cy5
signals exhibited poor signal to background ratio between
Den-Gal/Cy5/FA and Den-Cy5/FA treated cells (Fig. S9, ESIt). This
may be attributed to the big FITC-SNA size, which hindered its
entrance into cells. Thus, the NalO, oxidation and FTIZ labeling
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route exhibited an advantage for intracellular labeling, which
further promised its application in vivo.

For the preliminary in vivo application of the designed
strategy, the 4T1 tumor xenograft mice models were established
by subcutaneous inoculation of 4T1 cells in the selected posi-
tion of the mice. To investigate the retention of the dendrimer
probes in vivo, Den-Gal/Cy5/FA was subcutaneously injected
into the tumor region. The fluorescence images of the mouse
exhibited obvious Cy5 fluorescence at the tumor region, which
exhibited a persistent retention within 60 min and was excreted
from the tumor region after 150 min (Fig. S10, ESIt). Therefore,
the tumor tissue slices were prepared after 1 h of injection with
a standard procedure. After DAPI staining of the cell nucleus,
the obtained slices were subjected to NalO, oxidation and FTZ
labeling, and were finally subjected to CLSM imaging. Through
the colocalization of FTZ fluorescence with Cy5 fluorescence,
the fluorescence images of the tumor tissue slices from the
Den-Gal/Cy5/FA treated mice exhibited obvious FTZ@Cy5
signal, while that of the Den-Cy5/FA treated mice only exhibited
weak background signal (Fig. S11, ESIt), which demonstrated
the feasibility of the designed dual-color imaging strategy in
in vivo applications.

To explore the difference of sialylation between tumor tissue
and normal tissue, the Den-Gal/Cy5/FA was subcutaneously
injected into the tumor region and normal tissue at the
symmetrical position of the mouse simultaneously. After
the same slice preparation and dual-color imaging strategy,
the FTZ@Cy5 signal of the tumor tissue was 2.5 times stronger
than that of the normal tissue (Fig. 4). After eliminating the
certain background signal of the dendrimer probes (Fig. S11,
ESIY), the sialylation level in the tumor tissue should be around
two times higher than that of normal tissue. Thus, the designed
dual-color strategy achieved semiquantitative evaluation of the
sialylation in vivo.

In the in vivo applications, the replacement of the NalO,
oxidation and FTZ labeling route with FITC-SNA was also
tested. Unsurprisingly, the FITC@Cy5 signals exhibited a
strong background signal in the tumor tissue from the
Den-Cy5/FA treated mouse (Fig. S12, ESIT), and gave an ineffi-
cient discrimination between tumor and normal tissues
(Fig. S13, ESIY), which further demonstrated the advantage of
the NalIO, oxidation and FTZ labeling route in the designed
dual-color strategy.

In conclusion, a dual-color imaging strategy was designed for
in situ evaluation of in vivo sialylation in tumor xenografted mice.
This strategy utilizes Den-Gal/Cy5/FA as the substrate to introduce
newly generated SA groups, which can be efficiently labeled with
the NalO, oxidation and FTZ labeling route. Through the coloca-
lization of FTZ fluorescence with Cy5 fluorescence restricted
within a nanoscale space, the newly generated SA groups can be
conveniently identified for the semiquantitative evaluation of the
sialylation in vivo. By use of other substrates and labeling routes,
this strategy can be expanded for the evaluation of different
biological modification pathways, which provides a convenient
and extensible tool for revealing posttranslational modification-
related biological mechanisms and clinical tumor diagnosis.
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Fig. 4 (A) CLSM images of the tumor and normal tissue slices from a Den-

Gal/Cy5/FA treated mouse after DAPI staining, NalO4 oxidation and FTZ
labeling. Scale bar: 20 um. (B) Statistical FTZ@Cy5 intensities from (A). Error
bars represent + S.D. (n = 3). Statistical significance is determined by
unpaired two-tailed Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001;
****%p < 0.0001).
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