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on via diverting intracellular
sialylation with multifunctional nanoparticles†

Yunlong Chen, Yuanjiao Yang, Qingqing Tan, Huipu Liu and Huangxian Ju *

Sialylation plays an important role in tumor-related physiological processes. Therefore, intervention of

sialylation has great potential to explore new paths for tumor therapy. In view of the immune modulation

of sialic acid (SA) on tumors, this work designs a multifunctional mesoporous silica nanoparticle (MFMSN)

to divert intracellular sialylation for tumor suppression. The galactose groups covered on MFMSN act as

sialylation substrates to bind intracellular SAs competitively, which inhibits the SA expression on the

tumor cell surface. The diverted intracellular sialylation can be visualized on living cells and in vivo by

specifically binding the sialylated galactose with a phenylboronic acid labeled ssDNA probe released

from the pore of MFMSN to induce DNA strand displacement, which recovers the fluorescence of the

dsDNA probe covered on MFMSN surface. The diverting of sialylation efficiently suppresses tumor

growth in mice, demonstrating the great potential of the designed strategy for revealing SA-related

biological processes and clinical cancer therapy.
Introduction

Sialic acid (SA) is a nine-carbon sugar molecule, which is oen
located at the terminal position of the glycan chain attached to
glycoproteins or glycolipids on cell surfaces.1–4 The SA on the
cancer cell surface mediates a series of physiological and
pathological processes, including migration and metastasis,5–9

and plays a critical role in immune modulation through the
interaction of SA with the immune-inhibitory SA-binding
immunoglobulin-like lectin (Siglec) family.10–14 Down-
regulation of SA can reduce immune evasion, which promotes
the immune therapy of cancer cells.15–18 Generally, substrate-
bound SA is produced by sialyltransferase (ST) mediated sialy-
lation.19,20 According to the difference of carbohydrate linkages,
there are four ST families in the human body: ST3Gal (a-2,3-ST),
ST6Gal (a-2,6-ST), ST6GalNAc and ST8Sia (a-2,8-ST).21 The
activities of these STs are directly related to SA expression on the
cell surface, which further affects the physiological and patho-
logical states of cancer cells. Thus, intervention of the sialyla-
tion may provide new paths to regulate SA expression of the cell
surface for cancer therapy.

Tumor suppression has been achieved through blockage or
degradation of existing SAs to change their function on cancer
cells. For example, a nano molecularly imprinted polymer has
been designed to block the N-glycan on human epidermal
growth factor receptor-2 (HER2), which suppresses the
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dimerization of HER2 with other HER family members to
inhibit tumor growth.22 Sialidase linked to the HER2 antibody
has been used to degrade SA on the HER2, which reduces the
binding of the immune-inhibitory Siglec checkpoint receptor
and thus enhances the activation of immune cells for tumor
suppression.23,24 These works demonstrate the efficiency of cell
surface SA regulation in tumor suppression, but may be limited
by the continual generation of newly synthesized SAs.

Intracellular intervention of sialylation can endogenously
change the SA expression of the cell surface. A SA mimic has
been synthesized to block SA expression of tumor cells by direct
inhibition of ST activity in vivo, which suppresses tumor growth
by enhancing tumor-inltrating natural killer cells and T-cells.25

However, the direct inhibition of ST activity in cancer cells with
small molecules may suffer from drug resistance, and it is
difficult to monitor the intracellular sialylation and intervention
processes due to the lack of corresponding visual tools.

Inspired by the tumor suppression through a consumed
lysosomal N-acetylglucosamine salvage pathway,26 this work
developed a prime example of a theranostic strategy through
diverting intracellular sialylation for tumor suppression. With
this strategy, a multifunctional mesoporous silica nanoparticle
(MFMSN) was designed for diverting of intracellular sialylation
as well as its visualization to reduce SA expression on the cell
surface. The MFMSN was constructed on an amino MSN, whose
surface was rstly modied with three kinds of functional
polyethylene glycols (PEGs) terminated with galactose (Gal),
folic acid (FA) and succinimidyl carboxymethyl ester (NHS),
respectively (Fig. 1a). Gal with the occupied site 2 mainly acted
as the substrate of ST3Gal and ST6Gal mediated intracellular
sialylation,21 FA targeted tumor cells for delivery of MFMSN,27
Chem. Sci., 2022, 13, 2939–2945 | 2939
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Fig. 1 Schematic illustration. (a) Preparation of MFMSN. (b) FA-mediated endocytosis, release of ssDNA probe, diverted sialylation, SA recog-
nition, and binding-induced DNA strand displacement for visualization of intracellular sialylation.
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and NHS was used for further conjugation of the double
stranded DNA (dsDNA) probe modied with a pair of carboxy-
uorescein (FAM) and black hole quencher 1 (BHQ1) groups.
Meanwhile, a single stranded DNA (ssDNA) probe terminated
with Cy5 and phenylboronic acid (PBA) was loaded in the pores
of theMSN for visual monitoring of the intracellular diverting of
sialylation. Aer the MFMSNs were delivered into the cells, the
Gal groups on theMFMSNs' surface were sialylated by ST3Gal or
ST6Gal, and the sialylated Gal groups were then bound with the
ssDNA probes released from the MFMSN through specic PBA-
SA recognition28–30 to initiate the binding-induced DNA strand
displacement,31 which recovered the uorescence of FAM on the
dsDNA probes (Fig. 1b). The in vivo visualization of the diverted
sialylation on tumor bearing mice was achieved with an upda-
ted MFMSN0, which was loaded with a Cy5-free ssDNA probe in
the pores and replaced the FAM-BHQ1 pair with the Cy5-BHQ2
pair on the dsDNA probe to avoid self-uorescence of the mice.
When visual monitoring was not required, the diverting of sia-
lylation could be performed with MSN@FA/Gal, which was
conveniently prepared by linking only FA-PEG-NHS and Gal-
PEG-NHS on amino MSN. This work provides an ingenious
tool to dynamically visualize the diverted sialylation in living
cells and in vivo for efficient tumor suppression.
Results and discussion
Multifunctional MSNs

For the preparation of MFMSNs, MSNs with a diameter around
80 nm were rstly treated with piranha solution, followed by
silylation with (3-aminopropyl) triethoxysilane to obtain amino
2940 | Chem. Sci., 2022, 13, 2939–2945
MSNs for covalently binding Gal-PEG 35K-NHS, FA-PEG 10K-
NHS, and NHS-PEG 20K-NHS to conjugate dsDNA probes. The
dsDNA probe contained the FAM group at the 50 end and an
amino group at the 30 end of DNA1 and BHQ1 at the 30 end of
DNA2, in which the uorescence of FAM could be completely
quenched by BHQ1. Considering that the diverting of intracel-
lular sialylation on Gal and the binding-induced DNA strand
displacement were the key steps of the designed strategy, Gal
and dsDNA probes were conjugated on longer PEG chains. The
two binding steps of the PEGs and dsDNA probes to MSNs were
demonstrated by the changes of both the Zeta potential and
hydration diameter measured with dynamic light scattering
analysis (Fig. S1a and b†). The binding of three kinds functional
PEGs resulted in a negative Zeta potential and increased
hydration diameter of the nanoparticles. The Zeta potential
became more negative aer the dsDNA probe was bound to the
surface of MSNs@FA/Gal/NHS, which also further increased the
hydration diameter. Besides, TEM images and BET analysis
demonstrated that the surface modication did not change the
porous structure (Fig. S1c†) of the MSNs but did obviously
increase the BET surface area (Fig. S1d†) due to the surface
modication with PEG polymers and DNA molecules.
Compared to MSNs without FA modication (MSNs@Gal/NHS),
MSNs@FA/Gal/NHS exhibited characteristic peaks of FA around
1590–1700 cm�1 and 2850–2940 cm�1 in FTIR spectra
(Fig. S1e†), which demonstrated the successful modication
of FA.

Aer the excess dsDNA probe was removed from the surface
and the pores of MSNs by three washings with PBS (Fig. S2a†),
the ssDNA probe labeled with the PBA group at the 50 end and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 In vitro response of MFMSNs. (a and b) Fluorescence spectra of
10 nM MFMSNs incubated with 5 mU of ST3Gal (a) or ST6Gal (b) and
100 mM of CMP-Sia in PBS (pH 7.4) for 10–60 min. (c) Corresponding
time-dependent fluorescence intensity curves. (d–f) Time-dependent
fluorescence intensity curves of 10 nM MFMSNs only (d), 10 nM
MFMSNs with ST3Gal (e) or ST6Gal (f) and 100 mM of CMP-Sia at pH 5,
6, 7 and 7.4. Error bars represent � S.D. (n ¼ 3).
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Cy5 at the 30 end was loaded into the pores of MSNs to obtain
the MFMSNs. The loading led to an obvious decrease of Cy5
uorescence intensity of the ssDNA probe in the supernatant
(Fig. S2b†). From the average molar mass of MSNs derived from
the density of amorphous SiO2,32 the pore volume of the MSNs
(1.4 mL g�1) provided by the manufacturer and Fig. S2,† the
average loading amounts of dsDNA and ssDNA probes could be
respectively calculated to be 167 and 4491 per MFMSN, which
provides an abundant proportion of ssDNA to dsDNA for the
DNA strand displacement. Aer MFMSNs were dispersed in
PBS, the Cy5 uorescence intensity in the supernatant contin-
ually increased up to 6 h (Fig. S3†), indicating the long-lasting
release of the ssDNA probe from the pores of MFMSNs.
Besides, aer incubation with only high concentrations of
ssDNA probes, MFMSNs did not exhibit any FAM uorescence
(Fig. S4†), indicating that the freely released ssDNA probe was
not bound to the dsDNA probes to produce a false positive
signal.

In vitro response of MFMSNs

Generally, glycosyltransferase is sensitive to the availability of
the reactive hydroxyl group and the stereoscopic structure of its
substrates.33 The PEG-linked Gal used in this work contains two
reactive hydroxyl groups at both positions 3 and 6 of the sugar
ring (Fig. S5†), which can act as the acceptor sites of ST3Gal and
ST6Gal, respectively. To demonstrate the responses of MFMSNs
to these STs, MFMSNs were incubated with cytidine-50-mono-
phospho-N-acetylneuraminic acid sodium salt (CMP-Sia) and
ST3Gal expressed in E. coli BL21 from Pasteurella multocida or
ST6Gal expressed in E. coli BL21 from Photobacterium damsela
in PBS (pH 7.4) at 37 �C for 10–60 min, respectively, which
showed obviously increasing FAM uorescence within an
incubation time of 50 min due to the binding-induced DNA
strand displacement (Fig. 2a–c), indicating the relatively quick
sialylation process from CMP-Sia to sialylated Gal in vitro.

Considering the weak acidic environment in the tumor cells
and issues,34 where the PBA can keep the specic recognition to
SA,29 the effect of the pH of the incubation solution on the
binding-induced DNA strand displacement on the MFMSN
surface was also examined. Compared to the completely
quenched FAM uorescence (Fig. 2d), the FAM uorescence
increased with the increasing incubation time of MFMSNs in
PBS containing CMP-Sia and ST3Gal or ST6Gal at pH 5, 6, 7 and
7.4 (Fig. 2e and f). Thus, the MFMSN retain the response ability
to ST3Gal or ST6Gal under a tumor microenvironment. The
slight decrease of FAM uorescence with the decreasing pH was
attributed to the degradation of CMP-Sia in the acidic envi-
ronment.35 Besides, the PBA-free and Gal-free MFMSNs did not
exhibit any FAM uorescence with either ST3Gal or ST6Gal at
these pH values (Fig. S6†), indicating the PBA-SA recognition
mediated signal response.

Visualization of intracellular diverted sialylation

As a proof-of-concept, human breast cancer MCF-7 cells were
chosen as the cell model. Aer incubating MCF-7 cells with
different concentrations of MFMSNs (1–6 nM) at 37 �C for 5 h,
© 2022 The Author(s). Published by the Royal Society of Chemistry
the confocal laser scanningmicroscopic (CLSM) images showed
obvious FAM and Cy5 uorescence (Fig. S7a†). Their intensity
increased with the increasing concentration of MFMSNs and
reached a plateau at the concentration of 5 nM, respectively
(Fig. S7b and c†). As the mechanism described in Fig. 1b, the
FAM uorescence occurred at the dsDNA probe and could thus
be completely covered by the Cy5 uorescence from the ssDNA
probes aer DNA strand displacement, while the Cy5 uores-
cence showed a wider distribution due to the release of exces-
sive ssDNA probes from the pores of MFMSNs. Thus, the
MFMSNs could respond to diverted sialylation within living
cells, achieving visualization of the intracellular diverted sialy-
lation on MFMSNs.

The MFMSN responses inside the cells also showed time
dependence (Fig. S8a†). Aer MCF-7 cells were incubated with
5 nM of MFMSNs at 37 �C for different times, the uorescence
intensity of both FAM and Cy5 increased with the increasing
incubation time and reached a plateau at 4 h (Fig. S8b and c†),
which implied the saturated binding-induced DNA strand
displacement within the lasting release of the ssDNA probe
(Fig. S3†). Thus, a concentration of 5 nM and an incubation
time of 4 h of MFMSNs were chosen as the optimal conditions
for visualization of the diverted sialylation in living cells.

The FA mediated targeting delivery was veried by incubating
MFMSNs with the normal human mammary epithelial MCF-10A
Chem. Sci., 2022, 13, 2939–2945 | 2941
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Fig. 3 Colocalization imaging and analysis of MFMSNs inside cells.
Confocal fluorescence imaging of MCF-7 cells after treatment with
DAPI, lysosomes-RFP or Golgi-RFP, and then 5 nM of MFMSNs for 4 h.
Rightmost column: 2D intensity histogram of FAM and DAPI/RFP
channel. Scale bar, 10 mm.

Fig. 4 Monitoring of intracellular sialylation regulation. (a) Confocal
fluorescence imaging of MCF-7 cells after treatment with 1, 2, 3 mM of
CMP or UDP, and then 5 nM of MFMSNs for 4 h. Scale bar, 10 mm. (b
and c) FAM and Cy5 fluorescence intensities of CMP (b) or UDP (c)
treated MCF-7 cells after incubation with MFMSNs. Error bars repre-
sent � S.D. (n ¼ 3).
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cells, which exhibited negligible FAM and tiny Cy5 uorescence
comparing to that incubated with MCF-7 cells (Fig. S9†) due to
low expression of FR receptor onMCF-10A.36,37 This phenomenon
also indicated that FA conjugated on the shortest PEG chain did
not affect its recognition with FA receptors. Interestingly, the
MCF-7 cells incubated with FA-free MFMSN did not exhibit FAM
uorescence but instead exhibited obvious Cy5 uorescence on
the cell surface, indicating that the FA-free MFMSN could not be
delivered into the cell but the released ssDNA probes could bind
to the cell surface SAs. Besides, the MCF-7 cells incubated with
PBA-free MFMSN did not exhibit FAM uorescence but obvious
Cy5 uorescence occurred inside the cells, indicating that the
PBA-free MFMSN could be delivered into the cells to release
DNA3 but could not turn on FAM uorescence. These results
further demonstrated the FA mediated target delivery and PBA-
SA recognition mediated signal response. The location of
MFMSNs inside the cells was investigated with colocalization
imaging of the nucleus, lysosomes and Golgi (Fig. 3), which were
dyed with DAPI, lysosomes-RFP and Golgi-RFP, respectively.
Aer the dyed cells were incubated with 5 nMofMFMSNs for 4 h,
the uorescence of FAM did not overlap with the uorescence of
the DAPI dyed nucleus (Pearson's correlation coefficient: �0.26),
indicating that MFMSNs could not enter into the nucleus.
Although a little uorescence of FAM could be observed in the
uorescence area of the lysosomes-RFP dyed lysosomes (Pear-
son's correlation coefficient: 0.35), the FAM uorescence mainly
occurred beyond lysosomes-RFP, but overlapped with that of
Golgi-RFP (Pearson's correlation coefficient: 0.77). Thus, the
amount of MFMSNs in lysosomes was negligible, while most of
theMFMSNswere located around the Golgi, which was themajor
place for sialylation.2
Regulation of intracellular sialylation

Sialylation in living cells can be inhibited with different inhib-
itors of ST, such as cytidine 50-monophosphate disodium salt
(CMP)38 and uridine 50-diphosphate disodium salt hydrate
(UDP).39 Aer the cells were treated with different
2942 | Chem. Sci., 2022, 13, 2939–2945
concentrations of CMP or UDP and then incubated with 5 nM of
MFMSNs for 4 h, an obvious decrease of FAM uorescence was
observed along with the increasing inhibitor concentrations,
but the Cy5 uorescence did not change (Fig. 4). These results
indicated that the intracellular ST activity was inhibited, and
the presence of the inhibitors did not affect the internalization
of MFMSNs into the cells for releasing ssDNA probes. By using
Cy5 uorescence as the internal standard to eliminate the
discrepancy in the amount of internalized MFMSN, the FAM
uorescence on MFMSNs could be directly used for qualitative
assessment of ST activity inside living cells.

In vivo visualization of diverted sialylation on tumor bearing
mice

For the preliminary in vivo application of the designed strategy,
the MCF-7 tumor xenogra mice models were established by
subcutaneous inoculation of MCF-7 cells in the selected posi-
tion of the mice. All animal experiments were performed
according to the Laboratory Animal Management of Jiangsu
Province published by the Department of Science and Tech-
nology of Jiangsu Province. To avoid the high background
uorescence of the mouse at the FAM-excitation region and
increase the tissue depth of the in vivo uorescence imaging,
the uorescence tag in MFMSNs was updated by replacing the
FAM-BHQ1 pair with Cy5-BHQ2 in the dsDNA probe and by
using the Cy5-free ssDNA probe to obtain the MFMSN' (Fig. 5a).
As the Cy5-free ssDNA probe would continually release from
MFMSN0, intratumoral injection was the only choice. The mice
were intratumorally injected with 50 mL of MFMSNs' (5 nM) and
imaged at different times aer injection (Fig. 5b). Obviously,
Cy5 uorescence was observed at the tumor region, which
increased in the rst 6 h and then weakened from 12 to 48 h,
indicating that the MFMSN0 could visualize the diverted
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vivo visualization of sialylation on tumor bearing mice. (a) A
schematic illustration of the updated MFMSN'. (b) In vivo fluorescence
imaging of the MCF-7 tumor after intratumoral injection of MFMSNs'
for different times.

Fig. 6 Suppression of tumor growth. (a) Relative cell proliferation
percentages of MCF-7 cells treated with MSN@FA and MSN@FA/Gal at
different concentrations for 5 h. Error bars represent � S.D. (n ¼ 3). (b)
Relative tumor volumes along with 7 successive injections of saline,
MSN@FA or MSN@FA/Gal in an interval of two days. Error bars
represent � S.D. (n ¼ 5) (**p <0.005; NS, not significant). (c) Repre-
sentative photographs of treated mice tumors. (d) Histological
observations of treated mice tumor tissues. Scale bar, 100 mm.
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sialylation at the tumor region in the rst 6 h. Although the Cy5
uorescence in the liver region appeared aer 3 h of injection
and continually increased from 4 to 24 h, it disappeared aer
48 h of injection, indicating that most MFMSNs' were excreted
by the body aer 48 h. Thus, the designed MFMSN0 exhibited
excellent capability for in vivo visualization of the diverted sia-
lylation and physiological metabolizability.
Cell surface SA expression upon diverted sialylation

Since the diverting of sialylation has been demonstrated
through visualization both in living cells and in vivo, the
consequence of the diverting was further explored. As the cell
surface SAs were generated from intracellular sialylation,19,20 the
variation of cell surface SA expression aer diverting of sialy-
lation was rstly examined. To reduce the interference factors,
the MFMSN was simplied by removing its imaging module,
which could be performed by modifying amino MSNs with only
FA and Gal to obtain MSN@FA/Gal. Aer MCF-7 cells were
incubated with different concentrations of MSN@FA/Gal for 4 h
and recognized with FITC labeled Sambucus nigra agglutinin,
a lectin specic to SA, for 1 h, the FITC uorescence in both the
CLSM images and ow cytometric analysis showed an obvious
decrease with the increasing MSN@FA/Gal concentration
(Fig. S10†), indicating the decreased cell surface SA expression.
Thus, the Gal initiated diverting of intracellular sialylation
could efficiently inhibit cell surface SA expression. As SAs on the
cell surface are critical for tumor related processes,5–18 the
designed diverting strategy could provide a new path for tumor
suppression.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Suppression of tumor growth

The effects of the designed diverting strategy on cell prolifera-
tion and tumor growth were examined with MSN@FA/Gal,
using FA modied MSN (MSN@FA) as a negative control.
With the increasing MSN@FA/Gal con-centration, the treated
cells exhibited an obvious decrease of cell proliferation, while
those on MSN@FA treated cells was not obvious (Fig. 6a).
Therefore, the decrease of cell proliferation could be attributed
to the Gal initiated diverting of sialylation and its further
inhibition of cell surface SA expression, demonstrating the anti-
tumor mechanism. Similarly, aer MCF-7 tumor xenogramice
were intratumorally injected with 50 mL of MSNs@FA/Gal every
2 days, the tumor growth was obviously suppressed comparing
to those injected with saline or MSN@FA (Fig. 6b). Aer 15 days,
these groups showed a signicant difference in tumor volume
(Fig. 6c), but no discernible difference in their body weight
(Fig. S11†). The histological analysis indicated a massive cell
remission in tumor tissue (Fig. 6d), and negligible pathological
abnormalities in the heart, liver, spleen, lung and kidney aer
MSNs@FA/Gal treatment (Fig. S12†), which veried the
suppression effect of the designed diverting strategy on tumor
growth and its tiny side-effects.
Conclusions

In conclusion, a strategy for diverting intra-cellular sialylation
has been developed for tumor suppression by using a newly
designed MFMSN. The sialylation diverted by MFMSN both
inside the cells and in vivo can be quickly achieved around the
Golgi and is visualized through a binding-induced DNA strand
displacement to recover the uorescence of the dye co-labeled
with BHQ on dsDNA. The diverting of sialylation inhibits the
SA expression on cell surface and the cell proliferation, and
Chem. Sci., 2022, 13, 2939–2945 | 2943
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exhibits efficient tumor suppression on tumor bearing mice
with tiny side-effects. Moreover, the MFMSN is exible and can
be customized to perform different functions. By use of other
glycosylation substrates and recognition compounds, the
MFMSN can be expanded for intracellular visualization of
different glycosylation pathways. The glycosylation diverting
provides an efficient supplement for improving the therapeutic
index of cancer in clinical applications.
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