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Abstract: Glycans on tumor cell surface have significant
impacts in the immune-killing process. Here an ultra-
galactocation to sialic acid (Sia) strategy is designed to
hugely introduce galactose (Gal) to Sia and on tumor
cells in vivo by using a penta-functional dendritic probe
(Den@5F), which efficiently enhances the immune-kill-
ing of tumor cells. The Den@5F contains five different
kinds of functional groups, including Gal, Cy5, amino,
phenylboronic acid (PBA) and 4-(4-(hydroxymethyl)-2-
methoxy-5-nitrophenoxy) butanoate (mNB), which can
be conveniently prepared through a two-step reaction.
After injecting into the tumor-bearing mouse, Den@5F
can efficiently block Sia through the specific recognition
between PBA and Sia on tumor cells and hugely
introduce Gal through the subsequent photo-crosslink-
ing between mNB and amino groups to multiply
conjugate excessive Den@5Fs. The comprehensively
blocked Sia can prevent the immune escape, and the
hugely introduced Gal can promote the immune stim-
ulation of the immune cells, which lead to an efficient
enhancement of the immune-killing. The proposed
strategy provides a significant and promising tool to
promote the clinical immunotherapy of tumor.

Glycans on tumor cells mediate a large number of
physiological and pathological processes,[1] especially the
immune recognition and immune stimulation,[2–4] which are
critical to the immune-killing of tumor cells. The functions
of these glycans can be divided into two categories, the
enhanced stimulation of immune cells and the resisted
recognition of tumor cells. The former is mainly contributed
by the galactose (Gal) or fucose (Fuc) terminated
glycoconjugates,[5–7] while the latter to normally contributed
by sialic acids (Sia) terminated glycoconjugates.[8] Unfortu-
nately, most tumor cells have a much higher expression of
Sia comparing to Gal or Fuc,[9] which works as a protective
mechanism to resist the immune recognition and further

weaken the immune stimulation during the immune-killing
process. Thus, a glycan-transformation of the Sia on tumor
cells to Gal or Fuc can simultaneously enhance the immune
recognition and stimulation, which may be a most effective
route from the aspects of glycans to improve immunother-
apy of tumors.

Currently, methods by the blockage or cleavage of Sia
on tumor cells to weaken immune escape have been widely
developed.[10–13] They usually utilize inhibitors to inhibit the
activities of intracellular sialyltransferase or sialidase to
directly cleave the Sia on tumor cells.[14–16] On the other
hand, the introduction of Gal or Fuc terminated glycoconju-
gates by lipophilicity-mediated membrane fusion to enhance
immune stimulation are also popular.[14] However, the
inhibitors often need a long time to work, and the
glycosidases are fragile in the biological environment. Be-
sides, whether the glycosidase-mediated cleavage or lip-
ophilicity-mediated introduction suffer from the long proc-
essing time and the low glycan-transformation efficiency,
which finally lead to limited enhancement of the immune-
killing. Therefore, rapid blockage or cleavage of Sia and
huge introduction of Gal or Fuc, preferably simultaneous,
can extremely enhance the efficacy of immune-killing.

Herein, this work designs an ultra-galactocation to Sia
strategy by using a penta-functional dendritic probe
(Den@5F), which simultaneously achieves rapid blockage of
Sia and huge introduction of Gal on tumor cell in vivo,
leading to an efficient enhancement of the immune-killing of
tumor cells. The Den@5F is conveniently constructed on a
bis-MPA-acetylene dendrimer (Den-Acet) through a two-
step reaction, which is firstly conjugated with azide labeled
Gal (Gal� PEG� N3), amino (H2N� PEG� N3) and Cy5
(Cy5� N3) through the click reactions (Figure 1a).[17,18] The
obtained Den@Gal/Cy5/NH2 is further conjugated with
carboxyphenylboronic acid (HOOC� PBA) and methyl 4-(4-
(hydroxymethyl)-2-methoxy-5-nitrophenoxy) butanoate
(mNB) with excessive amino groups through amide
condensations[19,20] to obtain the Den@Gal/Cy5/NH2/PBA/
mNB, i.e. Den@5F. After subcutaneous injection of
Den@5F into the tumor periphery of the tumor-bearing
mouse, the highly expressed Sia on tumor cells is bound
with Den@5F through the specific recognition between PBA
and Sia (Figure 1b).[21–23] Under a subsequently UV radiation
with a harmless dose on the tumor region,[24,25] the excessive
Den@5Fs can multiply conjugate to the Den@5Fs bound on
Sia through the photo-crosslinking between mNB and amino
groups,[26,27] which achieves the ultra-galactocation to Sia on
tumor cells. Due to the dendritic structure of the Den@5F,
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the comprehensively blocked Sia and hugely introduced Gal
on tumor cells can simultaneously prevent the immune
escape and promote the immune stimulation of the immune
cells, which lead to the efficient enhancement of the
immune-killing of tumor cells. For the proof of concept, the
human breast cancer MCF-7 cells, mouse breast cancer 4T1
cells xenografted mice and the human natural killer (NK-92)
cells are used as the models. The designed strategy
successfully achieves enhanced immune-killing of tumor
cells in vitro and the efficient tumor suppressions in vivo on
tumor-bearing mice, which demonstrates the great potential
of this ultra-galactocation to Sia strategy for the clinical
applications of tumor immunotherapy.

Gal� PEG� N3 was obtained by the deacetylation of the
commercial 4AcGal� PEG� N3 using MtONa[25,28] (Fig-
ure S1a), which was proved by the obvious variation of the
m/z value from 528.05 to 360.05 in ESI-MS analysis (Fig-
ure S1b,c). The mNB was synthesized following the previous
report,[27] which exhibited correct NMR and MS spectrum
(Figure S2). Den-Acet of generation 5 was chosen as the
substrate of the probe, which contains 96 surface acetylene
groups (Figure S3a). Gal� PEG� N3, H2N� PEG� N3 and
Cy5� N3 was mixed with Den-Acet with a concentration ratio
of 5 :4 :1 :0.1 to obtain Den@Gal/Cy5/NH2 through copper-
catalyzed click reaction, which introduced abundant Gal for
ultra-galactocation and enough amino groups for the
followed modification of PBA and mNB. Subsequently,
HOOC� PBA and mNB was mixed with Den@Gal/Cy5/NH2

with a concentration ratio of 1 :2 : 0.1 to obtain Den@5F
through N-(3-dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
assisted amide linkage,[26,29,30] which reserved excess amino
groups on Den@5F for the photo-crosslinking with mNB.
The residual copper in the Den@5Fs was evaluated by the
EDS elemental mapping through HAADF-STEM imaging

(Figure S4a). Comparing to the Den@5F additionally mixed
with 2 mM CuSO4, the residual copper in the final Den@5F
was negligible, which promised the biosafety of the
Den@5F. The control dendritic probes (Den@Cy5/NH2/
PBA/mNB, Den@Gal/Cy5/NH2/PBA, Den@Gal/Cy5/NH2/
mNB) (Figure S3b) were prepared by replace the corre-
sponding functional groups with 8-azido-3,6-dioxaoctanol
(HO� PEG� N3) or acetic acid. The conjugation of Cy5� N3

on Den@Gal/Cy5/NH2 and the subsequent Den@5F could
be directly visualized by the obvious color difference of the
solutions, which exhibited dark blue and fluorescence peaks
around 670 nm for Den@Gal/Cy5/NH2 and Den@5F (Fig-
ure S5), demonstrating the successful conjugation of Cy5 on
the corresponding dendritic probes.

To verify the Gal on Den@5F, an amino modified
polystyrene amino microsphere (PSM� NH2) was coated
with glutaraldehyde, which was further immobilized with
soybean agglutinin (SBA) to obtain the PSM-SBA (Fig-
ure S6a). The successful immobilization of SBA on PSM was
demonstrated by immobilizing the FITC conjugated SBA
(FSBA) with the same procedure, which exhibited obvious
FITC fluorescence around the PSM surface in confocal laser
scanning microscope (CLSM) images comparing to the
initial PSM� NH2 (Figure S6b and c). The PSM-SBA was
respectively incubated with Den@Cy5/NH2, Den@Gal/Cy5/
NH2, Den@Cy5/NH2/PBA/mNB, and Den@5F at 37 °C for
30 min, which were washed by PBS for three times and
subjected to CLSM imaging. Obvious Cy5 fluorescence was
observed on the Den@Gal/Cy5/NH2 and Den@5F incubated
PSM-SBA, while these on Den@Cy5/NH2 and Den@Cy5/
NH2/PBA/mNB incubated PSM-SBA were negligible (Fig-
ure 2a), demonstrating the successful conjugation of Gal on
the corresponding dendritic probes. To verify the mNB on
Den@5F, PSM� NH2 was respectively incubated with Den@-
Gal/Cy5/NH2, Den@Gal/Cy5/NH2/PBA, Den@Gal/Cy5/
NH2/mNB, and Den@5F at 37 °C for 10 min under UV
radiation, which were washed by PBS for three times and
subjected to CLSM imaging. Obvious Cy5 fluorescence was
observed on the Den@Gal/Cy5/NH2/mNB and Den@5F
incubated PSM� NH2, while these on Den@Gal/Cy5/NH2

and Den@Gal/Cy5/NH2/PBA incubated PSM-SBA were
weak (Figure 2b), demonstrating the successful conjugation
of mNB on the corresponding dendritic probes. The TEM
images of Den@5Fs after UV radiation also exhibited a
cross-linked morphology comparing to these without UV
radiation (Figure S4b), which further demonstrated the
mNB and amino groups mediated photo-crosslinking of
Den@5Fs. The conjugation of PBA was demonstrated by
incubating the MCF-7 cells with Den@Gal/Cy5/NH2,
Den@Cy5/NH2/PBA, Den@5F at 37 °C for 30 min, respec-
tively. An extra cell sample was incubated with Den@5F
under UV radiation. After washed by PBS for three times
and subjecting to CLSM imaging, obvious Cy5 fluorescence
was observed on the Den@Cy5/NH2/PBA, Den@5F incu-
bated cells, while these on Den@Gal/Cy5/NH2 incubated
cells was negligible (Figure 2c), demonstrating the successful
conjugation of PBA on the corresponding dendritic probes.
The similar binding levels of Den@Gal/Cy5/NH2/PBA and
Den@5F to cells without UV radiation indicated the

Figure 1. Schematic illustration of the (a) preparation of Den@5F and
(b) ultra-galactocation to sialic acid on tumor cells with Den@5F for
enhanced immune-killing.
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negligible influence of mNB without UV during the probe-
cell bindings. Besides, the cells incubated with Den@5F
under UV radiation exhibited a higher Cy5 fluorescence
intensity comparing to those without UV radiation, which
further demonstrated the mNB mediated photo-crosslinking
to introduce more Den@5Fs on cells. Thus, the designed
Den@5F could successfully achieve ultra-galactocation to
Sia on cell surface through mNB mediated photo-cross-
linking of excessive Den@5Fs.

To investigate the enhancement of the immune-killing
ability of the designed strategy, MCF-7 cells were respec-
tively incubated with Den@Gal/Cy5/NH2/PBA, Den@Cy5/
NH2/PBA/mNB and Den@5F at 37 °C for 30 min and
radiated by UV for another 10 min. Subsequently, the
dendritic probes bound cells were incubated with NK-92
cells for 2, 4, 8, 12 h, and then stained with calcein-AM/
propidium iodide (PI) to collect CLSM images (Figure 3).
The cells without dendritic probes but UV radiation
exhibited tiny variation of the calcein-AM fluorescence and
negligible PI fluorescence, indicating the harmless dose of
UV radiation. The Den@Cy5/NH2/PBA/mNB treated cells
exhibited a decrease of calcein-AM fluorescence and an
increase of PI fluorescence after incubated with NK-92 cells
for 8 h, which indicated the Sia blockage induced

enhancement of immune-killing. In contrast, the Den@Gal/
Cy5/NH2/PBA and Den@5F exhibited obvious decreases of
calcein-AM fluorescence and increases of PI fluorescence
within 4 h, while the latter exhibited an obvious immune-
killing of the tumor cells shortly after 2 h. As negative
controls, the dendritic probes bound cells without NK-92
cells treatment exhibited strong calcein-AM fluorescence
and invisible PI fluorescence after 24 h (Figure S7), indicat-
ing the negligible toxicity of the dendritic probes themselves.
It could be indicated that the combination of the Sia
blockage and Gal introduction could further enhance the
immune-killing, while a multiple Gal introduction through
photo-crosslinking could maximumly prevent the immune
escape and promote the immune stimulation of the immune
cells in the aspect of glycans, which lead to the rapid and
efficient immune-killing of tumor cells.

To demonstrate the enhanced immune-killing of the
designed dendritic probes, six groups of 4T1 subcutaneous
tumor xenograft mice with tumor volume of ~100 mm3 were
received injections of saline, saline with UV radiation,
Den@Cy5/NH2/PBA/mNB with UV radiation, Den@Gal/
Cy5/NH2/PBA, Den@5F and Den@5F with UV radiation at
tumor periphery every other day for 15 days, respectively
(Figure 4a). As the thickness of the mouse skin was around

Figure 2. (a) Schematic illustration, CLSM images and the statistical Cy5 fluorescence intensities of PSM-SBA microspheres incubated with (1)
Den@Cy5/NH2, (2) Den@Gal/Cy5/NH2, (3) Den@Cy5/NH2/PBA/mNB, and (4) Den@5F, respectively. (b) Schematic illustration, CLSM images
and the statistical Cy5 fluorescence intensities of PSM- NH2 microspheres incubated with (1) Den@Cy5/NH2 under UV radiation, (2) Den@Gal/
Cy5/NH2/PBA under UV radiation, (3) Den@Cy5/NH2/mNB under UV radiation, and (4) Den@5F under UV radiation, respectively. (c) Schematic
illustration, CLSM images and the statistical Cy5 fluorescence intensities of MCF-7 cells incubated with (1) Den@Gal/Cy5/NH2, (2) Den@Gal/
Cy5/NH2/PBA, (3) Den@5F, and (4) Den@5F under UV radiation, respectively. Scale bar, 50 μm. The error bars indicate mean�SD (n=3).
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200 μm,[31,32] the 365 nm UV light with a skin penetrating
depth of 800 μm[33–35] can efficiently radiate the dendritic
probes in the tumors. The UV radiation was performed after
30 min of each injection and lasting 10 min. The body weight
of all mice did not exhibit discernible difference during the
treatment (Figure 4d), and no pathological abnormalities
was observed in their heart, liver, spleen, lung and kidney

(Figure S8), indicating the negligible side effects under these
treatments. The retention of the dendritic probes in the
tumor region of mice was investigated by in vivo mice
imaging at 0.5–48 h after injection. Comparing to the mice
treated with Den@Gal/Cy5/NH2/PBA, the mice treated with
Den@5F exhibited a stronger Cy5 fluorescence at the tumor
region within 48 h, which exhibited an enhanced retention of

Figure 3. CLSM images of MCF-7 cells respectively incubated with PBS, Den@Gal/Cy5/NH2/PBA, Den@Cy5/NH2/PBA/mNB and Den@5F at 37 °C
for 30 min with a subsequent UV radiation for 10 min, and then with NK-92 cells for 2, 4, 8, or 12 h, which were finally all stained with calcein-AM/
PI. Scale bar, 150 μm.

Figure 4. (a) Schematic illustration for the treatment of 4T1 tumor-bearing mice with seven repeated injections on day 1, 3, 5, 7, 9, 11 and 13. (b)
Photographs of tumor tissues dissected from 4T1 tumor-bearing mice after treated with (1) Den@5F with UV radiation, (2) Den@5F, (3)
Den@Gal/Cy5/NH2/PBA, (4) Den@Cy5/NH2/PBA/mNB with UV radiation, (5) saline with UV radiation, and (6) saline. (c,d,e) Variation of tumor
volume (c) body weight (d), and tumor weight (e) of 4T1 tumor-bearing mice after treated with (1) to (6). (f) Histology images of sectioned tumor
tissues after H&E staining. Scale bar, 200 μm. The error bars indicate mean�SD (n=5). Statistical analysis was performed by unpaired two-tailed
t-tests (*p<0.05; **p<0.005; ***p<0.0005; NS, not significant), n=5.
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the probes at 48 h after UV radiation (Figure S9). After
treated for 15 days, the tumor volume and weight of the
mice treated with dendritic probes exhibited obvious inhib-
ition comparing to these treated with saline or saline with
UV radiation (Figure 4b,c,e). The mice treated with
Den@Cy5/NH2/PBA/mNB with UV radiation, Den@Gal/
Cy5/NH2/PBA, Den@5F exhibited a certain inhibition of the
tumor volume and weight, which could be attributed to the
Sia blockage or Gal introduction enhanced immune-killing.
The mice treated with Den@5F and UV radiation exhibited
the minimum tumor volume and weight, indicating the
strongest enhancement of immune-killing among these
groups by the simultaneous Sia blockage and huge Gal
introduction. The pathological states of tumor tissues
dissected from each treated group were assessed by hema-
toxylin and eosin (H&E) assay. The tissue from Den@5F
and UV radiation treated mouse exhibited the largest
necrotic area comparing to all the other groups (Figure 4f),
which was consistent to the changes of tumor volume and
weight. To further validate the simultaneous Sia blockage
and huge Gal introduction of Den@5F and UV radiation
treatment in in vivo immune-killing, the tumor tissues
dissected from each treated group were respectively stained
with FITC-SBA and FITC-SNA (Figure S10). The tissue
slices from the mice treated with Den@Cy5/NH2/PBA/mNB
with UV radiation, Den@Gal/Cy5/NH2/PBA, Den@5F and
Den@5F with UV radiation exhibited significant decrease of
FITC-SNA fluorescence comparing to these from PBS
treated mice, indicating the successful blockage of Sia by
these dendritic probes in vivo. Meanwhile, the tissue slices
from the mice treated with Den@Gal/Cy5/NH2/PBA,
Den@5F exhibited obviously increase of the FITC-SBA
fluorescence comparing to these from PBS and Den@Cy5/
NH2/PBA/mNB with UV radiation treated mice, indicating
the successful introduction of Gal to the tumor cell surface
in vivo. Besides, the tissue slices from the mice treated with
Den@5F and UV radiation exhibited a strongest FITC-SBA
fluorescence, indicating the successful ultra-galactocation by
photo-crosslinking in vivo. Thus, the ultra-galactocation to
Sia on tumor cell surface could exactly achieve maximum
enhancement of in vivo immune-killing from the aspects of
glycans.

In conclusion, this work proposes an ultra-galactocation
to Sia strategy by using a Den@5F probe to comprehensively
block Sia and hugely introduce Gal simultaneously on tumor
cells in vivo, which efficiently enhance the immune-killing of
tumor cells. The Den@5F can be conveniently prepared by
conjugating five different kinds of functional groups to a
dendrimer through a two-step reaction, which achieves
maximum enhancement of in vivo immune-killing from the
aspects of glycans. Although the limited penetration of UV
radiation may constrain certain clinical applications of this
strategy, it can be probably solved by the use of optical
fibers. By simply changing the corresponding components
on the dendritic probes, the proposed strategy can theoret-
ically be extended for simultaneous blockage and introduc-
tion of various different functional molecules in vivo,
providing a significant and promising tool to promote the
clinical immunotherapy of tumors.
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Ultra-Galactocation to Sialic Acid on Tumor
Cells with A Penta-Functional Dendritic
Probe for Enhanced Immune-Killing

Enhance immune-killing: A ultra-galacto-
cation to sialic acid strategy is designed
by using a penta-functional dendritic
probe (Den@5F) to simultaneously
block sialic acid and hugely introduce
galactose on tumor cells in vivo for the
enhancement of immune-killing.
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