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Tumor blockade therapy inhibits tumor progression by cutting off essential supplies of nutrients, oxy-
gen, and biomolecules from the surrounding microenvironments. Inspired by natural processes, tumor
biomineralization has evolved due to its biocompatibility, self-reinforcing capability, and penetration-
independent mechanism. However, the selective induction of tumor biomineralization using synthetic
tools presents a significant challenge. Herein, a metabolic glycoengineering-assistant tumor biomineral-
ization strategy was developed. Specifically, the azido group (N3) was introduced onto the cytomembrane
by incubating tumor cells with glycose analog Acy;ManNAz. In addition, a bisphosphonate-containing
polymer, dibenzocyclooctyne-poly(ethylene glycol)-alendronate (DBCO-PEG-ALN, DBPA) was synthesized,
which attached to the tumor cell surface via "click chemistry” reaction between DBCO and Nj. Subse-
quently, the bisphosphonate group on the cell surface chelated with positively charged ions in the mi-
croenvironments, triggering a consecutive process of biomineralization. This physical barrier significantly
reduced tumor cell viability and mobility in a calcium ion concentration-dependent manner, suggesting
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its potential as an effective anti-tumor strategy for in vivo applications.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tumor blockade therapy represents a promising strategy for tu-
mor suppression, which hampers the normal physiological func-
tions of malignant cells by disrupting the communication between
the tumor and its surrounding microenvironments [1]. Rather than
eliminating unwanted cells directly, it obstructs the essential sup-
plies of nutrients, oxygen, and biomolecules, leading to reduced
cell motility and decreased viability [2,3]. Generally, tumor block-
ade therapy involves vessel blockade [4-6], the introduction of ar-
tificial extracellular matrix [7,8], and biomineralization [9]. Among
these, biomineralization is particularly noteworthy due to its bio-
compatibility and self-reinforcing capability using endogenous sub-
stances [10]. Notably, chemical tools that trigger biomineralization
function at the peripheral area of tumor tissue. Thus, there is no
need to navigate the high interstitial fluid pressure typically found
within the tumor microenvironments or to cross endosomal bar-
riers to reach the intracellular compartment, which circumvents
the limitations that compromise the efficacy of many cell-targeting
chemotherapeutics [11-13].
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In our previous studies, we initiated biomineralization around
the tumor tissue by preparing bisphosphonate-containing poly-
mers, including 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-poly(ethylene glycol)-alendronate (DPA) and dodecylamine-
poly((y-dodecyl-L-glutamate)-co-(L-histidine))-block-poly(L-glutam
ate-graft-alendronate) (BINP) [3,14,15]. It was proved that the
biomineralized barrier around osteosarcoma indeed contributed to
tumor growth suppression, pulmonary metastasis elimination, and
bone erosion remission. Compared with DPA that was inserted
into the cytomembrane without selectivity, the addition of a
histidine component to the polypeptide-based BINP allowed it
to respond to the mildly acidic microenvironments, endowing
it with a tumor-selective property [16,17]. Specifically, tumor
cells incubated with BINP at pH 6.5 had a calcium content 1.35
times higher after 12 h incubation than those incubated at pH 7.4.
However, realizing specific tumor cell biomineralization remains a
significant challenge.

Bioorthogonal "click chemistry” encompasses a suite of reac-
tions that proceed under physiological conditions without interfer-
ing with inherent biochemical processes [18,19]. Among these, the
reaction between the dibenzocyclooctyne (DBCO) and azido group
(N3) is noted for its efficiency, selectivity, and catalyst-free prop-
erties [20]. Leveraging this principle, a metabolic glycoengineering
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Scheme 1. Glycoengineering-assistant tumor cell biomineralization.

A B
M9 N i oH g9 mif L, e S joH
v daerh ooty b PRet N)r.@/%\r“\f/to“/{,"%gea : 2
N o HOSHOO N o HOg0 ©
=/ DOH [
k: Aromatic protons h

k: Aromatic carbons
g e

"Tl T ML ﬂT

80 7.0 6.0 50 40 30 20 10 00180 150 120 90 60 30 0
Chemical shift (ppm) Chemical shift (ppm)

C D
W

M, = 2656.2 g mol~'
\I l
!

MM\
M
DBCO-PEIG-NHS

1000 2000 3000 4000 5000 4000 3000 20‘00 1600
m/z Wavenumber (cm-1)

Kk

—_—

Fig. 1. Chemical characterizations of DBPA. (A) '"H NMR and (B) *C NMR spectra
of DBPA in D,0. (C) MALDI-TOF MS spectrum of DBPA. (D) FT-IR spectra of DBPA
and DBCO-PEG-NHS. Blue arrows represent alterations of characteristic absorption
peaks.

strategy was adopted to facilitate targeted tumor cell biominer-
alization [21,22]. We designed a biomineralization-initiating poly-
mer, dibenzocyclooctyne-poly(ethylene glycol)-alendronate (DBCO-
PEG-ALN, DBPA), which consists of three functional components:
DBCO group to mediate "click chemistry" reaction, the hydrophilic
segment PEG, and the biomineralization-inducing component ALN.
As depicted in Scheme 1, N3 was tagged onto the targeted cells
through the metabolism of mannose derivate AcyManNAz for sialic
acid biosynthesis. DBPA was then anchored efficiently to the cell
membrane via a "click chemistry" reaction between DBCO and Nj.
Subsequently, bisphosphonate groups attracted calcium ions (Ca2+)
from the microenvironments, initiating biomineralization around
tumor cells. This glycoengineering-assistant biomineralization en-
sures the selective blockade of cells marked with N3, enhancing
both the biosafety and therapeutic efficacy of blockade therapy.
DBPA was readily synthesized by reacting the N-
hydroxysuccinimide (NHS) group of DBCO-PEG-NHS and the
amine group of alendronate sodium (Scheme S1 in Supporting
information). The successful attachment of ALN onto DBPA was
confirmed by proton nuclear magnetic resonance ('H NMR) and
carbon nuclear magnetic resonance (3C NMR) spectra (Figs. 1A
and B). Compared with the "H NMR spectrum of DBCO-PEG-NHS
in Fig. S1 (Supporting information), the emergence of new char-
acteristic peaks—peak b (—CH,CH,CH,—, 1.80, 1.90 ppm) and peak
f (~NHCH,CH,—, 3.24ppm)—in the "H NMR spectrum of DBPA
demonstrated the successful grafting of ALN. The integration area
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Fig. 2. Metabolic glycan labeling of 143B cells with N3. (A) Representative Cy5 his-
tograms and (B) quantified MFI of 143B cells incubated without or with 50.0 pmol/L
AcsManNAz for 1, 2, or 3 days and then stained with DBCO-Cy5. 143B cells treated
with PBS were used as the Control group. (C) MFI of 143B cells incubated with
25.0 or 50.0 umol/L of AcyManNAz for 3 days and then stained with DBCO-Cy5.
(D) CLSM images of AcyManNAz-pretreated 143B cells that were then incubated
with DBCO-Cy5. Cell nuclei and membranes were stained with 4’,6-diamidino-2-
phenylindole (DAPI) and 3,3’-dioctadecyloxacarbocyanine perchlorate (DIO), respec-
tively. Scale bar: 20 um. Statistical data are represented as mean 4 SD (n=3). NS:
not significant. ****P < 0.0001. Student’s t-test.

of peak b indicated that the substitution ratio of NHS groups by
ALN was about 95.8%. Additionally, the matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) spectrum revealed that the molecular weight of DBPA was
about 2600Da (Fig. 1C). The disappearance of the peak corre-
sponding to stretching vibration vc_g at 1710-1750 cm~! in the
Fourier transform-infrared (FT-IR) spectrum for DBPA compared
with the spectrum of DBCO-PEG-NHS illustrated the complete
substitution of NHS groups (Fig. 1D). Peaks at 1150 and 1060 cm™!
could be ascribed to the stretching vibrations of vp_g and vc_g in
the ALN component, respectively, proving the successful grafting
of ALN onto DBPA.

Following the successful synthesis of DBPA, we sought to de-
termine the optimal conditions for labeling 143B cell membrane
with N3. To this end, 143B cells were incubated in media sup-
plemented with 50.0 pmol/L AcyManNAz for 1, 2, or 3 days, re-
spectively. After each period, the cells were exposed to DBCO cya-
nine5 (DBCO-Cy5) for 30 min. A control group of tumor cells, cul-
tured with DBCO-Cy5 but without Ac;ManNAz pretreatment, was
also established for comparison. As indicated in Figs. 2A and B,
the mean fluorescence intensity (MFI) of tumor cells showed no
apparent differences between groups pretreated with AcyManNAz
for 1 or 2 days, whereas 3-day incubation significantly increased
the amount of N3 attached. Specifically, the MFI of 143B cells
pretreated with Acy;ManNAz for 3 days increased by 9.4% com-
pared with those treated with DBCO-Cy5 only, confirming the suc-
cessful "click chemistry" reaction between DBCO and Nj. Further-
more, as shown in Fig. 2C, the MFI was more remarkable in cells
treated with 50.0 pmol/L than those treated with 25.0 pmol/L
AcyManNAz. Based on these findings, an Ac;ManNAz concentration
of 50.0 pmol/L and a 3-day metabolic labeling period were used
for subsequent experiments. To visually confirm the successful la-
beling, 143B cells were examined using confocal laser scanning
microscopy (CLSM). The microscopy results, depicted in Fig. 2D,
showed bright red fluorescence of DBCO-Cy5 co-localizing with the
green fluorescence of cytomembrane marker, demonstrating the
existence of N3 on the tumor cell surface.
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Fig. 3. Attachment of PEGylated-DBCO onto Ns3-labeled cytomembrane. (A) Repre-
sentative Cy5 histograms and (B) quantified MFI values of 143B cells incubated with
50.0 pmol/L AcsManNAz or PBS for 3 days and then stained with DBPC. (C) MFI of
143B cells incubated sequentially with AcsManNAz or PBS and then DBPF, with or
without trypan blue treatment. (D) CLSM images of Ac;ManNAz- or PBS-pretreated
143B cells incubated with DBPC. Cell nuclei and membranes were stained with DAPI
and DIO, respectively. Scale bar: 20 um. Statistical data are represented as mean =+
SD (n=3). *P<0.05, ***P < 0.001, ****P < 0.0001. Student’s t-test.

To assess the reaction activity between PEGylated-DBCO and
N3, DBCO-PEG-Cy5 (DBPC) was synthesized by reacting sulfo-Cy5-
amine with DBCO-PEG-NHS. Following the same experimental de-
sign as that used for the DBCO-Cy5 labeling, the MFI of 143B
cells treated successively with Acy;ManNAz and DBPC (referred
to as MDBPC group) was compared with that of cells without
AcysManNAz pretreatment. It turned out that the MFI of MDBPC
group was more potent than that of the DBPC group, suggesting
that the PEG grafting did not adversely affect the "click chemistry”
between DBCO and N3 (Figs. 3A and B).

Furthermore, DBPA needed to adhere to the cytomembrane to
facilitate biomineralization rather than being internalized by tu-
mor cells. To differentiate between intracellular and surface-bound
polymers, DBCO-PEG-FITC (DBPF) was synthesized. The localization
of polymer was determined using trypan blue, which quenches
FITC fluorescence exclusively in the extracellular compartment. As
shown in Fig. 3C, there were no apparent differences in MFI be-
fore and after the trypan blue treatment of cells incubated with
DBPF. By contrast, the MFI of cells in the MDBPF group incubated
sequentially with Ac;ManNAz and DBPF decreased by 19.7% af-
ter trypan blue quenching. Moreover, CLSM images illustrated the
partial co-localization of cytomembrane (green fluorescence) and
DBPC (red fluorescence) in the MDBPC group, whereas approxi-
mately all the DBPC was endocytosed by 143B cells after 30-min
incubation without Ac;ManNAz pretreatment (Fig. 3D).

Following their anchorage to the cell membrane, the bisphos-
phonate groups of DBPA effectively chelated positive ions (predom-
inantly Ca%*), which then facilitated the attraction of negative ions
(primarily phosphate (PO,43~) from the surrounding microenviron-
ments. Scanning electron microscopy (SEM) equipped with an en-
ergy dispersive spectrometer (EDS) was used to visualize the pat-
tern of Ca?t deposition on the cytomembrane. As illustrated in
Fig. 4A and Fig. S2 (Supporting information), the 143B cells in the
MDBPA group (treated sequentially with Acy;ManNAz for 3 days
and with DBPA for 12h) displayed a prominent Ca signal in the
element mapping images. By contrast, a minimal Ca signal was
observed on the cell surfaces in the control and DBPA groups.
Semiquantitative analysis of the Ca mapping images further un-
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Fig. 4. Biomineralization of 143B cells assisted by metabolic glycoengineering. (A)
Representative SEM images and Ca element mapping images of 143B cells incu-
bated sequentially with Ac;ManNAz or PBS for 3 days and DBPA for 12 h. 143B cells
treated with PBS were used as the Control group. Scale bar: 5pm. (B) Semiquan-
titative Ca signal intensities calculated from Ca element mapping images. (C) Al-
terations in relative Ca content of 143B cells with extension of incubation time.
Statistical data are represented as mean + SD (n=5 for B; n=3 for C). **P <0.01,
“*P <0.001, ****P < 0.0001. Student’s t-test.

derscored the effectiveness of glycometabolism-assisted biominer-
alization, as detailed in Fig. 4B.

Additionally, inductively coupled plasma mass spectrometry
was conducted to quantify the cellular Ca content following var-
ious treatments (Fig. 4C). Consistent with the EDS findings, there
was a significant increase in Ca content of 143B cells in the MDBPA
group. However, cells in the DBPA group exhibited only a slight
increase in Ca content, emphasizing the critical role of metabolic
pre-conditioning in enhancing biomineralization. Moreover, the ex-
tent of ion deposition was found to be dependent on the concen-
tration of Ca2* available in the medium. Specifically, the Ca con-
tent of 143B cells in the MDBPA+Ca group that had been pre-
treated with Ac;ManNAz for 3 days and then incubated for 12 h in
a medium containing DBPA and 10.0 mmol/L Ca%* was about three
times higher than that of the Control group, compared with in-
creases of 2.1-fold in the MDBPA group and only 1.3-fold in the
DBPA group. These data confirm the influence of Ca* concentra-
tion on the effectiveness of biomineralization, demonstrating that
higher levels of available Ca2* significantly enhance biomineraliza-
tion.

Biomineralization significantly impaired tumor cell viability, mi-
gration, and invasion. To evaluate the cytotoxicity of biomineral-
ization, three experimental groups were established, namely, the
DBPA, MDBPA, and MDBPA+Ca groups (Fig. 5A). For compara-
tive analysis, 143B cells were also treated with phosphate-buffered
saline (PBS; Control group), 10 mmol/L Ca2* (Ca group), or 50.0
pumol/L AcsManNAz. The results indicated that neither a high Ca2*
concentration in the microenvironments nor Acy;ManNAz supple-
mentation adversely affected tumor cell viability relative to the
Control group. As expected, the MDBPA and MDBPA+Ca groups
exhibited higher cytotoxicity compared to the DBPA group, which
could be attributed to the Ca deposition on the cell surface facili-
tated by "click chemistry". Notably, there was a marked reduction
in cell viability in the MDBPA+Ca group, with a 67.4% decrease
compared with the Control group; this was substantially higher
than the reductions observed in the DBPA (29.1%) and MDBPA
(44.3%) groups.
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Fig. 5. Biomineralization hampered the viability and mobility of 143B cells. (A)
Cell viability of 143B cell after 48 h of Ca deposition induced by DBPA. (B) Rela-
tive scratch widths after 0, 12, and 24 h. (C) Representative images taken at bottom
of chamber membrane and (D) numbers of invasive cells after 24 h of culture. Scale
bar: 100 um. Statistical data are represented as the mean + SD (n=5 for A; n=3
for B; n=4 for D). *P <0.05, ***P <0.001, ****P < 0.0001. Student’s t-test.

Cell mobility is a critical characteristic of tumor malignancy
[23]. Here, a scratch assay was employed to assess the impact of
biomineralization on tumor cell migratory capabilities (Fig. 5B and
Fig. S3 in Supporting information). The scratch width decreased
by 27.2% after 24h in the Control group, whereas the decrease
in scratch width was less pronounced in the treatment groups
(17.5% in the DBPA group, 10.4% in the MDBPA group, and only
5.7% in the MDBPA+Ca group). This gradient reduction in scratch
width across the groups illustrated the effectiveness of biomin-
eralization in curbing cell migration. Moreover, transwell assays
showed weakened cell invasiveness after biomineralization, con-
firming that metabolic glycan labeling significantly mediated Ca
deposition (Figs. 5C and D). Specifically, only 61.6% of cells in the
MDBPA group traversed the Matrigel to reach the bottom of mem-
brane after 24-h incubation compared with the Control group. Fur-
thermore, the number of invasive cells decreased to 34.3% with an
extra 10.0 mmol/L Ca* addition in the MDBPA+Ca group. By con-
trast, DBPA treatment moderately affected cell invasion capability,
resulting in an invasion rate of 80.7%. These findings suggest that
the biomineralization of tumor cells, particularly when intensified
by a higher concentration of Ca%*, significantly reduced their mo-
bility, thereby contributing to the therapeutic efficacy of the tumor
blockade strategy.

In conclusion, we have successfully developed a tumor-targeting
biomineralization strategy facilitated by metabolic glycoengineer-
ing. By incorporating the N3 into tumor cells, the facilely synthe-
sized DBPA was efficiently anchored to the cytomembrane. The at-
tached bisphosphonate groups on the cell surface efficiently at-
tracted positive ions (primarily Ca?t) and negative ions (primar-

Chinese Chemical Letters 36 (2025) 110146

ily PO43-). Over time, a biomineralized barrier formed around tu-
mor cells, significantly impeding their viability and mobility. Thus,
leveraging metabolic glycoengineering-assistant biomineralization,
this approach emerges as a promising strategy for in vivo tumor
suppression.
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