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ABSTRACT: Bioorthogonal catalysis

mediated by abiotic

transition metal catalysts (TMCs) is emerging as a momentum-
gathering strategy for in situ generation of therapeutics.
However, the unpredictable leakage and deposition of TMCs in
living systems easily lead to nonspecific exposure of catalysts
and concomitant off-target prodrug activation. Herein, we
propose an enzyme-gated bioorthogonal catalytic nanoreactor
constructed from hyaluronic acid (HA)-coated dendritic
mesoporous silica nanoparticles (DMSNs), where the latter
serves as a host for robustly immobilizing organometallic Ru(ll)
catalysts via covalent interactions. The covalent immobilization

Normal cell Tumor cell

of catalysts within the nanoscaffold effectively avoids nonspecific metal leakage under biological conditions. Importantly, the
grafted HA not only acts as a "gatekeeper" preventing unintended catalyst exposure in nontargeted tissues but also acts as
a ligand targeting CD44 overexpressed cancer cells. Upon receptor-mediated endocytosis into tumor cells, HA is degraded
by the overexpressed hyaluronidase-1, leading to the channel opening of the nanoreactors and hence gaining the
accessibility of Ru(ll) complexes to prodrugs. The therapeutic potency of this enzyme-gated nanoreactor in mediating site-
specific activation of caged prodrugs was systematically demonstrated both in cellular settings and in tumor-bearing murine
models. This enzyme-gated strategy enhances the efficacy of localized treatment while avoiding off-target prodrug

activation, paving the way for advancing bioorthogonal catalysis for disease management in a safe and effective way.
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1 Introduction

Bioorthogonal chemistry provides unprecedented opportunities to
interrogate and manipulate biological processes within complex
living environments without interfering with native bioprocesses
[1-7]. Within the realm of bioorthogonal chemistry, bioorthogonal
catalysis mediated by abiotic transition metal catalysts (TMCs)
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holds tremendous biomedical potential [8—13]. As this class of
nonnatural  chemistry facilitates catalytic  transformations
inaccessible to natural enzymes, it allows for locoregional activation
of high-dosed prodrugs exclusively where TMCs are located,
widening the therapeutic window [14-17]. Considering the
bioinertness of bioorthogonal prodrugs, the performance of TMCs
is of paramount importance in the success of this therapeutic
paradigm [18, 19]. To overcome the limitations of “naked” TMCs
in terms of poor solubility, low biocompatibility, toxicity, and
deactivation in biological milieu, bioorthogonal catalytic devices
incorporating  TMCs into micro-/nanoscaffolds have been
developed as extracellular implants or intracellular reactors with
improved catalytic efficiency [14-16, 20-28]. Nonetheless, in most
cases, the immobilization of TMCs on scaffolds relies on relatively
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weak noncovalent interactions, like van der Waals forces, hydrogen
bonding, and electrostatic interactions, making TMCs susceptible to
detach from the support in the complex, reactive, and hostile
bioenvironment [14, 29]. In addition, the complexity of high-level
living systems poses substantial challenges in directing systemically
administrated TMCs to accumulate at the site of interest 8, 9].
Regarding the supra-stoichiometric feature of bioorthogonal
catalysis, the exposure of TMCs in healthy tissues due to metal
leaching or off-target catalyst deposition, even at a low dose, can
lead to unintended prodrug activation and accompanied side
effects.

To address these challenges, we developed an enzyme-gated
bioorthogonal nanoreactor for in situ prodrug activation within
tumor cells (Scheme 1). This approach prevented TMC leakage by
covalently anchoring organometallic Ru(I) complexes into the
channels of dendritic mesoporous silica nanoparticles (Ru-
DMSNSs), the surface of which was further coated with hyaluronic
acid (Ru-DMSNs@HA). The conjugated HA, a natural
polysaccharide [30-32], can serve as a "gatekeeper" preventing the
accessibility of the catalysts at nontargeted locations while
conferring the nanoreactor targeting capability towards CD44
overexpressed cancer cells. Following receptor-mediated uptake by
cancer cells into lysosomes, the cleavage of HA by the high-level
intracellular hyaluronidase-1 (Hyal-1) gave rise to the opening of
the channel of DMSNS, gaining accessibility of the inner anchored
Ru(Il) catalysts to their substrates. This rational design of the
nanoreactor and its inherent bio-nano interfacial interactions
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effectively minimized unintended prodrug activation associated
with uncontrolled metal leaching or nonspecific TMC deposition.
The feasibility of this bioorthogonal catalysis strategy was fully
demonstrated through cellular studies and by intratumor activation
of systemically administered N-allyloxycarbonyl-caged doxorubicin
in tumor-bearing murine models, which effectively suppressed the
tumor growth while minimizing off-target drug exposure in the
plasma and major organs.

2 Experimental

21 Preparation of dendritic silica

nanoparticles (DMSNs)

DMSNs with thiol group-modified inner surface and amino group-
modified outer surface were prepared following a previously
reported method [33]. Briefly, cetyltrimethylammonium tosylate
(CTATos, 1.92 g) and triethanolamine (0.31 g) were dissolved in
deionized water (100 mL) and stirred at 80 °C for 1 h. Then,
tetraethyl orthosilicate (TEOS, 15.6 mL) was quickly added, and
stirred at 80 °C for another 2 h. The synthesized DMSNs were
collected by centrifugation, extensively washed with deionized
water and ethanol, and dried in an oven at 80 °C overnight. Next,
the unextracted DMSNs (1.0 g) was dispersed in toluene (100 mL)
by sonication. (3-aminopropyl) triethoxysilane (APTES, 0.3 mL)
was added, and the mixture was refluxed at 110 °C for 24 h.
Since the mesopores were still blocked by surfactant during the

mesoporous

Scheme 1 Schematic illustration of an enzyme-gated bioorthogonal catalytic nanoreactor for site-specific activation of prodrugs within tumor cells. (a) Design and
construction of the bioorthogonal catalytic nanoreactor through covalent immobilization of Ru(II) catalysts within the channels of HA-coated DMSNS. (b) Following
receptor-mediated endocytosis into tumor cells, Ru-DMSNs@HA is internalized into lysosomes, where hyaluronidase-1 degrades HA, thereby opening the DMSN
channels and enabling in situ prodrug activation. The combination of covalent immobilization and enzyme-responsive machinery effectively prevents metal leakage or
nonspecific catalyst deposition associated off-target activation of systemically administered prodrugs.
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grafting process, (3-aminopropyl) triethoxysilane preferentially
condensed on the external surfaces of the DMSNs. The amino
group-modified DMSNs were obtained by centrifugation, washed
with ethanol, and dried in oven at 80 °C for overnight. To modify
the inner surfaces of the DMSNs with thiol groups, the surfactant
template CTATos in the pores of amino-group-modified DMSNs
were extracted using a solution of 10% HCl in ethanol at 78 °C for
24 h, repeating this process three times. Subsequently, 3-
mercaptopropyltrimethoxysilane (MPTMS, 0.3 mL) was added to
toluene (100 mL) with uniformly dispersed amino-modified
DMSNSs (1.0 g). The mixture was refluxed for 12 h at 110 °C under
an argon atmosphere. After completion, the product was collected
by centrifugation, washed with ethanol three times, and dried under
vacuum at 80 °C overnight to obtain the DMSNs with thiol-
modified inner surface and amino group-modified outer surface.

2.2 Synthesis of rhodamine B-labeled DMSNs

(DMSNs"™)

Rhodamine B isothiocyanate (RITC, 4 mg) was reacted with 120 pL
of APTES in 1 mL ethanol overnight in the dark. CTATos (1.92 g)
and triethanolamine (0.31 g) were dissolved in deionized water
(100 mL) and stirred at 80 °C for 1 h. Then, TEOS (15.48 mL) and
APTES-modified dye solution was quickly added to the mixture
and stirred at 80 °C for another 2 h. The resulting DMSNs""™ was
then modified with amino and thiol groups through a process
similar to the preparation of DMSNS.

2.3 Preparation of Ru-DMSN:s.

DMSNs (10 mg) were dispersed in phosphate-buffered saline (PBS,
pH 7.0, 9.5 mL). A solution of compound 7 (1.5 mg) in dimethyl
sulfoxide (DMSO, 0.5 mL) was added to the DMSNs suspension.
The mixture was stirred at room temperature for 24 h. After
completion, excess compound 7 was removed by centrifugation,
and the crude product was washed with deionized water three
times. The final product, Ru-DMSNs, was dried under vacuum
overnight. Ru-DMSNs"™ was synthesized using a similar
procedure.

24 Preparation of Ru-DMSNs@HA

N-hydroxysuccinimide ~ (NHS, 978 mg) and N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC,
52.8 mg) were added to a 2-(N-morpholino)ethane-sulfonic acid
(MES) buffer (pH 6.0, 10 mL) solution containing hyaluronic acid
(HA, My, = 200 kDa, 30 mg). The mixture was stirred continuously
at room temperature for 24 h. Then, Ru-DMSNs (30 mg) dispersed
in deionized water (10 mL) was added to the solution of activated
HA, and the pH was adjusted to 9.0 using triethylamine (TEA). The
mixture was stirred at room temperature for another 24 h. After
completion, the Ru-DMSNs@HA was collected by centrifugation,
washed with deionized water three times, and dried under vacuum
overnight. The Ru-DMSNs"™@HA was prepared using the same
procedure for preparing Ru-DMSNs@HA.

2.5 Opening the gate of Ru-DMSNs@HA

Ru-DMSNs@HA (10 mg) was dispersed in acetate buffer (5 mL,
pH 5.0), and hyaluronidase-1 (150 U/mL) was added to the
suspension. The mixture was stirred at 37 °C for 2 h. After
completion, the samples were centrifuged and washed with
deionized water to obtain the Ru-DMSNs@HA*.
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2.6 Deallylation activity of Ru-DMSNs

The deallylation activity of Ru-DMSNs was evaluated by the
allylcarbamate cleavage of alloc-RhB 110. Specifically, a stock
solution of alloc-RhB 110 (100 pL, 100 uM) in DMSO was added to
a centrifugal tube. 900 pL of Ru-DMSNs or fRu solution in PBS
buffer (pH 7.4) was added to this solution, resulting in a final
concentration of 10 uM of alloc-RhB 110 and Ru-DMSNs (with Ru
content of 5 pM) or 5 pM of fRu. The mixture was then shaken at
500 rpm and 37 °C in a thermomixer. At various time points, the
nanoreactors were isolated by centrifugation, and 5 pL of the
supernatant was diluted with 95 uL of deionized water. The
fluorescence intensity was measured using a microplate reader. The
conversion kinetics was determined based on fluorescence intensity
measurements (excitation/emission = 488/521 nm) and calculated
using a standard curve of RhB 110. A control experiment with alloc-
RhB 110 alone was conducted following the same protocol. Similar
procedures and analyses were applied for reaction occurring in
buffer solutions with varying pH values (4.5 to 7.4).

2.7 Enzyme-gated
DMSNs@HA

A stock solution of alloc-RhB 110 (100 L, 100 uM) in DMSO was
added to a centrifugal tube, followed by the addition of 900 L of
Ru-DMSNs@HA or Ru-DMSNs@HA* in PBS buffer (pH 7.4),
resulting in a final concentration of 10 pM of alloc-RhB 110 with
the final Ru content of 5 uM. The mixture was then shaken at
500 rpm and 37 °C in a thermomixer. At various time points, the
nanoreactors were isolated by centrifugation, and 5 pL of the
reaction medium was withdrawn, diluted with 95 pL of deionized
water, and analyzed for fluorescence intensity using a microplate
reader. Conversion (%) was determined from fluorescence intensity
measurements (excitation/emission = 488/521 nm) and calculated
using a standard curve of RhB 110. Similar procedures and analyses
were applied for reactions carried out in Dulbecco’s modified Eagle’s
medium (DMEM), DMEM plus 10% fetal bovine serum (FBS), and
lysates of 4T1 and NIH3T3 cells. Additionally, the same method
was applied to reaction conducted with fRu under different
conditions.

catalytic =~ performance of Ru-

2.8 Reusability of Ru-DMSNs@HA*

After completing the above reaction, Ru-DMSNs@HA* was
recovered by centrifugation at 13,000 rpm for 30 min. A fresh
solution of alloc-RhB 110 (10 uM) in PBS was added to the
recovered Ru-DMSNs@HA*. The mixture was shaken at 500 rpm
and 37 °C in a thermomixer, and the reaction progress were
monitored after 12 h using a microplate reader (excitation/
emission = 488/521 nm). This cycle was repeated five times.

2.9 Assessment of catalyst leakage from the nanoreactor

In a typical experiment, Ru-DMSNs@HA or Ru-DMSNs@HA*
(with the final Ru content of 5 uM) was dispersed in 900 pL PBS
buffers, cell culture medium, or cell lysate and incubated for 24 h.
After that, the solid part was removed by centrifugation, and the
supernatant was collected. The supernatant was then concentrated,
digested with aqua regia, and analyzed using inductively coupled
plasma mass spectrometry (ICP-MS). Additionally, the alloc-RhB
110 (100 pL, 100 uM) was added to the supernatant. The resulting
solution was shaken at 500 rpm and 37 °C in a thermomixer, and
the fluorescence intensity was measured using a microplate reader.

Nano Research, 2025, 18, 94907134
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210 Prodrug activation by the nanoreactor

Alloc-DOX (100 pL, 1 mM) was dissolved in PBS (0.9 mL)
containing Ru-DMSNs@HA or Ru-DMSNs@HA* (with the final
Ru content of 50 puM). The mixture was shaken at 500 rpm and
37 °C in a thermomixer. At specified time points, the nanoreactors
were removed by centrifugation, and 10 pL of the reaction medium
was mixed with 90 pL of methanol. After centrifugation at
12,000 rpm for 10 min, the supernatant was analyzed by high-
performance liquid chromatography (HPLC). The HPLC analysis
was performed using a Waters Alliance 2695 system equipped
with a Kromasil C18 HPLC column (particle size, 5 pm; pore size,
300 A; length by inner diameter, 250 mm x 4.6 mm) at a constant
flow rate of 1.0 mL/min and a column temperature of 25 °C. The
mobile phase comprised deionized water and acetonitrile with 0.1%
trifluoroacetic acid (68:32) over 18 min. Chromatograms were
documented by measuring the ultraviolet absorbance at A =
254 nm.

211 Cell culture

All cell lines were supplied by American Type Culture Collection
(ATCC, Manassas, VA). 4T1 cells and NIH3T3 cells were cultured
in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. All cells were maintained in an incubator at 37 °C
with 5.0% CO,.

212 Preparation of cell lysate

4T1 or NIH3T3 cells, cultured to 80%-90% confluency in a T75
flask, were collected by trypsinization and then centrifuged. The
cells were washed twice with PBS, followed by treatment with 5 mL
of PBS (pH 6.0) containing 1% RIPA lysis buffer for 30 min at 4 °C.
The crude lysate was then centrifuged at 3000 rpm for 15 min, and
the supernatant was collected to obtain the cell lysate.

213 Cytotoxicity assay

The cytotoxicity of Ru-DMSNs@HA to 4T1 and NIH3T3 cell lines
were assessed using the CCK-8 assay. Cells were seeded in 96-well
plates at a density of 1 x 10* cells per well. After 24 h of incubation,
the medium was removed, and the cells were washed twice with
PBS. The cells were then treated in triplicate with 100 pL of Ru-
DMSNs@HA at varying concentrations (0, 5, 10, 25, 50, 100, 150,
and 200 pg/mL) and further cultured for 48 h. Subsequently, the
culture medium was replaced with a 10% CCK-8 reagent solution,
and the cells were incubated for 1 h at 37 °C. Absorbance was
measured using a microplate reader at 450 nm, and the cell viability
was calculated based on the absorbance readings.

214 Cellular uptake and subcellular localization

4T1 and NIH3T3 cells were seeded in confocal dishes (35 mm) at a
density of 1 x 10° cells per well. After 24 h, Ru-DMSNs""“@HA
(50 pg/mL) was added and incubated with the cells for 0.5, 1, 2 and
4 h. The cells were then washed three times with DMEM plus 10%
fetal bovine serum (DMEM-FBS), stained with Lysotracker Green
for 30 min, and subsequently with Hoechst 33342 for 15 min.
Finally, fluorescence imaging was performed using a Nikon SIM
confocal laser scanning microscope. For flow cytometric analysis,
cells were treated similarly to the confocal microscopy samples,
except that Hoechst 33342 staining was omitted. Instead, the cells
were harvested and resuspended in PBS. To confirm HA receptor-
mediated endocytosis of Ru-DMSNs™™@HA, 4T1 cells were
preincubated with an excess amount of HA (5 mg/mL) for 2 h
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before the addition of Ru-DMSNs*"“@HA. The other steps were
conducted as described above.

215 Ru-DMSNs"“@HA mediated bioorthogonal catalysis
in living cells

4T1 and NIH3T3 cells were seeded in the confocal dishes (35 mm)
at a density of 1 x 10° cells per well. After 24 h, the culture medium
was replaced with fresh culture medium containing Ru-
DMSNs""“@HA (50 pg/mL), and the cells were incubated with Ru-
DMSNs""“@HA for 4 h. Following incubation, the cells were
washed with DMEM-FBS to remove extracellular nanoreactors.
Fresh media containing 10 uM alloc-RhB 110 was then added, and
the cells were incubated for various time points. Subsequently, the
cell nuclei were stained with Hoechst 33342 for 15 min, and
fluorescence images were captured using a Nikon SIM confocal
laser scanning microscope. For flow cytometric analysis, cells were
treated similarly, except that Hoechst 33342 staining was omitted.
The cells were harvested and resuspended in PBS. To further
demonstrate the enzyme-gated behavior of Ru-DMSNs"“@HA
within cells, 4T1 cells were preincubated with neomycin sulfate
(50 pg/mL, a Hyal-1 inhibitor) for 6 h before the addition of Ru-
DMSNs"™@HA. The other steps were conducted as described
above.

216 Cellular viability assays

The cytotoxicity of Doxorubicin (DOX) and alloc-DOX were
evaluated using the CCK-8 assay. 4T1 cells were seeded in 96-well
plates at a density of 1 x 10* cells per well. After 24 h, the cells were
treated with DOX or alloc-DOX at a range of concentrations from
1 nM to 100 uM and cultured for 48 h. For the alloc-DOX/Ru-
DMSNs@HA combination group, cells were first treated with
50 pug/mL Ru-DMSNs@HA for 4 h, followed by washing to remove
the extracellular nanoreactors. Fresh media containing various
concentrations of alloc-DOX were then added, and the cells were
incubated for another 48 h. Subsequently, the culture medium was
replaced with a 10% CCK-8 reagent solution, and the cells were
incubated for 1 h at 37 °C. Finally, absorbance was measured at
450 nm using a microplate reader, and the cell viability was
calculated based on the absorbance readings. For control
experiments, the 4T1 cells were preincubated with either an excess
amount of HA (5 mg/mL) for 2 h or neomycin sulfate (50 ug/mL)
for 6 h before the addition of Ru-DMSNs"“@HA. The other steps
were carried out as described above.

217 Determination of 4T1 cell apoptosis

4T1 cells were seeded in 6-well plates at a density of 2 x 10° cells per
well. After 24 h, the cells were treated with DMSO (1%), Ru-
DMSNs@HA (50 pg/mL), DOX (5 pM), alloc-DOX (5 M), and
Ru-DMSNs@HA (50 pg/mL) plus alloc-DOX (5 uM) for another
24 h. Apoptosis in 4T1 cells following various treatments was
assessed using terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) staining, following the instructions provided
in the One Step TUNEL Apoptosis Assay Kit. Additionally, dual-
staining apoptosis assays were performed using flow cytometry
according to the manufacturer's protocol.

2.18 Measurement of intracellular DOX levels

The prodrug activation capability of Ru-DMSNs@HA in a cell
culture was examined by quantifying intracellular DOX using
HPLC. 2 x 10° 4T1 cells or NIH3T3 were seeded in 12-well plates
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and subjected to various treatments. For monotherapy, the cells
were incubated with 5 pM DOX or alloc-DOX for 24 h. For the
combination treatments, cells were preincubated with 50 pg/mL Ru-
DMSNs@HA for 4 h and washed with DMEM-FBS twice. The cells
were then transferred to fresh DMEM containing 5 (M alloc-DOX
and incubated for an additional 24 h. For control experiments, the
4T1 cells were preincubated with an excess amount of HA (5
mg/mL) for 2 h or neomycin sulfate (50 pg/mL) for 6 h before the
addition of Ru-DMSNs@HA. The other steps were conducted as
described above. All treated cells were washed three times with PBS
and lysed by sonication. The supernatants were collected by
centrifugation at 12,000 rpm for 15 min and concentrated under
vacuum. The resulting solution was mixed with 0.5 mL of
acetonitrile to denature proteins and extract dissolved compounds.
The supernatant was then analyzed by HPLC to determine
intracellular DOX levels.

219 Animal experiments

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Fuzhou University (protocol number:
013-20200610-002). Healthy female BALB/c mice (6-8 weeks old, ~
20 g body weight) were purchased from Shanghai SLAC laboratory
Animal Co., Ltd. All animal handling procedures adhered to the
guidelines of the Regional Ethics Committee for Animal
Experiments.

2.20 Pharmacokinetics of Ru-DMSNs@HA and fRu

To assess in vivo pharmacokinetics, female BALB/c mice were
intravenously injected with Ru-DMSNs@HA at a dose of 20 mg/kg
or fRu at a dose of 1.4 mg/kg. Blood samples (20 pL) were collected
from the tail veins at 0.25, 0.5, 1, 2, 4, 6, 8, 12, and 24 h post-
injection and dispersed in 480 pL aqua regia to dissolve the
remaining Ru-DMSNs@HA or fRu. The concentration of Ru ions
was then quantified using ICP-MS.

2.21 Biodistribution of Ru-DMSNs@HA and fRu

For biodistribution analysis, 4T1 tumor-bearing mice were
intravenously injected with Ru-DMSNs@HA (20 mg/kg) or fRu
(1.4 mg/kg). At specified time points post-injection, the mice were
sacrificed, and their organs and tumors were harvested, weighed,
and digested using aqua regia at 80 °C for three days. The Ru
content in these samples was quantified using ICP-MS.

2.22 In vivo anti-tumor therapy

Tumor-bearing mouse models were established by subcutaneously
injecting 1.0 x 10° luciferase-tagged 4T1 cells suspended in PBS into
the right flank of each mouse. Once the tumor volume reached
approximately 50-150 mm®, the mice were randomly divided into 5
groups (n = 5, each group) and administered the following
treatments every three days for a total of four doses, on day 0, 3, 6
and 9: (1) alloc-DOX (100 mg/kg)/Ru-DMSNs@HA (20 mg/kg)
combination; (2) DOX (5 mg/kg); (3) alloc-DOX (100 mg/kg); (4)
Ru-DMSNs@HA (20 mg/kg); (5) saline. For group (1), alloc-DOX
was administered intraperitoneally 6 h after intravenous injection of
Ru-DMSNs@HA. Tumor growth was monitored using
bioluminescence imaging after intraperitoneal injection of luciferin
(150 mg/kg) with images captured using IVIS Lumina III Series
system (PerkinElmer). Tumor volume and body weight were
recorded every 3 days. Tumor volume was measured using a
vernier caliper and calculated using the formula: length x width® x
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0.5. Mice showing signs of impaired health or with tumor volume
exceeded 1500 mm® were euthanized with CO,. At the end of the
treatment, mice were sacrificed, and blood samples were collected
for a complete blood panel and serum biochemistry analysis. Major
organs (heart, liver, spleen, lung and kidney) were then collected
and processed for hematoxylin and eosin (H&E) staining and
TUNEL analysis to evaluate potential toxicities and cell death
mechanism. Additionally, serum inflammatory cytokines (IFN-y,
TNF-a, IL-12 and IL-6) were measured 24 h post-injection using
enzyme-linked immunosorbent assay (ELISA) kits from Invitrogen,
Thermo Fisher Scientific, according to the manufacturer’s
instructions.

2.23 Statistical analysis

Data were collected from at least three separate measurements.
Data are presented as the mean +* standard deviation (s.d.).
Statistical analysis was performed using Student's #-test (two group)
and one-way analysis of variance (ANOVA) with Tukey post-hoc
tests (multiple comparison). *P < 0.05, **P < 0.01, ***P < 0.001, and
P < 0.0001 indicate levels of statistical significance, while ns
denotes no significance.

3 Results and discussion

3.1 Preparation and characterization of Ru-DMSNs@HA

To construct the proposed bioorthogonal catalytic nanoreactor, we
initially prepared DMSNs with thiol group-modified inner surface
and amino group-modified outer surface [33]. The obtained
DMSNs exhibited a uniform spherical morphology with an average
diameter of 120.2 nm and an average pore size of 15.83 nm (Fig.
1(a); Fig. S1 and Table S1 in the Electronic Supplementary Material
(ESM)). Additionally, the DMSNs possessed a Brunauer—
Emmett-Teller (BET) surface area of 333.64 m*/g and a pore
volume of approximately 1.47 cm®/g, which would provide ample
space for catalyst immobilization. The presence of these functional
groups was confirmed by characteristic peaks in the Fourier
transform infrared spectroscopy (FT-IR) spectra, including the
sulfydryl stretching vibration at 2560 cm™ and the peak assigned to
amino groups at 1548 cm™ (Fig. 1(b)). Next, we synthesized
maleimide-terminated ~ Ru(II) complex, [CpRu(s’-allyl)(QL-
Mal)]PF, (Cp = #’-cyclopentadienyl, QL-Mal = 8-hydroxyquinoline
derivative with a terminal maleimide group; Schemes S1 and S2,
and Figs. S2-54 in the ESM), as the TMC and then attached it onto
the DMSNs inner surface via the thiol-Michael click addition
reaction, resulting in Ru-DMSNs (Fig. 1(c)). The immobilization of
Ru(II) complexes was confirmed by the color change of the samples
from white to brown (insets in Figs. 1(a) and 1(c)), the appearance
of a C=0 stretching vibrations band at 1709 cm™ the intensity of
the peak at 2560 cm™ in the FT-IR spectrum (Fig. 1(b)), and the
presence of Ru (Ru3p) peaks (Fig. 1(d)) and the variation of the Cls
signal (Figs. S5 and S6 in the ESM) in the X-ray photoelectron
spectroscopy (XPS) spectra.

Thereafter, the obtained Ru-DMSNs were coated with HA
through the formation of amide bonds between the carboxyl groups
of HA and the amino groups on the outer surface of DMSNs to
prepare the nanoreactor (Ru-DMSNs@HA). Compared to Ru-
DMSNS, the obtained Ru-DMSNs@HA displayed a distinct border
and a slight increase in the average diameter (124.5 nm) under
TEM imaging, confirming the conjugation of HA (Fig. 1(e)). This
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Figure1 Preparation and characterization of Ru-DMSNs@HA nanoreactors. (a) TEM image of DMSNs. Scale bar: 100 nm. Inset: photograph of the suspension of
DMSNEs. (b) FT-IR spectra of DMSNs, Ru-DMSNs and Ru-DMSNs@HA. (c) TEM image of Ru-DMSNSs. Scale bar: 100 nm. Inset: photograph of the suspension of Ru-
DMSNE. (d) XPS spectra of DMSNs, Ru-DMSNs and Ru-DMSNs@HA. (e) TEM images of Ru-DMSNs@HA. Scale bar: 100 nm. Inset: high-resolution TEM image of Ru-
DMSNs@HA. Scale bar: 25 nm. (f) Elemental mapping analysis of Ru-DMSNs@HA. HAADF, high-angle annular dark-field. Scale bars: 50 nm.

was further validated by the broad bands corresponding to amide
C=O0 stretching in the ranges of 1200-1700 cm™ (Fig. 1(b)), the
negatively charged surface potential of -32.6 mV (Fig. S7 in the
ESM), and XPS analysis (Fig. S8 in the ESM). Elemental mapping
analysis revealed the uniform distribution of Ru elements within the
nanoreactor (Fig. 1(f)), and the content of Ru was quantified to be
1.68 wt% using inductively coupled plasma mass spectrometry (ICP-
MS; Table S2 in the ESM).

We next studied the colloidal stability of the nanoreactor in
various aqueous solutions, including PBS (pH 7.4), saline (0.9%
NaCl), cell culture medium (DMEM), and DMEM-FBS (Fig. S9 in
the ESM). The Ru-DMSNs@HA remained well-dispersed without
any signs of precipitation or aggregation, and there were no
significant changes in their hydrodynamic sizes over 48-h standing
in these solutions (Fig. S10 in the ESM). The remarkable colloidal
stability of Ru-DMSNs@HA can be attributed to the strongly
negatively charged surface provided by HA, in line with the
conventional understanding that a zeta potential below -30 mV
indicates a colloidal stable system [34]. This stability is
advantageous for the circulation of the nanoreactor in the
bloodstream and its accumulation in tumors through the enhanced
permeation and retention (EPR) effect 35, 36].

3.2 Enzyme-gated catalysis in solution

Next, we evaluated the catalytic reactivity of Ru-DMSNs@HA using
bis-N,N -allyloxycarbonyl rhodamine 110 (alloc-RhB 110; Scheme
S3 and Figs. S11-S13 in the ESM) as a model substrate. The
reactions were conducted with 5 pM Ru and 2 equivalents of alloc-
RhB 110 and monitored by recording the fluorescence of the
regenerated rhodamine 110 (RhB 110; Fig. 2(a)). Initially, we
compared the catalytic performance of Ru-DMSNs and free Ru(II)
complexes (fRu; Scheme S$4 and Figs. S14-S16 in the ESM) without
terminal maleimide in PBS buffer. Both catalysts exhibited high
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activity in decaging alloc-RhB 110, with no significant differences in
conversion efficiencies, initial reaction rates, or turnover numbers
(Fig. 2(b) and Table S3 in the ESM), implying that covalent
immobilization of Ru(II) complexes into the channels of DMSNs
well preserved their reactivity. In addition, the activities of both Ru-
DMSNs and fRu did not change much across buffer solutions with
varying pH values (4.5 to 74) (Fig. S17 in the ESM). The
comparable activity of Ru-DMSNs to fRu can be attributed to the
presence of Ru(II) complexes as site-isolated reaction centers on the
nanoscaffold [37], the high local concentration of catalysts within
confined environments without aggregation, and the inherent
mesoporous structure and large specific surface area of DMSNs,
which together facilitated the substrates to diffuse within in the
scaffold and contact with the catalysts.

Next, we investigated the enzyme-gated catalytic performance of
Ru-DMSNs@HA in PBS, with or without pretreatment with Hyal-1
for 2 h under acidic conditions resembling those of lysosomes, in
which HA is degraded after receptor-mediated uptake by cancer
cells [38, 39]. For Hyal-1 pretreated Ru-DMSNs@HA (denoted as
Ru-DMSNs@HA*; Fig. S18 in the ESM), fluorescence increased
after mixing with alloc-RhB 110 and the conversion reached 80%
after 8 h. In contrast, intact Ru-DMSNs@HA gave a rather low
yield of RhB 110 (< 3%) over the same period (Fig. 2(c)). To further
replicate this enzyme-gated catalysis in biologically more relevant
media, we conducted similar experiments in DMEM, DMEM plus
10% FBS, and lysates of 4T1 and NIH3T3 cells. For untreated Ru-
DMSN@HA, there was no significant improvement in the
conversion of alloc-RhB 110 in DMEM and DMEM plus 10% FBS
compared to PBS (Fig. 2(d)). However, the generation of RhB 110
in 4T1 cell lysates was 3.5-fold higher than that in NIH3T3 cell
lysates, attributive to the higher expression level of Hyal-1 in cancer
cells. These findings signify the gatekeeper function of HA against
nonspecific opening in different scenarios, effectively controlling
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Figure2 Catalytic activity of nanoreactors in solution. (a) Schematic representation of decaging non-fluorescent alloc-RhB 110 into fluorescent RhB-110. Kinetic profiles
of alloc-RhB 110 decaging reactions catalyzed by (b) Ru-DMSNs and fRu in PBS solution (pH = 7.4), (c) Ru-DMSNs@HA* and Ru-DMSNs@HA in PBS solution (pH =
74), (d) Ru-DMSNs@HA in DMEM, DMEM-FBS, 4T1 and NIH3T3 lysates, and (¢) Ru-DMSNs@HA* and fRu in DMEM, DMEM-FBS and 4T1 lysate. Inset:
photograph of the reaction mixtures under ultraviolet light. (f) Analysis of Ru leakage from Ru-DMSNs@HA and Ru-DMSNs@HA* in PBS, 4T1 lysate, DMEM and
DMEM plus 10% FBS solution over 24 h. Data points represent mean + s.d. (1 = 3 independent experiments).

the accessibility of the inner anchored Ru(Il) catalysts. In parallel,
for Ru-DMSNs@HA*, although a certain decrease in catalytic
activity was observed in cell culture medium and cell lysates, the
reactivity remained high and, specifically, the decline in conversion
efficiency was 4.8-fold lower than that observed for fRu (Fig. 2(e)).
This underscores the protective effect of the mesoporous
nanoscaffold, which reduces the chances of catalyst deactivation
caused by nonspecific protein binding or catalyst poisoning by
biomolecules [29], thereby preserving of the catalytic performance
of the nanoreactor after gate opening inside cancer cells.

To emphasize the advantages of covalent immobilization of
Ru(II) complexes into DMSNs, we next investigated the possibility
of catalyst leaching from the nanoreactor. For intact Ru-
DMSNs@HA, minimal Ru leakage was detected by ICP-MS
analysis after 24-h dispersion in PBS, cell culture medium, or cell
lysates (Fig. 2(f)). After removing Ru-DMSNs@HA by
centrifugation and introducing alloc-RhB 110 into the supernatant,
there was no generation of fluorescence observed (Fig. S19 in the
ESM), further confirming the stability of Ru-DMSN@HA against
catalyst leaching. Similarly, for Hyal-1 pretreated Ru-DMSNs@HA,
almost no Ru leakage was observed in these situations (Fig. 2(f))
and negligible decaging of alloc-RhB 110 occurred in the resulting
supernatants (Fig. S20 in the ESM). After five runs of recycled
catalysis, Ru-DMSNs@HA?* displayed only a marginal reduction in
catalytic conversion efficiency (Fig. S21 in the ESM). Additionally,
the catalytic activity of Ru-DMSNs@HA remained low after one
week of storage in PBS, but it was fully restored following treatment
with Hyal-1 and the activity showed no difference compared to that
of freshly prepared ones (Fig. S22(a) in the ESM), indicating that Ru-
DMSNs@HA can maintain its catalytic activity and enzyme-gated
property over the long term. The absence of significant changes in
zeta potential and hydrodynamic diameter (Figs. S22(b) and S22(c)
in the ESM) further demonstrates the long-term stability of Ru-
DMSNs@HA. Moreover, only trace amount of Ru leakage was
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detected in PBS after one week of storage, confirming the
coordination stability of the Ru(II) complex with its ligands (Fig.
S22(d) in the ESM). This long-term stability, enzyme-gated
property and the robustness against TMC leakage would help to
prevent unexpected bioorthogonal catalytic reactions at non-
targeted sites while the minimal reactivity loss in recycled catalysis
allows for prolonged action following cellular uptake.

3.3 Intracellular activated bioorthogonal catalysis

Having demonstrated the enzyme-gated feature of Ru-
DMSNs@HA in solution, we moved on to repeat this propensity
under cellular conditions. Initially, we examined the cellular uptake
efficiency of Ru-DMSNs@HA by 4T1 cells (which overexpress
CD44, a receptor for HA) and NIH3T3 cells (control normal cells)
[40]. To visualize the cellular uptake of the nanoreactors, we doped
rhodamine B isothiocyanate (RITC) into the DMSN matrix (Fig.
S23 in the ESM), obtaining fluorescently labeled nanoreactors
designated as Ru-DMSNs""“@HA. Confocal microscopy images
clearly showed red fluorescence in 4T1 cells after incubation with
Ru-DMSNs"™“@HA for 0.5 h, with fluorescence intensity increased
over time (Fig. 3(a) and Fig. S24 in the ESM). In significant
contrast, much weaker signals were observed in NIH3T3 cells at all
time points (Fig. 3(b) and Fig. S25 in the ESM). This difference in
the uptake of Ru-DMSNs"™@HA is attributed to the specific
interaction between HA on the nanoreactor surface and the CD44
receptors overexpressed on 4T1 cells. Additional competition
experiments further supported this conclusion, where the presence
of excess free HA (5 mg/mL) blocked the uptake of Ru-
DMSNs""™“@HA into 4T1 cells (Fig. 3(c) and Fig. 526 in the ESM).
Further, consistent with the confocal imaging data, flow cytometry
analysis revealed time-dependent fluorescence enhancement in
4T1 cells (Fig. 3(d)), while no significant uptake was observed in
NIH3T3 cells (Fig. 3(e)). This difference in uptake was abolished by
pre-treating the cells with free HA (Figs. 3(f) and 3(g)). Therefore,
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Figure3 Cellular uptake and colocalization studies of Ru-DMSNs""“@HA. Confocal microscopy images of (a) 4T1 cells and (b) NIH3T3 cells treated with Ru-
DMSNs"™@HA, and (c) 4T1 cells treated with Ru-DMSNs""“@HA in the presence of free HA (5 mg/mL) for different time. Red: RITC; green: LysoTracker; blue:
Hoechst 33342. Scale bars: 20 um. Flow cytometry analysis of (d) 4T1 cells and (e) NIH3T3 cells treated with Ru-DMSNs"™“@HA, and (f) 4T1 cells treated with Ru-
DMSNs""“@HA in the presence of free HA (5 mg/mL) for different time. (g) Corresponding fluorescence intensities of the histograms shown in panels (d)-(f). Data

points represent mean + s.d. (n = 3 independent experiments).

conjugation of HA bestows the nanoreactor with targeting ability,
enabling selective uptake by CD44-overexpressing cancer cells.

Next, a colocalization study was conducted to track the
subcellular localization of Ru-DMSNs""“@HA following receptor-
mediated endocytosis in 4T1 cells. The endo-lysosomes were
stained with green fluorescent LysoTracker. The intracellular
fluorescence signals of Ru-DMSNs"™@HA exhibited strong
colocalization with the green fluorescence of the LysoTracker (Fig.
3(a) and Fig. S24 in the ESM), suggesting that the nanoreactors
were predominantly taken up through the endo-lysosomal
pathway. In nature, HA turnover begins with membrane-anchored
Hyal-2 degrading into large fragments of approximately fifty
disaccharide units, which are then broken down by Hyal-1 into
smaller pieces like tetrasaccharides after entering lysosomes [41].
Taking these natural processes into account, the cellular uptake
mechanism of our nanoreactors facilitates the degradation of the
surface-conjugated HA, which would allow for the opening of the

Nano Research, 2025, 18, 94907134

94907134 (8 of 14)

gating machinery and switching on the catalytic activity of the inner
immobilized Ru(II) complexes.

Subsequently, we probed the capacity of Ru-DMSNs""“@HA in
mediating bioorthogonal catalysis within living cells. After
incubating 4T1 cells with Ru-DMSNs""“@HA for 4 h, the culture
medium was replaced with a fresh one containing alloc-RhB 110,
and the intracellular fluorescence signals were analyzed by confocal
microscopy and flow cytometry. Confocal microscopy revealed
that, following 1 h of incubation, green fluorescence signals
corresponding to liberated RhB 110 started to appear as puncta
overlaying the nanoreactors. Over time, the green fluorescence
gradually diffused throughout the cytosol, ultimately resulting in
strong staining of the entire cytosol after 12 h (Fig. 4(a) and Fig.
S27(a) in the ESM). Consistent with the confocal imaging results,
flow cytometry analysis indicated that 4T1 cells treated with Ru-
DMSNs"™“@HA and alloc-RhB 110 showed both red and green
fluorescence, with approximately 16.3-fold enhancement in the
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Figure4 Ru-DMSNs""“@HA-mediated bioorthogonal catalysis in cells. Confocal microscopy images showing the fluorescence changes inside 4T1 cells after treatment
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Ru-DMSNs""“@HA plus alloc-RhB 110, (f) Ru-DMSNs""“@HA alone, (g) alloc-RhB 110 alone, and (h) 4T1 cells treated with Ru-DMSNs*"“@HA in the presence of Hyal-
1 inhibitor for different time. (i) Corresponding fluorescence intensities of the histograms shown in panels (e)-(h). Data points represent mean = s.d. (n = 3 independent

experiments).

green fluorescence at the end (Fig. 4(e) and Fig. S28 in the ESM). In
contrast, cells treated with Ru-DMSNs*""“@HA alone or alloc-RhB
110 alone did not exhibit observable green fluorescence throughout
the experiments (Figs. 4(b), 4(c), 4(f) and 4(g); Figs. S27(b) and
S27(c) in the ESM).

To further demonstrate the enzyme-gated behavior of Ru-
DMSNs"™@HA inside cells, we performed additional experiments
by co-treating 4T1 cells with neomycin sulfate (50 pg/mL), a
hyaluronidase inhibitor [42]. Although the inhibitor did not affect
the cellular uptake of Ru-DMSNs"™@HA, it provoked a 7.3-fold
reduction in the generation of green fluorescence (Figs. 4(d), 4(h),
and 4(i); Figs. S29 and S30 in the ESM). Similarly, when NIH3T3
cells, which have lower levels of CD44 receptor and Hyal-1, were
treated with Ru-DMSNs""“@HA and alloc-RhB 110, very weak
intracellular red and green fluorescence signals were observed (Figs.
S31 and S32 in the ESM); after 24 h of incubation, only 1.3-time
enhancement in green fluorescence was observed. These findings
provide compelling evidence that, upon receptor-mediated
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endocytosis into cancer cells, the HA coating is degraded by the
abundant Hyal-1, enabling the activation of the nanoreactor for
catalyzing the decaging of bioorthogonal substrates. Meanwhile, the
combination of the receptor-mediated specific cellular uptake
mechanism and the enzymatic activation paradigm helps to
minimize unintended bioorthogonal catalysis within normal cells.

34 In cellular synthesis of active drug

Motivated by the above encouraging results, we next investigated
the ability of Ru-DMSNs@HA to selectively mediate prodrug
activation within cancer cells. DOX, known for its effectiveness in
treating various malignancies but accompanied by toxic side effects,
was chosen as the model parent drug. To create an inactive
bioorthogonal prodrug, we introduced an allyloxycarbonyl group to
mask the primary amine of DOX, resulting in alloc-DOX (Scheme
S5, and Figs. $33-S35 in the ESM). The efficient cleavage of the
allyloxycarbonyl group on alloc-DOX by the enzyme-gated Ru-
DMSNs@HA was studied in PBS and analyzed by HPLC (Figs. S36
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and S37 in the ESM). To gain further insights into these results, we analyzed the

Next, a cell viability assay was performed with 4T1 and NIH3T3 intracellular content of DOX in these experimental groups.
cells to evaluate the antiproliferative properties of DOX, alloc-DOX, Consistent with the cell viability results, a similar amount of DOX
and alloc-DOX plus Ru-DMSNs@HA (50 pg/mL) at various drug was detected in 4T1 and NIH3T3 cells following incubation with
concentrations (Figs. 5(a) and 5(b)). Compared to DOX, which the parent drug (Fig. 5(c)). However, no DOX was detected in
showed a concentration-dependent and indiscriminate cytotoxicity either cell line when alloc-DOX was administered, indicating the
against 4T1 (half maximal inhibitory concentration, IC;, = stability of the bioorthogonally masked prodrug against nonspecific
0.71 pM) and NIH3T3 (IG5, = 0.29 uM) cells, alloc-DOX exhibited activation by biological metabolic processes. Notably, when
significantly lower efficiencies in killing both types of cells at each experiments were conducted with Ru-DMSNs@HA and alloc-
dose tested, underscoring that the masking group blocked the DOX, the amount of intracellular DOX detected in 4T1 cells was
pharmaceutical activity of DOX. The ICs, values of alloc-DOX on approximately 28.9-fold higher than in NIH3T3 cells (Fig. 5(c)).
4T1 and NIH3T3 cells were determined to be 20.25 and 23.27 pM, However, pretreatment of cells, especially 4T1 cells, with excess HA
respectively. When combined with Ru-DMSNs@HA, alloc-DOX (5 mg/mL) or Hyal-1 inhibitor (50 pg/mL) greatly reduced the
inhibited the growth of 4T1 cells in a dose-dependent fashion with intracellular levels of DOX (Fig. (5¢)), and correspondingly, the
an ICy, value of 1.23 pM, similar to the cytotoxic profile of DOX. inhibition efficiency of cell growth was greatly reduced (Figs. 5(a)
Conversely, when NIH3T3 cells were co-treated with Ru- and 5(b)). These results highlight that our enzyme-gated
DMSNs@HA and alloc-DOX, a substantially lower antiproliferative bioorthogonal catalytic nanoreactor, equipped with cancer targeting

activity was observed at each prodrug dose and the corresponding capacity and intracellular enzyme-responsive machinery, can
IC;, value was approximately 12.2-time higher than that obtained specifically mediate prodrug activation within cancer cells while
with 4T1 cells. Significantly, Ru-DMSNs@HA displayed no obvious sparing normal cells.
cytotoxicity towards both types of cells at concentrations up to 200 Furthermore, we delineated the mechanism of cell death in
pg/mL, indicating the low cytotoxicity of the nanoreactor (Fig. S38 4T1 cells treated with Ru-DMSNs@HA plus alloc-DOX by double-
in the ESM). staining flow cytometric and TUNEL assays. Like the results
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Figure5 Ru-DMSNs@HA-mediated prodrug activation in vitro. Viability of (a) 4T1 cells and (b) NIH3T3 cells treated with DOX, alloc-DOX, and alloc-DOX/Ru-
DMSNs@HA combination in the absence and presence of free HA (5 mg/mL, 2 h) or Hyal-1 inhibitor (50 pg/mL, 6 h) plus alloc-DOX/Ru-DMSNs@HA combination at
different drug concentrations. (c) Intracellular DOX levels in 4T1 and NIH3T3 cells after 24 h of treatment with the alloc-DOX/Ru-DMSNs@HA combination, with or
without pretreatment of HA (5 mg/mL, 2 h) or Hyal-1 inhibitor (50 pg/mL, 6 h). (d) Flow cytometry analysis of the 4T1 cell apoptosis at 24 h after treatment with 1%
DMSO, alloc-DOX, Ru-DMSNs@HA, DOX, and Ru-DMSNs@HA plus alloc-DOX. (e) Confocal microscopy images of 4T1 cells stained with FITC-dUTP (green,
TUNEL assay) and Hoechst 33342 (blue, nuclei staining) after different treatments. In (d) and (e), the control group was treated with vehicle. Scale bars: 50 pum. (a)-(c)
data points were presented as mean * s.d. (n = 3 independent experiments). Statistical significance was calculated via one-way ANOVA analysis with a Tukey post-hoc
test or two-tailed Student’s t-test (***P < 0.001, ***P < 0.0001. ns, not significant).
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obtained with DOX, co-treatment of Ru-DMSNs@HA and alloc-
DOX elicited a high percentage (46.9%) of Annexin-V positive cells
(Fig. 5(d)) and strong fluorescent signals in TUNEL staining (Fig.
5(e)), implying that 4T1 cells underwent apoptosis. However, no
evident apoptotic cell death was seen in control groups treated with
vehicle, alloc-DOX, or Ru-DMSNs@HA. Taken together, these
findings demonstrate that the specific cytotoxicity observed in
4T1 cells receiving Ru-DMSNs@HA and alloc-DOX combinational
treatment originated from the intracellular conversion of alloc-
DOX into DOX through enzyme-gated bioorthogonal catalysis.

3.5 Bioorthogonal prodrug activation in vivo for cancer
therapy

Prior to assessing the potency of Ru-DMSNs@HA in activating
alloc-DOX within tumors, we conducted pharmacokinetics and

biodistribution studies following intravenous injection of the
nanoreactor (20 mg/kg) into 4T1 tumor-bearing mice. To highlight
the significance of covalently immobilizing TMCs within HA-
conjugated DMSNs, we included additional experiments conducted
with “naked” fRu as a control. We found that, compared to fRu,
which exhibited a short blood circulation half-life (t,,,) of 0.48 h, Ru-
DMSNs@HA exhibited a prolonged f,,, of 3.7 h (Fig. S39(a) in the
ESM). The concentration-time profiles and corresponding area
under the curves (AUCs) indicated that Ru-DMSNs@HA achieved
significantly higher exposure of Ru within tumors compared to fRu
(Fig. S39(b) in the ESM). Additionally, while fRu was primarily
cleared by the renal system (Fig. 6(a)), Ru-DMSNs@HA showed
significant accumulation in clearance organs such as the liver and
spleen (Fig. 6(b)), typical for nanoparticle biodistribution in mice
[43]. In parallel, we studied the stability of catalysts in vivo, focusing
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Figure6 Ru-DMSNs@HA-mediated prodrug activation in vivo for anticancer studies. Biodistribution of (a) fRu and (b) Ru-DMSNs@HA following intravenous
injection over different time points. (c) Quantification of Ru leakage from Ru-DMSNs@HA in blood circulation and Ru washout from tumor tissues. Experiments
conducted with fRu were set as the control. (d) Bioluminescence imaging of the 4T1 tumor growth in mice treated with the alloc-DOX/Ru-DMSNs@HA combination,
DOX, alloc-DOX, Ru-DMSNs@HA or saline. (e) Individual tumor growth kinetics of mice for each treatment group. (f) Changes in average tumor sizes across the
treatment groups. (g) Analysis of cell death mechanism in the tumor tissues after different treatments, with FITC-dUTP (green, TUNEL assay) for apoptosis and Hoechst
33342 (blue) for nuclei staining. Scale bars: 100 pum. (h) Drug and prodrug concentrations versus time in tumors after different treatments. (i) The corresponding AUCs of
the exposure of DOX to tumors in alloc-DOX/Ru-DMSNs@HA combination, alloc-DOX and DOX groups. Data points were presented as mean * s.d. (n = 5 mice).
Statistical significance was calculated via one-way ANOVA analysis with a Tukey post-hoc test or two-tailed Student’s t-test (**P < 0.001, ***P < 0.0001).
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on their potential leaching from the nanoscaffold during blood
circulation and washout from tumor cells. At time points
corresponding to their respective peak concentrations, blood
samples were collected, and tumors were exercised and digested to
obtain tumor cells. These samples were then mixed with PBS,
gently shaken for 24 h, and subjected to ultracentrifugation.
Analysis of the Ru content in the resulting filter revealed no
unexpected metal leakage occurred in the blood samples collected
from Ru-DMSNs@HA group. Moreover, there was unobvious
washout of Ru from tumor cells in the group treated with Ru-
DMSNs@HA compared to the fRu group (Fig. 6(c)). These results
suggest that the prolonged circulation of nanoreactor, combined
with the EPR effect, the gatekeeper and targeting ability of HA, and
the covalent immobilization of organometals within nanoscafflods
collectively promote the accumulation and retention of TMCs
within tumors while minimizing unexpected catalyst leaching.

We then evaluated the ability of Ru-DMSNs@HA in activating
alloc-DOX for cancer therapy using xenograft 4T1 tumor-bearing
mice. Mice were randomly divided into five groups and treated
with saline, DOX (5 mg/kg), alloc-DOX (100 mg/kg), Ru-
DMSNs@HA (20 mg/kg), and Ru-DMSNs@HA (20 mg/kg) plus
alloc-DOX (100 mg/kg). The treatments were administered once
every three days over a two-week period. DOX and alloc-DOX
were administered via intraperitoneal injection, while Ru-
DMSNs@HA  was administered intravenously. In the
combinational treatment group, alloc-DOX was given 6 h following
the administration of Ru-DMSNs@HA. The therapeutic outcomes
were assessed by measuring bioluminescence signals and recording
tumor volumes. As shown in Figs. 6(d)—6(f), like the saline group,
neither alloc-DOX nor Ru-DMSNs@HA alone prevented tumor
growth, indicating a lack of antitumor effect from the prodrug or
the nanoreactor. Compared to DOX, which demonstrated a
moderate therapeutic effect, the combined Ru-DMSNs@HA and
alloc-DOX treatment was significantly more effective at slowing
tumor growth. Furthermore, TUNEL staining of tumor sections
revealed strong apoptotic signals in groups treated with DOX and
the combination of Ru-DMSNs@HA and alloc-DOX but not in
other groups (Fig. 6(g)), which suggested a similarity in the
pharmacological mechanism between DOX and Ru-
DMSNs@HA/alloc-DOX combinational treatment.

To better understand the therapeutic outcomes, we analyzed
DOX levels in the plasma, major organs, and tumors versus time.
As shown in Fig. 6(h) and Fig. S40 in the ESM, no DOX was
detected in all tissues of the alloc-DOX-treated mice, indicating the
bioorthogonality of alloc-DOX against nonspecific biological
cleavage in complex living systems. The concentration of DOX
detected in the combinational treatment group was significantly
higher at 4, 8 and 12 h post administration compared to the DOX
group. Analysis of the AUCs revealed that the exposure of DOX to
tumors in the combinational treatment group was approximately
4.1 times higher than that yielded by DOX (Fig. 6(i)). Despite alloc-
DOX being administered at a 20-fold higher dose than DOX, the
plasma and major organs of mice receiving dual Ru-DMSNs@HA
and alloc-DOX treatment exhibited significantly lower exposure to
DOX compared to the DOX-treated group (Fig. S40 in the ESM).
Although there was a time overlap between Ru and alloc-DOX in
the clearance organs like liver, spleen, and kidney in the
combinational treatment group, the limited off-target prodrug
activation might be due to the distinct clearance mechanisms
between nanoparticles and small-molecule agents [43—45] (such as
their uptake in different cell populations or subcellular distribution),
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the avoided catalyst leaching, and the gated mechanism of the
nanoreactor. These factors together minimized the chances for alloc-
DOX and Ru(II) complexes to meet at nontargeted sites. Overall,
these findings provide comprehensive evidence that the cancer-
specific intracellular activation mechanism of the enzyme-gated
bioorthogonal nanoreactor enables the decaging of alloc-DOX
primarily within tumors while minimizing drug exposure to
nontargeted organs and tissues.

Lastly, we assessed the biosafety of our bioorthogonal prodrug
activation strategy. Like the control group, no dramatic fluctuations
in the bodyweight were observed for mice receiving different
treatments (Fig. S41 in the ESM). H&E staining of the major organs
revealed no observable signs of pathological damage or
inflammation across all groups (Fig. S42 in the ESM). Also, the
serum levels of typical inflammatory cytokines, such as tumor
necrosis factor-o, interleukin-6/12, and interferon-y, in the treated
mice showed no statistical differences compared to control group
(Fig. S43 in the ESM). In addition, blood chemistry analysis
revealed no signs of hepatic or renal toxicity induced by the
nanoreactor or prodrug (Figs. S44 and S45 in the ESM). Thus, these
results demonstrate that Ru-DMSNs@HA and alloc-DOX (even
given at a high dose) were well tolerated and, particularly, the
nanoreactor can mediate bioorthogonal prodrug activation for
cancer therapy in a safe way.

4 Conclusions

In summary, we have successfully developed a tumor
microenvironment-responsive bioorthogonal catalytic nanoreactor
using HA-coated DMSNs as a nanoscaffold for the covalent
immobilization of organometal catalysts. Our study demonstrated
the high effectiveness of this nanoreactor in converting inactive
prodrugs into active drugs in both in vitro and in vivo models. The
covalent binding of Ru(Il) catalyst to DMSNs and capping the
surface with HA prevent unexpected metal leakage and off-target
catalyst deposition, which not only broadens the therapeutic
window but also minimizes drug exposure in normal organs and
tissues. Furthermore, the surface coating of DMSNs with HA
ensures high stability, excellent biocompatibility, and effective
accumulation within tumors. Importantly, our results evidenced
that these nanoreactors specifically targeted tumor sites, where
catalyst activity was restored for in situ prodrug activation,
effectively inhibiting tumor growth and mitigating side effects.
Overall, this work would inspire the development of advanced
bioorthogonal catalytic devices with gated controllability for in situ
prodrug conversion in complex organisms, enabling the
manipulation of diseases beyond cancer in a safe and effect way.

Electronic Supplementary Material: Supplementary material
(further details of the synthesis of CpRu(#-allyl)(QL-Mal)]PF; and
fRu, XPS spectrum, confocal microscopy images, flow cytometry
cytograms, blood circulation curve, drug and prodrug
concentrations versus time in tissues, hematoxylin and eosin-
stained images, blood biochemical and hematological analysis, the
'H NMR, "C NMR and HRMS spectra of all compounds) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907134.
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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