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ABSTRACT: Nanomedicine provides promising new method-
ologies for the treatment of tumors but still faces several
limitations, including poor colloidal stability, uncontrollable drug
release, and insufficient drug targeting. Herein, hyaluronic acid
(HA) was used to modify the surface of mesoporous silica
nanoparticles (MSNs) via a dynamic-covalent linker, phenylborate
ester (PBAE), termed MA. The HA modifier provided enhanced
colloidal stability to the hybrid nanoparticles. As expected, MA
exhibited an improved biocompatibility and high potential for
biomedical applications. Moreover, MA with a negatively charged
surface effectively adsorbed the drug Doxorubicin (DOX) inside
the carriers, ensuring minimal drug leakage. In an acidic and
reactive oxygen species (ROS)-containing condition mimicking the tumor microenvironment, MA@DOX (MAD) continuously
released its payloads, likely due to the cleavage of the pH/ROS-sensitive PBAE. Compared with free DOX, MAD had 2.2 times
higher accessibility to tumor cells than free DOX. The favorable stability and cancer-selective drug release make this
nanoformulation a promising platform for potent cancer treatment.

1. INTRODUCTION
The advances in nanotechnology revolutionize the drug
delivery in cancer therapy.1,2 Due to the unique particle size
(ranging from 5 to 200 nm), nanosized formulations
preferentially accumulate in tumors through the enhanced
permeability and retention effect.3 Inspired by this, a myriad of
nanocarriers have emerged for loading various chemother-
apeutic agents.4,5 These nanodrugs aim to provide optimized
therapy with high activity and minimal toxicity.6 However,
clinical outcomes have been far from anticipated. The
suboptimal efficiency results from several shortcomings of
drug delivery nanosystems, including limited stability in blood
and poor targeting efficiency of therapeutics.7 Stability is an
essential property of any effective drug delivery vehicle.8

Unfortunately, colloidal particle-based vehicles are prone to
forming aggregates during storage and blood circulation due to
their large specific surface area.9 These aggregates not only
increase the likelihood of uptake by macrophages but also pose
threats to healthy tissues.10 Additionally, targeting ability
largely determines the successful use of nanocarriers.11 A
desired targeting property enables nanodrugs to reach the
tumor site actively and release their payloads in response to the
specific tumor environment.12 On the opposite side, nano-
carriers with poor targeting fail to elicit effective therapeutic
responses and may also cause severe side effects.13 Therefore,
it is imperative to develop advanced drug delivery systems with
sufficient stability and targeting to facilitate cancer therapy.

In the past decade, nanohybrids with tailored properties
have attracted significant attention for developing advanced
drug carriers.14 Nanohybrids consist of inorganic components,
including gold nanoparticles,15 iron oxide nanoparticles,16 and
mesoporous silica nanoparticles (MSNs),17 as well as organic
components18 such as polymers and biomacromolecules.19

MSN possesses many advantages, which include a facile
synthesis method, tailorable textural parameters, and a porous
architecture, which make them suitable for drug delivery.20

Despite their notable performance, relatively weak stability and
low bioactivity hinder their further application in clinical
settings.21 To address these problems, the surfaces of MSNs
are commonly modified with various organic agents, such as
hyaluronic acid (HA),22 chitosan,23 gelatin,24 and polydop-
amine.25 Among these materials, HA has gained significant
popularity as a candidate for functionalizing MSN.26 In
addition to stabilizing nanoparticles in the blood, HA enables
MSNs to bind directly with CD44-overexpressing cancer
cells.27 However, inefficient drug release remains a major
challenge for HA-modified MSNs.28 The effectiveness of HA-
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modified MSN nanomedicine in achieving sustained drug
release in response to tumor stimulation is found to be limited
when faced with the complex tumor microenvironment.29

To achieve optimal efficiency in therapeutic medicines,
nanocarriers must site-selectively release their payloads at
precise concentrations upon reaching the lesion area. This can
be achieved by introducing environmental stimuli responsive-
ness.30 Solid tumors are characterized by weak acidity,31 high
levels of reactive oxygen species (ROS),32 increased amounts
of glutathione (GSH),33 hypoxia, and overexpressed en-
zymes,34 which offer various signals for constructing smart
and responsive drug delivery systems.35 Compared to other
systems, ROS-responsive systems provide higher selectivity
due to the sharp contrast of ROS levels between tumor tissue
and normal tissue.36 The functionality of ROS-responsive
nanocarriers relies on the use of certain moieties that
disassemble in the presence of elevated ROS concentrations.37

Many functional groups have been utilized in the fabrication of
ROS-responsive platforms, such as diselenide bonds, boronic
ester bonds, poly(sulfide) bonds, poly(thioketal) bonds, etc.38

Notably, boronic esters belong to dynamic covalent chemical
bonds, with binding affinity sensitive to the surrounding
environment. For instance, boronic esters readily cleave into
boric acid and diols upon exposure to 100 mM H2O2.

39

Furthermore, the binding affinity of boric acid to diols is pH-
responsive, with the borate structure dissociating when the pH
of the environment drops below the pKa value of boric acid.
Consequently, the distinctive properties of boric acid are
highly significant in the development of pH-responsive
nanomedicines.40,41 Thus, the superior sensitivity to ROS
and pH sensitivity make boronic esters and their derivatives
valuable components in the development of controlled carriers.
Herein, we propose a novel hybrid nanocarrier with the

desired colloidal stability. The nanohybrids enabled the
distinction of neoplastic cells from normal ones and allowed
for the controllable release of antitumor drugs. The borate
cross-linking of HA enables the formation of a stable and

biocompatible shell structure, which encapsulates the ther-
apeutic agents within. This shell structure further enhances the
targeting specificity toward tumor cells that exhibit an elevated
expression of CD44 receptors (Figure 1). The MSNs were
selected as building blocks for constructing this advanced drug
delivery system. To enhance the targeting ability and stability
of MSNs, HA was used to modify MSNs through a dual-
responsive linkage, phenylborate ester (PBAE). During the
synthesis process, bare MSNs were first amino-functionalized
and then reacted with carboxyphenylboronic acid (CPBA) via
an amide reaction. Subsequently, MSNs-CPBA allowed for the
grafting of 1,2-diol-containing HA, which created the dynamic-
covalent PBAE. The presence of exterior HA not only
stabilized MSNs but also imparted a targeting ability to the
nanocarriers. Moreover, these nanocarriers possessed accel-
erated drug release in response to a weakly acidic pH and high
levels of ROS, which further enhanced drug availability.
Therefore, the rational design of this hybrid nanocarrier system
offers enhanced colloidal stability, targeted drug release, and
improved antitumor efficacy. This innovative approach holds
great potential for future applications in cancer therapeutics.

2. MATERIALS AND METHODS
2.1. Materials. 1-(3-(Dimethylamino)-propyl)-3-ethylcar-

bodiimide hydrochloride (EDC·HCl), N-hydroxysuccinimide
(NHS), hexadecyltrimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), and 3-aminopropyltriethox-
ysilane (APTES) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Doxorubicin (DOX) was
obtained from Dalian Meilun Biotechnology Co., Ltd. (Dalian,
China). HA (MW 50 kDa) was purchased from Freda
Biochem Co., Ltd. (Shandong, China). Dimethyl sulfoxide
(DMSO) and CPBA were obtained from Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). Dulbecco modified Eagle
medium (DMEM) was purchased from Solarbio Science &
Technology Co., Ltd. (Beijing, China). Fetal bovine serum

Figure 1. Schematic illustration of the (A) development of dynamic-covalent mesoporous silica nanohybrids and (B) their advantages for precise
drug delivery.
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(FBS) was supplied by Viva Cell Biosciences Co., Ltd.
(Shanghai, China).
2.2. Preparation of MSN-NH2. MSN was synthesized by

the sol−gel method.42 In brief, 1 g of CTAB was dissolved in
480 mL of ultrapure water, followed by the addition of 280 mg
of sodium hydroxide, and the mixture was then heated to 75
°C under stirring. Thereafter, 5.8 mL of TEOS was slowly
added to the CTAB solution, and the mixture was allowed to
react for 4 h. The resulting nanoparticles were collected after
centrifugation and washed three times with ultrapure water and
ethanol. Subsequently, the preprepared nanoparticles were
refluxed with 500 mL of ethanol containing 6 mL of
hydrochloric acid for 24 h to remove the CTAB. After
centrifugation, the nanoparticles were further refluxed for 24 h
in the mixture of 1 mL APTES and anhydrous toluene,
resulting in the formulation of MSN-NH2.
2.3. Preparation of MA Nanoparticles. 0.15 g portion of

CPBA was mixed with 0.10 g of NHS and 0.20 g of EDC in 5
mL of stirred DMSO. Meanwhile, 400 mg of MSN-NH2 was
dispersed in 20 mL of DMSO and then added to the above
solution. After reaction for 24 h, the mixture was subjected to
centrifugation, and the obtained products (MSN-CPBA) were
washed three times with ultrapure water and methanol.43

Subsequently, HA was dissolved in ultrapure water, followed
by the addition of MSN-CPBA, and stirred for 3 h. The
resulting solution was washed three times with ethanol and
ultrapure water and then lyophilized to obtain MSN-NH2−
CPBA-HA (MA) nanoparticles.27

2.4. Loading of DOX. Ten mL portion of MA nanoparticle
solution (5 mg/mL) was mixed with 1 mL of DOX aqueous
solution (2 mg/mL). After overnight stirring, the mixture was
subjected to dialysis using a dialysis bag (MW: 8000−14,000)
to obtain MA@DOX (MAD). The dialysate was collected, and
its absorbance was measured using a UV−vis spectropho-
tometer (UV-3600).44 The formula applied to analyze the
encapsulation efficiency (EE %) of DOX was as follows:

W W
W

EE% 100%T D

T
= ×

where WT is the total content of the used DOX initially, and
WD is the amount remaining in dialysate.
2.5. Characterization. The morphology of MSN and

MAD was examined using transmission electron microscopy
(TEM, JEM-210003040700, Japan). The hydrodynamic
diameter and surface charge of the prepared nanoparticles
were analyzed by using dynamic light scattering (DLS; Nano
ZS 90, Malvern). The pore size and specific surface area of all
the nanoparticles were measured by an automated surface area
and porosity analyzer (BET, Autosorb IQ, Quantachrome,
USA). The microstructure of different samples was analyzed
using a Fourier infrared spectrometer (FTIR, Nicolet is50).
Thermal properties and crystallinity were analyzed in
thermogravimetry analysis (TGA2, Mettler Toledo, Switzer-
land).
2.6. Drug Release Study. For drug release studies, 1 mg/

mL of MAD sample was placed into a dialysis bag, and the
dialysis bag was put into 30 mL of PBS solution with different
pHs (5.0, 6.5, and 7.4). Then, at different time intervals, the
periodically aspirated PBS solution (3 mL) was subjected to
the UV−vis detection at 280 nm.45 In the whole process, the
overall volume of dialysate was unchanged by supplementing
fresh PBS. The DOX release profiles were also studied in the

absence or presence of H2O2 (0.5 and 1.0 mM) according to
the method mentioned above.46

2.7. In Vitro Cytotoxicity. L929 fibroblast cells (L929)
were employed to evaluate the biocompatibility of prepared
nanocarriers using standard CCK-8 assays.47 Briefly, L929 cells
were incubated in the T25 culture flasks containing DMEM
medium and 10% (v/v) FBS. Upon reaching 80% confluence,
L929 cells were collected and transferred to 96-well plates at a
density of 1 × 105 cells/well. After incubation for 24 h, the
medium was refreshed and added additional PBS, MSN, and
MA with different concentrations (25, 50, 100, 200, and 400
μg/mL), followed by incubation for further 48 h. Then, the
optical density values at 520 nm were measured using a
microplate reader to calculate the cell viability using the
following equation.

Cellviability(%)
OD OD

OD OD
100%samples blanks

Control blanks
= ×

where ODblanks, ODcontrol, and ODsamples were the optical
density values for the blank groups, control groups, and
experimental groups, respectively.
2.8. In Vitro Cellular Uptake. The cellular uptake

behavior of MAD was evaluated using the cell counting kit-8
(CCK-8) method.48 Briefly, the human lung adenocarcinoma
cell line (A549) at a density of 1 × 106 was cultivated in 6 mm
confocal dishes for 24 h. Then, A549 cells were treated with
either MAD or free DOX (equivalent to 2 μM of DOX) for 4
and 24 h. At the predetermined time points, the cells were
collected and fixed, followed by staining with DAPI. After
washing three times, the cells were observed under a confocal
fluorescence microscope (CLSM, Nikon A1SiR, Japan).
2.9. Statistical Analysis. All results are presented as the

mean ± standard deviation (SD). For direct comparison
between the two groups, the unpaired Student’s t test was
used. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant
(P > 0.05).

3. RESULTS AND DISCUSSION
3.1. Fabrication and Physiochemical Characterization

of MAD Nanoparticles. Several nanoscale carriers have been
approved for clinical therapy or clinical trials, such as lipids,
dendrimers, gold nanoparticles, and MSNs.49 Among them,
MSNs are a type of material with a highly ordered pore
structure, with pore sizes ranging from 2 to 50 nm. This unique
structure endows MSNs with high surface area, large pore
volume, and tunable pore sizes, making them excellent
candidates for drug delivery systems.31 In this study, TEOS
was used as a precursor in sol−gel chemistry to produce silica
nanoparticles. After the bare MSNs were synthesized, amino
groups (−NH2) were grafted onto the surface of the MSNs
and then reacted with cyclohexyl-phenyl-boronic acid (CPBA),
which contains boronic acid groups (−BOH). The presence of
−BOH on the surface of MSN allowed for dynamic
complexation with the hydroxyl groups (−OH) of HA, thus
forming HA-modified MSNs via the generation of borate
bonds. As shown in Figure 2A, the spherical shape of MSNs
exhibited clear mesoporous channels as visualized by TEM.
When HA was grafted onto the MSN, an obvious polymer
layer was formed, while the elemental mapping analysis
confirmed that HA was evenly distributed on the surface of
the MSN (Figure 2B,C). The formation of aggregates is a
result of the unique shell structure formed by HA on the
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surface of MSN. In essence, the surface of MSN is grafted with
a boric acid structure, which then undergoes a complexation
reaction with the o-hydroxyl group of HA. This dynamic cross-
linking bond effectively fixes HA onto the MSN surface,
leading to the formation of aggregates.50 The N2 adsorption−
desorption isotherms of MSNs corresponded to typical type
IV, demonstrating the mesoporous structure of these products
(Figure 2D). In addition, the specific surface area of MA
(368.5 cm3/g) was slightly different from that of MSNs (429.5
cm3/g). When the surface of MSNs is modified with HA, the
size of the nanoparticles increases, consequently leading to a
reduction in the corresponding specific surface area. Mean-
while, the pore size of MSNs was 4.8 nm, while the pore
volume of the MSNs was significantly reduced. These results
indicated that HA was successfully coated onto MSNs (Figure
2D,E).
The MA aims to achieve targeted and stimuli-responsive

drug release for cancer therapy. To demonstrate this potential,
DOX was chosen as the model molecule to develop MSN-
NH2−CPBA-HA@DOX (MAD). The DLS measurements
determined that the mean hydrodynamic diameters of MSNs
and MA were 210.2 ± 21.9 and 240.9 ± 23.3 nm, respectively
(Figure 3A). Upon loading DOX, MAD showed a slight
increase in diameter (252.9 ± 24.3) (Figure 3A), indicating
that the presence of this hydrophilic drug induces a slight
alteration in the size of the nanomedicine carrier and improves
the polydispersity of MSN. Moreover, MSNs exhibited a
negative surface potential of −10.8 ± 1.3 mV. After HA
packaging, the surface potential of MA was observed to be
−15.6 ± 1.8 mV (Figure 3B). The surface potential of MAD
was lower than that of MA (Figure 3B), likely due to the
positively charged DOX loaded into MA. The HA plays a
crucial role in forming a negatively charged polymer layer on

the surface of MSNs. This layer imparts a negative surface
charge to the entire MSNs, facilitating the adsorption of
positively charged DOX. As a result, when DOX is loaded onto
the MSNs, the negative surface charge of the MSN-DOX
complex is slightly reduced.
To further confirm the successful preparation of MAD,

different samples were compared by using TGA, FTIR, and
UV−vis spectroscopy. Thermogravimetric analysis revealed a
weight loss of up to 20% in the MAD group (Figure 4A,B),

which may be attributed to the loss of HA and DOX. The
FTIR spectra of MAD showed three characteristic peaks at
1100, 800, and 1540 cm−1 (Figure 4C). The first two peaks
were consistent with those in the spectra of MSNs,
representing antisymmetric and symmetric Si−O−Si stretching
vibrations. The new peak at 1540 cm−1 suggested that amine
groups were immobilized on the surface of the MSNs.
Furthermore, the amide bond peaks appeared near 1550 and
1645 cm−1, indicating that HA successfully covered the MSNs.
In the UV−vis spectrum of MAD, a characteristic peak was
observed at 490 nm (Figure 4D), corresponding to the
wavelength of DOX, which revealed the successful entrapment
of DOX. Moreover, MAD and MSNs were dispersed in a PBS

Figure 2. TEM images of (A) MSN and (B) MA. (C) Elemental
mapping analysis of MA nanoparticles. (D) Nitrogen adsorption−
desorption curves of MSN and MA, respectively. (E) Pore size
distribution curves of MSN and MA, respectively.

Figure 3. Hydrodynamic size (A) and Zeta potential (B) of MSN,
MA, and MAD nanoparticles.

Figure 4. (A) Thermogravimetric analysis of the MSN and MAD. (B)
Quantitative data from thermogravimetric analysis. (C) FTIR spectra
of MSN and MAD. (D) UV−vis spectra of MSN and MAD. The
photo on the upper left corner in (D) shows MAD and MSN after
they were placed in PBS solution for 48 h.
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solution for 48 h. During this period, sedimentation occurred
in the MSNs group, whereas the MAD group remained as a
transparent red solution. The MAD showed good colloidal
stability in PBS solutions at different pHs even after 5 days
(Figure S1). This finding indicated that the modified MSNs
are more suitable for body fluid circulation, thereby enhancing
their capability to exert antitumor effects.
3.2. Drug Loading Capacity and Multistimuli Re-

sponsive Drug Release of the Nanohybrid. The effective
therapeutic outcomes of nanomedicine significantly rely on its
efficient loading capacity and controlled release mechanisms.
Specifically, the controlled release of drugs in response to
various tumor microenvironment characteristics plays a pivotal
role in enhancing the treatment efficacy. To demonstrate this, a
comparison of the loading capacity of MSN for DOX before
and after modification was conducted. The results showed that
unmodified MSN exhibited a loading efficiency of 45.7% ±
2.6% for DOX, whereas modification with HA increased this
efficiency to 75.3% ± 3.7% (Figure 5A). The results of loading

DOX and MA at varying concentrations demonstrated that
different concentrations of DOX had little effect on the size of
the MAD (Figure S2). This enhancement in loading capacity
with modification suggests that the presence of HA on MSN
effectively increases the adsorption potential of hybrid
nanoparticles for DOX, likely due to the increased number
of adsorption sites and the network structure offered by the
modification. Moreover, in a comparative release study where
free DOX and MAD were concurrently exposed to PBS
solution, rapid filtration of DOX was observed within 4 h,
whereas MAD exhibited sustained release for up to 48 h
(Figure 5B). This sustained release capability of MAD
indicates its distinct slow-release effect on DOX, offering
promising implications for controlled drug delivery strategies
in cancer therapy.
The excessive proliferation of tumor cells leads to a weakly

acidic microenvironment, which is a crucial factor influencing
the drug release of nanohybrids.51 To further examine the drug
release behavior, MAD was placed in PBS solutions with
varying pH values. The results revealed significant differences
in the drug release patterns of MAD under different pH
conditions. Specifically, at pH 5.0, MAD achieved a cumulative
drug release efficiency of 80% within a 48 h period. This
notable release profile could be attributed to the presence of a
responsive borate structure in MAD, facilitating pH-responsive
drug release (Figure 5C). Furthermore, studies have indicated
an abundance of ROS in the tumor microenvironment, which
can trigger the cleavage of the borate structure. The results
indicated that MAD could effectively release DOX in response
to varying concentrations of H2O2, with the cumulative drug
release efficiency reaching 78.5% at a concentration of 1.0 mM
H2O2 (Figure 5D). In conclusion, this controlled drug release
system leverages the responsiveness of the borate bond to
ensure that the drug is released entirely at the desired location
and optimal time, potentially enhancing therapeutic effects
while minimizing side effects. The ability to tune the release
rate based on environmental conditions makes this approach
highly desirable for targeted drug delivery.
3.3. In Vitro Cytocompatibility. The biocompatibility of

nanodrug carriers plays a pivotal role in their in vivo
application.52 In a previous report, the coculture of MSN
and MA with L929 cells revealed distinct green fluorescence
with minimal red fluorescence, indicating that MSN and MA
had a negligible effect on the growth of L929 cells (Figure 6A).
Moreover, when exposed to varying concentrations of MSN,
MA, and MAD, L929 cells maintained a survival rate exceeding
80% even at 400 μg/mL, indicating the substantial
biocompatibility of the nanomaterials. Notably, the survival

Figure 5. Drug loading and stimuli-responsive release properties. (A)
Drug encapsulation efficiency of MSN and MA. (B) DOX release
curves of free DOX and MAD in PBS buffer at pH 7.4 and 37 °C. (C)
DOX release curve from MAD at pH values of 5.0, 6.5, and 7.4. (D)
DOX release curve from MAD in different concentrations of H2O2 (0,
0.5, and 1.0 mM).

Figure 6. In vitro biocompatibility of MSN, MA, and MAD. (A) Live/dead staining images of L929 cells incubated with MSN and MA (200 μg/
mL). (B) Cell viability of L929 cells incubated with different concentrations of MSN, MA, and MAD. (±standard deviation, n = 3; * P < 0.05).
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rate of cells in the MA group was higher than that in the MSN
group at equivalent concentrations (Figure 6B). This finding
indicates that HA modification can enhance the biocompat-
ibility of MSN, thereby increasing its potential for biological
applications. Moreover, the results demonstrated that the
cytotoxic effect of MAD on A549 cells was significantly
superior to that on L929 cells at the same concentration. This
difference in efficacy can be ascribed to the presence of the
CD44 receptor and the overexpression of hyaluronidase in
A549 cells.53

3.4. In Vitro Cytotoxicity and Uptake of MAD. The MA
exhibited an effective loading and sustained release of DOX,
signifying its potential for targeted cancer therapy. The
cytotoxicity of MAD toward cancer cells was subsequently
evaluated. When the DOX concentration was below 1 μM, free
DOX exhibited slight cytotoxicity against cancer cells, with
more than 75% of the cells remaining viable. Notably, cancer
cell survival decreased to 52.8% in the presence of MAD,
indicating an enhanced cellular uptake efficiency. Furthermore,
as the DOX concentration increased, MAD exhibited markedly
superior cytotoxicity compared to that of the free DOX group.
The IC50 values of DOX and MAD were recorded at 2.48 and
1.12 μM, respectively (Figure 7B). We further evaluated the
therapeutic efficacy of nanoparticles by analyzing their uptake
in cancer cells, specifically observing the distribution of DOX
(indicated by red fluorescence) within the cells using confocal
laser scanning microscopy (Figure 7C). After treatment for 4
h, cells treated with MAD exhibited obvious red fluorescence,
while the control group showed minimal to no red
fluorescence, suggesting that MAD was rapidly taken up by
A549 cells. Moreover, after treatment for 24 h, the MAD group
exhibited more intense red fluorescence compared to the DOX
group, and the fluorescence intensity of MAD was 2.5 times
that of DOX (Figure S3). Free DOX primarily enters cells via
passive diffusion, a relatively limited mechanism of cellular
uptake, resulting in a weaker fluorescence intensity within 24 h.
Studies have shown that HA has a strong affinity for cancer
cells, thereby enhancing the uptake of MAD by these cells.
MSN as a traditional drug carrier in tumor treatment has
gained significant attention. Its unique properties and versatile
nature have made it an invaluable tool in the battle against
cancer. However, a major hurdle in its application has been the
issue of unstable drug release. In contrast, MA exhibits superior
tumor cell targeting capabilities along with enhanced drug
loading efficiency. Furthermore, MA possesses the capability to
release drugs specifically to eliminate tumor cells upon
stimulation from the tumor microenvironment. Hence, MAD
holds significant promise as a potential cancer treatment.

4. CONCLUSIONS
To enhance antitumor efficacy, a novel strategy was employed
to fabricate an MSN-based nanoplatform (MAD) with robust
stability and targeting capabilities. The MAD comprises four
components: CPBA-functionalized MSN, HA immobilized on
the MSN surface, a stimuli-responsive PBAE bond connecting
CPBA-MSN and HA, and the chemotherapeutic agent DOX.
The MAD demonstrated a high DOX encapsulation efficiency
of 75%. Dispersion and uptake tests revealed that HA
conferred favorable stability and enhanced interactions with
cancer cells. The DOX release profiles indicated that MAD was
sensitive to acidic conditions and ROS, enabling tumor-specific
drug release. Taken together, MAD exhibited safe and efficient

antitumor activity, presenting a promising approach for
targeted drug delivery.
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