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Abstract: Breast cancer is a common clinical malignant tumor that seriously threatens
women'’s physical and mental health. Chemotherapy, as the first choice of breast cancer
treatment, has limited its application in the clinic due to problems of poor stability, short
half-life, and serious toxic side effects. With the emergence of nanotechnology, inorganic
materials to prepare mesoporous silica nanoparticles (MSNs) have been widely used in
anti-tumor drug carriers. However, their slow degradation rate limits their application in
the biomedical field. Therefore, developing low-toxicity MSNs with good biocompatibility,
biodegradability, and rapid release at the tumor site is a key scientific issue to be addressed.
Here, we prepared DOX-loaded Ca-Mg-doped MSNs by electrostatic adsorption to obtain
Ca-Mg@DOX@MSNs with suitable particle sizes and zeta potential, and the incorporation
of calcium and magnesium also led to an increase in the degradation rate under acidic
conditions and an accelerated release, which reduced the toxicity of DOX and promoted
cellular uptake with good anti-tumor effects. This study provides a new idea for the clinical
treatment of breast cancer.

Keywords: Ca-Mg double-doped mesoporous silica; Doxorubicin; nanoparticles; breast cancer

1. Introduction

As a significant global public health problem, cancer is currently one of the diseases
with the highest morbidity and mortality rates in the world; it will be the most significant
obstacle to the growth of life expectancy of the world population in the 21st century [1-3].
According to the World Cancer Report, the annual number of new cancer cases worldwide
is expected to increase from 18 million in 2018 to 27 million in 2040, which is a 50% rise [4].
Among them, breast cancer is the most common clinical malignancy, which seriously
threatens women'’s physical and mental health. According to statistics, the incidence rate of
female breast cancer has now exceeded that of lung cancer, becoming the leading cause of
global cancer incidence in recent years, accounting for 11.7% of all global cancer cases and
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6.9% of total cancer deaths [1]. Current clinical treatments for breast cancer mainly include
surgery, radiotherapy, chemotherapy, endocrine therapy, molecular targeted therapy, and
immunotherapy [5-9]. Chemotherapy, as the first choice of treatment for breast cancer, has
been limited in clinical applications due to the disadvantages of poor stability, short half-life,
and the lack of tissue specificity of chemotherapeutic drugs [10,11]. In addition to this, it
has also been shown that chemotherapy can lead to complications, such as anthracycline-
induced cardiotoxicity [12]. The emergence of nanotechnology provides a powerful tool for
effective delivery, responsive release, and reductions in the toxicity of chemotherapeutic
drugs [13,14]. Among them, inorganic nanoparticles can be applied to the fields of catalysis
and environmental protection [15,16], in addition to their use as drug carriers to deliver
anti-tumor medications to the target site and achieve the controlled release of drugs in
response to specific internal stimuli in the tumor microenvironment [17-20].

Silica nanoparticles (SiO, NPs), the most prevalent inorganic nanoparticles, are widely
used in biomedical applications [21,22]. There are two main types of SiO, NPs: non-porous
and mesoporous silica nanoparticles (MSNs), in which the enormous specific surface area,
the ordered and tunable pore size, and the easily modifiable surface of MSNs [23] have led
to better applications in the field of anti-tumor drug carriers [24-28]. However, pure silica
degrades very slowly due to its stable network structure, which limits its biomedical appli-
cations [29,30]. Therefore, the preparation of degradable mesoporous silica drug carriers is
significant. In addition, the pores and surface of SiO, NPs contain silica hydroxyl (Si-OH)
groups that make their zeta potential very damaging, and positively charged drugs can be
readily adsorbed to the pores and surface of SiO, NPs by electrostatic solid interaction [31],
which also lays the foundation for the successful loading of Doxorubicin (DOX).

Recently, in order to overcome the incomplete drug release and toxic bioaccumulation
phenomenon of MSNs, researchers have proposed methodological strategies, such as re-
configuring silica nanoparticle structures by organic-inorganic hybridization and metal ion
doping [32], to improve the biodegradation properties of MSNs. Academician Shi Jianlin’s
group at the Shanghai Institute of Silicate Research prepared MSNs doped with manganese
ions and organic fragments by sol-gel and hydrothermal methods [33], respectively, suc-
cessfully achieved the rapid degradation of MSNs in the tumor microenvironment (TME),
and also significantly improved the therapeutic effect and the resolution of MRI-weighted
images. Aizheng Chen’s group at Huaqgiao University prepared copper and iron double-
doped MSNs by the solvothermal method [34], which achieved the specific biodegradation
of MSNs under microacidic conditions. The therapeutic effect of Cu and Fe double-doped
drug-carrying MSNs was also superior to that of other types of drug-carrying MSNs. In
addition, the intracellular reactive oxygen species level was increased by the Fenton-like
reaction catalyzed by Fe and Cu ions. The killing power of the tumor cells was significantly
improved with the help of photodynamic therapy, which further enhanced the tumor’s
therapeutic effect. However, this kind of metal-doped MSN will release many metal ions in
the body or the cells during descending explanatory drugs, and the released Mn, Cu, and
Fe will cause potential hazards to the human body at higher concentrations. Therefore, it is
essential to dope non-toxic and crucial elements in MSN carriers.

In addition, the insufficient intracellular drug release from nanoparticles reduces the
amount of anticancer drug that actually reaches the cancer cells, which not only hinders
the efficacy of cancer chemotherapy but also induces toxic side effects in vivo. Therefore,
the development of low-toxicity MSNs with good biocompatibility, biodegradability, and
rapid release at the tumor site is a critical scientific issue that needs to be solved [35].
Ca and Mg are essential minerals in the human body, playing crucial roles in various
physiological processes [33]. Ca is primarily involved in the formation and maintenance
of bones, nerve transmission, and muscle contraction. In contrast, Mg, as an important
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mineral, is widely involved in enzymatic reactions within the body, particularly in energy
metabolism, DNA synthesis, protein synthesis, and cellular function regulation. Mg
acts as a cofactor for numerous enzymes, regulating intracellular Ca concentrations and
supporting normal cellular metabolism and function. Compared with elemental Si, Ca?*
reacts more easily with Si-OH to form Si-O-Ca, obtaining the O-Ca bond, which is less
stable than the Si-O bond [36], while Mg?* replaces part of the Si in Si-O-Si to form Mg-O-Si.
The acid-responsive Mg-O bond obtained combines the advantages of both substances
and synergistically exerts an accelerated biodegradation effect on MSNs. The synergistic
effects of Ca and Mg not only optimize the performance of MSNs but also improve their
prospects in biomedical applications. By adjusting the ratio of these two elements, precise
material design can be achieved, facilitating accelerated biodegradation and enhancing
their application in the biomedical field.

Doxorubicin (DOX) belongs to the anthracycline glycoside class of drugs and is a
commonly used clinical cycle non-specific anti-tumor drug [37]. It kills tumor cells of
various growth cycles, but the obvious toxic side effects make its clinical application
severely limited. Therefore, in order to promote the further application of DOX in the
clinic, exploring a novel therapeutic strategy that can reduce the toxic side effects of
DOX [38] while preserving its tumor tissue-killing effect has become a hot issue in breast
cancer treatment.

Given this, in this study, DOX was used as a model drug. It was proposed that the
Ca-O and Mg-O bonds, which are unstable under acidic conditions, were formed in MSNs
by doping the essential Ca-Mg elements in MSNs (Scheme 1). It was proposed to increase
the biodegradation rate and drug release rate of MSNs under acidic conditions to make
the Ca-Mg-doped MSNs have a higher drug release and drug loading rate in the tumor
microenvironment and to promote the killing effect of DOX on tumor cells and exert the
excellent performance of reducing the toxicity of DOX at the same time.
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Scheme 1. Schematic illustration of Ca-Mg@DOX@MSNs preparation process.
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2. Results
2.1. Characterization of Ca-Mg@MSNs

The MSN subs were dispersed in different concentrations of CaCl, and MgCl, solu-
tions, keeping Ca?*:Mg?* = 1:1, and determined the particle size, the PDI, and potential.
The results are shown in Figure 1a. The particle sizes of Ca-Mg@MSNs in different concen-
trations of CaCl, and MgCl, solutions were around 200 nm and negatively charged, and
the PDI was more significant than 3%. The dispersion was reduced when the concentration
of CaCl, and MgCl, solutions was more significant than 5%. Therefore, the concentration
of CaCl, and MgCl, was determined to be 5%.

Ca-Mg@MSNs were prepared with a 5% CaCl, and MgCl, concentration. The mor-
phology of MSNs and Ca-Mg@MSNs was observed by scanning electron microscopy; from
the results, we can see that the MSNs are regularly spherical-shaped, while Ca-Mg@MSNs
are irregularly spherical, which is due to the fact that Mg?* and Ca?* can replace some of
the Si in Si-O-5i to form Si-O-M (M = calcium, magnesium), which leads to the morphology
change, while, at the same time, it also imparts Ca-Mg@MSN new properties [39,40].

The elemental EDX mapping of scanning electron microscopy was used to observe the
content and distribution of CaCl, and MgCl,. It can be seen from Figure 1d that Ca and Mg
elements are indeed present in the Ca-Mg@MSNs, which were successfully synthesized
with a uniform distribution of elements, with the content of Ca being 2.92% and that of Mg
being 1.19%.
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Figure 1. Preparation and characterization of Ca-Mg@MSNss: (a) Particle size, PDI, and potential
of MSNs with different CaCl, and MgCl, concentrations. (b) Appearance of MSNs with different
CaCl, and MgCl, concentrations. (c) Particle size, PDI, and morphology of MSNs and Ca-Mg@MSNSs.
(d) Elemental distribution of Ca-Mg@MSNss.

2.2. Characterization of DOX@MSNs and Ca-Mg@DOX@MSNs
2.2.1. Specific Surface Area and Pore Size Analysis (BET)

The specific surface area and the pore size distribution are determined by the BET
method and BJH model, respectively. The results are shown in Figure 2a. Both MSNs and
Ca-Mg@MSN s had typical type IV isotherms and H3 hysteresis lines, which prove that
both materials have the structural characteristics of mesoporous materials, the specific
surface areas of 159.07 m? /g and 32.09 m? /g, respectively, the mesoporous pore volumes of
0.85 cm?/g and 0.14 cm3/g, respectively, and average pore sizes of 23.85 nm and 29.73 nm.
In comparison, it can be seen that the BET surface area of Ca-Mg@MSNs decreased, and
the pore size increased, indicating that the Ca-Mg@MSNs samples have a complex porous
structure. The large size of the pores makes it suitable for high drug-loading efficiency,
which also lays a solid foundation for the further loading of DOX.
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Figure 2. Preparation and characterization of Ca-Mg@DOX@MSNs: (a) Results of the BET experi-
ment. (b) The particle size, PDI, potential, encapsulation efficiency (%), and loading capacity (%) of
DOX@MSNs and Ca-MgDOX@MSNs with different DOX concentrations. (c) The particle size, PDI,
and morphology of DOX@MSNs and Ca-MgDOX@MSNSs.

2.2.2. Determination of Particle Size, Potential, PDI, Drug Loading and
Encapsulation Efficiency

MSNs and Ca-Mg@MSNs with different concentrations of DOX were prepared.
DOX@MSNs and Ca-Mg@DOX@MSNSs had particle sizes of about 200-300 nm, which
were negatively charged, and the presence of the electrostatic repulsive force made the
prepared nanocarriers more stable and able to be stored for a longer time. It provides the
experimental basis for the subsequent in vivo and ex vivo experiments and the regular
use of each group of nanoparticles. The encapsulation efficiency was greater than 90%,
and the drug loading capacity was more significant than 5%. It lays the foundation for the
subsequent exertion of excellent anti-tumor effects (Figure 2b).

Observing the morphology of DOX@MSNs and Ca-Mg@DOX@MSNs by scanning
electron microscopy is one of the essential ways of characterization, which can present
the results intuitively, objectively, and realistically. From the results, we can see that the
distribution of the prepared groups of nanocarriers is uniform, the MSN sub is a regular
spherical shape, and the surface of the MSN sphere becomes non-smooth after adding
DOX, which proves that DOX is successfully loaded on the surface of MSNs (Figure 2c).

2.3. Release of Ca-Mg@DOX@MSNs
2.3.1. Calculated Results of Molecular Dynamic Simulations of Ca-Mg@DOX@MSNs

Molecular dynamic simulation can be used to study intermolecular interactions and
physicochemical properties on the atomic scale, which is of high significance as a guide in
the study of the structure and properties of novel mesoporous silica. In molecular dynamic
simulation, the magnitude of free energy can reflect the stability of molecules and the
strength of interactions under specific conditions. Specifically, the smaller the free energy,
the more stable the system is and the stronger the interactions; conversely, the larger the free
energy, the more unstable the system is and the weaker the interactions. From Figure 3a,
it can be seen that the free energy of the system becomes larger after doping calcium and
magnesium, and the free energy of the Ca,Mgr@MSNs group is the largest, which indicates
that the stability of the MSN system decreases after doping calcium and magnesium and
shows a trend of gradual decrease with the increase in theincrease of the amount of calcium
and magnesium doped, which also predicts that the doping of calcium and magnesium
can improve the degradation rate of MSNs to increase the release of the loaded drug. The
cumulative release rate will be examined subsequently to verify the simulation results.
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Figure 3. Release of Ca-Mg@DOX@MSNss: (a) Calculated results of molecular dynamic simulations
of Ca-Mg@DOX@MSNSs. (b) Cumulative release of Ca-Mg@DOX@MSNS.

2.3.2. Cumulative Release of Ca-Mg@DOX@MSNs

The drug’s ability in the nanoparticles to be released sustainably is a critical factor
in achieving therapeutic effects. In this experiment, the in vitro release was investigated
using the positive dynamic dialysis method. The results are shown in Figure 3b; free DOX
could be rapidly released in 10 h under different pH conditions, while the release rate of the
Ca-Mg@DOX@MSN:Ss is higher than that of DOX@MSN under both pH 7.4 and pH 6.3. This
result is consistent with molecular dynamic simulations, as calcium and magnesium doping
decreases the stability of the MSN system, which in turn accelerates the rate of drug release.
We also found that Ca-Mg@DOX@MSNs were relatively stable in the PBS solution at pH 7.4,
with less than 50% release in 48 h, while the release rate was significantly increased to
92.73 £ 0.76% under acidic conditions at pH 6.3. This result also indicates that the prepared
nanoparticles release better in the tumor environment than in normal tissues, which can
exert a better anti-tumor effect. The results of fitting the cumulative release and time
(Tables 1 and 2) showed that MSNs, DOX@MSNSs, and Ca-Mg@DOX@MSNs conformed
to the first-order kinetic model, Weibull’s distribution function, and Higuchi’s model,
respectively, at pH 7.4, and MSNs conformed to the Higuchi’s model at pH 6.3. In contrast,
DOX@MSNs conformed to Higuchi’s model, and DOX@MSNs were more consistent with
the mono-exponential and first-order kinetic models. In comparison, Ca-Mg@DOX@MSNs
were more consistent with the first-order kinetic model.
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Table 1. Dissolution curve fitting of DOX@MSNs and Ca-Mg@DOX@MSNSs in pH 7.4.

Ca-Mg
Model DOX r DOX@MSNs r @DOX@MSN's r
. . Ig(yeo —y) =Igyoo — Ig(yeo —y) =lgyoo — Ig(yco —y) =Igyoo +
Single index model 0.195t/2.303 0.976 0.007t/2.303 0.848 0.007t/2.303 0.683
Zero-order kinetic Q =7.3056t + 28.983 0.993 Q =0.523t + 18.896 0.825 Q = 0.5902t + 20.293 0.795
. - In(1 — Q) = —0.195t — In(1 — Q) = —0.0072t — In(1 — Q) = —0.0083t —
First-order kinetics 0.2463 0.976 02112 0.848 0.2305 0.819
Ritger-Peppas Moo /Mt = 0.415t0-312 0.965 Moo /Mt = 0.157t0-2392 0.844 Moo /Mt = 0.171t0-2642 0.952
Weibull distribution In(1/(1 - Q) =0336llnt+ oo In(1/(1-Q)=00757Int+ (o0 In(1/(1-~Q)=00834Int+
function 0.6602 . 0.1731 . 0.2106 :
Higuchi Q =1.366t1/2 0.966 Q=1.270t1/2 0.844 Q=1.302t1/2 0.985
Table 2. Dissolution curve fitting of DOX@MSNs and Ca-Mg@DOX@MSNs in pH 6.3.
Ca-Mg
Model DOX r DOX@MSNs r @DOX@MSNs r
. . lg(yoo —y) =1gyoco — lg(yoo —y) =1gyoco — lg(yoo — y) =lgyoo +
Single index model 0.206t/2.303 0.968 0.022t/2.303 0.991 0.010t/2.303 0.768
Zero-order kinetic Q = 6.2226t + 44.642 0.932 Q=1.2312t + 16.032 0.973 Q = 1.715t + 24.906 0.918
. - In(1 — Q) = —0.2066t — In(1 — Q) = —0.0222t — In(11 — Q) = —0.0512t —
First-order kinetics 0.5414 0.968 0.1499 0.991 0.2081 0.989
Ritger-Peppas Moo /Mt = 0.535t0-2684 0.99 Moo /Mt = 0.140t0-3691 0.906 Moo /Mt = 0.217t0-3745 0.974
Weibull distribution In(1/(1 — Q)) = 0.4169Int + In(1/(1 — Q)) = 0.185Int + In(1/(1 — Q)) = 0.364Int +
function 0.957 0.966 0.1078 0.845 0.2856 0.837
Higuchi Q=1.308t/2 0.991 Q=1411t1/2 0.985 Q =1.454t1/2 0.975

2.4. Safety Evaluation of Ca-Mg@DOX@MSNs

Nanoparticles have the danger of hemolysis, platelet aggregation, or blood coagulation;
hemolysis experiments of medical materials, cytotoxicity of the antecedent experiments,
and the necessary characterization of blood-contacting materials in the biocompatibility
characterization of this piece have a unique and vital position. The results of hemolysis
experiments showed that free DOX (30 pg/mL) had a hemolytic effect, and the hemolysis
of MSNs, Ca-Mg@MSNs, DOX@MSNs, and Ca-Mg@DOX@MSNSs was less than 5%, which
proved that MSNss could be used as a carrier for medical purposes. It could also reduce the
hemolysis of DOX. It provides an experimental basis for its further application (Figure 4).

14 - [l pox B visns [ pox@msns

Bl c:—Me@msNs [ ] ca-Mg@DOX@MSNs

M O O @6 6 06 O

) () (10) (A1) (12) (13) (14) (15) (16) (17) (18)

Hemolysis percent (%)

Concentration (ng/mL)

Figure 4. Safety evaluation of Ca-Mg@DOX@MSNS.
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2.5. Uptake and In Vitro Anti-Tumor Activity of Ca-Mg@DOX@MSNs
2.5.1. Cellular Uptake of Ca-Mg@DOX@MSNs

FCM measured the uptake of DOX@MSNs and Ca-Mg@DOX@MSNSs by 4T1 cells. The
uptake of DOX@MSNs and Ca-Mg@DOX@MSNs by 4T1 cells was significantly increased
when compared with free DOX, indicating that the prepared nanoparticles can be taken
up well by the tumor cells, thus exerting an excellent anti-tumor effect. The prolonged
incubation time did not significantly enhance the uptake effect, indicating that the 4T1
cells were able to uptake the DOX@MSNs and Ca-Mg@DOX@MSNs well within a short
period (Figure 5a). This result further demonstrates that the prepared DOX@MSNs and
Ca-Mg@DOX@MSNSs can accumulate in the tumor cells and thus kill the tumor cells to
exert excellent anti-tumor effects.

2.5.2. Cellular Toxicity of Ca-Mg@DOX@MSNs

DOXis currently a commonly used drug in breast cancer treatment in clinical practice.
As DOX can quickly enter the tumor cells through the cell membranes and act on DNA, it
has anti-tumor solid pharmacological activity. As a broad-spectrum anti-tumor drug, it has
an inhibitory effect on various tumor cells. However, while killing tumor cells, DOX also
produces toxic side effects such as myelosuppression, cardiotoxicity, and liver and kidney
functions, which severely limits the clinical application of the drug [41]. Loading DOX with
nanocarriers can avoid these drawbacks; to explore this role of the prepared nanocarriers,
the toxicity of DOX@MSNs and Ca-Mg@DOX@MSNs on 4T1 cells was determined by
the CCK-8 method in this paper. The results at both 24 h and 48 h showed that, with
the increasing concentration of the administered drug, the toxicity of DOX, DOX@MSNSs,
and Ca-Mg @DOX@MSN s significantly enhanced the killing ability of 4T1 cells. Still, the
toxicity of DOX@MSNs and Ca-Mg@DOX@MSNs was slightly weaker than that of DOX,
which may be attributed to the fact that calcium and magnesium, as trace elements, have
the effect of reducing the toxicity of DOX and the property of slightly mitigating the toxicity
of DOX, which makes the prepared DOX@MSNs and Ca-Mg@DOX@MSNs reduce the
chemotherapeutic toxicity of DOX while exerting anti-tumor effects (Figure 5b).

a
W ctr W ctr
I pox I pox
DOX@MSNs DOX@MSNs
- B Ca-Mg@MSNs@DOX - B Ca-Mg@MSNs@DOX
Im i
4 /N
b ., 24h 48h
I pox 120 I pox
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= Il Ca-Mg@DOX@MSNs [ 1 Il Ca-Mg@DOX@MSNs
S 8
2801 Z80
g £
60 S 604
= =
- -
#40- &40
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04

0 039 078 156 3.13 625 125 25 0 039 078 156 3.13 6.25 125 25
Concentration (ug-mlI™") Concentration (ug-ml™")

Figure 5. Cont.
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Figure 5. Uptake and in vitro anti-tumor activity of Ca-Mg@DOX@MSNs: (a) Results of uptake
experiments. (b) CCK-8 assay to determine the effects on 4T1 cells. (c) Results of live and dead
cell staining.

2.5.3. Living/Dead Cell Staining of Ca-Mg@DOX@MSNs

The effects of DOX@MSNs and Ca-Mg@DOX@MSNSs on 4T1 cells were observed by
the laser confocal staining of live and dead cells. Calcein-AM can pass through the intact cell
membrane and embed in the nuclei of all cells (live and dead), showing green fluorescence.
PI can only pass through the incomplete cell membrane of the dead cells and be embedded
in the nuclei of all dead cells. The nuclei of all dead cells show red fluorescence. From the
experimental results, we can see that the red fluorescence in the nuclei of 4T1 cells after
the action of DOX@MSNs and Ca-Mg@DOX@MSNs was significantly higher than that of
MSNs and Ca-Mg@MSN groups, which indicated that the dead cells were increased by
loading DOX. The results were in agreement with the results of CCK-8 (Figure 5c).
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3. Discussion

As an emerging nanocarrier, the MSN has potential applications in tumor-targeted
drug delivery systems [42-47]. However, the poor biodegradability of MSNs severely
hinders its practical biological applications [48,49]. The biodegradation process of conven-
tional MSNis takes days [50] and weeks for excretion from the body [51]. Many studies
have shown that poor biodegradability can lead to severe particle bioaccumulation, which
may cause [52,53] a range of biosafety issues. Therefore, improving the biodegradability of
MSN:s is crucial to facilitate their in vivo studies and clinical applications.

Metal ion doping has been reported as an effective strategy to promote MSN biodegra-
dation in the tumor microenvironment. Doping metal ions, such as Mn and Fe, into the
silica skeleton to form Si-O-M (M = Mn, Fe, etc.) significantly improved the biodegradabil-
ity because the M-O bond is more fragile than the 5i-O bond in an acidic environment [54].
However, large amounts of Mn, Fe, etc., can harm the human body. Calcium, an essential
nutrient element, is commonly used to improve the biodegradability of MSNs compared to
other metallic elements by doping into a silica matrix without toxicity. Zhang et al. [55]
synthesized MSN/HAP hybrid nanoparticles with good acid-responsive properties by
adding calcium salts (CaCly) and NayHPO4-12 H,O to the reaction system to make them
biodegradable. Similarly, Hu et al. [56] successfully prepared mesoporous silica-calcium
phosphate (MS-CAP) hybrid nanoparticles by employing CaCl, as a Ca?* source, which
reacts more readily with Si-OH to form Si-O-Ca than elemental Si. In addition, by TEM ob-
servation and ICP-OES analysis, we found that the MS-CAP particles have good stability in
neutral and weakly acidic environments (pH 7.4 and pH 6.5). However, in a strongly acidic
environment (pH 4.5), the MS-CAP particles were almost completely degraded within
24 h. The MS-CAP particles were also stable in the neutral and weakly acidic environment
(pH 7.4 and pH 6.5). In addition, as an essential element, Mg has been used to enhance
the biodegradability of MSNs. Yu et al. [40] prepared a pH-responsive biodegradable
Mg-doped MSN by the dissolution-re-growth method, in which Mg?*could replace some
of the Si in the Si-O-Si to form Mg-O-Si. The Mg-O bond obtained was acid-responsive to
fracture, which helped to accelerate the silica particles for biodegradation.

However, most MSNs are doped with only one substance and usually need to exhibit
satisfactory biodegradation efficiency. Therefore, multi-substance-doped mesoporous silica
with better biodegradability is essential. In this paper, we simultaneously doped two
substances, Ca and Mg, into the MSN. The cumulative release of Ca-Mg@DOX@MSNs
for 48 h was as high as 92.73 &+ 0.76%, which demonstrated that the simultaneous doping
of Ca and Mg could significantly enhance the biodegradability of MSNs and thus could
exert an excellent anti-tumor effect. The mechanism may be that pure silica materials are
composed of tetrahedra with bridging oxygens with a stable Si-O-5i network structure. For
Ca- and Mg-doped mesoporous silica, the presence of Ca and Mg in the silica network
structure introduces non-bridging oxygen, resulting in relatively weak Si-O-M (M = Ca,
Mg) connections. Therefore, the presence of non-bridging oxygen MS-Ca and MS-Mg in
the silica network accelerates the hydrolysis of silica. In addition, the amorphous structure
formed by Ca and Mg doping is also believed to favor its degradation [55,57].

Meanwhile, from the cytotoxicity experiments, it can be seen that the doping of Ca and
Mg as trace elements into MSNs makes the nanoparticles show the utility of reducing DOX
toxicity while killing the tumor cells. This result indicates that the prepared nanoparticles
are expected to reduce the toxic side effects of DOX and provide a new idea for the further
application of DOX, a broad-spectrum anti-tumor drug, in the clinic.

In summary, the prepared Ca-Mg double-doped MSNs not only significantly enhanced
the biodegradation rate of MSNs under acidic conditions, providing a feasible solution
to the drawbacks of MSNss in clinical applications at this stage but also showed, due to
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Ca-Mg doping of the essential human element, a reduction in DOX toxicity. This surprising
discovery provides a basis for the in-depth study of DOX in the clinic, which is expected to
be a new strategy for tumor therapy.

4. Materials and Methods
4.1. Materials

The following materials were used: adriamycin hydrochloride (Shanghai McLean
Biochemical Technology Co., Ltd., Shanghai, China); tetraethyl silicate-TEOS (Shanghai
McLean Biochemical Technology Co., Ltd.); anhydrous ethanol (Tianjin Zhiyuan Chemical
Reagent Co., Ltd., Tianjin, China); calcium chloride (Tianjin Xinbute Chemical Co., Ltd.,
Tianjin, China); magnesium chloride (Tianjin Zhiyuan Chemical Reagent Co., Ltd.); CCK8
(Omer Biotechnology (Shanghai) Co., Ltd., Shanghai, China); live dead cell staining kit
(Beijing Solebo Technology Co., Ltd., Beijing, China); and 4T1 cells (Procell Life Science &
Technology Co., Ltd, Wuhan, China).

4.2. Preparation of MSNs and Ca-Mg@MSN5s
4.2.1. MSNs

After mixing 20 mL of concentrated ammonia and 200 mL of ethanol and heating the
water bath to a temperature of 35 °C, 10 mL of TEOS and 100 mL of ethanol were mixed
well, and 3/4 of the TEOS ethanol solution was added dropwise to the ammonia—ethanol
mixture. The mixture was stirred vigorously in a magnetic stirrer (85-2 temperature-
controlled magnetic stirrer, Jintan Medical Instrument Factory) for 30 min; the remaining
1/4 of the TEOS solution was added dropwise, and the reaction was carried out at a
temperature of 60 °C for 2 h. After cooling the system to room temperature, it was left
to age for 3 h. The mixture was poured into a treated dialysis bag with a cut-off relative
molecular mass of 8000~14,000 kDa, and the bag was submerged. The dialysis bag was
immersed in deionized water for 3 d, changing the water every 6 h. After dialysis, the bag
was freeze-dried and stored at —20 °C [58,59].

4.2.2. Ca-Mg@MSNs

After mixing 20 mL of concentrated ammonia and 200 mL of ethanol and heating the
water bath to a temperature of 35 °C, a certain amount of CaCl, and MgCl, (specifically,
the dosage forms were prepared under Ca?*:Mg?* = 1:1 conditions with 1.25%, 2.5%, and
5% CaCl, and MgCl, concentration gradients, respectively), 10 mL of TEOS, and 100 mL
of ethanol were mixed homogeneously, and 3/4 of the TEOS ethanol solution was taken
and added dropwise to the ammonia—ethanol mixed solution. Stir vigorously for 30 min;
add the remaining 1/4 of TEOS solution dropwise; and react for 2 h at a temperature of
60 °C. After the system was cooled down to room temperature and left to age for 3 h, the
mixture was poured into a treated dialysis bag with a cut-off relative molecular mass of
8000-14,000 kDa. The bag was submerged in deionized water for dialysis for 3 d. During
this period, the water was changed every 6 h, and, after the end of dialysis, the resulting
samples were freeze-dried and stored at —20 °C [55].

4.3. Characterization of MSNs and Ca-Mg@MSNs
4.3.1. Particle Size, Potential, and Morphology

A certain amount of MSNs and Ca-Mg@MSNs was taken in a specific volume of
deionized water. Ultrasonic oscillation (KQ5200DE, CNC ultrasonic cleaner, Jiangsu, China)
was used to disperse the nanoparticles nicely. The particle size was determined by using a
laser particle size analyzer (Nano-2590, Malvern Laser Particle Sizing, Malvern, UK), and
the potential and PDI were determined using a laser particle size analyzer (Nano-2590,
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Malvern Laser Particle Sizing, Malvern, UK) [60]. After coating the MSNs at an accelerating
voltage of 5.0 kV, their morphology and dimensions were analyzed by scanning electron
microscopy [57].

4.3.2. EDX Mapping Analysis

A certain amount of Ca-Mg@MSNs was placed on the scanning electron microscope
(JSM-7610FPlus, thermal field emission scanning electron microscope, Tokyo, Japan), and
nanoparticles were irradiated by X-rays. The element’s intra-atomic shell electrons were
excited, produced shell electron leaps, and emitted the element’s characteristics of X-rays.
Through the detector to measure the wavelength of the characteristic X-rays of the element
(energy) of the intensity of the concentration of the ratio of the relationship between
the wavelength of the X-rays, it will be able to carry out a quantitative analysis of the
wavelength dispersive X-ray fluorescence spectrometry.

4.4. Preparation of DOX@MSNs and Ca-Mg@DOX@MSNs

The DOX was adsorbed on the surfaces of MSNs and Ca-Mg@MSNs by non-covalent
bonding. MSNs and Ca-Mg@MSNs were dispersed in the DOX aqueous solution with
concentrations of 250, 500, and 750 ug/mL, respectively, and, after standing for 30 min, the
probes were ultrasonicated for 5 min, which led to the preparation of DOX@MSNs and
Ca-Mg@DOX@MSNSs [61].

4.5. Characterization of DOX@MSNs and Ca-Mg@DOX@MSNs
4.5.1. Specific Surface Area and Pore Size Analysis (BET)

N, adsorption-desorption isotherms were carried out on a Micromeritics ASAP2460
analyzer (ASAP 2460, Micromeritics Instrument Corporation, Norfolk, USA) at 77.3 K
under continuous adsorption conditions. The samples were processed under vacuum at
200 °C for 4 h prior to nitrogen adsorption. The specific surface area was calculated from
the adsorption and desorption isotherms of the samples according to the BET formula, and
the pore size distribution was calculated using the BJH equivalent cylindrical model.

4.5.2. Particle Size, Potential, Morphology, Loading, and Encapsulation Efficiency of
DOX@MSNs and Ca-Mg@DOX@MSNs

A certain amount of DOX@MSNs and Ca-Mg@DOX@MSNSs were taken in a specific
volume of deionized water. Ultrasonic oscillation was used to make the nanoparticles
fully dispersed, and a laser particle size analyzer was used to determine the particle size,
potential, and PDI [62]. After coating the MSNs at an accelerating voltage of 5.0 kV, their
morphology and dimensions were analyzed by scanning electron microscopy:.

Take a certain amount of the ultrafiltered off DOX small molecule solution, measure the
absorbance with the UV2550 UV-visible spectrophotometer (Shanghai Optical Instrument
Factory Co., Ltd., Shanghai, China), calculate the drug concentration by substituting
into the standard curve equation, and calculate the encapsulation efficiency according to
Equation (1). Weigh the same volume of DOX@MSNs and Ca-Mg@DOX@MSN:s, freeze
dry, and then calculate the drug loading efficiency according to Equation (2):

Amountofdrugina definite

) . massofthepreparedparticle (mg)
Encapsulationefficiency (%) = % 100% (1)
Theoreticalamountof

druginthesamemass (mg)



Inorganics 2025, 13, 12

15 of 20

Amountofdrugina definite
massofthepreparedparticle (mg)

Loadingefficiency (%) = x 100% ()

Totalmassoftheparticles (mg)
4.6. Release of Ca-Mg@DOX@MSNs
4.6.1. Calculated Results of Molecular Dynamic Simulations of Ca-Mg@DOX@MSNs

We have employed molecular dynamic computer simulations to investigate the struc-
ture and properties of Ca-Mg-doped MSNs. All calculations were carried out using the
pseudopotential plane wave method based on first principles, performed by the CASTEP
software package (V23.1.1) [63], and their surface charges were calculated using density-
functional theory (DFT) [64].

4.6.2. Cumulative Release of Ca-Mg@DOX@MSNs

A total of 2 mL of DOX@MSNs, Ca-Mg@DOX@MSNSs, and the DOX solution (the
amount of DOX was 250 ug/mL) were taken in a dialysis bag (molecular weight cut-
off 3500), clamped at both ends, and then placed in the dissolution medium containing
200 mL of isotonic PBS. The temperature was kept at (37 £ 0.5) °C, and the rate was
500 r/min (ZWYR-D2402 Zhicheng constant temperature culture oscillator, Shanghai
Zhicheng Analytical Instrument Manufacturing Co., Shanghai, China). Samples of 2 mL
were taken at 10 min, 20 min, 30 min, 1.0 h, 2.0 h,3.0h, 4.0 h, 6.0 h, 8.0 h, 24 h, and 48 h
(immediately supplemented with isotonic PBS at the same temperature and same volume).
The drug concentration was determined using a UV-visible spectrophotometer at 488 nm,
and the cumulative release rate was calculated and fitted to cumulative releases and time.
The test was repeated three times to obtain the mean value [65,66].

4.7. Safety Evaluation of Ca-Mg@DOX@MSNs
Hemolysis Experiment of Ca-Mg@DOX@MSNs

Using saline as the negative control and distilled water as the positive control, dilute
10 mL each of MSNs, DOX@MSNs, Ca-Mg@MSNs, Ca-Mg@DOX@MSNSs, and DOX (DOX
concentrations of 30 ug/mL, 15 pg/mL, and 7.5 pg/mL) with saline and incubate for
30 min in a 37 °C water bath, adding freshly diluted anticoagulated blood of 0.2 mL, mixing
them evenly. After homogenization, incubate at 37 °C for 60 min, centrifuge at 3000 r/min
for 10 min, take the supernatant, and measure the OD value at 545 nm, three times in
parallel, for the evaluation of hemolysis efficiency according to Equation (3).

- ODSample - ODNegative

Hemolysisefficiency (%) = ODpesiie — Do x 100% (3)
osiuve egatve

The OD value of the negative control group is less than 0.03, and that of the positive
control group is 0.8 £ 0.3. If the hemolysis efficiency of the material is less than 5%, it
conforms to the requirements of the hemolysis experiment of medical materials; if the
hemolysis efficiency is more than 5%, it fails to conform to the requirements.

4.8. Uptake and In Vitro Anti-Tumor Activity of Ca-Mg@DOX@MSNs
4.8.1. Cellular Uptake of Ca-Mg@DOX@MSNs

4T1 cells were inoculated into six-well plates (5 x 10°/well) and incubated overnight
at 37 °C, 5% CO;, and suitable humidity. DOX, DOX@MSNSs, and Ca-Mg@DOX@MSNs
(DOX content 1 ug/mL) were added, respectively, along with a blank control, and, after 2 h
and 24 h of action, the cells were washed three times with PBS, digested, centrifuged at
1000 r/min, and resuspended with PBS. Sieving was performed, flow cytometry (LSR-II,
BD, USA) was performed, and FlowJo analyzed the data [67].
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4.8.2. Cellular Toxicity of Ca-Mg@DOX@MSNs

4T1 cells were cultured in DMEM medium with 10% FBS and 1% antibiotics (100 U/mL
of penicillin and 100 pg/mL of streptomycin). After the cells grow to the logarithmic growth
phase, inoculate into 96-well culture plates (5000/well) and incubate overnight at 37 °C, 5%
CO,, and suitable humidity. After adding DOX@MSNs and Ca-Mg@DOX@MSNs (DOX
concentrations of 0, 3.12, 5.25, 12.50, 25.00, and 50.00 pg/mL), respectively, along with
a blank control and negative control, with five replicate wells in each group, and after
24 h and 48 h of action, add 20 pL of the CCK-8 solution (5 mg/mL) and incubate for 2 h.
Absorbance was measured at 450 nm by an enzyme labeling instrument (Multiskan FC,
Enzyme-Linked Immunosorbent Assay Analyzer, Waltham, US.), and the cell survival rate
was calculated according to Equation (4) [68]:

_ Experimentalgroup — Blankcontrol

11 ival %) = 100% 4
Cellsurvivalrate(%) Negativecontrol — Blankcontrol x 100% @

4.8.3. Living/Dead Cell Staining of Ca-Mg@DOX@MSNs

The 4T1 cells were inoculated onto confocal culture dishes (5000/well) and incubated
overnight at 37 °C, 5% CO;, and suitable humidity. DOX@MSNs and Ca-Mg@DOX@MSNs
(DOX concentration of 1 ug/mL) were added. At the same time, a blank control was set
up, and, after 24 h of action, the cells were washed three times with PBS and added 100 pL
of a 2 uM Calcein-AM working solution and a 4.5 uM PI working solution to each well.
The cells were incubated for 30 min, and the cells were washed three times with PBS. The
100 uL PBS in LSCM (Nanjing Hengiao Instrument Co., Ltd., Nanjing, China) observed cell
status [69].

5. Conclusions

In this study, Ca-Mg-doped MSNs were prepared, significantly increasing their
biodegradation rate because Ca-O and Mg-O bonds are more fragile than Si-O bonds
in an acidic environment. The MSNs and DOX@MSNs were successfully synthesized with
a particle size of approximately 200-300 nm and exhibited a negative charge. Both MSNs
and DOX@MSNSs exhibited a regular spherical morphology, whereas the Ca and Mg-doped
nanoparticles displayed an irregular spherical shape. Elemental mapping revealed that
the Ca and Mg contents were 2.92% and 1.19%, respectively. The DOX@MSNs and Ca-
Mg@DOX@MSNSs were also successfully prepared, with a particle size ranging from 300 to
400 nm and a negative charge. The encapsulation efficiency was approximately 90%, and
the drug loading efficiency was around 10%. Notably, these nanoparticles demonstrated a
slower drug release compared to free DOX in solution. The release of Ca-Mg@DOX@MSNs
was notably accelerated under acidic conditions. All samples exhibited a hemolysis rate of
less than 5%. Cellular toxicity assays revealed that DOX@MSNs and Ca-Mg@DOX@MSNs
exhibited lower toxicity compared to free DOX. Similar results were observed in live/dead
cell staining experiments. Furthermore, cellular uptake studies indicated that DOX@MSNs
were taken up more efficiently than Ca-Mg@DOX@MSNs and free DOX. In conclusion,
this study provides new insights into the treatment of breast cancer by selecting essential
and non-toxic elements to optimize the properties of MSN materials, which significantly
increased drug release and reduced chemotherapeutic drug toxicity.

It is important to acknowledge that, while this study offers promising insights into
breast cancer treatment, there are several limitations that require further attention in future
research. First, although this study highlights that DOX@MSNs and Ca-Mg@DOX@MSNs
can effectively reduce the toxicity of DOX and exhibit anti-tumor effects, the experiments
were primarily conducted in vitro using 4T1 cell lines. This study did not include other
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tumor cell lines or clinical samples, which limits the broader applicability of these findings.
Tumor types and individual patient variability may result in differences in the performance
of these materials. Therefore, expanding research to include various tumor models and
preclinical animal experiments is crucial to better assess the clinical translational potential
of these materials. Moreover, the preparation method for calcium and magnesium-doped
MSN materials used in this study has not been validated in vivo. While the method has
shown some success in vitro, its reproducibility and scalability have not been fully con-
firmed. Although relevant preparation techniques are available in the literature, industrial-
scale applications may face challenges such as high production costs and potential material
instability. Hence, future research should focus on developing methods for controllable
synthesis, large-scale production, cost reduction, and ensuring the long-term stability of
these materials.
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