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Abstract: Alendronate (ALN) is the most commonly prescribed oral nitrogen-containing bisphos-
phonate for osteoporosis therapy. However, its administration is associated with serious side effects.
Therefore, the drug delivery systems (DDS) enabling local administration and localized action of
that drug are still of great importance. Herein, a novel multifunctional DDS system based on the
hydroxyapatite-decorated mesoporous silica particles (MSP-NH2-HAp-ALN) embedded into col-
lagen/chitosan/chondroitin sulfate hydrogel for simultaneous osteoporosis treatment and bone
regeneration is proposed. In such a system, the hydrogel serves as a carrier for the controlled delivery
of ALN at the site of implantation, thus limiting potential adverse effects. The involvement of
MSP-NH2-HAp-ALN in the crosslinking process was established, as well as the ability of hybrids
to be used as injectable systems. We have shown that the attachment of MSP-NH2-HAp-ALN to
the polymeric matrix provides a prolonged ALN release (up to 20 days) and minimizes the initial
burst effect. It was revealed that obtained composites are effective osteoconductive materials capable
of supporting the osteoblast-like cell (MG-63) functions and inhibiting osteoclast-like cell (J7741.A)
proliferation in vitro. The purposely selected biomimetic composition of these materials (biopoly-
mer hydrogel enriched with the mineral phase) allows their biointegration (in vitro study in the
simulated body fluid) and delivers the desired physicochemical features (mechanical, wettability,
swellability). Furthermore, the antibacterial activity of the composites in in vitro experiments was
also demonstrated.

Keywords: multifunctional composites; biopolymers; mesoporous silica particles; hydrogels; alendronate;
drug delivery systems; osteoporosis

1. Introduction

Osteoporosis is considered as one of the most progressive, systemic, and metabolic
diseases affecting bone tissue [1]. It can occur not only due to the genetic predisposition,
but also as the effect of metabolic, immunological and hormonal disbalances. Osteoporosis
is manifested by reduced bone mass and microarchitectural deterioration as a result of
the decoupling of the resorption and bone formation processes [2]. Disturbed skeletal
homeostasis can enhance predisposition to osteoporotic-based bone fractures, which can
occur even after small traumas, and further decrease the quality of life of patients. Ac-
cording to the World Health Organization (WHO), accelerated bone loss, especially in
older people, makes osteoporosis a serious public health problem [3]. Statistics indicate
that one in three women and at least one in six men will suffer from osteoporosis-like
fractures in their lifetime. Moreover, reports show that over 23 million people in the EU
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are at high risk of developing osteoporosis, making this disease a major socio-economic
problem. Treatment/rehabilitation of millions of osteoporotic breakages costs European
healthcare systems more than EUR€ 56 billion per year (data for 2019) [4].

Alendronate (ALN), a nitrogen-containing bisphosphonate, is the leading drug in the
treatment of osteoporosis. ALN acts by inhibiting farnesyl pyrophosphate (FPP) synthase,
the main enzyme of the mevalonate pathway, thereby interfering with osteoclast activ-
ity, including migration, attachment, and resorption, leading to cell death by apoptosis.
Unfortunately, being a BCS III drug (high solubility and low permeability due to a polar
hydrophilic nature), ALN is characterized by limited oral absorption and bioavailability
(0.9–1.8%) [5]. Thus, the high oral doses that need to be taken may cause a range of adverse
effects, including upper gastrointestinal tract irritation (indigestion, esophagitis, vomiting,
nausea, abdominal pain), as well as severe musculoskeletal pain and cardiovascular risk [6].
Additionally, the specific method of drug administration could be seen as another disad-
vantage associated with oral delivery. In order to avoid a further decrease in absorption
and bioavailability, patients are advised to take ALN 30–60 min before the first meal, and
if they want to ingest a meal with divalent metal ions, the time is even longer—up to
2 h [7]. Additionally, to limit irritation of the esophagus, a standing position should be
maintained after 30 min of drug administration. Effectiveness in hip, forearm, and spine
fracture prevention was described; however, osteonecrosis of the jaws (BRONJ) could be
developed as an undesirable side effect [8,9]. ALN administered intravenously also caused
serious side effects including fever, flu symptoms, electrolyte imbalance, as well as the risk
of nephrotoxicity [10]. Moreover, the changes in bone mineral density (BMD) and vertebral
fracture prevention were not superior [11].

Therefore, the approach based on the delivery of ALN specifically to the diseased
bone tissue seems to be an extremely promising solution. Combining alendronate with
nano/micro materials and developing bone-specific drug delivery systems (DDS) can
not only eliminate side effects but also improve the overall effect of therapy. Various
types of DDS for alendronate delivery have been presented in the literature [12]. Among
them, nano/microformulations [13], polymer conjugates/composites, calcium phosphate
ceramics-based materials [14], hydrogel [3], scaffolds [15], coated-like structures, as well
as organic-inorganic hybrids have been developed. It was reported that ALN, while
encapsulated, is easily lost in the aqueous phase and uncontrollably diffused out from the
carrier. An interesting alternative are the injectable hydrogel-based DDS, enabling non-
invasive placement at the implantation site. However intrinsic permeability and limited
interactions between low-molecular weight drugs and the polymeric matrix make it difficult
to ensure sustained delivery and avoid a burst release. To minimize these limitations,
the hydrogels are reinforced with different nano/microparticles and hybrid systems for
controlled ALN delivery are fabricated [16,17]. In our previous work, a hybrid-based
system with silica particles decorated with HAp and with alendronate attached utilizing
ALN-HAp affinity was presented [18]. The physicochemical investigations demonstrated
the conjugation of alendronate to bioactive silica-hydroxyapatite particles; however, the
weight content of the anchored ALN was only about 3.3%.

Herein mesoporous silica particles (MSP) are proposed as a more effective delivery sys-
tem with excellent features such as a high loading capacity, surface modification possibility,
as well as biocompatibility [19]. On the other hand, the high porosity lowers the mechanical
properties of a carrier and may contribute to an initial burst or premature release, leading
to supraphysiological levels of a drug. In addition, pristine MSP will not ensure the local
delivery of the drug. To overcome these limitations, the novel methodology based on
the carriers in the form of mesoporous silica particles functionalized with amino groups,
decorated with hydroxyapatite and loaded with alendronate (MSP-NH2-HAp-ALN), in
conjunction with hydrogel-based biomaterials, is proposed within this work. To the best
of our knowledge, this approach has not been presented so far. One can assume that such
designed materials will serve as an injectable system for the non-invasive delivery of ALN,
ensuring satisfactory encapsulation efficiency, localization at the implantation site, and thus
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limiting side effects. Furthermore, we hypothesize that the incorporation of ALN in the
form of MSP-NH2-HAp-ALN dispersed in chemically crosslinked hydrogels will minimize
an initial burst release of the drug.

MSP decorated with hydroxyapatite will, at the same time, possess bone regeneration
activity resulting from osteogenic HAp features. Hydroxyapatite (HAp) closely resembles
the mineralized phase of bone and tooth. HAp is a bioactive material and is able to bind
to the recipient’s tissue after in vivo implantation. Additionally, it has a high affinity for
alendronate [18]. In order to mimic the composition of a natural extracellular matrix (ECM)
and thus support the cell’s functionality, native-like and abundant biopolymers have been
selected for hydrogels fabrication, namely: collagen (Col), chondroitin sulfate (CS), and
chitosan (Ch). Collagen is the main component of ECM, as well as bones. Chondroitin
sulfate (CS) is the representative of GAGs (glycosaminoglycans) and can stimulate the
synthesis of collagen II, as well as bind calcium and calcium phosphates, thus supporting
the local osteoblast adhesion. Chitosan is a linear polysaccharide that accelerates wound
healing and possesses antibacterial and antifungal properties [20].

The interaction of biomaterials with not only bone, but also with other body systems
is an important and very complex topic. When a scaffold is placed in the body, it can
trigger a negative immune response, which can lead to implant failure and even tissue
damage. This can limit the effectiveness of applied bone tissue engineering materials
and result in overall poor clinical outcomes. Additionally, the immune system plays a
crucial role in bone regeneration by facilitating the removal of damaged tissue, as well as
promoting the growth of the new one. Mesenchymal stem cells (MSCs) have been shown to
have immunomodulatory effects and, by interacting with immune cells and regulating the
immune response, MSCs can help to prevent material rejection and promote tissue repair
by creating a more favourable microenvironment for bone formation and regeneration.
Moreover, biophysical and biochemical stimuli can influence immune cells and promote
MSCs osteogenesis [21,22]. Considering bone implantation, it should also be emphasized
that infection is a serious problem for healthcare systems with significant socio-economic
implications. When bone tissue is infected, the administration of antibiotics is necessary.
The main challenge then is to deliver the pharmaceuticals to the infected tissue, which
is difficult if employing conventional therapies [2,23]. The composites developed within
this work also addressed this issue. It is expected that systems of the proposed herein
composition (the polymeric matrix with chitosan added) will possess the antibacterial
features that will enable it to minimize and to neutralize the bacteria action without the
need for antibiotics treatment.

The main disadvantage associated with hydrogels is their poor mechanical properties.
One solution to overcome this problem is the incorporation of inorganic particles [24].
Moreover, to obtain hybrids with satisfactory mechanical stability and degradation profiles,
the chemical crosslinking might be also applied. To fabricate the structurally stable com-
posites, we have utilized the genipin, a non-toxic crosslinking agent of natural origin that
reacts with amino groups while crosslinking. Importantly the approach presented herein
is based on the use of MSP particles modified with NH2- groups, which makes possible
the covalent attachment of the resulted MSP-NH2 to the polymeric hydrogel network
during crosslinking with genipin. That procedure is of great importance as it allows for the
preparation of the composites in which the potential phase separation of mineral particles,
hindering in vivo application, is eliminated. Moreover, to ensure the effective crosslinking
of all used biopolymers the chondroitin sulfate was also functionalized with amino groups
according to the protocol developed by us previously [20].

Hydrogel-based composites with three different concentrations of MSP-NH2-HAp-
ALN were fabricated and characterized for physicochemical and biological properties. The
swelling, wettability, microstructure, mechanical characteristics, as well as enzymatic degra-
dation were evaluated. To demonstrate the impact of mesoporous silica-based particles
on the bioactivity of the resulted materials, the in vitro biomineralization employing a
simulated body fluid model (SBF) was performed. Preliminary in vitro biological studies
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were carried out using model osteoblast-like and osteoclast-like cells. Furthermore, to
demonstrate the multifunctionality of developed composites, their antibacterial activity
against Escherichia coli and Staphylococcus aureus strains was also evaluated.

2. Results and Discussion
2.1. The Functionalized Mesoporous Silica-Based Particles Decorated with Hydroxyapatite and
Loaded with Alendronate (MSP-NH2-HAp-ALN)—Synthesis and Characterization

The synthesis of mesoporous silica nanoparticles is generally based on the modified
Stöber method, which initially yielded micron-sized monodispersed and non-porous sil-
ica spheres. The addition of surfactants results in the fabrication of silica nanoparticles
with excellent physicochemical features and high porosity. Importantly, by controlling the
reaction conditions (e.g., pH, temperature, surfactant concentration), the preparation of
homogenous nanoparticles within the range 50–300 nm is possible. The surface of MSP
presents a high density of silanol groups, which brings the option of further modification
utilizing organosilanes bearing various functional moieties (amino, carboxylic acid, thiol
etc.) [25]. Herein, the direct functionalization based on the addition of a trialkoxysilane
with the selected group (-NH2) to the reaction mixture during the MSNs synthesis was
employed. Utilization of CTAB surfactant during synthesis as a template allowed for the
creation of well-ordered pores with a diameter of 3.436 ± 0.425 nm based on the HRTEM
(High-resolution transmission electron microscopy) image (Figure 1A), which resulted in
high porosity. Additionally, based on the nitrogen adsorption study, the pore size diameter
and pore volume were established as 3.7 nm and 0.57 cm3/g, respectively (Figure 1B). This
pore diameter, according to the literature [26], is in the size range characteristic for meso-
porous structures. The total BET surface in obtained particles was equal to 613 m2/g. The
successful functionalization of MSP with amino groups was proven by XPS measurements
(Figure 2(Da)) and elemental analysis. The presence of the peaks around 401 eV (N 1s) and
286 eV (C 1s) are related to the used APTES ((3-Aminopropyl)triethoxysilane) precursor,
which was the donor of the NH2 groups. Additionally, the amino group percentage present
in the surface layer of MSP-NH2 particles was equal to 2.5%, based on the nitrogen content,
which is close to the value obtained from elemental analysis—2.2%.

The formation of amino-functionalized mesoporous silica–based particles decorated
with hydroxyapatite (HAp) and loaded with alendronate (ALN) is schematically illustrated
in Figure 1C. SEM (Scanning electron microscopy) microphotographs of resulting MSP-
NH2, MSP-NH2-Hap, and MSP-NH2-HAp-ALN particles are presented in Figure 1(Da),
Figure 1(Db), and Figure 1(Dc), respectively. The incubation in 1.5× SBF (simulated body
fluid) at 37 ◦C was performed to decorate the obtained mesoporous silica particles func-
tionalized with amino groups with the mineral phase. EDS (Energy-dispersive X-ray
spectroscopy) analysis revealed that after 5 days of the experiment, the mineral plate-like
phase with a Ca/P ratio equal to 1.1 was present on particles (Figure 1(Db)). Additionally,
the presence of these elements was also revealed on the XPS (X-ray photoelectron spec-
troscopy) spectrum (Figure 2(Db)) around 348, 352 eV (15.81%), and 134 eV (2.59%) for
Ca 2p and P 2p, respectively. Negatively charged groups, especially OH groups in MSP,
create an environment supporting PO4

3− and Ca2+ ion nucleation on the surface of the
particles [27–30].
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Figure 1. (A) HRTEM image for MSP-NH2 particles, the scale bar represents 20 nm. (B) Data from 
porosimetry measurements, and HRTEM pore analysis. (C) Scheme of the synthesis of the function-
alized mesoporous silica-based particles decorated with hydroxyapatite (HAp) and loaded with 
alendronate (ALN) (MSP-NH2-HAp-ALN). (D) SEM microphotographs for (a) MSP-NH2, (b) MSP-
NH2-HAp, and (c) MSP-NH2-HAp-ALN particles; the scale bars represent 1 µm for (a) and 2 µm for 
(b,c). 

FT-IR (FourierTransform Infrared Spectroscopy) spectra depicted in Figure 2A con-
firmed the presence of PO43− ions (607, 553 cm−1). The bands at 3251 cm−1 (OH stretching), 
1641 cm−1 and 1561 cm−1 (N-H bending), 1445 cm−1 (CH2 bending), 1029 cm−1 (asymmetric 
Si-O-Si stretching), 965 cm−1 (Si-OH), 881 cm−1 (asymmetric Si-O-Si stretching), and 784 
cm−1 (symmetric Si-O-Si stretching), originate from pure mesoporous silica functionalized 
with amino groups [31]. Additionally, in order to establish whether the obtained mineral 
phase is hydroxyapatite, XRD analysis was performed (Figure 2B). The obtained diffrac-
togram was compared with the literature [32,33], and reflections at 2θ of approximately 
26, 28.3, 31.7, 39.7, 46.6, 49.6, and 53.5 confirmed the successful HAp formation under the 
employed synthesis conditions. Loading of the alendronate into MSP-NH2-HAp particles 
was accomplished after 3 days of reaction in an alkaline solution at 37 °C. 

Figure 1. (A) HRTEM image for MSP-NH2 particles, the scale bar represents 20 nm. (B) Data
from porosimetry measurements, and HRTEM pore analysis. (C) Scheme of the synthesis of the
functionalized mesoporous silica-based particles decorated with hydroxyapatite (HAp) and loaded
with alendronate (ALN) (MSP-NH2-HAp-ALN). (D) SEM microphotographs for (a) MSP-NH2,
(b) MSP-NH2-HAp, and (c) MSP-NH2-HAp-ALN particles; the scale bars represent 1 µm for (a) and
2 µm for (b,c).

FT-IR (FourierTransform Infrared Spectroscopy) spectra depicted in Figure 2A con-
firmed the presence of PO4

3− ions (607, 553 cm−1). The bands at 3251 cm−1 (OH stretching),
1641 cm−1 and 1561 cm−1 (N-H bending), 1445 cm−1 (CH2 bending), 1029 cm−1 (asymmet-
ric Si-O-Si stretching), 965 cm−1 (Si-OH), 881 cm−1 (asymmetric Si-O-Si stretching), and
784 cm−1 (symmetric Si-O-Si stretching), originate from pure mesoporous silica function-
alized with amino groups [31]. Additionally, in order to establish whether the obtained
mineral phase is hydroxyapatite, XRD analysis was performed (Figure 2B). The obtained
diffractogram was compared with the literature [32,33], and reflections at 2θ of approx-
imately 26, 28.3, 31.7, 39.7, 46.6, 49.6, and 53.5 confirmed the successful HAp formation
under the employed synthesis conditions. Loading of the alendronate into MSP-NH2-HAp
particles was accomplished after 3 days of reaction in an alkaline solution at 37 ◦C.
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Figure 2. (A) FT-IR spectra for MSP-NH2, MSP-NH2-HAp, and MSP-NH2-HAp-ALN particles. (B) 
XRD for MSP-NH2-HAp. (C) Thermogravimetry curves for MSP-NH2-HAp and MSP-NH2-HAp-
ALN particles. (D) XPS spectra for (a) MSP-NH2, (b) MSP-NH2-HAp, and (c) MSP-NH2-HAp-ALN 
particles. (E) Calculated peak area and atom percentage in (a) MSP-NH2, (b) MSP-NH2-HAp, and 
(c) MSP-NH2-HAp-ALN particles. 

Based on the recorded XPS spectra and the calculated elemental percentage (Figure 
2D,E), the incorporation of alendronate into mesoporous silica-based particles can be pos-
tulated. The noticeable increase in the percentage of N 1s (401 eV) and P 2p (134 eV) atoms 
between MSP-NH2-HAp and MSP-NH2-HAp-ALN structures may be related to the pres-
ence of ALN. As the alendronate has similar groups to hydroxyapatite (PO43−) and to MSP-
NH2 (NH2), the FT-IR spectrum of the resulting drug-loaded particles (Figure 2A) has not 
revealed any significant differences. In order to verify the degree of drug loading, a ther-
mogravimetry study was conducted. Figure 2C shows the weight loss for MSP-NH2-HAp 
and MSP-NH2-HAp-ALN samples. In our previous work, we have presented the thermo-
gram of silica particles with two characteristic mass loss steps connected with the removal 
of the physically adsorbed water (up to 130 °C) and the slow condensation of silanols 
(above 190 °C), respectively. The estimated total mass loss was equal to 11%. Herein 
amine-functionalized mesoporous silica particles decorated with HAp were utilized, so 
the weight change was higher (about 18% for MSP-NH2-HAp), since it also originated 
from the propyl groups introduced via APTES. The TG (thermogravimetry) profile for 
HAp revealed only 1% weight loss [18]. Overall, comparing TG profiles obtained for MSP-
NH2-HAp and MSP-NH2-HAp-ALN materials, and based on the final mass percentage, 
the amount of alendronate in prepared structures was established as 14%. 

Figure 2. (A) FT-IR spectra for MSP-NH2, MSP-NH2-HAp, and MSP-NH2-HAp-ALN particles.
(B) XRD for MSP-NH2-HAp. (C) Thermogravimetry curves for MSP-NH2-HAp and MSP-NH2-HAp-
ALN particles. (D) XPS spectra for (a) MSP-NH2, (b) MSP-NH2-HAp, and (c) MSP-NH2-HAp-ALN
particles. (E) Calculated peak area and atom percentage in (a) MSP-NH2, (b) MSP-NH2-HAp, and
(c) MSP-NH2-HAp-ALN particles.

Based on the recorded XPS spectra and the calculated elemental percentage (Figure 2D,E),
the incorporation of alendronate into mesoporous silica-based particles can be postulated.
The noticeable increase in the percentage of N 1s (401 eV) and P 2p (134 eV) atoms between
MSP-NH2-HAp and MSP-NH2-HAp-ALN structures may be related to the presence of
ALN. As the alendronate has similar groups to hydroxyapatite (PO4

3−) and to MSP-NH2
(NH2), the FT-IR spectrum of the resulting drug-loaded particles (Figure 2A) has not
revealed any significant differences. In order to verify the degree of drug loading, a
thermogravimetry study was conducted. Figure 2C shows the weight loss for MSP-NH2-
HAp and MSP-NH2-HAp-ALN samples. In our previous work, we have presented the
thermogram of silica particles with two characteristic mass loss steps connected with the
removal of the physically adsorbed water (up to 130 ◦C) and the slow condensation of
silanols (above 190 ◦C), respectively. The estimated total mass loss was equal to 11%. Herein
amine-functionalized mesoporous silica particles decorated with HAp were utilized, so the
weight change was higher (about 18% for MSP-NH2-HAp), since it also originated from the
propyl groups introduced via APTES. The TG (thermogravimetry) profile for HAp revealed
only 1% weight loss [18]. Overall, comparing TG profiles obtained for MSP-NH2-HAp and
MSP-NH2-HAp-ALN materials, and based on the final mass percentage, the amount of
alendronate in prepared structures was established as 14%.
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2.2. Hybrid Systems—Physicochemical Characterization

In our previous work [20], we developed novel collagen/chitosan/lysine-functionalized
chondroitin sulfate (ColChCSmod) injectable hydrogels for tissue engineering applications.
Our findings demonstrated CSmod-content-dependent bioactivity of obtained systems with-
out the need for applying additional inducers. Herein, the hydrogel composed of Col, Ch,
and CSmod (wt% 50:20:30) crosslinked with 20 mM genipin solution was selected as a bioac-
tive and biocompatible matrix for MSP-NH2-HAp-ALN delivery with the superior swelling,
degradability, and mechanical features. We studied three types of hybrid systems, with
different amounts of particle concentration—HybC1 (0.5 mg/mL), HybC2 (1.25 mg/mL),
and HybC3 (2.5 mg/mL). Hydrogel without particles was used as the reference material.

The ability of materials to maintain their mass and to resist complete degradation is
an important factor to consider when systems are intended for bone tissue engineering.
However, to eliminate the possibility of the stress-shielding effect and to enable the trans-
fer of biological stress to the created new bone tissue, prepared systems should exhibit
some degree of degradation tendency [34]. It is expected that the process of materials’
biodegradation will be adapted to the rate of new tissue formation [35]. The presented
herein degradability study (Figure 3A) was therefore conducted with the utilization of
collagenase enzyme, as the main component of prepared hybrid systems was collagen. The
high concentration of this compound in comparison to the concentration present in the
inflamed organism [36], allowed for an accelerated experiment in which the degradability
of prepared hybrids and hydrogel was assessed.

The observed tendency for all tested samples is similar, and materials are gradually
degraded. The incorporation of MSP-NH2-HAp-ALN did not significantly decrease the
resistance of hybrid systems to undergo biodegradation. All of the prepared materials,
after 6 days of the experiment, maintained more than 35% of their initial mass. The lowest
mass loss after this time was observed for HybC2 and ColChCSmod30_20 (~48% of weight
remaining). Hybrids with the highest particle concentration were more susceptible to
the degradation with collagenase enzyme (37% of initial weight after 6 days, statistical
significance when compared with ColChCSmod30_20). However, there is no clear correla-
tion between the amount of used inorganic component and the tendency to degrade, as
the system with the lowest MSP-NH2-HAp-ALN concentration (HybC1) maintained only
41% of its initial mass. Overall, based on the obtained results and taking into account the
experimental conditions, it seems that the composition of the polymeric matrix is the main
factor affecting the degradation process.

When considering materials for bone tissue engineering, several aspects must be
considered to allow for efficient bone formation. One of these factors could be evaluated by
performing swellability tests. The ability of materials to swell is related to their mesh size,
which in turn might influence both nutrient transport and drug delivery, and therefore
affect cell proliferation and differentiation [37–39]. As can be seen in Figure 3B, pristine
hydrogel exhibits a significant swelling ratio (SR = 8711), as the used polymers have a
great abundance of hydrophilic groups (OH, -NH2, -COOH, and -SO3H) that are capable of
water-binding without any dissolving of its polymeric components [40,41]. The addition of
MSP-NH2-HAp-ALN particles into the hydrogel matrix significantly decreased the value
of SR, and the effect was correlated with the concentration of used particles. The lowest
swelling ratio (SR = 4062) was found for the hybrid system with the highest quantity
of particles (HybC3), which is almost two times lower than for hydrogel samples. This
observation is in agreement with other studies utilizing silica particles [18,42–44], in which
a similar tendency was observed. The MSP-NH2-HAp-ALN particles occupy the free spaces
within the crosslinked matrix, and thus the water uptake in the resulting hybrid systems is
hampered when compared to the pure hydrogel. Overall, the particle content-dependent
decrease in the swelling ability of developed hybrids was established.
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Figure 3. (A) Enzymatic degradation for prepared hybrid systems and hydrogel ColChCSmod30_20.
*, $, ˆ indicates statistical significance when compared with ColChCSmod30_20 after 4 h, 72 h, and 144 h
of experiment. (B) Swelling ratio for prepared hybrid systems and ColChCSmod30_20. * indicates
statistical significance when compared with ColChCSmod30_20. (C) Images and contact angle values
(in degrees) for prepared hybrids and hydrogel samples. (D) Values of the elasticity modulus.
* indicates statistical significance when compared with ColChCSmod30_20. (E) The result of the
measurement of parameters characterizing the flow point (G′ = G′′) for the created hybrid systems
and ColChCSmod.

For all prepared hybrid systems, as well as for ColChCSmod30_20, the wettability
studies were performed by the means of contact angle measurements (Figure 3C). The hy-
drophilicity of materials prepared for bone tissue engineering influences their applicability
and ability to successfully adhere cells, as well as their proliferation [45,46]. For example,
the increased wettability in the Ti surface allowed for improved osseointegration in the
presence of osteoporosis [47], and enhanced bone formation by regulating angiogenesis,
bone mineralization, and bone remodeling [48,49]. The hydrogel sample is characterized
by moderate wettability, as its contact angle is equal to 84.6. A decrease in this value was
noticed even for the hybrid with the lowest particle content (72.3 ± 1.2 for HybC1). When
the particle concentration was increasing, the contact angle was decreasing, making hybrids
more hydrophilic—the lowest value was measured for HybC3 equal to 61.9 ± 1.2. This
observation could be explained by the high abundance of hydroxy (OH) groups present in
particles, both derived from hydroxyapatite, alendronate, and the particles of mesoporous
silica functionalized with amino groups, as well as other hydrophilic groups. The revealed
herein trend is in agreement with other studies—the addition of hydroxyapatite in the
PLGA matrix [50], silica particles into the hydrogel matrix [18], and alendronate into the
gelatin methacryloyl hydrogel [51] also improved their hydrophilicity.

2.3. Injectability and Rheological Evaluation

Composites developed within this work are considered to serve as injectable systems
that will be introduced to the osteoporotic-like bone defects by viscous sol injection, and
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subsequently in situ gelated under physiological conditions. That way of administration
is of great interest since the minimal scarring, the ease of operation, and thus increased
patient comfort are delivered. To verify that concept, the injectability experiment in situ
was performed. Hybrid in sol state was drawn into the syringe and was then injected
through a 27G needle into the Eppendorf tube. The sample was subsequently incubated
at 37 ◦C, and after 5 min, the gel was formed (non-flowable) and the composite was no
longer capable of undergoing injection. Additionally, after 24 h of incubation at 37 ◦C, the
gels change color from milky white to dark greyish-blue cream, which is characteristic
for the genipin-involved crosslinking. We present this experiment in the form of a short
video that could be found in the Supplementary Materials. As was demonstrated, designed
systems are injectable since the gel is formed even after injection. The ability to pass the
27 G needle is related to the free-fluid features of the prepared sol. The crosslinking process
is initiated at 37 ◦C with genipin (crosslinking agent) action via NH2 groups in polymers
and MSP-NH2-HAp-ALN particles, thus the gelation process occurs and the sample starts
to have solid-like properties.

The response of materials, when the stress was applied, was studied using the rheo-
logical measurement in the oscillatory mode. All tested samples in the form of gel have
been subjected to Amplitude Sweep (AS) tests, for strain in the range γ = 0.1–1000% and
the frequency f = 1. By utilization of experiments with constant frequency and variable
strain amplitude, the area of LVE (linear viscoelastic range) in which the magnitude of
imposed strain does not influence the properties of materials was established as γ ≤ 5%.
The recorded values of elastic modulus (G′) read at 1% strain and the flow point in which
G′ = G′′ are presented in Figure 3D and Figure 3E, respectively. G′ is the measure of the
sample’s stiffness, whereas G′′ is representative of the flow or liquid-like response of the
material. When G′ > G′′, the sample behaves similarly to an elastic solid, while for G′′ > G′,
the sample exhibits viscous liquid-like features [52]. For all tested materials, G′ values
were significantly higher than G′′ values, which proves that the obtained hybrid materials,
as well as the pristine hydrogel, show the advantage of elastic properties over viscous
properties resulting from the effective crosslinking. Moreover the substantial impact of
the MSP-NH2-HAp-ALN content on the G′ values was observed. It was revealed that
the incorporation of particles increased the elastic modulus of the resulted composites
(statistical significance when comparing with G′ values for ColChCSmod30_20) (Figure 3D),
and the effect was higher for the hybrids with higher MSP-NH2-HAp-ALN concentration.
This parameter is strictly related to the stiffness of materials, and that in turn is linked with
the crosslinking degree. As the MSP-NH2-Hap-ALN concentration is higher, the resulting
gel is more stiff, and its mechanical properties are improved almost three-fold (G′ = 1035 Pa
for HybC3) compared to the ColChCSmod hydrogel; G′ is equal to 350 Pa. Additionally,
the so-called flow point in which the curve for the elastic and loss modulus are crossed
(G′ = G′′) occurred in higher values for hybrid systems (see Figure 3E). A clear tendency can
be indicated that, with the increase in the particle content, the value of the crossover point
occurs at higher values. This means that the hybrid materials are characterized by a higher
average flow stress compared to the pristine hydrogel, thus showing greater resistance to
mechanical damage. Overall, it was found that the incorporation of inorganic particles
into the hydrogel matrix improved its mechanical properties and the MSP-NH2-HAp-ALN
content-dependent effect was revealed.

2.4. Biomineralization

Taking into account the potential application of the developed composites for TE,
we have carried out a model of in vitro biomineralization in simulated body fluid (SBF)
conditions. It was established that the biointegration of material in vivo can be followed by
sample incubation in SBF [53]. Therefore, the ability of developed materials to stimulate the
formation of a new mineral phase in the SBF environment was assessed for 3, 5, and 7 days
of incubation at 37 ◦C. Next, the tested samples were analyzed utilizing SEM and EDS
techniques, and the resulting microphotographs and calculated Ca/P ratio are depicted
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in Figure 4. For all materials, both composites and pristine hydrogel, the formation of
new mineral phases after 3 days of experiment was revealed. EDS analysis of the created
tightly packed crystallites proved the presence of calcium and phosphorus atoms with the
ratio characteristic for an apatite-like structure. In our previous work [20], we assessed
the capability of prepared hydrogels to act as bioactive materials. We have found that
the addition of modified chondroitin sulfate in collagen-chitosan hydrogels improved the
bioactivity of tested systems, and the effect was correlated with the amount of CSmod used.
We have demonstrated that the ColChCSmod30_20 matrix itself has the ability to induce
mineralization. Herein, it can be also seen that, for pure hydrogel, both the range of the
mineral phase and the value of the Ca/P ratio increased as the experiment was prolonged.
The Ca/P ratio changes from 1.21 to 1.41 between the 3rd and 7th day. The mineral phases
appeared on the surface of the hydrogel in the form of cauliflower-like individual objects.
For developed composites, a different mineralization process can be observed since new
phases appeared after 3 days of incubation and were in the form of irregularly shaped
individual aggregates (see the structures marked in red in Figure 4). We found that the
extended incubation time is not directly related to the obtained Ca/P ratio. The Ca/P
ratios after 3 and 7 days of incubation are in the ranges 1.32–1.47, 1.21–1.38, and 1.31–1.35
for HybC1, HybC2, and HybC3, respectively. They are close to the ratios in compounds
such as octacalcium phosphate (OCP, Ca/P ratio of 1.33) and tricalcium phosphate (TCP,
Ca/P ratio of 1.5) [18]. Interestingly, for the composite with the lowest concentration of
particles, a large change in the Ca/P ratio between 3 and 5 days was revealed (from 1.32 to
2.19). This high Ca/P ratio may result from the coexistence of CaO formation together with
another mineral phase. Moreover, it was observed that a higher concentration of particles
in the systems favored the formation of larger aggregates. The creation of more complex
structures is especially pronounced for HybC2 and HybC3 composites. For effective apatite
formation, materials should possess the active groups that play a key role in its nucleation.
We have found that functionalized chondroitin sulfate with anionic groups (sulfate and
carboxyl) serves as the effective calcium ion binding sites, thereby supporting the calcium
phosphate nucleation on the surface of ColChCSmod hydrogels [20]. Furthermore, the
composites developed in this study were prepared with a widely known bioactive element
in the form of hydroxyapatite in MSP-NH2-HAp-ALN particles, which is also the main
component of the mineral phase of the bone [35,54]. To sum up this aspect of our research,
one can conclude that the presence of MSP-NH2-HAp-ALN particles in the ColChCSmod
matrix supports the mineralization process, which will ensure more effective biointegration
in vivo.
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Figure 4. SEM microphotographs obtained after biomineralization experiments lasting 3, 5, and
7 days. The scale bars (black) in the main images represent 100 µm, while they are 20 µm (white)
in the inset images. For Ca/P calculation, the EDS analyses in different areas of the samples were
conducted, and the presented Ca/P ratio is an average value. The new mineral phases formed on the
hybrids are marked with the red circles.

2.5. Model In Vitro Release Study

To examine the in vitro release of ALN, MSP-NH2-HAp-ALN particles were sus-
pended in a PBS medium and incubated at 37 ◦C with gentle shaking. After the selected
time frames, samples were centrifuged, and a UV-Vis spectra of resulting supernatants
were collected. As alendronate does not exhibit a spectrum in the ultraviolet range, before
measurement, the complexation with Fe3+ ions was conducted [55]. As can be seen in
Figure 5A, depicting the cumulative mass of alendronate released during the experiment,
the particles display a clear initial “burst effect”. During the first 24 h, about 70% of the
total drug amount was released. However, the ALN was released for 10 days, rendering
the entire alendronate content in MSP-NH2-HAp-ALN particles as 10%. The high BET
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surface and presence of pores allowed for higher drug loading compared to silica structures
without pores and a low BET surface [18,42]. We postulate that during the first phase of
the experiment, the alendronate was released from the pores of mesoporous silica, which
contributed to the accelerated loss of the drug. The second phase could be related to the
release of ALN, which is more strongly connected to hydroxyapatite, as this drug is re-
ported to have a high affinity to this mineral phase [56,57]. Nevertheless, to limit this initial
‘burst release’ MSP-NH2-HAp-ALN particles were incorporated into hydrogel matrices;
as such, the designed systems are able to slow down the release of the drugs [18,58–60].
Based on the presented results, expressed as the percentage of total ALN released from
MSP-NH2-HAp-ALN particles from the hybrid system (Figure 5A), a significant decrease
in the initial burst effect could be seen. After 24 h of the experiment, approximately 43%
of total ALN content was released, which is more than 1.5 lower than the value for MSP-
NH2-HAp-ALN after the corresponding time. After the 10 days of the experiment, all of
the drug was released from particles; however, when these particles were suspended in a
hydrogel matrix, the release lasted a minimum of 20 days, and after this time, the released
amount of drug was close to 83%. This prolonged release and limited burst release effect
from the first day makes the hybrid system superior as a drug delivery system compared
to pure MSP-NH2-HAp-ALN particles. Additionally, the obtained data for the hybrid
system were fitted to mathematical models—Higuchi, Weibull, and Ritger–Peppas [61–63]
(Figure 5B). For the Higuchi and Ritger–Peppas models, 60% of data were used (the first
48 h). The Higuchi model is the simplest of all those presented, and it has the lowest corre-
lation coefficient. The main drawbacks are the multiple hypotheses on which this model
is based—negligible matrix dissolution and swelling, one-dimension drug diffusion, the
initial drug concentration is higher than drug solubility, etc. According to the literature [63],
a better model for the polymeric system is Ritger–Peppas. As the calculated n factor in
the Ritger–Peppas model is lower than 0.45, the release in this time frame follows Fickian
diffusion mechanism (n < 0.45—Fickian diffusion; 0.45 < n < 0.89—non-Fickian transport;
n = 0.89—case II transport; n > 0.89—super case II transport [62]). From all of the presented
models, the highest degree of the correlation coefficient was achieved for the Weibull model
(R2 = 0.9689). The value of the b parameter equal to 0.4043 allows it to be further proved
that, in the hybrid system, the drug release follows Fickian diffusion ((b < 0.75—Fickian
diffusion; 0.75 < b < 1—combined mechanism, b = 1—first ordered release; b > 1—complex
mechanism [64]).
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Figure 5. (A) Release curve for the hybrid system and MSP-NH2-HAp-ALN particles, expressed as
the percentage of total ALN released from MSP-NH2-HAp-ALN particles. (B) Mathematical kinetic
model parameters for release from the hybrid system; R2—the coefficient of determination Qt—the
amount of drug released in time t, KH, KRP—the release rate constants, n—the release exponent,
a—the scale parameter, b—the shape parameter. (C) Alamar Blue test results after 1, 3, and 7 days of
MG-63 cells culturing; indicates statistical significance when compared with: * ColChCSmod30_20
day 3; # HybC3 day 7. (D) Results of the alkaline phosphatase (ALP) activity test after 3 and 7 days of
culturing MG-63 cells on the surface of materials; indicates statistical significance when compared
with: * control day 3; # control day 7. (E) Alamar Blue test results after 1, 3 and 7 days of J774A.1 cells
culturing; * indicates statistical significance when compared with ColChCSmod30_20 day 7. For (D,E),
the black line indicates statistical significance between the results for the same type of material on the
3rd and 7th day. (F) The viability evaluation of bacterial colonies (S. aureus and E. coli) grown after
contact with developed materials expressed as a percentage of positive control.
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2.6. Biological Evaluation of Composites in Osteoblast-like and Osteoclast-like Cell Culture In Vitro

In view of the expected biological role of tested composites, the preliminary studies
on the biocompatibility in vitro utilizing MG-63 cells as an osteoblast-like model were
performed. We have quantitatively evaluated the ability of developed materials to sup-
port cells proliferation, and additionally we assessed the alkaline phosphatase activity
(ALP). The results of the Alamar Blue test on the 1st, 3rd, and 7th culture day are shown
in Figure 5C. The analogous tendency for all tested materials was revealed, namely the
number of metabolically active cells noticeably grew up after 3 days and decreased at day 7.
After 3 days of culturing, the cells number is higher for composites when compared to pure
hydrogel; however, the statistical significance was revealed only for HybC2. Conversely,
on the 7th day of the experiment, the highest result was observed for HybC3 (statistical
significance when compared to ColChCSmod and HybC1). Thus, we found that the addition
of inorganic particles loaded with ALN at the tested concentration (0.5, 1.25, 2.5 mg/1 mL
of sol) does not deteriorate the biocompatibility of the resulting composites with respect
to the plain hydrogel. We suggest that the lowest number of MG-63 cells cultured on
developed materials surfaces might be related to the ability of those materials to promote
differentiation rather than proliferation. It was reported that when cells start to differen-
tiate, their proliferation decreases [65]. In order to verify this assumption and gain more
insight into the functions of MG-63 cells cultured on the developed materials, we have
evaluated the alkaline phosphate activity. ALP serves as one of the markers confirming
the early differentiation of osteoblast-like cells and its expression changes with osteoblast
activity [66,67]. To establish whether differentiation of studied cells is occurring when
cultured on the surface of hybrid and hydrogel systems, the ALP activity was tested on
the 3rd and 7th days of the experiment. The results of ALP activity measurements are
illustrated in Figure 5D. The level of ALP increased after 7 days of culturing for all tested
materials. Comparing ALP results for the same type of material, on the 3rd and the 7th
days, the statistical significances were revealed in all cases. Moreover, it was found that
ALP activity of cells cultured on studied materials was substantially higher compared to the
cells on the tissue culture plate (TCP) at both experimental points (statistical significance).
We observed a similar tendency in our previous work [68]. Furthermore, analyzing the
impact of MSP-NH2-HAp-ALN particles concentration on ALP activity after 7 days of
the experiment, no significant differences were revealed. We noticed that the addition
of particles with ALN loaded/attached to the polymeric matrix slightly enhanced ALP
activity (for HybC1 and HybC2) compared to the pure hydrogel (no statistical significance).
The highest ALP activity was observed for HybC1 material on day 7 of the experiment.
Overall, the biocompatibility of the prepared composites, as well as the ability to support
ALP activity secreted by MG-63 cells cultured on their surface, were clearly established.

To establish the therapeutic potential of developed composites, a preliminary in vitro
study on osteoclasts-like cells, J774A.1, was also carried out. The main features of J774A.1
cells are similar to osteoclasts, and therefore they serve as a reference cell line for evaluation
of the bone resorption inhibition [69]. The results of the Alamar Blue test are depicted
in Figure 5E. As can be seen, the number of cells cultured on the surface of all tested
materials increased from the 1st to the 3rd day of the experiment, and subsequently
decreased after 7 days of culturing. Importantly, for composites, this effect is clearly
pronounced, with statistical significance revealed. Conversely, no significant differences
were found when compared with the results for pristine hydrogels after 3 and 7 days of
the experiment. The preliminary biological studies demonstrated that the proliferation of
osteoclast-like cells cultured after 7 days on the composites are inhibited with respect to
the control ColChCSmod sample (statistical significance for HybC1 and HybC2). However,
the particle content-dependent inhibition activity was not observed in the tested range of
MSP-NH2-HAp-ALN concentration. Overall, it was proved that the composites developed
herein substantially hampered the proliferation of J774A.1 cells, which in turn proves their
therapeutic potential as materials for the treatment of osteoporosis. In particular, it should
be emphasized that this effect was not as pronounced for our previous systems, for which
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only tendency was demonstrated [18]. We have confirmed that alendronate affects the bone
cells while being introduced in the proposed formulations. Overall, it might be expected
that the developed injectable composite-like ALN delivery system will be able to induce
the local drug action, thus improving the effectiveness of anti-osteoporosis therapy.

2.7. Antibacterial Activity of Materials Developed

To demonstrate the multifunctional potential of developed hybrids, the antibacterial
activity in vitro against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-
negative) was assessed. In Figure 5F, the results of antimicrobial tests against both types of
bacteria strains are depicted. The number of bacterial colonies grown after contact with
materials tested was expressed as a percentage of colonies on the positive control (plate).
Chitosan is a polysaccharide well known for its antibacterial features [70]. In our previous
work, we demonstrated the chitosan content-dependent intrinsic antibacterial activity of
the chemically crosslinked hydrogels composed of collagen, hyaluronic acid, and chitosan
in the in vitro experiment [71]. Herein, pristine chitosan-based hydrogel crosslinked with
20 mM of genipin solution was treated as a negative control and its high antibacterial
activity was confirmed. Both types of bacterial strains were effectively killed after contact
with this hydrogel, and the resulting percentage of the positive control reached about 0.015
and 0.005% for S. aureus and E. coli, respectively. For all developed materials containing
20 wt% of chitosan, similar antibacterial activity against both bacterial strains was revealed.
The growth of bacteria was substantially inhibited when cultured on ColChCSmod and
hybrids systems. The obtained percentage of positive control for tested materials was in the
range of 1.5–2.0% and 0.5–3.0% for S. aureus and E. coli, respectively. The highest number of
bacterial colonies was observed for the pristine ColChCSmod hydrogel, while the lowest
was for the HybC3 system. It was noticed that, with an addition of MSP-NH2-HAp-ALN,
the antimicrobial activity slightly increases compared to the pure hydrogel; however, the
particles’ concentration-dependent activity was not found (no statistical significance). Son
et al. [72], studied the antibacterial activity of mesoporous silica particles (MSNs) against
Escherichia coli in vitro. They showed that MSNs toxicity was strongly influenced by the
residual CTAB used in particle synthesis and not completely removed by an acid etching
process. The surfactant-contaminated particles can induce the lysis of the cell membrane,
thereby leading to the death of the bacteria. We have not observed the significant particle-
content dependent changes in the viability of the bacteria which should be noticeable
during such contamination. Moreover the osteoblast-like and osteoclast-like cells in vitro
culturing demonstrated that the addition of developed silica-based particles does not
deteriorate the biocompatibility of the composites in respect to the plain hydrogel. Taking
into account the purification protocol utilized for MSP-NH2, as well as the results of in vitro
evaluation, it might be expected that the key role in antimicrobial activity of the resulting
composites plays the chitosan presence. In conclusion, the revealed antimicrobial activity
of the developed systems against Staphylococcus aureus and Escherichia coli is further proof
of their multifunctionality, and makes them very promising in biomedical applications.

3. Materials and Methods

Details of the materials used in this study are presented Supporting Materials (see the
Materials section).

3.1. Synthesis of Functionalized Mesoporous Silica Particles with Amino Groups Decorated with
Hydroxyapatite and Loaded/Attached with Alendronate (MSP-NH2-HAp-ALN)

The preparation of MSP-NH2-HAp-ALN was performed in three steps. First, 0.2 g
of CTAB was dissolved in 100 mL of distilled water and 1.4 mL of 1 M NaOH was added.
The solution was stirred for 2 h (80 ◦C, 500 rpm). Then, 2 mL of TEOS and 0.2 mL of
APTES were added dropwise, and the stirring was continued under the same conditions
for another 2 h. The resulting material was cooled down and centrifuged (5 ◦C, 9000 rpm,
10 min). The precipitate was washed twice with water and three times with 96% EtOH.
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Then, 2 g of NH4NO3 was dissolved in 200 mL of 96% ethanol and added to the obtained
precipitate to remove surfactant particles. The resulting suspension was stirred (500 rpm) at
80 ◦C for 18 h. The material (MSP-NH2) was then centrifuged and rinsed three times with
96% EtOH and three times with water, frozen, and lyophilized for 24 h. In the second step,
deposition of hydroxyapatite (HAp) on the surface of MSP-NH2 particles was performed
under simulated body fluid (1.5 SBF) [53]. For that purpose, 20 mg of MSP-NH2 was
suspended in 20 mL of 1.5× SBF by placing it in an ultrasonic bath for 5 min. The resulting
suspension was then incubated at 37 ◦C with gentle shaking (50 rpm). The incubation
was carried out for 5 days, with the material centrifuged after each 24 h (5 ◦C, 10,000 rpm,
20 min) and a fresh aliquot of 1.5× SBF was added. After the decoration was completed,
the resulting material (MSP-NH2-HAp) was washed 3× with distilled water, frozen, and
lyophilized. In the last step, 20 mg of MSP-NH2-HAp was suspended in 3 mL of a 5 mM
NaOH solution by placing it in an ultrasonic bath for 5 min. Then, 20 mg of sodium
alendronate was dissolved in 10 mL of 5 mM NaOH, and the pH was increased to 10 with
20 mM NaOH. The alendronate solution was added to the silica-containing suspension
and stirred (500 rpm) at 37 ◦C for 72 h. After 3 days, the product (MSP-NH2-HAp-ALN)
was centrifuged (5 ◦C, 10,000 rpm, 20 min), washed with deionized water, frozen, and
lyophilized.

3.2. Model In Vitro Release of ALN from MSP-NH2-HAp-ALN

Next, 5 mg of the MSP-NH2-HAp-ALN sample were suspended in 1.5 mL of PBS
buffer and placed in an incubator with gentle shaking (37 ◦C, 50 rpm). After the selected
time frames (0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 96 h, 10 days), the suspension was centrifuged
(10,000 rpm, 20 min, 5 ◦C), and the solution was removed for further measurements and a
fresh portion of buffer was added. To quantify the amount of the released ALN, to 0.5 mL of
the obtained solution, 2.35 mL of 0.2 M HClO4 and 0.15 mL of 5 mM FeCl3 in 0.2 M HClO4
were added. UV-Vis measurements performed on a UV-Vis spectrophotometer (Varian
Cary 50) were conducted after 5 min, and absorbance at 300 nm was read [18]. Samples
without Fe3+ ions were used as a blank. Experiments were performed in triplicates.

3.3. Characterization of MSP-NH2, MSP-NH2-HAp, and MSP-NH2-HAp-ALN Particles

SEM imaging was conducted with the use of the cold field emission scanning electron
microscope (SEM) HITACHI S-4700. The suspension of the sample was drop-casted onto
the silicon wafer, which was cleaned with piranha solution and rinsed with deionized
water. Before measurement, the samples were sputtered with gold. TEM imaging was
performed with FEI Tecnai Osiris equipment. XPS (X-ray photoelectron spectroscopy)
analyses were conducted with a multifunctional ESCA instrument. The obtained results
were analyzed with the CasaXPS program(Version 2.3.24). FTIR spectra were recorded
using a Nicolet iS10FT-IR spectrometer equipped with an ATR accessory (SMART iTX).
Thermal decomposition of materials was studied using a Mettler-Toledo TGA/SDTA851e
thermogravimeter. The XRD patterns were recorded in Bragg–Brentano configuration
with an X’Pert Pro Philips diffractometer. The specific surface area (SBET) and pore size
distribution were determined from the nitrogen adsorption isotherms obtained at −196 ◦C
using a 3Flex (Micromeritics, Norcross, GA, USA) automated gas adsorption system. Before
the measurements, the samples were degassed under 0.2 mbar at 100 ◦C for 24 h. The
pore size was evaluated from the adsorption branch of nitrogen isotherm using the Barrett–
Joyner–Halenda (BJH) equation with the Kruk–Jaroniec–Sayari (KJS) correction. The pore
volume was calculated based on the total amount of nitrogen adsorbed at p/p0 = 0.98.

3.4. Hybrid Preparation

The hybrid composed of 50 wt% collagen, 20 wt% chitosan, and 30 wt% lysine func-
tionalized chondroitin sulfate with 0.5 mg, 1.25 mg, 2.5 mg of MSP-NH2-HAp-ALN per
1 mL of sol denoted as HybC1, HybC2, HybC3 were prepared by mixing 259 µL of the
stock collagen solution with 42 µL of 1 wt% chitosan solution in 1% acetic acid and 63 µL
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of 1 wt% modified chondroitin sulfate solution in 10× PBS buffer. In the next step, 50 µL
suspension of the selected concentration of particles and 85 µL of 20 mM genipin solution
in 10× PBS buffer were added. The obtained polymeric sols were vortexed and placed
in an incubator at 37 ◦C until gel formation. The pure ColChCSmod30_20 hydrogel was
prepared analogously, except that instead of particles suspension, 50 µL of water was added
to polymeric sol. The crosslinking time evaluated by the inverted vial test was in the range
of 5 min for all samples studied. However, systems were incubated at 37 ◦C for 24 h before
further evaluation, and gels changed color from milky white to dark greyish-blue cream,
characteristic of the genipin-involved crosslinking.

3.5. Physicochemical Characterization of Hybrids

For degradability, hybrids were placed in a 24-well plate, and 1 mL of collagenase
solution type I (0.2 mg/mL, 1 mL, ≥125 U/mg) in 1× PBS with 0.36 mM CaCl2 was added;
then, the materials were incubated at 37 ◦C with gentle shaking (50 rpm). At the given
time points (4 h, 24 h, 48 h, 72 h, 144 h), the samples were weighed and a fresh portion
of the enzyme was added each time. For each sample, the experiments of degradation
were carried out in triplicate and the results are presented as averages. The swelling of the
hybrids was tested under physiological conditions by incubating the materials at 37 ◦C in
PBS buffer with gentle shaking (50 rpm) for 24 h. After this time, the buffer was collected
and the samples were washed twice with deionized water and weighed (Ws). The materials
were frozen, lyophilized, and reweighed (Wd), and the swelling ratio (SR) was calculated
using the formula:

SR =
Ws −Wd

Wd
·100%. (1)

For each type of hybrid, the experiment was carried out in triplicate and the result
is presented as the mean. The wettability of hydrogels was analyzed by contact angle
measurements. Five contact angle values were measured for each sample using the ImageJ
program with the contact angle plugin, and the average value was calculated. Rheological
measurement was conducted with an MCR 301 Anton Paar rotational rheometer with a
P-PTD200 measurement cell and an H-PTD200 chamber to maintain high-temperature
stabilization during experiments. Amplitude sweep (AS) tests were carried out using
plate–plate measurement geometry, plate diameter d = 25 mm, gap height h = 0.1 mm, and
temperature T = 37 ◦C. The samples crosslinked beforehand were prepared as described
above, and transferred to the rheometer. Then, 0.5 mL of hydrogel was placed on the
bottom plate (plate temperature 37 ◦C) and the top plate was gradually lowered to 2, 1.5, 1,
0.8, 0.6, and 0.5 mm. After the assessment of the filling of the measuring gap, the AS tests
lasting 7–8 min were performed for γ = 0.01–100%, f = 1 Hz. In the next step, the height of
the measuring gap was set as 0.1 mm. Proper second AS tests were conducted with the
parameters from the first measurement. Each sample was prepared in triplicate, and the
results are presented as the mean.

3.6. Drug Release Studies

For experimental details on drug release studies from developed composites, please
visit the Supporting Materials.

3.7. In Vitro Biomineralization

In vitro biomineralization studies were performed in simulated body fluid (SBF) pre-
pared according to Kokubo’s method [53]. For more details, please see the Supporting
Materials.

3.8. Biological Experiments In Vitro Employing Osteoblast-like (MG-63) and Osteoclast-like
(J774A.1) Cells Culture

For experimental details on in vitro tests, please visit the Supporting Materials.
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3.9. In Vitro Antibacterial Activity Studies

For experimental details on in vitro antibacterial tests, please visit the Supporting
Materials.

3.10. Statistical Analysis

Experiments were repeated three times, and results were expressed as a mean ±
standard deviation. Statistical significance was calculated using the Student’s t-test. A
comparison between the two means was analyzed with a statistical significance level set at
p < 0.05.

4. Conclusions

The novel composites based on collagen/chitosan/chondroitin sulfate hydrogel re-
inforced with amino-functionalized mesoporous silica particles decorated with hydrox-
yapatite and loaded with alendronate (MSP-NH2-HAp-ALN) were designed and charac-
terized as a potential, injectable material for osteoporosis treatment. MSP-NH2 particles
(SBET = 613 m2/g, dpor = 3.7 nm, Vpor = 0.57 cm3/g) were effectively decorated with hy-
droxyapatite under biomimetic conditions (5 days of incubation in 1.5× SBF), which was
confirmed using XRD, SEM, and EDS measurements. The particles were loaded with
ALN, with the drug content established as 10% based on UV-Vis spectroscopy and 14%
based on thermogravimetry. Hydrogel-based composites with three concentrations of
MSP-NH2-HAp-ALN (HybC1, HybC2, HybC3) were fabricated and characterized in terms
of physicochemical and biological features. It was found that the addition of particles
caused a decrease in wettability and swellability, and these effects were more pronounced
in systems with higher particle concentration. The involvement of MSP-NH2-HAp-ALN
in the crosslinking process was established, as well as the ability of hybrids to be used
as injectable systems. The incorporation of inorganic particles into the hydrogel matrix
improved its mechanical properties and the effect was related to the MSP-NH2-HAp-ALN
concentration. Bioactivity study revealed that the formation of mineral phases is more
pronounced in HybC2 and HybC3. Importantly, the prolonged release (up to 20 days)
and limited burst release effect from the first day makes the hybrid system superior as the
drug delivery system compared to pure MSP-NH2-HAp-ALN particles. Biocompatibility
of prepared composites was established in vitro with Alamar Blue and ALP activity tests
performed for osteoblast-like cells. Finally, the observed hampering of model osteoclast-like
cell proliferation, while cultured on the surface of developed composites, proved their
therapeutic potential as the materials for the treatment of osteoporosis. Furthermore, the
antibacterial activity of the composites in in vitro experiments was also demonstrated.
Overall, the novel multifunctional delivery systems presented within this work seem to
represent an extremely promising alternative to the formulation investigated so far. The
developed materials simultaneously possess antiosteoporotic and antimicrobial proper-
ties, and mimic the architecture and chemical composition of the natural bone tissue,
thus supporting bone regeneration and biointegration while displaying structural stability
and desired physicochemical features. However, to prove their usefulness in bone tissue
engineering, the biological evaluation in vivo is still required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24054959/s1. Materials and Methods in supplementary
materials present Drug release studies from developed composites, In vitro biomineralization, Osteo-
blast-like (MG-63) and osteoclast-like (J774A.1) cells culture, Alamar Blue and Alkaline phosphatase
(ALP) assays, In vitro antibacterial activity studies. References [20,53,55,65,71,73] are cited in supple-
mentary materials.
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12. Klara, J.; Lewandowska-Łańcucka, J. How Efficient Are Alendronate-Nano/Biomaterial Combinations for Anti-Osteoporosis

Therapy? An Evidence-Based Review of the Literature. Int. J. Nanomed. 2022, 17, 6065–6094. [CrossRef]
13. Dong, J.; Tao, L.; Abourehab, M.A.S.; Hussain, Z. Design and Development of Novel Hyaluronate-Modified Nanoparticles

for Combo-Delivery of Curcumin and Alendronate: Fabrication, Characterization, and Cellular and Molecular Evidences of
Enhanced Bone Regeneration. Int. J. Biol. Macromol. 2018, 116, 1268–1281. [CrossRef] [PubMed]

14. Dolci, L.S.; Panzavolta, S.; Albertini, B.; Campisi, B.; Gandolfi, M.; Bigi, A.; Passerini, N. Spray-Congealed Solid Lipid Micropar-
ticles as a New Tool for the Controlled Release of Bisphosphonates from a Calcium Phosphate Bone Cement. Eur. J. Pharm.
Biopharm. 2018, 122, 6–16. [CrossRef] [PubMed]

15. Wu, H.; Lei, P.; Liu, G.; Shrike Zhang, Y.; Yang, J.; Zhang, L.; Xie, J.; Niu, W.; Liu, H.; Ruan, J.; et al. Reconstruction of Large-
Scale Defects with a Novel Hybrid Scaffold Made from Poly(L-lactic acid)/nanohydroxyapatite/Alendronate-Loaded Chitosan
Microsphere: In Vitro and in Vivo Studies. Sci. Rep. 2017, 7, 359. [CrossRef]

16. Yuan, W.; Li, Z.; Xie, X.; Zhang, Z.-Y.; Bian, L. Bisphosphonate-Based Nanocomposite Hydrogels for Biomedical Applications.
Bioact. Mater. 2020, 5, 819–831. [CrossRef] [PubMed]

17. Posadowska, U.; Parizek, M.; Filova, E.; Wlodarczyk-Biegun, M.; Kamperman, M.; Bacakova, L.; Pamula, E. Injectable
Nanoparticle-Loaded Hydrogel System for Local Delivery of Sodium Alendronate. Int. J. Pharm. 2015, 485, 31–40. [CrossRef]
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