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Abstract

Developing a highly bioactive bone tissue engineering scaffold that can modulate the bone
remodeling process for promoting bone regeneration is a great challenge. In order to tackle this
issue, inspired by the balance between bone resorption and formation in the bone remodeling
process, here we developed a mesoporous silicate nanoparticle (MSN)-based electrospun
polycaprolactone (PCL)/gelatin nanofibrous scaffold to achieve dual delivery of alendronate (ALN)
and silicate for a synergetic effect in modulating bone remodeling, where ALN inhibited the bone-
resorbing process via preventing guanosine triphosphate-related protein expression, and silicate
promoted the bone-forming process via improving vascularization and bone calcification. The
scaffold was successfully prepared by encapsulation of ALN into MSNs (ALN@MSNs) and co-
electrospinning of an acetic acid-mediated PCL/gelatin homogeneous solution with well-dispersed
ALN@MSNS . The results of ALN and Si element release profiles indicated that the ALN@MSN-
loaded nanofibers achieved dual release of ALN and silicate (produced due to the hydrolysis of
MSNs) simultaneously. The bone repair data from a rat critical-sized cranial defect model revealed
that the developed strategy accelerated the healing time from 12 weeks to 4 weeks, almost three
times faster, while the other nanofiber groups only had limited bone regeneration at 4 weeks. In
addition, we used interactive double-factor analysis of variance for the data of bone volume and
maturity to evaluate the synergetic effect of ALN and silicate in promoting bone regeneration, and
the result clearly proved our original design and hypothesis. In summary, the presented bone
remodeling-inspired electrospun nanofibers with dual delivery of ALN and silicate may be highly

promising for bone repair in the clinic.

1. Introduction

Natural bone is a vascularized tissue that is constantly updated and remodeled throughout lifetime. 1
Bone remodeling is a highly complex biochemical reaction that consists of both the osteoclast-
mediated bone resorption process and the osteoblast-mediated bone formation process.2 The effect



of bone remodeling depends entirely on the balance of bone resorption and bone formation, where
plenty of cytokines are involved.3—5 For bone resorption, many signaling pathways regulate the
differentiation and function of osteoclasts. As a typical example, the guanosine triphosphate (GTP)-
binding proteins are responsible for osteoclasts’ transcytosis route.6 For bone formation, the effect
of bone regeneration mainly relies on bone calcification, which is related to osteoblasts’
differentiation.7 Besides, vascularization is of great importance for bringing timely nutrient supply
to the newly formed bones. It has been proven that angiogenesis can promote osteogenesis and
facilitate bone maturation.8 At present, the most widely studied strategy for promoting bone
regeneration is bone tissue engineering.9 However, to the best of our knowledge, almost all reported
designs of bone tissue engineering scaffolds have been focusing on only one aspect of bone
remodeling, in particular the bone formation process, such as promoting the differentiation of bone
stem cells, while neglecting the synergistic relationship between bone resorption and bone formation
in the bone remodeling process.10,11 Therefore, in order to develop a more bioactive scaffold to
repair bone defects as rapidly and effectively as possible, a multi-functional scaffold that can
simultaneously modulate the balance of bone resorption and bone regeneration should be designed.
To date, among various bone tissue engineering scaffolds, electrospun nanofibers have been widely
developed and attracted massive attention due to their superior ability to promote osteogenesis.12,13
Electrospinning is a versatile and popular technology that can produce nanofibers with highly
controllable hierarchical structures and desirable components.14 Moreover, the electrospun
nanofibers possess interconnected porous microstructures, which preferably mimic the natural
extracellular matrix structure, rendering them as a temporary platform for the osteoblast cells to
migrate, adhere, differentiate and proliferate until new bones are formed. Meanwhile, the free-
standing electrospun nanofibrous membranes can be easily cut into any desired shape to match
irregular bone defects to promote osteointegration. Furthermore, a variety of bioactive agents can
also be incorporated into the single nanofiber interior or grafted to the single nanofiber surface to
achieve localized and sustained drug delivery.15,16 In our previous research, it was shown that
electrospun polycaprolactone (PCL)/gelatin nanofibers could be used as a potential bone tissue
engineering scaffold.17 PCL is a biodegradable and biocompatible polymer approved for
biomedical applications by the U.S. Food and Drug Administration (FDA). So far, PCL has been
extensively used for bone tissue engineering due to its suitable tensile property and biocompatibility.
However, PCL chains lack bioactive sites for promoting cell adhesion. Gelatin, as a hydrophilic
protein containing an arginine—glycine—aspartic peptide (RGD peptide sequence), has been widely
used to be composited with PCL in order to enhance cell adhesion to the nanofibers.18 Consequently,
incorporating gelatin into nanofibers can improve the hydrophilicity and make the nanofibers and
tissue fit much better.19

Alendronate sodium (ALN) is a kind of nitrogen-containing bisphosphonate approved by U.S. Food
and Drug Administration, and has been widely used for preventing and curing osteoporosis in the
clinic.20 It is confirmed both in vitro and in vivo that ALN can inhibit osteoclastic bone resorption
via GTP associated pathways.21 For instance, Qu et al. loaded ALN into ultrahigh molecular weight
polyethylene to achieve locally sustainable release, and they validated the effectiveness of this
design for preventing osteolysis caused by the wear of artificial joints.22 However, if ALN is taken
orally at high doses, it will inevitably induce very serious side effects such as jaw osteonecrosis and
gastrointestinal ulceration.23,24 As a consequence, a local administration of ALN with controlled



release is practically required. Therefore, it is considered that loading ALN into electrospun
nanofibrous scaffolds to achieve localized and sustained release is an appropriate strategy.

Mesoporous silica nanoparticles (MSNs), which have a high specific surface area and large pore
volume, have been frequently utilized as controlled drug delivery carriers individually25 or are
embedded in electrospun nanofibers to achieve long-term release for tumor treatment26 and
peritendinous adhesion prevention.27 MSNs are proven to be biocompatible and biodegradable, and
have often been designed for responsive drug delivery.28-30 Beyond these merits, it has been
demonstrated lately that MSNs can also be applied for bone tissue engineering due to their drug
loading capacity and inorganic constituent.31,32 More attractively, in a very recent research study,
Ke et al. showed that loading MSNs into electrospun poly(L-lactic acid) nanofibers significantly
improved angiogenesis and accelerated diabetic wound healing due to the release of silicate from
MSNs within the nanofibers.33 Khashab et al. indicated that the degradation mechanism of MSNs
to release silicate was related to the effects of hydration, hydrolysis and ion exchange.34 Silicate
produced from MSNs has been confirmed to improve angiogenesis of endothelial cells and bone
calcification.35-37

Single drug delivery from electrospun nanofibers has a relatively limited effect on bone
regeneration,38 therefore a dual delivery system may represent an optimal design for
multifunctional bone tissue engineering scaffolds.39 Inspired by the bone remodeling process, in
the present study we designed and developed a MSN-based electrospun PCL/gelatin nanofibrous
scaffold for synchronous dual delivery of ALN and silicate to achieve a synergetic effect in
modulating the balance of bone resorption and formation, as shown in Scheme 1. The use of MSNs
not only promotes localized and sustained delivery of ALN via encapsulating into the mesoporous
channels but also enables the sustained release of silicate. Besides, the electrospun PCL/gelatin
nanofibrous scaffold possesses optimal cell adhesion and thus has better osteointegration.
Furthermore, in order to systematically investigate the in vivo therapy for promoting bone
regeneration, a critical-sized rat bone defect model was established, and the designed nanofibrous
scaffold was implanted in the bone defect zones and characterized at 4 weeks and 12 weeks. To
prove the assumed merits, PCL/gelatin nanofibers, ALN-loaded PCL/gelatin nanofibers and MSN-
loaded PCL/gelatin nanofibers were set as control groups versus the experiment group of
ALN@MSN-loaded PCL/gelatin nanofibers. The four kinds of specimens were abbreviated as PG,
PG-ALN, PG-MSNs and PG-ALN@MSN:Ss, respectively. In particular, interactive double-factor
analysis of variance (ANOVA) was conducted for the data of micro-CT and Masson staining to
verify the synergistic effect of ALN and silicate in promoting bone regeneration proposed in the
present study.
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Scheme 1 The design of PG-ALN@MSN nanofibers can achieve synchronous dual delivery of ALN and silicate, which further adjusts
the balance between bone resorption and bone formation for accelerating bone repair. The ALN pre-loaded within the MSNs is
released from the nanofibers and inhibits the bone-resorbing process via preventing GTP-related protein expression, and the silicate
produced due to the hydrolysis of MSNs is released from the nanofibers and promotes the bone-forming process viaimproving

vascularization and bone calcification.

2. Experimental section

2.1. Preparation of PG-ALN@MSN nanofibers

The fabrication process of PG-ALN@MSN nanofibers is presented in Fig. 1. As shown in Fig. 1a,
MSNs were synthesized through a classic temple-removing method and then loaded with ALN to
obtain ALN@MSNSs. In the meantime, as depicted in Fig. 1b, an acetic acid (HAc)-mediated
PCL/gelatin (w/w: 7/3) homogeneous solution was prepared. The weight ratio of PCL versus gelatin
within the nanofibers was chosen as 7[thin space (1/6-em)]:[thin space (1/6-em)]3, which was
determined based on our previous studies, in order to ensure that the added gelatin could function
properly whilst not affecting ALN release from the MSNs.15,17 In sequence, the ALN@MSNs were
carefully added into the PCL/gelatin homogeneous solution followed by ultrasonic treatment to
obtain a uniformly-dispersed spinning solution, which was further electrospun into PG-ALN@MSN
nanofibrous membranes. Other nanofibrous specimens of the control groups including PG, PG-ALN
and PG-MSNs were prepared by changing the compounds based on the same process. The
preparation process is described in detail as follows.
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Fig. 1 Schematic illustration showing the fabrication process of electrospun PG-ALN@MSN nanofibers. (a) Preparation of
ALN@MSNs. (b) Electrospinning of PG-ALN@MSN nanofibers. The final spinning selution was obtained by well dispersing ALN@MSNs

into PCL/gelatin homogeneous solution.
2.1.1. Preparation of MSNs and ALN-loaded MSNs. MSNs were synthesized based on our previous
studies.40—42 Briefly, 0.5 g cetyltrimethyl ammonium bromide (CTAB) was dissolved in 240 mL
aqueous solution under constant stirring at 80 °C, followed by the addition of 1.75 mL NaOH
solution (2 M). Then the solution was dropwise added to 5 mL tetracthyl orthosilicate and
continuously stirred for 6 h at 80 °C, filtered and washed with deionized water and methanol. To
remove CTAB temples, the products were re-dissolved in a mixed solution of 50 mL methanol and
5 mL hydrochloric acid at 60 °C and constantly stirred for another 24 h. Finally, MSNs were
obtained by centrifugation, methanol washing, and vacuum desiccation.

To prepare ALN-loaded MSNs, 0.2 g ALN was dispersed in 50 mL deionized water, and then 0.1 g



MSNs were mixed into the solution, followed by continuous stirring for at least 24 h. ALN-loaded
MSNs were collected by centrifuging the solution. The final actual drug loading capacity could be
calculated by the residual drug content in the supernatant, which was 0.113 g ALN/0.1 g MSNs. The
drug content in the supernatant was determined through an ultraviolet and visible spectrometer
(Agilent Technology Co. Ltd, Germany). It should be particularly noticed that the standard curve of
ALN was established after being reacted with triketohydrindene hydrate, and the purple product
was measured at an absorbance of 568 nm. This initial ALN dosage versus MSNs (ALN/MSNs: 0.2
g/0.1 g) was chosen because the actual weight of ALN loaded in MSNs reached saturation at this
point, as shown in Fig. S1.7

2.1.2. Electrospinning process. The compositions of all the spinning solutions, including PG, PG-
ALN, PG-MSNs and PG-ALN@MSNS, are demonstrated in Table 1. Typically, for the preparation
of PG-ALN@MSN nanofibers, 10 wt% PCL (Mw 80[thin space (1/6-em)]000) solution in
trifluoroethanol (TFE) and 10 wt% gelatin solution in TFE were blended together at a volume ratio
of 7[thin space (1/6-em)]:[thin space (1/6-em)]3. HAc (0.2%, v/v) was then added to resolve the
phase separation between PCL and gelatin molecular chains. Subsequently, the ALN@ MSNs were
carefully incorporated into the PCL/gelatin homogeneous solution. After 10 min of ultrasonic
dispersion and 1 h of stirring, the spinning solution was electrospun into nanofibrous membranes
with the following parameters: 18 kV voltage, 20 cm distance between the needle tip and the
aluminum foil-attached wheel, 5 mL h—1 feeding rate. The PG-ALN@MSN nanofiber sample was
harvested from the aluminum foil and then vacuum desiccated to remove any remaining solvent

until use.

Table 1 Compositions of the spinning solutions

Composition

PCL Gelatin MSNs ALN TFE

Sample (g) (g) (g) (g} (mL)

PG 1.4 06 0 0 20
PG-ALN 14 06 0 0.113 20
PG-M3Ns 1.4 0.6 01 0 20
PG 14 06 0.1 011320

ALN@MSNs

2.2. Characterization

2.2.1. Characterization of MSNs. MSNs were evaluated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and nitrogen adsorption—desorption analysis (BET) to
determine the morphology, specific surface area, pore volume and pore size, respectively. For SEM
observation, 0.1 mg mL—1 MSN aqueous suspension was dropped on a clean silicon wafer. After
drying, the sample was scanned at random views under a 15 kV electron beam via SEM (Quanta
200, FEI, Eindhoven, Netherlands). The diameter distribution in the SEM images was measured by
using the Imagel software. For inner structure observation, 0.01 mg mL—-1 MSN aqueous
suspension was dropped on a copper mesh with a carbon supporting membrane, and then observed
using TEM (JEM-2100F, FEI, JEOL, Japan). The specific surface area, pore volume and pore size



were measured through an NOVA 4000 nitrogen adsorption and desorption instrument
(Quantachrome Instruments, USA), and calculated based on the Brunauer—Emmett—Teller model.
2.2.2. Characterization of electrospun nanofibers. Prior to the SEM measurement, all the nanofibers
were sprayed with Pt using a vacuum ion sputtering apparatus (EM ACE600, Leica, Germany) for
10 min. About eighty different nanofibers were counted using the ImagelJ software to obtain the
average diameter. For TEM sample preparation, a copper mesh without a carbon supporting
membrane was placed near the collector during the electrospinning process to obtain the deposited
nanofibers. The elemental mapping was also captured during TEM observation. To determine the
thermodynamic properties, samples with about 10 mg weight were characterized for
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) profiles via a heat
analysis system (TGA2050, TA Instruments, USA). The heating rate was 10 °C min—1, while the
flow rate of the constant nitrogen stream was 20 mL min—1. To evaluate the mechanical properties
of the nanofiber membranes, selected specimens with the same thicknesses were cut into a size of 5
cm (length) x 6 mm (width), and utilized for tensile stress—strain curves employing a mechanical
testing machine (Instron 5567, Norwood, MA). The thickness of the nanofiber membranes was
measured using an electronic micrometer.

2.2.3. Release profiles of ALN and silicate. In order to obtain the cumulative drug release profile of
drug-loaded nanofibers, PG-ALN and PG-ALN@MSN membranes with about 50 mg weight were
immersed in 20 mL phosphate buffer saline (PBS) (pH = 7.4) at 37 °C and 120 rpm in an air bath
oscillator. At each defined time point, 1 mL release medium was collected and replaced with another
1 mL fresh PBS. Since the ALN standard curve was unable to be established directly, the release
medium needed to be reacted with triketohydrindene hydrate, as reported elsewhere.37 In detail, the
1 mL release medium was sequentially added to 0.5 mL NaHCO3 aqueous solution (0.5 M) and 2.5
mL triketohydrindene hydrate ethanol solution (2 mg mL—1), and then reacted at 90 °C for 1 h,
resulting in a 4 mL purple solution. Finally, the purple solution was diluted with deionized water to
5 mL, and the absorbance value at 568 nm was recorded, which could be converted to the original
ALN concentration in the collected release medium. The cumulative drug release profile was
calculated based on the data of the ALN concentration at each time point.

The silicate release experiment was performed with a similar sampling process and time points. The
concentrations of silicate released from PG-MSN and PG-ALN@MSN nanofibers at each time point
were represented indirectly through the amount of the silicon element, which was measured
employing an inductive coupled plasma-optical emission spectrometer (ICP-OES, IRIS Intrepid II,
Thermo, USA). On the other hand, in order to obtain the total amount of the silicon element in the
nanofibers, X-ray fluorescence (XRF, XRF-1800, Shimadzu, Japan) was used to determine the
silicon element in MSNs, and meanwhile the content of MSNs in the nanofibers was calculated by
TGA. Accordingly, the cumulative release profile of silicate could be obtained by dividing the
amount of the released silicon element from the nanofibers by the total amount of the silicon element
in the corresponding nanofibers.

2.3. Cell experiments

2.3.1. Cell culture and material sterilization. MC3T3-el cell lines were purchased from Cell Bank,
Chinese Academy of Sciences, and utilized for all the cell experiments. The cells were cultured in
a-MEM culture media supplied with 10% fetal bovine serum and 1% penicillin—streptomycin, and
incubated at 37 °C under a 5% CO2 atmosphere until use.43 Nanofiber samples with 1.5 cm
diameter were placed into 24-well culture plates, sterilized in 75% ethanol aqueous solution for 10



min, and soaked in PBS supplied with 1% penicillin—streptomycin for 15 min. After drying, the
samples were sterilized under UV irradiation for another 3 h.

2.3.2. Cell proliferation and adhesion. MC3T3-el cells were seeded onto the nanofibers with a
density of 10[thin space (1/6-em)]000 cells per well. The CCK-8 measurement was used to
determine cell proliferation under the CCK-8 kit protocol. For cell adhesion observation, the cell
material was fixed employing 4% paraformaldehyde for 3 h and then gradiently dehydrated with
ethanol of different concentrations (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for 5 min,
respectively. SEM images were obtained by the same process mentioned in section 2.2.2. The cell
areas were measured and counted via the ImagelJ software.

2.3.3. Alizarin red measurement. The in vitro osteogenesis study was performed by alizarin red
measurement. The initial seeded cell density was 10[thin space (1/6-em)]000 cells per well. Both
normal culture media (a.-MEM) and osteoconductive media (Sigma-Aldrich, USA) were used. On
day 7 and day 14, the alizarin red staining image was captured, and meanwhile the semi-quantitative
measurement of the minerals on the material surface was conducted. The alizarin red staining
procedure was followed according to the alizarin red kit protocol. For the semi-quantitative
measurement, each well was immersed in cetylpyridinium chloride solution after the images were
taken, and the absorbance at 540 nm of the supernatant from each well served as the relative calcium
compound amount of each sample.

2.4. Animal experiments

2.4.1. Animal model of critical-sized cranial defects and material implantation. All animal
procedures were performed in accordance with the National Institutes of Health Guide for Care and
Use of Laboratory Animals of China and approved by the Animal Care and Use Committee of
Peking University. Thirty-two Sprague Dawley (SD) rats of about 200 g weight were used in this
study and divided into four groups. The photos of the surgery procedure are shown in Fig. S4.1 The
SD rats were anesthetized with pentobarbital sodium (30 mg per kg body weight) and shaved, and
the epicranium was cut longitudinally to expose the cranial bone. Two critical-sized full thickness
bone defects with a diameter of 5 mm were prepared on both sides of the parietal bone midline using
a saline-cooled trephine drill. The electrospun nanofiber samples (PG, PG-ALN, PG-MSNs and PG-
ALN@MSNs) which had been previously sterilized were applied on the defects. Afterwards, the
tissues were sutured carefully. On week 4 and week 12, the SD rats were anesthetized to death, and
the whole cranium along with the implanted specimens were harvested and stored in 4%
paraformaldehyde solution until use.

2.4.2. Medical characterization. To determine new bone formation, micro-computed tomography
(micro-CT) was performed using an Inveon MM system (Siemens, Munich, Germany). Images were
acquired at 8.82 um pixel size, 80 kV voltage, 500 pA current and 1500 ms exposure time, and the
regenerated bone volumes were calculated using an Inveon Research Workplace (Siemens). In
addition, hematoxylin/eosin (H&E) staining and Masson's trichrome staining were conducted to
evaluate the histological morphology. Moreover, immunohistochemistry (IHC) analyses including
cluster of differentiation 31 (CD31), osteocalcin (OC) and osteopontin (OPN) were performed
according to the protocols. The H&E, Masson and IHC images were captured employing an optical
microscope under the same gray scale of 250. The relative amount of the newly formed bone and
relative protein expression were determined by counting the proportion of target regions under the
same optical density in representative photographs via the ImageJ software.

2.5. Statistical analysis



The experiments were performed with multiple duplicate specimens (n > 6). The data were
presented as mean + standard deviation. Statistical significance between the sample groups was
determined by single factor ANOVA. The difference was considered significant when * p < 0.05
and #p < 0.005. Besides, in order to determine the synergistic effect of ALN and MSNs, interactive
double-factor ANOVA was applied for the micro-CT and Masson staining results, where the
difference was considered significant when the p-value of the interactive factor was lower than 0.05

3. Results and discussion

3.1. Characterization of MSNs and nanofibers

The morphologies of MSNs are evaluated by SEM and TEM. As seen from the SEM images in Fig.
S21 and the TEM image in Fig. 2a, MSNs have a spherical shape with visible mesoporous channels,
and the diameter shows a typical Gaussian distribution (insert in the TEM image) with an average
value of about 115 nm, indicating a relatively uniform particle size distribution. The specific surface
area and pore volume of MSNs measured by the BET procedure are exhibited in Fig. S3,1 which
are calculated as 805 m2 g—1 and 0.806 mL g—1, respectively. The isotherm (Fig. S3aft)
demonstrates a typical type IV N2 adsorption—desorption pattern, which further confirms the
mesoporous structure of the MSNs, ensuring successful drug loading into the channels.
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Fig. 2 (a) Representative TEM image of MSNs and SEM images of electrospun nanofibers. Inserts are the diameter distribution of
MSNs and the TEM image of the PG-MSN sample. The red arrows point to where MSNs may aggregate within the nanofibers. (b)

Representative TEM image and the corresponding EDS elemental mappings of the PG-ALN@MSN sample.

As exhibited in Fig. 2a, all the nanofibers possess an interconnected porous structure with uniform
distribution of the fiber diameter. There are no significant differences in the fiber diameter between
different samples, indicating that the incorporation of ALN and MSNs does not affect the fiber
diameter. The inserted TEM image in the SEM graph of PG-MSNs (Fig. 2a) confirms the successful
loading of MSNSs into nanofibers. There exists visible aggregation of MSNs or ALN@MSNSs within
the nanofibers where the red arrows point to. Besides, the TEM image and the corresponding energy
dispersive spectrometer (EDS) element mappings in Fig. 2b indicate the successful preparation of
PG-ALN@MSN:s. In detail, based on the consideration that the Si element only comes from MSNs
and P and Na elements only originate from ALN, it can be speculated that MSNs and ALN are both
successfully incorporated within single nanofibers. In addition, as obviously seen from the EDS
mappings, most of the P and Na elements distribute in the corresponding positions of the Si element,
indicating that ALN is successfully loaded into the first barrier of MSNs and then the second barrier
of PCL/gelatin nanofibers. The other Na and P elements with the distribution that does not
correspond to the Si element positions elucidate that a tiny amount of ALN may release from the
ALN@MSNs to PCL-gelatin nanofibers, resulting in a major distribution within the MSNs and a



minor distribution within the nanofibers.

The thermal and tensile properties of the nanofiber samples are displayed in Fig. 3. The TGA curves
in Fig. 3a indicate that the actual composition of each component in the nanofibers is consistent
with the initial spinning composition. The DSC heating and cooling curves shown in Fig. 3b and c
reveal that the addition of inorganic ALN and MSNs can improve the thermal stability of the
nanofibers. For instance, the Tc value of PG-ALN@MSNs (33.28 °C) is around two degrees higher
than that of PG (30.54 °C), meanwhile the Tm value of PG-ALN@MSNs (61.98 °C) is about three
degrees higher than that of PG (59.04 °C). For tensile properties, as presented in Fig. 3d—f, there are
no significant differences between the experiment group and all the control groups for strain at break,
tensile strength and Young's modulus because the p values between every two sample groups are
higher than 0.05. This indicates that the incorporation of ALN and MSNs within the nanofibers has
no influence on the tensile properties.
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Fig. 3 (a) TGA curves of ALN, MSNs and all the nanofiber samples. (b, ¢} DSC curves of different nanofibers. T_: crystallization

temperature, 7,: melting temperature. (d) Strain at break, (e) tensile strength and {f) Young's modulus of different nanofibers.

3.2. Release profiles of ALN and silicate from nanofibers

To determine the actual ALN content in the release solution, the release medium needs to react with
ninhydrin to afford the purple product which can be measured via UV-Vis spectroscopy, as
illustrated in Fig. 4a. The image in Fig. 4b manifests that the purple color of the final reacted solution
becomes deeper with the increase of the initial ALN concentration, which is the basis to establish
the standard curve. The cumulative ALN concentration released from PG-ALN and PG-
ALN@MSNSs is shown in Fig. 4c. The result clearly demonstrates that ALN is released more slowly
from PG-ALN@MSNs compared to PG-ALN, further indicating that the encapsulation of ALN into
MSNs can prolong the drug release time. This can be explained by the adsorption of ALN to MSNs
due to the ion—dipole interaction between the amino groups of ALN and the hydroxyl groups of
MSNSs. The stagnation of ALN release at a later period may be ascribed to the slow degradation of
PCL in PBS, which is consistent with our previous findings.10 As the excessive use of ALN can
lead to serious side effects, the sustained release of ALN from the nanofibers can decrease its high
dose-related toxicity. Specifically, ALN has been reported to possess dosage-dependent side effects
both in vitro and in vivo, at a dosage of over 10 uM in vitro44 and over 2 mg kg—1in vivo.45 It is
found that the total amounts of ALN in the PG-ALN and PG-ALN@MSN nanofibers are
comparable to the critical dosage in vitro and in vivo. However, from the results of the release profile,
the amounts of ALN released at each time point are all lower than the critical dosage due to the



sustained release property from the nanofibers. The burst release from PG-ALN@MSN samples
within one day is attributed to the tiny amount of ALN, which is distributed in the nanofibers but
without the first barrier of MSNS, as discussed in section 3.1. Additionally, the cumulative release
profiles of silicate from PG-MSN and PG-ALN@MSN nanofibers are depicted in Fig. 4d. It is
obvious that the silicate concentration increases gradually with the test time, indicating that the PG-
MSN and PG-ALN@MSN nanofibers enable sustained silicate release. Besides, it is noted that the
silicate release speed is slower for PG-ALN@MSNs than for PG-MSN:s. It has been reported that
silicate hydrolysis is related to MSNs’ pore size and porosity,34 and larger pore size and higher
porosity allow more water molecules to enter into MSNs, promoting the silicate release process.
Therefore, the slower silicate release for PG-ALN@MSNs can be explained by the encapsulation
of ALN into MSNs, which results in the reduction of MSNs’ pore size and porosity. Overall, the
results shown in Fig. 4c and d demonstrate clearly the simultaneous dual release of ALN and silicate
from the PG-ALN@MSN nanofibers.
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Fig. 4 (a) Chemical reaction of ALN and ninhydrin to generate a purple product, which is the basis for the determination of the ALN
concentration in the release solution. (b) Animage of the final reacted solutions which correspond to different ALN concentrations.
(c) Cumulative ALN release profiles of PG-ALN and PG-ALN@MSN nanofibers. (d) Cumulative silicate release profiles of the PG-MSN
and PG-ALN@MSN nanofibers.
3.3. Cell adhesion and proliferation
The interaction between MC3T3-el cells and nanofibers is displayed in Fig. 5. It is indicated in Fig.
Sa that the cells adhere to all the nanofibers quite well because the nanofibers contain gelatin with
the RGD peptide, which has been shown to promote cell adhesion. Besides, as determined in Fig.
Sc, the average cell areas of the PG-MSN and PG-ALN@MSN samples (with MSNs) are
significantly higher than those of the PG and PG-ALN samples (without MSNs). This phenomenon
may be explained by the high bioactivity of MSNs for promoting cell spreading, which has been
proven in the study performed by Du et al., where the MSN-embedded nanofibers induce obviously
higher cell spreading areas.46 In addition, the result of the CCK-8 measurement (Fig. 5b) shows
that all the nanofibers possess superior biocompatibility to MC3T3-el cells as expected. Therefore,
it is speculated that the nanofibers are able to support cell adhesion and proliferation.
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Fig. 5 (a) Representative SEM images of MC3T3-el cells that adhere to different nanofibers on day 3. (b) The CCK-8 measurement of
all the nanofibers on day 1 and day 3. (c) Cell spreading area counted from the representative SEM images. * p< 0.05 compared with

the PG group.

3.4. Alizarin red measurement

The in vitro osteogenic characterization is conducted by alizarin red measurement, as shown in Fig.
6. Alizarin red is a commonly used calcium nodule indicator associated with osteogenesis in vitro.
From the staining images in Fig. 6a, it can be observed in general that (i) the tissue culture plate
(TCP) groups cultured in normal media almost have no calcium nodules both on 7 days and 14 days,
while all the sample groups cultured in normal media have large areas of osteogenic mineralization;
(ii) all the sample groups cultured in osteoconductive media seem to have similar osteogenic
capability to that of the TCP groups both on 7 days and 14 days. In addition, the semi-quantitative
relative values summarized in Fig. 6b and c indicate that (i) when cultured in normal media both on
7 days and 14 days, all the sample groups have significantly higher calcification amounts than the
TCP groups. In particular, the PG-ALN, PG-MSN and PG-ALN@MSN groups possess significantly
better osteoinductivity than the PG group on day 7; (ii) there are no significant differences between
the TCP groups and all the sample groups both on day 7 and day 14 when cultured in
osteoconductive media. These results indicate that the nanofibers are beneficial to the osteogenesis
of MC3T3-el cells.



(a) PG PG-ALN  PG-MSNs PG-ALN@MSNs (b} BTy T T
i | PO-ALNGARSNY
- “\ %‘
z £
3 8 \/ :
3 2
z y
%
a 7
(€) 4 Time (Days)
o ™~ Cates- | v MG NI POk
2 5 s madive | o sisse B Po-AL AL
2 £ s
B §
& § L
]

T 14
Tirre (Days)

Fig. 6 (a) Selected alizarin red staining images in normal and osteoconductive media on day 7 and day 14. Relative amount of
calcium compounds on the samples’ surfaces of (b) normal medium and (c) osteoconductive medium. * p<0.05, # p< 0.005. The

tissue culture plate (TCP) group is set as the blank control.

3.5. In vivo repair of critical-sized cranial defects

3.5.1. In vivo biocompatibility. Fig. S5+ displays images of the harvested skull tissues of all the
samples at 4 weeks and 12 weeks. It can be observed that the nanofiber membranes not only fit very
well with the surrounding tissues but also have no signs of inflammation, illustrating that the
nanofiber membranes possess the optimal osteointegration and histocompatibility. This
phenomenon can be further confirmed by the H&E staining result shown in Fig. S6.7 There is only
very limited inflammation in all the nanofibers, as shown in the H&E staining images. Notably,
there exist more newly formed blood vessels in the MSN-embedded nanofiber groups (PG-MSNs,
PG-ALN@MSNSs) than in the nanofiber groups without MSNs (PG, PG-ALN). This result is
ascribed to the presence of silicate that is released from MSNs, promoting the vascularization
process during bone regeneration.

3.5.2. Micro-CT measurement. Fig. 7 shows the micro-CT images of different nanofibers and
regenerated bone volumes in the defect zones. From Fig. 7a, it is observed that at an early stage (4
w), the PG-ALN@MSN sample has a very large area of newly formed bone, almost covering more
than 95% of the defect zones. However, the repair areas of PG, PG-ALN and PG-MSN samples at
4 weeks are very limited. After 12 weeks, the newly formed bone of the PG-ALN@MSN sample is
much denser, covering all the defect areas. There seems to be little difference between the
experiment group and all the other control groups. Besides, the quantitative data of the regenerated
bone volume in Fig. 7b are in accordance with the above-mentioned findings. The interactive
double-factor ANOVA indicates that ALN and MSNs have a significant interactive effect on the
newly formed bone volume, where the PG-ALN@MSN group possesses a significant higher value
of the bone volume than the PG-ALN and PG-MSN groups at 4 weeks. These results demonstrate
that the combined design of MSNs, ALN and electrospun PCL/gelatin nanofibers can prominently
reduce bone regeneration from 12 weeks to nearly 4 weeks, while the other groups of PG, PG-ALN
and PG-MSN nanofibers cannot achieve this superior healing capacity based on their limited repair
efficiency within 4 weeks.
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Fig. 7 (a) Representative micro-CT reconstruction images on week 4 and week 12. The red dotted lines stand for the boundary of
critical-sized bone defects. The scale bar is 5 mm. (b) The newly formed bone volume calculated from the micro-CT reconstruction

images (n=5) of all the samples. ** p< 0.05, interactive double-factor ANOVA.

3.5.3. Histological characterization and immunohistochemistry analysis. In order to further
characterize the bone regeneration process, histological characterization of Masson staining and
immunohistochemistry analysis of CD31, OC and OPN were conducted.

Masson staining is a common approach that can determine the maturity of the bone tissue. In the
Masson staining images, mature bones are stained bright red, while immature bones are stained blue.
From Fig. 8a, it can be clearly seen that at 4 weeks the PG-ALN@MSN group possesses the
maximum area of mature bones compared to all the other control groups where immature bones
predominate the majority areas. At 12 weeks, the area of mature bones in the PG, PG-ALN and PG-
MSN groups increases slightly, but is still less than that of the PG-ALN@MSN group. The semi-
quantitative values of bone maturity revealed in Fig. 8c are consistent with the Masson staining
result. Both at 4 weeks and 12 weeks, the interactive double-factor ANOVA indicates that ALN and
MSNs have a significant interactive effect on the relative bone maturity. Besides, at 4 weeks, the
bone maturity value of the PG-ALN@MSN group is higher than 60%, which is significantly higher
than that of the PG-ALN and PG-MSN groups. Even at 12 weeks, the PG-ALN@MSN group
possesses a bone maturity value of about 80%, while those of all the other groups are less than 40%.
Based on these qualitative and semi-quantitative results of Masson staining, it can be speculated
that the loading of ALN and MSNs into the nanofibers may have a synergistic effect in promoting
the maturity of regenerated bone, thus accelerating the repair of critical-sized cranial defects.
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Fig. 8 Determination of bone maturity and angiogenesis of the regenerated bone tissue. (a) Representative Masson staining images
of the harvested regenerated skull tissue at 4 weeks and 12 weeks. The blue zones represent the immature bone tissue, while the red
zones represent the mature bone tissue. Scale bar is 50 um. (b} Representative IHC images of CD31 staining of the harvested
regenerated skull tissue at 4 weeks and 12 weeks. CD31 is expressed in a dark brown color. Scale bar is 50 um. (c) The relative bone
maturity value reflected by the red regions at 4 weeks and 12 weeks. (d) The relative CD31 expression reflected by the dark brown

regions at 4 weeks and 12 weeks. ** p=<0.05, interactive double-factor ANOVA.



In IHC measurements, CD31 secreted by endothelial cells is usually used to evaluate the degree of
angiogenesis. The formation of new blood vessels is crucial for bone regeneration. In order to testify
that MSNs within nanofibers have a positive effect on angiogenesis, the CD31 staining images and
the corresponding semi-quantitative result are presented in Fig. 8b and d, respectively. As exhibited
in Fig. 8b, the PG-MSN and PG-ALN@MSN groups possess much more CD31 positive areas than
the PG and PG-ALN groups both at 4 weeks and 12 weeks. Similarly, the semi-quantitative result
shown in Fig. 8d demonstrates that the relative CD31 expression of the PG-MSN and PG-
ALN@MSN groups is significantly higher than that of the PG and PG-ALN groups both at 4 weeks
and 12 weeks. The CD31 IHC results indicate that the MSNs loaded within the electrospun
nanofibers facilitate vascularization during bone regeneration via silicate release (Fig. 4d).

To further evaluate bone calcification, OC, which plays an important role in adjusting bone calcium
metabolism, was measured by IHC analysis. The OC staining images and corresponding relative
expression are presented in Fig. 9a and c, respectively. It can be observed that at 4 weeks, the relative
OC expression of the PG-ALN@MSN group is significantly higher than that of all the other control
groups with a p value lower than 0.005. However, at 12 weeks, all the different nanofiber groups
have no significant differences between each other. This trend is in accordance with the micro-CT
result.
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Fig. 9 (a) Representative IHC images of OC staining of the harvested regenerated skull tissue at 4 weeks and 12 weeks. Scale bar is 50

um. (b) Representative IHC images of OPN staining of the harvested regenerated skull tissue at 4 weeks and 12 weeks. Scale bar is 50

um. (c) Relative OC expression at 4 weeks and 12 weeks. (d) Relative OPN expression at 4 weeks and 12 weeks. * p<0.05, # p<0.005.
It has been indicated that OPN can inhibit adipogenesis and promote osteogenesis by using
mesenchymal stem cells.47 Therefore, OPN is also chosen for IHC analysis to gain an insight into
the mechanism of PG-ALN@MSN nanofibers in accelerating bone repair. As shown in Fig. 9b, at
4 weeks, the OPN positive area of the PG-ALN@MSN group is clearly larger than that of the PG,
PG-ALN and PG-MSN groups. The corresponding semi-quantitative data (Fig. 9d) at 4 weeks
indicate that relative OPN expression is significantly higher (p < 0.005) in the PG-ALN@MSN
group than in all the other control groups. In addition, compared with the PG group, the PG-ALN
and PG-MSN groups possess significantly higher (p <0.05) relative OPN expression at 4 weeks. At
12 weeks, as demonstrated in Fig. 9b and d, there are no significant differences between the PG-
ALN@MSN group and the other two groups (PG-ALN and PG-MSNs). However, the PG-ALN,
PG-MSN and PG-ALN@MSN groups still possess significantly higher relative OPN expression
compared with the PG group.
3.6. Mechanism of accelerating bone regeneration
As demonstrated from the results of the in vivo repair of critical-sized cranial defects, it can be
concluded that bone regeneration is prominently accelerated through dual delivery of ALN and
silicate from electrospun ALN@MSN-loaded PCL/gelatin nanofibers. As expected, the PG-



ALN@MSN nanofibers can accelerate the bone regeneration process from 12 weeks to 4 weeks,
based on the medical characterization discussed in detail in section 3.5. The data of bone volume
and maturity in Fig. 7b and 8c, which have been analyzed by interactive double-factor ANOVA,
demonstrate the significant synergetic effect of ALN and MSNs, as mentioned in sections 3.5.2 and
3.5.3. Naturally, human bone is a highly vascularized tissue with the ability to remodel throughout
lifetime by the regulated activity of bone-resorbing (osteoclasts) and bone-forming (osteoblasts)
cells.8,48 The possible accelerating mechanism can be explained due to the synergistic effect of
dual delivery of ALN and silicate from the PG-ALN@MSN nanofibers on the bone resorbing-
forming process. ALN has been proven to be a potential inhibitor of osteoclastic bone resorption via
GTP-related pathways; thus it can inhibit the activity of osteoclasts.21 Additionally, silicate, which
is produced from the MSNs based on the process of hydration, hydrolysis and ion exchange (Fig.
S71)29 and then released from PG-ALN@MSN nanofibers, has been demonstrated to improve
angiogenesis and bone calcification.36 In the bone regeneration process, the newly formed bones
with intensive new blood vessels have sufficient nutrient supply, which can further accelerate bone
repair. For the PG-ALN@MSN nanofibers, ALN and silicate can both be sustainably released from
PCL/gelation nanofibers (Fig. 4c and d), which enables continuous synergy in the bone regeneration
process as proved by the in vivo data. However, the nanofibers only with ALN (PG-ALN) or MSNs
(PG-MSNGs) cannot achieve obvious bone repair at the early stage, i.e. at 4 weeks.

4. Conclusions

In summary, inspired by the bone remodeling process, we successfully accelerated bone
regeneration through dual delivery of ALN and silicate from electrospun ALN@MSN-loaded
PCL/gelatin nanofibers for a synergetic effect in modulating the balance between bone resorption
and formation. The in vivo data of the micro-CT measurement and Masson staining proved the
synergetic effect of ALN and MSNs on bone volume and maturity, based on the interactive double-
factor ANOVA. The PG-ALN@MSN group could reduce bone healing time from 12 weeks to nearly
4 weeks, almost three times faster. Besides, at 4 weeks, the maturity of the newly formed bones
exceeded 60% in the PG-ALN@MSN group, which was significantly higher than that of all the
other control groups. Likewise, at 12 weeks, the PG-ALN@MSN group possessed about 80% bone
maturity, while the bone maturity values of all the other groups were less than 40%. In addition,
both at 4 weeks and 12 weeks, more new blood vessels were observed in MSN-loaded nanofibers
than in those without MSNs, which could introduce sufficient nutrient supply to the newly formed
bones. Therefore, in this study the electrospun ALN@MSN-loaded PCL/gelatin nanofibers may
represent great promise for accelerating bone regeneration in the clinic, and we believe the
developed strategy will inspire the design of highly active osteogenic scaffolds in the future.
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