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ARTICLE INFO ABSTRACT

Keywords: Osteogenic-osteoclast coupling processes play a crucial role in bone regeneration. Recently, strategies that focus
Mussel-derived polydopamine on multi-functionalized implant surfaces to enhance the healing of bone defects through the synergistic regu-
Osteoclastogenesis lation of osteogenesis and osteoclastogenesis is still a challenging task in the field of bone tissue engineering. The
Efé A aim of this study was to create a dual-drug release-based core-shell nanofibers with the intent of achieving a

time-controlled release to facilitate bone regeneration. We fabricated core-shell P/PCL nanofibers using coaxial
electrospinning, where alendronate (ALN) was incorporated into the core layer and hydroxyapatite (HA) into
shell. The surface of the nanofiber construct was further modified with mussel-derived polydopamine (PDA) to
induce hydrophilicity and enhance cell interactions. Surface characterizations confirmed the successful synthesis
of PDA@PHA/PCL-ALN nanofibers endowed with excellent mechanical strength (20.02 + 0.13 MPa) and hy-
drophilicity (22.56°), as well as the sustained sequential release of ALN and Ca ions. In vitro experiments
demonstrated that PDA-functionalized core-shell PHA/PCL-ALN scaffolds possessed excellent cytocompatibility,
enhanced cell adhesion and proliferation, alkaline phosphatase activity and osteogenesis-related genes. In
addition to osteogenesis, the engineered scaffolds also significantly reduced osteoclastogenesis, such as tartrate-
resistant acid phosphatase activity and osteoclastogenesis-related gene expression. After 12-week of implanta-
tion, it was observed that PDA@PHA/PCL-ALN nanofiber scaffolds, in a rat cranial defect model, significantly
promoted bone repair and regeneration. Microcomputed tomography, histological examination, and immuno-
histochemical analysis collectively demonstrated that the PDA-functionalized core-shell PHA/PCL-ALN scaffolds
exhibited exceptional osteogenesis-inducing and osteoclastogenesis-inhibiting effects. Finally, it may be
concluded from our results that the bio-inspired surface-functionalized multifunctional, biomimetic and
controlled release core-shell nanofiber provides a promising strategy to facilitate bone healing.

Bone regeneration
Core-shell nanofiber

1. Introduction

Bone abnormalities are frequently observed in a clinical arena with
serious social and economic impacts. Bone injuries generally exhibit an
extended intrinsic healing duration, demanding a protracted duration
for autologous regenerative mechanisms to reach culmination. The use
of biomaterial-based bone grafts as alternatives for natural bone healing
is common, and they have several benefits over previous grafting
methods [1,2].

Ongoing research continues for an ideal bone graft alternative
because allografts entail the risk of resorption, rejection, and disease
transmission risks, while synthetic options like metals and ceramics are
also used for bone tissue regeneration (BTR) [3,4]. However, the
effective use of the aforementioned synthetic bone grafts is generally
hindered by the low affinity of cell adhesion and inadequate or mis-
matched mechanical properties [5]. Bone remodeling is a highly com-
plex biochemical reaction that involves not only osteogenesis
(osteoblast-mediated bone formation) but also osteoclastogenesis
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(osteoclast-mediated bone resorption). Multiple cytokines play an
important role in bone remodeling, which depends entirely on the bal-
ance between bone resorption and bone formation [6,7]. Creating a
highly bioactive bone tissue engineering (BTE) scaffold capable of
regulating the bone remodeling process and fostering bone regeneration
poses a substantial challenge. Therefore, the use of a relatively simple
yet highly effective strategy to regulate osteogenesis and osteoclasto-
genesis with a multifunctional and biocompatible scaffold is of para-
mount importance.

Bisphosphonates prevent bone resorption by selectively adsorbing to
the mineral surfaces of bone, stimulating osteoblast activity, and sup-
pressing osteoclastic activity [8]. Alendronate (ALN) 1is an
FDA-approved nitrogen-containing bisphosphonate predominantly used
as first-line treatment for osteoporosis [9]. The therapeutic potential of
ALN as a bone resorption inhibitor has been demonstrated in several in
vitro and in vivo experiments. ALN inhibits osteoclasts and enhances the
expression of bone morphogenetic protein-2 (BMP2), a key factor
responsible for osteogenesis and bone regeneration [10]. Conversely,
the oral administration of ALN at high doses is likely to result in serious
side effects, including jaw osteonecrosis and gastrointestinal ulcers.
Additionally, high concentrations of ALN inhibit osteogenesis, while low
concentration promotes osteoblast proliferation and osteogenic differ-
entiation [11]. To solve this problem, controlled release of ALN with a
scaffold would be an effective strategy.

While ALN possesses fascinating anti-osteoclastogenesis properties,
it may not act as a standalone osteoinductive agent. The osteoconductive
and osteoinductive qualities of calcium phosphate ceramics, also known
as bioceramics, have made them a popular choice for BTR. Hydroxy-
apatite (HA), a type of bioceramic, naturally shares a great chemical and
structural similarity with the minerals present in human bones. HA has
gained popularity as a biomaterial for BTR owing to its biocompatibility,
bioactivity, osteoconductivity and anti-inflammatory properties [12,
13]. Additionally, HA integration can enhance the scaffold strength and
cell activity while concurrently promoting angiogenesis and osteo-
genesis through osteoblast proliferation and differentiation [14].
Moreover, research has proved that HA exhibits high solubility in the
physiological environment and can release nontoxic calcium (Ca) ions to
stimulate blood vessel and bone regeneration by triggering calcium
ion-sensing receptor signaling [15].

The FDA-approved biomedical polymers polycaprolactone (PCL) and
poly lactic-co-glycolic acid (PLGA) have been used for controlled drug
delivery, dressing, and tissue engineering in medicine [16]. PCL is a
synthetic polymer with promising applications in bone tissue repair. Its
unique properties include flexibility, a partially crystalline structure,
and water repellency [17]. PCL is well known for its good biodegrad-
ability and mechanical properties; however, its hydrophobic nature
limits its practical applications [18,19]. Single-phase PLGA is not suit-
able for BTR because of its dimensional instability and lack of osteoin-
ductive and osteoconductive properties [20]. Shue et al. introduced an
efficient technique to address the shrinking of PLGA. The results showed
that adding size-stable PCL as the core fiber considerably enhanced the
dimensional stability of the PLGA-based fibrous scaffold [21]. The hy-
drophobic surfaces of PCL and PLGA failed to promote cell attachment,
prompting the combination of different biomaterials to create a suitable
artificial bone scaffold. To address these issues and incorporate the
properties of different materials into a single scaffold, we propose the
use of the coaxial electrospinning technique. However, further surface
modifications are needed to make it acceptable for cell attachment.
Coaxial-structured nanofiber offers better controlled drug release than
the single-nozzle and blend methods. The drug or protein contained
within the core can be released slowly and remain effective for an
extended period through the shell [22-24].

Different surface modification techniques have been developed to
improve the surface adhesion of nanofiber scaffolds. Mussel-inspired
molecule polydopamine (PDA) has been investigated for use as surface
coating for biomedical implants because of its versatile adhesion
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properties, biocompatibility and biodegradability and its capacity to
promote HA crystallization by offering more active sites, showing great
potential in BTE [25-27]. PDA is also used as an immobilizing agent for
different proteins on nanofiber scaffolds to enhance the loading rate as
well as controlled and sustained release [28,29]. For example, Zhou
et al. constructed calcium surface anchored collagen I-PLGA/PCL elec-
trospun scaffolds (PP/COL-I-PDA-Ca). They achieved this by applying
PDA coating to collagen I-incorporated PLGA/PCL substrates, which had
been modified through the chelation of Ga®". The results showed that
the PDA-based Ca®" chelation, COL-I incorporation, maintained 3D
porous structure, and displayed good cytocompatibility. Additionally,
ALP, OCN, OSX, RUNX2, and BMP-2 expression demonstrated that the
combined effects of Ca?* and collagen I boosted osteogenesis and bone
cell differentiation [30].

In this study, we fabricated ALN and HA-loaded core-shell nano-
fibrous scaffold using coaxial electrospinning and the surface of the
nanofiber was functionalized with PDA to promote cell adhesion. The
shell and core layer of nanofiber is composed of PLGA-HA (PHA) and
PCL-ALN, respectively. As bone mesenchymal stem cells (MSCs) regu-
lates the bone regeneration process in vivo, incorporating HA into the
shell aims to promotes the osteogenic differentiation of MSCs, angio-
genesis and enhance vascularized bone regeneration. Meanwhile, inte-
grating ALN into the core layer could improve the sustained release of
ALN and inhibit osteoclastic activity (Scheme 1). We investigated the
physicochemical properties such as morphology, hydrophilicity, me-
chanical strength, in vitro ALN and Ca ion release, degradational be-
haviors of core-shell nanofibers. In-vitro and in-vivo studies were
conducted to explore the effects of these scaffolds on cytocompatibility
(i.e. cell attachment and proliferation), osteogenic differentiation, and
osteoclastogenesis inhibition.

2. Materials and material processing
2.1. Materials

PLGA (LA/GA = 75:25, Mw = 105 kDa) was purchased from Shan-
dong Medical Device Institute Co. Ltd. (P.R. China). PCL (Mn = 80 kDa),
ALN (Mw = 325.12), 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP),
2,2,2-trifluoroethanol (TFEA), Dopamine, Tris (hydroxymethyl amino-
methane, Ninhydrin, 4',6-diamidino-2-phenylindole (DAPI), and
Rhodamine B were purchased from Macklin Biochemical Co. Ltd. (P.R.
China). HA was previously synthesized in our lab. MC3T3-E1 and
RAW264.7 cell lines were gift sample from professor Huang Zhongbing
(Biomedical engineering collage; Sichuan university). All additional
chemicals and reagents employed in the study were of analytical grade.

2.2. Fabrication of core-shell nanofibers by coaxial electrospinning

The core polymer solution, comprised of different concentrations
(10 %, 12 %, and 15 % w/v), was prepared by dissolving PCL in TFEA. In
parallel, the shell solution was prepared by dissolving different con-
centrations of PLGA (18 % and 20 % w/v) in HFIP. Electrospinning
solution of PHA was prepared as follows: different concentrations of HA
4, 6, and 8 % (w/v) were ultrasonically dispersed in 10 mL of HFIP for 1
h. Then 20 % of PLGA was dissolved into the solution. PLGA was
completely dissolved after vigorous stirring of the solution. For pre-
paring PCL-ALN solution, 15 % of PCL was dissolved in 10 mL of TFEA
and 1 % ALN was added and then stirred until complete dissolution.
During electrospinning, the flow rates of the inner and outer solutions
were 0.8 mL/h and 1.2 mL/h, respectively, with a tip-to-collector dis-
tance of 15 cm and an applied voltage of 22 kV. The coaxial electro-
spinning (TL-BM-300; Shenzhen TONGLI Micro Nano Technology Co.
China) set-up was used in this study. Coaxial electrospinning was per-
formed at 25 °C and 55 % relative humidity. To eliminate any residual
organic solvent for future use, the electrospun scaffolds were vacuum-
dried at room temperature.
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Scheme 1. Schematic illustrations of the design and application of dual-delivery approach surface functionalized core-shell electrospun nanofibrous scaffold. (a) The
PDA@PHA/PCL-ALN nanofiber was prepared by coaxial electrospinning method and surface functionalized by PDA. (b) In vitro evaluation of surface functionalized
PDA@PHA/PCL-ALN nanofibers in regulating osteogenesis and osteoclastogenesis. Initially, the surface modified and rapid release of HA loaded in the shell layer
promote the recruitment and osteogenic differentiation of MC3T3-E1 cells, leading to increased bone regeneration. Subsequently, the delayed and sustained release
of ALN in the core layer was designed to inhibit osteoclastogenesis and reduce bone resorption. (¢) In vivo evaluation of surface functionalized PDA@PHA/PCL-ALN
nanofiber facilitates endogenous bone regeneration through synergistic approach of osteogenic stimulation and osteoclastic inhibition.

2.3. Surface modification of nanofiber

PDA was applied onto the PHA/PCL-ALN scaffold via direct im-
mersion coating method. For surface modification, electrospun PHA/
PCL-ALN nanofibers were submerged in a dopamine solution (2 mg/
mL in 10 mM Tris, pH 8.5) at 25 °C with mild shaking for 3 h. The color
of the solution shifted from light pink to dark brown owing to the pH-
induced self-polymerization of dopamine. The coated scaffold was
subsequently rinsed three times with Milli-Q water to remove unbound
dopamine molecules, resulting in PDA-coated PHA/PCL-ALN.

3. Results
3.1. Morphology of Core—Shell nanofibers

During optimization, it was observed that the polymer concentration
significantly impacts the formation of nanofibers, if the polymer con-
centration was not carefully controlled, the resultant nanofiber tends to
exhibit numerous beads having no uniformity. Core-shell nanofibers
were fabricated by optimizing the solution parameters. In the process of
optimization, we found that the composition of 10%PCL-18%PLGA
produced non-uniform nanofibers with beads. Increasing the

concentration of PCL core solution from 10 % to 12 % (12%PCL-18%
PLGA), nanofibers were formed with fewer beads (Fig. S1). Additionally,
elevating both the core and shell solution concentrations to 15 % PCL
and 20 % PLGA resulted in the formation of smoother and bead-free
nanofibers (Fig. 1). For effective drug incorporation, we chose nano-
fibers produced from the 15 % PCL-20 % PLGA composition. However,
the introduction of higher concentrations of HA into the polymer solu-
tion posed challenges during the electrospinning process, with potential
HA aggregation within the fibres and reduced material mechanical
effectiveness (Fig. S1). Therefore, we determined that 4 % HA concen-
tration was the most suitable. It is clear from Fig. 1 that these nanofibers
displayed a beadless morphology with random orientation. Therefore,
five different scaffolds were constructed for further research in this
study, denoted as P/PCL (placebo), P/PCL-ALN (ALN-loaded), PHA/PCL
(HA-loaded), PHA/PCL-ALN (HA and ALN loaded), PDA@PHA/PCL-
ALN (PDA surface functionalized HA and ALN loaded) core-shell
nanofiber.

The morphology of the core-shell nanofibers is shown in Fig. 1a. All
scaffolds had randomly aligned nanofibers and densely interconnected
pores, mimicking the typical structure of the extracellular matrix (ECM).
Additionally, from SEM images, the morphology of the HA nanoparticles
was observed, indicating the successful fabrication and encapsulation of
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Fig. 1. (a) Representative SEM images of different core-shell nanofibers; (b) TEM images clearly illustrate the distinctive core-shell structure in the P/PCL nanofibers;
(c) CLSM images of the core-shell nanofibers with DAPI-labeled PLGA (shell) and rhodamine B-labeled PCL (core); (d) EDS elemental mapping and spectrum of
PDA@PHA/PCL-ALN

the HA within nanofibers. After PDA coating, the PDA@PHA/PCL-ALN histogram of the fiber diameter distribution showed that the addition of
scaffold showed a surface morphology similar to that of the PHA/PCL- HA reduced the average diameter of the fibers (Fig. S2). Additionally,

ALN scaffold but was covered with PDA agglomerates (small aggre- HA can increase electrical conductivity when incorporated as a mineral
gates occurred on the surface of the nanofibers). However, after the PDA salt. Therefore, the polymer can be stretched completely in an electric
coating, a very modest increase in average diameter was noticed. The field, which could account for the further reduction in the average fiber
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diameter with HA [20]. A slight decrease in diameter was also observed
after loading ALN. Notably, PHA/PCL, PHA/PCL-ALN, and
PDA@PHA/PCL-ALN exhibited significantly rougher morphologies than
pure P/PCL because of the addition of HA into the nanofibers. It has been
reported that roughened HA surfaces are more beneficial for cell
attachment, proliferation, and subsequent osteogenic differentiation
than smooth surfaces. The biological properties of biomaterials are
determined by their structures. Micro-sized pores are formed between
the interlaced fibers of the membrane, which can serve as a membrane
barrier for the exchange of nutrients and waste material, thereby regu-
lating the regeneration and repair of bone defects [20].

The structural integrity of core-shell P/PCL nanofiber along its axis
was confirmed by TEM, as depicted in Fig. 1b. A clear core-shell struc-
ture is evident within P/PCL nanofiber, denoting its characteristic
feature. To further verify the homogeneous dispersion of the solution
within core in nanofibers, fluorescence staining was employed (Fig. 1c).
DAPI (blue) was added into the PLGA solution and Rhodamine-B (red)
into the PCL solution during nanofiber fabrication process. The distri-
bution of core solution within nanofibers was further investigated using
confocal laser scanning microscope (CLSM). The core-shell nanofibers
displayed two distinct colors, as illustrated in Fig. 1c. The red dye was
constrained in the middle of the nanofiber, whereas the blue dye was
distributed around the PCL core. This outcome serves as evidence of the
uniform distribution of the two constituents. The elemental composition
of the scaffolds was determined through EDS elemental mapping, as
shown in Fig. 1d and (Fig. S3). The PDA@PHA/PCL-ALN composite
nanofiber is found to contain carbon (C), oxygen (O), phosphorus (P),
sodium (Na), and Ca. This indicates the uniform distribution of ALN and
HA within nanofibers. It exhibited that the two-step ultrasonic technique
used in this work successfully blended the HA dispersion into the
polymeric fibers, which is crucial for the mechanical strength and
osteogenic behavior of the scaffolds. Further analysis of the EDS spectra
revealed that PDA@PHA/PCL-ALN exhibits an atomic Ca/P ratio of
1.64, akin to the stoichiometric ratio observed in HA and in close
proximity to the natural bone tissue ratio of 1.67.

3.2. Physiochemical properties

To develop a desirable biomaterial scaffold for BTR, the implanted
material within bone defects must provide structural integrity while
accommodating cell infiltration and fostering tissue regeneration. The
mechanical characteristics of all scaffolds were examined using the
standard stress-strain curves, as illustrated in Fig. 2a. The results
demonstrated distinct levels of strength and resistance to deformation
exhibited by each scaffold. In direct comparison to the P/PCL and P/
PCL-ALN sample, the incorporation of HA and PDA coating within
PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN scaffolds notably
augmented their maximum tensile strength. Notably, PDA@PHA/PCL-
ALN possessed the maximum tensile strength among all groups, which
may be due to the synergistic reinforcement of mineralized HA and PDA
coating, consequently improving the matrix stiffness. Fig. 2b revealed
that the Young’s modulus of P/PCL exhibited a decrease from 273.28 +
5.69 MPa to 239.89 + 4.23 MPa upon incorporation of ALN (P/PCL-
ALN). Subsequent addition of HA nanoparticles and PDA coating
resulted in an increase in the Young’s modulus of the electrospun
nanofibers approximately (371.26 + 1.47) for PHA/PCL-ALN and
(378.70 + 4.40) for PDA@PHA/PCL-ALN. Similarly, a noticeable vari-
ation in the tensile strength of PHA/PCL (18.28 + 0.25 MPa), PHA/PCL-
ALN (18.66 + 0.37 MPa) and PDA@PHA/PCL-ALN (20.02 + 0.13 MPa)
was observed, as depicted in Fig. 2c. The observed values were signifi-
cantly higher compared to those of P/PCL, with (14.29 + 0.26 MPa) and
P/PCL-ALN (12.44 + 0.24 MPa). Moreover, Fig. 2d illustrated that P/
PCL-ALN membranes exhibited a greater elongation at break. Notably,
there was no significant difference detected in the elastic modulus and
elongation at break of PHA/PCL compared to P/PCL. It is crucial to note
that research indicates the elastic modulus and tensile strength of human
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cancellous bone span from 0.05 to 0.5 GPa and 1-20 MPa, respectively,
contingent upon the apparent density [31]. The application of PDA
coating on the scaffold demonstrates the requisite modulus and tensile
strength akin to that of natural cancellous bone. It has been demon-
strated by Shin et al. that the polymerization of PDA on the surfaces of
PCL and PLA copolymers resulted in an increase in the polymer modulus
of elasticity [32]. The PDA coating on the nanofiber functioned as an
adhesive to enhance the interconnectivity and adhesion among the
layers [33]. Previous study reported that the organic-inorganic integrity
and homogeneous distribution of HA are beneficial for enhancing the
mechanical characteristics of tissue engineering scaffolds [34]. Addi-
tionally, embedment of HA nanoparticles increased the mechanical
strength of the mineralized scaffolds. This supported the microenvi-
ronment within the repaired bone defects and promoted the growth of
new bone tissue [35]. The above findings confirmed the successful
incorporation of ALN and HA into the core-shell P/PCL nanofiber, and
resulting in the anticipated physicochemical properties of modified
PDA@PHA/PCL-ALN scaffold. Thus, PDA-coated nanofibers could be
ideal for non-load-bearing environments, such as cranial bone
regeneration.

To determine the hydrophilicity of the nanofibrous scaffold, static
water contact angle (CA) measurements were performed. As shown in
Fig. 2e, the pure P/PCL core-shell nanofiber exhibited a water CA of
85.63°, demonstrating its hydrophobic nature. The addition of ALN did
not change CA of the coaxial scaffold, but a significant decrease was
observed in the scaffold (77.96°) PHA/PCL and (75.46°) PHA/PCL-ALN.
The incorporation of HA nanoparticles enhanced the hydrophilicity of
nanofiber because of hydrophilic P-OH group present on the surface of
HA [36]. Notably, after PDA coating, the hydrophilicity of nanofibrous
scaffold was enhanced and water CA of PDA@PHA/PCL-ALN was
observed to be 22. 56°. This was attributed to the presence of hydro-
philic amino and carboxyl-functional groups in PDA molecules. The
surface wettability of the materials plays an important role in their
interaction with cells. It has been documented in the literature that
scaffolds with a CA between 5° and 40° are more conducive to cell
attachment, proliferation, and differentiation in vitro as well as efficient
penetration of host cells in vivo [37]. Consequently, the
super-hydrophilic properties of PDA@PHA/PCL-ALN nanofibers were
anticipated to positively impact BTR both in vitro and in vivo.

The functional groups present within the scaffolds were character-
ized using FTIR spectroscopy, as shown in Fig. 2f. The absorption peaks
observed at 1759 and 1732 cm ™! were attributed to the free ester-based
functional group of PLGA, and conjugated ester-based group of PCL,
respectively [38,39]. Additionally, the spectrum exhibited a strong band
near 1175 and 1090 cm ™~ due to the presence of C-O-C group within the
structure. The multiple peaks detected within the range of 1266-965
cm ! were identified as C-O-C vibration mode. Upon the addition of
ALN, no distinctive additional peaks associated with ALN were detected
within these scaffolds, likely due to lower concentration of ALN.
Notably, the FTIR spectra revealed the typical peaks of crystalline
phosphate (PO3") at 613 and 523 cm ™}, suggesting the presence of HA
in the sample, (PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN).
Moreover, peaks at 2955 and 2880 cm ! were identified as C-H
stretching vibration in benzene methyl and methylene groups, respec-
tively [40]. After the PDA coating, a reduction in the intensity of peaks
related to methyl and methylene group was observed.

Then, X-ray diffraction (XRD) analysis was performed to discern the
phase composition inherent within the nanofibers. The discernible peaks
representative of the semicrystalline PCL (21.29° and 24.44°, respec-
tively) and the HA phase peak (indicated by the symbol) were observed
within the composite scaffolds Fig. 2g. Notably, in the case of polymer
composites, with the addition of ALN, HA and PDA, there was an
attenuation observed in the intensity of peaks corresponding to P/PCL-
ALN, PHA/PCL, PHA/PCL-ALN and PDA@PHA/PCL-ALN. This reduc-
tion in intensity was noted without any discernible shift in peak position.
This phenomenon could potentially be attributed to the diffraction
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Fig. 2. Different physicochemical characterization of developed non-functionalized (PHA/PCL, P/PCL-ALN and PHA/PCL-ALN) and PDA surface-functionalized
(PDA@PHA/PCL-ALN) nanofiber scaffolds. (a) Typical strain-stress curves of different nanofiber; (b) Young’s modulus; (c) Tensile strength measurement, and (d)
Elongation at break; (e) Water contact angle; (f) FTIR spectra’s; (g) XRD spectra’s; (h-i) XPS analysis of PHA/PCL-ALN and PDA@PHA/PCL-ALN; (j) TGA analysis of
different nanofibers under a N, atmosphere; (k-1) Drug release behavior of ALN and Ca®*.
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characteristics exhibited by ceramic crystals or the potential overlap
between the diffraction patterns of HA and ALN.

Further, X-rayphotoelectron spectroscopy (XPS) analysis was used to
verify the surface modification of nanofibers. All the samples exhibited
the elemental peaks of C 1s and O 1s (Fig. 2h and i). In contrast, a new
nitrogen (N 1s) signal was discovered in PDA@PHA/PCL-ALN electro-
spun scaffolds, whereas, the absence of any detectable nitrogen peak
was observed in PHA/PCL-ALN scaffold. The emergence of nitrogen (N
1s peak) at 398.52 eV indicates that the PDA coating was successfully
deposited on the scaffold’s surface.

The thermal stability of the different scaffolds was assessed via TGA.
Fig. 2j demonstrates a marginal weight reduction (~3.39 wt%) across all
the samples between 55 and 150 °C, likely attributed to water evapo-
ration. Notably, in the PHA/PCL sample, two distinct weight reduction
phases were evident at 325 and 420 °C, signifying polymeric chain loss,
culminating in complete material decomposition at 500 °C, displaying
exceptional thermal stability. Additionally, the TGA curves showed
analogous weight losses in PHA/PCL, PHA/PCL-ALN, and PDA@PHA/
PCL-ALN, commencing around 285 °C and complete degradation at
650 °C. The thermal stability of the HA-loaded nanofibers was superior
compared to other nanofibers. The thermal stability of nanofibers was
improved by the addition of inorganic filler [41,42]. The TGA degra-
dation profiles further demonstrated the effective addition of HA, which
considerably improved the thermal stability of PHA/PCL,
PHA/PCL-ALN and PDA@PHA/PCL-ALN scaffolds. In crafting bioma-
terial scaffolds for BTR, structural robustness and efficient load disper-
sion to surrounding bone tissues are imperative considerations.

Fig. 2k-1 depict the release profiles of ALN and Ca?" from various
nanofiber scaffolds. Specifically, Fig. 2k illustrates the cumulative ALN
concentrations released from P/PCL-ALN, PHA/PCL-ALN, and
PDA@PHA/PCL-ALN scaffolds. The barrier effect inherent in the cor-
e-shell structure of the fibers was primarily responsible for the delayed
release profile of P/PCL-ALN. After 24 days of incubation, only 44 % of
the total ALN was cumulatively released from the P/PCL-ALN scaffold.
In contrast, the cumulative quantity of ALN released from the PHA/PCL-
ALN scaffold was 74.44 + 5.4 % by day 24, which was much higher than
the amounts released from the P/PCL-ALN scaffold (43.84 4+ 3.19 %)
and PDA@PHA/PCL-ALN (56.20 + 3.7 %). PDA surface modification in
PDA@PHA/PCL-ALN scaffolds potentially contributed to the lower ALN
concentration released as compared to PHA/PCL-ALN. The core-shell
nanofiber design sustains ALN release, potentially reducing its toxicity
at higher doses. This controlled release is vital for optimizing ALN’s
therapeutic use, minimizing toxicity at elevated concentrations.

The presence of HA triggered a significant release of Ca>". Across all
the HA-loaded nanofiber groups, the initial three days showed a rapid
burst release of Ca%t (Fig. 21). Additionally, the HA particles in shell
layer of nanofibers such as PHA/PCL-ALN, PDA@PHA/PCL-ALN, and
PHA/PCL became exposed and degraded over time. This resulted in
slightly faster degradation compared to the P/PCL-ALN nanofiber. The
initial burst release of Ca*" from PDA@PHA/PCL-ALN was higher than
that from ALN. This sequential release of ALN and Ca2* holds promise
for creating conducive environments for both reducing osteoclastic ac-
tivity and inducing osteogenesis in both in vitro and in vivo study.

The degradation of biomaterials holds significant importance in tis-
sue engineering and drug delivery. Ideally, materials should gradually
break down after providing mechanical support for cell infiltration and
tissue growth, facilitating uninterrupted tissue regeneration during bone
healing. The degradation characteristics of P/PCL, P/PCL-ALN, PHA/
PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN are shown in Fig. S4.
Initially, the fibrous scaffold exhibited the slow degradation within the
initial 12 days (Fig. S4b). Over prolonged incubation periods,
PDA@PHA/PCL-ALN, PHA/PCL-ALN, and PHA/PCL showed slightly
higher weight losses compared to P/PCL-ALN and P/PCL. Notably,
PDA@PHA/PCL-ALN displayed a comparatively faster degradation rate
than other scaffolds, potentially attributed to hydrophilic surface being
modified by PDA coating. Additionally, PDA undergoes oxidative
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biodegradation due to the presence of active oxygen species and free
radicals, expediting the hydrolytic disintegration of the material and
rendering it suitable for long-term implantation [36]. After 12 days,
SEM was used to further analyze the degradation behavior (Fig. S4a). It
was evident that the degradation caused changes in the fiber shape and
breakage.

3.3. In vitro biological evaluation

3.3.1. Invitro cytocompatibility

The cytocompatibility of functionalized scaffolds must be extensively
evaluated due to the addition of multiple bioactive substances and/or
drugs. Ensuring the non-toxic nature and favorable cytocompatibility of
materials used in bone implants are essential prerequisites for effectively
promoting BTR. In this study, MC3T3-E1 cells were cultured on various
scaffolds including P/PCL, P/PCL-ALN, PHA/PCL, PHA/PCL-ALN, and
PDA@PHA/PCL-ALN to investigate their cytocompatibility in-vitro via
CCK-8 assay. The CCK-8 findings indicated uniform cell proliferation
across the scaffolds, and the number of cells on PDA@PHA/PCL-ALN
was significantly higher compared to other membranes on day 5
(Fig. 3). The advantageous microenvironment created by the combina-
tion of ALN, HA, and PDA coatings, fiber diameter, morphology,
adequate mechanical properties, and superior hydrophilicity may be the
cause of the beneficial cell behavior on the membranes. Additionally,
incorporation of 4 % HA in scaffolds did not show any toxicity on
MC3T3-E1 bone cells. The cell viability of MC3T3-E1 cells on core-shell
nanofiber after PDA coating significantly enhanced on day 1, 3 and 5 as
compared to uncoated scaffold. Previous researches have demonstrated
that direct cell interactions on nanofibers provide a crucial modulatory
role in cell destiny and function because of their ability to directly affect
cell proliferation and differentiation [43]. Consequently, the nanofibers
are speculated to support cell adhesion and proliferation.

This was further supported by the findings of MC3T3-E1 cell’s live/
dead staining on the scaffold’s surfaces, where the living cells were
stained with (calcein AM) which produces green fluorescence when
excited under blue laser (521 nm) and the dead cells were stained with
(PI) which produces red color under blue laser excitation of 535 nm
(Fig. 4a). The dead cells were rarely found in live/dead-stained images,
and most MC3T3-E1 cells were alive and uniformly distributed, sug-
gesting that all scaffolds had excellent cytocompatibility. After 3 days of
live/dead assay, fluorescent images demonstrated that MC3T3-E1 cells
were more widely distributed on PDA-modified PHA/PCL-ALN core-
shell scaffolds compared to other non-modified nanofiber scaffolds.
This corroborates previous findings that PDA coating increases the
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Fig. 3. Cell viability was determined using the CCK-8 assay kit of various core-
shell nanofiber scaffolds after 1, 3, and 5 days.



S. Anjum et al.

a Control

PHA/PCL

Live/Dead

b Control

PHA/PCL

Cell adhesion

P/PCL

PHA/PCL-ALN

P/PCL

PHA/PCL-ALN

Materials Today Bio 26 (2024) 101088

P/PCL-ALN

PDA@PHA/PCL-ALN

P/PCL-ALN

PDA@PHA/PCL-ALN

250pm

Fig. 4. (a) Fluorescence microscopic images of live/dead staining of MC3T3-E1 cells cultured on different core-shell nanofiber scaffold’s surfaces after 3 days. (b)
Representative nucleus/cytoskeleton staining images of MC3T3-E1 cells cultured on different scaffolds after 3 days.

bioactivity of P/PCL composites.

The cellular responses to implanted biomaterials heavily rely on
their adhesive capacity, crucial for subsequent cell behavior, morpho-
genesis, and eventual tissue responses. To further evaluate the cell
adhesion and spreading morphology on distinct scaffolds was evaluated
through phalloidin/DAPI staining, with observation via CLSM to assess
the impact of these scaffolds on MC3T3-E1 cell cytoskeletal morphology,
and the results are shown in Fig. 4b. Compared to the P/PCL and P/PCL-
ALN scaffolds, cells provided a better spreading area on the PHA/PCL
and PHA/PCL-ALN scaffolds after 3 days. Surface chemistry, roughness,
and hydrophilicity of biomaterial scaffolds have a positive impact on

osteoblast cell attachment. Previous research indicated that the rough
surface of 10 % HA/PLGA stimulates cell attachment [44]. After PDA
coating, PDA@PHA/PCL-ALN scaffolds exhibited a better cytoskeleton
and healthier cell spreading areas, because of the linked porous struc-
ture, bone-like HA nanocrystals, and enhanced roughness and hydro-
philicity on the surface. Therefore, PDA@PHA/PCL-ALN can promote
cell stretching and adhesion across extended distances and is required
for the proliferation and subsequent differentiation of MSCs for BTR
[45]. Additionally, ECM proteins adsorbed on the substrate’s surface,
such as fibronectin, vitronectin, and other signaling molecules, signifi-
cantly influence cell adhesion [46]. According to previous reports, PDA
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imparts positive charges to the material’s surface, facilitating easier 3.3.2. In vitro osteogenesis evaluation
attachment to integrin receptors on the cell membrane, and exhibiting a Optimal bone implants must possess not only robust cytocompati-
special adhesion behavior [47]. bility but also exhibit favorable osteogenic activity [48]. Based on the

aforementioned positive findings, the osteogenic differentiation of
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Fig. 5. In vitro osteogenic activity of different core-shell nanofibers on MC3T3-E1 cells. (a-b) Representative images of ALP staining on different core-shell scaffolds
after 7, and 14 days; (c-d) Quantitative evaluation of ALP activity; (e-h) Relative expression of different osteogenesis-related markers, including Runx2, Col-1, OPN,
and OCN, after 7 days.
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MC3T3-E1 cells induced by different scaffolds was assessed by
measuring ALP activity, ARS staining, and the expression of genes
associated with osteogenesis. The ALP activity of MC3T3-E1 cells was
measured to evaluate their early osteogenic differentiation, and ARS was
employed to detect calcium deposition, function as an indication of
late-stage osteogenic differentiation.

Fig. 5(a and b) displays higher staining density and distribution of
ALP in PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN groups
compared to P/PCL and P/PCL-ALN groups after 7 and 14 days of in-
cubation. The quantitative analysis was consistent with the corre-
sponding staining Fig. 5(c and d). The in-vitro osteoblastic function of
scaffolds containing HA was greater than that of scaffolds containing
ALN (p < 0.001), suggesting that ALN alone had a limited impact on
osteoblastic stimulation and differentiation. A possible explanation
could be that ALN directly stimulates osteoclast differentiation and
activation, but not osteoblasts [49,50]. Furthermore, we observed that
the combination of HA and ALN provided higher ALP activity, indicating
that the dual release of HA and ALN could enhance osteogenic differ-
entiation of cells. After polydopamine coating, the results of minerali-
zation analysis on 14th day indicated that the osteogenic efficiency of
the PDA@PHA/PCL-ALN group was similar to PHA/PCL-ALN group and
significantly better as compared to other groups, leading that the PDA
coating had minimal function in early osteogenesis cell differentiation.

ARS staining was utilized to quantify calcium deposition across
different composite scaffolds, with its interaction with Ca?* in miner-
alized ECM and produces bright red staining. As shown in Fig. S6, after
14 and 21 days of culture, ARS staining showed that the calcification for
PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN was higher than
that for P/PCL and P/PCL-ALN. This enhancement can be attributed to
HA’s osteoconductive properties and strong affinity for bone tissue. The
integration of HA within the nanofiber shell layer facilitated calcium
mineralization and enhanced osteogenic differentiation in MC3T3-E1
cells [51]. Notably, the osteogenic differentiation potential of
MC3T3-E1 cells was significantly increased by PDA coating. The red
calcium nodules in MC3T3-E1 cells on the PDA@PHA/PCL-ALN nano-
fibers were more abundant than that on the PHA/PCL-ALN scaffold. This
aligns with earlier studies demonstrating the PDA coating’s ability to
concentrate Ca®", potentially initiating HA nucleation and providing an
efficient environment for osteogenic differentiation [52,53]. The
observed increase in both early and late osteogenic differentiation
demonstrated that the PDA@PHA/PCL-ALN nanofiber has a strong
osteoinductive capacity and tremendous potential for BTR.

To further validate these results, the expression levels of
osteogenesis-related genes i.e., Runx2, Col-1, OPN, and OCN were
examined by qRT-PCR. Runx2 is a member of the runt homology
domain family of transcription factors and serves as a crucial early
marker in osteogenic differentiation, influencing the upregulation of
Col-1 and OCN expression [54]. OPN, a glycosylated protein, is promi-
nent in the middle and late stages of differentiation and plays an
important role in bone remodeling and biomineralization [55]. OCN, a
significant late-stage osteogenic marker secreted by osteoblasts, con-
tributes a specific role in MSC differentiation and mineralization of the
organic bone matrix [56]. As illustrated in Fig. 5e-h, a significant
elevation in all osteogenesis-related genes were observed in MC3T3-E1
cells after 7 days of culture. In comparison with the P/PCL groups, the
expression of these genes in the P/PCL-ALN, PHA/PCL, PHA/PCL-ALN,
and PDA@PHA/PCL-ALN groups were significantly higher (p < 0.05, p
< 0.01, and p < 0.001), which was consistent with the trends of ALP
activity and ARS staining. Previous research has elucidated the mecha-
nism through which Ca?' from HA participate in various cellular
physiological processes and facilitate the transmission of electrical im-
pulses [57,58]. Furthermore, the effect of HA on stimulating osteogenic
differentiation has been extensively examined [59]. Additionally, recent
research found that HA-functionalized biomaterials could increase
Runx2 expression and in vitro osteogenic differentiation [17,60]. The
inclusion of HA within the shell layer provided favorable results by
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facilitating the continuous release of Ca2'. This promoted cellular
mineralization and differentiation, and enhancing the formation of
endogenic osteogenic components like Runx2 on PHA/PCL nanofibers in
vitro (Fig. 5e). Jiang et al. [61] prepared a sandwich-like membrane and
demonstrated that the incorporation of HA considerably increased cell
osteogenic differentiation and mineralization. The Col-1 protein was
abundant in the groups treated with PHA/PCL, PHA/PCL-ALN, and
PDA@PHA/PCL-ALN scaffolds (Fig. 5f). In contrast, both P/PCL and
P/PCL-ALN treated groups exhibited lower levels of Col-1proteins.
Col-1, which plays a key role in bone remodeling, stands as the pri-
mary organic matrix component within bone tissue. Huanzhong et al.
[62] prepared time-controlled release scaffolds via coaxial electro-
spinning, incorporating ALN within its core. Their results revealed that
the dual delivery strategy inhibit osteoclast activity and induced oste-
ogenic differentiation. An OPN is a secreted phosphoprotein within
bones, plays a crucial role in bone homeostasis and metabolism. Inter-
estingly, MC3T3-E1 cells exhibited significantly higher OPN expression
on the PHA/PCL-ALN scaffold compared to the PHA/PCL scaffold,
indicating an enhanced osteogenic effect facilitated by the prolonged
release of ALN and Ca®" (Fig. 5g). After PDA coating, OPN expression
improved significantly in PDA@PHA/PCL-ALN in contrast to P/PCL,
P/PCL-ALN, and PHA/PCL scaffolds. Conversely, no significant differ-
ence in the expression of OCN was observed between
PDA@PHA/PCL-ALN and PHA/PCL-ALN scaffolds (Fig. 5h). In this
study, we observed that PDA could slightly elevate the osteogenic dif-
ferentiation of cells. The application of the proper PDA coating posi-
tively influenced cell differentiation during the excretion of proteins,
particularly in the bone [63,64]. However, the combined use of ALN and
HA demonstrated additive effects on osteogenesis. The dual delivery
method is a suitable strategy for preventing the adverse effects of ALN by
maintaining the dose within a safe range. These findings align with prior
research [65,66]. In summary, the results exhibited that the design of
coaxial fibers for a local sustained-release system promotes the osteo-
genic differentiation of pre-osteoblasts, verifying its desirable osteoin-
ductive properties.

3.3.3. Invitro osteoclastic evaluation

Bone healing relies not only on osteoblasts but also on osteoclasts,
and controlling osteoclastogenesis is advantageous for effective bone
regeneration. Therefore, it is important to consider not only the osteo-
genic capacity of biomaterials but also how they affect osteoclast dif-
ferentiation when evaluating their bone regeneration properties.
Osteoclasts, responsible for mineral resorption in the bone, are typically
multinucleated large cells generated by the fusion of hematopoietic cells
of the monocyte-macrophage lineage. The early stages of bone repair are
delayed by the increased osteoclast activity. Specific stimuli such as
receptor activator of nuclear factor kB ligand (RANKL) and M-CSF
stimulate osteoclast development [67]. The formation of multinucleated
giant cells in osteoclasts is caused by the activation of intracellular
pathways, including nuclear factor kB (NF-xB) and nuclear factor of
activated T cells c1 (NFATc1) [67]. Studies have demonstrated that ALN
can inhibit osteoclast formation by suppressing the activation of the
ERK1/2 and Akt pathways [68,69].

In this study, RAW264.7, a well-known model cell line for in vitro
investigations of osteoclast was used as the primary model. To evaluate
the effect of core-shell nanofibers on osteoclastic activity, we investi-
gated the morphology of osteoclast differentiation. As shown in Fig. 6,
multiple large multinucleated osteoclasts were observed on the surface
of the P/PCL and PHA/PCL samples. Conversely, considerably less
multinucleated osteoclasts were found on P/PCL-ALN, PHA/PCL-ALN,
and PDA@PHA/PCL-ALN compared to the above two groups. The
growth and maturity of functionally active osteoclasts is multistep
complicated processes. These steps begin with the fusion of precursor
cells to generate multinucleated cells, which results in multinucleated
cells that undergo enormous cytoskeletal rearrangements, resulting in
cell adhesion, cell polarization, and the formation of actin ring.
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Fig. 6. Representative nucleus/cytoskeleton staining images of RAW264.7 cells grown on different core-shell nanofibers. Cytoskeleton and cell nuclei were stained
by Phalloidin (green) and DAPI (blue), respectively. Red arrows represent the formed osteoclasts. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

To acquire a better understanding of the role of ALN scaffolds on
osteoclastogenesis, we employed TRAP staining and activity assessment.
Furthermore, qRT-PCR was used to identify the expression of
osteoclastogenesis-related genes, such as TRAP, cathepsin K (CTSK), and
receptor activator of NF-B (RANK). In a classic experiment, osteoclast
expression of the enzyme TRAP was stained to assess cell number and
osteoclast resorptive activity in vitro [70]. The presence of
TRAP-positive cells indicated the differentiation of macrophages into
osteoclasts. After co-culturing RAW 264.7 cells with TRAP-positive
multinucleated cells, we found that the quantity and size of these cells
significantly decreased when exposed to P/PCL-ALN, PHA/PCL-ALN,
and PDA@PHA/PCL-ALN nanofibers, demonstrating the inhibition of
osteoclast development by the nanofiber, while significantly higher
TRAP positive cell numbers were detected in the control, P/PCL, and
PHA/PCL groups (Fig. 7a). Correspondingly, quantification of TRAP
activity in cell lysate supported these findings (Fig. 7b). As illustrated in
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Fig. 7c-e, treatment with ALN-containing scaffolds significantly reduced
TRAP, CTSK, and RANK expression (p < 0.01, p < 0.001), indicating
reduced osteoclastic differentiation of RAW264.7 cells. Interestingly,
the PDA-coated samples also inhibited osteoclast production compared
to the P/PCL group, implying that PDA plays a role in the suppression of
osteoclast maturation. Lufei et al. [71] showed that PDA-laced HA
collagen material, without additional bioactive agents, could modify the
cellular activity and transcriptome profile of osteoclasts. Overall, our
findings support the assumption that PDA-coated PHA/PCL-ALN nano-
fibers can efficiently suppress osteoclastogenesis and enhance
osteogenesis.

3.4. In vivo bone repair

The efficacy of bone regeneration and the biocompatibility of the
engineered core-shell nanofiber scaffolds were assessed through critical-
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Fig. 7. In vitro osteoclast activity of different core-shell nanofibers. (a-b) Representative TRAP staining images and enzyme activity of TRAP from RAW264.7 cells
cultured on different core-shell nanofiber; (c-e) Gene expression of osteoclastogenesis-related markers, including TRAP, CTSK, and RANK in RAW264.7 cells after

4 days.

sized 4 mm diameter cranial bone defect models in male SD rats.
Following precise suturing, the animals were housed in a controlled
environment. Fig. S7(b) illustrates the surgical techniques used for
implanting the materials. All animals were clinically healthy during the
healing phase of the entire trial period. Images of the skull tissues
collected from animals at 12 weeks are shown in Fig. S7 (c-d). The
macroscopic integrity of the fibrous scaffolds was preserved, and none of
them were completely disintegrated, indicating that the degradation
rate of the coaxial fibrous scaffold aligned with bone regrowth. The
nanofiber scaffolds exhibited excellent integration with adjacent tissues.
At 12 weeks following implantation, the underlying area was
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predominantly occupied by bony tissues, and the residual material
became thin and seamlessly interconnected with the surrounding tis-
sues. It appears that the host bone accepted the newly created scaffold
well, and there were no adverse effects on nearby tissues.

3.4.1. Micro-CT analysis

At 12-weeks mark, micro-CT scanning was used to examine the
development of new bone (Fig. 8a). The control groups showed pre-
dicted outcomes, with the majority of the defects remained unhealed
and only a small quantity of freshly regenerated bone formed around the
defect borders. Autograft (bone granules) exhibited superior outcomes
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compared to the control group. In contrast, the various nanofiber-
treated bone defects displayed varying degrees of bone remodeling.
The P/PCL nanofibers had a better repair effect than the control and
autograft groups. This suggest that the porous and interconnected core-
shell P/PCL-based scaffolds potentially function as templates facilitating
adhesion and proliferation of bone progenitor cells in, thereby fostering
mild bone regeneration. Additionally, we observed that the P/PCL-ALN
and PHA/PCL groups had considerably greater bone regeneration ca-
pacity than the control, autograft, and P/PCL groups. More significantly,
when compared to the other groups, the bone defects treated with PHA/
PCL-ALN and surface-functionalized PDA@PHA/PCL-ALN displayed the
most enhanced new bone formation area and increased thickness in
comparison to other groups. This enhancement could potentially be
attributed to the release of ALN and Ca®" from PHA/PCL-ALN, in line
with the outcomes observed in the in vitro studies. This improvement is
also due to bioactive nature of HA and surface functionalization with
PDA, which together provide sufficient mechanical support, help to
promote osteogenic characteristics, regulate adhesion, proliferation,
and differentiation, consequently expediting the process of bone
regeneration.

The micro-CT data enabled morphometric analyses of the designated
regions of interest (ROIs) to quantify bone repair efficacy, including the
percentage of bone volume to total volume (BV/TV), trabecular thick-
ness (Tb. Th), trabecular number (Tb. N), and trabecular separation (Tb.
Sp), further confirming the above findings in Fig. 8(b-e). Overall, the
PDA@PHA/PCL-ALN, PHA/PCL-ALN, and PHA/PCL exhibited notably
higher BV/TV, Tb.Th, and Tb.N in comparison to other groups. How-
ever, Tb.Sp exhibited an opposite trend, with lower values detected in
the PDA@PHA/PCL-ALN, PHA/PCL-ALN, and PHA/PCL groups. The
volume fraction of the bone directly reflects the formation of new bone.
The overall osteogenic effect of the PDA@PHA/PCL-ALN group was
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significantly greater than that of all the other groups. The synergistic
microenvironment created by the combination of ALN, HA, and PDA
may be responsible for the beneficial effects of bone repair. Remarkably,
there was no statistically significant difference in the BV/TV between
the PDA@PHA/PCL-ALN and PHA/PCL-ALN groups. Tb.N in the auto-
graft group was higher than that in the P/PCL, P/PCL-ALN, and control
groups. The PDA@PHA/PCL-ALN and PHA/PCL-ALN groups distinctly
outperformed other groups in both BV/TV and trabecular spatial
microarchitecture parameters after 12 weeks of implantation, which
may be due to the increase in bone formation by osteoblasts and the
decrease in bone resorption by osteoclasts on the trabecular surface. In
addition, P/PCL and P/PCL-ALN scaffolds exhibited inadequate bone
regeneration effects. This outcome indicates that in the absence of HA
osteogenic induction cues, the P/PCL and P/PCL-ALN scaffolds only
acted as a barrier to provide space for osteogenesis without sufficient
osteoinductivity. However, this effect remained limited in the critical-
sized cranial bone defect model of SD rats, aligning with findings from
prior studies.

These findings suggest that the incorporation of HA, ALN, and PDA
potentially promotes bone formation. Particularly, the PDA@PHA/PCL-
ALN scaffold demonstrated notable synergistic effects, showcasing
enhanced bone regeneration capabilities.

3.4.2. Histopathology evaluation

After a 12-week implantation period, H&E and Masson’s trichrome
staining were carried out to further examine the pattern of bone growth
within defect areas (Fig. 9). The findings of H&E staining are shown in
Fig. 9a, and showed that only a thin layer of fibrous tissue developed in
the control group whereas autograft (bone granules) showed better
result compared to control group. This demonstrated that in a critical-
sized cranial bone defect, new bone tissue growth is hardly possible
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Masson’s trichrome

Fig. 9. Histological evaluation for bone regeneration within the defect area exposed with scaffold 12-week post-implantation. (a) Representative H&E staining and
(b) Masson’s trichrome staining at 12 weeks after implantation. FT = fibrous tissue, HB = host bone, and NB = new bone.

without the aid of a scaffold. Consistent with the observations from
micro-CT findings, there was evident new bone formation progressing
from the periphery to the center of the defect in the PHA/PCL, PHA/
PCL-ALN and PDA@PHA/PCL-ALN scaffold groups. This trend was
particularly pronounced in the PDA@PHA/PCL-ALN scaffold group,
indicating rapid Ca®" release, sustained ALN release, and effects of PDA
modification. These factors collectively facilitated the recruitment of
MSCs, their subsequent osteogenic differentiation, and consequent
mineralization within the scaffold.

Masson’s trichrome staining was further used to find newly produced
bone tissue and blood vessel within the defect site. Mature bones were
appeared bright red in the Masson staining photographs, and immature
bones as blue (Fig. 9b). The PDA@PHA/PCL-ALN group demonstrated
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better healing than other groups, which is consistent with the micro-CT
results. These observations demonstrated that bone defect repair was
enhanced and accelerated in the PDA@PHA/PCL-ALN, PHA/PCL-ALN,
and PHA/PCL groups in contrast to the remaining groups. Additionally,
the PDA@PHA/PCL-ALN and PHA/PCL-ALN scaffold groups demon-
strated enhanced osteogenic potential, as both Masson’s trichrome and
H&E staining indicated more newly generated osteoblasts.

Goldner’s trichrome and TRAP staining Fig. 10(a and b) were used to
confirm in vivo bone mineralization and remodeling. As anticipated, the
defect area within PHA/PCL-ALN and particularly the PDA@PHA/PCL-
ALN group showed a significant amount of mineralized bone (dark
green), along with a small number of TRAP-positive osteoclasts. This
finding confirmed that the PDA@PHA/PCL-ALN scaffold promoted the
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Fig. 10. Histological evaluation and IHC staining for bone regeneration in the defect area with scaffold implantation. (a) Representative Goldner’s trichrome
staining; (b) TRAP staining at 12 weeks after implantation. Black arrow represents osteoclasts; (c—-d) Representative IHC staining of Runx2 and OCN.

maturation of new bone while suppressing bone resorption during bone
repair. At 12 weeks after implantation, all other groups displayed min-
imal bone growth (identified as osteoid, stained orange/red), along with
a notable population of osteoclasts. According to these findings, surface-
functionalized core-shell PDA@PHA/PCL-ALN led to the dual ability to
promote osteogenesis and inhibit osteoclastogenesis within the defect
area. This dual effect synergistic accelerated both bone regeneration and
remodeling. These findings were consistent with the in vitro biological
performance findings.

3.4.3. Immunohistochemistry
The decalcified bone tissue samples were subjected to immunohis-
tochemical (IHC) staining to determine bone formation markers (Runx2
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and OCN) within the defect region at the 12 weeks after implantation.
This allowed for a deeper understanding of the underlying mechanism
involved in scaffold-mediated osteogenesis and anti-osteoclastogenesis.
Typically, OCN signifies a late stage of differentiation, while Runx2 is a
hallmark of early osteogenic differentiation. IHC analysis revealed a
notable increase in Runx2 and OCN expression at 12 weeks post-
implantation, in the PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-
ALN groups compared to the other groups (Fig. 10c and d). According
to the aforementioned findings, our constructed PDA@PHA/PCL-ALN
scaffold potentially facilitates in situ bone regeneration by strongly
encouraging osteoblast development and subsequent mineralization of
the bone matrix.
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3.4.4. Organ biocompatibility

The heart, liver, spleen, and kidney are among the primary organs
that are removed after 12 weeks to be examined for cytotoxicity. The
organs were divided into sections and stained with H&E for histopath-
ological analysis, as depicted in Fig. S8. Remarkably, no significant
pathological changes were evident in any of the groups, indicating the
biocompatibility of the functionalized scaffolds without causing adverse
local or systemic effects. The comparison of epithelial architecture in the
kidneys between the control and experimental groups didn’t reveal any
notable differences. Similarly, both the follicular architecture and pulp
structure of the spleen exhibited no signs of toxicity induced by the
implanted scaffold. Moreover, the absence of haemorrhage in the heart
suggests that the scaffold had no toxic effects in that organ. The
morphological architecture of typical parenchymal cells of the liver did
not exhibit noticeable differences from the control group. This
comprehensive in vivo toxicity assessment indicated lack of post-surgical
adverse effects of the implanted scaffolds on the test animal, emphasizes
their safety and biocompatibility.

4. Discussion

Now a days, interest in finding a feasible strategy to facilitates bone
regeneration has emerged. In this study, we successfully used coaxial
electrospinning to synthesize ALN and HA enriched controlled dual
delivery system (Scheme 1). SEM and TEM were employed to assess the
nanofiber diameter and internal architecture. Confirmatory analysis of
the core-shell structure was achieved via CLSM utilizing distinct dyes:
Rhodamine for the core and DAPI for the shell. EDS with elemental
mapping provided verification of ALN and HA incorporation within the
core-shell structure. The C, O, P, Na, and Ca within the nanofibers
confirmed the successful integration of both ALN and HA into the
scaffolds. Additionally, SEM observations revealed a roughened surface
morphology for PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN,
further supporting HA inclusion within the core-shell nanofibers. The
surface coating of core-shell nanofibers with PDA was assessed via XPS.
The presence of an (N 1s) signal exclusively in the PDA@PHA/PCL-ALN
group verified the surface coating with PDA, as it was absent in all other
groups. The superior mechanical properties of biomaterials are unde-
niably paramount for their application in BTR applications. Implant
materials must exhibit high compressive strength to withstand the
physiological loads experienced in the skeletal system. Studies have
demonstrated that the mechanical strength of scaffolds, typically
ranging from 8 to 20 MPa, can positively influence bone tissue in-
growth. The tensile strength of the PDA@PHA/PCL-ALN scaffold
emerged as the highest (20.02 + 0.13 MPa) amongst all evaluated
groups (PHA/PCL, PHA/PCL-ALN, PHA/PCL, and PHA/PCL-ALN). This
suggests superior mechanical characteristics, potentially translating to
improved functionality for BTR applications. Surface wettability of core-
shell nanofibers is crucial for promoting cell attachment, proliferation,
and differentiation. HA nanoparticle incorporation into core-shell scaf-
folds improved hydrophilicity due to surface-exposed hydrophilic P-OH
groups. Notably, PDA coating further enhanced hydrophilicity, with
PDA@PHA/PCL-ALN exhibiting CA of 22.56°, which is excellent for
BTR. FTIR analysis corroborated the successful integration of ALN and
HA within the core-shell scaffolds, along with PDA coating. The
observed semicrystalline nature of the scaffolds further supported the
incorporation of ALN and HA. TGA analysis demonstrated the excep-
tional thermal stability of all core-shell scaffolds between 55 and 150 °C
with minimal weight loss, and addition of HA improved thermal stability
of nanofibers. Additionally, core-shell scaffolds containing ALN exhibi-
ted slow and controlled release of ALN. Notably, PDA surface coating
promoted even more sustained and controlled release of ALN, poten-
tially mitigating ALN-associated cytotoxicity. A rapid release of Ca?*
ions was observed within 3 days for all core-shell nanofibers containing
HA within their shell structure. This phenomenon is likely triggered due
to the presence of HA. The in-vitro degradation of core-shell scaffolds
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play an important role in healing of bone defects. The biomaterials
should possess slow degradation to facilitate uninterrupted tissue
regeneration during bone healing. The developed core-shell scaffolds
showed only around 60 % biodegradability after 4 weeks which is
beneficial for BTR. Functionalization of scaffolds necessitates rigorous in
vitro cytocompatibility evaluation due to the incorporation of bioactive
moieties, a prerequisite for successful BTR. Consequently, the nanofibers
are speculated to support cell adhesion and proliferation. All core-shell
scaffolds demonstrated a statistically significant enhancement in cell
viability (%) on days 1, 3, and 5. Notably, the PDA@PHA/PCL-ALN
group exhibited the highest level of cell viability on MC3T3-E1 cells.
This remarkable improvement in cell viability observed with the
PDA@PHA/PCL-ALN group can be potentially attributed to the presence
of the ALN, HA, and PDA coating on the core-shell nanofibers. Live/
Dead assay provided compelling evidence for enhanced cellular adhe-
sion and proliferation of MC3T3-E1 cells when treated with the various
core-shell scaffolds. Notably, minimal dead cells were observed on the
scaffolds and showed good cytocompatibility (Fig. 4a). Phalloidin/DAPI
staining further corroborated these findings, demonstrating adequate
adherence and proliferation of MC3T3-E1 cells across the different
scaffolds, as visualized in Fig. 4b. In-vitro osteogenenic activity of all the
core-shell scaffolds was assessed via ALP, ARS staining, and osteogenesis
related gene expression. After 7 and 14 days, HA containing scaffolds
(PHA/PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN) exhibited signif-
icantly higher (p < 0.001) osteoblastic function compared to single ALN
containing scaffolds (Fig. 5). These findings suggest that ALN may exert
its effects primarily through the direct stimulation of osteoclast differ-
entiation and activation, with minimal influence on osteoblastic activ-
ity. ARS staining was performed to quantify calcium deposition onto
different scaffolds. Core-shell nanofiber scaffolds containing HA (PHA/
PCL, PHA/PCL-ALN, and PDA@PHA/PCL-ALN) exhibited significantly
higher calcium deposition compared to those without HA (Fig. 6). This
enhanced deposition is likely due to the well-established osteogenic
properties of HA, promoting bone formation on MC3T3-E1 cells.
Notably, the PDA@PHA/PCL-ALN group displayed the highest level of
calcium deposition, suggesting that the PDA coating further enhances
the osteogenic potential of these scaffolds.

In addition to osteoblasts, osteoclasts have been found to play
essential functions in bone healing; however, adequate reduction of
osteoclastogenesis may be favoured for bone regeneration. Moreover,
TRAP staining and enzyme activity revealed the significant decrease in
osteoclast differentiation of RAW 264.7 cells treated with these scaf-
folds. Additionally, the significant downregulation of osteoclast related
genes was observed in ALN loaded nanofiber treated groups. The
scheduled temporal release of Ca?* and ALN by core-shell nanofiber
technology showed a remarkable improvement in osteoblast formation
and osteoclast resorption. The in-vivo bone repair efficacy in cranial
bone defect models in male SD rats was assessed by micro-CT analysis
which showed higher BV/TV, Tb.Th, and Tb.N levels, clear indication of
bone formation by increased number of osteoblast cells and decreased
bone resorption by osteoclast cells on trabecular surface. The release
kinetics of Ca?" and ALN from these core-shell constructs have been
shown to significantly enhance ALP activity, a well-established marker
of osteoblast differentiation and intensify mineralized matrix deposition
by osteoblasts as revealed by ARS staining, signifying augmented bone
mineralization. In-vivo studies employing animal models have corrobo-
rated these findings, highlighting the ability of Ca%* and ALN-releasing
core-shell nanofibers to promote bone regeneration. Therefore, the
meticulously controlled release of Ca>" and ALN from core-shell scaf-
folds encompassing enhanced cell viability, differentiation, and miner-
alization, ultimately culminating in improved bone regeneration.
Overall, our findings support the assumption that PDA-coated PHA/PCL-
ALN nanofibers can efficiently work on BTR.
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5. Conclusion

A novel surface-functionalized PDA@PHA/PCL-ALN nanofibrous
scaffold with suitable physicochemical properties, enriched with ALN
and HA was successfully created by combining core-shell electro-
spinning technology. The developed core-shell scaffolds showed uni-
form diameter distribution, appropriate mechanical strength and
desired in-vitro and in-vivo degradation for BTR. This scaffold provides
an advantageous milieu for MC3T3-E1 cell adhesion, proliferation, and
differentiation and a potential multifunctional material for enhancing
BTR. The scheduled temporal release of Ca2* and ALN by core-shell
nanofiber technology showed a remarkable improvement in osteoblast
formation and osteoclast resorption. This study also emphasizes the
significance of timing of medication release for the treatment of bone
defects. Importantly, the in vivo evaluation of bone defect repair
confirmed the aforementioned findings and showed that the scaffold
promoted favorable osteogenesis while inhibiting osteoclastogenesis,
eventually leading to strong bone regeneration. Therefore, this versatile
implant is ideal for orthopedic application and this study also offers a
green, simple, and affordable surface modification technique.

CRediT authorship contribution statement

Shabnam Anjum: Writing — review & editing, Writing — original
draft, Methodology, Investigation, Data curation, Conceptualization.
Yulin Wang: Writing - review & editing, Software, Resources, Formal
analysis. Yuan Xin: Writing — review & editing, Validation, Methodol-
ogy, Formal analysis. Xiao Li: Writing — review & editing, Visualization,
Validation, Software. Ting Li: Writing — review & editing, Validation,
Funding acquisition, Formal analysis. Hengtong Zhang: Validation,
Methodology, Investigation, Data curation. Liang Quan: Writing — re-
view & editing, Validation, Software, Methodology. Ya Li: Validation,
Methodology, Formal analysis. Dilip Kumar Arya: Writing — review &
editing, Validation, Software, Formal analysis. P.S. Rajinikanth:
Writing — review & editing, Validation, Methodology, Formal analysis.
Qiang Ao: Writing — review & editing, Supervision, Resources, Project
administration, Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgment

This work was funded by National Key R&D Program of China
(2023YFC2410403). Liaoning Provincial Natural Science Foundation of
China (No. 2022-MS-194); Shengjing Hospital 345 Talent Project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mtbio.2024.101088.

References

[1] J. He, Z. Li, T. Yu, W. Wang, M. Tao, Y. Ma, S. Wang, J. Fan, X. Tian, X. Wang, et
al., Preparation and evaluation of acellular sheep periostea for guided bone
regeneration, J. Biomed. Mater. Res., Part A 108 (2020) 19-29, https://doi.org/
10.1002/jbm.a.36787.

[2] J. Qi, Y. Wang, L. Chen, L. Chen, F. Wen, L. Huang, P. Rueben, C. Zhang, H. Li, 3D-
Printed porous functional composite scaffolds with polydopamine decoration for

17

[3]

[4]

[5]

(6]

[71

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Materials Today Bio 26 (2024) 101088

bone regeneration, Regen. Biomater. 10 (2023), https://doi.org/10.1093/rb/
rbad062.

C.E. Gillman, A.C. Jayasuriya, FDA-approved bone grafts and bone graft substitute
devices in bone regeneration, Mater. Sci. Eng. C 130 (2021) 112466, https://doi.
org/10.1016/j.msec.2021.112466.

S. Anjum, T. Li, D.K. Arya, D. Ali, S. Alarifi, W. Yulin, Z. Hengtong, P.

S. Rajinikanth, Q. Ao, Biomimetic electrospun nanofibrous scaffold for tissue
engineering: preparation, optimization by design of experiments (DOE), in-vitro
and in-vivo characterization, Front. Bioeng. Biotechnol. 11 (2023) 1-19, https://
doi.org/10.3389/fbioe.2023.1288539.

M. Kikuchi, H.N. Matsumoto, T. Yamada, Y. Koyama, K. Takakuda, J. Tanaka,
Glutaraldehyde cross-linked hydroxyapatite/collagen self-organized
nanocomposites, Biomaterials 25 (2004) 63-69, https://doi.org/10.1016/50142-
9612(03)00472-1.

A. Shieh, S. Ishii, G.A. Greendale, J.A. Cauley, C. Karvonen-Gutierrez, A.

S. Karlamangla, A bone resorption marker as predictor of rate of change in femoral
neck size and strength during the menopause transition HHS public access,
Osteoporos. Int. 30 (2019) 2449-2457, https://doi.org/10.1007/s00198-019-
05099-z.

K. Ikeda, S. Takeshita, Factors and mechanisms involved in the coupling from bone
resorption to formation: how osteoclasts talk to osteoblasts, J Bone Metab 21
(2014) 163-167, https://doi.org/10.11005/jbm.2014.21.3.163.

H. Wy, Y. Xu, G. Liu, J. Ling, B.C. Dash, J. Ruan, C. Zhang, Emulsion cross-linked
chitosan/nanohydroxyapatite microspheres for controlled release of alendronate,
J. Mater. Sci. Mater. Med. 25 (2014) 2649-2658, https://doi.org/10.1007/s10856-
014-5289-y.

Y. Wang, W. Cui, X. Zhao, S. Wen, Y. Sun, J. Han, H. Zhang, Bone remodeling-
inspired dual delivery electrospun nanofibers for promoting bone regeneration,
Nanoscale 11 (2019) 60-71, https://doi.org/10.1039/c8nr07329e.

H. Wu, P. Lei, G. Liu, Y.S. Zhang, J. Yang, L. Zhang, J. Xie, W. Niu, H. Liu, J. Ruan,
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. 7 (2017) 1-14, https://doi.org/10.1038/
$41598-017-00506-z.

Y. Cui, T. Zhy, D. Li, Z. Li, Y. Leng, X. Ji, H. Liu, D. Wu, J. Ding, Bisphosphonate-
functionalized scaffolds for enhanced bone regeneration, Adv. Healthc. Mater. 8
(2019) 1-21, https://doi.org/10.1002/adhm.201901073.

S.K. Ghorai, T. Roy, S. Maji, P. Guha Ray, K. Sarkar, A. Dutta, A. De,

S. Bandyopadhyay, S. Dhara, S. Chattopadhyay, A judicious approach of exploiting
polyurethane-urea based electrospun nanofibrous scaffold for stimulated bone
tissue regeneration through functionally nobbled nanohydroxyapatite, Chem. Eng.
J. 429 (2022) 132179, https://doi.org/10.1016/j.cej.2021.132179.

S. Anjum, D.K. Arya, M. Saeed, D. Ali, M.S. Athar, W. Yulin, S. Alarifi, X. Wu, P.
S. Rajinikanth, Q. Ao, Multifunctional electrospun nanofibrous scaffold enriched
with alendronate and hydroxyapatite for balancing osteogenic and osteoclast
activity to promote bone regeneration, Front. Bioeng. Biotechnol. 11 (2023) 1-18,
https://doi.org/10.3389/fbioe.2023.1302594.

Y.L. Cheng, Y.W. Chen, K. Wang, M.Y. Shie, Enhanced adhesion and differentiation
of human mesenchymal stem cell inside apatite-mineralized/poly(dopamine)-
coated poly(e-caprolactone) scaffolds by stereolithography, J. Mater. Chem. B 4
(2016) 6307-6315, https://doi.org/10.1039/c6tb01377e.

Z.Li, X. Zhang, J. Ouyang, D. Chu, F. Han, L. Shi, R. Liu, Z. Guo, G.X. Gu, W. Tao, et
al., Ca2+-Supplying black phosphorus-based scaffolds fabricated with microfluidic
technology for osteogenesis, Bioact. Mater. 6 (2021) 4053-4064, https://doi.org/
10.1016/j.bioactmat.2021.04.014.

Z. Wang, R. Liang, X. Jiang, J. Xie, P. Cai, H. Chen, X. Zhan, D. Lei, J. Zhao,

L. Zheng, Electrospun PLGA/PCL/OCP nanofiber membranes promote osteogenic
differentiation of mesenchymal stem cells (MSCs), Mater. Sci. Eng. C 104 (2019)
109796, https://doi.org/10.1016/j.msec.2019.109796.

X. Gao, J. Song, P. Ji, X. Zhang, X. Li, X. Xu, M. Wang, S. Zhang, Y. Deng, F. Deng,
et al., Polydopamine-templated hydroxyapatite reinforced polycaprolactone
composite nanofibers with enhanced cytocompatibility and osteogenesis for bone
tissue engineering, ACS Appl. Mater. Interfaces 8 (2016) 3499-3515, https://doi.
org/10.1021/acsami.5b12413.

E. Sadeghi, S.M. Zebarjad, F. Khademi, E. Bagherzadeh, Enhancing structural
strength and improving cell survival through polycaprolactone/(gelatin/
hydroxyapatite) core-shell nanofibers for tissue engineering, Polym. Compos. 43
(2022) 7379-7389, https://doi.org/10.1002/pc.26819.

S. Anjum, T. Li, M. Saeed, Q. Ao, Exploring polysaccharide and protein-enriched
decellularized matrix scaffolds for tendon and ligament repair: a review, Int. J.
Biol. Macromol. 254 (2024) 127891, https://doi.org/10.1016/j.
ijbiomac.2023.127891.

S. Jin, F. Sun, Q. Zou, J. Huang, Y. Zuo, Y. Li, S. Wang, L. Cheng, Y. Man, F. Yang,
et al., Fish collagen and hydroxyapatite reinforced poly(lactide- Co-glycolide)
fibrous membrane for guided bone regeneration, Biomacromolecules 20 (2019)
2058-2067, https://doi.org/10.1021/acs.biomac.9b00267.

S. Jin, J. Gao, R. Yang, C. Yuan, R. Wang, Q. Zou, Y. Zuo, M. Zhu, Y. Li, Y. Man, et
al., A baicalin-loaded coaxial nanofiber scaffold regulated inflammation and
osteoclast differentiation for vascularized bone regeneration, Bioact. Mater. 8
(2022) 559-572, https://doi.org/10.1016/j.bioactmat.2021.06.028.

D. Han, A.J. Steckl, Triaxial electrospun nanofiber membranes for controlled dual
release of functional molecules, ACS Appl. Mater. Interfaces 5 (2013) 8241-8245,
https://doi.org/10.1021/am402376c.

S. Anjum, F. Rahman, P. Pandey, D.K. Arya, M. Alam, P.S. Rajinikanth, Q. Ao,
Electrospun biomimetic nanofibrous scaffolds: a promising prospect for bone tissue


https://doi.org/10.1016/j.mtbio.2024.101088
https://doi.org/10.1016/j.mtbio.2024.101088
https://doi.org/10.1002/jbm.a.36787
https://doi.org/10.1002/jbm.a.36787
https://doi.org/10.1093/rb/rbad062
https://doi.org/10.1093/rb/rbad062
https://doi.org/10.1016/j.msec.2021.112466
https://doi.org/10.1016/j.msec.2021.112466
https://doi.org/10.3389/fbioe.2023.1288539
https://doi.org/10.3389/fbioe.2023.1288539
https://doi.org/10.1016/S0142-9612(03)00472-1
https://doi.org/10.1016/S0142-9612(03)00472-1
https://doi.org/10.1007/s00198-019-05099-z
https://doi.org/10.1007/s00198-019-05099-z
https://doi.org/10.11005/jbm.2014.21.3.163
https://doi.org/10.1007/s10856-014-5289-y
https://doi.org/10.1007/s10856-014-5289-y
https://doi.org/10.1039/c8nr07329e
https://doi.org/10.1038/s41598-017-00506-z
https://doi.org/10.1038/s41598-017-00506-z
https://doi.org/10.1002/adhm.201901073
https://doi.org/10.1016/j.cej.2021.132179
https://doi.org/10.3389/fbioe.2023.1302594
https://doi.org/10.1039/c6tb01377e
https://doi.org/10.1016/j.bioactmat.2021.04.014
https://doi.org/10.1016/j.bioactmat.2021.04.014
https://doi.org/10.1016/j.msec.2019.109796
https://doi.org/10.1021/acsami.5b12413
https://doi.org/10.1021/acsami.5b12413
https://doi.org/10.1002/pc.26819
https://doi.org/10.1016/j.ijbiomac.2023.127891
https://doi.org/10.1016/j.ijbiomac.2023.127891
https://doi.org/10.1021/acs.biomac.9b00267
https://doi.org/10.1016/j.bioactmat.2021.06.028
https://doi.org/10.1021/am402376c

S. Anjum et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

engineering and regenerative medicine, Int. J. Mol. Sci. 23 (2022) 9206, https://
doi.org/10.3390/1jms23169206.

G. Cheng, C. Yin, H. Tu, S. Jiang, Q. Wang, X. Zhou, X. Xing, C. Xie, X. Shi, Y. Du, et
al., Controlled Co-delivery of growth factors through layer-by-layer assembly of
core shell nanofibers for improving bone regeneration, ACS Nano 13 (2019)
6372-6382, https://doi.org/10.1021/acsnano.8b06032.

Y. Tang, Y. Tan, K. Lin, M. Zhu, Research progress on polydopamine nanoparticles
for tissue engineering, Front. Chem. 9 (2021) 1-9, https://doi.org/10.3389/
fchem.2021.727123.

J. Du, Y. Zhou, X. Bao, Z. Kang, Surface polydopamine modi Fi cation of bone
defect repair materials, Characteristics and Applications (2022) 1-18, https://doi.
org/10.3389/fbioe.2022.974533.

J. Li, L. Li, J. Zhou, Z. Zhou, X. ling Wu, L. Wang, Q. Yao, 3D printed dual-
functional biomaterial with self-assembly micro-nano surface and enriched Nano
argentum for antibacterial and bone regeneration, Appl. Mater. Today 17 (2019)
206-215, https://doi.org/10.1016/j.apmt.2019.06.012.

F. Ghorbani, M. Kim, M. Monavari, B. Ghalandari, A.R. Boccaccini, Mussel-inspired
polydopamine decorated alginate dialdehyde-gelatin 3D printed scaffolds for bone
tissue engineering application, Front. Bioeng. Biotechnol. 10 (2022) 1-16, https://
doi.org/10.3389/fbioe.2022.940070.

C. Adler, M. Monavari, G.A. Abraham, A.R. Boccaccini, F. Ghorbani, Mussel-
inspired polydopamine decorated silane modified-electroconductive gelatin-
PEDOT:PSS scaffolds for bone regeneration, RSC Adv. 13 (2023) 15960-15974,
https://doi.org/10.1039/d3ra01311a.

X. Zhou, X. Cheng, D. Xing, Q. Ge, Y. Li, X. Luan, N. Gu, Y. Ca Ions Chelation Qian,
1. Collagen, Incorporation and 3D bionic PLGA/PCL electrospun architecture to
enhance osteogenic differentiation, Mater. Des. 198 (2021), https://doi.org/
10.1016/j.matdes.2020.109300.

R.K. Roeder, M.M. Sproul, C.H. Turner, Hydroxyapatite whiskers provide improved
mechanical properties in reinforced polymer composites, J. Biomed. Mater. Res.,
Part A 67 (2003) 801-812, https://doi.org/10.1002/jbm.a.10140.

Y.M. Shin, H. Park, H. Shin, Enhancement of cardiac myoblast responses onto
electrospun PLCL fibrous matrices coated with polydopamine for gelatin
immobilization, Macromol. Res. 19 (2011) 835-842, https://doi.org/10.1007/
513233-011-0815-y.

L. Huang, J.T. Arena, S.S. Manickam, X. Jiang, B.G. Willis, J.R. McCutcheon,
Improved mechanical properties and hydrophilicity of electrospun nanofiber
membranes for filtration applications by dopamine modification, J. Memb. Sci. 460
(2014) 241-249, https://doi.org/10.1016/j.memsci.2014.01.045.

C. Fu, H. Bai, J. Zhu, Z. Niu, Y. Wang, J. Li, X. Yang, Y. Bai, Enhanced cell
proliferation and osteogenic differentiation in electrospun PLGA/hydroxyapatite
nanofibre scaffolds incorporated with graphene oxide, PLoS One 12 (2017) 1-20,
https://doi.org/10.1371/journal.pone.0188352.

L. Kuang, X. Ma, Y. Ma, Y. Yao, M. Tariq, Y. Yuan, C. Liu, Self-assembled injectable
nanocomposite hydrogels coordinated by in situ generated CaP nanoparticles for
bone regeneration, ACS Appl. Mater. Interfaces 11 (2019) 17234-17246, https://
doi.org/10.1021/acsami.9b03173.

T. Zhu, M. Jiang, M. Zhang, L. Cui, X. Yang, X. Wang, G. Liu, J. Ding, X. Chen,
Biofunctionalized composite scaffold to potentiate osteoconduction, angiogenesis,
and favorable metabolic microenvironment for osteonecrosis therapy, Bioact.
Mater. 9 (2022) 446-460, https://doi.org/10.1016/j.bicactmat.2021.08.005.

J. Zhang, J. Li, G. Jia, Y. Jiang, Q. Liu, X. Yang, S. Pan, Improving osteogenesis of
PLGA/HA porous scaffolds based on dual delivery of BMP-2 and IGF-1: via a
polydopamine coating, RSC Adv. 7 (2017) 56732-56742, https://doi.org/
10.1039/c7ral2062a.

S. Li, J. Yin, L. Xu, Batch fabrication and characterization of ZnO/PLGA/PCL
nanofiber membranes for antibacterial materials, Fibers Polym. 23 (2022)
1225-1234, https://doi.org/10.1007/s12221-022-4602-5.

J. Higuchi, G. Fortunato, B. WoZniak, A. Chodara, S. Domaschke, S. Meczynska-
Wielgosz, M. Kruszewski, A. Dommann, W. Lojkowski, Polymer membranes
sonocoated and electrosprayed with nano-hydroxyapatite for periodontal tissues
regeneration, Nanomaterials 9 (2019), https://doi.org/10.3390/nano9111625.

Y. Qian, H. Chen, Y. Xu, J. Yang, X. Zhou, F. Zhang, N. Gu, The preosteoblast
response of electrospinning PLGA/PCL nanofibers: effects of biomimetic
architecture and collagen I, Int. J. Nanomedicine 11 (2016) 4157-4171, https://
doi.org/10.2147/1JN.S110577.

W. Lai, Y. Wang, H. Fu, J. He, Hydroxyapatite/polyetheretherketone
nanocomposites for selective laser sintering: thermal and mechanical
performances, E-Polymers 20 (2020) 542-549, https://doi.org/10.1515/epoly-
2020-0057.

M. Mehedi Hasan, M. Nuruzzaman Khan, P. Haque, M.M. Rahman, Novel alginate-
di-aldehyde cross-linked gelatin/nano-hydroxyapatite bioscaffolds for soft tissue
regeneration, Int. J. Biol. Macromol. 117 (2018) 1110-1117, https://doi.org/
10.1016/j.ijbiomac.2018.06.020.

R. Rajasekaran, V.S. Seesala, K.C. Sunka, P.G. Ray, B. Saha, M. Banerjee, S. Dhara,
Role of nanofibers on MSCs fate: influence of fiber morphologies, compositions and
external stimuli, Mater. Sci. Eng. C 107 (2020), https://doi.org/10.1016/j.
msec.2019.110218.

X. Zhao, Y. Han, J. Li, B. Cai, H. Gao, W. Feng, S. Li, J. Liu, D. Li, BMP-2
immobilized PLGA/hydroxyapatite fibrous scaffold via polydopamine stimulates
osteoblast growth, Mater. Sci. Eng. C 78 (2017) 658-666, https://doi.org/
10.1016/j.msec.2017.03.186.

X. Zhao, L. Zhou, Q. Li, Q. Zou, C. Du, Biomimetic mineralization of carboxymethyl
chitosan nanofibers with improved osteogenic activity in vitro and in vivo,
Carbohydr. Polym. 195 (2018) 225-234, https://doi.org/10.1016/j.
carbpol.2018.04.090.

18

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Materials Today Bio 26 (2024) 101088

M. Wu, Y. Zhang, P. Wu, F. Chen, Z. Yang, S. Zhang, L. Xiao, L. Cai, C. Zhang,
Y. Chen, et al., Mussel-inspired multifunctional surface through promoting
osteogenesis and inhibiting osteoclastogenesis to facilitate bone regeneration, npj
Regen. Med. 7 (2022), https://doi.org/10.1038/541536-022-00224-9.

J. Wu, L. Cao, Y. Liu, A. Zheng, D. Jiao, D. Zeng, X. Wang, D.L. Kaplan, X. Jiang,
Functionalization of silk fibroin electrospun scaffolds via BMSC affinity peptide
grafting through oxidative self-polymerization of dopamine for bone regeneration,
ACS Appl. Mater. Interfaces 11 (2019) 8878-8895, https://doi.org/10.1021/
acsami.8b22123.

C. Wang, W.W. Lu, M. Wang, Multifunctional fibrous scaffolds for bone
regeneration with enhanced vascularization, J. Mater. Chem. B 8 (2020) 636-647,
https://doi.org/10.1039/c9tb01520e.

E. Shimizu, J. Tamasi, N.C. Partridge, Alendronate affects osteoblast functions by
crosstalk through EphrinB1-EphB, J. Dent. Res. 91 (2012) 268-274, https://doi.
org/10.1177/0022034511432170.

S. Jin, Z. Yan, Y. Tieyi, L. Shuyi, W. Liang, Y. Hui, Eph-ephrin bidirectional
signalling: a promising approach for osteoporosis treatment, J. Med. Hypotheses
Ideas 7 (2013) 40-42, https://doi.org/10.1016/j.jmhi.2013.02.002.

Y. Wang, Y. Jiang, Y. Zhang, S. Wen, Y. Wang, H. Zhang, Dual functional
electrospun core-shell nanofibers for anti-infective guided bone regeneration
membranes, Mater. Sci. Eng. C 98 (2019) 134-139, https://doi.org/10.1016/j.
msec.2018.12.115.

J. Ryu, S.H. Ku, H. Lee, C.B. Park, Mussel-inspired polydopamine coating as a
universal route to hydroxyapatite crystallization, Adv. Funct. Mater. 20 (2010)
2132-2139, https://doi.org/10.1002/adfm.200902347.

K. Zhang, Y. Wang, T. Sun, B. Wang, H. Zhang, Bioinspired surface
functionalization for improving osteogenesis of electrospun polycaprolactone
nanofibers, Langmuir 34 (2018) 15544-15550, https://doi.org/10.1021/acs.
langmuir.8b03357.

K. Tarkkonen, R. Hieta, V. Kyt6la, M. Nykter, R. Kiviranta, Comparative analysis of
osteoblast gene expression profiles and Runx2 genomic occupancy of mouse and
human osteoblasts in vitro, Gene 626 (2017) 119-131, https://doi.org/10.1016/j.
gene.2017.05.028.

M. Wu, F. Chen, P. Wu, Z. Yang, S. Zhang, L. Xiao, Z. Deng, C. Zhang, Y. Chen,
L. Cai, Nanoclay mineral-reinforced macroporous nanocomposite scaffolds for in
situ bone regeneration: in vitro and in vivo studies, Mater. Des. 205 (2021)
109734, https://doi.org/10.1016/j.matdes.2021.109734.

Z. Wang, L. Chen, Y. Wang, X. Chen, P. Zhang, Improved cell adhesion and
osteogenesis of Op-HA/PLGA composite by poly(dopamine)-assisted
immobilization of collagen mimetic peptide and osteogenic growth peptide, ACS
Appl. Mater. Interfaces 8 (2016) 26559-26569, https://doi.org/10.1021/
acsami.6b08733.

L. Petecchia, F. Sbrana, R. Utzeri, M. Vercellino, C. Usai, L. Visai, M. Vassalli,

P. Gavazzo, Electro-magnetic field promotes osteogenic differentiation of BM-
HMSCs through a selective action on Ca2+ -related mechanisms, Sci. Rep. 5 (2015)
1-13, https://doi.org/10.1038/srep13856.

Y. Zhou, C. Wu, J. Chang, Bioceramics to regulate stem cells and their
microenvironment for tissue regeneration, Mater. Today 24 (2019) 41-56, https://
doi.org/10.1016/j.mattod.2018.07.016.

N. Bahrami, M. Bayat, A. Ai, S. Ebrahimi-Barough, J. Ai, A. Ahmadi, M. Salehi,
A. Ghodarzi, M. Khanmohammadi, R. Karimi, et al., Differentiation of periodontal
ligament stem cells into osteoblasts on hybrid alginate/polyvinyl alcohol/
hydroxyapatite nanofibrous scaffolds, Arch. Neurosci. (2018), https://doi.org/
10.5812/ans.74267. In Press.

N. Udomluck, H. Lee, S. Hong, S.H. Lee, H. Park, Surface functionalization of dual
growth factor on hydroxyapatite-coated nanofibers for bone tissue engineering,
Appl. Surf. Sci. 520 (2020) 146311, https://doi.org/10.1016/j.
apsusc.2020.146311.

J. Xiang, Y. Li, M. Ren, P. He, F. Liu, Z. Jing, Y. Li, H. Zhang, P. Ji, S. Yang,
Sandwich-like nanocomposite electrospun silk fibroin membrane to promote
osteogenesis and antibacterial activities, Appl. Mater. Today 26 (2022), https://
doi.org/10.1016/j.apmt.2021.101273.

H. Ji, Y. Wang, H. Liu, Y. Liu, X. Zhang, J. Xu, Z. Li, E. Luo, Programmed core-shell
electrospun nanofibers to sequentially regulate osteogenesis-osteoclastogenesis
balance for promoting immediate implant osseointegration, Acta Biomater. 135
(2021) 274-288, https://doi.org/10.1016/j.actbio.2021.08.050.

M.M. Hasani-Sadrabadi, P. Sarrion, N. Nakatsuka, T.D. Young, N. Taghdiri,

S. Ansari, T. Aghaloo, S. Li, A. Khademhosseini, P.S. Weiss, et al., Hierarchically
patterned polydopamine-containing membranes for periodontal tissue engineering,
ACS Nano 13 (2019) 3830-3838, https://doi.org/10.1021/acsnano.8b09623.
C.C. Lin, S.J. Fu, Osteogenesis of human adipose-derived stem cells on poly
(dopamine)-coated electrospun poly(lactic acid) fiber mats, Mater. Sci. Eng. C 58
(2016) 254-263, https://doi.org/10.1016/j.msec.2015.08.009.

C.LA. van Houdt, P.R. Gabbai-Armelin, P.M. Lopez-Perez, D.J.O. Ulrich, J.

A. Jansen, A.C.M. Renno, J.J.J.P. van den Beucken, Alendronate release from
calcium phosphate cement for bone regeneration in osteoporotic conditions, Sci.
Rep. 8 (2018) 1-13, https://doi.org/10.1038/s41598-018-33692-5.

K.W. Park, Y.P. Yun, S.E. Kim, H.R. Song, The effect of alendronate loaded biphasic
calcium phosphate scaffolds on bone regeneration in a rat tibial defect model, Int.
J. Mol. Sci. 16 (2015) 26738-26753, https://doi.org/10.3390/ijms161125982.
T. Ahmad, H. Byun, H.J. Shin, J. Lee, S. Kumar, M. Perikamana, E.M. Kim, Y.

M. Shin, H. Shin, Polydopamine-Assisted One-step Modification of Nanofiber
Surfaces with Adenosine to Tune the Osteogenic Differentiation of Mesenchymal
Stem Cells and the Maturation of Osteoclasts, 2020, https://doi.org/10.1039/
¢9bm01990a.


https://doi.org/10.3390/ijms23169206
https://doi.org/10.3390/ijms23169206
https://doi.org/10.1021/acsnano.8b06032
https://doi.org/10.3389/fchem.2021.727123
https://doi.org/10.3389/fchem.2021.727123
https://doi.org/10.3389/fbioe.2022.974533
https://doi.org/10.3389/fbioe.2022.974533
https://doi.org/10.1016/j.apmt.2019.06.012
https://doi.org/10.3389/fbioe.2022.940070
https://doi.org/10.3389/fbioe.2022.940070
https://doi.org/10.1039/d3ra01311a
https://doi.org/10.1016/j.matdes.2020.109300
https://doi.org/10.1016/j.matdes.2020.109300
https://doi.org/10.1002/jbm.a.10140
https://doi.org/10.1007/s13233-011-0815-y
https://doi.org/10.1007/s13233-011-0815-y
https://doi.org/10.1016/j.memsci.2014.01.045
https://doi.org/10.1371/journal.pone.0188352
https://doi.org/10.1021/acsami.9b03173
https://doi.org/10.1021/acsami.9b03173
https://doi.org/10.1016/j.bioactmat.2021.08.005
https://doi.org/10.1039/c7ra12062a
https://doi.org/10.1039/c7ra12062a
https://doi.org/10.1007/s12221-022-4602-5
https://doi.org/10.3390/nano9111625
https://doi.org/10.2147/IJN.S110577
https://doi.org/10.2147/IJN.S110577
https://doi.org/10.1515/epoly-2020-0057
https://doi.org/10.1515/epoly-2020-0057
https://doi.org/10.1016/j.ijbiomac.2018.06.020
https://doi.org/10.1016/j.ijbiomac.2018.06.020
https://doi.org/10.1016/j.msec.2019.110218
https://doi.org/10.1016/j.msec.2019.110218
https://doi.org/10.1016/j.msec.2017.03.186
https://doi.org/10.1016/j.msec.2017.03.186
https://doi.org/10.1016/j.carbpol.2018.04.090
https://doi.org/10.1016/j.carbpol.2018.04.090
https://doi.org/10.1038/s41536-022-00224-9
https://doi.org/10.1021/acsami.8b22123
https://doi.org/10.1021/acsami.8b22123
https://doi.org/10.1039/c9tb01520e
https://doi.org/10.1177/0022034511432170
https://doi.org/10.1177/0022034511432170
https://doi.org/10.1016/j.jmhi.2013.02.002
https://doi.org/10.1016/j.msec.2018.12.115
https://doi.org/10.1016/j.msec.2018.12.115
https://doi.org/10.1002/adfm.200902347
https://doi.org/10.1021/acs.langmuir.8b03357
https://doi.org/10.1021/acs.langmuir.8b03357
https://doi.org/10.1016/j.gene.2017.05.028
https://doi.org/10.1016/j.gene.2017.05.028
https://doi.org/10.1016/j.matdes.2021.109734
https://doi.org/10.1021/acsami.6b08733
https://doi.org/10.1021/acsami.6b08733
https://doi.org/10.1038/srep13856
https://doi.org/10.1016/j.mattod.2018.07.016
https://doi.org/10.1016/j.mattod.2018.07.016
https://doi.org/10.5812/ans.74267
https://doi.org/10.5812/ans.74267
https://doi.org/10.1016/j.apsusc.2020.146311
https://doi.org/10.1016/j.apsusc.2020.146311
https://doi.org/10.1016/j.apmt.2021.101273
https://doi.org/10.1016/j.apmt.2021.101273
https://doi.org/10.1016/j.actbio.2021.08.050
https://doi.org/10.1021/acsnano.8b09623
https://doi.org/10.1016/j.msec.2015.08.009
https://doi.org/10.1038/s41598-018-33692-5
https://doi.org/10.3390/ijms161125982
https://doi.org/10.1039/c9bm01990a
https://doi.org/10.1039/c9bm01990a

S. Anjum et al.

[68]

[69]

Q. Zhang, J. Yang, N. Hu, J. Liu, H. Yu, Small-molecule amines : a big role in the
regulation of, Bone Homeostasis (2023), https://doi.org/10.1038/541413-023-
00262-z.

M. Tsubaki, M. Komai, T. Itoh, M. Imano, K. Sakamoto, H. Shimaoka, T. Takeda,
N. Ogawa, K. Mashimo, D. Fujiwara, et al., Nitrogen-containing bisphosphonates
inhibit RANKL- and M-CSF-induced osteoclast formation through the inhibition of
ERK1/2 and Akt activation, J. Biomed. Sci. 21 (2014) 1-14, https://doi.org/
10.1186/1423-0127-21-10.

19

[70]

[71]

Materials Today Bio 26 (2024) 101088

M. Wang, C. Wang, Y. Zhang, Y. Lin, Controlled release of dopamine coatings on
titanium bidirectionally regulate osteoclastic and osteogenic response behaviors,
Mater. Sci. Eng. C 129 (2021) 112376, https://doi.org/10.1016/j.
msec.2021.112376.

L. Wang, T. Wu, X. Hu, J. Liu, D. Wu, H.C. Tseng, C. Ko, Biomimetic polydopamine-
laced hydroxyapatite collagen material orients osteoclast behavior to an anti-
resorptive pattern without, Compromising Osteoclasts’ Coupling to Osteoblasts
(2021) 7565-7574, https://doi.org/10.1039/d1bm01119g.


https://doi.org/10.1038/s41413-023-00262-z
https://doi.org/10.1038/s41413-023-00262-z
https://doi.org/10.1186/1423-0127-21-10
https://doi.org/10.1186/1423-0127-21-10
https://doi.org/10.1016/j.msec.2021.112376
https://doi.org/10.1016/j.msec.2021.112376
https://doi.org/10.1039/d1bm01119g

	Bioinspired core-shell nanofiber drug-delivery system modulates osteogenic and osteoclast activity for bone tissue regeneration
	1 Introduction
	2 Materials and material processing
	2.1 Materials
	2.2 Fabrication of core-shell nanofibers by coaxial electrospinning
	2.3 Surface modification of nanofiber

	3 Results
	3.1 Morphology of Core−Shell nanofibers
	3.2 Physiochemical properties
	3.3 In vitro biological evaluation
	3.3.1 In vitro cytocompatibility
	3.3.2 In vitro osteogenesis evaluation
	3.3.3 In vitro osteoclastic evaluation

	3.4 In vivo bone repair
	3.4.1 Micro-CT analysis
	3.4.2 Histopathology evaluation
	3.4.3 Immunohistochemistry
	3.4.4 Organ biocompatibility


	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


