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Spatiotemporal Regulation of the Bone Immune
Microenvironment via Dam-Like Biphasic Bionic Periosteum
for Bone Regeneration
Zonghan Xu, Liang Wu, Yu Tang, Kun Xi, Jincheng Tang, Yichang Xu, Jingzhi Xu, Jian Lu,*
Kaijin Guo,* Yong Gu,* and Liang Chen*

The bone immune microenvironment (BIM) regulates bone regeneration and
affects the prognosis of fractures. However, there is currently no effective
strategy that can precisely modulate macrophage polarization to improve BIM
for bone regeneration. Herein, a hybridized biphasic bionic periosteum,
inspired by the BIM and functional structure of the natural periosteum, is
presented. The gel phase is composed of genipin-crosslinked carboxymethyl
chitosan and collagen self-assembled hybrid hydrogels, which act as the
“dam” to intercept IL-4 released during the initial burst from the bionic
periosteum fiber phase, thus maintaining the moderate inflammatory
response of M1 macrophages for mesenchymal stem cell recruitment and
vascular sprouting at the acute fracture. With the degradation of the gel
phase, released IL-4 cooperates with collagen to promote the polarization
towards M2 macrophages, which reconfigure the local microenvironment by
secreting PDGF-BB and BMP-2 to improve vascular maturation and
osteogenesis twofold. In rat cranial defect models, the controlled regulation of
the BIM is validated with the temporal transition of the
inflammatory/anti-inflammatory process to achieve faster and better bone
defect repair. This strategy provides a drug delivery system that constructs a
coordinated BIM, so as to break through the predicament of the contradiction
between immune response and bone tissue regeneration.
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1. Introduction

In recent years, clinical treatments, includ-
ing bone grafting, artificial bone, tissue-
engineered bone, and bone handling tech-
niques, have been established for bone
defects caused by trauma, tumors, and
bone diseases. However, 5%–10% of pa-
tients with fractures still suffer from bone
nonunion or delayed union because the
physiological function of the periosteum is
underestimated.[1] The periosteum, a thin,
tough, highly vascularized, connective tis-
sue bilayer membrane covering the sur-
face of bone tissue, acts as the “umbili-
cal cord” of bone tissue by providing more
than 70% of the blood supply and, fur-
thermore, serves as a physical barrier that
not only resists excessive infiltration of in-
flammatory cells but also creates a sup-
portive microenvironment for bone mar-
row mesenchymal stem cells (BMSCs) to
promote bone regeneration.[2] More impor-
tantly, severe soft tissue injury around a
bone defect and the patient’s underlying
disease can cause disruption of the local im-
mune microenvironment and secretion of

excessive inflammatory factors, leading to tissue necrosis and
bone nonunion.[3] In the past decade, various artificial periostea
have been constructed to promote the repair of bone defects,
such as macrostructural or microstructural bionic periosteum,
vascularized bionic periosteum, and externally stimulated bionic
periosteum.[2a,4] Although these bionic periostea promote bone
regeneration in terms of structure and function, they are still less
effective than the natural periosteum because the immune mi-
croenvironment around the fracture has been neglected in the
design of artificial periostea. Therefore, in view of the role of the
natural periosteum in physical blocking, immune regulation, os-
teogenesis, and angiogenic differentiation, preparing bionic pe-
riostea that can actively modulate the immune microenviron-
ment is a reliable approach to enhance bone regeneration.

The bone immune microenvironment (BIM), composed of
various immune cells and secreted cytokines, plays an impor-
tant regulatory role in bone repair.[5] Macrophages (M𝜑) are
key mediators of the immune response and play a complex
and sophisticated regulatory role in bone regeneration owing to
their plasticity and heterogeneity.[6] The traditional view is that
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M𝜑 polarize to the M1 macrophage subtype under the induc-
tion of the local microenvironment and, furthermore, secrete
inflammatory factors such as IL-1𝛽, IL-6, TNF-𝛼, and INOS to
promote an inflammatory response and osteoclast differentia-
tion in the early stage of fracture. However, it has been found
that M1 macrophages can regulate bone regeneration by secret-
ing vascular endothelial growth factor (VEGF) and oncostatin-M
(OSM) and thus are essential in bone regeneration.[7] Activated
by local anti-inflammatory factors in the mid-to-late phase of
inflammation, M2 macrophages secrete anti-inflammatory fac-
tors such as arginase-1 (arg-1) and interleukin-10 (IL-10) to pro-
mote tissue repair as well as active factors such as platelet-derived
growth factor-BB (PDGF-BB), matrix metalloprotein-9 (MMP9),
and bone morphogenetic protein-2 (BMP-2) to promote osteo-
genesis and angiogenesis.[7b,8] M1 and M2 intertwine and reg-
ulate each other at the inflammation, angiogenesis, and osteoge-
nesis stages of bone regeneration, but the prolonged presence of
either subtype leads to different malignant outcomes.[9] There-
fore, simple inhibitory intervention of the M1-related inflamma-
tory response and early or maximal promotion of M2 polariza-
tion are not sufficient to yield the desired bone regeneration ef-
fect. Sequential regulation of M1/M2 polarization at the right
stage is crucial for bone regeneration.[10] Typically, the amount
of bone healing inflammatory cytokines begins to decline 3 d af-
ter the implantation of biomaterials and anti-inflammatory re-
lated immune cells appear thereafter (days 4–7), but the pro-
cess of spontaneous conversion of macrophages from proin-
flammatory M1 to anti-inflammatory M2 is inhibited by the
microenvironment.[6b,11] Therefore, the key is to design a bionic
periosteum that can precisely regulate the BIM, that is, a mod-
erate inflammatory microenvironment in the early stage and an
anti-inflammatory microenvironment thereafter (3 d after bioma-
terial implantation) to promote the polarization of M2.[12] How-
ever, endowing the bionic periosteum with the ability to regu-
late macrophage subtype transformation in sequence is an ur-
gent problem that remains unsolved.

Currently, there are numerous studies on developing bioma-
terials with immunomodulatory effects, focusing on the modu-
lation of M𝜑 phenotypes through material properties such as sur-
face structure, intrinsic composition, and porosity. However, ma-
terial properties cannot accurately and sequentially modulate the
inflammatory response of the host owing to the complex biolog-
ical environment.[11] Therefore, loading the biomaterial with ap-
propriate cytokines and modifying the material surface to achieve
controlled release of loaded cytokines is a feasible strategy to en-
dow the material with the ability to accurately modulate the in-
flammatory response of the host. Micro-sol (MS) electrospinning
can be used to prepare poly-L-lactic acid (PLLA) micro-sol elec-
trospun fibers with a core–shell structure, which have the prop-
erties of high drug loading capacity, strong mechanical stability,
and high operability.[4a] IL-4 is mainly produced by activated T
cells and plays an important role in immune regulation. After
binding to IL-4 receptors 𝛼 (IL-4R𝛼) on the surface of M𝜑, IL-4
activates not only JAK to mediate STAT6 phosphorylation for M2
polarization but also the PI3K/AKT signaling pathway to induce
T helper 2 (Th2) cell immune responses.[13] Therefore, IL-4 is an
appropriate active factor for loading into bionic periostea. How-
ever, a micro-sol electrospun fiber is hydrophobic and has no cell
recognition units on its surface, which is not conducive to cell

adhesion and proliferation. The primary concern is that the con-
centration difference between the inside and outside of the fiber
triggers early burst release, which disrupts sequential regulation
of the immune response. On this basis, hybridizing the matrix
with functional materials to achieve biphasic binding may be a
feasible strategy to tackle these limitations.[14]

Hydrogels are often used in controlled drug delivery sys-
tems because of their adjustable physicochemical properties and
biodegradability. Hydrogels with superior biocompatibility and
hydrophilicity have been widely used to coat matrix materials
to obtain highly controlled drug delivery systems.[15] Hydrogels
derived from the periosteal matrix can promote angiogenesis
and bone regeneration through immune regulation.[16] Com-
posites of electrospun fiber membranes and hydrogels inherit
the high mechanical strength and strong barrier effect of the
natural periosteum as well as the good biocompatibility of the
hydrogel.[17] Thus, we postulated that a dense hydrogel coat-
ing can be constructed and attached to the surface of micro-sol
electrospun fibers as the gel phase to capture and store IL-4 in
the early stage, thus achieving spatiotemporal regulation of the
immune response.[18] Carboxymethyl chitosan (CMC), a water-
soluble derivative of chitosan, contains functional amino and car-
boxyl groups and exhibits good biocompatibility, hydrophilicity,
and biodegradability.[19] In addition, CMC can chelate calcium
ions to promote osteogenic activity.[20] However, simple CMC hy-
drogels suffer from swelling in water and lacks the necessary or-
ganic components of bone tissue. Type I collagen (Col-I), a natu-
ral extracellular matrix-like polymer, is rich in the RGD sequence
to promote cell adhesion and has mineralization ability, which
can compensate for the low adhesion ability and lack of organic
components of simple CMC hydrogels.[21] However, the degra-
dation rate of Col-I is faster than that of CMC and the effect of
controlled release of IL-4 may be reduced using Col-1 only as the
surface coating. Moreover, Col-I itself can cooperate with IL-4 to
promote M2 polarization.[22] The simple use of Col-I as a sur-
face coating will disrupt the establishment of a moderate inflam-
matory microenvironment in the early stage of inflammation.
Genipin (GP) is a natural cross-linker that can react with primary
amino groups. GP contains heterocycles and has a high degree of
intermolecular entanglement, and thus 3D networks crosslinked
by GP are stable and compact.[23] Therefore, CMC, Col-1, and GP
were used in combination to construct the gel phase of the bionic
bone membrane.

In this study, inspired by the dynamic characteristics of the
BIM as well as the functional structure of the natural perios-
teum, we encapsulated IL-4 in the core structure of electro-
spun fibers using the micro-sol electrospinning technique and
crosslinked CMC and Col-I on electrospun fibers with GP to form
a dense layer of carboxymethyl chitosan-collagen (CMC-Col) coat-
ing (Scheme 1A).[24] The fiber phase was used to load and protect
IL-4 as well as to provide the main mechanical support for the
bionic periosteum. The gel phase was used to intercept and store
the sudden release of IL-4 from the fiber phase, thus maintain-
ing the moderate inflammatory reaction at the early inflamma-
tory stage. As the gel phase degraded during the inflammatory
repair phase, IL-4 was released markedly to mediate the polar-
ization of M𝜑 to the M2 subtype. Anti-inflammatory and bone-
repair related cytokines were secreted to construct paracrine-
transformed BIM. TGF-𝛽1, BMP-2, PDGF-BB, and MMP-9 de-
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Scheme 1. Schematic illustration of the construction and application of biphasic bionic periosteum. A) Preparation of biphasic bionic periosteum
(MS@CMC-Col) by coating carboxymethyl chitosan-collagen hydrogel (CMC-Col) on micro-sol electrospun fibers (MS). B) Controlled release of IL-
4 maintains the moderate inflammatory microenvironment during the inflammatory period and promotes M2 polarization for an anti-inflammatory
microenvironment after 3 d. C) Schematic diagram of the construction of the rat cranial defect models, implantation of the bionic periosteum, immune
modulation, and bone regeneration.
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rived from M2 cooperated with BMSCs and human umbilical
vein endothelial cells (HUVECs) to promote local osteogenic and
vascularization differentiation (Scheme 1B). Using a rat cranial
defect model, we confirmed that the bionic periosteum coordi-
nated the conversion of M𝜑 subtypes, thus achieving controllable
conversion of the inflammatory microenvironment to an anti-
inflammatory microenvironment, resulting in excellent bone de-
fect repair (Scheme 1C).

2. Results and Discussion

2.1. Characterization of MS@CMC-Col

With the evolving concept of bone repair and the development of
periosteal tissue engineering, researchers have prepared various
structured and functional artificial periostea. However, there are
few studies on the regulation of periosteal BIM, especially con-
trolled regulation of the osteogenic microenvironment. In this
study, micro-sol electrospinning technique was first used to pre-
pare electrospun fibers with core-shell structure loaded with IL-
4. Then MS@CMC-Col bionic periosteum was successfully pre-
pared using the collagen self-assembly technique and natural
cross-linker GP to apply a CMC-Col hydrogel coating on the MS
surface (Figure S1, Supporting Information). Here, PLLA refers
to PLLA electrospun fibers, MS refers to electrospun fibers pre-
pared by micro-sol electrospinning, MS@Col refers to MS self-
assembled with Col-I, PLLA@CMC refers to PLLA combined
with CMC, and MS@CMC refers to MS combined with CMC.
Scaffolds with MS in the name contain IL-4.

The surface morphologies of different electrospun fibers were
observed using scanning electron microscopy (SEM) (Figure 1A).
PLLA and MS were smooth and arranged randomly with high ho-
mogeneity. Analysis using ImageJ revealed that the average di-
ameters of single fibers of PLLA and MS were respectively 057
± 0.18 μm and 0.58 ± 0.17 μm, which were not statistically dif-
ferent from each other (Figure S2, Supporting Information). A
dense and smooth hydrogel coating was observed on the surface
of MS@CMC fibers. The SEM image of MS@Col, obtained af-
ter the collagen self-assembly with MS, (Figure S3, Supporting
Information) showed that many collagen fibers were deposited
on the electrospun fibers, forming a spiderweb-like structure.
MS@CMC-Col, constructed by combining Col-I self-assembled
fibers and CMC coating, was still covered with a dense hydro-
gel. However, compared with the CMC coating alone, the surface
roughness of the CMC-Col coating increased owing to crosslink-
ing between collagen fibers and CMC through GP, which was
more suitable for cell adhesion.

The diameter of sodium hyaluronate (HA) micro-sol particles
loaded with IL-4 was measured using dynamic light scattering
(DLS) (Figure S4, Supporting Information). HA particles had an
average size of 384.6 nm, with diameters ranging from 100 to
1000 nm and a polymer dispersity index (PDI) of 0.206, which
indicated that the particle size was uniform. The prepared micro-
sol particles did not change after they were left at room temper-
ature for 2 h, suggesting a high stability of the particles for the
encapsulation of IL-4.

An internal core–shell structure of MS is prerequisite for the
high drug loading capacity of the bionic periosteum and the sta-
ble release of the loaded drug. The internal structure of the sin-

gle fiber was observed using transmission electron microscopy
(TEM) (Figure 1B). Compared with PLLA, there were distribu-
tion bands with a diameter of 0.16 ± 0.03 μm, which were formed
by the stretching of HA particles inside MS, and the bands had
a smooth surface and homogeneous structure. Fluorescently la-
beled bovine serum albumin (BSA) was used instead of IL-4
wrapped in HA particles for electrospinning with light avoidance.
Labeled BSA was uniformly distributed inside each electrospun
fiber (Figure 1C), which indicated stable drug loading by micro-
sol electrospinning. The stability of micro-sol electrospun fibers
is important for effective regulation of the osteogenic microenvi-
ronment by the bionic periosteum.

Energy dispersive X-ray spectroscopy (EDS) (Figure 1D) was
used to clarify the changes in chemical composition on the sur-
face of different electrospun fibers. Compared with the EDS spec-
tra of PLLA and MS, which contained C and O, the EDS spec-
tra of electrospun fibers with hydrogel coatings contained three
elements: C, O, and N. Moreover, the N content in MS@CMC-
Col increased to 13.53% because of the combination of Col-I
self-assembly and CMC coating. Fourier transform infrared spec-
troscopy (FTIR) was used to analyze the molecular structures of
different fibrous membranes (Figure 1E). The peak at 1750 cm−1

corresponded to the stretching vibration of C=O of PLLA. The
infrared spectra of MS and PLLA were the same, with no char-
acteristic HA peaks, which further confirmed that the micro-sol
particles existed in the nuclear structure. Compared with MS,
MS@Col showed characteristic peaks representing amide bonds
at 3340 cm−1, 1650 cm−1, and 1550 cm−1. After the integration
of CMC and Col-I by GP, a new peak appeared at 1414 cm−1

due to the stretching vibration of GP, along with a stronger char-
acteristic peak of the amide bond.[25] Overall, our findings con-
firmed that the gel phase of MS@CMC-Col was successfully con-
structed.

As biomaterials for implantation in the human body, good
hydrophilicity can improve the biocompatibility and hemocom-
patibility of the material and facilitate cell adhesion, prolifera-
tion, and differentiation.[26] The water contact angles of PLLA,
MS, PLLA@CMC, MS@CMC, and MS@CMC-Col were 122.3
± 0.86°, 121.8 ± 1.67°, 40.45 ± 2.16°, 40.15 ± 1.27°, and
42.63 ± 2.20°, respectively (Figure 1F). The water contact an-
gles of PLLA@CMC, MS@CMC, and MS@CMC-Col were sig-
nificantly reduced, which indicated that the hydrophilicities of
PLLA@CMC, MS@CMC, and MS@CMC-Col were greatly im-
proved because of the gel phase. The improved hydrophilicity en-
hances the ability of the bionic periosteum to recruit and adhere
cells.

In consideration of the strong forces exerted by the tissue sur-
rounding bone defects, excellent mechanical stability is essen-
tial for the bionic periosteum. The mechanical properties of the
bionic periosteum were investigated with mechanical tensile ex-
periments, and the corresponding stress–strain curves were plot-
ted. PLLA electrospun fibers had favorable mechanical proper-
ties (Figure 1G). Moreover, the mechanical strength of MS was
lower than that of PLLA owing to the presence of the HA core.
However, after the deposition of collagen fibers and crosslink-
ing with CMC on the surface, the maximum tensile strength of
MS@CMC-Col reached 5.01 ± 0.16 MPa, which was significantly
greater than that of PLLA. Because many hydrogel molecules are
bound within the pores of electrospun fibers, electrospun fibers
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Figure 1. Morphology, chemical structure, and physicochemical properties of different electrospun fibers. A) SEM images. B) TEM images of PLLA
and MS. C) Distribution of FITC-BSA in electrospun fibers. D) EDS elemental spectra. E) FTIR spectra of different electrospun fibers. F) Water contact
angles of different electrospun fibers. G) Mechanical tensile testing of different electrospun fibers. H) Dissolution rate of different electrospun fibers.
I) Degradation of different electrospun fibers. J) Release of IL-4 from different electrospun fibers in vitro. (Statistical analysis entails one-way ANOVA
followed by Tukey’s multiple comparison test; n = 3; ns, not statistically significant; ****p < 0.0001.)
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with the hydrogel coating can counteract the effect of the core–
shell structure and, furthermore, have significantly improved
mechanical properties. Therefore, constructing a gel phase is im-
portant for improving the mechanical properties of the bionic
periosteum.[27]

The swelling rate directly reflects the degree of crosslinking in
the gel, that is, the higher the degree of crosslinking, the lower
the swelling rate of the gel. The swelling rates of three different
electrospun fibers with hydrogel coatings were lower than 15%
(Figure 1H), indicating that the structure of the hydrogel coat-
ings was complex and compact owing to the high degree of inter-
molecular entanglement of GP. The in vitro degradation experi-
ment revealed that the degradation rates of three different elec-
trospun fibers with hydrogel coatings were all lower than 20% in
the first 3 d (Figure 1I), indicating that the 3D structure of the
CMC and CMC-Col gel layers was dense and stable. A dense and
stable structure of the gel phase is beneficial to control the sud-
den release of active factors (IL-4) in the fiber phase.

The in vitro release of the IL-4 in different electrospun
fibers was investigated by enzyme-linked immunosorbent assay
(ELISA) for IL-4 (Figure 1J). For MS and MS@Col, there was a
significant, abrupt release during the first 3 d, in which 44.2 ±
3.7% and 40.6± 2.0% of IL-4 was released from inside the electro-
spun fibers, followed by a significantly decreased release rate. In
contrast, for the hydrogel-coated biphasic gel-fiber, early abrupt
release was suppressed owing to the dense gel coatings. The re-
lease of IL-4 from MS@CMC-Col was controlled to within 10%
in the first 3 d, with increasing amounts of IL-4 released after 3
d. The amount of IL-4 released on day 14 reached 78.9 ± 2.58%.
Due to the presence of heterocyclic rings and the high degree of
intermolecular entanglement, GP can trigger a higher crosslink-
ing degree, a more reticular structure, and a denser gel than the
porous gel formed by physical crosslinking, thus intercepting the
sudden release of IL-4. Additionally, CMC and collagen are rich
in carboxyl and amino groups, which can adsorb IL-4 suddenly
released from the fiber phase by covalent bonds to some extent.
Overall, the gel phase can intercept and store the initial sudden
release of IL-4 through its compact hydrogel network structure
and the affinity adsorption to IL-4. The biphasic fiber membrane
can change the early sudden release mode of IL-4 from micro-
sol electrospinning and reduce the sudden release within 3 d but
allowing the release of large quantities of IL-4 thereafter, thus re-
alizing the spatiotemporal regulation.

2.2. In Vitro Experiments

2.2.1. Biocompatibility

Biocompatibility is an important theme in tissue engineering.
In vitro experiments were used to evaluate the biocompatibil-
ities of different electrospun fibers. BMSCs from bone tissue
with multiphase differentiation potential were grown on differ-
ent electrospun fibers for Live/Dead staining and CCK-8 assays.
The Live/Dead staining results (Figure S5, Supporting Informa-
tion) showed that the cells survived and proliferated on all groups
of electrospun fibers, indicating that all electrospun fibers had
no significant toxic or inhibitory effects on the cells. However,
the number of live cells was significantly lower, and the num-

ber of dead cells was higher on PLLA than on hydrogel-coated
electrospun fibers. MS@CMC-Col had more live cells than the
other electrospun fibers and had no significant difference with
the control group. This may be due to the presence of Col-I
in the gel phase, which can mimic the extracellular matrix for
cells. Similarly, in the CCK-8 essay (Figure S6, Supporting In-
formation), BMSCs increasingly proliferated after 1, 3, 5, and 7
d of coculture with different electrospun fibers. From day 5 on-
wards, MS@CMC-Col had a significantly higher number of BM-
SCs than the other electrospun fibers and had no statistically dif-
ference with the control group. The good hydrophilicity, good ad-
hesion, and low immunogenicity of MS@CMC-Col can greatly
improve the biocompatibility of the material, which is a good ba-
sis for implantation of the bionic periosteum.

2.2.2. Cell Adhesion Promoted by Biphasic Bionic Periosteum

The mutual adhesion between seed cells and the biomaterial is
the basis for the biological function of tissue engineering. Good
adhesion on the biomaterial is essential for cell proliferation and
differentiation. Integrin 𝛽1 is a family of cell adhesion molecules,
and as a transmembrane protein receptor, it enables adhesion
between cells and the extracellular matrix by forming focal ad-
hesions (FAs), thus mediating signal transduction between the
inside and outside of cells.[28] The fluorescence image of inte-
grin 𝛽1 (Figure 2A) was semiquantitatively analyzed (Figure 2B),
revealing that the red fluorescence was stronger in electrospun
fibers with hydrogel coatings than in PLLA. Moreover, the flu-
orescence was stronger in MS@CMC-Col than in MS@CMC,
which was attributed to the binding of integrin sites like RGD
and GEFOGR with Col-I, thus enhancing the cell adhesion of the
bionic periosteum.[29]

Vinculin is an important protein of FAs found at cell–cell
or cell–extracellular matrix junctions. It mediates cell signaling
by binding to cytoskeletal F-actin and plays an important role
in cell adhesion, extension, proliferation, and differentiation.[30]

The fluorescence image of vinculin (Figure 2C) was semiquan-
titatively analyzed (Figure 2D), revealing that vinculin anchored
intracellular F-actin better in the three electrospun fibers with
hydrogel coatings, among which MS@CMC-Col exhibited the
strongest red fluorescence.

In summary, biphasic bionic periosteum coated with the CMC-
Col hydrogel greatly improves the adhesion of the electrospun
fibers, which allows it to mimic the extracellular matrix for cell
adhesion and proliferation, providing a favorable platform for
subsequent cell proliferation, differentiation, and biological func-
tions.

2.2.3. Sequential Modulation of M𝜑 Polarization to Improve the
Osteogenic Microenvironment

The local inflammatory response of bone defects is an impor-
tant regulator of bone regeneration, and M𝜑, as an important
player in the inflammatory response, can be polarized in dif-
ferent immune microenvironments into the inflammatory sub-
type M1 or the anti-inflammatory subtype M2. M1 preferentially
expresses CD86, while M2 preferentially expresses CD206. M1
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Figure 2. Mechanism of cell adhesion. A) Immunofluorescence staining of integrin 𝛽1. B) Fluorescence intensity of integrin 𝛽1. C) Immunofluorescence
staining of vinculin. D) Fluorescence intensity of vinculin. (Statistical analysis entails one-way ANOVA followed by Tukey’s multiple comparison test; n
= 3; ns, not statistically significant; *p < 0.05; **p < 0.01.)

and M2 can regulate bone regeneration by reconstructing the
immune microenvironment through the secretion of different
cytokines.[31] To assess the controlled modulation of M𝜑 polar-
ization by the bionic periosteum, M𝜑 cocultured with different
electrospun fibers were collected and evaluated for their phe-
notypes. Flow cytometry analysis after 3 d of coculture (Fig-
ure 3A–C) M𝜑 on different electrospun fibers revealed a high

percentage of CD11b+/CD86+ cells and a low expression of
CD11b+/CD206+, in all groups. After 7 d of coculture (Fig-
ure 3D–F), the expression of CD11b+/CD86+ in all groups de-
creased, while the expression of CD11b+/CD206+ increased in all
groups. From a comparison of the PLLA@CMC and MS@CMC
groups, the CD11b+/CD206+ ratio of scaffold-incorporated IL-
4 was significantly higher than that of the scaffold without
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Figure 3. FCA result of polarization on M𝜑. A,D) Expressions of CD86 and CD206 in M𝜑 at 3 and 7 d by flow cytometry. B,C) Quantitative analysis of
the result of flow cytometry at 3 d. E,F) Quantitative analysis of FCA at 7 d. (Statistical analysis entails one-way ANOVA followed by Tukey’s multiple
comparison test; n = 3; ns, not statistically significant; *p < 0.05.)

IL-4. After adding collagen, the CD11b+/CD206+ ratio in the
MS@CMC-Col group was significantly higher than that in the
MS@CMC group, reaching 35.2%. Therefore, Col-I indeed in-
fluenced the macrophage response and cooperated with IL-4 to
promote M2 polarization.[32] The same results were observed in
cellular immunofluorescence staining, where almost all cells in
each group were stained with green fluorescence of F4/80, a sur-
face marker of M𝜑. After 3 d of coculture, cells in each group
were stained with strong red fluorescence representing INOS, a
surface marker of the M1 subtype (Figure 4A). Moreover, fluo-
rescence representing CD206, a surface marker of M2 subtype
intensity, was weak in all groups (Figure 4B). In contrast, af-
ter 7 d of coculture, INOS fluorescence was significantly weaker
in MS@CMC-Col than in other groups (Figure 4C), while fluo-
rescence of CD206 was significantly stronger in MS@CMC-Col
than in other groups (Figure 4D), and cells on MS@CMC-Col
had a more elongated morphology with more pseudopods than
cells in other groups. The same trend was revealed in the semi-
quantitative analysis of the fluorescence corresponding to INOS
and CD206 after 3 and 7 d of coculture (Figure 4E–H). Combined
with the above phenotypic analysis, we can conclude that a small
amount of IL-4 released from the bionic periosteum in the first 3
d does not affect the polarization of M𝜑 toward M1. Additionally,

after 3 d, the massive release of IL-4 from the gel phase promotes
the polarization of M𝜑 towards M2 for bone regeneration.

The cell culture medium of M𝜑 cocultured on different electro-
spun fibers was collected to quantify the relevant inflammatory
cytokines using ELISA kits. After 3 d of coculture, the secretion of
TNF-𝛼, a pro-inflammatory factor, was significantly higher than
that of IL-10, an anti-inflammatory factor, in all groups (Figure
S7, Supporting Information), and the differences in the secre-
tion of TNF-𝛼 and IL-10 among all groups were not statistically
significant. After 7 d, the secretion of TNF-𝛼 decreased and the
secretion of IL-10 increased significantly in all groups. The se-
cretion of IL-10 in MS@CMC-Col was significantly higher than
that of other groups. The results indicated that a slight release
of IL-4 during the first 3 d would not affect the establishment of
a moderate inflammatory microenvironment, while the massive
release of IL-4 after 3 d significantly promoted remodeling of the
anti-inflammatory microenvironment for bone regeneration.

To further verify the changes in the phenotype and function of
M𝜑, qRT-PCR was performed on the cells for a genomic analysis
(Figure 4I–L). After 3 d of coculture with different electrospun
fibers, the expressions of INOS and TNF-𝛼 in M𝜑 were signifi-
cantly increased, while the expressions of Arg-1 and IL-10 were
low in all groups. After 7 d, the expressions of INOS and TNF-𝛼
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Figure 4. IF and PCR analysis of polarization on M𝜑. A,C) Immunofluorescence staining of F4/80 and INOS at 3 and 7 d. B,D) Immunofluorescence
staining of F4/80 and CD206 at 3 and 7 d. E,F) Fluorescence intensity of INOS at 3 and 7 d. G,H) Fluorescence intensity of CD206 at 3 and 7 d. I–L)
Expression analysis of inflammatory genes INOS, Arg-1, TNF-𝛼, and IL-10 at 3 and 7 d. (Statistical analysis entails one-way ANOVA followed by E–H)
Tukey’s multiple comparison test and two-way ANOVA followed by I–L) Tukey’s multiple comparison test; n = 3; ns, not statistically significant; *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.)

decreased in all groups, and the expressions of Arg-1 and IL-10
were upregulated. In the MS@CMC-Col group, the expressions
of Arg-1 and IL-10 were significantly increased compared with
that in the other groups. The results further demonstrated that
the biphasic bionic periosteum could promote the polarization

of M𝜑 towards M2 during the anti-inflammatory repair phase by
its controlled IL-4 release.

To better understand the molecular mechanisms by which
the biphasic bionic periosteum promoted the polarization of
M𝜑 towards M2, M𝜑 were collected after 7 d of coculture with
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Figure 5. Mechanism of polarization on M𝜑 and angiogenic paracrine on HUVECs. A) Phosphorylation levels of STAT6, PI3K, AKT, and NF𝜅bp65 by
western blotting. B–E) Quantitative analysis of phosphorylation levels of STAT6, PI3K, AKT, and NF𝜅bp65. F,G) Detection of VEGF and PDGF-BB secreted
by M𝜑 through ELISA. H–I) Fluorescence staining of HUVEC vascularization under different electrospun fibers/M𝜑 conditions. J–L) Quantitative analysis
of number of nodes, number of segments, and total length. (Statistical analysis entails one-way ANOVA followed by B–G) Tukey’s multiple comparison
test and two-way ANOVA followed by J–L) Tukey’s multiple comparison test; n = 3; ns, not statistically significant; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.)

different electrospun fibers and analyzed by western blotting
(WB) to examine the two major signaling pathways that ac-
tivate the polarization of M𝜑 toward M2: JAK/STAT-6 and
PI3K/Akt/NF-𝜅B.[33] The results of WB (Figure 5A) and quan-
titative analysis (Figure 5B–E) showed that the expressions

of p-STST6/STAT6 in MS@CMC and MS@CMC-Col were
increased compared with that in the other groups. Therefore,
IL-4 released from the fiber phase of the bionic periosteum
activated JAK by binding to IL-4R on the surface of M𝜑, thereby
mediating STAT6 phosphorylation to trigger the polarization of
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M𝜑 towards M2. In contrast, the expressions of p-PI3K/PI3K
and p-AKT/AKT in MS@CMC and MS@CMC-Col were also
significantly higher than that in the other groups, while the
expression of p-NF-𝜅Bp65/NF-𝜅Bp65 was significantly lower
than that in other groups. The results confirmed that the bionic
periosteum inhibited the activation of inflammatory signal NF-
𝜅Bp65 via PI3K/AKT signaling, thus promoting the polarization
of M𝜑 towards M2.

In summary, the biphasic bionic periosteum can actively co-
ordinate M𝜑 polarization through the controlled release of IL-4
to maintain a moderate inflammatory microenvironment at the
early inflammatory phase while promoting the polarization of
M𝜑 towards M2 for tissue repair during the anti-inflammatory
repair phase and removing the inhibition of the spontaneous con-
version of macrophages. Cytokines secreted by M𝜑 greatly im-
prove the local osteogenic microenvironment, thereby promoting
bone regeneration.

2.2.4. Moderate Inflammatory Microenvironment Constructed by
M1 Macrophage for Recruiting BMSCs

The migration of BMSCs is initiated by SDF-1 secreted by M1
macrophages.[34] Therefore, the transwell chemotactic migration
assay was used to evaluate the moderate immune microenviron-
ment in the early stage of inflammation under the immune reg-
ulation of fibrous membranes. As shown in Figure S8 (Support-
ing Information), owing to the early sudden release of IL-4, the
number of cells recruited by MS and MS-Col was considerably
lower than that recruited by fibrous membranes with controlled
release of IL-4, which provided sufficient seed cells for bone
repair.

2.2.5. Vascularization Promoted by Biphasic Bionic Periosteum

Vascular regeneration in bone healing is extremely important,
and M𝜑 participate in the germination and maturation of neo-
vascularization through paracrine-related cytokines.[35] The ef-
fects of controlled regulation of macrophage polarization by the
bionic periosteum on angiogenesis were investigated. The ex-
pressions of vasoactive factors were investigated using ELISA
kits (Figure 5F,G), revealing that there was no significant dif-
ference in the expression level of VEGF in different electro-
spun fibers. Moreover, the expression of VEGF in PLLA was
slightly higher than that in MS@CMC-Col, while the expression
of PDGF-BB in MS@CMC-Col was significantly higher than that
of other groups. M1 mainly secreted VEGF to promote early vas-
cular neogenesis, while M2 secreted cytokines such as PDGF-
BB and MMP-9 to promote vascular maturation and remodel-
ing. To further explore this complex process, angiogenesis exper-
iments were performed on HUVECs. After 3 h (Figure 5H) and
6 h (Figure 5I) of culture, HUVECs in PLLA, PLLA@CMC, and
MS@CMC-Col showed only a small number of tubular struc-
tures, while HUVECs in MS@CMC-Col formed many vascu-
lar networks with primitive reticular structures spreading in all
directions. Quantitative analysis of the number of nodes (Fig-
ure 5J), number of segments (Figure 5K), and total length (Fig-
ure 5L) of the tubular structures revealed that, after 6 h of culture,

the number of nodes, number of segments, and total length of
MS@CMC-Col were respectively 524.3 ± 7.0, 125.3 ± 6.5, and
14705.0 ± 391.0 μm, which were significantly higher than those
of the other groups. Although M1 secreted more VEGF to act
on early neovascular sprouting, factors secreted by M2 such as
PDGF-BB to promote vascular maturation and remodeling were
apparently more important.

In vitro angiogenesis experiments further demonstrated that
the biphasic bionic periosteum could improve the local microen-
vironment by controlled regulation of macrophage polarization
to promote endothelial cell migration, vascular sprouting, and
maturation, thereby promoting metabolite transport and local tis-
sue metabolism and reducing local ischemia and hypoxia, ulti-
mately promoting bone regeneration.

2.2.6. Osteogenesis Promoted by Biphasic Bionic Periosteum

The immune response is initiated immediately after the occur-
rence of a bone defect, and relevant immune cells accumulate at
the defect and start to secrete relevant cytokines to recruit stem
cells, which are regulated by the local microenvironment to fur-
ther proliferate and differentiate for tissue regeneration.[6a] As an
important member in the first line of immune defense, M𝜑 ac-
count for approximately 20% of all bone marrow cells at the defect
site. Cytokines required for the proliferation and osteogenic dif-
ferentiation of BMSCs can be secreted by M𝜑. The expressions
of osteogenic-related cytokines by M𝜑 were determined using
ELISA kits. The results (Figure 6A,B) showed that MS@CMC-
Col significantly upregulated the expressions of BMP-2 and TGF-
𝛽1, which positively regulated the osteogenic process by activat-
ing related signaling pathways. To further investigate the effect
of the local microenvironment formed by osteogenic cytokines
secreted by M2 on the osteogenic differentiation of BMSCs, tran-
swell plates were used to coculture M𝜑 and BMSCs with different
electrospun fibers.

Alkaline phosphatase (ALP) secreted by osteoblasts can di-
rectly reflect the activity and function of osteoblasts and is a
marker of early osteoblast differentiation and bone mineraliza-
tion. After 7 d of coculture in transwell chambers, BMSCs were
collected for ALP staining and activity assay. MS@CMC-Col had
significantly deeper ALP staining and better cell morphology
than other groups (Figure 6C). Although the ALP staining of
MS@CMC was deeper than that of PLLA and PLLA@CMC, there
was still a big gap compared with MS@CMC-Col (Figure 6D).
This may be attributed to the presence of Col-I on the surface
of MS@CMC-Col, which plays an important role in osteogenic
differentiation and mineralization of BMSCs.

Osteocalcin (OCN), a calcium-binding protein synthesized and
secreted by mature osteoblasts, is a major component of bone
non-collagenous proteins and is considered a marker of os-
teoblast differentiation toward the mineralization phase because
it occurs mainly during the mineralization formation phase.[36]

BMSCs were collected after 14 d of coculture in transwell cham-
bers for immunofluorescence staining of OCN. BMSCs on dif-
ferent electrospun fibers grew well but showed varying degrees
of osteogenic differentiation (Figure 6E). BMSCs on MS@CMC-
Col presented the most intense of red fluorescence representing
OCN and better spreading of cells among all groups. This was
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Figure 6. Evaluation of osteogenesis under coculture conditions. A,B) Detection of BMP-2 and TGF-𝛽1 secreted by M𝜑 through ELISA. C) Light mi-
crographs of ALP staining. D) Quantitative assay of ALP activity. E) Immunofluorescence staining of OCN. F) Fluorescence intensity of OCN. G) Light
micrographs of alizarin red staining. H) Detection of calcium nodules. I–L) Expressions of osteogenesis-related genes of ALP, RUNX2, OCN, and OPN.
(Statistical analysis entails one-way ANOVA followed by Tukey’s multiple comparison test; n = 3; ns, not statistically significant; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.)
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corroborated in the semi-quantitative analysis of immunofluores-
cence staining of OCN (Figure 6F).

Calcium nodules, a mineralized extracellular matrix formed by
osteoblasts, indicate the final stage of osteogenic differentiation.
BMSCs were collected after 21 d of co-culture in transwell cham-
bers for alizarin red staining. The calcium nodules in MS@CMC-
Col were the most abundant and compact among all groups (Fig-
ure 6G). Quantitative analysis of the calcium nodules (Figure 6H)
produced results that were consistent with the staining results.
The collagen component on the surface of MS@CMC-Col en-
hanced the mineralization of BMSCs, and thus calcium salts
were continuously deposited in the extracellular matrix, endow-
ing the bionic periosteum with excellent osteogenesis and bone
mineralization ability in the late stage of osteogenesis.

To further verify the ability of the biphasic bionic periosteum to
promote the osteogenic differentiation of BMSCs, qRT-PCR was
used to evaluate the expression of genes related to osteogenic dif-
ferentiation. ALP and Runx2, which represent early osteogenic
differentiation of cells, and OCN and OPN, which represent late
osteogenic differentiation of cells, were detected. Under the con-
trolled immunomodulation of MS@CMC-Col, BMSCs showed
excellent osteogenic ability, both for early and late osteogenic in-
dexes (Figure 6I–L).

Overall, MS@CMC-Col regulated the polarization of M𝜑 to-
wards M2 through the controlled release of IL-4 from the fiber
phase during the anti-inflammatory repair stage. Additionally,
the immune microenvironment reconstituted by M2 coordinated
with the excellent mineralization and osteogenic activity in the
gel phase to promote the osteogenic differentiation of BMSCs.

In summary, MS@CMC-Col biphasic bionic periosteum with
controlled release of IL-4 exhibited excellent biological proper-
ties in vitro. The gel phase endowed the bionic periosteum with
excellent biocompatibility, cellular adhesion, and mineralization
ability and provided support for seed cells to perform biologi-
cal functions in the long term. The moderate inflammatory re-
sponse of M1 macrophage improved the recruitment of BMSCs
and vascular sprouting in the early stage of inflammation. Syn-
ergy between the controlled release of IL-4 loaded in the fiber
phase and Col-I promoted the polarization of M𝜑 towards M2
in the anti-inflammatory repair stage, and M2 cooperated with
endogenous cells like BMSCs and HUVECs to regulate the BIM
through paracrine, thus improving angiogenesis and osteogenic
differentiation.

2.3. In Vivo Experiments

To investigate the effects of the biphasic bionic periosteum on
bone regeneration in vivo, 5 mm critical bone defects were con-
structed in rat models (Figure S9, Supporting Information). Dif-
ferent electrospun fibers were implanted on the bone defects.
Cranial specimens were collected at 3 and 7 d after surgery to as-
sess the local immune microenvironment of the bone defect, and
cranial specimens were collected at 4 and 8 weeks after surgery
to analyze the bone repair.

2.3.1. BIM Modulation

In the early phase of inflammation after acute bone injury, neu-
trophils first arrive at the injury site and secrete relevant cytokines

and chemokines to recruit M𝜑, which then begin to dominate,
switch phenotype, and function in response to changes in the
microenvironment as local injury and inflammation are brought
under control.[34b] The successful conversion of M𝜑 in response
to the controlled release of IL-4 from the bionic periosteum
is relevant to the outcome of bone regeneration. Immunofluo-
rescence images and semiquantitative analysis of these images
(Figure 7A,E,F) revealed that the green fluorescence of INOS,
representing M1, was strong in all groups of electrospun fibers,
while the red fluorescence of Arg-1, representing M2, was weak
in all groups of electrospun fibers at 3 d after surgery. In con-
trast, at 7 d after surgery (Figure 7B,G,H), the red fluorescence
of Arg-1 in the MS@CMC-Col group was significantly stronger
than that of other groups of electrospun fibers, and the Arg-1
fluorescence was significantly stronger than the INOS fluores-
cence. Moreover, the green fluorescence in the groups of elec-
trospun fibers except MS@CMC-Col was maintained a certain
intensity, which was significantly weaker than that at 3 d after
surgery. The results indicated that MS@CMC-Col not only pro-
moted the polarization of M𝜑 towards M2 at the middle and late
stages of inflammation but also did not affect the polarization
of M𝜑 toward M1 at the early stage of inflammation. Similar
phenotype changes were observed in the immunofluorescence
staining of TNF-𝛼 and IL-10 with semi-quantitative analysis at
3 d (Figure 7C,I,J) and 7d (Figure 7D,K,I) after surgery. The ex-
pression of inflammatory factor TNF-𝛼 was high in all groups
and the expression of anti-inflammatory factor IL-10 was low in
all groups at 3 d after surgery, while the expression of TNF-𝛼 was
significantly decreased and the expression of IL-10 was signif-
icantly increased in MS@CMC-Col at 7 d after surgery. These
results revealed that MS@CMC-Col successfully promoted the
polarization of M𝜑 towards M2 during the anti-inflammatory re-
pair phase of the bone-repair process and effectively improved
the BIM.

2.3.2. Evaluation of Bone Repair

Micro-CT scans of the collected specimens were reconstructed to
evaluate bone repair. Reconstructed images of the bone defects
(Figure 8A) showed that bone repair by MS@CMC-Col was
significantly better than that by the other groups, at 4 and 8
weeks after surgery. There was a small amount of newly formed
bone around the defect in the control group owing to the lack
of scaffold protection and osteoconduction. There was slightly
better bone repair in the group of PLLA due to the presence
of PLLA scaffold, but a small gap with PLLA@CMC remained.
MS@CMC and MS@CMC-Col both promoted better bone
repair than the other groups of electrospun fibers without
IL-4. MS@CMC-Col promoted the most superior bone repair
among the groups of electrospun fibers owing to the presence
of Col-I on the surface, which synergistically promoted cell
adhesion and mineralization. Unlike the edge-to-center repair
pattern in the control and PLLA groups, gel-coated electrospun
fibers induced direct intramembranous osteogenesis at any
location, suggesting that gel-coated electrospun fibers have the
same biological function as the natural periosteum to promote
bone regeneration. Quantitative analysis of micro-CT images
showed that, at the same time point, bone volume/tissue
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Figure 7. Biphasic bionic periosteum modulates the osteogenic immune microenvironment in vivo. A) Immunofluorescent staining of INOS and Arg-1
at 3 d. B) Immunofluorescent staining of INOS and Arg-1 at 7 d. C) Immunofluorescent staining of TNF-𝛼 and IL-10 at 3 d. D) Immunofluorescent
staining of TNF-𝛼 and IL-10 at 7 d. E,F) Fluorescence intensity of INOS and Arg-1 at 3 d. G,H) Fluorescence intensity of INOS and Arg-1 at 7 d. I,J)
Fluorescence intensity of TNF-𝛼 and IL-10 at 3 d. K,L) Fluorescence intensity of TNF-𝛼 and IL-10 at 7 d. (Statistical analysis entails one-way ANOVA
followed by Tukey’s multiple comparison test; n = 5; ns, not statistically significant; *p < 0.05; **p < 0.01; ***p < 0.001.)

volume (BV/TV) (Figure 8B), bone mineral density (BMD)
(Figure 8C), and bone surface (BS) repair ratio (Figure 8D) were
higher in all groups of electrospun fibers than those in the
control group, and MS@CMC-Col had the best values among
all groups.

Histological analysis of cranial bone specimens was carried
out. H&E staining (Figure 9A) results showed that bone repair
was better in all groups of electrospun fibers than that in the
control group, and among all groups of electrospun fibers, the
MS@CMC-Col group presented the highest values of quantity,
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Figure 8. Radiological assessment of osteogenic effect in vivo. A) Surface reconstruction of micro-CT of the cranial defect area. B) Bone volume fraction
(BV/TV). C) Bone mineral density (BMD) in the bone defect area. D) Repair ratio of bone surface (BS). (Statistical analysis entails two-way ANOVA
followed by Tukey’s multiple comparison test; n = 5; ns, not statistically significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.)

volume, and continuity of bone tissue at 4 and 8 weeks after
surgery. These results were confirmed with quantitative histolog-
ical analysis of new bone (Figure 9B,C).

Masson staining was used to evaluate the maturity of new
bone tissue, especially during bone defect repair from crustal
neogenesis to mature remodeling. The deeper the red stain,
the more mature the crust. Red-blue interdigitated staining re-
vealed that new bone tissues were formed at bone defects in all
groups (Figure 9D). There were larger, sheet-like red-stained ar-
eas with better continuity in the MS@CMC-Col group, consistent
with the results of the quantitative analysis of red-stained areas
(Figure 9E,F). Immunohistochemical staining for OCN (Figure
10A,D,E), an indicator of late osteogenic differentiation of cells,
revealed that the positive expression of OCN in the MS@CMC-
Col group was significantly higher than that in the other groups,
suggesting excellent bone repair.

Neovascularization is the source of nutrition at the bone de-
fect. Thus, early vascularization is important for bone regenera-
tion and regulation of the immune microenvironment.[37] Dur-
ing bone regeneration, M𝜑 secrete vasoactive factors to promote

the sprouting and maturation of neovascularization. Platelet en-
dothelial cell adhesion molecule (CD31), which is highly ex-
pressed on endothelial cells as an adhesion molecule in the
immunoglobulin superfamily, is often used to assess vascular
regeneration.[38] Immunohistochemical staining for CD31 (Fig-
ure 10B,F,G) revealed a large amount of neovascularization, la-
beled as brown, round, or oval by CD31 antibody, in the vicinity
of bone defects in the MS@CMC-Col group at 4 and 8 weeks after
surgery. As the peak of angiogenesis would shrink over time from
2 weeks after surgery, MS@CMC-Col showed better early angio-
genic capacity at four weeks, while the number of blood vessels
showed an overall decreasing trend in defect area at eight weeks.
Overall, the biphasic bionic periosteum can promote neovascu-
larization by modulating the immune microenvironment to pro-
mote the secretion of cytokines such as VEGF and PDGF-BB.

Periostin is an extracellular matrix protein that is specifically
expressed in the periosteum and periodontal tissues. Periostin in
the periosteum is mainly secreted by preosteoblasts and regulates
the adhesion, migration, and differentiation of osteoblasts.[39] Pe-
riostin can be used as a specific marker of the periosteum because
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Figure 9. Histological assessment of osteogenic effect in vivo. A) H&E staining of the cranial defect at 4 and 8 weeks. B,C) Quantitative analysis of the
new bone at 4 and 8 weeks. D) Masson staining of the cranial defect at 4 and 8 weeks. (E, F) Quantitative analysis of Masson staining (red-stained areas)
at 4 and 8 weeks. (Statistical analysis entails one-way ANOVA followed by Tukey’s multiple comparison test; n = 5; ns, not statistically significant; *p <

0.05; **p < 0.01; ***p < 0.001.)

it is specifically expressed therein.[40] Immunohistochemical re-
sults (Figure 10C,H,I) revealed that periostin was formed on the
surface of the new bone and arranged linearly along the bone tis-
sue in the MS@CMC-Col group, in contrast to the disordered and
scattered distribution of periostin in the other groups, demon-
strating the ability of the biphasic bionic periosteum to promote
bone regeneration and periosteal repair.

In summary, the biphasic bionic periosteum demonstrated ex-
cellent immunomodulatory function and osteogenic-vascular ac-
tivity in vivo through controlled release of IL-4 to modulate the
BIM and structural properties of mimicking the natural perios-
teum, leading to sustainable bone regeneration.

At present, most artificial periostea have the disadvantage of
a single structure and lack the “active” ability to regulate the in-
flammatory environment after implantation. The biphasic bionic
periosteum prepared in our study not only has heterogeneous
components (fiber phase and gel phase) and structural integra-
tion (collagen self-assembly and GP covalent crosslinking) but
also can sequentially regulate the immune microenvironment.
The fiber phase is used to load and protect IL-4 as well as to pro-
vide the main mechanical support. The gel phase is tightly filled
in the pores and surface of the fiber phase, which not only im-
proves the biocompatibility and adhesion of the bionic perios-
teum but also effectively suppresses the initial sudden release of

IL-4 from the fiber phase to maintain the moderate inflamma-
tory response of M1 macrophages for mesenchymal stem cell re-
cruitment and vascular sprouting on day 3. The cumulative effect
of M2 polarization induced by the large amount of IL-4 released
from the fibrous phase and the presence of Col-I in the bionic pe-
riosteum leads to an anti-inflammatory immune microenviron-
ment on day 7, which promotes osteogenic differentiation and
vascular maturation. Thus, the bionic periosteum achieves se-
quential regulation of the microenvironment to promote bone
regeneration.

3. Conclusion

In this study, a hydrogel-electrospun biphasic bone periosteum
was constructed to modulate the BIM accurately. By coating the
surface of IL-4 loaded micro-sol electrospun fibers with a com-
pact CMC-Col hydrogel, the biphasic bionic periosteum not only
emulated the natural periosteum for cell adhesion, proliferation,
and differentiation but also acted as a dam to intercept the burst
release of IL-4. As a result, the moderate inflammatory response
of M1 macrophage for mesenchymal stem cell recruitment and
vascular sprouting at the acute fracture was maintained. IL-4 re-
leased during the anti-inflammatory repair stage cooperated with
Col-I to promote the polarization of M𝜑 towards M2. A BIM
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more suitable for the proliferation and differentiation of cells like
BMSCs, osteoblasts, and HUVECs was constructed by the os-
teogenic, angiogenic, and related anti-inflammatory factors pro-
duced by M2, thus promoting bone regeneration. However, fur-
ther study is needed to adjust the dosage of CMC, Col, and GP to
achieve programmed release via the gel coating. Overall, the com-
posite fiber scaffold constructed in this study, which sequentially
regulates the immune response, provides a biomaterial therapy
strategy to coordinate the immune microenvironment and bone
regeneration for the repair of bone defects.

4. Experimental Section
Preparation of PLLA and MS Electrospun Fibers: 0.5 g of PLLA (Idle

Gang, Jinan, China) was added to 4 g of dichloromethane (DCM) (Aladdin,
Shanghai, China). PLLA was dissolved completely in DCM at room temper-
ature using a magnetic stirrer to obtain a viscous and homogeneous solu-
tion. Then, 2 g of N,N-dimethylformamide (DMF) (Qiang Shun, Shanghai,
China) was added to obtain a PLLA solution for electrospinning. 0.1 g of
hyaluronic acid (HA) (Yuancheng, Wuhan, China) was added to 9.9 g of
deionized water and stirred well at room temperature to obtain 1 wt% HA
aqueous solution. Subsequently, 10 μL of IL-4 (100 μg mL-1) (Peprotech,
USA) was mixed thoroughly with 50 μL of 1 wt% HA solution to obtain
a homogeneous 1% HA-IL-4 aqueous solution. Then, 0.01 g of Span 80
(Sigma, USA) and 4 g DCM were mixed and stirred well at room temper-
ature, and 0.5 g of PLLA and 2 g of DMF were mixed and stirred well to
obtain the micro-sol electrospinning solution.

The electrospinning solution was inserted into a 10 mL sterile syringe,
which was attached to a blunt-tipped syringe steel needle with an inner
diameter of 0.9 mm and fixed on a precision propulsion pump (Lange,
Baoding, China). One end of the DC high voltage power supply (Dongwen,
Tianjin, China) was attached to the steel needle syringe tip at 5 mm, and
the other end was attached to a cylindrical drum receiver wrapped with
aluminum foil. The receiver was parallel to the tip of the needle and the
distance was approximately 15 cm. The propulsion pump rate was set to
70 μL min-1, the receiver rate was set at 120 rpm, and the voltage was set to
approximately 15 kV. The prepared electrospun fibers were dried overnight
in a vacuum oven to remove residual organic solvents, and named PLLA
or MS.

Construction of CMC and CMC-Col Hydrogel Coatings: The PLLA and
MS electrospun fibers were first hydrated in 75% ethanol for 30 min. There-
after, 0.1 g of CMC (Aladdin, Shanghai, China) and 0.01 g of GP (Zhixin,
Sichuan, China) were configured into 10 mg mL-1 of aqueous solution,
and 10 mL of CMC solution and 1 mL of GP solution were mixed well
in a water bath set to 50 °C. Then, the mixed solution was uniformly
dropped on PLLA or MS electrospun fibers and placed in a thermostat set
to 37 °C overnight to assemble the prepared fibrous membranes, named
PLLA@CMC or MS@CMC, respectively.

Col-I (Sigma–Aldrich, USA) was dissolved in 0.1 m acetic acid solution
(QiangSheng, Jiangsu, China) to form a collagen solution with a final con-
centration of 3 mg mL-1 and then stored at 4 °C. The collagen solution was
mixed and diluted with 10× phosphate-buffered saline (PBS) in the ratio
of 1:6, and the pH value was adjusted to 7.0 using 0.1 m NaOH solution.
Then, the collagen solution was evenly dropped on MS, and the collagen
solution was allowed to self-assemble at 37 °C for 1 h to form MS@Col.
Additionally, 10 mL of CMC solution and 1 mL of GP solution were mixed
and dropped onto MS@Col, and the fiber was assembled overnight at 37
°C to obtain MS@CMC-Col.

Characterization of Different Electrospun Fibers: SEM: The different
electrospun fibers were cut to a suitable size and fixed on the SEM sample-
making copper plate with a conductive adhesive. Then, they were put into
the SEM (Hitachi, Japan) chamber after the surface was gold sprayed by
the ion sputtering (Quorum, UK). The acceleration voltage was set to 10 kV
to acquire the images, from which 100 fibers were randomly selected for
diameter analysis using ImageJ.

Particle Size Analysis: The size of HA particles in the micro-sol was
measured using a DLS particle size analyzer (Malvern, UK).

TEM and Cytokine Distribution: The electrospun fibers were collected
randomly and rapidly during the electrospinning process using a duplex
copper mesh (Zhongjing Koyi, Henan, China), and the internal structure
of single fibers was observed using TEM (FEI, USA) system operating at
120 kV. The fluorescent electrospinning solution was prepared using flu-
orescein isothiocyanate (FITC) labeled BSA (Solarbio, Beijing, China) in-
stead of IL-4 wrapped in the micro-sol, followed by electrospinning with
light avoidance. Fluorescent electrospun fibers were collected with a car-
rier slice and photographed using fluorescence microscopy.

EDS: To compare the changes in chemical elements on the surfaces
of different fiber membranes, different electrospun fibers were analyzed
using EDS (FEI, USA).

FTIR: FTIR (Thermo Scientific, USA) was used to analyze the chemical
compositions of different electrospun fibers.

Water Contact Angles: The water contact angles of different electro-
spun fibers were measured using a water contact angle analyzer (WCA,
Germany) to assess the change in hydrophilicity/hydrophobicity.

Mechanical Testing: Electrospun fibers were cut into rectangular sam-
ples (15 × 3 × 0.1 mm), and the samples were set on a mechanical stretch-
ing apparatus (Hengyi, Shanghai, China). Data were collected at a me-
chanical sensor of 50 N and a speed of 10 mm min-1, and the stress–strain
curves were plotted using the obtained data.

Swelling Ratio: Electrospun fibers with initial weight M1 were sub-
merged in PBS at room temperature for 24 h. After wiping off the excess
water from the surface with absorbent paper, the electrospun fibers were
weighed, and the values were recorded as M2. The swelling ratio (SR) was
calculated as SR = (M2 – M1)/M1.

Mass Loss Ratio: Electrospun fibers with initial weight M0 were sub-
merged in PBS at room temperature and PBS was changed every day. After
freeze-drying at fixed time points (1, 3, 5, 7, 10, and 14 d), the electrospun
fibers were weighed, and the values were recorded as Ma. The mass loss
(ML) ratio was calculated as ML = (M0 – Ma)/M0.

Cytokine Release: 50 mg of MS, MS@Col, MS@CMC, and MS@CMC-
Col (theoretically containing 100 ng of IL-4) was immersed in 50 mL cen-
trifuge tubes containing 10 mL of PBS solution with 1% BSA. All centrifuge
tubes were placed in a shaker at the constant temperature of 37 °C, and
the vibration frequency was set to 100 rpm. The released solution was col-
lected at specific time points (0.5, 1, 2, 3, 5, 7, 10, and 14 d) and stored in
the refrigerator at -80 °C. Additionally, 10 mL of fresh PBS was added into
the centrifuge tubes. The amount of IL-4 in the released solution was mea-
sured using an ELISA kit (MULTI, Hangzhou, China), and the cumulative
release profile was plotted.

In Vitro Experiments: Cell Culture: Round cell creepers with a diam-
eter of 14 mm and a thickness of 100 um were glued to aluminum
foils to collect the electrospun fibers. After electrospinning, the creep-
ers were vacuum dried overnight and placed in 75% ethanol solution for
30 min to hydrate and sterilize. Then, creepers with electrospun fibers
were rinsed three times with PBS to remove residual ethanol and placed
in 24-well plates. Assembly of the hydrogel coating was carried out fol-
lowing the steps in 4.2. After soaking in 75% ethanol and UV irradi-
ation overnight, the culture medium was added to 24-well plates for
immersion.

Figure 10. IHC analysis of OCN, CD31, and periostin. A) Immunohistochemical staining of OCN at 4 and 8 weeks. B) Immunohistochemical staining
of CD31 at 4 and 8 weeks. C) Immunohistochemical staining of periostin at 4 and 8 weeks. D,E) Immunohistochemical optical density of OCN at 4 and
8 weeks. F,G) Immunohistochemical optical density of CD31 at 4 and 8 weeks. H, I) Immunohistochemical optical density of periostin at 4 and 8 weeks.
(Statistical analysis entails one-way ANOVA followed by Tukey’s multiple comparison test; n = 5; ns, not statistically significant; *p < 0.05; **p < 0.01;
***p < 0.001.)
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Primary rat BMSCs were obtained from rat femurs and tibias after isola-
tion and culture. Rat M𝜑 were purchased from Wuhan Procell Life Science
and Technology Co. After the cells were digested in the culture dishes,
they were counted three times under the light microscope to obtain the
average cell concentration. Then, the cells were inoculated on different
electrospun fibers with the number of cells corresponding to different ex-
periments. With the appropriate medium added, the cells were placed in
the cell culture chamber for culture. The medium was changed every 2 to
3 d. The cell culture chamber was set to 37 °C, 95% relative humidity, and
5% CO2.

Cell Proliferation: In total, 1 × 104 BMSCs were grown in 24-well plates
containing different electrospun fibers as described above, and cell creep-
ers without electrospun fibers were set as the control group. The medium
was replaced with the mixture of 100 μL CCK8 reagent (Dojindo, Japan)
and 900 μL medium on days 1, 3, 5, and 7 of culture. After 4 h of incuba-
tion in the cell culture incubator, 100 μL of the mixture was transported
into 96-well plates. Then, the absorbance at a wavelength of 450 nm was
measured using a microplate reader.

Live/Dead Staining: BMSCs were incubated with different electrospun
fibers for 3 d. Then, the medium was removed, and the cells were washed
three times with prewarmed (37 °C) PBS. A working solution of Live/Dead
staining was configured following the instructions, specifically 300 μL of
the working solution of Live/Dead staining was added to each well and
incubated for 30 min at room temperature in the dark. After removing the
working solution, the cells were observed under an inverted fluorescence
microscope. Live cells were labeled with green fluorescence, while dead
cells were labeled with red fluorescence.

Mechanism of Cell Adhesion: BMSCs were co-cultured on different
electrospun fibers for 24 h, and immunofluorescence staining was per-
formed using integrin 𝛽1 primary antibody (Novus, USA) and vinculin
primary antibody (Novus, USA). Briefly, the medium in each well was re-
moved, and the cells were fixed with 4% paraformaldehyde for 30 min.
After rinsing three times with PBS, the cells were treated with 0.3% Tri-
ton for 30 min. After rinsing three times, the cells were closed with rapid
closure solution (Beyotime, China) for 1 h. After rinsing three times, the
corresponding primary antibodies were added and incubated overnight
at 4 °C. The next day, the secondary antibody (Abcam, USA) was added
after three rinses and incubated at 37 °C for 2 h. The secondary an-
tibody was washed off, the cytoskeleton was incubated with phalloidin
(Yearsen, China) at room temperature for 30 min, and the nucleus was
stained with DAPI (Yearsen, China) for 5 min. The immunofluorescent
cells were observed and photographed using an inverted fluorescence
microscope.

Cell Chemotactic Migration Assay: BMSCs (1×104) suspended in
150 μL of basic medium were added to the upper chamber of a 24-well
transwell plate (pore size of 8 mm, Corning, USA). After coculture fibrous
membrane and M𝜑 for 3 d, 700 μL of the supernatant of the cell culture
medium was collected and added to the lower chamber. After 24 h of cocul-
ture, the upper surface of the polycarbonate membrane was gently wiped
with a cotton swab to remove the adherent cells. Cells migrated to the
lower surface were then fixed with 4% paraformaldehyde for 30 min, and
stained with 1% crystal violet solution (Beyotime, China) for 30 min after
rinsing three times. After drying, the membrane was examined and pho-
tographed under the light microscope. The number of cells obtained from
five views was randomly recorded under the microscope for comparison
among the groups.

M𝜑 Phenotype Analysis: M𝜑 was cocultured with different electrospun
fibers at a density of 5 × 104 mL-1. Subsequently, cells were labeled with
F4/80 (Abcam, USA), INOS (Abcam, USA), and CD206 (Abcam, USA) pri-
mary antibodies on days 3 and 7 of culture. Then, cells were fixed with 4%
paraformaldehyde, closed with rapid closure solution, and incubated with
primary/secondary antibodies and DAPI, in order, as described above. Im-
munofluorescent cells were observed and photographed under an inverted
fluorescence microscope.

M𝜑 were cocultured with different electrospun fibers. After 3 and 7 d
of culture, the cells were collected and examined using a flow cytometer
(BD, Canto II, USA). We checked to ensure that the remaining cells on the
scaffold were less than 20% in five random fields of vision after collecting

the cells. Briefly, the collected cells were transferred to 1.5 mL Eppendorf
(EP) tubes and centrifuged at 2000 rpm for 5 min at 4 °C, followed by se-
quential addition of anti-CD45-FITC (BD Pharmingen, USA), anti-CD11b-
PEcy7 (BD Pharmingen, USA), anti-CD86-APC (BD Pharmingen, USA),
anti-CD86-APC (BD Pharmingen, USA), and anti-CD206-PE (BD Pharmin-
gen, USA). The labeled cells were incubated at 4 °C for 30 min. The num-
ber of cells in each group of scaffolds was more than 1 × 104 when tested
by flow cytometry. The cells were analyzed with FlowJo. For analysis, cells
were first circled by CD45 and CD11b, followed by CD86 and CD206 in
sequence.

Detection of M𝜑 Secretory Factors: M𝜑 were cocultured with different
electrospun fibers, and the supernatants of the cell culture medium were
collected. The contents of TNF-𝛼, IL10, VEGF, PDGF-BB, TGF-𝛽1, and
BMP-2 in the supernatants were quantified by the corresponding ELISA
kits (Elabscience, Wuhan, China) per instructions.

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) of M𝜑-
Related Genes: M𝜑 were collected after 3 and 7 d of coculture with differ-
ent electrospun fibers. The genes of TNF-𝛼, IL10, INOS, and Arg-1 were
detected using qRT-PCR. Briefly, total RNAs were extracted using TRIzol
reagent (Invitrogen, USA), followed by reverse transcription of RNAs us-
ing Takara reverse transcription kit (Takara, Japan) following the operating
instructions. qRT-PCR was conducted using Takara polymerase chain re-
action kit (Takara, Japan). GAPDH was used as the internal reference. The
primer sequences were designed by PubMed and synthesized by Shanghai
Generay (Table S1, Supporting Information).

WB: M𝜑 were collected after 7 d of coculture with different electro-
spun fibers, and the expressions of related proteins were examined us-
ing WB. Briefly, total protein was extracted using RIPA lysis buffer (Be-
yotime, Shanghai, China), and protein lysis products were quantified us-
ing a bicinchoninic acid (BCA) kit (Solarbio, Beijing, China). Subsequently,
20 μg of protein was loaded onto 10% SDS PAGE gels (New Cell & Molec-
ular, Suzhou, China), followed by electrophoresis, membrane transfer, and
closure. Then, the membranes were incubated with primary antibodies of
p-STAT6 (CST, USA), STST6 (CST, USA), p-PI3K (CST, USA), PI3K (CST,
USA), p-AKT (CST, USA), AKT (CST, USA), p-NF-𝜅b (CST, USA), NF-𝜅b
(CST, USA), and GAPDH (CST, USA). The membranes were incubated
with the secondary antibody solution labeled by horseradish peroxidase
(HRP) (Beyotime, Shanghai, China), and the protein bands were detected
using enhanced chemiluminescence (ECL) kit (Thermo Fisher, USA) and
scanned by gel imaging system.

Angiogenesis Experiment of HUVECs: First, M𝜑 were cocultured with
different electrospun fibers for 7 d, and then the supernatant of the cell
culture medium was collected and mixed with unused culture medium
at a ratio of 1:1 to prepare HUVECs-specific medium. Before the an-
giogenesis experiment, 200 μL of low growth factor matrix gel (Corn-
ing, USA) was added to 24-well plates and placed in the cell culture
incubator for 1 h. HUVECs were inoculated in 24-well plates coated
with low growth factor matrix gel at a density of 1×105 mL-1, and the
HUVECs-specific medium was added. After incubation for 3 and 6 h,
the cells were fixed with 4% paraformaldehyde. Then, the cytoskeleton
and nucleus of HUVECs were stained as described above. The stained
cells were observed and photographed under an inverted fluorescence
microscope.

Osteogenic Differentiation: M𝜑 and BMSCs were cocultured using 24-
well transwell cell culture plates (Corning, USA). M𝜑 were cultured on
electrospun fibers in the upper chamber, while BMSCs were cultured on
electrospun fibers in the lower chamber. After 7 d of co-culture, BMSCs of
different groups were stained and quantified using the ALP chromogenic
solution kit (Beyotime, Shanghai, China) and the alkaline phosphatase
activity quantification kit (Jiancheng, Nanjing, China). After 14 d of co-
culture, immunofluorescence staining of BMSCs in different groups was
performed using OCN primary antibody (SAB, USA) following the im-
munofluorescence staining procedure described above. After 21 d of co-
culture, BMSCs were stained using a cytosine red calcium staining kit (Cya-
gen, Guangzhou, China). The calcium nodules were detected by light mi-
croscopy and photographed. Then, the calcium nodules were lysed using
perchloric acid to measure the absorbance at a wavelength of 420 nm us-
ing a microplate reader.
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qRT-PCR for Osteogenesis-Related Genes: BMSCs, cultured for 7 d as
described, were collected. The gene expressions of ALPL and RUNX-2 were
detected using the qRT-PCR method described above. BMSCs cultured for
14 d were collected. The gene expressions of OCN and OPN were detected
using the qRT-PCR method. GAPDH was used as the internal reference
gene.

In Vivo Experiments: Preparation of Experimental Animals: All Sprague
Dawley (SD) rats were purchased from Zhaoyan (Suzhou) New Drug Re-
search Center Co., Ltd. All rats were male with an average weight of 200–
220 g. All animal handling and surgical operations during the experiments
were approved by the Ethics Committee of the First Affiliated Hospital of
Soochow University.

Construction of Rat Cranial Defect Models and Implantation of Bionic Pe-
riosteum: Briefly, SD rats were first anesthetized with 2% pentobarbital at
a dose of 2.5 mL kg-1. After complete anesthesia, the skull of the rats was
shaved and prepared for skin disinfection with anion. A median incision of
approximately 2.5 cm in length was made along the longitudinal axis of the
skull. The skin and fascia were separated layer by layer until the skull was
exposed. Two round defects were made on both sides of the skull with a
dental ring drill with a diameter of 5 mm. After rinsing and hemostasis, the
bone defect area was covered with different sterilized electrospun fibers,
and the one without any materials was set as the control group. Then, the
incision was sutured layer by layer and disinfected with iodophor. Penicillin
was injected intramuscularly for 3 d from the day of surgery to prevent in-
fection.

Acquisition of Animal Specimens: SD rats were euthanized at 3 days, 7
days, 4 weeks, and 8 weeks after surgery. The cranial specimens from dif-
ferent groups were collected and fixed in 10% formalin for 24 h. Specimens
from 3 and 7 d after surgery were used for the analysis of M𝜑 polarization
and secretion of related inflammatory factors, and specimens from 4 and
8 weeks after surgery were used to evaluate bone defect repair.

Micro-CT Analysis: Cranial bone samples from 4 and 8 weeks after
surgery were scanned and processed using micro-CT (SkyScan, SkyScan
1176 Belgium). The scanning voltage was 65 kV, current was 385 mA, and
resolution was 7 μm. The scanned data were analyzed with the correspond-
ing software to obtain BV/TV, BMD, and BS repair ratios. The scanned cra-
nial bone samples were also reconstructed on the surface using the Mimic
software.

Histological Analysis: The collected cranial bone samples were fixed in
10% formalin for 24 h and then decalcified using ethylene diamine tetra
acetic acid (EDTA) solution for 2 weeks, followed by gradient dehydra-
tion with different concentrations of ethanol solution. Dehydrated sam-
ples were soaked in pure xylene solution and then embedded in paraffin.
Histological analysis was divided into two parts. Specimens from 3 and 7
d after surgery were decalcified, embedded, and sectioned as described
above. The samples were labeled with antibodies of INOS (Servicebio,
China), Arg-1 (Servicebio, China), TNF-𝛼 (Servicebio, China), and IL-10
(Servicebio, China) for immunofluorescence staining to detect the pheno-
type changes of M𝜑 and related inflammatory parameters in vivo. Speci-
mens from 4 and 8 weeks after surgery were treated with hematoxylin and
eosin (H&E) staining and Masson staining to analyze bone regeneration,
followed by immunohistochemical staining for OCN (Servicebio, China),
periostin (Abcam, China) and CD31 (Servicebio, China) to assess the bone
tissue, periosteum regeneration, and vascularization of bone defects, re-
spectively.

Statistical Analysis: All experimental data, expressed as mean ± stan-
dard deviation, were statistically analyzed and plotted using Graph Prism
software or Origin software. The differences between groups were tested
by one-way or multi-way ANOVA and Tukey’s multiple comparison meth-
ods. Differences with statistical significance are marked by * p < 0.05, ** p
< 0.01, *** p < 0.001, ****p < 0.0001, and differences with no statistical
significance are marked by ns.
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