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Abstract: The treatment of infectious bone defects has
become a troublesome issue in orthopedics. The disease
requires effective anti-infective and bone-reconstruction
therapeutic functionalities. In this study, we prepared a
novel antibacterial material (vancomycin-impregnated
periosteal extracellular matrix [Van-PEM]) by embedding
vancomycin in a periosteal extracellular matrix (PEM)-
derived hydrogel via physical stirring for the treatment
of infectious bone defects. The microstructure, porosity,
degradation, and release properties of this antibacterial
hydrogel were characterized. The in vitro hemolytic reac-
tion, cytotoxicity, osteogenic ability, and antibacterial
properties were also carefully studied. The results showed
that the Van-PEM hydrogel possessed a fibrous network
structure with high porosity. Moreover, the hydrogel

demonstrated slow degradation in vitro and could release
vancomycin for at least 1 week. The hydrogel showed
no cytotoxicity and possessed good biocompatibility with
blood cells. It also promoted osteogenesis and exerted a
significant bactericidal effect. Subsequently, the anti-infec-
tion and bone-healing abilities of the antibacterial hydrogel
were investigated in a rat model of infectious calvarial
defects, and the infectious skull defect was successfully
cured in vivo. Therefore, Van-PEM hydrogels may represent
a promising therapeutic approach for treating infectious
bone defects.
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BMSCs bone marrow mesenchymal stem cells
CCK-8 cell counting kit-8
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DAPI 4′,6-diamino-2-phenylindole staining
DMEM Dulbecco’s modified Eagle’s medium
EDS energy-dispersive X-ray spectroscopy
FTIR Fourier transform infrared spectra
GAPDH glyceraldehyde-3-phosphate dehydrogenase
H&E hematoxylin and eosin staining
MRSA methicillin-resistant Staphylococcus aureus
OCM Oxford cup method
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PBS phosphate-buffered saline
PEM periosteal extracellular matrix
qPCR quantitative polymerase chain reaction
SEM scanning electron microscopy
TBS tris-buffered saline
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1 Introduction

Infectious bone defects caused by osteomyelitis and open
fracture infections are difficult to heal [1,2]. Staphylo-
coccus aureus is the most common causative agent of
bone infections [3]. Although bone tissue possesses remark-
able regeneration and repair capabilities, when infections
and bone defects reach a critical size, a bone repair can no
longer proceed spontaneously [4]. Bone transplantation is
the most commonly used technique for repairing bone
defects. This technique repairs bone defects through the
formation of new bone and the degradation of the trans-
planted bone (crawling replacement process). The key to
the success of bone transplantation lies in a sterile and
well-vascularized host bed. Orthopedic surgeons typically
use repeated debridement and prolonged systemic anti-
biotic therapy to control bone defect wound infections
[5,6]. In recent years, the local use of antibiotics has become
a hot topic in the treatment of bone infections because this
technique canmaintain an effective antibacterial concentra-
tion while reducing antibiotic resistance and systemic toxi-
city. The usage of topical antibiotic-carrying cement with
systemic antibiotics has become the main treatment strategy
for bone infectious defects. Recently, biodegradable bone
substitutes have been used to provide local antibacterial
and osteogenic effects [7], with the expectation of a shift
from multi-stage treatment to single-stage treatment.

Biodegradable bone substitutes, including bioactive
glass, hydroxyapatite, and tricalcium phosphate, have
been the focus of several studies [8–12]. Anti-microbial
agents can be loaded into bone substitutes using various
methods, including electrostatic adsorption, porous phy-
sical adsorption, nano-encapsulation, microsphere encap-
sulation, and chemical cross-linking [8,11–14]. Currently,
antibiotics and metallic nanosilver are the most commonly
used antimicrobials [15] to achieve antibacterial activity.
However, several challenges remain. First, most bone sub-
stitutes require surface modification before binding to anti-
bacterial agents, often with toxic crosslinking agents such
as glutaraldehyde [8]. Second, bone substitutes must be
capable of both bone induction and conduction [16]. Cur-
rently, most bone substitutes are non-bioactive materials,
and the bone induction and conduction effects are usually
much lower than those of bioactive bone substitutes and
may be weakened in an infected environment [5]. Finally,
Ag is cytotoxic and is not conducive to tissue repair and
osteogenesis. In addition, its accumulation in the body may
increase the burden on the liver and kidneys [11].

Bioactive materials, especially type I collagen, which
is a major component of the bone extracellular matrix,
have been studied as bone substitutes because of their

unparalleled biocompatibility with non-biomaterials and
their ability to simulate the cellular microenvironment
and stimulate and support cell proliferation [17]. Tissue
cell matrix material that retains the natural internal
three-dimensional framework, a large number of protein
structures, growth factors, and other active ingredients
can retain the native microenvironment of the cell to a
great extent and maintain its original features, leading to cell
adhesion, proliferation, and differentiation along with pro-
moting tissue repair and regeneration. These advantages
cannot be achieved using the current synthetic materials
[18]. This three-dimensional structure can also provide bone
conduction to host capillaries and bone progenitor cells [6].
Cellular tissue-derived hydrogels can also retain complex bio-
chemical components and assemble to formnanofibrous scaf-
folds. These scaffolds can recruit surrounding cells to migrate
to the scaffolds, attach to the collagen fibers within the scaf-
folds, grow in parallel, and then replace by regenerative
tissue [19–21].

The periosteum is a connective tissue envelope cov-
ering the surface of the bone and contains many growth
factors, such as BMP-2, IGF-1, and TGF-β. These factors
have strong bone induction abilities and play a critical
role in the bone repair process [22]. In addition, the peri-
osteum is rich in collagen, which promotes osteoblast
differentiation and formation of mineralized nodules [23],
which is the basic structural unit of natural bone [24]. It has
been demonstrated that acellular periosteum scaffolds can
promote bone defect regeneration and ectopic ossification
[25–27]. In our previous study, we decellularized the peri-
osteum and prepared it into a hydrogel, which could
enhance osteogenesis, osteogenic differentiation, and bio-
logical bone mineralization, thus making it suitable for
bone defect repair [28]. Antibiotics can be soaked and
physically embedded in collagen hydrogels for functional
applications [29,30]. However, the effect of vancomycin-
loaded extracellular matrix hydrogels on the repair of
infectious bone defects requires further investigation.

In this study, vancomycinwas physically encapsulated in
an acellular perichondriumhydrogel to prepare a novel mate-
rial with antibacterial and osteogenic properties (Scheme 1).
Since the filamentous collagen fibers that make up the gel
had the characteristics of micro–nanostructure, the porous
structure composed of them was more in favor of drug
loading. The vancomycin-impregnated periosteal extracel-
lular matrix (Van-PEM) hydrogel exhibited satisfactory long-
acting bactericidal, biocompatible, and osteogenic properties.
The antibacterial and bone-healing abilities of the Van-PEM
hydrogel were verified in vitro and in vivo, suggesting that the
Van-PEM hydrogel possesses potential as an antibacterial
bone substitute for use in treating infectious bone defects.
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2 Materials and methods

2.1 Materials

Triton X-100 solution and sodium dodecyl sulfate were pur-
chased from Sinopharm Chemical Reagents Co., Ltd. Giemsa
stain, pepsin, andMasson’s trichrome staining kits were pur-
chased from Beijing Solarbio Science & Technology Co., Ltd.
Alkaline phosphatase (ALP) assay kit was purchased from
Nanjing Jiancheng Bioengineering Institute Co., Ltd. Lutein
was purchased from Yeasen Biotech Co., Ltd.

2.2 Synthesis of the Van-PEM hydrogel

The periosteum was removed from the femur surface of an
adult pig sourced from a local abattoir. Three freeze–thaw
cycles (−80 to 37°C) were performed after removing the
stains on the periosteum surface; then, the periosteum
was cut into appropriate size after removing other tissues
on the surface with scissors. The periosteumwas placed in a

1% Triton solution, and the rotation speed was adjusted to
120 rpm for 12 h, then placed in a 1% sodium dodecyl sulfate
solution at the same speed for 2 h, and rinsed with flowing
phosphate-buffered saline (PBS) buffer for 12 h. The tissue
was ground into a powder after freeze–drying overnight,
and 20mg/mL periosteum powder was slowly added to
the solution containing pepsin and vigorously stirred, and
the pH of the solution was adjusted to approximately 1.5.
Vancomycin was added to the solution and stirred evenly to
achieve a concentration of 2mg/mL vancomycin. The solu-
tion was digested on a shaking table for 2 h until the peri-
osteum powder was fully dissolved. The solution was stored
at 4°C for 2 weeks. For use, 10× PBS solution and sodium
hydroxide solutions were added to adjust the pH to 7–8. The
solid hydrogel was prepared after the solution was incu-
bated at 37°C for approximately 5min.

2.3 Porosity

Two methods were used to measure the porosities of the
PEM and Van-PEM hydrogels. The first method was the

Scheme 1: Schematic showing application of the porcine-acellular-periosteal-matrix hydrogel-encapsulated vancomycin to heal infectious
bone defects.
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medium-immersion method. After the hydrogel was placed
at −80°C for 1 h, it was freeze-dried overnight. We weighed
(W1) the freeze-dried hydrogel, saturated it with isopropyl
alcohol, removed the lyophilized gel, wiped the isopropyl
alcohol from the surface, and reweighed the sample (W2).
An appropriate volume of isopropyl alcohol (V1) was added
to a calibrated test tube, soaked lyophilized gel was gently
added to the test tube, and the volume (V2) was recorded.
The porosity was calculated as follows:

( ) ( )= − / − ×W W V V ρPorosity ,2 1 2 1

where ρ is the density of isopropyl alcohol. The second
method used to measure the porosity was to scan the
sample section with scanning electron microscopy (SEM)
and calculate the gel porosity using ImageJ software.

2.4 In vitro degradation performance

The PEM and Van-PEM hydrogels were weighed and
placed in a solution containing collagenase I (5 U/mL)
for 21 days at 37°C. The enzyme solution was changed
every 3 days. Samples were weighed for degradation at
7, 14, and 21 days. The samples were washed with PBS
before weighing to remove enzyme solution. The remaining
mass after degradation was quantified by dividing the
weight degraded by the original weight. The degradation
of PEM and Van-PEM hydrogels in PBS without collagen
protease I was tested using the aforementioned method.
The PBS solution containing collagen protease I was replaced
with the PBS solution, and the degradation of PEM and Van-
PEM hydrogels was tested again as described above. Finally,
the pH of the PBS solution was adjusted to 5, and the afore-
mentioned steps were repeated to test the degradation of the
PEM and Van-PEM hydrogels in an acidic PBS solution.

2.5 Release of vancomycin from the Van-
PEM hydrogel

To determine the release of vancomycin, a series of van-
comycin solutions with varying concentrations was pre-
pared, and the absorbance values were measured using
a UV spectrophotometer to create a standard curve (Y =
1.8068x + 0.1092, R2 = 0.996). Then, the PEM and Van-PEM
hydrogels were placed in centrifuge tubes, 1mL of PBS
solution was added, and the tubes were placed in a 37°C
thermostat. PBS solution was removed at specific time inter-
vals. After the dissolved hydrogel was removed by centrifu-
gation, a release curve was constructed from the optical

density (OD) measured at 281 nm. The release behavior of
PEM hydrogels containing 1, 4, and 7mg/mL vancomycin
was tested in a PBS solution. In addition, the release per-
formance of PEM hydrogels containing 2mg/mL vanco-
mycin was investigated in PBS, PBS containing collagen
protease I, and acidic PBS.

2.6 Antibacterial properties in vitro

The antibacterial properties of the Van-PEM hydrogels
were determined using the Oxford cup method (OCM).
Representative gram-positive (S. aureus and Enterococcus
faecalis) and gram-negative bacteria (Escherichia coli)
were selected for the experiment. First, a single colony of
bacteria was placed in a test tube containing a liquid
medium, and the test tube was placed in a shaker with a
speed of 150 rpm and a temperature of 37°C overnight. A
certain volume of bacteria in the test tube was selected and
diluted until the OD value was 0.1 (0–1.5 × 108 UFC/L). The
bacteria and medium (50–60°C) were thoroughly mixed
and added to a Petri dish, where the volume ratio of bacteria
and medium was 1:10. When the medium cooled and
became solid, an Oxford cup was used to make two iden-
tical wells in the medium, and the same volume of PEM and
Van-PEM hydrogels was added to the wells, and the Petri
dishes were placed in the bacterial incubator. The diameter
of the sterile circle around the hydrogel was measured and
recorded after 12 h. The antibacterial effects of the PEM and
Van-PEM hydrogels soaked in PBS for 7, 14, and 21 days
were also tested using the aforementioned method.

Subsequently, S. aureus was used for colony count
method (CCM) detection. First, the PEM and Van-PEM
hydrogels were cut into small pieces, placed in test tubes,
and sterilized under UV light for 6 h. After adding the
same volume of medium containing S. aureus (108

UFC/L) to the test tube, the test tube was placed on a
shaker, and the conditions were set as described above.
At 6 and 12 h, 20 µL of bacterial suspensions of the same
ratio was removed and incubated on a nutrient agar
plate at 37°C for 24 h, after which the bacteria on the
plate were counted.

2.7 Cytotoxicity and hemolysis test

Hundredmicroliters of PEM hydrogel and Van-PEM hydrogel
were added to a 24-well plate for irradiation (25 kg, γ-radia-
tion) sterilization. Bone marrow mesenchymal stem cells
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(BMSCs)were seeded in the empty wells, andwells with PEM
hydrogels, and Van-PEM hydrogels at a density of 4 × 104

cells/hole. Dulbecco’s modified Eagle’s medium (DMEM;
Hyclone) containing 10% (v/v) fetal bovine serum,
100 μg/mL penicillin, and 100 μg/mL streptomycin was
added to the culture wells. The cells were cultured at
37°C in a humid environment containing 5% carbon dioxide.
After co-culturing for 48 h, the cells were stained with calo-
phyllum staining kit for living cells and observed under a
fluorescence microscope at 515 nm wavelength.

Cell counting kit-8 (CCK8) was used to detect the cyto-
toxicity of the PEM and Van-PEM hydrogels. PEM and Van-
PEM hydrogels were soaked in DMEM (the volume of
hydrogel/the volume of culture medium is 1:5), the super-
natant as 100% leaching solution was collected, and then
mixed with a proportion of DMEM cell culture to obtain the
culture solution containing 0, 20, 50, and 100% leaching
solution for further experiments. Mesenchymal stem cells
(MSCs) were inoculated into 96-well plates at a density of
2,000 cells per well. After incubation at 37°C for 24 h, the
supernatant medium was removed from each well, 100 μL
of medium containing different proportions of leachate was
added, and DMEM without leachate was used as a control
group. On days 1, 3, and 5, respectively, 10 μL of DMEM cell
culture containing CCK8 reagent was added to each well
and incubated at 37°C for 1 h, thenmeasured with a spectro-
photometer at 450 nm wavelength.

Hemolysis of the PEM and Van-PEM hydrogels was
evaluated using a previously reported method [31]. One
milliliter of blood collected from volunteers was added to
a sterile Eppendorf tube and centrifuged at 850g for
5 min. The supernatant was discarded, and the red blood
cells were rinsed several times with isotonic sterile PBS
solution. The rinsed red blood cells were then suspended
in Eppendorf tubes containing deionized water and PBS.
PEM and Van-PEM hydrogels were added to the erythrocyte
suspension, incubated at 37°C for 60min, and centrifuged
for 5min. The absorbance of the supernatant was measured
at 540 nm, and the hemolysis rate was calculated. Eppen-
dorf tubes containing deionized water were used as positive
controls, and Eppendorf tubes containing PBS were used as
negative controls. The percentage of hemolysis was calcu-
lated using the following formula: (OD of sample − OD of
negative control)/OD of positive control × 100.

2.8 Osteogenesis tests

The ALP activity of the MC3T3-E1 cells was monitored
using an ALP assay kit. The PEM and Van-PEM hydrogels

were irradiated after being placed in a 24-well plate.
MC3T3-E1 cells were seeded in 20mg/mL PEM and Van-
PEM hydrogels. The cells were first incubated in DMEM
for 24 h and then replaced with osteoblast induction
medium, which included 100 nM dexamethasone, 5 μM
ascorbic acid, and 1mM B-glycerophosphate. On days 3
and 7, the ALP activity of MC3T3-E1 cells in different
samples was measured according to the manufacturer’s
instructions.

ALP staining was used to detect ALP expression.
MC3T3-E1 cells (1 × 105) were placed in 24-well plates
containing PEM and Van-PEM hydrogels. The osteoblast
induction medium was changed every 2 days and incu-
bated at 37°C for 7 days for staining. The samples were
lightly cleaned three times with Tris-buffered saline (TBS)
solution and fixed with 4% paraformaldehyde at 37°C. An
ALP staining kit was used for staining and observation
after 12 h.

Quantitative polymerase chain reaction (qPCR) ana-
lysis was used to detect the expression of genes related to
osteogenesis. MC3T3-E1 cells were seeded in 24-well plates
containing 20mg/mL PEM hydrogel or Van-PEM hydrogel
at a density of 1 × 105 cells/well. Wells lacking hydrogel
substrates were used as negative controls. qPCR was per-
formed on day 14 for Runx2, OSX, and OCN. The cells were
then stained with ALP. PCR was performed using the stan-
dard method for each target gene, standardized by glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), and calcu-
lated using the 2−ΔΔCt method. Primer sequences for each
gene are listed in Table S1.

2.9 In vivo experiments

2.9.1 Model of infectious bone defects

Male SD rats weighing 200–300 g were selected for animal
experiments. All animal experiments were approved by the
Institutional Animal Care andUse Committee (IACUC) of the
Zhejiang Center of Laboratory Animals (ZJCLA). The fol-
lowing procedure was used to create infectious bone defects
in rat skulls. After the rats were completely anesthetized,
hair on the surface of the skull was removed using a shaving
machine, and the skin was disinfected with 75% alcohol.
The skull was exposed after the skin was cut, and a 4mm-
diameter defect was created in the middle of the skull by
turning the head [32]. The headwas continuously immersed
in sterile saline during the surgery. The defect site was
soaked in 100 µL of methicillin-resistant S. aureus (MRSA)
at 108 CFU/mL, after which collagen plugs were resorbed
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(REF 260-509-400, Bicon, USA) to cover each defect and
create an infectious bone defect model. The experimental
rats were divided into three groups with four rats in each
group. In the first group, no bacteria or hydrogel was added
to the skull defect, whereas in the second group, only MRSA
was added to the skull defect; in the third group, MRSA and
the prefabricated gel with a diameter of 4mm and a height
of 3mm were added to the skull defect. Absorbable sutures
were used to suture the cranial membrane and skin.

2.9.2 In vivo sterilization evaluation

The skull was collected 1 week after surgery and scanned
using micro-CT (Hiscan XM) to observe the preparation of
the bone infection model. At Weeks 5 and 9, 2 mm × 1 mm
tissue was cut from the skull defects of rats. The samples
were placed in normal saline and stirred for 10min. Twenty
microliters of the above mixture were absorbed and inocu-
lated onto a bacterial Petri dish. After the dishes were
placed in a bacterial incubator for 24 h, the number of colo-
nies on the dishes was observed and recorded.

2.9.3 Evaluation of osteogenic ability in vivo

At 5 and 9 weeks postoperative, the bone was extracted
and scanned with a micro-CT 25 μm scanner to observe
the erosion of the skull surface. ImageJ was used to cal-
culate the bone defect area of the micro-CT scanning
image to judge the erosion of the skull by bacteria and
the formation of new bone. Bone infection was assessed
using H&E and Giemsa staining, and bone fiber regenera-
tion was assessed using Masson staining.

3 Results and discussion

3.1 Preparation and characterization of the
vancomycin-embedded acellular
periosteum Van-PEM hydrogel

A hydrogel derived from a decellularized periosteummatrix
was prepared, and its microstructure and composition were

Figure 1: (a) Primary and post-acellular periosteum. (b) Pregel solution under acidic conditions and solid gel under neutral conditions. (c)
Changes in the DNA content before and after the acellular process. DNA tests confirmed the removal of the nucleus. (d) H&E staining before
and after periosteum decellularization confirms the complete removal of cells (red dashed circles) and the preservation of collagen fibers
(black dashed circles). (e) DAPI staining before and after the acellular process. DAPI staining demonstrated that the periosteum was
completely removed after acellular treatment. (f) FTIR spectra of the PEM and Van-PEM hydrogels, and it was confirmed that the addition of
vancomycin did not react with PEM hydrogel to generate new chemical bonds.
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characterized. In addition, bond formation between vanco-
mycin and the hydrogel was assayed. After decellulariza-
tion, no marked changes in the periosteal tension were
observed (Figure 1a). At the same time, it was observed
that the vancomycin-loaded hydrogels exhibited flow
dynamics under acidic conditions during the preparation
process and could be transformed into uniform gel (solid)
state after incubation for 5 min at neutral temperature and
37°C (Figure 1b). The DNA content within the periosteum
was almost undetectable (native groups vs decellularized
groups: 296.7 ± 20.82 ng/mg wet weight vs 5.00 ± 2.00,
p < 0.05, Figure 1c). H&E staining results indicated that
the periosteum still possessed a well-organized cambium
and fibrous layer structure after cell removal (Figure 1d),
which was also confirmed by 4′,6-diamino-2-phenylindole
staining (DAPI) staining (Figure 1e). These results demon-
strate that the structure of the extracellular matrix of the
periosteum was preserved after decellularization, which

may benefit the preservation of function [30]. The Fourier
transform infrared spectra (FTIR) spectra of the PEM and
Van-PEM hydrogels showed that the functional groups
mainly included OH/NH stretching at 3,300 cm−1, C]N
stretching at 1,550 cm−1, C]C stretching at 1,640 cm−1,
and C–H stretching at 2,924 cm−1, while the peaks at
1,400 and 1,450 cm−1 corresponded to C–H bending, and
the peak at 1,070 cm−1 was attributed to C–O stretching
[33]. The addition of vancomycin did not alter the absorp-
tion peak of the PEM hydrogel (Figure 1f). This indicated
that vancomycin was simply embedded in the hydrogel
without any reaction between it and the hydrogel to gen-
erate new chemical bonds.

Representative microstructures of the PEM and Van-
PEM hydrogels were observed using SEM. The results show
that the microstructures of the PEM and Van-PEM hydro-
gels were three-dimensional nanofiber network (Figure 2a
and b). The porosity was calculated using ImageJ software

Figure 2: [(a) Microstructure of the PEM hydrogel at 5,000× (a) and 10,000× (b); (b1) is the condition of (b) after ImageJ software processing].
[(b) Microstructure of the Van-PEM hydrogel at 5,000× (c) and 10,000× (d); (d1) is the condition of (d) after ImageJ software processing]. (c)
Porosities of the PEM and Van-PEM hydrogels calculated by statistical treatment. Meanwhile, the porosities of the PEM and Van-PEM hydrogels
exhibited that vancomycin did not significantly change the porosity of PEM hydrogels. (d) EDS analysis of the PEM and Van-PEM hydrogels.
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(Figure 2ab1 and bd1), and the PEM hydrogel and Van-
PEM hydrogels possessed similar porosities (PEM hydrogel
groups vsVan-PEMhydrogel groups: 46.52 ± 3.715% vs 43.38
± 2.957%, p > 0.05, Figure 2c), indicating that the addition of
vancomycin did not significantly change the porosity of PEM
hydrogel. Thus, vancomycin may be embedded in the fiber
structure instead of the fiber interstitium. The energy-disper-
sive X-ray spectroscopy (EDS) results showed that the PEM
and Van-PEM hydrogels were mainly composed of C, N, O,
Na, P, S, and Cl, in which P is a necessary element for the
formation of hydroxyapatite crystals. It can be deposited
in the collagen fibers and the nano-interstices between
collagen fibers, thus promoting osteoid mineralization
into new bone [34] (Figure 2d).

The high porosity of the hydrogels can provide suffi-
cient space for the growth of bone progenitor cells and
vascular cells and the storage of vancomycin, all of which
greatly contribute to bone reconstruction. An image of the
PEM hydrogel after freeze–drying is shown in Figure 3a,
demonstrating that the periosteum powder formed a scaf-
fold structure through collagen remodeling. The media
immersion results showed no significant difference in
porosity between the PEM and Van-PEM hydrogel groups
(PEM hydrogel groups vs Van-PEM hydrogel groups: 50.96
± 4.824% vs 53.74 ± 4.048%, p > 0.05, Figure 3b). The
porous structure of protein-derived hydrogels is related

to the number of viable cells in the hydrogels, and the
larger the voids in the hydrogels, the more the cells in
the hydrogel can grow [35]. This may be because appro-
priate porosity allows nutrient exchange between osteo-
blasts and hosts [36]. The prepared periosteum hydrogel
scaffold presented a 3D network structure with appropriate
porosity, which provided sufficient space and nutrition
for osteoblasts to survive in the scaffold. The collagen
fiber structure provides a carrier for hydroxyapatite crystal
deposition, thus accelerating bone reconstruction [37].

In the PBS solution, the degradation behaviors of
the PEM and Van-PEM hydrogels were similar and slow,
and the percentages of residual mass after 21 days were
59.25 ± 1.659 and 64.09 ± 1.899%, respectively (p > 0.05,
Figure 3c). It was also observed that the addition of col-
lagen protease accelerated the degradation rate of the PEM
and Van-PEM hydrogels, and the PEM and Van-PEM hydro-
gels were completely degraded after 5 days (Figure 3d). The
PEM or Van-PEM scaffolds are clearly fast-degrading scaf-
folds, especially in the presence of collagenase (5 days).
However, despite the degradation of these scaffolds
(dECM, fibrin, and collagen), they are playing a crucial
role in bone remodeling. In analogy to the bone remo-
deling after the fracture, such scaffolds are playing an
important role in cell attachment and cell migration [38].
In addition, we found that vancomycin was released slowly

Figure 3: (a) Morphology of the Van-PEM hydrogel after lyophilization. (b) Porosities of the PEM and Van-PEM hydrogels calculated using
the immersion method, proving that the addition of vancomycin did not change the porosity of PEM hydrogel. (c) Degradation of the PEM
and Van-PEM hydrogels under neutral and acidic conditions exhibited that PEM and Van-PEM hydrogels under neutral and acidic conditions
were slowly degraded, and the acidic conditions would not significantly accelerate the degradation of the hydrogel. (d) Degradation of the
PEM and Van-PEM hydrogels in the presence of type I collagen protease. (e) Vancomycin release from the Van-PEM hydrogel loaded with
vancomycin at different concentrations. (f) Release of vancomycin from the Van-PEM hydrogel loaded with 2 mg/mL vancomycin under
different conditions. The results confirmed that the Van-PEM hydrogel loaded with 2 mg/mL vancomycin demonstrated sustained release
behavior under acidic or neutral conditions. The type I collagen protease can accelerate the release of vancomycin in Van-PEM hydrogel.

8  Qi Dong et al.



for at least 21 days. The release behavior was similar; the
release rate was fastest within the first 3 days, after which
it continued more slowly. After 21 days, the percentages
of accumulated released vancomycin were 41.4 ± 4.825%
(1mg/mL), 35.86 ± 2.631% (4mg/mL), and 30.84 ± 1.429%
(7mg/mL) (Figure 3e). The vancomycin release behavior of
the Van-PEM hydrogel in PBS solution at pH 7.5, PBS solu-
tion at pH 5, and type I collagenase solution is presented in
Figure 3f. The results showed that the release rate of van-
comycin was fastest in the type I collagen solution, and the
release rate was slow in PBS solutions with pH of 7.5 and 5.
This effectively prevents the rapid release of vancomycin,
causing the implant to lose its antibacterial effect and
become a carrier for bacterial adhesion [39]. Interestingly,
when the Van-PEM hydrogel was completely degraded
in type I collagenase, the amount of released vancomycin
in the solution was 55.07 ± 1.47%, indicating that when
the Van-PEM hydrogel was fully degraded, a large portion
of vancomycin remained unreleased. This portion of vanco-
mycin may be physically or electrostatically adsorbed onto
the surface by hydrogel fragments [7]. As a result, it will not
be released into the solution for metabolism, which is con-
ducive to maintaining continuous sterilization and contact
sterilization of the hydrogel. This can maintain the sterile
state of the hydrogel scaffold and avoid possible side effects
caused by high vancomycin concentrations at the same
dose [30]. In addition, the infection can lead to a localized
acidic environment, whichmay accelerate implant degrada-
tion, increase osteoclast activity, and decrease osteoblast
activity, thereby impeding the repair of bone defects [7,40].
Our study confirmed that acidic conditions do not affect the
degradation rate of the Van-PEM hydrogel, which can pro-
vide long-term bactericidal action; therefore, it can prevent or
improve the local acidic environment and accelerating osteo-
blast proliferation caused by bacterial infection.

Different concentrations were often used to test the inhi-
bitory effect of the hydrogel on bacteria growth. In this experi-
ment, we selected Van-PEM hydrogel with 2mg vancomycin
in 1mL PEM hydrogel as the experimental sample. We found
that vancomycin in Van-PEM hydrogel exhibited a similar
release curve, with a larger proportion released at low con-
centrations (Figure 3e). Since a high concentration (>3mg/mL)
of vancomycin can inhibit cell growth [7], we believe that
2mg/mL Van-PEM hydrogel possesses a good drug release
effect, which can inhibit the growth of surrounding bacteria
and can avoid the side effects caused by a high concentra-
tion of vancomycin. Of course, in practical application, we
can select different concentrations of vancomycin according
to the situation of bone and soft tissue and select sensitive
antibiotic according to bacterial culture.

3.2 Antibiotic-loaded PEM hydrogel for the
long-term bactericidal effect

The antibacterial activities of the PEM and Van-PEM hydro-
gels were measured using improved OCM (Figure 4).
The results showed that compared with PEM hydrogel,
the Van-PEM hydrogel demonstrated a clear antibac-
terial effect on MRSA (0.16 ± 0.058 mm vs 15.06 ±
1.505 mm, p < 0.05, Figure 4a1) and E. faecalis (0.16 ±
0.066 mm vs 18.62 ± 0.589 mm, p < 0.05, Figure 4b1) on
the first day. However, as shown in Figure 4c1, when
loaded with vancomycin, the bactericidal effect on E. coli
was markedly weakened. Therefore, we replaced the van-
comycin with amikacin and found that the resulting PEM
hydrogel was much more effective against E. coli (0.10 ±
0.01mm vs 15.36 ± 1.001mm, p < 0.05).

In addition, the Van-PEM hydrogel was immersed
in PBS solution that was changed daily. The Van-PEM
hydrogel was removed on days 8, 15, and 22 for bacterio-
static zone experiments. The results indicate that the
Van-PEM hydrogel exhibited bacteriostatic effects on S.
aureus and E. faecalis on days 8, 15, and 22. However,
with an increase in time, the antibacterial effect of the
Van-PEM hydrogel gradually decreased, and the antibac-
terial effect on day 22 was significantly weaker than that
on the first day (S. aureus: 2.35± 0.26mm vs 15.06± 1.505mm
and E. faecalis: 6.12 ± 1.39mm vs 18.62 ± 0.589mm, p < 0.05;
Figure 4a and b). The PEM hydrogel loaded with amikacin
had a similar antibacterial effect on E. coli (Figure 4c), indi-
cating that the PEM hydrogel can provide long-term sus-
tained release of multiple antibiotics, corresponding to the
long-term release of vancomycin (Figure 3c and e), and has
the potential to carry multiple antibiotics to compensate for
the insufficient antibacterial spectrum of a single antibiotic.
For example, bone infections caused by open trauma and
diabetes often contain gram-positive and gram-negative
bacteria [32]. However, PEM hydrogels can only release
both drugs simultaneously, and the conditions for the
sequential release of controlled-release drugs need to be
further explored.

Subsequently, we tested the bacterioplankton-killing
performance of PEM and Van-PEM hydrogels using CCM
(Figure 4d). The results showed that the number of bac-
terial colonies on the culture medium of the Van-PEM
hydrogel group was significantly lower than that of the
PEM hydrogel group. The number of bacterial colonies on
the culture medium of the Van-PEM hydrogel group and
PEM hydrogel group at 12 h was 1,800 ± 200 and 6.667 ±
3.055, respectively. These results further confirm the anti-
bacterial effect of the Van-PEM hydrogel.
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3.3 Biocompatibility of PEM and Van-PEM
hydrogels

The cytotoxicity of bone marrow MSCs cultured with PEM
and Van-PEM hydrogels was investigated. After 48 h of
co-culture, calcein staining showed no significant differ-
ence in the number of living cells among the blank, PEM,
and Van-PEM hydrogel groups (Figure 5a). ImageJ software

was used to evaluate the area of green fluorescence repre-
senting living cells in Figure 5a. The results showed that
the fluorescence areas in the control, PEM, and Van-PEM
hydrogel groups were similar (Figure 5b), confirming that
the PEM and Van-PEM hydrogels were not significantly
cytotoxic to MSCs.

Additionally, the cellular metabolic activity was deter-
mined using the CCK-8 assay to analyze the cytotoxicity of

Figure 4: (a and b) Bacteriostasis of the Van-PEM hydrogel against S. aureus and Enterococcus on days 1, 8, 15, and 22. It was demonstrated
that Van-PEM hydrogel was still able to kill gram-positive bacteria on day 22. (c) Bacteriostasis of the Ami-PEM hydrogel against E. coli on
days 1, 8, 15, and 22. (d) Bacterioplankton killing abilities of the PEM and Van-PEM hydrogels.

10  Qi Dong et al.



the PEM hydrogel and Van-PEM hydrogel immersion solu-
tions. As shown in Figure 5c, the reproduction of cells in the
blank group, PEM group, and 25, 50, and 100% Van-PEM
hydrogel immersion groups displayed no significant differ-
ences on days 1, 3, and 5 (p > 0.05), and the number of cells
on day 5 was significantly increased in all groups. Thus, the
PEM and Van-PEM hydrogels did not induce significant toxi-
city in the MSCs. Previous studies have demonstrated that
high concentrations of vancomycin have toxic effects on cells
[30]. Our results suggest that Van-PEM hydrogel is beneficial
for reducing the cytotoxicity of vancomycin.

During the preparation of PEM and Van-PEM hydro-
gels, Triton X-100, which causes a hemolytic reaction [41],
is needed. Therefore, it is necessary to conduct blood compat-
ibility testing on PEM and Van-PEM hydrogels. Suspended
human red blood cells were used to detect hemolysis reactions
in the PEM and Van-PEM hydrogels. As shown in Figure 5d,

dH2O dissolved almost all the red blood cells, producing a red
supernatant, whereas there was no detectable red color in the
supernatant of the PBS, PEM, and Van-PEM hydrogel groups.
The hemolytic activity was further quantified using a UV spec-
trophotometer (Figure 5e). These results showed that there
was almost no hemoglobin in the supernatant of the PEM
hydrogel and Van-PEM hydrogel groups, indicating almost
no residual chemical reagents in the PEM and Van-PEM
hydrogels, which had good blood compatibility.

3.4 Osteogenesis induced by PEM and Van-
PEM hydrogels

Osteoblasts can promote bone formation through bone
matrix deposition, and ALP can be used as a marker for
early mineralization [42]. The osteogenic differentiation

Figure 5: (a) Calcein staining after co-culture of the PEM and Van-PEM hydrogels with BMSCs. (b) Fluorescence staining areas in (a)
calculated using ImageJ software. (c) BMSCs cultured with PEM hydrogel and Van-PEM hydrogel extracts of different concentrations. (d)
Hemolysis reactions of PEM and Van-PEM hydrogels. PEM and Van-PEM hydrogels do not cause hemolysis. (e) Absorbance of hemoglobin in
the supernatant of (d).
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of MC3T3-E1 cells on the PEM and Van-PEM hydrogels
was evaluated by measuring the ALP activity (Figure 6a).
On the day 3, there was no significant difference in ALP
activity among the control, PEM, and Van-PEM hydrogel
groups. On day 7, compared with the control group, the
ALP activity of the PEM hydrogel and Van-PEM hydrogel
groups increased significantly. In addition, ALP staining
on day 7 showed that the staining depth of the PEM and
Van-PEM hydrogel groups was greater than that of the
control group (Figure 6b and Figure S1). ALP results con-
firmed the ability of the Van-PEM hydrogel to promote
bone formation.

Additionally, the expression of osteogenic genes,
such as Runx2, OSX, and OCN, in MC3T3-E1 cells was
determined by RT-PCR after 14 days of co-culture with
PEM and Van-PEM hydrogels (Figure 6c–e). The results
showed that the PEM and Van-PEM hydrogels could sig-
nificantly promote gene expression in osteoblasts, espe-
cially the OSX and OCN genes. These results suggested
that the Van-PEM hydrogel with a 3D structure can pro-
mote the expression of ALP and osteogenic genes in
osteoblasts. Van-PEM hydrogels can increase the degree

of osteogenic differentiation, which is consistent with the
finding that fibrin hydrogels can promote osteogenic dif-
ferentiation of bone marrow MSCs [43]. A possible reason
may be that some cytokines (such as osteoprotegerin)
in hydrogels derived from the periosteum extracellular
matrix inhibit osteoclast activity [44]. Moreover, collagen
promotes osteoblast activity [45]. The Van-PEM hydrogel
can also promote the expression of osteogenic genes in
osteoblasts compared to the PEM hydrogel, suggesting
that vancomycin does not influence the osteogenic effect
of the PEM hydrogel.

3.5 Antibacterial and osteogenic functions
of the Van-PEM hydrogel in vivo

The model preparation for infectious bone defects in rats
is shown in Figure 7a. Micro-CT at 1 week postoperatively
showed serious irregular bone erosion areas at the edge
of the infectious bone defects, indicating that the infec-
tious bone defect model was successfully prepared
(Figure 7b). Micro-CT at 5 weeks postoperatively showed

Figure 6: (a) Secretion of ALP by osteoblasts in the PEM and Van-PEM hydrogels. PEM and Van-PEM hydrogels can promote the secretion of
ALP from osteoblasts. (b) ALP staining of osteoblasts cultured in the PEM and Van-PEM hydrogels for 7 days. (c–e) Expression of osteogenic
genes Runx2, OSX, and OCN detected by RT-PCR in osteoblasts cultured in PEM and Van-PEM hydrogels for 14 days. Van-PEM hydrogels can
significantly promote the expression of OCN.
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that the erosion area of the skull defect edge in the Van-
PEM hydrogel-treated groupwas significantly smaller than
that in the control and bacteria-treated groups. The quan-
titative results demonstrated that the erosion areas of skull
defects in the Van-PEM, control, and bacteria-treated groups
were 37.42 ± 2.89, 56.36 ± 4.87, and 67.71 ± 7.54%, respec-
tively (Figure 7c). At 9 weeks postoperatively, micro-CT indi-
cated that the Van-PEM hydrogel-treated group possessed
significantly more new bone formation than the control or
bacteria-treated groups, and the bone regeneration rate
(bone mass/total volume in the red circle, BV/TV) was

more than 70%. The osteogenic capacity of the bacteria-
treated group was slightly lower than that of the control
group. Bone regeneration ratios were 52.11 ± 2.41 and
63.51 ± 3.58%, respectively (Figure 7d). The aforemen-
tioned results suggest that infection reduces bone-forming
ability and that the Van-PEM hydrogel can improve bone-
forming ability. The number of bacteria at the infected
sites in the blank, bacteria-treated, and Van-PEM hydrogel
groups wasmeasured using the diffusion plate method at 5
and 9 weeks after surgery (Figure 7e). The results showed
that the number of bacterial colonies in the culture dish of

Figure 7: (a) Gross picture of the infectious skull defect model. (b)Micro-CT image of infection defect model 1 week after surgery. (c) Degree
of skull erosion detected by micro-CT at 5 weeks after surgery. (d) Bone regeneration in the skull defect detected by micro-CT at 9 weeks
after surgery. (e) Bacterial growth in the skull wounds of the control, bacteria-treated, and Van-PEM groups at 5 and 9 weeks after surgery.
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the bacteria-treated group was much higher than that of
the control and Van-PEM hydrogel groups.

H&E, Giemsa, andMasson’s trichrome staining schemes
were used to determine the anti-infection and osteogenic
effects of the hydrogels. At week 5, the number of neutro-
phils in bone tissue in the bacteria-treated and Van-PEM
hydrogel-treated groups was greater than that in the control
group (Figure 8a), while the number in the Van-PEMhydrogel-
treated group decreased significantly at week 9. An increasing
trend was observed in the bacteria-treated group (Figure 8b).
Giemsa staining was performed to observe bacteria present in
the bone tissue. AtWeek 5,many bacteriawere observed in the
bacteria-treated group, whereas the number of bacteria in the
control and Van-PEM-treated groups was relatively small (red
arrow, Figure 8c). At week 9, many bacteria were still found in
the bacteria-treated group, whereas the number of bacteria in
the Van-PEM-treated group was significantly reduced (red
arrow, Figure 8d). Masson’s trichrome staining showed that a
large number of new bones were formed in the Van-PEM
hydrogel group, most of which were cancellous bones with
complete mineralization of collagen (dyed blue), whereas in
the blank and bacteria-treated groups, it was mostly unminer-
alized collagen (Figure 8e and f).

4 Conclusions

We prepared a novel biomaterial with antibacterial and
osteogenic properties by physically embedding vancomycin
into an acellular perichondrium hydrogel. The Van-PEM

hydrogel possesses a three-dimensional structure with
high porosity. For in vitro experiments, the sustained
release of a variety of antibiotics, long-term bactericidal
properties, bone induction, and osteogenesis ability, and
good biocompatibility were demonstrated. Finally, it was
confirmed that the Van-PEM hydrogel could kill bacteria for
a long period and promote the regeneration of bone tissue
in infectious skull defects in a rat model. Therefore, Van-
PEM hydrogels have broad prospects for the treatment of
infectious bone defects.
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