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ARTICLE INFO ABSTRACT

Keywords: Infection and loosening of implants after joint replacement are the complications that have troubled patients and
Sulfonated polyetheretherketone doctors for a long time. To prevent such complications, we selected polyether ether ketone (PEEK) used in or-
OSthO]‘f‘ thopedic implants and endowed it with antibacterial and osteogenic activities via surface modification. First, we
gz:s;n:esis made a spongy three-dimensional structure on the surface of PEEK via sulfonation reaction and then embedded
Antibacterial osthole nanoparticles with osteogenic activity. In the process of material preparation, we creatively found that

polydopamine (PDA) can protect the morphology of osthole nanoparticles. Then, we applied a silk
fibroin-berberine coating with antibacterial function to the surface of the material. The covalent adsorption of
silk fibroin on berberine realized rapid and sustained release of berberine from the material. In vitro experiments
confirmed that (Ost + Ber)@SPEEK (sulfonated PEEK loaded with osthole particles and berberine) can promote
osteogenesis by upregulating the expression of osteogenesis-related genes. Additionally, (Ost + Ber)@SPEEK
prevents bacterial adhesion and has a killing effect on the suspended bacteria around it. The intrafemoral implant
experiment in rats has confirmed that (Ost + Ber)@SPEEK can promote osteogenesis and prevent endophytic
infection in vivo. This study presented a new strategy to fabricate biofunctionalized PEEK-based implants for
potential applications in orthopedics field.

1. Introduction

For joint replacement surgery, implant infection and loosening are
the most common and serious complications [1,2]. The loosening of the
implant is caused by the lack of osteogenic activity of the inner implant
and the lack of close combination with the surrounding bone tissue
[3,4]. On the other hand, the main pathogen responsible for implant
infection is staphylococci [5,6]. Statistically, the number of prosthesis
revision operations due to internal plant infection and loosening in-
creases yearly [7,8]. Revision surgery can be a huge traumatic blow to
patients. Therefore, to avoid the occurrence of implant infection and
loosening, it is necessary to develop an internal implant material that
can promote osteogenesis and prevent staphylococcal infection. See
(Scheme 1).

Recently, PEEK has been widely used in the manufacture of ortho-
pedic implants because of its high mechanical strength as well as high
temperature and radiation resistance [9,10]. However, the material

itself has no antibacterial and osteogenic activities [11-14]. Therefore,
the use of this material to make orthopedic implants cannot avoid the
complications of prosthesis loosening and infection. In this study, we
aim to modify the surface of PEEK material to promote its osteogenesis
and antibacterial activities.

Osthole is an extract of Chinese herbal medicine Cnidium, which can
promote osteogenesis by stimulating various osteogenic-related path-
ways [15,16]. So we believe that osthole can be loaded onto the surface
of PEEK material to promote osteogenesis. However, the drug-loading
capacity of the simple surface physical loading method is very limited.
Inspired by the water absorption of the sponge stereo structure, we made
a spongy—porous stereo structure on the surface of PEEK via sulfonation
reaction to improve the loading capacity of PEEK for osthole [17].
Further, the osthole particles prepared via reverse deposition were
loaded into the porous structure, which increased the drug-loading ca-
pacity of the materials. Interestingly, we found that without the pro-
tection of polydopamine (PDA), osthole nanoparticles in its water
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suspension would turn into osthole crystallization when dried. By
contrast, after co-incubating with dopamine (DA) in an alkaline condi-
tion for a particular period of time, the PDA film formed on the surface of
the osthole nanoparticles will hinder the formation of osthole crystalli-
zation, resulting in PDA-osthole nanoparticles with uniform
morphology. In addition, we realized a long-term stable release of ost-
hole from sulfonated PEEK loaded with osthole particles using the
characteristics of osthole’s low solubility in water [18]. Moreover, the
effective concentration of osthole in promoting osteogenesis is close to
its saturated concentration in water [16,19]. By this way, the sulfonated
PEEK material loaded with osthole particles can achieve a lasting oste-
ogenic activity.

Berberine is extracted from the roots of Coptis chinensis, a Chinese
herbal medicine [20]. This drug can effectively kill staphylococci by
interfering with bacterial DNA replication and protein synthesis
[21,22]. So we chose berberine to endow antibacterial activity to PEEK
materials. However, the simple physical loading of berberine is limited,
and owing to the high solubility of berberine in water, the physical
loading cannot avoid the explosive release of berberine from the initial
material. Thus, the controllable release of berberine cannot be realized.
Therefore, we selected carboxyl-functional-groups rich silk fibroin and
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used the covalent adsorption of the carboxyl group to berberine for
increasing the loading amount of berberine on PEEK and realize its
sustained and rapid release [23]. Using this method, we have endowed
PEEK with excellent antibacterial ability.

Based on the above, we prepared (Ost + Ber)@SPEEK, and this
material can realize the controllable release of osthole and berberine. To
investigate the osteogenic and antibacterial functions of (Ost + Ber)
@SPEEK, we performed comprehensive in vitro and in vivo experiments
and found that (Ost + Ber)@SPEEK promoted osteogenic activity and
prevented staphylococcus-related infections.

2. Experimental section

2.1. Preparation of osthole nanoparticles-water suspension, osthole
crystallization, PDA-osthole nanoparticles, PDA microspheres containing
osthole nanoparticles and PDA-osthole nanoparticles loaded SPEEK

Firstly, a 10 mg/ml osthole (purchased from Qing lan biotech CO.,
LTD) solution in 100% alcohol was prepared and added to deionized
water at a 1:10 vol ratio to generate a 1 mg/ml osthole nano-
particles—water suspension. Then the osthole nanoparticles—water
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Scheme 1. (a). The composition of (Ost + Ber)@SPEEK. (b). The antibacterial and osteogenic functions of (Ost + Ber) @SPEEK.



S. Sang et al.

suspension was divided into three groups. In group one, the osthole
nanoparticles-water suspension was dried directly at room temperature,
and the osthole crystallization was obtained. In group two, 2 mg/ml DA
was added to the osthole nanoparticles-water suspension and the pH
was adjusted to 8.5 using the Tris buffer. Next, the suspension was
placed at room temperature for 18 h. Then the PDA-osthole particles
were obtained after drying the suspension. In group three, the 2 mg/ml
DA was added to the osthole nanoparticles-water suspension and the pH
was adjusted to 8.5 using the Tris buffer. The suspension was placed at
room temperature for 36 h. After the suspension was dried, PDA mi-
crospheres containing osthole nanoparticles were obtained.

PEEK raw materials were purchased from GEHR Co., Germany. Then
PEEK raw materials were processed as wafers (diameter: 1 cm, thick-
ness: 1 mm) and rods (diameter: 2 mm, length: 1 cm). Both were sepa-
rately placed into beakers where sulfonation reactions were conducted
by adding concentrated sulfuric acid (98%) at room temperature. The
solutions were stirred, with groups reacting at 7 min and 14 min
respectively, and the products were labeled SP1 and SP2. Then, SPEEK
wafers and rods were washed repeatedly in deionized water, incubated
at 120 °C for 4 h to remove residual sulfur, and dried at room
temperature.

Wafer and rod-shaped SP1 and SP2 materials were placed into a
beaker and osthole nanoparticles-water suspension (1 mg/ml) was
added. Then 2 mg/ml DA was added to the suspension and the pH was
adjusted to 8.5 using the Tris buffer. The beaker was agitated at 50 rpm
for 20 h. Then all of the materials were rinsed three times in deionized
water and Ost@SP1 (SP1 loaded with PDA-osthole nanoparticles) and
Ost@SP2 (SP2 loaded with PDA-osthole nanoparticles) were generated.
The materials were then dried at room temperature.

2.2. Preparation of (Ost + Ber) @SP1 and (Ost + Ber) @SP2

Silk fibroin was extracted according to a standard method [24]. The
mass fraction of silk fibroin solution was adjusted to 5% and evenly
applied to Ost@SP1 and Ost@SP2 materials. For wafer-shaped mate-
rials, each side was covered with 10 pl silk fibroin solution, dried at
room temperature, and repeated twice. For rod-shaped materials, 5 pl
silk fibroin solution (5%) was applied, dried at room temperature, and
repeated twice. Materials coated with silk fibroin were immersed in 1
mg/ml berberine (purchased from Sangon Biotech (Shanghai) Co., Ltd)
aqueous solution for 5 min and dried at room temperature to generate
(Ost + Ber)@SP1 and (Ost + Ber)@SP2 materials.

2.3. Characterization of materials

A Malvern Zetasizer Nano ZS90 was used to assess particle size of
osthole nanoparticles in osthole nanoparticles-water suspensions. Then,
osthole crystallization, PDA-osthole nanoparticles and PDA micro-
spheres containing osthole nanoparticles were observed by scanning
electron microscopy (SEM) (Zeiss Gemini 300). Energy dispersive
spectrometer (EDS) was used to analyze the elemental content of osthole
crystallization, PDA-osthole nanoparticles and PDA microspheres con-
taining osthole nanoparticles. Diameter and thickness dimensions of
wafer-shaped PEEK, SP1 and SP2 materials and diameter of rod-shaped
PEEK, SP1 and SP2 materials were measured using a Vernier calipers.
SP1 and SP2 morphologies were observed using SEM and surface pore
sizes were measured and counted.

SEM was used to observe (Ost + Ber)@SP1 and (Ost + Ber)@SP2
materials and EDS used to analyze the elemental content of each group.
A contact angle measuring instrument (OCA25) was used to measure the
static contact angles of PEEK, SP1, SP2, (Ost + Ber)@SP1, and (Ost +
Ber) @SP2.

Berberine release experiments: each (Ost + Ber)@SP1 and (Ost +
Ber) @SP2 wafer was immersed in 1 ml deionized water; the extract was
collected at 4 h, 12 h, 24 h, 48 h, 48 h, and 72 h and the solution was
changed with deionized water at the same time. The absorbance at 420
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nm for each time point extract was measured using a spectrophotometer;
the concentration of berberine was calculated based on absorbance. All
materials were photographed before and after the release experiments.

Osthole release experiments: each (Ost + Ber)@SP1 and (Ost + Ber)
@SP2 wafer was soaked in 1 ml deionized water. Extracts were collected
and exchanged with water on day 1, 4, 7, 10, 13, 16, 19, 22, 25, and 28.
The absorbance at 200 nm for each time point extract was measured via
ultraviolet spectrophotometry and concentrations of osthole were
calculated according to absorbance. (Ost + Ber)@SP1 and (Ost + Ber)
@SP2 after osthole release experiments were collected, dried, and
observed using SEM.

2.4. Cell compatibility experiments

rBMSCs were extracted according to standard methods and cultured
in MEM medium supplemented with 10% fetal bovine serum (FBS) [25].
Sterilized wafer-like PEEK, SP1, SP2, (Ost + Ber)@SP1, and (Ost + Ber)
@SP2 were equally divided into five groups; each group contained three
pieces of material, one piece per well in a 24-well plate. Then, 0.5 ml of
1 x 10° rBMSCs cells/ml in MEM medium supplemented with 10% fetal
bovine serum were added to each well. At the meanwhile, pick another
five groups of sterilized wafer-like PEEK, SP1, SP2, (Ost + Ber)@SP1,
and (Ost + Ber)@SP2 and each group contained three pieces of material.
Put these matreials one piece per well in a 24-well plate. Then, 0.5 ml
MEM medium supplemented with 10% fetal bovine serum were added to
each well and name these groups as control groups without cells. After
incubation at 37 °C for 24 h, 50 pl Cell Counting Kit-8 (CCK-8) solution
was added to each well and further incubated for 1 h. Then, the absor-
bance was recorded at 450 nm using spectrophotometry (The final
absorbance is the absorbance of the cell-containing group minus the
absorbance of the corresponding control group without cells). Then, all
materials were removed, washed thrice in phosphate buffered saline
(PBS), fixed by with 2.5% glutaraldehyde and dehydrated via standard
methods, and then cell adhesion on surfaces was examined using SEM
after spraying with gold. The cells adhering to the culture plate were
stained with a live-dead staining kit (Shanghai Maokang Biotechnology
Co.,Ltd.) and photographed using a fluorescence microscope (Leica).

rBMSCs were cultured as described. Then, sterilized wafer-like PEEK,
SP1, SP2, (Ost + Ber)@SP1, and (Ost + Ber)@SP2 materials were
equally divided into five groups; each group contained three pieces of
material, one piece per well in a 24-well plate. Then, 0.5 ml of 1 x 10°
rBMSCs cells/ml in a-MEM supplemented with 10% FBS were added to
each well. At the meanwhile, prepare the control groups without cells as
described above. Plates were incubated at 37 °C and the medium of the
cells was changed by a-MEM supplemented with 10% FBS on the third
day. After incubation at 37 °C for 4 days, 50 pl CCK-8 solution was added
to each well and further incubated at for 1 h. Then, the absorbance at
450 nm was measured and calculated as described above. Then, all
materials were removed, washed thrice in PBS, fixed by with 2.5%
glutaraldehyde and dehydrated via standard methods, and then cell
adhesion on the surface was examined using SEM after spraying with
gold. The cells adhering to the culture plate were stained with a live-
—dead staining kit (Shanghai Maokang Biotechnology Co.,Ltd.) and
photographed using a fluorescence microscope (Leica).

2.5. In vitro osteogenic experiments

Disinfect wafer-shaped PEEK, SP1, SP2, (Ost + Ber)@SP1 and (Ost +
Ber)@SP2. Three pieces of materials were taken from each group. Then
one piece of material soaked in 1 ml osteogenic medium (Cyagen Bio-
sciences Co., USA) respectively. On day 1, 4, 7, 10, 13, 16, and 19, ex-
tracts were collected and use osteogenic medium exchange fluid.

Two hundred microliter (200 pl) cell suspensions containing 10°/ml
cells was planted in a 48-well plate and divided into five groups. Use
each group of extract collected in former procedure change the medium
of each group of cells for the first day, 4 days, 7 days, 10 days, 13 days,
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16 days and 19 days. Then, a part of cells from each group were fixed by
4% paraformaldehyde on days 7 and 14, stained with alkaline phos-
phatase (ALP), and photographed. An ALP activity kit (Beyotime
Biotechnology) was used to test ALP activities in groups. At the same
time point, another batch of cells cultured under the same conditions
were fixed by 4% paraformaldehyde, permeabilized with 0.1% Triton-X
for 30 min, blocked with 1% BSA for 1 h in room temperature, and
incubated with ALP or Osteocalcin (OCN) primary antibodies (Affinity
Biosciences) overnight at 4 °C. Subsequently, ALP or OCN secondary
antibodies (Affinity Biosciences) were applied to attach to the primary
antibodies. At last, phalloidin and DAPI were used to stain the cyto-
skeleton and nuclei respectively. A fluorescence microscope (Leica) was
used to acquire representative images.

Cells from each group were also collected on day 14 after which RNA
was extracted using TRIzol and complementary DNA was synthesized
using a RevertAid First Strand cDNA synthesis kit. Quantitative gene
analyses were conducted using the FastStart Universal SYBR Green
Master Mix on a PCR instrument. The 2-2ACt method was used to
compare mRNA expression between the groups. PCR primers are shown
in Table S1. GAPDH was used as a housekeeping gene.

Other cells were grown to 21 days fixed by 4% paraformaldehyde,
stained with alizarin red and photographed. After alizarin red was
released by cetylpyridine, the absorbance of each group was measured
at 562 nm.

2.6. In vitro antibacterial experiments

Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis
(S. epidermidis) was purchased from Shanghai Luwei Technology Co.,
Shanghai, China. Wafer-shaped PEEK, SP1, SP2, (Ost + Ber)@SP1, and
(Ost + Ber)@SP2 were disinfected. Three pieces of materials from each
group were placed on blood agar plates preinoculated with S. aureus and
cultured for 24 h at 37 °C. Another three pieces materials from each
group were placed on blood agar plates preinoculated with S. epidermidis
and cultured for 24 h at 37 °C. Bacteriostatic ring were observed and
photographed the next day.

Six PEEK wafers, SPEEK wafers, SP1 wafers, SP2 wafers, (Ost + Ber)
@SP1 wafers, and (Ost + Ber) @SP2 wafers were disinfected and placed
in 24-well plates. Next, 100 pl S. aureus or S. epidermidis (1 x 10® CFU/
ml) was dropped onto the sample surface with a microsyringe and
cultured at 37 °C for 24 h. Three wafers from each group were then
rinsed thrice in PBS to remove unadherent surface bacteria and placed in
1 ml PBS for ultrasonication for 5 min. The bacterial solution was then
serially diluted, inoculated onto Mueller-Hinton agar (MH) plates, and
incubated for 24 h. The next day, colonies on MH plates of each group
were counted and the content of bacteria in the shaking solution of each
group was statistically analyzed. Another three wafers in each group
were rinsed thrice in PBS, fixed in 2.5% glutaraldehyde, and dehydrated
via standard methods. After spraying with gold, adhesive bacteria on
materials of each group were observed using SEM.

Three PEEK wafers, SP1 wafers, SP2 wafers, (Ost + Ber)@SP1 wa-
fers, and (Ost + Ber)@SP2 wafers in each group were sterilized and
placed in a 24-well plate. Then, 500 pl S. aureus or S. epidermidis at 1 x
10% CFU/ml was added to each well and incubated for 24 h at 37 °C.
After this, 100 pl bacterial solution from each group was serially diluted,
inoculated onto MH plates, and incubated for 24 h. Colonies on MH
plates of each group were recorded and the contents of bacteria in the
suspension of each group were statistically analyzed.

2.7. In vivo osteogenic experiments

The animal experiments were approved by the Animal Care Com-
mittee of Shanghai Jiao Tong University Affiliated Sixth People’s Hos-
pital. And all the operations on animals strictly conform to the policies of
the Institutional Animal Care and Use Committee of Shanghai Jiaotong
University affiliated Shanghai sixth people’s hospital. Six PEEK rods,
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SP1 rods, SP2 rods, (Ost + Ber)@SP1 rods, and (Ost + Ber)@SP2 rods
were disinfected. Thirty 8-week-old Sprague-Dawley (SD) rats were
divided into five groups with six rats per group. After applying standard
anesthesia, the knee joint was disinfected, an oblique incision was made
on the side, soft tissue separated, and the femoral condyle was exposed.
A sterile 2 mm diameter drill bit was used to make a hole in the midpoint
of the femoral condyle. And PEEK rods, SP1 rods, SP2 rods, (Ost + Ber)
@SP1 rods, and (Ost + Ber) @SP2 rods were placed into the drilled holes
(one for each), the wound was sutured after disinfection. Rats fed by
routine methods. At the end of 4th week after surgery, rats were intra-
peritoneally injected with calcein dyes (20 mg/kg). At the end of 5th
week, three rats in each group were selected and femurs on the operative
side were harvested. After the soft tissue around the knee joint was
removed, micro CT scanning was performed to observe and calculate
trabecular thickness (Tb.Th), trabecular number (Tb.N), percent bone
volume (BV/TV), and bone mineral density (BMD) of new bone around
implants of each group. At the 8th week, each rat was intraperitoneally
injected with alizarin red (30 mg/kg). At the 10th week, the femurs on
the operative side of the remaining three rats in each group were har-
vested, and after soft tissue around the knee joint was removed, micro
CT scanning was performed again to observe and calculate Tb.Th, Tb.N,
BV/TV, BMD of new bone around implants of each group. Femurs at the
10th week were fixed, dehydrated, embedded, and then sliced (200 pm
sections) along the coronal section of the femur (perpendicular to the
implanted rod). The newly formed bone around implants of each group
was observed using fluorescence confocal microscopy. Emission wave-
lengths were 488 nm and 560 nm. Then, tissue sections were stained
with Van Gieson (VG) and the distribution of bone collagen around
implants of each group was observed and photographed.

2.8. In vivo antibacterial experiments

Three PEEK rods, SP1 rods, SP2 rods, (Ost + Ber)@SP1 rods, and
(Ost + Ber)@SP2 rods were disinfected. Fifteen 8-week-old SD rats were
divided into five groups, with three rats per group. After standard
anesthesia, the knee joint was disinfected, an oblique incision made on
the lateral side of the knee joint, soft tissue separated, and the femoral
condyle exposed. A sterile 2 mm diameter drill bit was used to make a
hole in the midpoint of the femoral condyle. Then, 20 pl S. aureus (10°
CFU/ml) was injected into each hole and the prepared materials were
placed into drilled holes (one for each hole). Then wounds were sutured.
Rats fed by routine methods. During the 2nd week, rats were anes-
thetized and MRI (CG NOVILA 7.0 T, Shanghai Chenguang Medical
Technologies Co., LTD) was performed on these operated femurs; T2
weighted imaging was used to observe edema around implants. Rats
were kept until the 5th week, after which femurs on the operative side
were harvested and femoral condyles were photographed. After
weighing, a part of the tissue around implanted rods from each group
was broken by tissue homogenizer, then the homogenized tissue of each
group was serially diluted by normal saline and spread on MH plates for
colony counting. After the coated culture plate was cultured in 37 °C
incubator for 1 day, colonies were counted and bacterial content in
tissues of each group was calculated.

The next, micro CT examinations were performed on these femoral
condyles to observe bone tissue around implants, with three-dimension
(3D) reconstructions performed on each group of femoral condyles to
further observe bone destruction around. Then all femurs were fixed by
paraformaldehyde and then decalcified by ethylenediaminetetraacetic
acid decalcification solution. Next these decalcified femurs were sliced
(5 pm sections) along the coronal section of the femur and stained with
hematoxylin & eosin (HE) and Giemsa. Finally, the sections were
observed by a microscope to display the inflammatory tissue prolifera-
tion and bacteria colony distribution around implants of each group.
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2.9. Statistical analysis

In this paper, the data were presented as the mean + standard de-
viation. Differences among groups were analyzed by Student’s t test and
ANOVA using Prism 8 (GraphPad Software). P < 0.05 was considered a
significant difference.

3. Results

3.1. Characterization of osthole nanoparticles—water suspension, osthole
crystallization, PDA-osthole nanoparticles, and PDA microspheres loaded
with osthole nanoparticles, SP1, SP2, Ost@SP1, and Ost@SP2

The general process for producing osthole crystallization, osthole
nanoparticles, and PDA microspheres loaded with osthole nanoparticles
and SPEEK loaded with PDA-osthole nanoparticles was shown in Fig. 1a.
The particle size distribution of osthole nanoparticles in suspension is
shown in Fig. 1b; the average particle size was 500-700 nm. The SEM
image and elemental distribution of carbon, nitrogen, and oxygen (C, O,
N) in osthole crystallization are shown in Fig. 1c. It is evident that ost-
hole nanoparticles in suspension will crystallize into large pieces if dried
without the protection of PDA. Furthermore, the length and width of
these crystallizations are substantially larger than 10 um.

Fig. 1d shows the SEM image as well as the elemental distribution of
C, O, and N in PDA-osthole nanoparticles. This image shows that after
18 h of the reaction, a thin PDA coating forms on the surface of the
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osthole nanoparticles. Moreover, the coating hinders the crystallization
of ostholes during drying. Resultantly, the size of PDA-osthole nano-
particles obtained by incubating osthole nanoparticles with DA in an
alkaline environment for 18 h is extremely close to that of osthole
nanoparticles in osthole aqueous suspension. We also showed the SEM
images of osthole raw materials and PDA-osthole nanoparticles in
Fig. S1 to highlight the difference between the morphology of them. The
size of PDA microspheres containing osthole nanoparticles obtained by
incubating osthole nanoparticles with DA in an alkaline environment for
36 h is mainly distributed in the range of 1-1.5 um. (Fig. 1e). The EDS
spectra and the quantitative analysis results of osthole crystallization,
osthole nanoparticles, and PDA microspheres containing osthole nano-
particles were shown in Fig. S2-4. Fig. 1f shows SEM images of PEEK
reacting with concentrated sulfuric acid at 7 min (SP1) and PEEK
reacting with concentrated sulfuric acid at 14 min (SP2). The SP2 pore
diameter (the average pore diameter was 1.2-1.7 um) was significantly
larger than SP1 (the average pore diameter was 500-800 nm), and the
number of SP2 holes was significantly higher than SP1 (Fig. S5). Ac-
cording to the above experimental data, it is evident that only the PDA-
osthole nanoparticles obtained by incubating osthole nanoparticles with
DA for 18 h are suitable to be loaded into SPEEK materials, especially
SP2. It should be emphasized that differences between SP1 and SP2 were
only evident in surface microstructures. The measurement and statistics
of the size of wafer-shaped and rod-shaped PEEK, SP1, and SP2 are
shown in Fig. S6-10, demonstrating that there is no difference in the
macroscopic size of the three materials. Furthermore, the majority of the
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Fig. 1. Osthole crystallization, osthole nanoparticles, and PDA microspheres loaded with osthole nanoparticles, SP1, SP2, Ost@SP1, and Ost@SP2: (a) The general
process of the preparation of osthole crystallization, osthole nanoparticles, and PDA microspheres loaded with osthole nanoparticles and SPEEK loaded with PDA-
osthole nanoparticles; (b) Particle size statistics of osthole-water suspension (Upper right corner: picture of osthole nanoparticles-water suspension); (¢c) SEM image
and elemental mapping of osthole crystallization; (d) SEM image and elemental mapping of PDA-osthole nanoparticles; (¢) SEM image and elemental mapping of PDA
microspheres containing osthole nanoparticles; (f) Elemental distribution results using EDS (e) SEM images of SP1 and SP2 (g) SEM images of Ost@SP1 and Ost@SP2.
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PDA-osthole nanoparticles were deposited on the surface of Ost@SP1,
whereas the particles on Ost@SP2 were deposited interiorly (Fig. 1g).
Thus, PDA-osthole nanoparticles deposited on Ost@SP2 were signifi-
cantly higher per unit area than the PDA-osthole nanoparticles depos-
ited on Ost@SP1.

3.2. Characterization of (Ost + Ber)@SP1 and (Ost + Ber) @SP2

SEM images of (Ost + Ber)@SP1 and (Ost + Ber)@SP2 are shown
(Fig. 2a); the surfaces of both materials were relatively flat with a small
numbers of protuberances. The distribution of elements on (Ost + Ber)
@SP1 and (Ost + Ber)@SP2 surfaces was also investigated (Fig. 2b); C,
O, and N distributions on both materials were relatively uniform. We
also collected images of (Ost + Ber)@SP1 and (Ost + Ber)@SP2 before
and after the berberine release experiments (Fig. 2c). The surfaces of
both materials were uniformly yellow before release, indicating that
berberine was uniformly loaded on the surface. After release experi-
ments, the yellow color on surfaces of both materials became lighter,
suggesting the release of berberine. Note that after the release, the
surface of both materials remained light brown yellow, indicating that
low levels berberine remained on the surface after 72 h and suggesting

(=2
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that silk fibroin had a strong adsorption potential for berberine. Fig. 2f
shows berberine release curves, and Fig. S11 shows images of extracts of
(Ost + Ber)@SP1 and (Ost + Ber)@SP2 groups at different times.
Berberine release from materials was rapid in the first 4 h, because
initially, the material had a certain level of physical adsorption for
berberine. In the following 72 h, berberine release was relatively stable,
reflecting the chemical adsorption effects of silk fibroin for berberine.
Fig. 2d shows the SEM images of (Ost + Ber)@SP1 and (Ost + Ber)@SP2
after drug release. After 4 weeks of release testing, almost no residual
osthole nanoparticles on (Ost + Ber)@SP1 were observed, whereas
many osthole nanoparticles were “embedded” in (Ost + Ber) @SP2. This
indicated that spongy SP2 was more efficient in loading osthole nano-
particles. Release curves for osthole was also generated (Fig. 2g). The
sustained release curve also showed that (Ost + Ber)@SP1 maintained a
stable osthole release in the first week, whereas the osthole release in
(Ost + Ber)@SP1 decreased gradually after 1 week. In contrast, (Ost +
Ber)@SP2 stably released osthole in the 4-week release test, further
indicating that spongy (Ost + Ber)@SP2 had a larger and more stable
load on osthole.

Fig. 2e shows the contact angles of the five materials; those for (Ost
+ Ber)@SP1 and (Ost + Ber)@SP2 were smaller than PEEK, SP1, and

Fig. 2. Characterization of (Ost + Ber)@SP1
and (Ost + Ber)@SP2. (a). SEM images of (Ost
+ Ber)@SP1 and (Ost + Ber)@SP2. (b).
Elemental distribution data for (Ost -+ Ber)
@SP1 and (Ost + Ber)@SP2 by EDS. (c). Photos
of (Ost + Ber)@SP1 and (Ost + Ber)@SP2
before and after berberine release experiments.
(d). SEM images of (Ost + Ber)@SP1 and (Ost
+ Ber)@SP2 after osthole release experiments.
The red arrow indicates osthole nanoparticles
in the interior of (Ost + Ber)@SP2. (e). Contact
angles for the five groups of materials. (f).
Berberine release curves of (Ost + Ber)@SP1
and (Ost + Ber)@SP2. (g) Osthole release
curves of (Ost + Ber)@SP1 and (Ost + Ber)
@SP2.
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SP2. Smaller contact angles meant improved hydrophilicity, which is
beneficial for the adsorption of water-soluble drugs; statistical results of
contact angle are shown in Fig. S12.

3.3. Cell compatibility experiments

SEM images of rBMSCs adhesion to materials at day 1 and day 4 after
seeding are shown in Fig. 3a; rBMSCs adhered and grew well on all
materials. The live/dead staining of rBMSCs at day 1 and day 4 (Fig. 3b)
after seeding also indicated that rBMSCs grew well around all materials.
CCK-8 data on the 1st day are also shown (Fig. 3¢) and confirmed cell
viability on materials was good, with no significant differences in cell
viability between groups. CCK-8 data on the 4th day indicated that cell
viability was good (Fig. 3d), and when compared with CCK-8 data from
day 1, viability appeared enhanced, suggesting that cells were prolif-
erating well on and around all materials.

3.4. In vitro osteogenic experiments

ALP immunofluorescence staining of cells staining after 7 days cul-
ture (Fig. 4a) showed that ALP fluorescence in (Ost + Ber)@SP1 and
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(Ost + Ber)@SP2 groups was significantly stronger than the other
groups. The statistical analysis of ALP immunofluorescence intensity per
cell of the five groups (Fig. 4b) also confirmed this result. ALP staining of
the five groups of cells on the 7th day of culture (Fig. 4c) showed that
staining in (Ost + Ber)@SP1 and (Ost + Ber)@SP2 groups was signifi-
cantly stronger than the other groups. And the statistics of ALP activity
data (Fig. 4d) in the five groups confirmed this result. ALP staining of
five groups of cells after 14 days culture (Fig. 4e) showed that the
staining in the (Ost + Ber)@SP1 and (Ost + Ber)@SP2 groups were
significantly higher than the other three groups, whereas they were
significantly higher in the (Ost + Ber)@SP2 group than in the (Ost +
Ber)@SP1 group.

OCN immunofluorescence staining of cells staining after 14 days
culture (Fig. 5a) showed that OCN fluorescence in (Ost + Ber)@SP1 and
(Ost + Ber)@SP2 groups was significantly stronger than the other
groups, whereas they were significantly higher in the (Ost + Ber)@SP2
group than in the (Ost + Ber)@SP1 group. The statistical analysis of
OCN immunofluorescence intensity per cell of the five groups (Fig. 5b)
also confirmed this result. Alizarin red staining in groups at 21 days
(Fig. 5¢) showed that calcium nodule numbers and areas in (Ost + Ber)
@SP1 and (Ost + Ber)@SP2 groups were significantly higher than the

Fig. 3. Cell compatibility assays. (a). SEM
images of (rBMSCs) adhesion on the surface of
materials on the 1st and 4th day after seeding;
red arrows indicate rBMSCs. (b). Fluorescence
images of rBMSCs co-cultured with different
groups of materials on the 1st and 4th day after
seeding (Green indicates live rBMSCs and red
indicates dead rBMSCs). (c). CCK-8 experiment
results of rBMSCs co-cultured with five kinds of
materials on the 1st day (d). CCK-8 experiment
results of rBMSCs co-cultured with five kinds of
materials on the 4th day.
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Fig. 4. (a). ALP Immunofluorescence staining of cells on the 7th day of culture. Green (ALP), red (actin), and blue (nuclei). (b). ALP immunofluorescence intensity
per cell of the five groups. (c). ALP staining of the five groups of cells on the 7th day of culture; upper images show the whole cell culture pores. (d). ALP activity data
in the five groups after 7 days culture. (e). ALP staining of five groups of cells after 14 days culture; upper images show the whole cell culture pores. (f). ALP activity
data in the five groups after 14 days of culture. (*, #, & and $ represent the significant differences in statistics when compared with PEEK, SP1, SP2, (Ost + Ber)@SP1
respectively while ***, ### and &&& represent P < 0.001, **, ## , &&& and $$ represent P < 0.01).

other three groups, whereas they were significantly higher in the (Ost +
Ber)@SP2 group than in the (Ost + Ber)@SP1 group. Quantitative an-
alyses of alizarin red staining at 21 days (Fig. 5d) showed similar results
to Fig. 4e; (Ost + Ber)@SP2 > (Ost + Ber)@SP1 > PEEK/SP1/SP2.
Expression analyses of BMP-2, OCN, and OPN genes in groups on day 14
of culture were performed; osteogenic gene expression in groups showed
the following order: (Ost 4+ Ber)@SP2 > (Ost + Ber)@SP1 > PEEK/SP1/
SP2 (Fig. 5e-g).

In a word, on the 7th day, the osteogenesis activity intensity of each
group was compared as follows: (Ost + Ber)@SP2/(Ost + Ber)@SP1 >
PEEK/SP1/SP2. On the 14th day, osteogenesis activity intensity of each

group was compared as follows: (Ost + Ber)@SP2 > (Ost + Ber)@SP1 >
PEEK/SP1/SP2. On the 21st day, osteogenesis activity intensity of each
group was compared as follows: (Ost + Ber)@SP2 > (Ost + Ber)@SP1 >
PEEK/SP1/SP2.

3.5. Invitro anti- Staphylococcus experiments

Bacteriostatic ring tests for all materials are shown in Fig. 6a and
Fig. 6b; bacteriostatic rings were observed around (Ost + Ber)@SP2 and
(Ost + Ber)@SP1 wafers, but none for the other groups, suggesting (Ost
+ Ber)@SP2 and (Ost + Ber)@SP1 exerted bacteriostatic effects against
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Fig. 5. (a). OCN Immunofluorescence staining of cells on the 14th day of culture. Green (OCN), red (actin), and blue (nuclei). (b). OCN immunofluorescence intensity
per cell of the five groups. (c). Alizarin red staining of five groups of cells after 21 days culture; top images show the whole cell culture pores. (d). Quantitative
analysis of Alizarin red staining of five groups of cells after 21 days in culture; the image shows an enlarged well. (e—g). Relative expression of the osteogenesis-related
genes—BMP-2, OPN, and OCN. (*, #, & and $ represent the significant differences in statistics when compared with PEEK, SP1, SP2, (Ost + Ber)@SP1 respectively
while *** ### and &&& represent P < 0.001, **, ## and && represent P < 0.01).

S. aureus and S. epidermidis growth, whereas the remaining groups
exhibited no bacteriostatic effects. Bacterial adhesion to different ma-
terials was also demonstrated (Fig. 6i); bacterial numbers in (Ost + Ber)
@SP2 and (Ost + Ber)@SP1 groups were significantly lower than the
other groups. Fig. 6¢, Fig. 6d and Fig. 6e are the results of bacteria
adhesion experiment, further confirming that under the same culture
conditions, the number of S. aureus and S. epidermidis attached to the
materials of (Ost + Ber)@SP2 and (Ost + Ber)@SP1 groups was signif-
icantly less compared with that of the other groups. Fig. 6f, Fig. 6g and
Fig. 6h are the results of bacteria-materials co-cultured experiment.
These results showed that (Ost + Ber)@SP2 and (Ost + Ber)@SP1
groups exhibited good antibacterial effects toward S. aureus and
S. epidermidis in suspension.

3.6. In vivo osteogenic experiments

Fig. 7a showed fewer new bone formation around materials in PEEK,
SP1, and SP2 groups both at week 5 and week 10 after implantation.
Fig. S13 and Fig. S14 showed the sagittal, coronal and transverse planes
images of micro CT of each group of materials and surrounding new
bone at week 5 and week 10 after implantation. In contrast, more new

bones around (Ost + Ber)@SP2 and (Ost + Ber)@SP1 groups were
observed. Moreover, data of Tb.Th, Tb.N, BV/TV, BMD of the new bones
around materials are shown in Fig. 7b, Fig. 7c, Fig. 7d and Fig. 7e. The
results of these data are: (Ost 4 Ber)@SP2 > (Ost + Ber)@SP1 > PEEK/
SP1/SP2 both at week 5 and week 10 after implantation. VG staining
was performed on hard tissue sections in groups of materials at week 10
(Fig. 7f). VG stains bone collagen around materials a red color. The bone
collagen content order of the five groups was (Ost + Ber)@SP2 > (Ost +
Ber)@SP1 > PEEK/SP1/SP2. Immunofluorescence imaging was per-
formed on tissue sections around the materials (Fig. 7g). Green fluo-
rescence indicated calcein, which reflected new bone formation around
the material around the 5th week. New bone content around the five
materials around the 5th week was ordered as follows: (Ost + Ber) @SP2
> (Ost + Ber)@SP1 > PEEK/SP1/SP2. The red fluorescence is alizarin
red fluorescence, which reflected new bone formation around the ma-
terial around the 10th week. New bone content around the five materials
around the 10th week was ordered as follows: (Ost + Ber)@SP2 > (Ost
+ Ber)@SP1 > PEEK/SP1/SP2.
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Fig. 6. In vitro antibacterial experiments (a). Bacteriostatic ring formation of S. aureus in the five groups. (b). Bacteriostatic ring formation of S. epidermidis in the
five groups. (c). Representative culture images of bacterial colonies of each group in bacteria adhesion experiment. (d, e). Statistics of bacterial quantity of S. aureus
and S. epidermidis adhesion to the five materials. (f). Representative culture images of bacterial colonies of each group in bacteria adhesion experiment in bacteria-
materials co-culture experiment. (g, h). Statistics of bacterial quantity of S. aureus and S. epidermidis co-cultured with five materials (i). SEM images of S. aureus and
S. epidermidis adhesion to the five materials. (¥, #, & and $ represent the significant differences in statistics when compared with PEEK, SP1, SP2 respectively while

wxx ### and &&& represent P < 0.001).

3.7. In vivo anti-infection experiments

Fig. 8a showed the MRI (T2 weighted imaging) of soft tissue around
implants at the end of the 2nd week of implantation. There was obvious
edema around implants in PEEK, SP1, and SP2 groups, indicating that
the infection around the implants in these groups is very serious at the
end of the 2nd week of implantation. Severe bone defects appeared in all
of the postoperative femoral condyles in PEEK, SP1, and SP2 groups,
suggesting serious osteomyelitis had occurred in these groups five weeks
after implantation (Fig. 8b). The postoperative femoral condyle was
enveloped by a high degree of inflammatory hyperplastic tissue and
implants displacement appeared in all of samples in PEEK, SP1, and SP2
groups. By contrast, in (Ost + Ber)@SP2 and (Ost + Ber)@SP1 groups,
inflammation around the implants was mild and all of the implants were
in the original location, suggesting no obvious infections (Fig. 8c). HE
staining of decalcified bone clearly showed bone destruction around
PEEK, SP1, SP2 groups (Fig. 8d). Moreover, inflammatory cells around
these materials had proliferated, indicating infection and inflammation
around. By contrast, implants in (Ost + Ber)@SP1 and (Ost + Ber)@SP2
groups were tightly wrapped in bone collagen, with almost no inflam-
matory cell proliferation observed, suggesting no obvious infection and

10

inflammation.

Giemsa staining showed that bacteria levels in PEEK, SP1, and SP2
groups were significantly higher than (Ost + Ber)@SP1 and (Ost + Ber)
@SP2 groups, and intuitively revealed the in vivo antibacterial abilities
of (Ost + Ber)@SP1 and (Ost + Ber)@SP2 groups (Fig. 8e). Fig. 8f and
Fig. S17 showed that bacterial levels around implants in (Ost + Ber)
@SP1 and (Ost + Ber)@SP2 groups were significantly lower than those
of PEEK, SP1, and SP2 groups. These data indicate that (Ost + Ber)@SP1
and (Ost + Ber)@SP2 groups exhibited good antibacterial activities in
vivo.

4. Discussion

Traditional Chinese medicine is a highly valuable Chinese cultural
resource and has played a pivotal role in safeguarding the populations’
health over centuries [26,27]. However, because of its complex com-
ponents and uncharacterized active ingredients, its effectiveness has
been questioned in the past. Recently, thanks to achievements in modern
science, several active ingredients have been purified, with pharmaco-
logical effects of single medicines clearly defined [28-33]. In this study,
we investigated osthole and berberine and loaded these materials onto



S. Sang et al.

PEEK

=
e

(Ost+Ber)@SP1 (Ost+Ber)@SP2

Chemical Engineering Journal 437 (2022) 135255

Fig. 7. In vivo osteogenic experiments (a). 3D
reconstruction images of materials and sur-
rounding new bone at week 5 and week 10 after
implantation. (b-e). Tb.Th, Tb.N, BV/TV, and
BMD data of bone tissue around materials at
week 5 and week 10 after implantation. (*
represent statistical differences among different
groups while *** represent P < 0.001,
represent P < 0.01 and * represent P < 0.05) (f).
VG staining in hard tissue sections around ma-
terials at week 10 of implantation. (g). Calcein
and alizarin red fluorescence images of hard
tissue sections around materials at week 10
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PEEK to investigate their roles in osteogenesis and antibacterial
activities.

Osthole is extracted from the Cnidium fruit, which has an important
traditional role in promoting osteogenesis [34,35]. Moreover, mecha-
nisms underpinning osthole mediated osteogenesis have been clarified
in previous studies [16,19]. However, osthole is poorly soluble in water
[18]. Thus, oral or intravenous injections cannot guarantee the effective
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bioavailability of this molecule. Therefore, to maximize the osteogenic
function of osthole, we used a reverse precipitation method to generate
osthole nanoparticles and attach osthole to SPEEK using PDA [36].
What’s more, we creatively find that the that PDA hinders the crystal-
lization of osthole. In another word, PDA can protect the morphology of
osthole nanoparticles. Besides, this method can greatly increase the
utilization rate of osthole because osthole nanoparticles can work
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directly on osteoblasts at the material-bone interface. The biocompati-
bility is of vital importance to biomaterials [37,38]. In this experiment,
as the total dosage of osthole was very small for each animal used, no
side effects were observed in them. (HE staining of pathological sections
of major organs in different groups was shown in Fig. S18)
Osseointegration requires a good interface between the prosthesis
and bone, with dense new bone around the prosthesis and no gaps be-
tween the two [39,40]. Therefore, good bone implant materials should
strongly promote osteogenesis and osseointegration [41,42]. However,
many studies have reported that PEEK is characterized by poor bone
integration [43,44]; therefore, we first loaded osthole nanoparticles on
the PEEK surface and endowed it with the ability of osteogenic. Previous
studies reported that a porous SPEEK structure could be generated after
sulfonation between concentrated sulfuric acid and PEEK [17,45,46].
On this basis, we observed that within a certain time range, with

(Ost+Ber)@SP1
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Fig. 8. In vivo antibacterial experiments
(a). MRI (T2 weighted imaging) of soft
tissue around materials at the end of the
2nd week of implantation. The red arrow
shows edema around materials. (Images
were artificially colored to highlight
edema. Raw images are shown in
Fig. S15) (b). 3D reconstruction of each
group of knee joint at week 5 after im-
plantation (Micro CT images were shown
in Fig. S16). (c). Images of postoperative
femoral condyle at week 5. The red arrow
shows the rod-shaped material. Severe
implants displacement appeared in all of
the samples from PEEK, SP1, and SP2
groups. (d). Hematoxylin & eosin (HE)
and Giemsa staining of pathological sec-
tions of decalcified bone around materials
5 weeks after surgery. The red arrow
shows S. aureus colonies in tissues. (e).
Representative culture images of bacterial
colonies of the tissue homogenate around
the implants. (Statistics of bacterial
quantity of each group were shown in
Fig. S17).

(Ost+Ber)@SP2

extended reaction times using concentrated sulfuric acid, SPEEK pore
sizes became larger, pore numbers increased, and pore distribution
became more 3D-like. Moreover, inspired by a sponges ability to absorb
water, osthole particles were “absorbed” into the interior of the porous
SPEEK.

Our SEM data showed that SP2 “3D-loaded” osthole particles loaded
more particles per unit area. Drug release experiments also showed that
SP2 loaded with osthole particles in the porous material was more
effective compared with SP1 surface loaded osthole particles. Subse-
quent osteogenesis experiments further confirmed this point. In vitro
experiments showed that both SP1 and SP2 strongly promoted osteo-
blast differentiation during the early stages (1 week), with no significant
differences between groups, consistent with drug release tests; in 1
week, both SP1 and SP2 groups stably released osthole, with little dif-
ference in osthole release rates between the groups. At 2 and 3 weeks,
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although both (Ost + Ber)@SP1 and (Ost + Ber)@SP2 promoted oste-
oblast differentiation, the osteogenic effects in the (Ost + Ber)@SP2
group were significantly stronger than the (Ost + Ber)@SP1 group. This
was because the osthole release rate of the (Ost + Ber)@SP1 group
gradually decreased 1 week later, so its osteogenic effects gradually
weakened. The (Ost + Ber)@SP2 group steadily released osthole during
the 4-week drug release experiment; thus, its osteogenic effects were the
strongest and long-lasting. The experimental results in vivo also support
this conclusion. Regardless of 5 or 10 weeks, the (Ost + Ber)@SP2 group
strongly promoted osteogenesis and osseointegration in vivo. (Ost +
Ber)@SP2 displayed the best effects in promoting osteogenesis both in
vivo and in vitro. Thus, our experiments proved that (Ost + Ber)@SP2,
with a porous spongy structure, exhibited the strongest and most stable
osteogenic effects.

In some cases, infection after joint replacement may be a cata-
strophic consequence for patients undergoing joint replacement
[47-50]. In addition, some patients who undergo revision surgery may
acquire another infection after the operation. The root cause of this issue
is attributed to the fact current prostheses do no exert antibacterial
qualities [51,52]. As a potential novel joint prosthesis material, PEEK or
SPEEK both exert no antibacterial capabilities. It was reported that a
large amount of joint prosthesis infections are caused by Staphylococcus
[53,54]. Based on this information, berberine, which exhibits strong
bactericidal effects against Staphylococcus, was loaded onto PEEK and
endowed it with antibacterial functions [55]. Clinically, the peak of
infection after joint prosthesis surgery occurs within 3 days post oper-
ation [56,57]. For patients with a joint prosthesis infection or a high risk
of infection, antibiotics are often mixed into bone cement during sur-
gery, or large antibiotic doses are intravenously infused [58,59]. To
some extent, adding antibiotics to bone cement can effectively prevents
infection, but antibiotics are released too quickly, with large doses of
intravenous antibiotics potentially causing liver and kidney damage
[60,61]. In this study, we used silk protein to load berberine. Silk protein
coating can significantly improve SPEEK hydrophilicity, so when the
material is immersed in berberine solution, the physical loading of
berberine to the material increased. More importantly, silk protein is
rich in carboxyl groups, which covalently adsorb berberine containing
quaternary ammonia bonds [23]. The dual effects of physical and
chemical adsorption increase berberine loading and promotes a rapid
and sustained berberine release. Our drug release curve analyses showed
that (Ost + Ber)@SP1 and (Ost + Ber) @SP2 released berberine rapidly
in the first 4 h, whereas it was sustainedly released during the next 72 h.
This drug release characteristic is consistent with the clinical use of
antimicrobials [62]; large doses are initially used, with stable concen-
trations maintained in follow-up treatments. It is worth noting that the
use of antimicrobials does not mean the longer you use them, the better
the effect, as the prolonged antibiotic use will lead to drug-resistant
bacteria [63,64]. Likewise, berberine release from our materials does
not violate this principle. Subsequent in vitro antibacterial experiments
showed that berberine loaded with (Ost + Ber)@SP1 and (Ost + Ber)
@SP2 effectively prevented Staphylococcus adhesion, but also exerted
strong bactericidal effects on Staphylococcus suspensions. In vivo exper-
iments proved that rod-shaped (Ost + Ber)@SP1 and (Ost + Ber)@SP2
effectively prevented periprosthetic infection caused by Staphylococcus.
Thus, (Ost + Ber)@SP1 and (Ost + Ber)@SP2 effectively killed Staphy-
lococcus in vitro and in vivo and prevented implant-related infections
around the prosthesis.

5. Conclusion

In summary, we loaded osthole and berberine onto the SPEEK sur-
face, facilitating osteogenic and antibacterial capabilities. Our research
not only provides a new direction for the production of bioactive or-
thopedic biomaterials but also opens up new pathways for the applica-
tion of traditional Chinese medicine in modern clinical settings.
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