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The aim of this study was to design and test a novel composite scaffold with antibacterial efficacy for treating
bone infections using a three-dimensional (3D) printed poly(e-caprolactone) (PCL) scaffold coated with polydo-
pamine (PDA) for the adsorption of polylactic acid-glycolic acid (PLGA) microspheres loaded with vancomycin.
Vancomycin-loaded PLGA microspheres were produced by the double-emulsion method, and microsphere mor-
phology, drug-loading dosage, encapsulation efficiency, average diameter, and release characteristics were ex-
amined. Composite scaffolds were prepared by adsorption of the microspheres on PDA-coated, 3D-printed
PCL scaffolds, and scaffold morphology, biocompatibility, vancomycin release, and antibacterial efficacy were
evaluated.

The vancomycin-loaded microspheres were smooth, round, uniform in size, and had no adhesion phenomenon,
and exhibited sustained release of vancomycin from the microspheres for more than 4 weeks. Upon modifica-
tion with PDA, the PCL scaffold changed from white to black, and after microsphere adsorption, dot-like white
particles were seen. On scanning electron microscopy, PDA particles were observed on the PCL/PDA composite
scaffolds, and PLGA microspheres were evenly dispersed over the PDA coating on the PCL/PDA/PLGA composite
scaffolds. Cell viability assays showed that the adhesion and proliferation of rabbit bone mesenchymal stem
cells were greater on the PCL/PDA scaffolds than on unmodified PCL scaffolds. Microsphere adsorption had
no significant effect on cell proliferation. In vitro release of vancomycin from the composite scaffolds was ob-
served for more than 4 weeks, and observation of the inhibition zone on agar plates of Staphylococcus aureus
showed that the scaffolds maintained their antibacterial effect for more than 4 weeks.

The 3D-printed, PDA-coated PCL scaffold carrying vancomycin-loaded PLGA microspheres exhibited good bio-
compatibility and a sustained antibacterial effect in vitro.
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Background

Infection of bone tissue, known as osteomyelitis, is a serious
condition that can be difficult to treat. The incidence of os-
teomyelitis reportedly doubled from the 1960s to the 2000s
in the USA alone [1]. While the most common cause of child-
hood osteomyelitis is blood-borne infection [2], osteomyelitis
in adults is more commonly caused by exogenous infection
following an open fracture resulting from trauma [3] or or-
thopedic surgery. Notably, the tibia is the most common site
of open fractures and is also the most common site of bone
infection [4]. Moreover, an estimated 10% of orthopedic sur-
gery patients will develop bone infection following surgery [5].
The traditional treatment for bone infection is to remove all
necrotic tissue, apply antibiotic treatment, and repair the as-
sociated bone defect. Early application of large doses of effec-
tive antibiotics is the basis of all treatment. Two forms of an-
tibiotic treatment are available: systemic administration and
topical administration. Unfortunately, bacterial biofilm forma-
tion on the surfaces of implants and sequestra limits the ef-
fectiveness of systemic antibiotics, as the drugs are unable to
penetrate the biofilm at sufficient concentrations to treat os-
teomyelitis [6]. Topical application of antibiotics can provide a
much greater concentration of antibiotics at the infection site
compared with systemic delivery, while also avoids the adverse
effects of systemic antibiotic use. However, due to the internal
site of bone infection, antibiotics can only be applied surgically;
thus, a method for the sustained local delivery of antibiotics
at the infection site is required. To address this need, the de-
velopment of a controllable biodegradable antibiotic carrier
has become a research hotspot in the field of orthopedics [7].

An early approach to topical antibiotic delivery for osteomyelitis
involved antibiotic loading of bone cements, such as polymethyl
methacrylate (PMMA), which can deliver antibiotics to the le-
sion and maintain effective antibacterial concentrations for a
period of time [8,9]. However, these bone cements require a
second surgery for their removal, as they are not biodegradable.
One material that does offer excellent biodegradability and
biocompatibility, polylactic acid-glycolic acid (PLGA), has now
been widely used as a drug carrier and scaffold in tissue en-
gineering applications [10]. The ability to control the release
of a loaded drug by adjusting the ratio of lactic acid (LA) and
glycolic acid (GA), the length of polymers used, and the rate of
polymerization makes PLGA scaffolds a good sustained-release
carrier [11]. PLGA can also easily be processed into any shape
and size [12], making it a suitable material for filling a bone de-
fect during surgery. In addition, PLGA can be used to fabricate
drug-releasing microspheres [13]. Based on these properties,
and chiefly its non-toxic nature, PLGA has been approved by
the U. S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) for parenteral administration [14],
and with this approval, PLGA copolymers have become widely
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used in various fields. With its adjustable degradation character-
istics and biocompatibility, PLGA microspheres can be fabricated
to deliver almost all types of antibiotics. Durations of release
varying from 17 and 49 days have been reported, depending
on the type of antibiotic loading [15]. Another study reported
antibiotic release from PLGA microspheres for more than 8
weeks in vitro and demonstrated significant improvement in
the repair of an infected bone defect in an in vivo model [16].

Clinically, staphylococcal infection is common among cases
of osteomyelitis, and the corresponding antibiotic for first-
line treatment is vancomycin, a broad-spectrum glycopep-
tide antibiotic to which Gram-positive bacteria are especially
sensitive [17]. To date, vancomycin has been loaded into
various forms of PLGA, including nanoparticles [18], micro-
spheres [19], scaffolds [20], electrospun membranes [21], and
others. Originally, in the 1990s, Atkins et al. developed a van-
comycin-loaded PLGA microsphere and tested its antibiotic
properties [22]. However, the vancomycin-loaded microspheres
were easily washed away within the blood and, thus, did not
remain within the site of debridement [23] to maintain an ef-
fective antimicrobial concentration over time. Therefore, the
need for a carrier of the antibiotic-loaded microspheres was
quickly realized. Since then, many studies have tested other
materials as carriers for the simple microspheres, such as ce-
ment composites and hydrogels [24,25].

The rapid development of digital medical technology has made
possible 3D printing of scaffolds of any shape, size, and porosity
to precisely fill bone defects [26]. The bone infection area is first
characterized by data from computed tomography (CT) scan-
ning, and then the corresponding scaffold structure can be
printed by 3D printing technology based on computer-aided
design (CAD) and auxiliary manufacturing (CAM). One material
that has been used in 3D printing is poly (e-caprolactone) (PCL),
an inexpensive polyester. PCL is widely used in the field of tissue
engineering [27] because it can be used in a variety of environ-
ments without significant loss of its mechanical, physical, and
chemical properties. For this reason, it has been mainly used to
replace hard tissues, specifically bone tissue. Surface modifica-
tion is necessary to give the PCL biofunctionality, and polydopa-
mine (PDA), which is formed by the oxidation self-polymeriza-
tion of dopamine in an alkaline solution [28], can form a tightly
adhered coating on the surface of many organic or inorganic
materials through Michael addition or Schiff base reaction [29].

In the present study, a PDA coating was applied to the surface
of 3D-printed PCL scaffolds, and PLGA microspheres loaded
with vancomycin were then adsorbed onto the surface to cre-
ate a scaffold for treating infections at the site of bone defects.
First, vancomycin-loaded PLGA microspheres were produced
by a multiple emulsion method. The microsphere morphology,
drug-loading dosage, encapsulation efficiency, average particle
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diameter distribution, and drug release curves were evaluated
in vitro. Suitable microspheres were selected for adherence to
the surface of PCL/PDA composite scaffolds. Then, the appear-
ance, morphology, and biocompatibility of the composite scaf-
folds were evaluated by electron microscopy, fluorescence im-
munostaining, and CCK-8 cell proliferation assay. Finally, we
examined the release of vancomycin from the scaffolds in vi-
tro as well as the corresponding antibacterial efficacy.

Material and Methods

Production and characterization of PLGA microspheres

The double-emulsion solvent evaporation method was used to
produce vancomycin-loaded PLGA microspheres. Briefly, 400 mg
PLGA (75/25/51000, Jinan Bioengineering Co., Ltd.) was dis-
solved in 5 ml dichloromethane solution by ultrasonic mixing for
30 min. Then, sonication was continued for another 30 min after
the addition of 200 pl of 0.5% Span 80. Separately, vancomycin
(50, 100, or 200 mg, Dalian Meilun Biotechnology Co., Ltd.) was
dissolved in 1 ml distilled water by ultrasonic mixing for 30 min,
followed by the addition of 200 pl of 2% polyvinyl alcohol (PVA)
solution and another 30 min of sonication. Once the PLGA and
vancomycin were fully dissolved in the respective solutions,
the aqueous phase was added dropwise to the oil phase.
The colloidal solution was formed by application of a shear
force using the T18 digital Ultra-Turrax apparatus (German IKA
Group) at 3000 rpm for 2 min. Then, the colloidal solution was
added dropwise to 20 ml of 50 mg/ml sodium chloride solu-
tion containing 2% PVA rapidly and uniformly, with mechanical
stirring at 300 rpm for 2 min to obtain the double emulsion.
The double emulsion was diluted with 30 ml of distilled water.
After stirring at a low speed of 600 rpm for 6 h, the multiple
emulsion was centrifuged, washed 3 times, pre-frozen for 24 h,
and finally freeze-dried for 24 h (Labconco FreeZone 2.5).

The obtained microspheres were dispersed in distilled water,
and the particle diameter was measured with a Malvern particle
diameter analyzer (Malvern Instruments, Mastersizer 2000, UK).
Samples of microsphere suspension also were dropped onto
a glass slide and observed under an optical microscope
(Nikon, Japan). Additionally, microspheres in lyophilized pow-
der form were uniformly placed on pieces of double-sided tape
and electroplated using a BAL-TECs SCD 500 ion plating appa-
ratus for observation of their morphology by scanning elec-
tron microscopy (SEM; Hitachi S4800 SEM).

Determination of drug-loading dosage and encapsulation
efficiency of PLGA microspheres

For the evaluation of vancomycin loading in PLGA microspheres,
we first constructed a standard curve of the absorbance of
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vancomycin solutions in dimethyl sulfoxide (DMSO) at con-
centrations of 0, 0.1, 0.25, 0.5, 1, and 2 mmol/L using a multi-
functional microplate reader (TWIN20OPRO, Tecan). Then, we
dissolved accurately weighted amounts of the microspheres
formed with the 3 different loading amounts (50, 100, or
200 mg vancomycin) in 50 ml DMSO by sonication for 30 min.
The absorbance of 100-pl aliquots of the resulting solutions
were measured by UV spectrophotometry. For absorbance mea-
surements outside of the range of calibration, the sample was
diluted proportionally and retested. The wash solutions for the
microspheres prepared with the 3 different loading amounts
also were retained, and the vancomycin concentration in those
solutions was also measured by ultraviolet spectrophotome-
try. Each experiment was carried out in triplicate. The drug-
loading dosage and encapsulation efficiency were calculated
using the following formulae:

Drug-loading dosage=mass of vancomycin contained in PLGA
microspheres/total mass of PLGA microspheres x100%.

Encapsulation efficiency=mass of encapsulated vancomy-
cin/total mass of encapsulated and unencapsulated vanco-
mycin x100%.

Vancomycin release from PLGA microspheres in vitro

The dialysis bag method was used to evaluate the release char-
acteristics of the microspheres, and 100 mg of vancomycin
standard was used as a control. PLGA microspheres prepared
using the 3 amounts of vancomycin were precisely weighed
and placed in a dialysis bag. After 5 m| of the release medium
(phosphate-buffed saline [PBS], pH 7.4) was added, the dialy-
sis bag was fastened and placed in 50 ml PBS in a measuring
cup kept in a 37°C constant-temperature water bath shaker
set at a speed of 100 rpm. Samples of 100 pl were taken on
days 1, 3,5, 7, 14, 21, and 28 and each time we replaced the
same volume of release medium at the same temperature.
The absorbance of collected samples was measured by ultravi-
olet spectrophotometry, and the drug content was calculated
according to the calibration curve. Triplicate samples were eval-
uated for microspheres loaded with the different amounts of
vancomycin, and the mean and standard deviation for van-
comycin concentrations were calculated to generate release
percentage curves.

Preparation and characterization of PCL scaffolds, PDA-
coated PCL scaffolds, and PCL/PDA composite scaffolds
loaded with vancomycin-loaded PLGA microspheres

A triangular-shaped scaffold of PCL (Mn 80000, Sigma-
Aldrich, USA) was designed using Mimics 17.0 software,
with the following parameters: diameter of 5 mm, height of
1.05 mm, triangular pores (0°/60°/120° pattern), and a mesh
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fill width of 750 pm. The PCL scaffolds were printed using
a biological fused deposition 3D printer (Shanghai Fugifan
Electromechanical Technology Co., Ltd.)

For coating with PDA, the PCL scaffolds were placed in a solu-
tion of Tris buffer (0.183 g Tris [Sigma-Aldrich] in 150 ml de-
ionized water with pH adjusted to 8.5 using 0.5 mM hydro-
chloric acid). Then, 0.3 g dopamine (Sigma-Aldrich) was added,
and the solution was stirred for 24 h in the dark. Afterward,
the scaffolds were removed, washed 3 times with deionized
water, and freeze-dried. These PDA-coated PCL scaffolds are
denoted as PCL/PDA scaffolds hereafter.

For absorption of vancomycin-loaded PLGA microspheres onto
the PCL/PDA composite scaffolds, samples of vancomycin-
loaded PLGA microspheres prepared with the highest drug-
loading amount were dispersed in distilled water to form a sus-
pension. PCL/PDA scaffolds were placed into this suspension,
which was stirred at a low speed (150 rpm) by magnetic stirring
for 2 h. Then, the composite scaffolds were freeze-dried. These
scaffolds are designated as PCL/PDA/PLGA scaffolds hereafter.

For observation of the scaffold appearance and morphology,
scaffold samples were photographed under a shadowless lamp
and then fixed on the sample cup with a conductive adhesive.
After gold plating of the scaffold surface, the surface morphol-
ogy of the scaffolds was observed by SEM.

Cytocompatibility of the composite scaffolds

Bone marrow samples were aseptically obtained from the poste-
rior superior iliac spine of the New Zealand White rabbits (aged
4-6 months, weighting 3.5-4.0 kg) via the bone marrow puncture
procedure. Rabbit bone marrow-derived mesenchymal stem cells
(rBMSCs) were then isolated and cultured in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum (Gibco),
1% HEPES buffer, and 1% antibiotics/antimycotics. rBMSCs from
the third generation were seeded at a density of 2x10* cells/ml
in wells of a 96-well plate containing scaffold samples and cul-
tured for 7 days. The medium was removed from the 6 wells on
days 1, 3, 5, and 7. Then, 100 pl of culture medium and 10 pl of
CCK-8 solution (Sigma-Aldrich) were added. After incubation for
2 hin a 37°C incubator, the absorbance at 450 nm of the sam-
ple solutions was measured by a microplate reader.

For SEM observation of cells seeded on the scaffolds, rBMSCs
at a density of 2x10° cells/m| were added to wells of a 96-well
plate containing the scaffolds and cultured for 7 days. On days
1 and 7, scaffold samples were collected, washed 3 times with
PBS, and fixed in 4% paraformaldehyde. Then, the specimens
were dehydrated using a series of graded ethanol solutions
and freeze-dried for 24 h. After gold plating of the surface, the
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The viability of rBMSCs seeded onto the different scaffolds
was assessed using a Live/Dead Reduced Biohazard Viability/
Cytotoxicity kit (Molecular Probes; Thermo Fisher Scientific, Inc.).
As above, rBMSCs at a density of 2x10° cells/ml were added
to wells of a 96-well plate containing the scaffolds and cul-
tured for 7 days. On day 7, samples were washed with PBS,
incubated in the diluted dye solution for 15 min in the dark at
room temperature, and then fixed in 4% glutaraldehyde for 1 h.
The samples were imaged using a confocal microscope (Leica
TCS SP2 confocal microscope; Leica, Mannheim, Germany).
Live cells were stained green and dead cells were stained red.

Vancomycin release and antibacterial activity of the
composite scaffolds in vitro

A percent release curve was generated for vancomycin release
from the PCL/PDA/PLGA scaffolds by the dialysis bag method
described above. The PCL and PCL/PDA scaffold controls were
magnetically stirred at low speed (150 rpm) for 2 h in an aque-
ous solution of vancomycin containing an amount of vanco-
mycin equal to that in the microsphere suspensions used to
make the PCL/PDA/PLGA scaffolds. Then, these control scaf-
folds were freeze-dried to obtain PCL/VAN and PCL/PDA/VAN
scaffolds, for which percent release curves were also gener-
ated using the dialysis bag method. Samples were taken on
days 1, 3, 5,7, 14, 21, and 28 from triplicate samples for each
type of scaffold. From the calculated mean and standard de-
viation values for vancomycin concentration, we plotted the
percent release curves.

Staphylococcus aureus (strain 29213 from the American Type
Culture Collection) at a density of 1.5x10® colony forming units
(CFU)/mL was supplied by the clinical laboratory of the affiliated
Nanjing Hospital of Nanjing Medical University. Aliquots of
0.5 ml of bacterial suspension were inoculated uniformly on
Mueller-Hinton plates (Keygene Biotechnology Co., Ltd., Nanjing,
China). Next, samples of the PCL/VAN, PCL/PDA/VAN, and PCL/
PDA/PLGA scaffolds were placed on agar plates and incubated
at 37°Cin a constant-temperature bacterial incubator. The an-
tibacterial activity was observed by recording of the size of the
inhibition zone on days 0, 1, 3, 5, 7, 14, 21, and 28. The me-
dium was exchanged every 24 h.

Statistical methods

One-way analysis of variance (ANOVA) and the least significant
difference (LSD) method were used to determine the differ-
ences among groups. All data are expressed as mean + stan-
dard deviation (SD). P<0.05 indicated a statistically significant
difference. All statistical analyses were performed using SPSS
18.0 statistical software.
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Figure 1. Characterization of drug-loaded microspheres. (A) Dosage of vancomycin loaded into microspheres prepared using 3
different formulations. (B) Vancomycin encapsulation efficiency of 3 microsphere formulations. (C) Mean diameters of

microspheres prepared using the 3 formulations. * P<0.05.

Results

Characterization of vancomycin-loaded PLGA microspheres

Figure 1 shows the results of the evaluations of drug-loading
dosage, encapsulation efficiency, and mean diameter of the
vancomycin-loaded PLGA microspheres. According to the ini-
tial ratio of PLGA to vancomycin - 8: 1, 4: 1, and 2: 1 — the fi-
nal formed microspheres were labeled as groups 1, 2, and 3,
respectively. With the use of 400 mg of PLGA and either 50,
100, or 200 mg vancomycin to prepare the drug-loaded micro-
spheres, the initial ratios of PLGA to vancomycin were 8: 1, 4: 1,
and 2: 1, respectively, for the different formulations of micro-
spheres. As the ratio of PLGA to vancomycin decreased, the
drug-loading dosage increased significantly from 5.48+0.36%
to 16.98+0.34%, with significantly more vancomycin loaded
in the scaffolds prepared with the 2: 1 ratio of materials than
in those prepared with the other ratios (P<0.001), and a cor-
responding slight decrease in the encapsulation rate, from
70.20+3.62% to 60.37+1.77%, was observed with these dif-
ferent ratios (P<0.05). The microspheres prepared with the
2: 1 ratio had the largest diameter compared with the micro-
spheres prepared with the 8: 1 ratio (P<0.01) or the 4: 1 ratio
(P<0.001) of polymer to drug.

Vancomycin release from PLGA microspheres in vitro

From the release curves shown in Figure 2, an initial burst re-
lease of vancomycin solution was obvious, and the majority of
drug was released within 3 days. However, the obvious initial
burst release phenomenon within 24 h was followed by slow
release for all drug-loaded microsphere formulations, with the
total release time exceeding 28 days. Notably, no significant
differences were observed among the release curves for the

100 7
90 1
801
§ 70
£ 60
S 507
I - VAN
S 309 - PLGA: VAN (8:1)
201 - PLGA: VAN (4:1)
10- > PLGA:VAN (2:1)
0 1d 3d 54 7d 144 21d 28d
Time (days)

Figure 2. Cumulative release of vancomycin from drug-loaded
microspheres prepared with 3 different formulations
over 28 days in vitro.

3 loading conditions (P>0.05). Therefore, we selected the mi-
crospheres with the highest drug-loading dosage for the sub-
sequent experiments.

Gross appearance of the PCL, PCL/PDA, and PCL/PDA/PLGA
scaffolds

After coating of the PCL scaffolds with PDA, the PCL scaffold
color changed from white to black (Figure 3A, 3B). With the
adherence of the PLGA microspheres, no further change in
the general color occurred, and spot-like white particles were
seen on the scaffold surface (Figure 3C). Consistently, optical
microscopy observation of the microsphere suspension on a
slide revealed that the microspheres were smooth, round, uni-
form in size, and non-adherent to the slide surface (Figure 3D).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

6938




Zhou Z. et al.:
Antimicrobial activity of 3D-printed PCL composite scaffolds...
© Med Sci Monit, 2018; 24: 6934-6945

LAB/IN VITRO RESEARCH

PCL/PDA/PLGA

PLGA microspheres

Figure 3. General appearance of the PCL, PCL/PDA, and PCL/PDA/PLGA scaffolds, as well as the microsphere suspension, under optical
microscopy. (A) PCL scaffold. (B) PCL/PDA scaffold. (C) PCL/PDA/PLGA scaffold. (D) Microsphere suspension on a slide.

PCL/PDA/PLGA

PDA PLGA microspheres

Figure 4. SEM observation of scaffold morphology. Lower magnification images of the: (A) PCL scaffold; (B) PCL/PDA scaffold and (C)
PCL/PDA/PLGA scaffold. Higher magnification images showing: (D) PDA particles on the PCL/PDA scaffold; (E) morphology of
vancomycin-loaded PLGA microspheres; and (F) the coexistence of PDA particles and vancomycin-loaded PLGA microspheres

on the PCL/PDA/PLGA scaffold surface.

Morphology of the PCL, PCL/PDA, and PCL/PDA/PLGA
scaffolds on SEM

Under SEM at low magnification, the prepared scaffolds
with pores arranged in the 0°-60°-120° triangular pattern
showed no obvious differences in morphology or structure
(Figure 4A-4C). At high magnification, PDA particles were ob-
served over the PCL/PDA scaffolds (Figure 4D), and PLGA mi-
crospheres (Figure 4E) were evenly dispersed among the PDA
particles on the PCL/PDA/PLGA composite scaffold (Figure 4F).

Survival and proliferation of rBMSCs on all prepared
scaffold types

The CCK-8 assay was used to detect the viability of rBMSCs
cultured on the different scaffold types, and the increase in the
number of cells over time with all scaffold samples indicated
that all of the prepared scaffolds were non-toxic to the cells
(Figure 5). On day 1, the OD values, representing cell number,
for the PCL/PDA and PCL/PDA/PLGA groups were higher than
that for the PCL group (both P<0.05). However, no significant
differences in OD values were observed between the groups
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Figure 5. Proliferation of rBMSCs on each scaffold type as
measured by CCK-8 assay. * P<0.05.

on the third day in culture (all P>0.05), and by days 5 and 7
the OD values for the PCL/PDA and PCL/PDA/PLGA groups were
again significantly higher than in the PCL group (all P<0.001).

Representative scanning electron micrographs of rBMSCs cul-
tured on the scaffold surfaces are shown in Figure 6. A small
amount of cell adhesion and matrix secretion was observed
on the surface of the PCL scaffold on day 1, with slight in-
creases in both by day 7 (Figure 6A, 6B). Cell adhesion and
matrix secretion were observed on the surface of the PCL/PDA
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scaffold on day 1, and both were significantly increased by
day 7 (Figure 6C, 6D). PLGA microspheres were distributed
over the PCL/PDA/PLGA composite scaffold along with many
adherent cells, with cellular adhesion and extracellular matrix
secretion being similar to those seen on the PCL/PDA scaffold
(Figure 6E, 6F).

Live/dead staining of rBMSCs seeded on the different scaf-
folds after 7 days in culture revealed that more cells were
present on the PCL/PDA and PCL/PDA/PLGA scaffolds than on
the PCL scaffold (Figure 7). These results further confirm that
the surfaces coated with PDA can effectively promote cell ad-
hesion and that the presence of vancomycin-loaded PLGA mi-
crospheres had no effect on rBBMSC adherence or proliferation.

Sustained release of vancomycin and bacterial inhibition
by PCL/PDA/PLGA composite scaffolds in vitro

Immediate burst release of vancomycin from the control
PCL/VAN and PCL/PDA/VAN scaffolds was obvious, with the
maximum release occurring within 3-5 days (Figure 8C). In con-
trast, the release profile for vancomycin from the PCL/PDA/PLGA
scaffolds indicated a slower, more sustained release, with a
cumulative release rate of only 82.53% at 28 days.

Consistent with the calculated antibiotic release profiles, the
PCL/VAN and PCL/PDA/VAN scaffolds had antibacterial effects
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Figure 6. SEM observation of rBMSC adhesion and matrix deposition on the 3 scaffold types. (A) PCL scaffold on day 1. (B) PCL

scaffold on day 7. (C) PCL/PDA scaffold on day 1. (D) PCL/PDA scaffold on day 7. (E) PCL/PDA/PLGA scaffold on day 1.
(F) PCL/PDA/PLGA scaffold on day 7.
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PCL

PCL/PDA

PCL/PDA/PLGA

Figure 7. Live/dead staining of -BMSCs seeded on the different scaffold surfaces and cultured for 7 days. Representative individual
and merged confocal micrographs show live (green) and dead (red) cells on the: (A) PCL scaffold, (B) PCL/PDA scaffold,

and (C) PCL/PDA/PLGA scaffold.

against S. aureus in the agar medium in the first few days of
culture and no antibacterial effects after 5 days as the bacteria
grew back within the inhibition zone around these scaffolds
(Figure 8A, 8B). The PCL/PDA/PLGA scaffold exhibited a signifi-
cant inhibitory effect against the bacteria initially, and this effect
was sustained over the 28-day culture period, although the zone
of inhibition did gradually decrease with time. Overall, the results
of the bacterial inhibition experiment were basically consistent
with the vancomycin release profiles for the different scaffolds,
further demonstrating the dual-phase release mode consisting of
an initial burst release followed by continuous controlled release.

Discussion

With the rapid development of societies worldwide, the inci-
dence of traumatic bone injuries in motor vehicle accidents

as well as the use orthopedic implants continue to increase,
and consequently, the incidence of osteomyelitis also contin-
ues to increase. Osteomyelitis has become a common sec-
ondary disease in orthopedics [30], and antibiotic use is nec-
essary for its treatment. Vancomycin is often used to prevent
and treat infections caused by Staphylococcus bacteria, includ-
ing metbhicillin-resistant Staphylococcus aureus (MRSA). In fact,
vancomycin has remained the standard drug used to treat or-
thopedic MRSA infections since the mid-1980s [31]. While the
glycopeptide antibiotic vancomycin is the first choice for treat-
ing orthopedic infections in general [17], effective delivery of
this antibiotic has proved challenging. Oral delivery of such a
large hydrophilic molecule that cannot pass through the lipo-
philic gastrointestinal mucosa leads to very low bioavailability,
but intravenous administration of high doses of vancomycin
can cause nephrotoxicity, ototoxicity, an allergic reaction, and
gastrointestinal problems [32]. To overcome these challenges,
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Figure 8. (A) Representative photographs of the bacterial inhibition zones created by the different scaffolds on days 0, 1, 3, 5,
7,14, 21, and 28. (B) Quantitated inhibition zone diameters for each scaffold type over the experimental time course.
(€) Cumulative vancomycin release profiles for the 3 scaffold types over 28 days in vitro.

a local drug delivery system is needed that can achieve effec-
tive drug concentrations at the site of the bone infection, while
the drug concentration is blood remains low and adverse ef-
fects are avoided. In the present study, we aimed to develop a
suitable local delivery strategy based on 3D-printed PCL scaf-
folds coated with PDA to facilitate of adsorption of vancomy-
cin-loaded PGLA microspheres.

At present, drug-loaded PLGA microspheres can be prepared
using many techniques, such as the double-emulsion solvent
evaporation method, the spray drying method, ultrasonic at-
omization, an electrospray method, and others [33]. Among
these, the double-emulsion solvent evaporation method [15]
involves dispersing the drug in an organic solvent that can
dissolve the carrier material. Then, the drug-loaded micro-
spheres are formed by solidification when the organic solvent
is removed by extraction, volatilization, or phase separation.

Advantages of this method include its simple operation, con-
trollable preparation process, favorable loading of hydrophilic
drugs, and high drug-loading dosage capability; therefore,
it has been widely used in the pharmaceutical field in recent
years. We used this technique to prepare vancomycin-loaded
PLGA microspheres in the present study. Multiple studies have
demonstrated that drug release from PLGA microspheres is in-
fluenced by the ratio of lactic acid to glycolic acid in the co-
polymer [34], the size of the microspheres [35], and the stabi-
lizer used [36]. We selected an LA: GA polymerization ratio of
75: 25 to obtain a longer sustained release time. Moreover, the
stirring rate of 600 rpm was chosen to increase the diameter
of the microspheres, and the stabilizer Span 80 was added to
increase both the drug-loading and encapsulation rate, which
also prolongs the release time of the drug. Microsphere size is
generally designed according to the planned route of admin-
istration and desired degradation time. For microspheres that
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will be implanted, a relatively large mean diameter is needed to
prevent easy diffusion, which is not conducive to maintaining
an effective local concentration of the drug. Therefore, the
mean diameter of such microspheres is commonly in the range
of several micrometers to 10 micrometers [15]. In the present
study, we tested the loading and release of vancomycin using
3 different ratios of PLGA to vancomycin (8: 1, 4: 1, and 2: 1)
to prepare drug-loaded microspheres. With these formula-
tions, the mean diameter of the microspheres ranged from
65.4+2.66 pm to 80.13+2.72 pm, the drug-loading dosage
ranged from 5.48+0.36% to 16.98+0.34%, and the encapsu-
lation efficiency ranged from 60.37+1.77% to 70.20+3.62%.
As the ratio of PLGA to vancomycin decreased (the relative
amount of vancomycin increased), the drug-loading dosage
increased significantly and the encapsulation rate decreased
slightly. Under SEM, all of the microspheres were smooth and
round, with a uniform spherical shape and no adhesion to
each other. Moreover, our in vitro drug release study using
the dialysis bag method showed that a similar vancomycin
release profile was obtained from microspheres fabricated
using the different formulations, with an initial burst within
the first 24 h followed by sustained release over more than
4 weeks. Therefore, we used the microspheres formed with a
2: 1 ratio of PLGA to vancomycin, which had a relatively larger
mean diameter and the largest loading dosage, in our subse-
quent experiments.

Although many studies have demonstrated that the micro-
spheres can carry antibiotics to the site of a lesion and main-
tain antibacterial activity for a desired period of time, vanco-
mycin-loaded microspheres are difficult to apply directly to an
infected bone cavity in practice, and their loss in vivo dimin-
ishes the curative effect. Therefore, an effective carrier for the
drug-laden microspheres is needed. Rapid prototyping tech-
nology based on 3D printing is currently a research hotspot.
3D printer systems (3DPSs) use digital drivers to direct the
accumulation of materials to form 3D solid models with few
limits on shape complexity, making it suitable for the fabri-
cation of idealized custom scaffolds with precise shape and
size [37,38]. Currently, in the field of orthopedics, the CAD/CAM
software Mimics can use 3D imaging data of bone defects ob-
tained by CT scanning to design and synthesize personalized
3D scaffolds for filling bone defect sites [39,40]. PCL, which is
approved by the FDA for use in the human body, is a biode-
gradable semi-crystalline linear aliphatic polyester biomateri-
al with good biocompatibility and biodegradability. Due to its
thermoplastic characteristics [41], as well as its suitability for
constructing scaffolds via layer stacking with a 3DPS [42], it has
good mechanical properties for use as a scaffold material in
hard tissues. Among the most commonly used synthetic poly-
mers [e.g., PLA, PGA, poly(D-L-lactic-co-glycolic acid)], PCL has
the slowest degradation rate [43], with complete degradation
in vivo generally taking 3-5 years. With these characteristics,
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PCL degradation is favorably matched to bone tissue growth
and complete healing [44]. In addition to fabricating scaffolds
with a specific shape, 3D printing can also be used to control
the characteristics of interconnected pores with the printed
scaffold, which can allow the formation of vascularized tissue
to supply the nutrients and oxygen required for cell growth
within the scaffold [45]. Studies have shown that macroporos-
ity with interconnected pores of 300 um or more is critical for
the vascularization of implanted scaffolds and beneficial for
the associated tissue regeneration [46]. The porous scaffold
applied in the present study had a pore diameter of 750 pum,
which provides sufficient space within the scaffold for drug
release and cell growth, and this structure is similar to the ex-
tracellular matrix with a high ratio of surface area to volume.

However, studies have shown that a single polymer may not
have all the properties required for an ideal scaffold, and most
synthetic polymers have poor cell affinity due to their hydro-
phobic surface and lack of cell biological recognition [47].
Therefore, a variety of methods have been used to create hy-
brid scaffolds with carefully tuned surface roughness and hy-
drophilicity in order to create a good tissue interface condu-
cive to cell ingrowth and osteoblast differentiation [48,49].
PDA coating technology was inspired by the adhesive proteins
secreted by mussels. Lee et al. [13] first reported the use of
PDA as a surface modification material. Further research at-
tributed the adhesive properties of PDA to its the viscous cat-
echolamine group [50]. It has been suggested that the PDA
coating not only changes the hydrophobicity of a 3D-printed
PCL scaffold, but also significantly increases cell adhesion to
the scaffold [51]. We have manufactured PCL scaffolds using
the 3D printing method known as fused deposition modeling
(FDM) [52]. In the present study, when these PCL scaffolds
were soaked in PDA solution, its color changed from white to
black, and the complex internal porous structure was function-
alized via a dip-coating method. Two assays of cell viability,
the CCK-8 test and LIVE/DEAD test, showed that more cells
were adhered to the PCL/PDA scaffolds than to the PCL scaf-
folds, consistent with previously studies suggesting that PDA
improves cell adhesion. SEM showed that the PDA coating not
only promoted cell adhesion, but also promoted the secretion
of extracellular matrix, which is conducive to the maintenance
of cellular activity. Finally, we were able to uniformly adsorb
microspheres onto the surface structures of the 3D-printed
PCL scaffold through adhesion to the PDA coating. The CCK-8
and LIVE/DEAD assays both indicated that the PCL/PDA/PLGA
scaffolds, like the PCL/PDA scaffolds, were conducive to cell at-
tachment and proliferation, indicating that the PCL/PDA/PLGA
scaffolds also have good biocompatibility. These findings were
confirmed by SEM observations.

We compared the antibacterial effect of the PCL/PDA/PLGA
composite scaffold to that of PCL and PCL/PDA scaffolds first
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soaked in vancomycin solution containing the same amount
of vancomycin present in the microsphere suspension used to
generate the PCL/PDA/PLGA scaffolds. This allowed us to attri-
bute the observed antimicrobial effects of the PCL/PDA/PLGA
scaffolds to vancomycin released from the microspheres in a
controlled manner. Evaluations based on drug release curves
and zones of bacterial inhibition indicated that the PCL/PDA/
PLGA scaffolds maintained a bacteriostatic effect for more
than 4 weeks.

Conclusions

In the present study, we present the design of a new composite
scaffold for the prevention and treatment of bone infections.
In the composite scaffold, vancomycin-loaded PLGA micro-
spheres were absorbed onto 3D-printed PCL scaffolds that had
been coated with PDA. To achieve sustained drug release over
several weeks and a suitable microsphere diameter, we used
PLGA with a 75/25 co-polymer ratio, a dispersive shear force
to generate the colloidal solution, and low-speed mechanical
agitation to increase the diameter of the microspheres. The
addition of the stabilizer Span 80 not only prolonged the du-
ration of drug release, but also increased the encapsulation
rate and drug-loading dosage. The vancomycin-loaded PLGA
microspheres exhibited good biodegradability over a relatively
short period of time, leading to the local release of the drug at
effective concentrations. In contrast, the clinically used van-
comycin-loaded PMMA carrier requires a second surgery for
removal because it does not degrade in vivo. Given that van-
comycin-loaded microspheres are easily washed away upon
direct injection in vivo and cannot completely fill the empty
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space create by debridement of the infected bone, directly in-
jected microspheres cannot maintain an effective antimicro-
bial concentration over time. Thus, a carrier material for the
drug-loaded microspheres is needed. The composite scaffold
designed for this purpose in the present study has several ad-
vantages: 1. The prepared microspheres had a smooth, round
surface and uniform spherical shape and exhibited sustained
drug release for more than 4 weeks; 2. Due to the adhesive
surface properties of the new composite scaffolds achieved via
PDA coating, microspheres can be well adsorbed on the scaffold
surface, the scaffold properties are stable, and the scaffolds
have better cell compatibility than unmodified PCL scaffolds;
and 3. Vancomycin was released from the microspheres ad-
sorbed on the composite scaffold with an initial burst followed
by long-lasting sustained release and exhibited good antibac-
terial activity against Staphylococci for more than 4 weeks. At
the same time, because the shape of the 3D printed scaffold is
controllable, it can be fitted to specific areas of bone infection,
and because it is biodegradable, no second removal surgery is
needed. Thus, the composite scaffold represents a promising
new material for treatment of bone infection.

There are some limitations in the present study that should
be considered. We have not yet designed the properties and
tested the related efficacy of the composite scaffolds for use
in various human bones. In addition, the efficacy of the com-
posite scaffold must be tested further in vivo.
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