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A B S T R A C T

The occurrence of an implant-associated infection (IAI) with the formation of a persisting bacterial biofilm
remains a major risk following orthopedic biomaterial implantation. Yet, progress in the fabrication of tunable
and durable implant coatings with sufficient bactericidal activity to prevent IAI has been limited. Here, an
electrospun composite coating was optimized for the combinatorial and sustained delivery of antibiotics.
Antibiotics-laden poly(ε-caprolactone) (PCL) and poly`1q`(lactic-co glycolic acid) (PLGA) nanofibers were
electrospun onto lattice structured titanium (Ti) implants. In order to achieve tunable and independent delivery
of vancomycin (Van) and rifampicin (Rif), we investigated the influence of the specific drug-polymer interaction
and the nanofiber coating composition on the drug release profile and durability of the polymer-Ti interface. We
found that a bi-layered nanofiber structure, produced by electrospinning of an inner layer of [PCL/Van] and an
outer layer of [PLGA/Rif], yielded the optimal combinatorial drug release profile. This resulted in markedly
enhanced bactericidal activity against planktonic and adherent Staphylococcus aureus for 6 weeks as compared to
single drug delivery. Moreover, after 6 weeks, synergistic bacterial killing was observed as a result of sustained
Van and Rif release. The application of a nanofiber-filled lattice structure successfully prevented the delami-
nation of the multi-layer coating after press-fit cadaveric bone implantation. This new lattice design, in con-
junction with the multi-layer nanofiber structure, can be applied to develop tunable and durable coatings for
various metallic implantable devices. This is particularly appealing to tune the release of multiple antimicrobial
agents over a period of weeks to prevent early and delayed onset IAI.

1. Introduction

The significant increase in life expectancy has resulted in a steep rise
in orthopedic and dental implant applications during the past decades
[1–4]. Implant-associated infections (IAI) are a major complication of
such implant usage [5,6], and can either arise from perioperative
wound contamination, infections in nearby body sites that reach the
implant, or via hematogenous spreading of bacteria from a more distant
infection site to the implant [7]. The eradication of the dense and
matrix-rich bacterial biofilm that forms on the implant surface is one of
the biggest challenges for orthopedic patients and surgeons [8]. The
only treatment modality that remains is an aggressive one, composed of
multiple surgeries to remove the infected implant and sterilize the

wound bed, in combination with prolonged systemic antibiotics treat-
ment. The associated patient morbidity and costs are extremely high,
typically reaching $50,000 per case in a complicated scenario [9].

Local delivery of antibiotics in the direct vicinity of the implant
allows for the highest achievable antibacterial activity at the required
site, while reducing the chance of systemic toxicity [10]. Current ap-
proved local delivery systems have suboptimal efficacy and a poor
tunability in terms of combinatorial drug selection and their delivery
[11,12]. For improved controllability of the drug release [13], various
antibacterial coating strategies have been explored [6,14], whereby the
antimicrobial molecules are locally-delivered through physical ad-
sorption [15], encapsulation in a polymer matrix [16] or chemical
conjugation [17]. Despite these technological advances, the current
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efforts overly focus on biofilm prevention in the immediate post-
operative window, and neglect the possibility of delayed infections
originating from a remote infection source [18,19]. As such, IAI can
originate after direct contamination of the implant during surgery or via
the spread from nearby infected tissue. These types of infections are
respectively denoted as early and delayed infections, whereby delayed
infections have been defined as having an onset 2–12 weeks after the
surgery, depending on the orthopedic application [19,59]. Based on
this, one could argue that preventive strategies should ideally aim at the
release of antibiotics for even several months [11]. On the other side of
the coin, however, one should consider the inevitable risk of anti-
microbial resistance development when administering antibiotics over
an excessive period of time. As 6 weeks of antibiotic treatment is a well-
accepted standard treatment modality to treat IAI [60], a local drug
release of approximately 6 weeks can be considered ideal for newly
developed prophylactic antibacterial implant coatings.

The occurrence of antibiotic-resistant bacteria is another concern.
They are more likely to surface when local antibiotic concentrations are
not sufficiently high [20]. Intuitively, the chance of developing anti-
biotic resistant strains is decreased if complete bacterial eradication
would be achieved. For that, combinatorial antibiotics treatment has
proven to be superior to single drug treatment [21]. Patients with IAI
frequently present with methicillin-resistant Staphylococcus aureus
(MRSA) [22], supporting the use of vancomycin (Van) with efficacy
against planktonic MRSA [23] as a first arm in combinatorial drug
delivery systems. At the same time, clinical evidence suggests an ex-
cellent antibacterial efficacy of rifampicin (Rif) towards staphylococci
and their biofilms [21,24]. However, its widespread clinical use is being
endangered by the emergence of Rif resistant mutants, particularly
when Rif is used as a monotherapy [25]. Local drug delivery systems
should therefore ensure efficient co-delivery of Rif with other broad-
range antibacterial drugs for maximal antibacterial efficacy. In this
respect, an antibacterial coating that comprises a combinatorial Van/
Rif delivery opens promising avenues.

Current implant coatings to prevent IAI fall short because of limited
bio-stability or durability, single functionality and/or lack of tunable
delivery of active agents [26,27]. Electrospinning technology offers
potential to tackle these issues, as it allows for high encapsulation and
drug loading efficiencies [28,29], and the ability to create coatings with
adjustable physical (e.g. microstructure and porosity) [30,31] and
chemical (e.g. type of polymers, solvent and biomolecules) [32] nano-
fiber properties. With this respect, several electrospun mats are already
reaching clinical practice, as they allow for sustained drug release, are
malleable, and can be incorporated into existing wound dressings or
vascular devices [33,34]. Due to high antibiotic loading efficiency and
long-term release, antibiotic-laden electrospun implant coatings have
also shown feasibility to mitigate IAI [35–37]. As a limitation, these
strategies have generally only applied a single type of antibiotic,
whereas current clinical guidelines recommend combinatorial anti-
biotic therapy due to higher effectiveness and reduced chance of anti-
biotic resistance development [21]. At the same time, combinatorial
antibiotic approaches have not sufficiently addressed the clinical need
for long-term bactericidal properties [18,34,38]. As a relatively un-
explored field, electrospinning of certain polymer blends can lead to
tailored and prolonged drug release rates [39]. In addition, different
fabrication methods (e.g. simple electrospinning or co-spinning)
[40–42] can lead to desired structures and properties for different ap-
plications. In addition to a necessity of control over (multiple) drug
release for a prolonged period (i.e. the tunability), the antimicrobial
coating methods for metallic implants to date [37,43,44] have exposed
an unmet need in sufficient bonding between the implant and the
coating to withstand surgical delamination (i.e. the durability).

Here, we developed an electrospun nanofiber coating that is com-
patible with titanium implants, and that provides a combinatorial re-
lease of Rif and Van antibiotics. To maximize the durability of the
coating, multi-layer nanofibers were electrospun onto microporous

(lattice) structure titanium implants to create nanofiber-filled lattices
(NFL). This NFL design eliminates the need of an additional heat or
chemical treatment step to produce a durable coating. The feasibility of
a bi-layered PCL/PLGA composite was investigated, as they are com-
patible with many drugs, with the possibility of long-lasting drug re-
lease thanks to their slow degradation rates. More importantly, they
have a proven biocompatibility and flexible mechanical properties for
orthopedic applications [45,46]. To realize a tunable coating, we in-
vestigated the influence of nanofiber coating composition, namely ei-
ther a bi-layered or a core-shell structure, on the kinetics of antibiotic
release. These electrospinning methods were compared side-by-side, as
both methods can be used to achieve independent release of multiple
drugs [47]. Using these methods, it was investigated whether the ap-
plication of PLGA/Rif as a protective outer layer or shell could control
the burst release of Van from the inner PCL/Vanlayer or core.

2. Materials and methods

2.1. Production of lattice structured implants by 3D-printing and
morphological characterization

Rod-shape titanium implants (length = 10 mm, dia-
meter = 1.2 mm) with a lattice structure were designed with Magics
(Materialise, Leuven, Belgium). The unit cell had a rhombic dodeca-
hedron geometry and a size of 0.8 mm (Fig. 1a). For 3D-printing, Direct
Metal Printing (DMP) was used to fabricate the lattice structure im-
plants (Fig. 1b) with a ProX DMP 320 machine (3D Systems, Leuven,
Belgium). The titanium powder used for implant manufacturing had a
spherical shape and meets ASTM F67 chemical composition Grade 1.
An inert gas atmosphere (Argon 5.0) with oxygen concentrations below
50 ppm was applied. After DMP, the implants were manually removed
from the support structures (Fig. 1c) followed by a cleaning procedure
in demineralized water in a ultrasound bath for 15 min. For morpho-
logical characterization, MicroCT (Quantum FX; PerkinElmer, USA)
images were acquired with a tube voltage of 90 kV, a tube current of
180 mA, and a field of view of 10 mm. The images were represented as
a stack of 2D TIFF images with a resolution of 20 μm. Morphological
analyses were performed with the BoneJ plugin (version 1.3.12) in
ImageJ freeware version 1.48 (U.S. National Institutes of Health) and
yielded a lattice structured implant with a porosity of 50% and an
average pore size of 216 ± 73 μm [48].

2.2. Solution electrospinning

To prepare poly (lactic-co-glycolic acid) (PLGA) and poly-
caprolactone (PCL) solutions, PLGA (50:50 monomer ratio, Corbion,
The Netherlands) and PCL (PURASORB PC 12, Corbion, The
Netherlands) were dissolved in tetrafluoroethylene (TFE, Sigma,
Germany) to 20 w/v%. Rifampicin (Rif, Sigma, Germany) and vanco-
mycin hydrochloride (Van, Sigma, Germany) were dissolved in
chloroform (VWR, France) and dimethyl sulfoxide (DMSO, Merck,
Japan) to stock concentrations of 150 and 250 mg/ml, respectively. The
dissolved Rif and Van were added to the polymer solutions to reach
final concentrations of 10 and 30 mg Rif/ml PLGA solution, and 1, 10,
30, 50, and 100 mg Van/ml PCL solution. These concentration ranges
were based on initial pilot experiments, which showed that higher
concentrations of Rif induced unwanted changes in nanofiber mor-
phology to micro-particles during the electrospinning process.
Moreover, a Rif concentration below 10 mg/ml was excluded from
experiments, as it resulted in its rapid burst release, making it in-
appropriate for the purpose of preventing delayed onset infection.

An in-house built uniaxial and coaxial solution electrospinning
(SES) system, (Fig. 1e), was employed to coat the drug-laden nanofibers
onto lattice structured Ti implants. The polymer/drug solutions were
loaded into 1 ml syringes fitted with a 27-gauge (G) needle for uniaxial
electrospinning. A voltage of 16 kV (Heinzinger, Germany) was applied
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between the needle and the implant and a syringe pump (World pre-
cision instruments, US) was used to feed the polymer/drug solutions
through the needle at a flow rate of 0.5 ml/h. The nanofibers were
collected directly onto the implants at a distance of 8 cm from the
needle. The resulting coated implants were denoted as nanofiber-filled
lattice (NFL) implants.

Different NFL implants were fabricated, for which the applied total
thickness of the coatings was chosen to support comfortable press-fit
implantation in cadaveric bones, i.e. corresponding to 10 mg total
weight of the coating. Single-layer structures were produced by uniaxial
SES, denoted as the PCL/Van and PLGA/Rif groups. Bi-layered struc-
tures were produced by uniaxial SES of an inner layer of PCL/Van and
an outer layer of PLGA/Rif, denoted as the bi-layered group. Core-shell
structures were produced by coaxial electrospinning, where the two
solutions were independently injected through a coaxial nozzle with
inner/outer diameters determined by 20G/14G needles, using a max-
imum flow rate of 0.5 ml/h and a voltage of 16 kV. Based on TEM
characterization, the flow rate ratio was optimized to 2:1 (shell:core) to
produce the most uniform core-shell structures. The electrospun sam-
ples were dried in a vacuum desiccator for 1 week prior to any ex-
periments to remove possible residual solvents [49].

2.3. Material characterization

The surfaces of the NFL implants were visualized using a scanning
electron microscope (SEM, FEI NovaNano, US) after gold sputtering for
30 s. Images were taken at 5.0 kV using a 5-mm working distance. The
fiber size and its distribution were measured for three independent
samples per group (n = 100 fibers/sample) using ImageJ (National
Institutes of Health, US). Attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR, Nicolet™ iS™ 10, Thermo Fisher, US)
was used to obtain absorbance spectra of drug-laden fibers over
600–4000 cm−1. The nanofibers were mounted on a sample stage and

contacted with an ATR-crystal for FTIR measurement. To visualize the
core-shell nanofiber structure, transmission electron microscopy (TEM,
FEI Tecnai 12, Thermosystems-FEI, The Netherlands) was used. For this
purpose, a thin layer of nanofibers was electrospun on Formvar-coated
grids with a carbon layer. A drop shape analysis system (OCA 15EC,
Dataphysics, Germany) was used to calculate the water contact angle of
a 10 μL water volume dropped onto the nanofiber surface. The water
contact angle was calculated by SCA software (SCA20 module,
Dataphysics, Germany). The average water contact angle was reported
for five measurements performed on each sample. The mechanical
properties of the nanofibers were measured by a universal testing ma-
chine (5566, Instron, US) with a 100 N load cell, at a crosshead rate of
10 mm/min and continued until the samples totally failed. For each
nanofiber, five rectangular strips (5 × 20 mm nanofiber matrix) were
used for mechanical testing and the average young modulus was ex-
ported from the slope of the first linear part of the strain-stress curve.
This protocol followed the ASTM D882 standard, suitable for tensile
testing of films with a thickness below 1 mm [50–52].

2.4. In vitro release profiles of the antibiotics

The antibiotics release kinetics were characterized by placing the
NFL implants in 500 μL of PBS (pH 7.4) at 37 °C. The supernatant was
refreshed after 1, 3, 5, 7, 10, 14, 21, 28, 35, and 42 days and stored at
−20 °C until analysis. Drug concentrations in the release media were
measured using an ACQUITY UPLC H-Class PLUS Bio system (Waters
Corporation, US) equipped with a BEH C18 Column (1.7 μm,
2.1 mm × 50 mm) and a Waters 2996 PDA detector. The elution was
carried out with a mobile phase of MilliQ water (MQ, Millipack 40
filter, Merck, Germany) and acetonitrile (ACN, Acetonitrile HPLC gra-
dient, Sigma, Germany) at a MQ/ACN ratio of 95/5, both mixed with
0.1% Trifluoroacetic acid (TFA, Sigma, Germany). A flow rate of 1 ml/
min at room temperature and a linear gradient elution program were

Fig. 1. Process of nanofiber-filled lattice (NFL) implant manufacturing. To produce an implant structure with improved compatibility with electrospun nanofiber
coatings, Ti implants with a diamond lattice structure were designed (a) and fabricated (b) by direct metal printing (DMP). (c) The final rod-shape implants had a
length of 10 mm and a diameter of 1.2 mm. (d) The unit cell consisted of a rhombic dodecahedron geometry with a size of 0.8 mm. (e) A uniaxial and coaxial solution
electrospinning system was made in-house to coat the antibiotics- PCL/PLGA nanofibers onto the lattice structured implants, denoted as NFL implants. (f) Different
NFL implant structures were produced with various types of drug-laden nanofibers and fiber assemblies.
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used for 4 min. Concentrations of the drugs were quantified using
wavelengths for Van (233 nm) and Rif (264 nm) and normalized against
a calibration curve obtained by diluting stock solutions of Rif (1 mg/ml
in ACN) and Van (1 mg/ml in MQ) in PBS to cover a range of 0.5 to
250 μg/ml. To determine the total drug loads, the nanofiber coatings
were dissolved in 250 μL tetrahydrofuran (THF, Sigma, Germany) and
250 μL PBS was added and vortexed for 60 s to precipitate the polymer.
The solution was centrifuged at 20,000 ×g for 5 min to pellet any
precipitate, and the supernatant was used for determination of the Rif
and Van concentrations by HPLC as aforementioned. The amounts of
loaded Van were 573.38 ± 21.28 mg (core-shell [PCL/Van]/[PLGA/
Rif]), 564.69 ± 17.87 mg (bi-layered [PCL/Van]/[PLGA/Rif]), and
972.12 ± 45.33 mg (PCL/Van). The amounts of loaded Rif were
570.3 ± 44.3 mg (core-shell [PCL/Van]/[PLGA/Rif]),
619.57 ± 25.41 mg (bi-layered [PCL/Van]/[PLGA/Rif), and
951.5 ± 58.99 mg (PLGA/Rif). The drug in the release media was
normalized to the total drug content to determine the cumulative re-
lease curves.

2.5. Ex vivo coating durability

The ability of the bi-layered coatings to withstand surgical im-
plantation was evaluated following their implantation into cadaveric
rat tibiae, using a surgical procedure that has been reported before
[53]. Solid and lattice implants were coated with a bi-layered structure
composed of PCL/Van labeled with FITC (Sigma, Germany) and PLGA/
Rif labeled with Rhodamine B (Sigma, Germany). The coating mor-
phology was detected by confocal (Leica SP8X, Germany) and stereo
microscopy(Olympus SZX16, Germany). In addition, samples were
processed for bone staining by basic fuchsin and methylene blue, as
previously described [54].

2.6. In vitro antibacterial assay

To assess the antibacterial activity of the NFL implants,
Staphylococcus aureus strain ATCC 49230 was used. This strain was
originally isolated from an osteomyelitis patient, and is also commonly
used in animal osteomyelitis models [55]. The bacteria were cultured in
fresh tryptic soy broth (TSB) supplemented with 1% glucose at 37 °C
and 200 rpm for 24 h and then re-suspended and diluted in TSB to
OD600 = 0.01 (about107 CFU/ml). One ml of this bacterial suspension
was added to each sample and kept at 37 °C for 24 h while being
continuously stirred at 200 rpm. For later time point assessments (i.e.,
day 7, 14, 28 and 42), the samples were first kept in PBS at 37 °C to
allow drug elution until the preceding day of bacterial quantification
(i.e., 6, 13, 27 and 41 days), and were subsequently exposed to the
bacterial suspension for 24 h as aforementioned. After 24 h of in-
cubation at 37 °C in a humidified atmosphere, the number of liquid-
growing (i.e. planktonic) and implant-adherent bacteria were quanti-
fied by plating serial dilutions of the bacterial suspension and counting
the colony forming units (CFUs). To remove and quantify implant-ad-
herent bacteria, implants were washed three times in PBS, transferred
to a new tube with 2 ml PBS, and sonicated for 1 min. CFU present in
the resulting suspension were enumerated as mentioned above. All
experiments were performed in triplicate.

To evaluate the zone of inhibition, trypticase soy agar plates were
inoculated with 0.5 ml bacterial suspension prepared at OD600 = 0.01
(about 107 CFU/ml) to yield a bacterial lawn. The implants were placed
on the plates, which were then incubated for 24 h at 37 °C to visualize
the zone of inhibition of bacterial growth. For the later time points (i.e.,
day 7, 14, 28 and 42), the implants were first kept in PBS at 37 °C to
allow drug elution as mentioned above. For imaging of live and dead
bacteria, samples were stained with 6 μM SYTO 9 (Thermo Fisher, US)
and 20 μg/ml propidium iodide (PI, Thermo Fisher, US) in Hank's
Buffered Saline Solution (HBSS, Lonza, Belgium) for 30 min at room
temperature. The samples were incubated for 24 h at 37 °C and rinsed

with HBSS before confocal microscopy imaging of live (green) and dead
(red) cells. A confocal microscope (Leica TCS SP5 II, Germany) with
hybrid detectors that collect fluorescence signal from SYTO 9
(500–550 nm) and PI (600–700 nm), which were given pseudo colors in
the images, was used for this study.

2.7. In vitro cell biocompatibility

Following other reports [56,57], NFL implants were sterilized by UV
radiation for 1 h and washed three times with PBS for 5 min prior to any
cell culture experiments. UV-treated samples were occasionally in-
cubated in cell culture medium without antibiotics, which confirmed
their sterility. MC3T3-E1 pre-osteoblast cells (ATCC, Germany) were
cultured in growth medium consisting of α-MEM (Invitrogen, US)
supplemented with 10% fetal bovine serum (FBS, Biowest, France) and
100 units/ml penicillin/streptomycin (Invitrogen). The cells were
seeded onto the implants in a 12-well plate at a density of 2 × 105

cells/well in growth medium at 37 °C, 5% CO2 and 95% humidity. The
biocompatibility of the different NFL implants was evaluated with the
Alamar blue metabolic activity assay over a period of 14 days, by
transferring the implants to a new well and incubating them with 10%
of AlamarBlue Cell Viability Reagent (Thermo Scientific, US) in growth
medium. The fluorescence at 544/590 nm was detected using a Fluor-
oskan Ascent FL multiplate reader (Thermo Labsystems, Finland) after
4 h. The cytocompatibility of the coated implants was evaluated with a
Live-Dead cell staining kit (Molecular Probes, Thermo Scientific, US)
after 7 and 14 days following the manufacturer procedure. Using a
confocal microscope (Leica SP8X, Germany), hybrid detectors collected
the fluorescence signal from live (green) (500–525 nm) and dead (red)
(528–640 nm) cells, which were given pseudocolours in the images. Z-
stack images were processed using Leica LASX acquisition software to
create single maximum projections. The number of live and dead cells
were counted for three images/group using ImageJ software, and their
relative percentages were reported.

To assess changes in cell morphology and cell actin organization,
cells were cultured on the NFL implants in growth medium for 7 days.
Samples were fixed with 4% formalin and permeabilized with 0.2%
Triton X-100 (Sigma, Germany) in PBS. Subsequently, the cells were
stained with tetramethylrhodamine B isothiocyanate (TRITC)-labeled
phalloidin (2.5 μg/ml, Sigma, Germany) to reveal the cytoskeletal or-
ganization of actin filaments and DAPI (2 μg/ml, Abcam, UK) to stain
nuclei. Then, the samples were imaged by confocal microscopy (Leica
SP8X, Germany) in which hybrid detectors collected the fluorescence
signals from DAPI (405–480 nm) and phalloidin-TRITC (532–575 nm),
which were given pseudo colours in the images. The cell orientations
were colour coded and the orientation index was quantified using the
Orientation J plugin (biomedical imaging group EPFL, Switzerland) in
ImageJ software for three images per group.

2.8. Statistical analysis

Data are presented as mean ± standard deviation. Statistical
analyses were conducted using SPSS (version 17, IBM Corporation, US).
The Shapiro-Wilk test was used to test normality of the data distribu-
tion. The two-tailed student's t-test or one-way ANOVA with Tukey's
post-hoc test was used for parametric data, while the Mann Whitney U
test was used to evaluate the nonparametric fiber diameter data. A P
value of 0.05 was used as a threshold for statistical significance. To
determine the antibacterial efficiency, statistical analyses were per-
formed on the log-transformed CFU data. ⁎p < .05; ⁎⁎p < .01;
⁎⁎⁎p < .001.
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3. Results

3.1. Nanofiber-filled lattice (NFL) structure

To optimize the sustained release kinetics of Rif and Van, a custom-
built SES set-up was used to produce NFL implants composed of PCL
and PLGA (Fig. 1, and Materials and methods). It was found that the
Van and Rif release profiles could be tuned by selecting the appropriate
drug-polymer combination. The combination of PCL/Van and PLGA/Rif
resulted in a more sustained drug release than the PCL/Rif and PLGA/
Van counterparts (Fig. 2a). In both polymer formulations, Van was
released more rapidly than Rif, most likely due to the more hydrophilic
character of Van compared to Rif. For these specific drug-polymer
combinations, the drug release profiles depended on the drug content;
the most gradual drug release over a period of 42 days was achieved by
incorporation of 30 mg/ml Van in PCL and 30 mg/ml Rif in PLGA
(Fig. 2b).

The nanofiber characteristics were analyzed before and after drug
loading. Loading 30 mg/ml Van in PCL did not affect the fiber diameter
(Fig. 3a, b), whereas loading 30 mg/ml Rif in PLGA significantly de-
creased the fiber diameter as compared to PLGA-alone nanofibers
(Fig. 3a, c). The negligible effect of Van loading on the fiber diameter
offers advantages, as it allows for a higher drug load, while the in-
creased surface area-to-volume ratio preserves the interfacial adhesion
strength between the nanofibers and the substrate [58,59].

Hydrophobicity of the NFL implants was measured via the initial
water contact angle. This was similar for PCL and PLGA, and there were
no significant changes after loading either Van or Rif (Fig. 3d). This

indicates that incorporation of these two drugs did not affect the overall
hydrophobicity of PCL and PLGA fibers significantly, even though Van
and Rif are known as large hydrophilic and hydrophobic molecules,
respectively [60,61]. The results agree with other reports showing
contact angles for PCL between 90° and 130° [38,62,63] and for PLGA
between 110° and 130° [64–66].

The presence of Van and Rif in the nanofibers was confirmed by
ATR-FTIR. The presence of Van in PCL/Van nanofibers was corrobo-
rated by the appearance of a peak at 3284 cm−1 (CeH) (Fig. 3e) and
the presence of Rif in PLGA/Rif nanofibers by the appearance of a peak
at 2880 cm−1 (CeH) (Fig. 3f). Although the peak assigned to PLGA at
2850–3000 cm-1 (due to CH vibration) [67] shows overlap with the
peaks of Rif (due to CH3, CH2 and CH vibration) [68] in the FTIR
spectrum of PLGA/Rif, the change in the intensity of the peak was able
to show the successful incorporation of Rif in PLGA. The Van and Rif
loading changed the mechanical properties of PCL and PLGA-electro-
spun nanofibers by decreasing the elongation of PCL and PLGA, re-
spectively (Fig. 3g). Van loading reduced the stiffness of PCL, as mea-
sured via Young's modulus, while Rif loading increased the stiffness of
PLGA (Fig. 3h).

3.2. Coating durability

To preserve the integrity of the nanofiber assembly after surgical
implantation, the developed structures should withstand the mechan-
ical shear forces posed upon it during handling and press-fit insertion
into bone [69]. It was hypothesized that the development of nanofiber
coatings into lattice surface structures could improve the coating

Fig. 2. In vitro antibiotics release profiles as determined by ultra-high performance liquid chromatography (UHPLC). (a) Cumulative release of Van and Rif loaded in
PCL or PLGA nanofibers. (b) Cumulative release of Van and Rif from PCL/Van and PLGA/Rif nanofibers for different amounts of loaded drugs. Error bars depict
mean ± SD (n = 3).
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durability in the NFL implants. Indeed, gross examination of implants
after press-fit implantation in cadaveric bone and immediate removal
showed delamination of the coating for nanofibers electrospun on solid
Ti rods, whereas no damage was observed for the NFL implants
(Fig. 4a). The lattice structure was particularly effective in preserving
the nanofiber architecture when using multilayer nanofiber structures
(Fig. 4b). Using fluorescently-labeled polymers for electrospinning, it
was found that the multilayer assembly on the solid implant peeled
back during bone insertion into the bone cavity space. In contrast, the
nanofibers remained intact within the NFL implants (Fig. 4c). The re-
sults showed that the attachment strength between the nanofiber layer
and Ti was improved in the NFL implants. Thus, the lattice structures in
the NFL implants not only act as a drug depot for the nanofiber as-
sembly, but also as protective areas to prevent mechanical delamina-
tion.

3.3. In vitro antibiotic release profile

To simultaneously address the possibilities of early and delayed
infections, we aimed for combinatorial antibacterial efficacy supported
by a customized release of Van and Rif. For this purpose, the random

blending of nanofibers containing Van or Rif was deemed in-
appropriate, as it would not yield a distinctive release profile of the
respective drugs. Therefore, after a series of optimizations, two com-
binatorial drug-laden nanofiber structures, i.e. core-shell and bi-layered
composites, were electrospun onto the implants to further tailor the
drug release behavior. For the bi-layered structure, PCL/Van was as-
sembled directly on the implant surface to form an inner layer, and
PLGA/Rif was applied to form a surrounding outer layer, denoted as the
bi-layered structure (Fig. 5a). The PLGA/Rif nanofibers were included
as the outer layer in the bi-layered structures considering the better
stiffness properties (Fig. 3g) beneficial for stem cell differentiation and
proliferation [40,70], and the observation that the adhesion and dif-
ferentiation of bone cells (osteoblasts) is superior on substrates with
higher stiffness [71,72]. At the same time, using PLGA/Rif as an outer
layer in the bi-layered structure is thought to prevent the burst release
of Van and increase the longevity of the antibacterial effect. For the
core-shell structure, a single layer was electrospun onto the implants
using nanofibers composed of PCL/Van in the core and PLGA/Rif in the
shell (Fig. 5b).

The two coating structures produced distinct drug release profiles
(Fig. 5c and d). Quantitatively, more than 95% of Van and 80% of Rif

Fig. 3. Characterization of PCL, PLGA, PCL/Van and PLGA/Rif nanofiber structures. (a) SEM images of the nanofiber structure topographies. (b-c) Size distribution of
the nanofiber diameters (n = 100 fibers/sample). (d) Water contact angles of the nanofiber structures (n = 5). (e) FTIR spectra of PCL and PCL/Van nanofiber
structures. (f) FTIR spectra of PLGA and PLGA/Rif nanofiber structures. (g) Strain-stress curves of nanofiber structures (n = 5). (h)Young's modulus of nanofiber
structures. Data are represented as the mean ± SD.
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Fig. 4. Ex vivo bone implantation and integrity of electrospun nanofibers on solid and lattice structured implants. (a) Stereo microscope images, with arrows showing
the fiber damaged during implantation. (b) Cross-sectional overview of lattice-structured implants with bi-layered nanofiber assembly before and after bone im-
plantation as visualized by fluorescence microscopy. PCL/Van was labeled with FITC and PLGA/Rif was labeled with rhodamine B. (c) Methylene blue/basic fuchsin
staining (top) and confocal imaging (bottom) of solid and lattice structure with and without bi-layered nanofiber assembly showing the implant positioning and
coating integrity relative to the surrounding bone (pink). PCL/Van was labeled with FITC and PLGA/Rif was labeled with rhodamine B. Arrows highlight peeled-back
coating after implantation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were released within 7 days from the core-shell coating. Moreover, for
the core-shell coating, most of the drug release occurred already in the
first day, followed by additional release extending until day 14. This
burst release profile produced by the core-shell structure may be due to
either two phenomena: 1) mixture of the drug solution in the core and
shell during electrospinning, and/or 2) imperfections in the core–shell
structure leading to enhanced drug diffusion from the core to the shell
[73]. In comparison, in the bi-layered structure, the application of
PLGA/Rif as an outer layer led to more sustained Van release from the
PCL/Van inner layer, without influencing the sustainability of the Rif
release. Hence, only 50% of Van and 25% of Rif were released from the
bi-layered coatings over a period of 14 days. Moreover, after an initial
burst release of Van and Rif on the first day, a slower and more con-
trolled drug release was seen extending over 42 days. In fact, only
62.52 ± 1.79% and 79.59 ± 3.3% of the total Rif and Van had been
released during the evaluation period of 42 days, respectively. Based on
the bi-phasic release seen for Rif, its sustained release can most likely be
explained by a shift in drug-release mechanisms, that is, drug diffusion
in the first 3 weeks, followed by both drug diffusion and PLGA de-
gradation from thereon. Taken together, the bi-layered structure
showed a superior sustained release behavior than the core-shell
structure over a period of 6 weeks and was therefore tested for its
durability upon implantation and its ability towards prolonged bac-
terial growth inhibition in vitro.

3.4. In vitro antibacterial behavior

The antimicrobial activity of the developed NFL implants against
Staphylococcus aureus (S. aureus) was determined. All groups containing
Van and/or Rif reduced both the planktonic and implant-adherent
bacteria by at least 100-fold up to 28 days as compared to groups
without antibiotics (Fig. 6a, b). The combinatorial delivery of Van and
Rif from the bi-layered structure showed enhanced antibacterial effect
as compared to the PCL/Van or PLGA/Rif single layers. Only the bi-
layered implants demonstrated complete eradication of adherent bac-
teria, which was limited to the first week. In addition, a significant
antibacterial effect towards planktonic and implant-adherent S. aureus
was only seen at day 42 in the bi-layered implants. The enhanced an-
tibacterial effect at day 42 was due to a synergistic bactericidal activity
of Rif and Van against both planktonic and adherent S. aureus. In
agreement, the bacterial live/dead assay demonstrated mostly non-vi-
able bacteria in the Van and Rif groups after 24 h, whereas bacterial
colonization was seen in groups without antibiotics (Fig. 6c). In the bi-
layered group, not even dead bacteria were observed, suggesting a lack
of initial bacterial adhesion after 24 h, and which confirms the previous
quantification of surviving bacteria (Fig. 6b).

Antibacterial activity was also investigated by measuring the zone
of inhibition (ZOI) around implants on contaminated agar plates. The
Rif-loaded nanofibers showed the largest ZOI at all time points, with no
decrease of the ZOI over time (Fig. 6d). In contrast, the ZOI in the PCL/
Van group was maximal at day 1 and diminished at later time points.
The ZOI method did not show a higher antibacterial effect of the bi-

Fig. 5. Various assemblies of drug-laden NFL implants and in vitro antibiotics release profiles. (a) Schematic illustration of the bi-layered NFL, composed of PCL/Van
as an inner layer and PLGA/Rif as an outer layer. (b) Schematic illustration of the core-shell NFL, composed of PCL/Van in the core and PLGA/Rif in the shell of
nanofibers. TEM was used to verify the core-shell structure. (c-d) Cumulative Van (c) and Rif (d) release from three different NFL structures during 6 weeks as
determined by UPLC. Data are presented as the mean ± SD (n = 3).
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layered structure as compared to the PLGA/Rif single layer, contrasting
the observations made for planktonic bacterial killing (Fig. 6a, b). This
could be due to the different antibiotic release or subsequent diffusion
through the agar plates, underestimating the actual effects that would
occur in an aqueous environment or at the site of infection [74,75].

Together, these results suggest a superiority of the bi-layered
structure in bacterial killing as compared to single layer structures,
covering not only immediate, but also extended antibacterial effec-
tiveness up to 42 days. The extended antibacterial response most likely
stems from the bi-phasic release observed for Rif, with secondary rapid
release of Rif starting after approximately 20 days (Fig. 5d and 6e).

3.5. In vitro cell viability, proliferation, and morphology

Orthopedic implant surfaces should support the adhesion and
overgrowth by bone cells. Using a qualitative live-dead assay, it was
found that MC3T3 osteoblast precursor cells adhered and spread
homogeneously on all NFL implants, with full coverage observed after
14 days (Fig. 7a). The low percentage of dead cells indicated no adverse
effect of the NFL implant on cell viability, irrespective of the drug
loading (Fig. 7b). The cytocompatibility of the different structures was
confirmed with the quantitative Alamar blue assay, showing a steadily
increasing total metabolic activity over a period of 14 days (Fig. 7c). At
day 14, a significantly lower metabolic activity was seen for the non-
coated and PCL samples as compared to all other groups, indicating that
coating improves osteoblast proliferation or metabolic activity (Fig. 7c).
When comparing the actin organization in cells seeded onto bi-layered
and non-coated implants, the bi-layered group demonstrated a more
highly organized orientation (Fig. 7d) and an actin orientation index of
4.6 times higher than non-coated implants (Fig. 7e and f). This finding
agrees with other reports showing that actin stress fibers are extended
preferentially in line with the nanofiber orientation, and which follows
the premise that cell filopodia tend to orient along the direction of the
features and determine cytoskeleton orientation [76,77]. The excellent
cytocompatibility of the NFL implants could therefore be in part ex-
plained by its extracellular matrix like-texture and the effect on cell
contact guidance, which could modulate cell morphology, integrin ex-
pression, and spreading and differentiation to promote implant-bone
integration [78].

4. Discussion

In light of the current clinical challenges to prevent IAI, electro-
spinning was employed to develop a novel coating structure with
combinatorial antibacterial activity. Using Van and Rif as model drugs,
we found that the deposition of a bi-layered nanofiber composition onto
a microporous lattice structure was a feasible approach to 1) extend the
period in which drug concentrations are high enough to be effective,
showing for the first-time antibacterial efficacy in vitro for 6 weeks, and
2) improve the resistance to coating delamination during surgical im-
plantation without the need of an additional heat or chemical treatment
step.

A major drawback of currently approved local antibiotic delivery
systems in orthopedic practice, such as poly(methyl methacrylate)
spacers or beads, is that they have been optimized to release a single
antibiotic [11], whereas clinically, combinatorial drug delivery has
proven to be more effective for bacterial eradication [21]. Rif was
chosen as the first antibacterial drug considering its high effectiveness
to prevent and eliminate staphylococcal IAI [24,79,80]. Importantly, the

use of Rif alone is a double-edge sword because Rif monotherapy yields
a high risk of resistance development, which hampers its widespread
use as prophylactic agent for IAI [25]. Moreover, current evidence in-
dicates that Rif's bactericidal effects are enhanced when combined with
other antibiotics [21], opting this to be further explored in a local de-
livery system. We selected Van as a companion drug for Rif because it is
the recommended antibiotic for MRSA, a common and difficult-to-treat
pathogen in IAI [81]. Secondly, it was hypothesized that, due to their
distinct physical properties, the combination of Rif and Van in the
hydrophobic PLGA/PCL bi-layered structure coating would lead to
more readily tunable and/or sustainable release profiles. Using this
approach, we demonstrated an enhanced antibacterial effect of the bi-
layered structure as compared to the PCL/Van or PLGA/Rif single layers
at both early and delayed time points. Moreover, after 42 days, a sy-
nergistic bactericidal activity of the [PCL/Van]/[PLGA/Rif] bi-layered
structure was found against planktonic and implant-adherent S. aureus.
This finding strengthens the literature that has hinted towards a sy-
nergistic bactericidal effect of Van and Rif in vitro [82,83] and in vivo
[84,85]. Together, this shows that electrospun bi-layered composites
could be a strategy to achieve local inhibitory antibiotic concentrations
over a longer time, which in turn reduces the chance of antibiotics
resistance. In the future, other promising drug combination for IAI
prevention could be investigated in the bi-layered coating, including
antimicrobial peptides [86] or immunomodulatory agents [87,88].

Since the available antibacterial hydrogel coatings rapidly resorb
and only protect against early infections [89,90], several attempts have
been made to use electrospun coatings as an antibiotic delivery system
to prevent IAI [35,44,91]. However, none of these reports present a
sustained antibacterial strategy that could cover both an early and
delayed onset of infection. In the design of an improved composite
coating, we considered several important parameters such as the i) type
of polymer, ii) drug physiochemical properties, iii) drug–polymer in-
teraction and iv) electrospinning processing parameters [26]. As de-
picted in Fig. 8, the resulting [PCL/Van]/[PLGA/Rif] bi-layered com-
posite showed a bi-phasic release profile with both early and delayed
antibacterial action (Fig. 8c), which single-layer coatings did not
(Fig. 8a, b). Despite the high S. aureus inoculation dose, the developed
[PCL/Van]/[PLGA/Rif] bi-layered composite protected fully against
biofilm formation during the first week (Fig. 6b). Based on the “race for
the surface” theory [92], inhibition of bacterial adherence during this
critical time span will allow early tissue formation which further re-
duces the likelihood of implant infection (Fig. 8c). Moreover, due to the
extended release profile associated with the bi-layered nanofiber com-
posite, an antibacterial action was sustained for at least 6 weeks in vitro.

The current coating can be considered highly tunable, as changes in
type of polymer (PCL and PLGA), antibiotics (Van and Rif) and elec-
trospun structures (simple and core-shell nanofibers), all provide op-
portunities to tailor the drug release profile to combat early and/or
delay IAI. We propose that the specific drug-polymer interaction, in
conjunction with the bi-layered composite, underlies the observed ex-
tended antibacterial effectiveness (Fig. 8). These two parameters are
critical for extending the period during which inhibitory drug con-
centrations are sustained, collectively resulting in a superior system
than the reported use of single nanofiber or basic co-spinning strategies
[44]. First, the drug release from polymeric nanofibers is attributed to
the drug diffusion and degradation rate, as well as the chemical struc-
ture of the chosen polymers [28]. In the case of polymer chemical
composition, the release rate of hydrophobic polymers, such as PCL and
PLGA, can range from days to months, and is determined by a

Fig. 6. In vitro antimicrobial activity. (a-b) Quantification of CFU surviving 24 h incubation with antibiotics released from NFL implants at various timepoints,
determined for both adherent (a) and planktonic-grown (b) bacteria. Data are represented as the mean ± SD and (n = 3). (c) Bacterial live-dead staining 24 h after
bacterial inoculation at day 1 (as in (a) and (b)). Live bacteria were stained with Cyto9 (green) and dead bacteria were stained with propidium iodide (red). (d)
Bacterial growth inhibition at different time points. (e) Schematic representation of the proposed bactericidal activity of the bi-layered NFL implants against early
and delayed infection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cytocompatibility of the drug-laden NFL implants. (a) Live-dead staining performed on pre-osteoblast cells cultured on the NFL implants (scalebar = 500 μm).
(b) Quantification of live-dead staining after pre-osteoblast cell culture on NFL implants. (c) Alamar blue quantification of metabolic activity after pre-osteoblast cell
culture on NFL implants. d) Phalloidin (actin)/DAPI (DNA) staining of bi-layered NFL structured and empty latticed structure implants with pre-osteoblast cells (left).
Images were also colour coded based on the actin orientation (right). (e) Degree of cellular actin alignment occurring on bi-layered NFL structured and empty lattice
structured implants. (f) Orientation index of cellular actin. Data are presented as the mean ± SD (n = 3). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Schematic illustration of the bactericidal effect and drug release of Vancomycin-laden (a), Rifampicin-laden (b), and Vancomycin/Rifampicin bi-layered (c)
NFL implants with respect to early and delayed onset infection. The schematic is based on the drug release curves shown in Figs. 2 and 5, and the CFU data shown in
Fig. 6b.
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combination of drug diffusion processes, as well as polymer degrada-
tion mechanisms [43]. We showed that the combination of a hydro-
phobic polymer (PCL) with a hydrophilic antibiotic (Van), and another
hydrophobic polymer (PLGA) with a hydrophobic antibiotic (Rif) en-
abled us to tune their release behavior in a wide timespan. Accordingly,
PCL, as a semi-crystalline polymer, can be used for sustained release of
hydrophilic drugs, such as Van due to the slower rate of water diffusion
into the biomaterial [44,45], whereas the controlled release of Rif from
PLGA is explained by the high molecular weight of Rif and the stronger
hydrophobic − hydrophobic interactions between PLGA and Rif [18].
Second, the drug loading plays a key role in the drug dispersion and
release behavior [93]. On the one hand, a minimal amount of Van is
needed for its sustained antibacterial efficiency. On the other hand, an
increase in Van concentration creates an acidic environment and causes
PCL swelling, followed by water diffusion into the matrix [94]. This in
turn results in a higher degradability of PCL and a burst release of Van
(Fig. 2b). Hence, an intermediate Van loading (30 mg/ml) was found to
be optimal in the current study. In the case of Rif, higher concentrations
changed the fiber shape during the electrospinning process and were
therefore avoided (Fig. 2). Third, the combinatorial effects of Van and
Rif were further modulated by applying either a bi-layered or core-shell
composite structure (Fig. 5a). In the bi-layered structure, using PLGA/
Rif as an outer layer is thought to prevent the burst release of Van and
increase the longevity of the antibacterial effect (Fig. 5b). In core-shell
structures, however, mixing of the core–shell drug solution during
electrospinning and also defects in the core–shell structure led to dif-
fusion of drugs from the core to the shell. These can result in a burst
release of drugs encapsulated in the core [95]. It can be concluded that
neither the use of different polymers, nor converging different additive
manufacturing techniques could resolve the core-shell structure im-
perfections issue and it is necessary to perform further research on
different polymers to find an optimal approach.

In the cadaveric implantation model, we showed proof-of-concept
that the coating on the NFL implants could resist press-fit insertion,
while preserving the developed multi-layer coating architecture. We
hypothesized that this NFL implant design was needed, as clinical ex-
perience teaches us that the typical forces exerted on the implant sur-
face during press-fit implantation are excessive, even causing failure the
metal or bone [7,96], and which would certainly remove any coating.
In order to produce a durable coating, heat treatment of electrospun
PCL coatings has previously been proposed [44]. As a limitation of this
method, loss of activity of heat-sensitive antibiotics cannot be excluded
[97], and moreover, this approach is not suitable for protein in-
corporation as they are prone to denaturation at increased temperature.
There are two mechanisms by which the NFL implant design creates a
durable coating, without needing heat or chemical treatment. First, the
presence of a micro-porous surface is thought to enhance the mechan-
ical interlock between polymers and metals, as surface topography is a
major factor providing adhesion strength [98]. This could explain the
higher resistance of the NFL coating to delamination as we observed.
Second, the NFL provides ‘protective’ areas for bulk material of drug-
loaded polymer, acting as a long-term drug depot. The latter char-
acteristic is particularly important when using roughened implant
surfaces, as they will be exposed to even higher shear fixation strengths
than smooth surfaces [99]. Moreover, this is important to preserve the
multi-layer design as used here. The current NFL implant design could
be applied as an outer layer on implants, but is also compatible for
entirely porous implants, including additively-manufactured ortho-
pedic implants designed to match the mechanical properties of native
bone [100] or new classes of porous metal bone substitutes [101,102].
In addition to the coating durability, a long-term bio-stability is another
important coating property. In the current study, we found that drug
elution was still ongoing after 42 days, at which point approximately
40% and 20% of the total Rif and Van, respectively, was still retained in
the coating. The total bio-degration time of the developed structures
was not quantified, as it has already been reported numerously that

similar PCL or PLGA nanofiber structures have bio-degradation times of
several months [103,104]. In agreement, our preliminary results show
that the developed structures have at least 28 days bio-stable and drug-
eluting properties in vivo (not shown). As part of these in vivo studies, it
is currently investigated if this also renders the implants with the ability
to prevent late orthopedic infections.

5. Conclusion

A bi-layered electrospun coating was applied onto 3D-printed Ti
implants with a lattice geometry with the goal of obtaining a combi-
natorial and sustainable antibiotics release profile to surpass the acute
postoperative period. The specific drug-polymer interaction, in combi-
nation with the bi-layer structure, in this approach was found to be
critical for extending the inhibitory drug concentrations, showing for
the first-time antibacterial efficacy for more than 6 weeks. The co-de-
livery of Rif and Van from the bi-layered structure demonstrated a
combinatorial effect in terms of bactericidal activity. The nanofiber-
filled lattice strategy that was employed resulted in a high durability of
the coatings after surgical implantation. The current technology can be
used to develop tunable coatings for various metallic implantable de-
vices when drug release is required over a period of weeks, including
but not limited to the delivery of multiple antimicrobial agents. In the
future, the technology can be extended towards multifunctional coat-
ings for sequential release of antibacterial as well as osteoinductive
agents to render the orthopedic implants with a complete performance.
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