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A B S T R A C T

Additive manufacturing has facilitated fabrication of complex and patient-specific metallic meta-biomaterials
that offer an unprecedented collection of mechanical, mass transport, and biological properties as well as a fully
interconnected porous structure. However, applying meta-biomaterials for addressing unmet clinical needs in
orthopedic surgery requires additional surface functionalities that should be induced through tailor-made
coatings. Here, we developed multi-functional layer-by-layer coatings to simultaneously prevent implant-asso-
ciated infections and stimulate bone tissue regeneration. We applied multiple layers of gelatin- and chitosan-
based coatings containing either bone morphogenetic protein (BMP)-2 or vancomycin on the surface of selective
laser melted porous structures made from commercial pure Titanium (CP Ti) and designed using a triply periodic
minimal surface (i.e., sheet gyroid). The additive manufacturing process resulted in a porous structure and met
the the design values comparatively. X-ray photoelectron spectroscopy spectra confirmed the presence and
composition of the coating layers. The release profiles showed a continued release of both vancomycin and BMP-
2 for 2–3 weeks. Furthermore, the developed meta-biomaterials exhibited a very strong antibacterial behavior
with up to 8 orders of magnitude reduction in both planktonic and implant-adherent bacteria and no signs of
biofilm formation. The osteogenic differentiation of mesenchymal stem cells was enhanced, as shown by two-
fold increase in the alkaline phosphatase activity and up to four-fold increase in the mineralization of all ex-
perimental groups containing BMP-2. Eight-week subcutaneous implantation in vivo showed no signs of a foreign
body response, while connective tissue ingrowth was promoted by the layer-by-layer coating. These results
unequivocally confirm the superior multi-functional performance of the developed biomaterials.

1. Introduction

Meta-biomaterials are rationally designed and topologically complex
porous structures with rare or unprecedented combinations of mechanical,
physical, and biological properties [1–3]. Similar to the other types of

designer materials such as mechanical [4–6] and acoustic [7–9] meta-
materials, the unusual large-scale properties of meta-biomaterials is a di-
rect consequence of their complex small-scale topological design. This
complexity also necessitates the use of free-form fabrication techniques
such as additive manufacturing (AM=3D printing) [10–12].
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Fig. 1. CAD drawings of the gyroid porous structure used as input for the AM process (a). Schematic illustration of the layer-by-layer coating process (b–c) and the
resulting surface layers (d).
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Topologically complex biomaterials can be made from a variety of
materials, including polymers [13–15] and metals [16–20]. For skeletal
applications, however, metals offer unique advantages, including bone-
mimicking mechanical properties [21,22], bone-mimicking mass
transport properties [23,24], and long fatigue lives [25]. The recent
advances in AM techniques have enabled the AM of meta-biomaterials
from a wide range of both non-biodegradable [26,27] and biodegrad-
able metals [28,29]. Moreover, the rate of biodegradation of meta-
biomaterials is known to be adjustable by topological design [30],
particularly because the exposed surface area and the transport of fluid
and biodegradation products are highly topology-dependent. All these
favorable properties, in conjunction with a fully-interconnected porous
structure, are highly beneficial for enhancing the regenerative perfor-
mance of bone substitutes and for improving the osseointegration of
orthopedic implants, as clearly demonstrated in multiple in vivo ex-
periments [31–33].

In addition to the above-mentioned topology-related properties, AM
meta-biomaterials facilitate the incorporation of additional bio-func-
tionalities by making their hugely increased and highly adjustable
surface area available for surface treatments and coatings that could
welcome drug delivery agents. Bio-functionalization of meta-bioma-
terials has, therefore, been used to enhance the osseointegration of
meta-biomaterials [34,35] and reduce the rate of bacterial coloniza-
tions on implants [36–39]. However, majority of the previous studies
have two major limitations. First, they usually offer only a single
functionality: either enhanced bone regeneration or antibacterial be-
havior. Second, the release kinetics provided have not been precisely
controlled, making it impossible to achieve complex release profiles
that may be required for maximizing the effects of the delivered active
agents.

Here, we aimed to develop a new generation of AM metallic meta-
biomaterials that 1. exploit the many advantages of such materials, 2.
offer multiple functionalities, including enhanced bone regeneration
and infection prevention, and 3. allow for creating bespoke release
profiles of the active agents. Towards that end, we combined a topo-
logical design based on triply periodic minimal surfaces (TPMS) with a
layer-by-layer multi-functional coating. AM meta-biomaterials based on
TPMS design not only exhibit the above-mentioned favorable properties
(e.g., bone mimicking mechanical and transport properties and long
fatigue lives [23]) but also possess a zero mean surface curvature,
which resembles the curvature of trabecular bone [40]. Given the re-
cent reports that surface curvature regulates tissue regeneration
[41–44], TPMS holds great promise for improvement of the bone tissue
regeneration performance of AM meta-biomaterials. On the other hand,
layer-by-layer (LbL) coatings [45,46] were applied to create customized
profiles for the simultaneous release of two types of active agents,
namely a growth factor and an antibiotic. The methodology of LbL is
based on cyclic immersion of the substrate in oppositely charged
polyelectrolyte solutions, leading to the formation of multiple layers on
the surface [47]. The adherence of the layers is driven by electrostatic
interactions. Different intermolecular interactions have been described,
including hydrophobic interactions and covalent bonding [48,49]. An
LbL assembly allows for the sequential release of different biomolecules
from usually dozens but possibly up to hundreds of consecutive layers
[50]. Moreover, the thickness of individual layers formed through the
LbL approach can be tuned within a relatively wide range (i.e., between
a few nanometers to several micrometers). Finally, LBL assemblies can
handle the delivery of drugs and drug carriers ranging in size between
proteins and peptides [51] and micrometer-sized drug carriers [52].
The difference in type and concentration of the active agents in each
layer, thereby allows for the sequential release of antibiotics to kill any
bacteria entering the body peri-operatively and to help the host cells to
win the “the race for the surface” [53]. Once the host cells have won the
race, growth factors are released to encourage the osteogenic differ-
entiation of mesenchymal stem cells (MSC). Furthermore, multiple se-
quential layers could be created on top of each other. It is, therefore,

possible to realize very complex release profiles. Finally, we used al-
ternating layers of negatively and positively charged polymers to en-
hance the adhesion of the different layers through electrostatic forces.

2. Materials and methods

2.1. Topological designs and additive manufacturing

A biomimetic topological design satisfying the three design objec-
tives namely a pore size above 300 μm [54], a high surface to volume
area and a structure to mimic trabecular bone were used. To meet these
criteria, we used a sheet gyroid design, which is defined by the math-
ematical equation “sin(x). cos(y) + sin(y). cos(z) + sin(z). cos(x)= 0″
and was obtained using the 3D surface generator program K3DSurf
(http://k3dsurf.sourceforge.net/) (Fig. 1a). The mechanical properties
of the current implant design has been extensively studied and reported
before [23]. After generating the surfaces, Magics (Materialise, Bel-
gium) was used to generate porous cylinder-shaped parts (in STL
format) with diameters of 10mm and heights of ≈ 4mm. The sheet
thickness of the minimal surfaces was ≈ 370 μm with a pore size (wall
distances) of ≈ 1500 μm. These design parameters resulted in a solid
volume fraction of 27% (i.e., 73% open porosity) and a total surface
area that was ≈ 2.2 times larger than the surface area corresponding to
an equally sized solid cylinder. For AM,commercial pure titanium (CP-
Ti) powder (grade 1, medical grade quality, LPW, UK) with a particle
size in the range of 10−45 μm was used. Using this pure Ti powder, the
porous parts were fabricated via selective laser melting (SLM) technique
using a Mlab cusing machine (Concept Laser, Germany). The main
features of this SLM equipement were as follow: Continuous (CW) fiber
laser of 100W, laser spot size of 50 μm and a wavelength of 1.06 μm.
Also, the process was performed in an inert argon atmosphere with
oxygen contamination of below 0.3%. Other production parameters are
given in Table 1.

2.2. Morphological characterization

The actual porosity of the implants was also measured using micro-
computed tomography (micro-CT; Quantum FX; PerkinElmer,
Waltham, US). The scans were made using a field of view of 10mm and
tube settings of 90 kV and 180mA). The images were converted to the
binary format. The ratio of the black pixels to white pixels was used to
determine the porosity for each following image. In this way, the por-
osity could be determined as a function of the height for each specimen.
The BoneJ plugin (version 1.4.3) in open-source Fiji software was used
to analyze the data [55].

We also measured the porosity of the porous structures through dry
weighing of three cylindrical porous Ti samples (diameter ≈ 10mm,
height ≈ 3.8mm). The total porosity of each specimen, ϕ, was defined
by measuring the apparent density, ρapp, using the volume and weight of
the specimens and the known solid density of Ti (i.e., ρbulk =4510 kg/
m3) as ϕ=1- ρapp/ρbulk.

2.3. Layer-by-layer coating

A layer by layer coating was applied on AM meta-biomaterials

Table 1
Processing parameters used for AM of the porous Ti
specimens.

Laser processing parameters

Laser power, W 42
Scanning velocity, mm/s 180
Hatch spacing, μm 77
Layer thickness, μm 30
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through a multi-step process (Fig. 1b) that resulted in a sequence of
layers deposited on top of each other (Fig. 1c). We used chitosan
(molecular weight= 300 kDa, degree of deacetylation=82%, Sigma-
Aldrich, Germany) and gelatin (source: porcine skin, Sigma-Aldrich) as
the cationic and anionic bases of the coating, respectively. The active
agents included BMP-2 (STEMCELL Technologies, Canada) and vanco-
mycin hydrochloride (Sigma-Aldrich). The other materials included
anhydrous acetic acid (Sigma-Aldrich), Tris-HCl buffer (1:1, Sigma-Al-
drich), and polydopamine powder (Sigma-Aldrich). All reagents were of
an analytical grade. Deionized water was used to wash all glassware
before use. Except for the as-manufactured (AsM) control group, the
specimens belonging to all other groups (Table 2) underwent surface
treatment for 24 h in a polydopamine solution containing poly-
dopamine powder (2mg/mL) in 10mM Tris-HCl buffer (pH=8.5). In
order to create the layer-by-layer structure of the anionic and cationic
polymers on the polydopamine surface-treated specimens, the fol-
lowing steps were followed: preparing gelatin (Gel, 5 mg/mL) in PBS
(pH=5) and chitosan (Chi, 5 mg/mL) in 0.3% acetic acid (pH=5)
solutions to respectively load BMP-2 (25 μg/mL) and vancomycin
(0.5 mg/mL) in their carriers, followed by 15min stirring prior to
coating. The coating process included the immersion of the porous Ti
disks in Gel/BMP-2 solution (1mL) for 15min. Then, the specimens
were rinsed with ultrapure water for 5min. The disks were subse-
quently immersed in the Chi/Vanco solution (1mL) and incubated for
15min, followed by the same rinsing procedure. Finally, the specimens
were rinsed for 5min in 1mL of ultrapure water and air dried. The same
procedures were followed for specimens of the other groups, which
ultimately resulted in the active agent loading profiles (Fig. 1d). In
short, three additional control groups were created where 5 empty
gelatin/chitosan bilayers were loaded (group [-/-]), where BMP-2 was
present in the gelatin layers, but the chitosan layers were empty (group
[BMP/-]), and where the gelatin layers were empty, but vancomycin
was present in the chitosan layers (group [-/Vanco]).While the [BMP/
Vanco] group contains both BMP-2 and Vancomycin in their respective
layers, the [BMP/−]/[−/Vanco] group does not have the counterpart
drug in each bilayer which led to 10 bilayers in total. The latter group
was included to have the same amount of drug as the [BMP/Vanco]
group, but as such, to provide a more sequential drug release profile. A
summary of the specifications of all experimental groups is presented in
Table 2.

2.4. Surface characterization

The morphology of the coatings was visualized using a scanning
electron microscope (SEM, NovaNano, FEI, US) after gold sputtering for
30 s to make the specimens conductive. In order to choose the re-
presentative images of the coated specimens, several regions of the
implant surface were quasi-randomly selected for inspection. The in-
spected locations showed different morphologies of which the images
showing some of the recurrent patterns were chosen as the re-
presentative images.

The surface chemistry of coatings was analyzed using survey and

high-resolution X-ray photoelectron spectroscopy (XPS). The spectra
were obtained using a SPECS FlexMod spectrometer (Berlin, Germany)
equipped with an MCD9 electron detector and a hemispherical analyzer
(PHOIBOS 150). The X-ray monochromatic source (Al Kα,
hv=1486.7 eV) was operated at a power of 200W (10 kV, 20mA). The
base pressure was always below 5×10−8 mbar, and the take-off angle
was 90°. High resolution was used to acquire the C1s spectra. High-
resolution C1s spectra were compiled using pass energies of 30 and
20 eV and resolutions of 0.5 and 0.1 eV, respectively. Dedicated soft-
ware (CasaXPS version 2.3.1, producer) was used for the calibration of
the spectra, fitting the curves, and calculation of the atomic con-
centrations.

2.5. In vitro release

The specimens from different groups were submerged in 500 μL PBS
(pH=7.4) and incubated at 37 °C. The PBS was refreshed on days 1, 7,
14, and 28. The concentrations of BMP-2 and vancomycin in the sam-
ples at indicated time points were measured to calculate the cumulative
release profiles. The concentration of BMP-2 was determined with an
enzyme-linked immunosorbent assay (ELISA) kit for human BMP-2
(Peprotech Ltd, London, UK). The concentration of vancomycin was
measured through ultra-performance liquid chromatography (UPLC)
using an ACQUITY UPLC H-Class PLUS Bio system (Waters Corporation,
US) equipped with a BEH C18 Column (1.7 μm, 2.1 mm×50mm,
Waters). A mobile phase mixture was used consisting of water and
acetonitrile, both mixed with 0.1% trifluoroacetic acid. The samples
were eluted at a flow rate of 1mL/min at ambient temperature using a
linear gradient elution program of 85% water to 60% acetonitrile. The
absorbance was measured at 233 nm using a photodiode array detector
(PDA) (Waters 2996, Waters, Canada). Results were analyzed using the
software accompanying the PDA detector (Eaters Empower 3 Pro,
Waters, Canada).

2.6. Antibacterial assay

A Staphylococcus aureus strain (49230, ATCC, US) that is derived
from an osteomyelitis patient [56] was used to assess the antibacterial
activity of our biomaterials. Specimens (n=3) from each experimental
group were brought in contact with fresh tryptic soy broth (TSB)
medium supplemented with 1% bacterial glucose suspension in the
mid-log growth phase (OD600=0.01,± 107 bacteria/mL). The con-
tainer was then kept at 37 °C for 24 h while being continuously stirred
atop a shaker. The specimens aimed for the later time points (i.e., 7 and
14 days) were stored in PBS until the day preceding the bacterial
quantification (i.e., for 6 and 13 days). The numbers of both planktonic
and adherent bacteria were quantified using plate counting of the
colony forming units (CFUs) in serial dilutions of the bacterial sus-
pension. In the case of planktonic bacteria, a sample of the incubation
medium was taken. As for the adherent bacteria, we first used PBS to
rinse the specimens three times before transferring them to fresh PBS
and 1min sonication. The supernatant was used for CFU determination
using the same technique as mentioned above.

The samples contaminated with the bacterial suspension were in-
spected using SEM (JEOL JSM- 6500 F, Japan) after a fixation and de-
hydration process as detailed below. We used PBS to wash the speci-
mens three times, followed by 2 h of fixation using 2% glutaraldehyde
at 4 °C. The dehydration process was performed by immersing each
specimen in the following series of solutions, all 5 min per step: 25%
ethanol (EtOH), 50% EtOH, 75% EtOH, and 90% EtOH, two times
100% EtOH, 50% EtOH/hexamethyldisilazane, and 100% hexam-
ethyldisilazane. Before SEM inspection, the specimens were dried
overnight at room temperature and made conductive by gold sputtering
to a thickness of 1 nm.

Table 2
Specifications of the five different experimental groups evaluated in the current
study.

Group Layers BMP-2 Vanco Bilayers

AsM N/A
[−/−] Gel/Chi – – 5
[−/Vanco] Gel/Chi-Vanco – 0.5mg/mL 5
[BMP/−] Gel-BMP-2/Chi 25 μg/mL – 5
[BMP/Vanco] Gel-BMP-2/Chi-

vanco
25 μg/mL 0.5mg/mL 5

[BMP/−]/[−/Vanco] Gel-BMP-2/Chi Gel/
Chi-vanco

25 μg/mL 0.5mg/mL 10
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2.7. MSC isolation and culture

Bone marrow samples were harvested from a total of three patients
that underwent orthopedic surgery at the University Medical Center
Utrecht (Utrecht, The Netherlands). Written informed consent was
given by the patient, after approval of the institutional medical ethics
committee. For isolation of MSCs, the mononuclear cell fraction was
obtained by Ficoll-Paque centrifugation and cultured for 48 h in growth
medium consisting of α-MEM (Invitrogen, CA, USA) supplemented with
100 units/mL Pen Strep antibiotics (Invitrogen), 10% (v/v) Fetal
Bovine Serum, and 0.2mM L-ascorbic acid 2-phosphate (Sigma-
Aldrich). The plastic-adherent cells within were expanded to passage 5.
The osteogenic differentiation medium (ODM) consisted of normal
growth medium containing dexamethasone (10 nM, Sigma-Aldrich) and
beta-glycerophosphate (10mM, Sigma-Aldrich). MSCs were seeded
onto the samples in 48 well plates (2×105 cells/500 μL) and cultured
in a humidified incubator (37 °C, 5% CO2). The medium was refreshed
every fourth day of the culture period.

2.8. Cell viability assays

The cell metabolic activity was quantified over a period of five days
following incubation with AlamarBlue Reagent (Thermo Scientific MA,
USA). The fluorescence signal was read with a multiplate reader
(Fluoroskan Ascent FL, Thermo Labsystems, Helsinki, Finland). The
amount of DNA was determined using the Quant-It PicoGreen kit
(Invitrogen, CA, USA) following the instructions of the manufacturer.
The cell adhesion and survival on the implants after 24 h was assessed
using a live & dead cell viability staining (Molecular Probes, Thermo
Scientific, MA, USA) as specified by the manufacturer. Samples were
imaged on the IX53 fluorescence microscope (Olympus, Tokyo, Japan).
Both experiments were performed in triplicate. Calcein (live cell signal)
was viewed with a fluorescein bandpass filter, whereas ethidium
homodimer (dead cell signal) was viewed with a filter for propidium
iodide. Autofluorescence of the Ti discs was excluded by the inclusion
of non-cell seeded discs.

2.9. Osteogenic marker expression

All experiments were performed in triplicate. The activity of alka-
line phosphatase (ALP) was determined at day 10 in the MSCs cultured
in the growth medium. The samples were lysed in 0.2% Triton X-100/
PBS for 30min. A sample was taken to measure the ALP activity ac-
cording to the conversion of p-nitrophenyl phosphate (pNPP, Sigma
FAST pNPP tablets, Sigma-Aldrich). The absorbance values measured at
405/655 nm (Bio-Rad plate reader, CA, US) were normalized to the
DNA values measured using the Quant-It PicoGreen kit (Invitrogen).

To assess the amount of calcium deposition, the MSC-seeded spe-
cimens were cultured in ODM for 14 days. The specimens were fixated
in 4% formaldehyde and stained with 0.2% (w/v) Alizarin Red S (ARS)
(pH=4.2, Sigma-Aldrich) for 60min. The samples were washed
5× 5min with PBS and subsequently treated with 10% cetylpyr-
idinium (CPC, in 10mM Na2PO4, pH=7.0) for 30min on a shaker to
remove and measure the amount of bound Alizarin Red S on a micro-
plate reader (Bio-rad) at 595/655 nm. A calibration curve was obtained
from a serial dilution of ARS in the CPC buffer. The amount of Ca2+ was
calculated given that one mole ARS in the solution binds to two moles
of Ca2+ [57].

Matrix mineralization was visualized after 14 days using a pre-
viously published protocol [58]. In short, mineralized nodules were
stained by overnight culture in ODM containing 20 μM xylenol orange
(XO). The following day, the specimens were fixated in 4% for-
maldehyde and counterstained for 10min with 1 μg/mL (w/v) DAPI
dihydrochloride (Sigma). The XO signal was then visualized through
fluorescence microscopy (IX53, Olympus) using the TRITC Red filter.
Autofluorescence of the Ti discs in the DAPI and TRITC Red channels

was excluded by the inclusion of non-cell seeded discs.

2.10. In vivo foreign body response

A rat study was performed with approval of the Ethics Committee
for Animal Experimentation of Utrecht University. Permission was re-
ceived from the Central Authority for Scientific Procedures on Animals
under protocol no. AVD115002016445. Five male Fisher rats (F344/
IcoCrl, 16-week old, Charles River) were housed at the Central
Laboratory Animal Institute (Utrecht University). There were no re-
strictions on food and water intake.

The rats underwent surgery under anesthesia with 2–3% isoflurane.
Pain relief (0.03mg/kg s.c.; Temgesic®, RB Pharmaceuticals Limited,
Slough, UK) was given once pre-operatively and two days post-opera-
tively.

Subcutaneous pocket were made by a skin incision followed by
blunt dissection of the subcutaneous tissue. The following groups were
implanted into each rat: AsM, [-/-], [BMP/Vanco], [BMP/-][Vanco/-].
The implants were identical to those used in the in vitro experiments.
The skin was closed with resorbable sutures (Monocryl®, Ethicon, NJ,
US). The rats were euthanized with CO2 after 8 weeks.

2.11. Histology

The explanted Ti discs underwent 4% (w/v) formaldehyde fixation
and dehydration in an EtOH series, followed by methyl methacrylate
(MMA, Merck Millipore, MA, US) embedding. A 35 μm-thick section
was cut from the middle of each sample with a microtome (Leica,
Nusslochh, Germany) and stained with methylene blue/basic fuchsin.
Subsequently, the percentage of vascularized connective tissue in the
available pore space (tissue area%) could be calculated similar to an
already published method [59]. In addition, samples were evaluated for
the presence of fibrous capsule formation, acute inflammatory cell re-
action, and foreign body giant cells.

2.12. Statistical analysis

Data are depicted in the figures as mean ± standard deviation. A
one-way ANOVA followed by Tukey post-hoc correction was used for
comparison of the group means in SPSS (v24, IBM, IL, USA). Statistical
analyses were done on the log-transformed CFU data when determining
the antibacterial efficiency of the biomaterials.

3. Results

3.1. AM and morphology of the porous biomaterials

After design and slicing, the laser paths were specially designed to
only provide non-overlapping contours with distances of 77 μm in order
to deliver dense walls close to that of the design file (Fig. 2a). The AM
process resulted in porous structures whose morphological character-
istics closely matched those of the CAD design (compare Fig. 1a with
Fig. 2b). Analysis of the density of the bulk material showed the SLM
process has resulted in highly dense material (relative density> 28%).
The relative density of the porous structure was within 6.6% of their
designed values, indicating a successful application of the AM process
(Table 3).

3.2. Surface analysis

The applied coating uniformly covered the surface of the porous
specimens with a clear LbL morphology (Fig. 2d-f). Surface elemental
composition data (Table 4) showed that carbon and nitrogen atomic
concentrations increase upon the deposition of LBL coatings for all
samples, and that of oxygen decreases. The Ti atomic concentration
decreased from 16.6% for the AsM sample to 0% after the deposition of
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coatings. The increase of carbon and nitrogen atomic concentrations is
due to the formation of LBL layers from gelatin and chitosan that are
composed of carbon, nitrogen, and oxygen atoms. The decrease of
oxygen and Ti atomic concentrations is due to the formation of suffi-
ciently thick layers of LbL coatings that prevent the escape and detec-
tion of core-shell electrons emitted from Ti and the oxygen present in
the underlying Ti substrate. The absence of Ti signals confirms that the
overall thickness of the LBL coatings for all samples is greater than the
sensitivity depth of XPS (8–10 nm) [60]. The surface chemistry of
[−/Vanco], [BMP/Vanco], and [BMP/−]/[−/Vanco] specimens
showed traces of the Cl structure that is present in the chemical
structure of vancomycin, indicating the successful incorporation of this
drug into the coatings.

XPS C1s high resolution spectra (Fig. 3a) provided further in-
formation on the variations of surface chemistry in the LbL-coated
specimens. The carbon spectra were curve fitted with three peaks
centered at the binding energies of approximately 284.6, 286.5, and
287.5 eV corresponding to CeC/CeH (C1), CeO/CeN (C2), and C]O/
NeC]O (C3) components, respectively [61]. For the group [–/–], the
C1 peak arises from CeC/CeH bonds present in gelatin [62], while

peaks C2 and C3 can primarily be assigned to chitosan’s carbon atoms
bonded to oxygen or to the nitrogen of the amino groups [63]. The
inclusion of vancomycin in the [-/Vanco] and [BMP/-]/[-/Vanco]
coatings increases the relative concentration of compounds containing
C]O/NeC]O groups. These changes in the surface chemistry are ex-
plained by the highly oxygenated chemical structure of vancomycin.
The inclusion of BMP-2 in the coatings, however, induced less apparent
changes in the shape of C1s spectra compared to the vancomycin-con-
taining specimens. Taking into account the thickness of each layer that
is estimated to be in the range of 5–10 nm [64], the greater influence of
vancomycin on XPS surface chemistry is expected compared to that of
BMP-2. Vancomycin is present in chitosan layers including the one on
the topmost 5–10 nm of the surface, whereas BMP-2 molecules are
loaded into the gelatin layers that sit below the top chitosan layer and,
thus, contribute less to the overall XPS signals.

3.3. Release profiles

For all groups containing vancomycin, we detected a burst release in
the first day followed by additional release until day 7 (Fig. 3b). The
initial burst release was higher for the group with a larger number of
bilayers (i.e., [BMP/-]/[-/Vanco]) in comparison with the other groups
containing vancomycin (i.e., [BMP/Vanco] and [-/Vanco]) (Fig. 3b).
However, the differences leveled off after 7 days with no significant
differences detected afterward (Fig. 3b). The release of BMP-2 was
faster for the group with 5 coating bilayers (i.e., [BMP/Vanco]) as
compared with the group with 10 coating bilayers (i.e., [BMP/-
]/[-/Vanco]) (Fig. 3c). The level of the released BMP-2 for the [BMP/-]
group, which did not include any vancomycin, was faster than that of
the [BMP/-]/[-/Vanco] group (Fig. 3c). A burst release of BMP-2 was
detected for all groups, which in the case of the [BMP/-]/[-/Vanco] and
[BMP/Vanco] groups was followed by slower release after day 1
(Fig. 3c).

3.4. Antibacterial behavior

At days 1 and 7, the number of both planktonic and adherent bac-
teria was significantly lower in all groups that contained vancomycin in
their coating in comparison with the groups that did not (Fig. 4a-b). The

Fig. 2. Hatching and contour slices used for creating the laser scanning paths (a), and the AM porous specimens (b–c). The representative SEM images of the layer-by-
layer coating (group [−/−]) (d–f).

Table 3
The porosity measurement of AsM specimens.

Porosity from micro CT (%) Porosity from theoretical density (%)

AsM 71 ± 6.2 76 ± 0.2

Table 4
XPS survey elemental composition of uncoated and LbL-coated specimens.

Groups Atomic concentration (%)

Ti Cl O C N

AsM 16.6 – 51.2 25.5 6.7
[−/−] – – 26.7 61.0 12.3
[−/Vanco] – 0.9 23.2 65.8 10.1
[BMP/−] – – 23.3 62.2 14.5
[BMP/Vanco] – 0.8 23.3 62.4 13.5
[BMP/−]/[−/Vanco] – 0.9 25.5 63.4 10.2
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specimens from the [BMP/-]/[-/Vanco] and [-/Vanco] groups resulted
in the total eradication of the adherent bacteria at days 1 and 7
(Fig. 4a). The antibacterial effects were diminished by day 14 (Fig. 4a-
b). SEM performed on day 1 and confirmed the quantitative CFU assay:

the surface of the specimens from the AsM, [-/-], and [-BMP] groups
were associated with multilayer bacterial colony formation (Fig. 4c-e),
whereas a limited number of bacteria could be detected in the groups
containing vancomycin (Fig. 4f-h).

Fig. 3. The XPS spectra corresponding to the different experimental groups (Green: C1, Yellow: C2, Red: C3)(a). Cumulative release profiles of vancomycin (b) and
BMP-2 (c) measured by HPLC and BMP-2 ELISA kit, respectively. Data are represented 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.)

Fig. 4. CFUs of planktonic (a) and adherent (b) bacteria measured for the different experimental groups. Data are represented as the mean ± SD (n=3).
Representative SEM images of the bacteria present on the surface of the specimens from different experimental groups (c–h).
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3.5. Cytocompatibility and osteogenic differentiation

The live-dead assay showed that surfaces of all the specimens (i.e.,
specimens from the groups AsM, 5x [-/-], and 10x [-/-]) were equally
covered by viable cells (Fig. 5a-c), demonstrating no negative effect of
the coatings on cell adhesion and proliferation. Quantitative analyses
even showed that, as compared to AsM specimens, both Alamar blue
activity and DNA content were significantly higher for 5 and 10 bilayers

of coating (Fig. 5c–e).
The ALP activity in MSCs, measured at day 10, was used as an early

marker of osteogenic differentiation (Fig. 5f). An enhanced ALP activity
was found in MSCs after culture on implants loaded with BMP-2 coat-
ings. Despite their different BMP-2 release profiles (Fig. 3b–c), there
were no apparent differences in the pro-osteogenic effect of BMP-2
coatings with different multilayer build up. For all groups containing
BMP-2, we observed a significantly higher ALP activity and a significant

Fig. 5. Alamar blue metabolic activity (a) and Picogreen DNA assays (b) (n= 3 MSC donors, each donor in triplicate) for the AsM group and multiple layers of
unloaded gels. Live-dead staining after 24 h shown for specimens from the AsM group (c) as well as 5 (d) and 10 (e) layers of unloaded gels (n=3 MSC donors, each
donor in triplicate). The ALP activity measured for the different experimental groups at day 10 (Picogreen assay)(n=1 MSC donor in triplicate) (f). Calcium
deposition associated with the different experimental groups after 14 days. Data are represented as the mean ± SD. (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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multi-fold increase in the amount of mineralization as compared to the
three other groups that did not contain BMP-2 (Fig. 5f–g).

It was determined whether the drug release from the coatings was
sufficiently sustained to promote full osteoblastic differentiation in
terms of hMSC matrix mineralization. It was found that all BMP-2-
carrying LbL coatings accelerated late osteoblast differentiation, as
shown by the higher calcium deposition after 14 days (Fig. 5g). Of the
three groups carrying BMP-2, the [BMP/-][-/vanco] group had the least
stimulatory effect on MSC mineralization capacity, which is expected
given its reduced BMP-2 release (Fig. 3). Staining with the fluorescent
dye xylenol orange qualitatively confirmed the enhanced mineralized
nodule formation in the groups carrying BMP-2 (Fig. 6a–f).

3.6. Assessment of in vivo foreign body response

The biocompatibility of the samples was assessed after 8-weeks in
vivo implantation since the presence of foreign body giant cells and
fibrous capsule formation at this time point reflects the degree of the
foreign body response [65]. The porous Ti structures did not induce an
adverse tissue response in any of the groups, shown by the absence of
acute inflammation or fibrous encapsulation at the material-tissue in-
terface (Fig. 7a). Vascularized connective tissue ingrowth and fat tissue
formation were seen in all groups. In the AsM group, the presence of
dead space in the pores indicated that tissue ingrowth had not yet
completed in this group. Quantification of the ingrowth of connective
tissue demonstrated a significantly higher vascularized tissue formation
in the LBL groups as compared to the AsM group (Fig. 7b), which was
unaffected by the thickness of the coating or loading with BMP-2/
vancomycin. Remnants of the LBL coating were only sporadically seen,
suggesting that most of the chitosan and gelatin had degraded by week
8. In the case of any LBL remnants, no acute inflammatory response was
seen around the polymer. At the same time, we observed a high density
of blood vessel formation (Fig. 7c). Together, these data show the su-
perior in vivo biocompatibility of the LBL coated AM porous Ti as
compared to the untreated specimens.

4. Discussion

We applied layer-by-layer coatings to AM porous metallic meta-
biomaterials with the aim of achieving multi-functional performance,
including infection prevention and stimulation of bone tissue ingrowth
in orthopedic implants. The in vitro and in vivo results presented above

unequivocally attest to the superior multi-functional behavior of the
developed meta-biomaterials including a strong antibacterial behavior,
osteogenic stimulatory effects, and high degree of cytocompatibility.

AM meta-biomaterials offer a novel design paradigm within which
the various properties of biomaterials could be adjusted using geome-
trical design, the choice of material, as well as the type and parameters
of the applied surface bio-functionalization technique. Recent studies
have shown how the above-mentioned design variables could be used to
adjust the mechanical properties, mass transport properties, and bio-
degradation profiles of AM porous metallic biomaterials and achieve
unusual properties that are beneficial for bony ingrowth [66]. However,
addressing unmet clinical needs such as the simultaneous prevention of
implant-associated infections and stimulation of bone tissue regenera-
tion when treating large bony defects or in immune-compromised pa-
tients requires effective delivery of multiple active agents with custo-
mized release profiles that befit the application at hand. Up until now,
there have been no general design paradigms that allow for the ad-
justment of the release profiles of multiple active agents. The results of
the current study show how layer-by-layer coating can offer such a
paradigm to complete the landscape of performance-adjustability in the
design of AM porous metallic biomaterials.

4.1. Release profiles and mechanisms

The release of therapeutic agents takes place in two separate ways:
1. diffusion through the multi-layered film and 2. through pieces
leaving the film as a result of biodegradation. The kinetics of former
depends on the properties of the polymers, the physico-chemical
properties of the agent itself, and the strength of the electrostatic in-
teractions, while the latter entirely depends on the biodegradability of
the polyelectrolyte multilayers [67]. These two different mechanisms of
release provide the possibility to adjust the release kinetics of the de-
livered therapeutic agents. In order to enhance osseointegration, a
sustained presence of osteogenic factors is desirable. When trying to
prevent implant-associated infections, however, the therapeutic effect
has to be delivered within the first hours or days after implantation.
Such an effect is best realized through a burst release of the anti-
bacterial agents. Electrostatic interaction of gelatin/chitosan bilayers
may increase the mechanical strength and decrease the inter-diffusion
of molecules between layers. Such an effect could explain the reduction
of the burst-release of BMP-2 in the [BMP/Vanco] group as compared to
simple bilayers. More remarkably, the reduction of the burst-release of

Fig. 6. Calcium deposition in the different experimental groups visualized using Xylenol Orange fluorescent dye (red) together with DAPI nuclear counterstain (blue).
Images are representative of the group. (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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BMP-2 in the compartmentalized group [BMP/-][-/vanco] could be
explained by the thickness of the coating. In the case of that group,
BMP-2 was only incorporated in the 5 lower bilayers, leaving another 5
bilayers on top. On the other hand, the high hydrophilicity of vanco-
mycin gives rise to a higher rate of polymer biodegradation as well as a
faster rate of diffusion of the delivered molecules, leading to burst re-
lease in all groups [68]. This is in line with our proposed approach to
first prevent bacteria colonization and subsequently provide the op-
portunity for contact osteogenesis leading to bone formation at the

implant surface, growing towards the host bone [69].

4.2. The roles of gelatin and chitosan

In the current study, gelatin and chitosan were deemed the ideal
candidates for the LBL coating, as they will ionically interact to form a
polyion complex given their opposite charges. Chitosan additionally has
antibacterial effects, which can help to further reduce the risk of im-
plant-associated infections [38,70]. Here, we clearly demonstrated that

Fig. 7. Methylene blue/basic fuchsin staining to show tissue formation after 8-week subcutaneous implantation in rats (a). Quantification of vascularized connective
tissue ingrowth as a percentage of the available pore space (area%) (b). Methylene blue/basic fuchsin staining showing the presence of the remnants of the coating
(c). This image of the unloaded-gel group (i.e., [−/−]) is representative of all the experimental groups. Data are represented as the mean ± SD (n=5 animals).
*p < 0.05. Asterisks = dead space; Arrowheads=blood vessel; F = fat tissue; P = polymer. Ti (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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gelatin/chitosan gels, in addition to their excellent properties for tun-
able drug delivery, might also offer improved biocompatibility to Ti
implants. Titanium by itself is a relatively bioinert material, and a hy-
drogel layer can offer improved bioactivity and better integration with
bone tissue [71]. In vitro, we found that the gelatin/chitosan coating
promoted the proliferation of MSCs, which is in accordance with other
reports [72]. In line with this finding, we observed in vivo that the
gelatin/chitosan coating accelerated vascularized connective ingrowth
as compared to non-coated Ti implants. In the literature, mixed results
have been reported for chitosan and gelatin in terms of their effects on
cell proliferation or angiogenesis. First, incorporation of gelatin into
chitosan coatings yields a better attachment and spreading of osteo-
blasts in comparison to the use of chitosan alone [73]. Second, there are
numerous reports in support of the several antiangiogenic effects of
chitosan [74,75]. Taken together, the current evidence points to the
fact that a synergistic interaction between gelatin and chitosan forms
the basis of the improved biocompatibility. Although this requires
further investigation, it has been speculated that the specific electro-
static interaction of gelatin and chitosan decreases the net surface
charge of the coatings, which subsequently improves the hydrogel-cell
interaction [73].

4.3. The potential of LbL coatings

A layer-by-layer coating offers the possibility to achieve what is
usually very difficult to realize in the local delivery of active agents,
namely sequential delivery of multiple molecules with pre-planned
release profiles. Every layer selectively targets a biological response
through the active agents it contains. Moreover, the thickness, as well
as the biodegradation rate of the different layers, could be designed to
allow for the implementation of time delays. This combination of design
variables, at least in theory, allows for an step-wise approximation of a
number of release profiles. AM meta-biomaterials with multi-functional
layer-by-layer coatings can, therefore, reach an unprecedented level of
tunability in their properties and, thus, functionalities. This constitutes
a worthwhile addition to the growing trend of “designer biomaterials”
[76,77].

Given the fact that the different functionalities of biomaterials may
require very different timelines, it may be even impossible to achieve
proper multi-functionality unless sequential delivery can be pro-
grammed into the design of the meta-biomaterials. In the specific case
of the biomaterials developed here where the dual functionalities in-
clude infection prevention and the stimulation of the osteogenic dif-
ferentiation of MSCs, the initial release of vancomycin is essential to kill
the bacteria entering the wound peri-operatively and to assist the host
cells in winning the “race for the surface”. Once the host cells have
populated the surface of the porous implant, the release of BMP-2 helps
in the differentiation of MSCs towards the osteogenic lineage and, thus,
de novo bone formation. The process of cell migration required for
reaching the MSCs to populate the internal surfaces of the porous
structure means that the delayed release of BMP-2 may be beneficial for
imparting the maximum osteogenic effect. Moreover, alternating be-
tween the release of both types of molecules allows for creating an on-
off effect, which is desirable in a host of biomaterial applications (e.g.,
see [78–80]). Similar to our approach, other researchers have also
exploited the potential of LbL coatings to enhance the bone regenera-
tion performance of bone implants [81,82].

Another time-related aspect in the design of infection-prevention
coatings is the risk of antibacterial resistance that arises when bacteria
are exposed to low concentrations of antibiotics (i.e., concentrations
below minimum inhibitory concentrations, MIC) for a prolonged period
of time. Given the fact that the antibiotic reservoir of all coatings de-
pletes over time, all permanent coatings delivering antibiotics will
eventually start to locally deliver sub-MIC concentrations of antibiotics,
which may not be desirable. The in vitro release profiles measured for
the coatings developed here show that the cumulative release leveled

off after 3 weeks. Moreover, in vivo observations verified that the
coating was almost fully degraded after 8 weeks. Given the fact that the
risk of peri-operative infections is present only in the first few weeks
after surgery, biodegradation after that period of time guarantees that
the high doses of antibiotics are released within the most critical period
after surgery. This strategy assists the host cells in winning the race for
the surface and to prevent the formation of biofilms (Fig. 4c-h), while
minimizing the risk of the development of antibiotic resistance resulting
from prolonged exposure to sub-MIC doses of antibiotics. There will, of
course, be no additional protection against long-term infections that
may occur either hematogenously or contiguously [83]. To create such
protections, separate mechanisms would be needed.

4.4. Limitations and future work

In this study, we focused on performing a wide range of in vitro and
in vivo assays that were used to evaluate the performance of the LbL
coatings in terms of improving the bone tissue regeneration perfor-
mance and inducing a strong antibacterial behavior. All of the per-
formed assays supported the favorable performance of the applied
coatings. Whether or not the observed favorable performance is a direct
consequence of a “precisely controlled release kinetics” cannot, how-
ever, be determined solely based on the data presented here. It is,
therefore, suggested that future studies should evaluate the mechanistic
aspects of such LbL coatings to establish the relationship between the
release kinetics realized through layer-by-layer coatings and the read-
outs from in vitro and in vivo assays.

This proof-of-concept study, nevertheless, paves the way for further
exploration of the possibilities offered by meta-biomaterials and the
advantages that LbL coatings offer such as fine-tuning the therapeutic
release pattern and using stimuli-responsive layers through further
coating optimization and in vivo studies. The main limitations of the
study, therefore, relate to the above-mentioned directions that still need
to be explored. In particular, there is a need for a systematic study of
how LbL coatings could be used to obtain arbitrarily complex release
profiles of multiple active agents. Moreover, the in vivo evaluation
performed here was limited to the assessment of the biocompatibility
and safety of the applied LbL coatings. More extensive in vivo experi-
ments using infection and bone regeneration animal models are re-
quired to study the in vivo performance of the developed meta-bioma-
terials in preventing implant-associated infections and improving bone
tissue regeneration performance of AM metallic meta-biomaterials.

5. Conclusions

We developed AM porous metallic meta-biomaterials with multi-
functional layer-by-layer coatings that have the potential to prevent
implant-associated infections and stimulate bone tissue regeneration
through enhanced osteogenic differentiation of MSCs. The developed
biomaterials exhibited a very strong antibacterial response with up to 8
orders of magnitude reduction in the number of both planktonic and
adherent bacteria and no biofilm formation. In terms of osteogenic
activity, the groups containing BMP-2 exhibited significantly enhanced
ALP activity and a multi-fold increase in mineralization. In vivo, we did
not detect any foreign body response, including no adverse tissue re-
sponse, while there was substantial growth of connective tissue.
Together, these results confirm the superior multi-functional perfor-
mance of the developed meta-biomaterials. This combination of fa-
vorable mechanical properties, a fully interconnected porous structure,
protection against implant-associated infections, and enhanced bone
tissue regeneration response make the developed biomaterials a pro-
mising candidate for the development of a new generation of ortho-
pedic implants.
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