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Abstract

Three-dimensional (3D) printing is implemented for surface modification of titanium
alloy substrates with multilayered biofunctional polymeric coatings. Poly(lactic-co-
glycolic) acid (PLGA) and polycaprolactone (PCL) polymers were embedded with
amorphous calcium phosphate (ACP) and vancomycin (VA) therapeutic agents to
promote osseointegration and antibacterial activity, respectively. PCL coatings
revealed a uniform deposition pattern of the ACP-laden formulation and enhanced
cell adhesion on the titanium alloy substrates as compared to the PLGA coatings.
Scanning electron microscopy and Fourier-transform infrared spectroscopy
confirmed a nanocomposite structure of ACP particles showing strong binding with
the polymers. Cell viability data showed comparable MC3T3 osteoblast proliferation
on polymeric coatings as equivalent to positive controls. In vitro live/dead assessment
indicated higher cell attachments for 10 layers (burst release of ACP) as compared to 20
layers (steady release) for PCL coatings. The PCL coatings loaded with the antibacterial
drug VA displayed a tunable release kinetics profile based on the multilayered design
and drug content of the coatings. Moreover, the concentration of active VA released
from the coatings was above the minimum inhibitory concentration and minimum
bactericidal concentration, demonstrating its effectiveness against Staphylococcus
aureus bacterial strain. This research provides a basis for developing antibacterial
biocompatible coatings to promote osseointegration of orthopedic implants.

Keywords: Antibacterial; 3D printing; Orthopedic implants; Osseointegration; Polymeric
coatings; Therapeutic agents

1. Introduction

Tissue surface modification is implemented on a medical implant device to enhance
its biocompatibility, wear resistance, corrosion resistance, performance, and therapeutic
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effectiveness!'*l. The careful choice and application of
coating materials at the implant interface are key to its
success. The incorporation of drugs or biofactors within
polymeric encapsulation on metallic implants not only
serves as a conduit for spatiotemporal bioagent!*
delivery but also provides surface modification properties
to improve the biocompatibility and overall clinical
performance of the implant device® ',

Titanium and its alloys are widely used in orthopedic
implants for the past several decades!'"3l. Despite
sterilization and aseptic procedures, bacterial infections
associated with titanium-based orthopedic implantation
are still a major challenge and cause implant failure(!+2!1,
The main reason for implant surface vulnerability to
infection is the formation of a surface biofilm, which
compromises the immune capability at the implant/tissue
interfacel'#2-231, At present, several methods are in place
to prevent implant-associated bacterial infections. They
involve incorporating antimicrobial agents into polymeric
implant coatings, engineering polymeric coatings to
actively release tunable antimicrobial agents, and finally,
altering the surface physiochemical properties of the
implant device!?°2!-2-2¢), Molecular mechanisms for drug
and growth factor elution have been studied to enhance
its adsorption behavior on a variety of substrates?’=3!. The
effect of liquid-surface interactions impacting different
applications has been widely studied using atomistic
modeling>%1, According to Hetrick et al?V, delivering
the antibiotic in a tunable manner at the implant site from
a polymeric surface coating is the preferred approach to
improving the eficacy of conventional antibiotics against
implant-associated bacterial infection. Loading antibiotics
into bioresorbable polymeric coatings have proven to be
effective in eliminating or reducing bacterial infection
associated with orthopedic implantst!4!6.17.36-42],

Different disposition techniques have been utilized
for the coating of biomedical devices with each having
their own respective advantages and disadvantages. Some
of the prominent processes used in the bioprinting field
include inkjet printing, stereolithography, laser-induced
forward transfer, and extrusion deposition. Jiang e al.l’]
discussed different types of extrusion heads and material
compositions using pneumatic and mechanical actuation
mechanisms. Similarly, Zhuang et al.*¥ presented a facile
bioprinting strategy that combines the rapid extrusion-
based bioprinting technique with an in-built ultraviolet
(UV) curing system to facilitate the layer-by-layer UV
curing of bioprinted photocurable GeIMA-based hydrogels.
Li et al!*) have outlined the use of inkjet printing for
drug development, scaffold building, and cell depositing
in their review article. They elucidate the concept of

biopixels which combine characteristics of inkjet printing
and basic biological units. Ng ef al identified optimal
droplet velocity and droplet volume to mitigate adverse
impact on cell survivability and droplet splashing with
sub-nanoliter-based bioprinting“l. Vat polymerization
(VP) is 3D printing process that uses UV light as a curing
mechanism for a desired object in a prefilled vat. Several
researchers*”! have conducted a comprehensive review of
the materials, process conditions, regulatory challenges,
and future directions in VP toward tissue engineering
and regenerative medicine applications. Further, new
VP strategies are discussed for in vivo regeneration and
drug screening therapeutics including biomaterial ink
formulations and VP system designs!*”. Thus, it is evident
that a multitude of biofabrication processes are available
based on the type of biomaterial and configuration of tissue
construct to be manufactured for a specific application.

Our research group employs a customized 3D printing
coating technique to uniformly deposit multilayers of
polymeric formulations embedded with therapeutic
agents!*-53, In our previous work, basic inkjet printing was
utilized for polyester urethane urea coatings embedded
with paclitaxel (Taxol) agent for cardiovascular stent
applications. Similarly, different polymeric coatings
were evaluated for their corrosion protection potential
on magnesium alloys for tracheal applications. Unlike,
above-described simpler approaches, a retrofitted 3D
printing system was utilized in this research which can
deposit multilayered structures for 3D scaffolds and have
in situ infiltration capability for specific growth factors,
biomaterials and cell-laden media. Further, we synthesized
a unique ink formulation which includes both bone
promoting and antibacterial agents simultaneously. These
include nanoparticulates of amorphous calcium phosphate
(ACP) for promoting osseointegration and antibiotic
(vancomycin [VA]) to eliminate bacterial infections in
orthopedic implant applications. The implementation
of multilayered coatings has proven to be effective in
providing tunable release of different growth and healing
agents when encapsulated within bioresorbable polymeric
thin filmsP*+*¢. In the field of polymer deposition, inkjet
technology has several advantages®”! making it an ideal
technique for coating implant devices. The problems
associated with conventional polymer/drug loading
coating techniques have been discussed extensively by de
Gans et al.’7. They range from the inability to vary drug
distribution in a controlled manner for a specific drug
loading profile, variations, and inconsistency in drug
concentration from device to device, recurrent webbing
between the struts, and the inability to control the local
density of the drug. The use of the drop-on-demand inkjet
printing eliminates issues associated with the conventional
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coating techniques and offers numerous advantages as
discussed by Cooley et al.™¥ as, “Inkjet-based deposition
requires no tooling, is non-contact, and is data driven; no
masks or screens are required; the printing information is
created directly from CAD information stored digitally.
Being data driven, it is flexible. As an additive process with
no chemical waste, it is environmentally friendly and cost
effective”

In this work, the custom 3D printing method was
employed to achieve precision deposition of uniform
multilayer coatings. The biofunctional coatings consisted
of ACP and VA formulations mixed within a biodegradable
polymeric matrix. VA is a glycopeptide antibiotic which
is used to treat serious infections of many Gram-positive
bacterial®®**). It was hypothesized that the steady release
of antibiotics would eliminate the bacterial infection on
the titanium implant surfaces, whereas the presence of
ACP would aid in osseointegration and wound healing
process.

2. Materials and methods

Nanoparticles of ACP were synthesized by controlled
precipitation using water-soluble calcium and phosphate
salts.  Biodegradable poly(D, L-lactic-co-glycolic)
acid (PLGA 50:50) and polycaprolactone (PCL Mn
~2,000) polymers were obtained from Sigma-Aldrich.
2,2,2-trifluoroethanol (TFE) obtained from Aldrich,
St. Louis, MO, was used as a solvent for dissolution. VA
(vancomycin hydrochloride, Alfa Aesar, USA) was used as a
model antibiotic known for its eficacy in treating bacterial
infections associated with orthopedic implants!!>1618.6061],
Mechanically polished thin titanium (Ti) alloy coupons
(10 mm x 10 mm x 1 mm) were used as the substrates for
depositing the embedded polymeric materials.

2.1. Substrate cleaning procedure

Titanium alloy coupons (substrates) underwent a
cleaning procedure. The pre-cleaning treatment of
Ti coupon substrates involved an initial rinsing of the
coupon substrates with ethanol to remove organic
surface impurities followed by further rinsing with
distilled water. The rinsed Ti substrates were then
dipped and washed in 3 mol L' of nitric acid in water for
degreasing. After that, the substrates were washed with
excess deionized water to remove the acids at the surface
and then were air-dried. In the mechanical polishing
process, a 1200 grit size SiC paper was used to eliminate
surface adhered impurities. Polishing was performed on
both surfaces of the Ti substrates. The polished surfaces
were then finally rinsed using deionized water and the
samples were subsequently air-dried and stored in a
Class 1000 cleanroom.

2.2. Coating solution preparation

Two types of printing solutions were formulated depending
on the type of study or characterization to be performed.
These include solutions of ACP only (polymer ACP only)
within the polymer and a combination of both ACP and
VA (polymer ACP_VA) in the polymer solution. Different
formulations of each type of coating “ink solution” were
prepared by dissolving certain amounts of PLGA or PCL
in TFE solvent and stirring for 2 h. The concentrations
of both PLGA and PCL solutions were fixed at 1 wt. %
polymer in the solvent. These biopolymer solutions were
further blended with ACP at 0.5 — 1% w/v concentrations
based on the coating to be evaluated (Table 1). The
resultant polymer/ACP solution was mixed, stirred for 2 h,
and further ultrasonicated for 4 h to obtain a completely
homogeneous mixture. All printing solutions were filtered
(30 wm — mesh) to remove large ACP and VA particulates
to prevent them from clogging the printing nozzles.
Titanium samples coated with this printing solution were
used for materials characterizations and in vitro studies.
Printing solutions consisting of VA were prepared from an
initial 1 wt. % PCL in TFE solvent. The polymeric solution
was further homogeneously blended with 1 — 2% w/v VA
based on the coating to be evaluated (Table 2). Titanium
alloy substrates coated with these printing solutions were
used for antibiotic release measurements and antibiotic
activity studies.

2.3. Printing procedure

A customized hybrid inkjet system was employed for this
research. A printing nozzle with an orifice dimension of
50 em was used for all the printing procedures. A motion
controller printing script was coded for uniformly coating
each Ti alloy substrate. The substrate temperature was
controlled at 20°C. Uniform coatings of 10 or 20 layers were
printed on the Ti substrates. Figure 1 shows the custom
3D printing equipment and schematic for depositing the

Table 1. Experimental design and ink composition for
in vitro cellular viability and cytocompatibility assessments

Sample Polymer ACP concentration No. of
code type o w/v) layers
1 PCL 0.5 20

2 PCL 0.5 10

3 PLGA 0.5 20

4 PLGA 0.5 10

5 PCL 1 20

6 PCL 1 10

7 PLGA 1 20

8 PLGA 1 10
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Table 2. Experimental design and ink composition for vancomycin release measurements and antimicrobial studies

Sample code Polymer type Polymer concentration (%wt) Vancomycin concentration (Y%ow/v) ACP concentration (%ow/v) No. of layers
R-1 PCL 1 1 0 20
R-2 PCL 1 2 0 10
R-3 PCL 1 2 1 20

t

Camera

Micro-extrusion

pe.

Figure 1. (A) Schematic of the custom 3D direct-write inkjet equipment. (B) Experimental setup for the deposition of composite polymeric formulations

and in situ infiltration.

polymeric formulations on the Ti substrates. As compared
to our earlier work, this system consists of a combination
of deposition units including microextrusion, inkjet, and
valve jet systems that can both deposit 3D tissue scaffolds
and infiltrate biomedia at specific target locations. The
UV/laser system enables curing of hydrogels and other
photopolymers. In addition, camera system mounted
on the unit can capture real-time deposition images for
closed-loop feedback.

2.4. Design of experiment

The experimental design and starting ink compositions to
print the films for the osteoblast culture/assay and antibiotic
release measurements characterization are shown in
Tables 1 and 2, respectively. For osteoblast culture/assay
studies, the coating thickness was varied by printing 10
and 20 layers of the films, and the ACP concentration was
varied at 0.5% w/v and 1% w/v, whereas the polymeric
solution was fixed at 1 wt. % polymer in solvent. The run
sequence for the coating process was determined randomly
and each experimental run was replicated 5 times (n = 5)
to enable the variability associated with the experimental
units to be estimated. A total of 40 (n = 40) samples were
prepared for both characterization and in vitro studies.
Two samples (n =2) from each experimental run were used
for coating characterization studies (optical microscopy,
scanning electron microscopy [SEM], and Fourier-
transform infrared [FTIR] spectroscopy), whereas the

other three samples (n = 3) were used for in vitro viability
and cytocompatibility assessment. Bare Ti substrate and
tissue culture polystyrene (TCPS) samples were used as
positive controls.

The coating thickness for antibiotic release
measurements and bacterial culture studies was varied
at 10 and 20 layers, with the ACP concentration being
varied between 0 and 1% w/v whereas VA was varied at
1 and 2% w/v concentrations, respectively. The polymeric
solution was fixed at 1 wt.% polymer in TFE solvent. The
run sequence for the coating process was determined
randomly and each experimental run was replicated 5 times
(n=15). Two samples (n = 2) from each experimental run
were used for coating characterization studies (SEM and
FTIR) whereas the other three samples (n = 3) were used
for release kinetics and bacterial culture studies. Bare Ti
alloy substrates used for printing were weighed before
and after coating. Coated samples were kept in a 4°C
refrigerator until release study was conducted.

2.5. Coating characterization

The uniformity of the different coating samples fabricated
was studied using the optical microscopy (Keyence VHX
600K Digital Microscope). The surface morphology of the
coatings was studied using a scanning electron microscope
(Philips-XL30 FEG, Philips) operating at 10.0 kV. The
samples used for SEM analysis were coated with palladium
(Pd) using a sputter coater system to obtain a conductive
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surface and reduce the incidence of charging, which is
due to high negative charges accumulating on the sample
surface. SEM was also used to examine the nanocomposite
structure inside the dried polymeric coating surface.

FTIR spectroscopy was performed on the sample
powders as well as on the obtained coating films using
a Nicolet 6700 spectrophotometer (Thermo Electron
Corporation) equipped with a diamond ATR Smart orbit
window.

Spectra were obtained at 1.0 cm™ resolution averaging
32 scans to investigate and confirm the presence of ACP
and VA within the polymeric coatings.

2.6. Adhesion test

The bond strength and stability of any coating on the
substrate are a critical factor in determining its value to
biomedical applications. Low-quality films could peel-
off from the substrate when subjected to forces and
loads, and thus, it is important to evaluate their adhesion
properties. The adhesion of the polymeric coatings to the
Ti substrate was evaluated according to the American
Society for Testing Materials (ASTM) (Mittal, 1978)l2.
ASTM-D3359-02 tape testl® was chosen to study the
adhesion of polymeric coatings on the Ti alloy substrates.
A crosscut pattern of 1 mm separation distance was made
on the coating samples. An ASTM standard pressure
sensitive tape was firmly adhered onto the coatings and
then removed according to the procedure as described in
the ASTM tape adhesion test.

2.7. Cell adhesion and cytocompatibility test

To test the cytocompatibility of the various ACP polymeric
coatings, cell adhesion and live/dead tests were conducted.
The influence of factors, such as ACP concentration and
polymer type on osteoblast confluence and proliferation,
was investigated. Murine osteoblast cell line, MC3T3-El,
was obtained from ATCC (Manassas, VA). Cells were
cultured under 37°C, 5% CO,, and 95% relative humidity
in minimum essential medium (a-MEM, Gibco, Grand
Island, NY) containing 10 vol.% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin-
streptomycin solution (P/S, Gibco, Grand Island, NY).
Cells at the third to seventh passage were used in this
experiment. All the substrates were sterilized under UV
radiation for at least 60 min. The sterilized substrates were
placed in 12-well plates and MC3T3-E1 cells were seeded
on them at a concentration of 120,000 cells/well. A 1 ml of
media/cm? of surface area was used and the culture media
were changed daily. The effect of ACP concentrations on
the osteoblast viability was evaluated using the Alamar blue
assay. This bioassay was designed to quantitatively measure

the viability of various human and animal cell lines!*. Cell
viability and adhesion on these coated substrates were also
assessed using live/dead staining (Invitrogen, Live/Dead
Staining Kit). The live and dead cells were visualized at
days 1 and 3 post-seeding using a fluorescence microscope
(Olympus-CKX41).

2.8. VA release measurements

2.8.1. Elution experiment

The coated substrates were placed in a sterile 24-well tissue
culture plate with 2.0 ml of phosphate-buffered saline
(PBS, Lonza, 1x) completely covering the coating (n = 3
of each group) kept under 37°C, 5% CO,, and 95% relative
humidity. All the 2.0 ml solution from the wells were taken
out and analyzed at each time point, and the wells were
replenished with 2.0 ml of fresh PBS. The concentration
of VA released at each time point was determined by
measuring the absorbance at 280 nm, from which the
concentration was calculated using a standard calibration
curvel*¢7. The mass of VA released was then calculated
using the values of measured concentration and actual
collected sample volume.

2.8.2. Antibiotic activity study

The biological activity of the released VA was evaluated on
Staphylococcus aureus (S. aureus) by measuring the zone of
inhibition using the disk diffusion method. The objective
of this test was to validate that the released VA is still
active after the coating on the Ti substrates. S. aureus was
purchased from the American Type Culture Collection
(ATCC). S. aureus was pre-cultured with soy broth (BD
Biosciences, NJ) at 37°C in a shaking incubator for 7 h
and inoculated on a Mueller-Hinton agar plate. The blank
antimicrobial susceptibility disks (Oxoid, UK) were placed
on the bacteria plate and 10 «L of the elutes collected from
each group at various time intervals were then carefully
loaded to these disks. The known concentrations of VA
were used for the control. The plates were incubated
overnight at 37°C and the area of microbial resistance was
measured.

3. Results and discussion
3.1. Coating solution and parameters

The custom developed 3D printing technique was employed
to coat all the substrates with different therapeutic agents in
polymeric formulations. Monodispersed droplets as shown
in Figure 2B were generated for polymeric solutions so that
precision deposition was achieved on the Ti substrate.

The jetting performance of each candidate polymeric
solution was dictated by the physical properties of the
printing solutions, which were controlled by adjusting the
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Figure 2. (A) Jetting parameters. (B) Single monodisperse droplet.

jetting parameters. Jetting parameters were optimized for
droplet consistency, and the final jetting parameters were
obtained at a reservoir pressure of —24 psi, peak voltage
(Vpeak) of 36 V, period of 77 «s, and frequency of 300 Hz,
as shown in Figure 2A. Figure 2B shows a monodisperse
PCL/ACP solution drop being jetted from a 50 «m nozzle
orifice.

The rheological properties of the coating inks
were measured to evaluate their printability using the
customized inkjet printer. Figure 3 shows the variation in
the Z number for different inks in this research. As can be
seen, a reduction of Z number was observed as the ACP
content increased for both PLGA and PCL polymers due
to increase in the viscosity of the inks. Furthermore, PCL
virgin ink had higher viscosity as compared to PLGA
virgin ink due to higher molecular weight and long-range
chains. However, it is noteworthy to point out that all the
inks were within the jettability range of Z number — 1-10
without forming satellites.

3.2. Coating integrity and morphological
characterization

The coating uniformity and surface morphology of
the fabricated polymeric coatings were analyzed using
optical microscopy and SEM, respectively. Under optical
microscopy, PCL-ACP coatings displayed uniform
deposition patterns and adherence with the Ti alloy
substrate, as shown in Figure 4A and B. However, PLGA-
ACP coatings had random deposition patterns, as depicted
in Figure 4C and D. The PLGA-ACP coatings show spots
on the Ti alloy substrate, which represent regions coated
with bare PLGA polymer without the presence of ACP.

Z - number (Jettability index) for different inks

9 83

8

7

6 5.6
§ s 438
5
g 4 35
N

3

2

1

0

PLGA_ACP_0.5% PLGA_ACP_1.0% PCL_ACP_0.5% PCL_ACP_1.0%
Composite Inks

Figure 3. Printability of different composite polymer inks using Z number.

o= 3 oo
Pac 3

Figure 4. Optical microscopy of (A) Ti-1%PCL-0.5%ACP, (B) Ti-
1%PCL-1%ACP, (C) Ti-1%PLGA-1%ACP, and (D) Ti-1%PLGA-
0.5%ACP. Ti: Titanium, ACP: Amorphous calcium phosphate, PCL:
Polycaprolactone, PLGA: Poly(lactic-co-glycolic) acid.

Volume 9 Issue 2 (2023)

https://doi.org/10.18063/ijb.v9i2.661



International Journal of Bioprinting

3D Printing Multifunctional Orthopedic Biocoatings

This can be attributed to the precipitation and saturation
of the ACP within the coated regions.

On the contrary, the PCL-ACP-coated substrates have a
uniform deposition (Figure 4A and 4B) pattern as seen under
the optical microscope, which is desirable for orthopedic
implant applications. Hence, SEM imaging was specifically
conducted on the PCL-ACP-coated films and is shown in
Figure 5. SEM images were taken at different magnifications.
For all the PCL-ACP coatings, the micrographs indicated
no defects, such as cracks or inclusions (Figure SA-C). Ata
higher magnification (25k-X), the SEM image (Figure 5A)
depicts the nanocomposite structure inside the coatings
wherein the ACP particles are strongly bound to the PCL
polymer. At lower magnifications, all the coatings exhibit
uniform deposition pattern and adherence with the
substrates, as shown in Figure 5D-F.

Figure 6 shows a multilayer (10 layers) 3D scaffold
printed using composite polymer inks to demonstrate the
fabrication of complex and hierarchical structures. These
scaffolds were infiltrated with higher concentrations of
ACP particulates as evident from the precipitated ACP
structures on the surface. Thus, we have demonstrated
selective in situ saturation of scaffold structures which
can benefit different tissue types based on the cell seeding
protocols. The customized 3D printing system employed in
this research enables deposition of different geometries by
exploiting material properties of inks to deposit a variety of
3D objects (tubular, planar, and stackable configurations).
In addition, we have demonstrated the selective infiltration
capability on these scaffolds. Thus, our combinatorial
inkjet method enables 3D objects to have functionally
gradient properties which are seldom achieved by stand-
alone deposition processes. Traditional biomanufacturing

processes deliver high-quality structures, however, need
further post-processing to achieve the desired functional
properties which can be overcome by employing the
customized inkjet process implemented in this research.

3.3. Chemical composition analysis

To investigate and characterize the conformation of the
polymer, ACP or VA phases present in the coatings, FTIR
was used. FTIR was performed on virgin polymers, ACP
sample powders, as well as the polymeric-coated films for
various experimental samples.

The X-ray diffraction (XRD) patterns of the powder used
in this study are shown in Figure 7A. The absence of any
crystalline peak confirms the formation and amorphous
nature of ACP. The SEM image of the as prepared ACP
powder is shown in Figure 7B. The SEM shows the
formation of agglomerates consisting of extremely fine
featureless spherical nanoparticles of calcium phosphate.
The measured Brunauer-Emmett-Teller (BET)-specific
surface area of this ACP powder was found to be 60 +
2 m?%g which corresponds to a particle size of ~ 32 nm.
XRD along with SEM and BET results confirmed that
the powder used in this study consists of nanoparticles of
amorphous calcium phosphates.

Figure 8A and B shows the absorbance peaks that are
superimposed for PCL and ACP within PCL-1%ACP and
PCL-0.5%ACP-coated samples. The FTIR of the printed
composite coating shows the presence of both the PCL and
PLGA polymers and the ACP. Figure 8A and B confirms
the presence of the PCL polymer (C-H ~ 2850 cm™!, C=0O
~ 1750 cm™) and ACP phase within the coatings. Similarly,
Figure 8C and D shows the absorbance peaks that are
superimposed for PLGA and ACP within PLGA-1%ACP

Figure 5. SEM micrographs of Ti-1%PCL-1%ACP at (A) 25k-X, (B) 5k-X, (C) 2k-X, (D) 0.5k-X, (E) 0.2k-X, and (F) 0.1k-X magnifications. SEM: Scanning
electron microscopy, Ti: Titanium, PCL: Polycaprolactone, ACP: Amorphous calcium phosphate.
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and PLGA-0.5%ACP-coated samples. The FTIR analysis
confirms the presence of PLGA polymer (C-H ~2997 cm™,
C=0 ~ 1695 cm ') and ACP phase within the coatings. In
addition, the ACP peaks (PO,* group ~ 1000 cm ™" and 560
cm™!, CO> group ~ 1640 cm™")! are detected within the
blended PCL-ACP and PLGA-ACP coatings.

3.4. Adhesion test

The bonding strength and stability of the coatings were
evaluated according to the American Society for Testing
Materials®?. ASTM-D3359-02 tape test was chosen to
study the adhesion of the various polymeric coatings on
the substrates. A lattice pattern with 7 — 9 cuts in each
direction was made in the polymeric film to the substrate.
Pressure sensitive tape was then applied over the lattice
and then peeled-off. Bond strength was evaluated by
comparison with descriptions and illustrations as stated
by the ASTM D3359-02 procedure!®l. Optical images

EHT = 5,00 kV
WD =111 mm

Signal A = SESI
Photo No. = 56218

Figure 6. Scanning electron microscopy micrographs of multilayer
3D-printed scaffold using composite polymer media infiltrated with high
concentration ACP inks. ACP: Amorphous calcium phosphate.
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20

obtained before and after applying the pressure sensitive
tape to the polymeric-coated samples depicted coatings
that were undetached from the substrates. This indicates
a strong adhesion between polymeric coatings and Ti
substrate. Figure 9 shows an optical image before and after
adhesion test for PCL-coated samples.

As seen in the optical images after bond test, all the
coating was undetached after the removal of the pressure
sensitive tape from the coated sample. A classification of
“5B” (0% area removed) was assigned as the adhesion test
results for each sample fabricated. This indicated that the
polymeric coatings strongly adhered on the surface of the
Ti alloy substrate.

3.5. Cytocompatibility tests

In vitro cell viability study results (Figure 10) indicate
that all the coated samples are cytocompatible, and no
significant differences were observed among the various
coated samples. These results also indicate that the nature
of the polymer and the amount of ACP present in the
composite films do not affect the cell viability.

3.6. In vitro cytocompatibility assessment

To confirm the cellular viability data, cell viability was
visualized by fluorescence imaging using live/dead staining.
Figure 11 shows the live/dead cells at 72 h (day 3) for the
different polymeric coatings and positive controls (bare
Ti). The PCL-ACP (sample codes: 1, 2, 5, and 6) coatings
showed cellular attachment that was comparable to the
positive controls. The number of layers for the PCL-ACP
coating does not appear to have much influence on the
cell attachment. This is also supported by the cell viability
results (Figure 10), which show comparable viability for the
10 and 20 layers of PCL-ACP films. However, the PLGA-
ACP coatings displayed regions with more dead cells and
poor cell attachment, where the ACP phase was absent. We

Acc.V
120KV 40 10000x SE 1

spotMagn  Det WD Exp  p——— 2pm

1

Figure 7. (A) X-ray diffraction patterns of the ACP powder. (B) Scanning electron microscopy image of ACP powder. ACP: Amorphous calcium phosphate.
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Figure 8. (A-D) FTIR of PCL-ACP and PLGA-ACP coatings. FTIR: Fourier transform infrared, PCL-ACP: Polycaprolactone-amorphous calcium
phosphate, PLGA-ACP: Poly(lactic-co-glycolic) acid-amorphous calcium phosphate.

1000 st

Figure 9. Optical images of PCL-ACP_0.5% 10-layer coating on Ti substrate
(A) before and (B) after adhesion test. PCL-ACP: Polycaprolactone-
amorphous calcium phosphate.

correlated the PLGA-ACP cytocompatibility results with
optical micrographs shown in Figure 4C and D, which
show PLGA-ACP coatings with regions of PLGA polymer
without the ACP phase on the Ti substrate. This may be
due to the local release of carboxylic acids produced
through the degradation of PLGA, which increases the
local acidity!®!. We have shown that the degradation of
PLGA reduces the local pH drastically and, therefore,
creates a zone which is cytotoxic. We have also shown that
the presence of calcium phosphate can act as a buffering
agent and help prevent a considerable decrease in pH.
A more physiological pH favors the cell attachment and
hence, more live cells can be found in the composite films
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of PLGA-ACP. Except for the very few of these localized
depositions of the PLGA patches, the rest of the film allows
the cells to attach and proliferate. The high % viability of
these PLGA-ACP films (Figure 10) clearly demonstrates
that these PLGA-rich zones have hardly any effect on the
overall cell viability and proliferation.

120

[ Day ! [ Day3

100

80

% Viability
3

0 1 2 3 4 5 6 7 8 9
Sample code

10

Figure 10. In vitro viability assessment using MC3T3 cells after
24 h (day 1) and 72 h (day 3) of culture. Sample codes for samples 1 — 8
are given in Table 1. Samples 9 and 10 are Ti substrate and tissue culture
dish, respectively. The % viability values of the samples were normalized
with respect to the Ti substrate. Ti: Titanium.

Sample code-1

Sample code-4

Sample code-7

Sample code-2

Sample code-5

Sample code-8

The presence of ACP in the printed films, however,
offers some unique advantages other than buffering
the local pH. It is well-known that ACP has the highest
solubility among the various calcium phosphate phases,
and therefore, it is expected to dissolve and release calcium
and phosphate ions in the system!”. Moreover, the
protons generated from the released acidic byproducts of
PCL and PLGA interact with the ACP particles, leading
to an increase in dissolution of the ACP particles which
also causes an increase in the concentrations of soluble
Ca?" and phosphate in the surrounding media. It is well-
established that the release of calcium and phosphate ions
locally improves the osteoclast and osteoblast activity,
which, in turn, facilitates bone regeneration!”"7?. Thus, it is
expected that the composite films of PCL-ACP and PLGA-
ACP should demonstrate improved biological response as
compared to the polymers film alone.

3.7. Antibiotic drug release kinetics

The in vitro release kinetics of the VA from the coated
samples R-1, R-2, and R-3 samples (Table 2) was measured
in PBS and is shown in Figure 12A. The samples R-1
and R-2 showed burst release at the beginning and the
release profiles were very similar. Both samples showed a
cumulative release of 80% within the first 8 h of elution.
After this initial burst, the release was slow and almost

Sample code-3

Sample code-6

Figure 11. In vitro cytocompatibility assessment (live/dead tests) using MC3T3 cells at day 3 for different samples. Sample codes for samples 1 — 8 are given

in Table 1.
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Figure 12. Vancomycin release kinetics from coated samples. (A) Cumulative release %. (B) Daily release.

all the VA (>98%) was released within 336 h (14 days) of
elution. The sample R-3 showed much slower release than
R-1 and R-2, and only 20% of VA was released within
8 h with 60% being released after 72 h. However, like the
other samples, almost all the incorporated VA was released
within 336 h of elution. The daily release of VA for all the
samples is shown in Figure 12B. It is clear that the amount
of VA released per day is below 2 mg/ml after 1 day and
below 1 mg/ml after 48 h of elution for samples R-1 and
R-2. Similar to Figure 12A, sample R-3 showed sustained
release of VA and the amount of VA released per day was
above 2 mg/ml for the first 7 days (168 h).

It is known that VA is an important antibiotic for the
effective treatment of severe bone infections caused by
Gram-positive bacteria, such as S. aureus®73™, Moreover,
compared to other antibiotics, VA does not interfere
much with osteoblast and skeletal cell growth in vitrol’>7°
and, additionally, does not affect the bone regeneration
process in vivol”778]. For an effective treatment, the delivery
mechanism should be able to release VA for a prolonged
time well above the MIC and preferable above the
minimum bactericidal concentration (MBC). The MIC
and MBC values of VA are in the range of 0.75-2 «g/ml
and ~ 8 «g/ml, respectively®>*3, Samples R-1 and R-2
showed VA release concentrations above MIC value only
in the first 48 h of release and the concentration goes down
below 1 «g/ml beyond this time (Figure 12B). Sample R-3
showed a sustained release of VA above MIC for 7 days.

Table 3 shows the different stages of drug elution and
respective cumulative release for each sample type. Samples
R-1 and R-2 exhibit identical drug elution behavior with
substantial (89%) release occurring in the initial 50 h,
whereas sample R-3 shows a relatively lower burst release

Table 3. Vancomycin release kinetics at different phases of
drug elution.

Drug release phase Time (h) Cumulative release (%)
R1 and R2 R3
Initial burst 50 89 40
Terminal burst 80 93 62
Transition state 160 95 92
Steady state 400 98 98

phenomena with only 40% drug elution during the initial
burst phase. At terminal burst stage (80 h), R-1 and R-2 show
a marginal increase in drug elution (4%) as compared to a
higher elution (22%) in sample R-3. During the transition
state (160 h), all samples approach a tapering release phase.
Finally, at the steady state phase, all the samples have eluted
98% of the drug content. The cumulative release profile
(Figure 12A), daily release profile (Figure 12B), and the
total amount of VA entrapped in the coatings of samples
R-1 and R-2 are very similar and this is not surprising as
the number of layers was halved, and concentration of VA
was doubled in R-2 sample compared to R-1. These results
also demonstrate the reproducibility of the direct writing
process. Based on this, one should expect that the VA
entrapped in the sample R-3 should be almost twice that of
R-1 and R-2. However, the total amount of VA entrapped
in the R-3 sample was very similar to R-1 and R-2. This
may be due to the inhomogeneous coating process that
occurred with ACP containing solution (Figure 4C and D)
as has been discussed previously.

The release profiles of samples R-1 and R-2 are also very
different from that of sample R3, and the latter showed
much more sustained release over time comparatively.
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The fast degradation of PCL in contact with the buffer or
presence of free VA particles on the film surface due to
the poor encapsulation of VA inside the PCL films most
likely caused the burst release of VA at the beginning of
elution for samples R-1 and R-2. However, the degradation
of PCL under physiological buffers has shown to be very
slow, and therefore, rapid dissolution of the inadequately
encapsulated VA causes the burst releasel®’). Moreover,
this rapid dissolution of the VA should create pores within
the PCL matrix. In the latter time points, the rest of the
VA molecules and water molecules diffuse through these
pores and should give a more sustained releasel®?l. Since
~80% of the VA was released within 8 h of elution, it
can, therefore, be concluded that most VA particles were
poorly encapsulated by PCL®™. This is not very surprising
as the PCL concentration that was used for the coating in
this study was only 1% by weight, which may be too low
to encapsulate the VA particles effectively. PCL has been
used to coat B-tricalcium phosphate composites, and it
has been shown that higher PCL-containing coatings
delay the release of VA®. The above argument of poor VA
encapsulation, however, does not hold for the sample R-3,
which showed much-sustained release of VA over time.
This can be explained by assuming the adsorption of VA
on the surfaces of the nanocrystalline ACP particles. The
ACP powder used in this study has a BET surface area
of ~61 m?/g, which corresponds to spherical particles of
~32 nm in size. It is well-established in the literature that
these nanosized calcium phosphate particles also exhibit
surface roughness and topographic irregularities on the
atomic scale, which favor adsorption, promoting facile
formation and retention of stable aggregates even under
relatively intensive agitations in the solution!®>-%7),

The initial burst release around the implant area is
extremely important and concentration of the released VA
should reach well above the MBC of ~8 «g/ml. This high
concentration of VA ensures the complete eradication of
Gram-positive bacteria from the surrounding tissues and
the surface of the implant. The controlled slow release
of VA above MIC after this initial burst is also critical to
further eliminate any reinfection or growth of bacteria
around the implant. Suboptimal release of VA below MBC
at the initial stage may cause the bacteria to survive for a
long time although they may not grow due to the release
of VA concentration above the MIC. This sub-dose release
of VA may lead to the reinfection or chronic infection of
the wound, which drastically enhances the possibility of
implant failure and wound infection-related complications.

It is also reported that due to the alternation of charged
Ca’* and PO, ions of calcium phosphate surfaces, the
surfaces adsorb both acidic and alkaline protein, DNA,
and biomolecules, regardless of their actual C-potential

and net charge!®®*. Thus, the adsorption of VA molecules
on the surfaces of nanosized ACP particles is highly
feasible. On contact with water, some of these adsorbed
VA molecules diffused out in the solution, thereby
resulting in a more sustained release in sample R-3. The
decrease in the rate of release of VA over time is presumed
partially due to the reduction in easily soluble amorphous
content of the ACP powder on the particle surface, combined
with the conversion of the ACP phase into hydroxyapatite
by dissolution precipitation as well as the strongly adsorbed
drug molecules on the particle surfacet®,

The bioactivity of the VA released from different coated
samples between specific time points was measured by
measuring the zone of inhibition using the disc diffusion
method and is shown in Figure 13. Known concentrations
of freshly prepared VA solutions were used as the control
(Figure 13A-H). Figure 13 clearly shows that the VA released
from the coated samples is bioactive. Moreover, similar
concentration of VA, either from the control or from the
coated samples, yielded similar values of zone of inhibition
diameters (Figure 13B and E), confirming that the direct
writing process does not affect the bioactivity of the VA during
the printing process. The zone of inhibition diameter decreases
considerably with the decrease in the VA concentration,
and no noticeable zone of inhibitions was observed for VA
concentrations below 10 cg/ml (Figure 13A-H).

e

10 pg/ml

40 pg/ml w,l n

50 pg/ml

1.6 pg/ml 32 pg/ml

5 pug/ml 37 pg/ml

0 pg/ml
No VA -

Figure 13. Zone of inhibition induced by elutes from the controls and
the various coated samples (A) Control-1: no VA, (B) VA released
from R-1 between 0 and 4 h. (=37 xg/ml), (C) VA released from R-2
between 0 and 4 h. (~32 «g/ml), (D) Control-2: 50 «g/ml of VA, (E)
Control-3: 40 «cg/ml, (F) VA released from R-3 between 24 and 48 h. (~10
ocg/ml), (G) VA released from R-2 between 24 and 48 h. (~1.6 «g/ml), (H)
Control-3: 5§ «g/ml. VA: Vancomycin.
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4. Discussion

In our past work, direct-write polymeric coatings have
been implemented to retard the corrosion behavior of
magnesium alloy for tracheal stent application. Similarly,
inkjet printing has provided controlled release coatings
for drug-eluting cardiovascular stents. In contrast, in the
current research, a customized and retrofitted direct-write
inkjet method was employed to deposit bioactive organic-
inorganic composite thin films on Ti alloy substrates. We
deposited multilayered coatings (10 layers) 3D scaffold
printed using composite polymer inks to demonstrate the
fabrication of complex and hierarchical structures. Optimal
jetting conditions suitable for both PCL and PLGA polymer
types were used for coating multilayer polymeric thin
films. The biopolymers were blended with nanostructured
amorphous calcium phosphate and VA drug for promoting
osteoconductivity and preventing bacterial infection
associated with orthopedic implants. The customized 3D
printing process enabled the deposition of multilayered
coatings with precise control on the thickness of these
films to obtain tunable release of the ACP in vitro. Optical
microscopy revealed that PCL-ACP coatings had uniform
deposition patterns, whereas the PLGA-ACP coatings
displayed precipitation of ACP patches on the Ti substrate.
Further SEM analysis of the nanocomposite structure
within the polymeric coatings revealed a strong binding
between the ACP nanoparticulate and PCL polymer. The
FTIR analysis confirmed the presence of both the polymers
and ACP phases within the multilayered thin films?*. The
MC3T3 osteoblast cell line showed high cellular viability
(>90%) after 72 h of proliferation, which was comparable
to Ti substrate and TCPS controls. The cell attachment and
live/dead assay confirmed the cell viability data. However,
PLGA coatings had poor cellular attachment (dead cells)
in certain regions of the substrate. These findings indicate
the local release of carboxylic acids produced through
degradation of PLGA increases the local acidity®®. The
presence of ACP in the printed films, however, offers
some unique advantages other than buffering the local
pH. It is known that ACP has the highest solubility
among the various calcium phosphate phases, and it is
expected to dissolve and release calcium and phosphate
ions in the system. Moreover, the protons generated
from the released acidic byproducts of PCL and PLGA
interact with the ACP particles, leading to an increase
in dissolution of the ACP particles which also causes an
increase in the soluble Ca?" and phosphate concentrations
in the surrounding media. It is well-established that the
release of calcium and phosphate ions locally improves the
osteoclast and osteoblast activity, thereby facilitating bone
regeneration!'?. Thus, it is expected that the composite
films of PCL-ACP and PLGA-ACP should demonstrate

improved biological response as compared to the polymers
film alone.

The VA release data revealed that PCL-ACP composite
films showed slow release compared to PCL film alone.
This is due to the adsorption of VA molecules on the
surfaces of nanosized ACP particles. Moreover, compared
to other antibiotics, VA did not interfere much with
osteoblast and skeletal cell growth in vitro and did not
affect the bone regeneration process in vivoll. The ACP
powder used in this study had a BET surface area of ~61
m?/g, which corresponds to spherical particles of ~32 nm
in size. It is well-established in the literature that these
nanosized calcium phosphate particles also exhibit surface
roughness and topographic irregularities on the atomic
scale, which favor adsorption, promoting facile formation,
and retention of stable aggregates even under relatively
intensive agitations in the solution®2. It is also reported that
due to the alternation of charged Ca** and PO,*" ions on
calcium phosphate surfaces, the surfaces adsorb both acidic
and alkaline proteins, DNA, and biomolecules, regardless
of their actual {-potential and the net charge?*?I. Thus, the
adsorption of VA molecules on the surfaces of nanosized
ACP particles is highly feasible. On contact with water,
some of these adsorbed VA molecules diffused out in the
solution and thus resulted in a more sustained release in
sample R-3. Presumably, the decrease in the rate of release
of VA over time is partly due to the reduction in easily
soluble amorphous content of the powder on the particle
surface, combined with the conversion of the ACP phase
into hydroxyapatite by dissolution precipitation and
corresponding decrease in the concentration of weakly
adsorbed drug molecules on the particle surface>2l,

The bioactivity of the released VA was confirmed
by measuring the zone of inhibition using the disc
diffusion method. Thus, the direct-write printing method
successfully immobilized therapeutic agents on orthopedic
implants for the temporospatial release of drugs. This
research, therefore, builds the foundation for incorporating
bioactive agents within the polymeric coating to eficiently
regenerate bone structures that interface with orthopedic
implants and prevent bacterial infection resulting from
implantation.

5. Conclusions

In this study, a custom 3D printing method was employed
to deposit bioactive organic-inorganic composite thin films
on Ti alloy substrates. Optimal jetting conditions suitable
for both PCL and PLGA polymer types were used for
coating multilayer polymeric thin films. The biopolymers
were blended with nanostructured amorphous calcium
phosphate and VA for promoting osteoconductivity and
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preventing bacterial infection associated with orthopedic
implants. The direct-write process enabled the precise
control on the thickness of these films to obtain tunable
release of the ACP in vitro. Optical microscopy revealed
that PCL-ACP coatings had uniform deposition patterns,
whereas the PLGA-ACP coatings displayed precipitation
of ACP patches on the Ti substrate. Further SEM analysis
of the nanocomposite structure within the polymeric
coatings revealed a strong binding between the ACP
nanoparticulate and PCL polymer. The FTIR analysis
confirmed the presence of both polymers and ACP phases
within the multilayered thin films. The MC3T3 osteoblast
cell line showed high cellular viability (>90%) after 72 h of
proliferation, which was comparable to Ti substrate and
TCPS controls. The cell attachment and live/dead assay
confirm the cell viability data. However, PLGA coatings
had poor cellular attachment (dead cells) in certain regions
of the substrate. These findings correlate well with optical
micrographs for PLGA-ACP coatings, which show regions
of PLGA polymer without ACP phase due to irregular
precipitation. The VA release data revealed that the PCL-
ACP composite films showed slow release compared
to PCL film alone. This is due to the adsorption of VA
molecules on the surfaces of nanosized ACP particles.
Moreover, the bioactivity of the released VA was confirmed
by measuring the zone of inhibition using disk diffusion
method. All these results confirmed that the direct-write
printing method can be successfully used to immobilize
drugs on orthopedic implants and can be employed for
temporospatial control release of these drugs. This research,
therefore, lays a foundation for incorporating bioactive
agents within the polymeric coating to eficiently regenerate
bone structures that interface with orthopedic implants and
prevent bacterial infection resulting from implantation.
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