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Ag and Mn-doped mesoporous bioactive glass
nanoparticles incorporated into the chitosan/
gelatin coatings deposited on PEEK/bioactive
glass layers for favorable osteogenic
differentiation and antibacterial activity¥
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Muhammad Atig Ur Rehman {2/ *

Bioactive and antibacterial coatings were developed and characterized in this study. Chitosan/gelatin/
Ag—Mn doped mesoporous bioactive glass nanoparticles (Ag—Mn MBGNs) composite coatings (of 5-6 um
thickness) were deposited using electrophoretic deposition (EPD) on PEEK/biocactive glass (BG) layers
(of 60—-70 um thickness), which had been deposited by EPD onto stainless steel. The chitosan/gelatin/
Ag—Mn MBGNs composite coatings deposited on PEEK/BG layers were optimized by the Taguchi design of
experiment (DoE) approach; the resulting microstructure, composition, in vitro bioactivity, antibacterial
activity, and cytocompatibility were investigated. Scanning electron microscopy (SEM) images confirmed
the deposition of Ag-Mn MBGNs on the surface of PEEK/BG layers. Energy dispersive spectroscopy (EDX)
confirmed the presence of Mn and Ag, which were embedded in chitosan/gelatin (top layer). The presence
of BG particles in the PEEK/BG layer and Ag—Mn MBGNSs in the top layer allows the multi-structured
coatings to form apatite like crystals upon immersion in simulated body fluid (SBF). Moreover, the release of
silver ions from the top layer provided an antibacterial effect against Escherichia coli and Staphylococcus

rsc.li/materials-advances Ccarnosus.

1. Introduction

The current challenge in the development of orthopedic implants
is to minimize the risk of infections. The average population
suffering from implant-related infection is increasing." Therefore,
there is a pressing need for the development of antibacterial and
bioactive implants (in particular orthopedic implants). The main
reason for implant-related infection is the formation of biofilm on
the surface of the implant."”” The biofilm is resistant to the
immune system of the body, which may result in a lack of cellular
interaction between the implant and the bone.>® The biofilm
starts to develop after a few hours of implantation. To prevent the
formation of biofilm implants are often impregnated with genta-
micin before implantation.? This strategy is certainly useful, but
the availability of drugs at the targeted site cannot be ensured for
a longer period. To address this, antibacterial drugs are loaded in
the polymer matrix, which allows the controlled release of the
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drug for longer periods.*® However, the widespread use of
antibiotics has led to the development of bacterial strains that
are resistant to the immune system of the body and to the
antibiotics.”” To address this issue, several metallic ions have
been investigated to provide an antibacterial effect against a wide
spectrum of bacteria, for example, silver, copper, zinc, etc.®™**
Mesoporous bioactive glass nanoparticles (MBGNs) have
shown promising bioactivity and can enhance the proliferation
of osteoblast-like cells (MG-63)."> MBGNSs based on SiO,-P,05-
Cao have demonstrated promising properties for the local
delivery of therapeutically active ions."®'* MBGNs can be doped
with several metallic ions to provide a therapeutic effect.'® For
example, Westhauser et al.’® and Nawaz et al.® doped MBGNs
(composition in mol%: 50Si0,-10P,05-40Cao) with Mn (com-
position in mol%: 50Si0,-10P,05-35Cao-5MnO). The results
have shown that 5 mol% addition of MnO in MBGNSs supported
osteogenic differentiation and enhanced the upregulation of
genes encoding for extracellular matrix proteins.'® Aiah et al.
doped MBGNSs with silver ions and found that Ag-MBGNs were
bioactive and antibacterial against Gram-positive and Gram-
negative bacteria.'” It has been reported in the literature that
MBGNSs constitute an attractive vector for therapeutically active
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ions since they exhibit an intrinsic pro-osteogenic potential that
can be improved by the incorporation of therapeutically active
ions.'® The properties and the synthesis of sol-gel derived MBGNs
have been reviewed by Kai et al.'®

Chitosan is a well-known biocompatible natural biopolymer,
which can improve the cellular interaction between the implant
and the bone.® However, chitosan has shown rapid degradation
in the biological environment. To improve the stability of
chitosan, gelatin can be incorporated into chitosan.>"® Gelatin
is a polypeptide which has the properties of the extracellular
2021 Gelatin when mixed with chitosan forms a poly-
electrolyte complex, which is mechanically robust.”> The pro-
perties of chitosan/gelatin (labeled as CG) coatings have
recently been reviewed by Avcu et al.® The mixture of CG can
also be used as a matrix to provide the controlled release of
metallic ions.>'® For example, CG/MBGNs doped with silver
can show enhanced bioactivity due to the release of calcium
and phosphate ions and an antibacterial effect due to the
release of silver ions."® The slow degradation of the CG matrix
will also be useful for the controlled release of silver, which will
reduce the potential cytotoxic effect associated with excessive
release of silver ions. Moreover, the release of Mn ions will be
beneficial for the attachment and proliferation of osteoblast-
like cells.'

Polyetheretherketone (PEEK)/bioactive glass (BG) coatings
have widely been employed in the last few years due to their
excellent mechanical stability and enhanced bioactivity.”*">
Furthermore, the robust PEEK/BG (labeled as PB) layers have
also been shown to improve the corrosion resistance of stainless
steel substrates.>® The intrinsic roughness of PB layers has been
used in the literature to infiltrate biologically active molecules
along with different drugs to improve the biocompatibility and to
provide the antibacterial effect.>*>® Accordingly, in this study, we
have developed multi-structured coatings consisting of CG/Mn-Ag
MBGNSs (labeled as CGAgMnB) layers deposited on PB layers for
the first time. In our previous study, we deposited silver nano-
cluster-silica composite coatings on PB layers. The coatings were
antibacterial and bioactive but did not assist cell spreading and
proliferation due to the hydrophilic nature of silver nanocluster—
silica composite coatings.' Therefore, we have developed the top
layer consisting of CGAgMnB which supports the proliferation of
osteoblast cells due to favorable surface chemistry and wettability.
The toxic effect associated with silver was mitigated with the
addition of Mn in the network of glass. This is the first study to
report the deposition of co-doped MBGNS for favorable osteogenic
differentiation and antibacterial activity. The bottom layer as in
our previous study has been shown to provide bioactivity, wear
resistance, and corrosion resistance.?’

Electrophoretic deposition (EPD) is a widely adopted low-
temperature processing technique for the deposition of
biomaterials.” EPD has been utilized for achieving uniform
films of various biopolymers embedded with bioceramics
and biomolecules. However, the mechanism controlling the
co-deposition of biopolymers and bioceramics is not well-
explained in the literature.? In principle, the particles intended
to be deposited are charged depending upon their pH, and then
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the charged particles/molecules migrate towards the oppositely
charged electrode.*® EPD has recently been studied to deposit
chitosan/BG/Lawson on PB layers (the product is multi-
structured coatings).?® Therefore, EPD is a suitable technique
for the deposition of homogeneous multi-structured coatings
for biomedical applications.

In this study, we have obtained CGAgMnB layers on PB
layers via EPD. PB layers were intended to provide bio-stable
layers with enhanced bioactivity. On the other hand, CGAgMnB
is expected to improve the cellular attachment and antibacterial
effect. Fourier transform infrared spectroscopy (FTIR) analysis
confirmed the deposition of CG on PB layers. Energy dispersive
X-ray (EDX) analysis confirmed the deposition of Ag-Mn
MBGNs on PB layers. Multi-structured coatings developed
hydroxyapatite crystals upon immersion in simulated body
fluid (SBF). The release of silver from the multi-structured
coatings allowed the development of the zone of inhibition
against Gram-positive and Gram-negative bacteria. Multi-structured
coatings were biocompatible to osteoblast-like cells.

2. Materials and methods
2.1 Materials

4585 BG (Schott AG™!, Germany) of nominal composition
45 wt% SiO,, 24.5 Wt% Na,O, 24.5 wt% CaO, and 6 wt%
P,05*! and with a mean particle size of 4 um and PEEK powder
(704 XF, Victrex™) with a mean particle size of 10 um were
used. The relevant size of the particles was adopted from the
previous study.?® The Ag-Mn doped MBGNs with a diameter of
~180 nm and 8 nm pore diameter were synthesized via a
modified Stober method, as reported in ref. 16. The nominal
composition of as-synthesized MBGNs was 50SiO,~-10P,Os5-
40Cao (mol%) and that of Ag-Mn MBGNs was 50Si0,-10P,05-
34Cao-5MnO-1Ag (mol%).

2.2 PEEK/BG suspension (first layer)

For deposition of the first layer (PB) a stable suspension of
PEEK and BG particles was prepared, following the previous
studies.”®® To prepare the stable suspension, firstly 6.67 wt%
BG and 13.34 wt% monohydrate citric acid (VWR International)
were mixed in a beaker with ethanol (EMSURE® Merck KGaA,
99-100% purity, denatured with 1% methyl ethyl ketone for
analysis). After 3 h of ultrasonication, the particles were dis-
persed homogeneously in the suspension. Afterward, 2 wt%
PEEK was added into the prepared suspension and the pH was
adjusted to ~4.5.

2.3 EPD of PEEK/BG (first layer)

AISI 316L stainless steel foil (ISO 9445-1, ThyssenKrupp AG)
was cut into 1.5 (width) x 3 (length) cm electrodes. Afterward,
the electrodes were cleaned with a mixture of ethanol and
acetone (both from VWR International) and then rinsed with
deionized water (taken from ELGA DV 25 Purelab option R7BP).
316L stainless steel (SS) was used as the substrate material
because of its low cost and the coatings deposited on SS via EPD

This journal is © The Royal Society of Chemistry 2020
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can be converted on Mg, Ti, and other metallic substrates.
Therefore, the results achieved here on SS will also be valid for
other metals and alloys. The stainless steel substrate and the
counter electrode were immersed in the prepared PB suspen-
sion. The distance between the substrate and the counter-
electrode was kept at 0.5 cm, the voltage was 80 V (EX735M
Multi-Mode PSU 75 V/150 V 300 W power supply device and
a 1906 High-Resolution Computing Multimeter both from
Thurlby Thandar Instruments Limited) and the deposition time
was 90 s for the deposition of the PB composite on 316L SS,
following the previous studies on EPD of PB.”** After each
coating, the suspension was magnetically stirred to ensure that
the suspension remains stable. PB coatings were dried at
ambient temperature for 12 h and then sintered in a furnace
(Nabertherm™ GmbH) for 30 min at 375 °C with a heating and

cooling rate of 2 °C min™".

2.4 Chitosan/gelatin/Ag-Mn MBGNSs suspension (second layer)

CG solution was prepared according to the procedure discussed
in our previous study.'® CG was mixed in the volumetric ratio of
1:1 (50 vol% chitosan:50 vol% gelatin). The volumetric
concentration of chitosan and gelatin was optimized in our
previous study by applying the Taguchi design of experiment
(DoE) approach.'® Afterward, a portion of 2 g L' Ag-Mn
MBGNs was added into the prepared CG solution (the concen-
tration of Ag-Mn MBGNs in the CG matrix was optimized by the
DoE approach, data not shown here).

2.5 EPD of chitosan/gelatin/Ag-Mn MBGNs on PEEK/BG
layers (second layer)

The optimum parameters for the deposition of CGAgMnB on
PB layers were chosen according to the Taguchi DoE approach
(data not shown here). The optimum EPD parameters were as
follows: the inter-electrode distance of 0.5 cm, an applied
voltage of 30 V, and a deposition time of 5 min. The details
of the components of the suspension and EPD parameters are
presented in Table 1.

2.6 Characterization of the coatings

Optical validation was done by SEM (LEO 435 VO by Carl Zeiss
AG, 5-15 kV). The samples were sputtered before SEM analysis
using a sputter coater (Q150/S by Quorum Technologies).
Elemental composition (qualitative) was investigated by EDX
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(same device and preparation as for SEM). The crystal structure
of the coatings was determined by X-ray diffraction analysis
(XRD, D8 Advance, Bruker™). The contact angle was measured
using a drop shape analyzer (DSA40 by Kriiss GmbH) using
deionized water; for each set of coatings 10 readings were
taken and mean values were reported along with the standard
deviation. A laser profilometer (UBM™, ISC-2) was used to
determine the surface roughness of the coated samples.
A scanning velocity of 400 points per second and a measure-
ment length of 5 to 7 mm were used in the UBM™ software to
calculate the average roughness (R,). The relevant chemical
bonds were determined by FTIR (Nicolet 6700 by Thermo
Scientific) within the wavelength of 400-4000 cm ™' at a resolu-
tion of 4 cm™ . The stability of the suspension was defined by
{-potential (nano ZS equipment by Malvern Instruments)
measurements.

2.7 In vitro bioactivity studies

In vitro bioactivity studies were done by immersing the samples
in simulated body fluid (SBF), which was prepared according to
ref. 32. Three samples for each type of coating were immersed
in 50 mL of SBF and then incubated in a shaking incubator at
37 °Cfor 1, 3, 7, 14, and 21 days. After taking out the sample at
each time point the sample was subjected to SEM, EDX, XRD
and FTIR analysis to determine the bioactivity of the coatings.

2.8 Antibacterial study

The ability of the multi-structured coatings (CGAgMnB coatings
on PBG layers) to inhibit the growth of bacteria was characterized
by the Inhibition halo test, as discussed in ref. 26. To conduct the
inhibition halo test the PB coating was used as a control sample.
The samples to be used for the inhibition halo test were sterilized
for 1 hour under UV light. The agar plates were filled with 20 mL
of agar. Afterward, 20 UL of LB-media inoculated separately with
Escherichia coli and Staphylococcus carnosus was added on the top
of the agar. The optical density of LB-media after inoculation was
kept at 0.015 (ODgq0). The sterilized multi-structured coatings and
control samples were placed on the agar plates inoculated with
the bacteria. Finally, agar plates inoculated with bacteria were
incubated at 37 °C for 24 hours. After the incubation time the agar
plates were taken out and digital images were taken. The obtained
digital images were then imported to ‘Image]’ and the zone of
inhibition was measured for the multi-structured coatings against

Table 1 Summary of the key EPD parameters and suspension related properties for CGAgMnB composite coatings on the PB layer

Suspension related properties

EPD process parameters

Chitosan type Medium molecular weight with
75-85% deacetylation degree
Chitosan conc. (g L") 0.5
Gelatin conc. (g L) 1
Chitosan : gelatin (vol.) 1:1
Ag-Mn MBGNs (Mean size: 180 nm) composition
in mol%: 50Si0,-10P,05-34Cao-5MnO-1Ag
Ag-Mn MBGNs (g L) 2
Charging agent Acetic acid (1 vol%)
Suspension solvent 79 vol% eth., 20 vol% distilled water

This journal is © The Royal Society of Chemistry 2020

Appl. voltage (V) 30
Deposition time (min) 5
Inter-electrode distance (mm) 5

Substrate; a counter electrode
Coating thickness

PEEK/BG; 316L SS
~70 pm (multilayer coatings)

Zeta pot. and pH +33 £ 5 mV and pH 4.2

Mater. Adv., 2020, 1,1273-1284 | 1275
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both types of bacteria. The test was repeated three times and the
standard deviation was reported along with the mean values.

2.9 Invitro cellular studies

The human osteosarcoma MG-63 cell line (Sigma Aldrich) was
used to investigate the in vitro cytocompatibility of the coatings,
while PB and tissue culture plate (TCP) were used as controls.
To perform cell studies PB and CGAgMnB coatings on PB layers
were deposited on disc shaped 316L SS substrates having a
diameter of 13.6 mm. In vitro cellular studies were conducted
by the WST-8 assay. The morphology of the cells attached to the
surface of the coatings was examined by fluorescence micro-
scopy. The complete in vitro cellular studies were according to
the procedure mentioned in ref. 29.

3. Results and discussion

3.1 Morphology of the synthesized mesoporous bioactive
glass nanoparticles

The Ag-Mn MBGNs were synthesized by a modified Stober
method. Fig. 1 shows that the particle size of the as-synthesized
Ag-Mn MBGNs is ~180 nm, with small pores inside the
particles. Fig. 1A shows that the particles are spherical in shape
and well dispersed. The porosity of the particles is intrinsic to
the Stober method. Ideally, the particles should be circular to
improve the flow properties when in contact with the physio-
logical environment. The synthesized Ag-Mn MBGNs were
incoporated in the CG matrix. Thus, variations in the morpho-
logy of as-synthesized particles should not impact the final
properties of the deposited films. The slight variation in the
morphology of the as-synthesized particles from being exactly
spherical may be due to the minor changes in pH or tempera-
ture during synthesis, as well as in the concentration of
ammonia, H,0, and TEOS in the solution.®

3.2 Stability of the suspension

The stability of the suspension is one of the key parameters to
determine the quality of the deposits formed during the EPD.
For instance, the smaller size particles improve the stability of
the suspension; on the other hand, if the suspension contains
larger size particles, additional agitation is necessary.*
{-Potential is a function of pH of the suspension, and adjusting
the pH to a certain value will result in a higher value of zeta
potential and will lead to a stable suspension.® The pH of the
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PB suspension prepared in this study was ~ 4.5, and {-potential
at this value of pH was 12 + 2 mvV, which correlates with
previous research.”> The CGAgMnB suspension showed a
{-potential of 33 + 5 mV at a pH value of 4.2. Since the value
of (-potential is positive, cathodic deposition is anticipated.
A high {-potential prevents the particles from agglomerating
due to increasing retraction forces between the particles and
leads to a higher density of packing in the coating.’® The
stability of the CG/BG suspension was recently investigated in
detail by Ur Rehman et al.'® Based on the previous study it was
hypothesized that the positively charged CG complex will
encapsulate the Ag-Mn MBGNSs, thus leading to the overall
positive charge. Upon the application of the electric field,
CGAgMnB will migrate towards the cathode.'*”*?

3.3 PEEK/BG composite coatings on 316L SS

Fig. 2(A) and (B) are the SEM images of PB composite coatings.
Fig. 2A shows that the BG particles are uniformly embedded
in the PEEK matrix. PB composite coatings were homogeneous
and the coating thickness was measured to be 60-70 um
(Fig. 2B). The relative amounts of PEEK and BG in the obtained
PB composite coatings have been optimized in our previous
studies.” According to the results of our previous study, the total
weight of the composite coatings was attributed to 75 wt% BG and
25 wt% PEEK.>® Moreover, it was observed that the inner portion
of the coatings, i.e. closer to the substrate, was densely packed in
comparison to the outer portion of the coatings (Fig. 2B). The
reason could be that the smaller size PEEK and BG particles were
deposited first followed by larger size particles. The smaller size
particles can be packed closely thus leading to higher density near
the substrate. These results are in agreement with the literature.>®

The PB layer was intended to provide wear resistance,
corrosion resistance, and bioactivity. Our recent study confirmed
that the PB composite coatings can offer strong resistance against
corrosion in the physiological environment. Moreover, PB
composite coatings showed good wear resistance and scratch
resistance at the implantation load. PB showed excellent adhesion
strength with the 316L SS substrate. The PB layer is bio-stable and
will remain on the surface of the substrate even after exposure to
the physiological environment.>®

3.4 Chitosan/gelatin/Ag-Mn MBGNSs coatings on 316L SS

Fig. 3 shows the SEM images of the CGAgMnB coating deposited
on the 316L SS substrate via EPD. The EPD parameters were an

Fig.1 SEM images showing the morphology of as-synthesized Ag—Mn
MBGNSs: (A) image at low magnification and (B) image at higher
magnification.

1276 | Mater. Adv., 2020, 1,1273-1284

Fig. 2 SEM images showing the morphology of the PB composite coat-
ings after the sintering process: (A) surface image and (B) image at the
cross-section.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images showing the CGAgMnB coatings deposited on 316L SS
via EPD: (A) image of the top surface and (B) image at the cross-section.

applied voltage of 30 V and a deposition time of 5 minutes and the
concentration of Ag-Mn MBGNSs in the CG solution was 2 g L™ ",
Fig. 3A shows that the CGAgMnB coatings cover the surface of the
316L SS substrate. However, the pores of ~2 pm were observed in
the composite coatings. The Ag-Mn MBGNs were seen to be
agglomerated at a few sites in Fig. 3A. It has been reported in
the literature that it is difficult to prevent the agglomeration of
the nanoparticles in the EPD process (if agglomeration force
combined with the applied electrical field is higher than the
retraction force, these particles could fuse). However, qualitatively
the extent of agglomeration was not substantial to affect the
homogeneity of the coatings. Fig. 3B shows that the thickness
of the CGAgMnB coatings is ~4 um. A similar coating thickness
for CG/BG has been reported in the literature. The main purpose
of the CGAgMnB coating is to provide an antibacterial effect in the
multi-structured coating system. Furthermore, the CG matrix is
expected to contribute to favorable osteogenic differentiation and
proliferation.

3.5 Chitosan/gelatin/Ag-Mn MBGNs composite on PEEK/BG
layers

The deposition of the CGAgMnB composite on PB layers
was optimized via the Taguchi design of experiment (DoE)
approach. The DoE approach elucidated that the optimum
EPD parameters in terms of deposition yield and homogeneity
of the deposited coatings were a deposition voltage of 30 V and
a deposition time of 5 min, and the concentration of Ag-Mn
MBGNs was 2 g L™,

SEM and EDX analysis. Fig. 4A and B elucidate that the top
layer (CGAgMnB) infiltrated in the porous structure of the PB
layer (bottom layer). It is observed that the roughness of the PB
layer (R, = ~2 pm and R, = 10 pm) varies across the surface.
Therefore, the top layer shows complete infiltration at some
sites whereas at some sites, the top layer is partially infiltrated.
It was hypothesized that the less deep valleys were completely
infiltrated with the top layer. In contrast, more deep valleys
were not infiltrated completely. Thus, preserving the roughness
of the bottom PB layer (Fig. 4B) may lead to enhanced osteo-
genesis and osteoproduction. Furthermore, Ag and Mn-doped
particles will be available in the deep valleys of the bottom
layer. Therefore, the contact of these particles with the physio-
logical environment will be delayed and the release of metallic
ions from the mesoporous particles will be controlled. Fig. 4C
shows the SEM image at the cross-section of the CGAgMnB
coating deposited on PB layers. It was inferred from Fig. 4C that

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEM images and EDX analysis of the CGAgMnB coatings deposited
on PB layers via EPD (applied voltage = 30 V, deposition time = 5 min):
(A) SEM image from the top surface of the coatings at low magnification,
(B) SEM image from the top surface of the coatings at higher magnification,
(C) SEM image at the cross-section of the coatings, and (D) EDX analysis of
the coatings.

the coating (CGAgMnB deposited on PB layers) thickness was
~70 pm. A similar coating thickness for PB based multi-
structured coatings was reported in the literature.>® It was not
possible to measure the coating thickness of the two layers
separately because the top layer did not show a clear interface
with PB layers (Fig. 4C). Area EDX analysis of the multi-
structured coatings revealed the presence of Mn, Ag, Ca, Na,
and Si (Fig. 4D). The presence of Mn and Ag confirmed the
presence of Ag-Mn MBGNS in the top layer. The Fe peak may be
detected from the 316L SS substrate (Fig. 4D).

FTIR analysis. FTIR analysis of the multi-structured
(CGAgMnB on PB layers) coatings was performed concerning
the PB coatings and CGAgMnB coatings deposited on 316L SS
(Fig. 5). It was observed that the FTIR spectrum of multi-
structured coatings was similar to that of the CGAgMnB
coatings deposited on 316L SS. The FTIR spectrum of multi-
structured coatings showed the peaks attributed to chitosan,
for example, stretching vibration in the C—O group at 1643 cm ™",
and N-H bending of amide II at 1543 cm ' (amide-II)."® The
peaks attributed to gelatin were observed at 1170 cm ™" represen-
ting the stretching mode of vibration in the ~-COOH group."
Furthermore, it was observed that the representative peaks for
chitosan and gelatin were superimposed on each other as peaks
were overlapped at 1651 cm™ ' (C=0***%), 1536 ecm ' (C-H
bonds?) and 1454 cm™' (symmetrical stretching of the nitro
group®®) in the multi-structured coatings. The peaks relevant to
PEEK were not depicted in the FTIR spectrum of the multi-
structured coatings, which may be due to the fact that the PB
layer was covered homogeneously by the CG layer. The presence of
Ag-Mn MBGNSs in the multi-structured coatings was indicated by
the Si-O-Si bands at 565 cm™".>*

The presence of Ag-Mn MBGNs was more evidentially
confirmed by EDX analysis, as shown in Fig. 4D.

Mater. Adv., 2020, 1,1273-1284 | 1277
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Fig. 5 FTIR spectrum of PEEK/BG coatings (labeled as PB), chitosan/
gelatin/Ag—Mn MBGNs coatings on SS (labeled as CGAgMnB on SS),
chitosan/gelatin coatings on the PEEK/BG layer (labeled as CG on PB),

and chitosan/gelatin/Ag-Mn MBGNs coatings on the PEEK/BG layer
(labeled as CGAgMnB on PB). The relevant peaks are discussed in the text.

3.6 Wettability

To determine the ability of the coatings to facilitate protein
attachment, water contact angle measurements were carried out
ten times on each set of samples. 316L SS, PB, and multi-structured
coatings (CGAgMnB composite on PB layers) showed a contact
angle of 86° & 2°, 74 &+ 4°, and 50 + 4°, respectively. The wettability
of the multi-structured coatings was in a suitable range for the
proliferation and growth of osteoblast cells.*” The contact angle of
50° for the multi-structured coatings was derived from the combi-
nation of the hydrophilic nature of bioactive glass particles and
the hydrophobic nature of CG (polyelectrolyte complex)."

The ability of the surface of an implant to trigger a positive
response from the human body is often governed by wettability
(studied by water contact angle measurements), surface topography
(studied by surface roughness measurements), and surface
chemistry (studied by FTIR analysis). The ideal combination of
these three properties may lead to enhanced protein attachment
and proliferation of osteoblast and bone-marrow cells."*>°

3.7 Surface roughness

The surface topography influences the attachment of cells and
bacteria. Thus, the surface roughness can affect the performance
of the implant. Generally, osteoblast-like cells prefer roughness in
the range of 1-2 pm. Furthermore, surface roughness can influ-
ence drug/metallic ion release in the physiological environment.
Roughness measurement results showed that the average rough-
ness for PB coatings was 2 £ 0.2 pm and for multi-structured
coatings it was 1.2 £ 0.2 um. The average roughness of multi-
structured coatings was suitable for the attachment and prolifera-
tion of osteoblast-like cells. Similar values for the average rough-
ness of PB based multi-structured coatings have been reported in
the literature.*®

3.8 In vitro bioactivity

The in vitro bioactivity test for the multi-structured coatings
(CGAgMnB composite on PB layers) was carried out at 1, 3, 7,
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and 21 days of incubation. SEM images of the multi-structured
coatings showed calcium phosphate formation on the surface
after immersion in SBF (Fig. 4). As early as 1 day, HA formation
was observed on the surface of the coatings, although only
small nanoscale needles were observed (Fig. 6A and B). After
3 days of immersion in SBF, the coatings were covered with a
cauliflower type structure of apatite, which is a qualitative
representation of the bioactivity of coatings (Fig. 6C and D).
After 7 days of immersion in SBF, the surface of the coatings
showed a morphology similar to that at 3 days of incubation,
as shown in Fig. S1A and B (Fig. S1, ESIY). After 21 days the
surface of the coatings was completely covered with porous
HA (Fig. 6E and F), which is excellent for osseointegration
and osteoproduction.”*® The SEM micrographs showed that
the size of apatite crystals was growing with the increase in
immersion time.

The complete formation of calcium phosphate on coatings
was confirmed by EDX measurements (Fig. 7). Fig. 7 shows that
the intensity of the silicon peak decreases with the increase in
the incubation period, which may be associated with the degrada-
tion of BG. Furthermore, the intensity of the phosphorus (P),
carbon (C), and calcium (Ca) peaks tends to increase with the
increase in the incubation period. The EDX results for the 3 and
7 days of immersion in SBF were similar. The EDX pattern for the
multi-structured coatings after 7 days of immersion in SBF is
shown in Fig. S1C (ESIf). The EDX results suggested that the
carbonated HA mineral developed on the surface of the coatings
(Ca, P, and C signal detected from HA).' The C signal in EDX
spectra may be detected due to contamination. Therefore, the
presence of C may not be the confirmation of carbonated HA.
To confirm that carbonated HA is developed on the surface of the

Fig. 6 SEM images of the CGAgMnB composite coating on PB layers
after immersion in SBF for (A and B) 1 day, (C and D) 3 days, and (E and F)
21 days.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 EDX analysis of the CGAgMnB composite coating on PB layers after immersion in SBF for (A) 1 day, (B) 3 days, and (C) 21 days.

coatings FTIR analysis was done (Fig. 8A and the corresponding
discussion). It was observed that a small amount of Mg substitu-
tion was present in the HA crystals, which was indicated by the
presence of Mg peaks in Fig. 7. The calculated value for the Ca/P
ratio after 21 days of incubation was 1.56 which is below the
stoichiometric ratio of Ca/P for HA. The reason could be the
substitution of Mg in the HA complex. SEM/EDX analysis of
the multi-structured coatings after in vitro studies supported
the bone binding ability of the coatings. HA crystals were
observed on the surface of the coatings after just 1 day, which
is a much better result in comparison to the literature.>>%°
The reason could be the presence of nanoscale bioactive
particles on the top surface and the microscale BG in the
bottom providing rapid ion exchange between the coatings and
the physiological environment. Furthermore, the presence of CG
polyelectrolyte complex aided favorable osteogenic response from
the coatings. CGAgMnB is known to provide steric hindrance,
which may be responsible for the accumulation of HA crystals on
the top surface of the coatings.®

A

Transmittance (a.u.)

Si-O-Si ¢

Fig. 8 represents the FTIR spectrum of the multi-structured
coatings after incubation in SBF. It was deduced from Fig. 8
that the intensity of Si-O-Si bands (610 cm™ ") starts to decrease
from 1 day to 21 days of treatment in SBF. Furthermore, the
FTIR spectrum elucidated that new peaks emerged at 560 cm ™,
610 cm~ ' and 1014 cm ' after SBF treatment. Upon com-
parison with the literature, it was found that these new peaks
are attributed to phosphate groups.*' The new peaks observed
at 873 cm ™' and 1400 cm ' after incubation in SBF were
attributed to carbonate groups.*> The emergence of new phos-
phate and carbonate bands in the FTIR spectrum after treat-
ment in SBF confirmed that the crystals seen in the SEM images
are of carbonate hydroxyapatite.**

The CG polyelectrolyte complex is expected to undergo
degradation upon exposure to physiological conditions.®
Accordingly, the FTIR spectrum (Fig. 8) after 1 day of incuba-
tion shows amide-I (1645 cm™"*%) and amide II (1558 cm ™" and
1406 cm™ " *°) peaks. In contrast, after 3 days of incubation, the
amide-I and amide-II regions appear to be a flat line, which is
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Fig. 8 (A) FTIR analysis of the multi-structured coatings before and after
coatings before and after immersion in SBF for 1, 3, and 7 days. PO.
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an indication of the degradation of the CG complex and for-
mation of HA crystals on the top surface of multi-structured
coatings. These findings are consistent with the literature.**

Fig. 8B represents the XRD diffraction pattern of the coatings
before and after immersion in SBF for 1, 3, and 7 days. It was
observed that after immersion in SBF new peaks emerged at 20 of
~26° and 32°, which is a qualitative indication of the formation of
HA crystals on the surface of the coatings. Moreover, the diffrac-
tion peak at 20 of 43° is a representation of the 316L SS substrate.
It was observed that the intensity of the peaks attributed to HA
increased with the increase in the immersion time, which
indicates that the density of HA crystals is increasing with
the increase in immersion time. The XRD results are in agree-
ment with the FTIR, EDX, and SEM results. Thus, confirming
that HA crystals are formed on the surface of the multi-
structured coatings, which affirms the bone binding ability of
the coatings.

The in vitro bioactivity studies for the PB coatings (control
samples) showed the formations of HA crystals upon immer-
sion in SBF after 1 day of incubation. The density of the HA
crystals tends to increase with an increase in immersion time.
The details of the in vitro bioactivity studies have recently been
published.? CGAgMnB coatings deposited on 316L SS samples
were also immersed in SBF but the formation of HA crystals was
not observed even after one week of incubation (SEM image
shown in Fig. S2, ESIf). Thus, it was concluded that the
bioactivity of the multi-structured coatings was mainly attri-
buted to the PB layer.

3.9 Antibacterial studies

The therapeutic effect associated with the release of silver ions
was evaluated by tracking the antibacterial effect associated
with the release of ions. The antibacterial effect of the
CGAgMnB coatings on PB layers was studied by the agar disk
diffusion test, as shown in Fig. 9. Fig. 9 shows that the
CGAgMnB coatings on PB layers developed the zone of inhibi-
tion around the sample against Gram-positive (S. carnosus) and
Gram-negative (E. coli) bacteria (Table 2). In contrast, PB
(control sample) did not develop the zone of inhibition (figure
not shown here). The antibacterial effect of chitosan/Ag Sr-HA
coatings was thus attributed to the release of silver. However, in

Fig. 9 Inhibition halo tests for the multi-structured coatings with (A) E. coli
and (B) S. carnosus.
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Table 2 Antibacterial disc susceptibility tests showing relative diameters
of inhibition for the multi-structured coatings and the PB layers

Zone of inhibition halo (mm) against

Material E. coli S. carnosus
PEEK/BG 0 mm 0 mm
Multi-structured coatings 2.1 + 0.2 mm 2.3 + 0.2 mm

this study, the release of silver ions was not evaluated quantita-
tively, and thus, it will be an important task for the future.

The antibacterial effect of the coatings is associated with the
release of silver in an ionic form. The silver changes to ionic
form upon exposure to the physiological medium. The ionic
silver is highly reactive to the electron donor species. Thus, the
ionic silver may rupture the walls of the bacteria and enter into
the membrane hindering the DNA replication activity, which
may lead to the death of the bacteria.>***

3.10 In vitro cellular studies

The cellular metabolic activity of the CG and CGAgMnB coatings
on PB layers was measured by the WST-8 assay based on the
percentage of cell viability. Fig. 10 shows that the CG and
CGAgMnB coatings on PB layers supported the proliferation of
human osteoblast-like cells(MG-63) for 2 days. The cell viability
(%) difference between the tissue culture plate (positive control)
and the multilayer coatings with and without silver was insigni-
ficant at p < 0.05. Moreover, Fig. 10 suggests that the incorpora-
tion of Ag in the multilayer coatings did not lead to a cytotoxic
effect, as the difference in the cell viability (%) of the two multi-
layer coatings (with and without Ag) was statistically insignificant
(Fig. 10). A similar behavior of chitosan/BG/gentamicin has
already been reported by Pishbin et al.® It was hypothesized that
any cytotoxic effect associated with the release of silver ions will be

120 4

100 +

=
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1

Cell viability (%)
s 3

»n
o
1

CGAgMnB CcG
Tcp “ on PB On PB

Incubation time (2 days)

Fig. 10 The response of human osteoblast-like cells (MG-63) to PB
coatings, CGAgMnB on PB, and CG coatings on PB layers measured by
WST-8 up to 2 days of culture. TCP was used as control. The resultant
number of cells for each coating was normalized against the number of
cells on a tissue culture plate on a particular day. *** denotes that the
difference between two systems is significant at p < 0.001 and # denotes
that the difference between two systems is insignificant at p < 0.05 (data
represent the mean =+ standard deviation of two individual experiments
each performed in pentaplicate).
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mitigated by the release of Mn ions. It has been reported in the
literature that Mn enhances the osteogenic response of MBGNs.'®*®

The density and distribution of the cells on the surface of
CGAgMnB and CG coatings on PB layers were evaluated by
fluorescence microscopy (Fig. 11). Calcein/DAPI fluorescent
staining is generally used to indicate intracellular esterase
activity present in viable cells.**™*® Dense and evenly dispersed
cells with relatively large nuclei were observed on the surface of
both coatings, as shown in Fig. 11A and B. Moreover, CGAgMnB
and CG coatings on PB layers exhibited a large number of living
cells on their surfaces. The results of fluorescence microscopy
are coherent with the cell viability test (WST-8 assay). Fluores-
cence microscopy images show that the CGAgMnB coatings on
PB layers cause no adverse effect on the growth of MG-63 cells
after 2 days of cultivation (compared to the CG coatings), which
confirms the non-toxic behavior of Ag in the multi-structured
coatings. The good dispersion and attachment of cells on both
types of coatings may be due to the hydrophilic nature of the
coatings, which allows the MG-63 cells to adhere to the surface of
coatings.*>*° Furthermore, controlled roughness (R, ~ 1.3 um) of
the coatings allows the cells to spread over the whole surface.
Recently, Urefia et al>" showed the favorable viability and
attachment of ST-2 cells on Ti-Nb surfaces, which were modified
to achieve the average roughness in the range of 1.38-1.80 pm.
We conclude based on fluorescence microscopy and cell viability
test that CGAgMnB coatings persisted and enhanced osteoblastic
attachment and proliferation, which could be due to the surface
topography, release of ions (dissolution products) from MBGNs
and the release of gelatin.’>>* Moreover, the presence of gelatin
can increase degradation behavior which might reduce the
steric hindrance on the encapsulated cells, enabling them to
grow and proliferate.”®

Cell morphology is correlated with important biochemical
functions of cells such as adhesion, proliferation, and migration.*®
The morphology of MG-63 cells adhered to the surface of
CGAgMnB coatings was investigated by SEM over the cultiva-
tion period (Fig. 12). Fig. 12 shows that the cells were elongated
and adopted a strong cell-matrix adhesion and guided mor-
phology due to the highly adhesive protein content. The higher
degradation rate of the CG matrix led to a porous structure on
the surface of coatings due to which embedded cells might
experience low steric hindrance.”®

Fig. 11 Fluorescence microscopy images of MG-63 cells cultured on
different samples stained with Calcein and DAPI after 2 days (live cell
staining in green and nuclei in blue): (A) CGAgMnB coatings on PB layers
and (B) CG coatings on PB layers.
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Fig. 12 SEM images showing the morphology of MG-63 cells spreading
on the surface of CGAgMnB coatings on PB layers after 2 days of
incubation in cell culture medium: (A) at low magnification and (B) at high
magnification.

Several studies have reported that the incorporation of cell-
binding peptides, specifically RGD, improves the osteogenic
differentiation of progenitor or osteoblast cell.””*® Since gelatin
possesses the RGD sequence of collagen,”>®° the presence of RGD
peptide in the coatings can stimulate the activity of cell integrin
receptors that may play a role in osteogenic differentiation.
Moreover, the presence of gelatin can enhance cell viability, cell
spreading with interconnected networks, and osteogenic differ-
entiation. All these confirm the suitability of CGAgMnB coatings
on PB layers for bone tissue engineering applications.

4. Conclusions

The Taguchi design of experiment approach (DoE) was used to
optimize CGAgMnB coatings on 316L SS via EPD. PB composite
coatings deposited on 316 L SS provided an effective platform
for the deposition of CGAgMnB composite coatings via EPD.
SEM and FTIR analysis showed the successful deposition of
CGAgMnB on PB layers. Moreover, the presence of Ag and Mn was
confirmed by EDX analyses. SEM images of multi-structured coat-
ings showed that the CGAgMnB coating spread on the surface of
the PB layer and filled its porous structure to various extents due
to variations in the surface roughness of the PB layers. Multi-
structured coatings showed the formation of HA crystals after 1 day
of immersion in SBF, which indicates the bioactive behavior of the
coatings. Multi-structured coatings exhibit antibacterial activity
against Gram-positive and Gram-negative bacteria. Furthermore,
in vitro cellular studies elucidated that the presence of gelatin and
Mn in multi-structured coatings enhanced the cell viability, cell
attachment, and cell spreading. WST-8 assay and fluorescence
microscopy confirmed the non-toxic behavior of CGAgMnB
coatings. All these results confirm the suitability of CGAgMnB
coatings on PB for bone tissue engineering applications.

This research work may pave the way for multi-structured
coatings to be considered for in vivo tests and clinical trials.
However, it is pertinent to mention that long-term silver release
tests, antibacterial tests, and cell viability tests should be done
before any further consideration.
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