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ABSTRACT ARTICLE HISTORY
Improving osseointegration together with preventing infections are the main challenges of using Received 21 December 2018
titanium-based implants in joint replacement surgeries. In this study, a hybrid composite of silk Accepted 14 March 2019
fibroin (SF)/hydroxyapatite (HA) nanofibrous mats was directly electrospun on titanium plates in

order to mimic the bone extracellular structure and improve osteoconductivity. Afterwards, HHC- KEYWORDS )
- . - . o . : . Antimicrobial peptide;
36 antimicrobial peptide (AMP) was immobilized on the fabricated mats using dopamine as a hydroxyapatite

linker. The morphology, bioactivity, and adhesive strength of the coating were characterized, and nanoparticles; silk fibroin
the cellular responses and antimicrobial activity of the modified titanium plates were assessed. fibers; titanium implant
The results exhibited a strong interfacial attachment and homogenously dispersed HA nanopar-

ticles in the electrospun nanofibers. No cytotoxicity was observed for MG-63 cells and the coating

could effectively induce cell differentiation. The cumulative release profile of HHC-36 showed a

burst release within first 3 h, followed by a slow and steady release over 48 h. Finally, AMP could

eradicate the representative Gram-positive and Gram-negative bacteria within 3 h while maintain-

ing the antimicrobial activity for up to 21 days.

GRAPHICAL ABSTRACT
(A)

(e

(A) The SEM morphology and fiber diameter distribution of electrospun SF/HA nanofibers after
modification with (a,b,c) PDA and (d,ef) HHC-36, and (B) Assessing the antibacterial activity of
(1) Ti/SF/HA/AMP (2) Ti/SF/HA and (3) Ti against E. Coli and S. aurues by Disk Diffusion test
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1. Introduction

Nowadays, cementless joint replacements have gained
much attention for the surgery of arthritic diseases of the
hip and knee joints[”. Among metallic implants, titanium
(Ti)and its alloys are frequently used as orthopedic implants
because of their excellent biocompatibility, high specific
strength, low elastic modulus, and great corrosion resist-
ance!' !, Unfortunately, despite of these characteristic fea-
tures, Ti-based implants are not bioactive and show
less osteointegration with their surrounding bone, which
lead to implant migration and consequently loosening of
implants'® 7). Various surface modifications have been
developed to improve osteointegration and one of the most
common ones is coating the Ti surface with calcium phos-
phate and hydroxyapatite (HA)'® ®. Recently, using compo-
sites of nanofibrous biopolymers/HA has gained much
attention due to its similarity to the bone extra cellular
matrix (ECM) and providing large surface area, which can
result in enhanced cellular responses'®~'"). Among biopoly-
mers, silk fibroin is widely studied in bone regeneration
applications by reason of its unique properties such as struc-
tural integrity, biocompatibility, controllable degradation
rate, low inflammatory response, and having the RGD
sequences improving cell responses!'>'*. Therefore, it
seems that directly co-electrospinning of SF and HA on Ti,
which has not been investigated yet, to the best of our
knowledge, can be a potential candidate for improving
osteointegration of Ti.

Another complication that threatens the osteointegration
and may cause of failure in orthopedic implants and
increase of patient morbidity is pre-implant associated infec-
tion. The surface of Ti implants is very vulnerable to adhe-
sion, colonization, and biofilm formation of bacteria. This
may compromise immune ability at the implant/tissue inter-
face, which triggers infections!">™'®]. The treatment of such
infections is usually very difficult because the bacteria in
biofilm are 10 to 1000 times less susceptible to the host
immune system and are protected by biofilm from antibiotic
penetration'®~*"!. In this case the removal and replacement
of the prosthesis might be the last remedy!'® **> ?*|. One
solution to combat the biofilm formation is localized deliv-
ery of antimicrobial agents such as gentamicin, vancomycin,
and cephalothin at the site of implants!'® '*. However, the
emergence of superbugs and multi-drug resistant organisms
such as methicillin-resistant Staphylococcus aureus (MRSA)
has critically challenged the efficacy of conventional antibi-
otics'*”. On the other side, due to long-term cytotoxicity as
well as low efficiency limitations, coating the implant surfa-
ces with non-antibiotic drugs such as silver compounds has
not been successful'*®!. Short cationic antimicrobial peptides
(AMPs) are new generation of antimicrobial agents with
strong antibacterial activity, which can be a suitable alterna-
tive to conventional antibiotics!** 2!, Unique characteristics
of AMPs such as wide spectrum bactericidal activity, and
potency against drug-resistant microorganisms, viruses, fun-
gus and, parasites have attracted a lot of attention
recently[zs_m. AMPs are relatively short, consist of cationic,
and amphiphilic amino acids, which kill bacteria rapidly via

binding with the negatively charged phospholipids layers in
bacteria membrane!**~°). HHC-36AMP as one of the most
potent short AMPs and with a flexible structural shape has
two positive features distinguishing it from other AMPs.
The first one is related to the HHC-36 MICs (0.3 to 11 uM)
which are much more less than general MICs (10-76 pM)
that are being used and the second one is low cytotoxicity
of HHC-36 in a metabolically active cell and minimal red
bloodcell lysis for concentrations more than 251 uMP!33,
Despite these advantages, there are few studies on using
HHC-36 for suppressing infections of orthopedic biomateri-
als. Kazemzadeh et.al suggested HHC-36/CaP as a good can-
didate for enhancing osteoconductivity and antibacterial
activity both invitroand in vivo'*?), These properties indicate
that coating HHC-36 along with SF/HA nanofibrous mats
on Ti would serve as a good candidate to improveosteointe-
gration and reduce implant-associated infections, which has
not been studied yet.

Reports concerning immobilizing the AMPs on biomate-
rial surfaces have stated that long and flexible spacer
between AMPs and surfaces is necessary to improve the bac-
tericidal activity of AMP!'® ¥ Self-assembled silane mono-
layers”®®! and layer-by-layer assembly!® are amongst the
efforts to immobilize AMPs on biomaterials surfaces.
However, these methods need complicated chemical modifi-
cation and are limited to specific samples®®!. Also there are
some evidences that show co-electrospinning of AMP with
polymers has some clinical implications because of their lin-
ear release profile and lack of uniform distribution through-
out the fibers”®”). In this view, two aforementioned protocols
of immersing and co-electrospinning of AMP with SF/HA
matrices were done too, but AMP release profile and anti-
microbial tests rejected the effectiveness of these approaches.

In continuation of our interest in the synthesis of nano-
materials and investigation of their application in diagnosis
and treatment!'> 2% 22 3841 the aim of this study is intro-
duction a unique strategy for local delivery of HHC-36 from
nanofibrous mats of SF/HA coated on Ti. Regard to this, we
used a new approach of using Poly Dopamine (PDA) as a
linker to immobilize the AMP and provide a bactericidal
coating on Ti surface. Recently, this strategy has gained
much attention due to covalently bind proteins to different
substrates via Michael reaction*> **. For this purpose, SF/
HA nanofibrous mats were co-electrospun directly on the Ti
plates, followed by the conjugation of the HHC-36 on the
elctrospun hybrid SF/HA composite mats by using PDA.
Several characterization techniques were done in order to
evaluate the morphology, bioactivity, and adhesive strength
between Ti and electrospun mats. In addition, the in vitro
cellular response and antimicrobial activities were tested on
the coated substrates.

2. Experimental
2.1. Material

HHC-36 (KRWWKWWRR) with the purity of 95% was
obtained from MIMITOPES, Australia. Cocoons of
Bombyxmori(B. mori) were obtained from the Iranian
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silkworm research center. Besides, Sodium carbonate, lith-
iumbromide, Methanol, Ethanol, Acetone, Hydrofluoric
acid, Nitric acid, formic acid, Calcium hydroxide,
Phosphoric acid, Hydrochloric acid, Cellulose dialysis cas-
sette, Glutaraldehyde 25%, Ammonia, Disodium phosphate,
Sodium Hydroxide, Dopamine hydrochloride, and Tris-HCl
were purchased.

2.2. Synthesis and characterization of nano-
hydroxyapatite (n-HA)

Generally, HA is synthesized either by solid state reactions
or wet chemistry methods**. In the present work HA was
synthesized by wet chemical precipitation reaction between
H,PO, and Ca(OH),!*!. Briefly, 0.5M calcium hydroxide
Ca(OH), powder was added into deionized water and then
0.3M phosphoric acid (H;PO,) solution was transferred
drop wise (one to two drops per second) into calcium
hydroxide solution. During precipitation process, the pH
was adjusted to pH =10 by adding NH,OH solution. The
solution was rested at 37°C for 24h until precipitate was
formed. Subsequently the precipitate was washed three times
with deionized water and dried at 75°C in the oven. The
powder was milled and then passed through a sieve (200
mesh) to form HA nanoparticles. Analysis of HA nanopar-
ticles morphology, phase and size were carried out using
field emission scanning electron microscopy. Drop of nano-
HA suspension was put on the slab and allowed to dry and
finally was sputtered with gold. Afterward, The Ca/P ratio
of HA nanoparticles was analyzed by energy-dispersive
X-ray spectroscopy.

2.3. Preparation of silk fibroin solutions

Silk fibroin was extracted from B. moriCocoons based on
our previous study'*®. Briefly, chopped cocoons were boiled
in an aqueous solution of 5% Na,CO; at 100°C for 45 min.
Then degummed cocoons were rinsed with water to extract
sericin and allowed to dry in the oven at 37°C for 24h.
Afterward, the obtained SF was dissolved in 3.9M lithium
bromide (LiBr) solution at 60°C for 4h and finally dialyzed
against deionized water to remove LiBr. After 3days, the
solution was stored in —20°C for 24h and then
freeze-dried.

2.4. Preparation of SF/HA electrospun nanofiber

Prior to electrospinning, Ti plates (I x 1x0.5cm’) were
ground with 320 grit sandpaper and then washed in ethanol
70% and soap for 15min to remove organic contaminant
followed by washing with distilled water and acetone for
10min. Cleaned Ti samples were etched in mixture of 2%
hydrofluoric acid (HF) and 36% HNO; for 30s at room
temperature. Then specimens were taken out, rinsed thor-
oughly with ethanol and distilled water and dried at 50°C
in an oven.

SF solution was prepared by dissolving 0.13 g SF sponges
and 1 mg HA nanoparticles in 1 ml formic acid and stirring

for at least 3h at room temperature. We tested different
ratios of HA/SF (0.5%, 1%, 2%, 3%) and after doing differ-
ent characterization and cellular test, this ratio was chosen
as the best one. The solution was loaded into the syringe of
the electrospinning apparatus. The process was carried out
at 15kV, under flow rate 0.5ml/h, and the distance between
the tip of syringe and Ti (collector) was set to 13 cm. These
parameters have been determined based on our previous
projects. At first, we put the basic parameters based on the
data of this article and then change them to a little extent to
reach nanofibers with the minimum beads and reason-
able diameter.

2.5. Characterization of SF/HA electrospun
nanofibers

The surface morphology and fibers diameter of the electro-
spun SF/HA were examined using SEM after the specimens
were gold sputter coated. To determine the average diameter
of fibers and their distribution, 50 random fibers were meas-
ured by Image-] software. In order to investigate the distri-
bution of HA nanoparticles integrated into the SF
nanofibers, the EDX was utilized. To confirm the presence
of HA in the SF nanofibers,Fourier Transform Infrared
spectroscopy was used. In addition, the adhesion strength
between SF/HA nanofibers and Ti was measured by pull-Off
method in accordance with ASTM D4541.

2.6. Immobilizing and characterization of AMP
loaded coating

To immobilize AMP onto the SF/HA nanofibers coated Ti
plates, the coating was first modified with PDA and subse-
quently HHC-36 was conjugated onto the PDA-coated sur-
face. It is noteworthy that before implementing this method,
different protocols of immersing, co-electrospinning of AMP
with SF/HA matrices, and layer-by-layer cationic poly(allyl-
amine hydrochloride) (PAH) and anionic poly(acrylic
acid)(PAA) modifications were testified, but AMP release
profile and antimicrobial tests didn’t show promising results
(data not shown). Anyway, to modify the implants with
PDA, the Ti plates coated with electrospun SF/HA were
immersed into 1.0 ml of dopamine solution (5.0mg ml™', in
50 MmTris-HCI, pH 8.8) for 4 days at 25°C!**. Afterwards,
the plates were washed thoroughly with deionized water to
remove unattached PDA and then dried at room tempera-
ture. Fifty micro liter of the HHC-36 solution in ethanol
(1mg ml™") was pipetted on the PDA-coated plates and
allowed to dry in vacuum ovenfor 15min at 37°C. This pro-
cess was repeated three times'*’!. Finally, the samples were
rinsed with 1 ml phosphate buffer saline (PBS) and dried at
room temperature. The surface morphology of the electro-
spun fibers after modification with PDA and AMP was
observed by SEM. The wet ability of surfaces was measured
using static water contact angle by the sessile drop method.
For each sample, the water contact angle value was reported
as the results of three water droplets (4 ul) (n=23).
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2.7. In vitro AMP release

The in vitro release of AMP was examined at different time
points using Ultraviolet-Visible spectroscopy (UV-Vis)
based on previous study of Kazemzadeh-Narbat et al'*).
Briefly, the plates were immersed in 1 ml PBS (pH=7.4) in
the shaker incubator at 37°C for 3days. At predetermined
time intervals (1h, 3h, 5h, 8h, 12h, 24h, and 48h) 500 uL
of solution was removed and fresh PBS was replenished.
The absorbance of sample solutions was measured at
Amax =280nm (the characteristic excitation wavelength for
tryptophan). After calibrating the system with series of AMP
standards, the AMP concentration was calculated based on
the external standard method.

2.8. Cell study

MG-63 osteoblast-like cells, from National Cell Bank of Iran
(NCBI) were cultured in Dulbecco’s Modification of Eagles
Medium (DMEM) consisting10% fetal bovine serum (FBS),
100U/ml penicillin, and100 pg/ml streptomycin at 37°C
under 95% humidified atmosphere and 5% CO,. The culture
medium was refreshed every 48h. Triplicate specimens of
(1) bare Ti (as control) (2) SF/HA-coated Ti and (3) SF/
HA-coated Ti immobilized with HHC-36 implants were dis-
infected via dipping into ethanol, then immersing in PBS for
10 min three times.

For cell adhesion assay, 2 x 10* cells/cm®were cultured on
samples in 24-well plateandmaintained in the incubator.
After 3 days, attached cells were fixed with 4% (v/v) glutaral-
dehyde solution, then rinsed with deionized water and
finally dehydrated by 50%,70%,90%, and 100% alcohol solu-
tion, respectively. The dried specimens were gold sputter
coated and observed under SEM.

The viability and proliferation of cells were evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium-bromide
assay kit (MTT)*”). In brief, MG-63 cells (5 x 10* cells/cm?)
were seeded on samples and maintained in the incubator for
3and 7 days. At each assigned day, the culture medium was
replaced by 10 ul MTT solution (12mM) and then kept in
the incubator. After 4h, 200 ul DMSO solution was added
to each well to solubilize the formed purple formazan crys-
tals. Eventually, absorbance was read at 570nm using an
ELISA Reader.

The Alkaline Phosphatase (ALP) expression of MG-63
cells, as an early stage osteoblast differentiation marker, was
assessed based on our previous study*®. MG-63 cells
(20 x 10%cell/cm?) were seeded on the plates for 3, 7, and
14 days. In order to discriminate between attached and non-
attached cells to the surface of the culture plates, on one
hand we put the samples on the plates so that they covered
it completely and on the other hand, we added just 20 pl
cells. At each time interval, the culture medium was com-
pletely removed and the adhered cells were lysed by 200 pl
Radio Immuno Precipitation Assay lysis buffer (RIPA) and
2 pl Phenyl Methyl Sulfonyl Fluoride (PMSF) at 4°C. ALP
activity was quantified according to ALP Elisa kit protocol
and then normalized with the total protein concentration,
which was measured by Bradford method. To find out the

amount of deposited calcium contents during 14 days of cul-
ture, 0.6 N HCl was added to the samples and after mixing
thoroughly, total calcium content was measured according
to the Arsenazo III kit Pars Azmoonmanufacturer’s instruc-
tions. Optical density was analyzed using the ELISA reader
at 570 nm.

2.9. Antibacterial test

The antibacterial activity of the samples was measured using
Bauer-Kirby Disk Diffusion method against both gram-nega-
Escherichia  coli (E. coli) and gram-positive
Staphylococcus aureus(S. aureus) bacteria. Briefly, some colo-
nies of each strain were isolated and suspended in Nutrient
Broth to prepare 0.5 McFarland standards.Afterward, 100 pl
of the suspension was inoculated onto the nutrient agar
plates and then the bare disinfected samples were placed on
the plates”®”). The plates were incubated at 37°C and after
24N, the formed clear zones around the samples were meas-
ured. The colony-forming unit (CFU) was also measured to
investigate the amount of viable cells at different times.
Briefly, 400 pl of bacterial suspension with concentration of
1 x10° CFU/ml was added to each disinfected specimen
and then incubated at 37°C for 1h, 2h, and 3h.
Afterwards, 10pl of residual bacteria was transferred to
nutrient agar and incubated at 37 °C. After 24 h, the number
of bacterial colonies at each time was counted by UV
Transilluminator!*?’,

The bacterial growth on the AMP-treated plates was
examined using SEM. In this regard, 50 pL of the bacterial
suspension (1 x 10%cfu/ml) was incubated with the disin-
fected samples at 37°C for 24 h. Subsequently, samples were
washed thoroughly with PBS, fixed with glutaraldehyde and
dehydrated by graded alcohol solution before coating with
the thin layer of gold'*”),

tive

2.10. Long-term stability assay

The long-term stability of the HHC-36-immobilized plates was
assessed using leaching process as reported by Kaiyang Lim
and et.al’®, Briefly, the plates were soaked in PBS at 4°C for
21 days. At each time point, the 100pl of PBS was extracted and
subjected to 100 pl volume of 1 x 10°cfu/ml bacterial suspen-
sion and finally after 24h the antimicrobial activity was
assessed by Optical density (OD600) measurements.

2.11. Statistical analysis

All experimental data were analyzed by one-way ANOVA
for comparison. *p < 0.05 and **p < 0.01 were considered as
significant and very significant, respectively.

3. Results and discussion
3.1. Characterization of nHA particles

SEM image (Figure la) shows the HA nanoparticles with
average size of 27 +4.7nm. Obtained EDX spectrum from
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synthesized nHA indicates the Ca/P ratio of 1.56, close to
the Ca/P ratio of the natural bone*’!(Figure 1b).

3.2. Characterization of SF/HA electrospun mats

Figure 2 depicts the SEM image, fibers diameter distribution,
and EDX analysis of electrospun SF/HA mats. As expected,
the beadless fibers (Figures 2a and 2b) with the diameter
between 60 to 235nm were observed. Maybe at first glance
this seems a little wide, but if we consider the diagram, it is
obvious that most distribution is in the range of 136-185nm
and the average diameter of the fibers was measured as
173 +15nm. Moreover, because of ratio of HA/SF nanofib-
ers seem smooth. The amount of Hydroxyapatite nanopar-
ticles are too little to feature on nanofibers’ morphology.
EDS elemental mapping of Ca and P showed that both Ca
and P were uniformly distributed in the electrospun mat
(Figure 2c). This suggests that no HA agglomeration was
observed in electrospun nanofibers. The FTIR spectra of the
pure SF and SF/HA electrospun mats are shown in Figure 3.
The characteristic peaks at 546cm™' and 1066cm ™' and
1490cm™! are attributed to the vibration of PO, and
CO; % groups in HA. The appearance of these peaks

(a) (b) cpsleV

confirms that HA has formed in composite mat. Moreover,
the peaks of the amide I (C=O stretching), amide II (N-H
bending), and amide III (N-H bending and C-N stretching)
in SF structure are located at 1655cm™ ', 1535cm™ ' and
1234cm™ ', respectively, which are attributed to the B-sheet
structure of silk fibroin (silk IT)!'* *> 46 3% 5 Appearance
of these peaks in both of the SF and SF/HA mats after
methanol treatment shows that incorporation of HA in SF
structure has no influence on the SF structure as previously
reported by other groups''®!. Measurements of the pull-off
forces show that adhesive strength between SF mat and Ti is
about 2.07 £0.2 MPa (n=3). Different factors such as phys-
ical forces between Ti implant and SF mat which are influ-
enced by surface roughness, due to grounding and etching
of Ti, and chemical forces such as hydrogen bridging bonds
between oxide layer of Ti and SF nanofibers can affect
the adhesion'*?),

The SEM morphology of electrospun SF/HA nanofibers
after modification with PDA and HHC-36 is shown in
Figure 4. As depicts, PDA with small spherical morphology
is observed on the surface of electrospun fibers. The calcu-
lated mean fiber diameter is 181+ 12nm in SF/HA/PDA
and 193+ 15nm in SF/HA/PDA/HHC-36. It is shown that
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Figure 1. (a) FE-SEM image (b) EDX spectrum of HA nanoparticles.
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Figure 2. (a) SEM image of SF/HA electrospun nanofibers (b) fiber diameter distribution of the electrospun nanofibers (c) EDX image of SF nanofibers containing

HA nanoparticles (Ca; red P; green).
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loading PDA and HHC-36 on SF/HA electrospun mats has
no significant effect on the average fiber diameter of SF/HA
nanofibers (p > 0.05).

Table 1 indicates the water contact angle data of Ti plates
before and after PDA and HHC-36 addition. It can be seen
that the contact angle increases from 69.46° +2.2° in bare Ti
to 106.3°+1.2° in SF/HA. This can be explained by the
hydrophobic nature of silk II structure in electrospun SF/
HA mats (Figure 3). However, modification of SF/HA nano-
fibers with PDA, significantly enhances the hydrophilicity of
the implant surface and decreases the contact angle to
25.08°. This change is attributed to the presence of free
amino groups on the SF/HA mats after physically adsorption
of PDA catechol groups on the mats surface. Lowering the
water contact angle of the hydrophobic surfaces after coating
with PDA has been reported in previous studies'**). As sum-
marized in Table 1, immobilizing HHC-36 on the SF/HA/
PDA samples slightly increases the water contact angle as a
result of its amphipathic nature.

SF nanofibers

1234

=
g2
- o
]

SF/HA nanofibers

v

Intensity

1000 2000 3000 4000 5000
Wavenumber (cm ‘1)

Figure 3. FTIR spectra of electrospun (a) SF and (b) SF/HA hybrid nanofibers.
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Figure 5 shows the cumulative release profile of HHC-36
during 48 h soaking in PBS. It is evident that HHC-36 has a
burst release during the first 3h of soaking and then a slow
steady release for 48 h. This suggests that the Ti plates share
both of the burst and slow release of HHC-36 antimicrobial
peptide. This release profile can be utilized in infection con-
trol,when a burst release of antibacterial agent within few
hours is critical to eradicate bacteria following by slow
steady release for few days to control the infection.

Table 1. Contact angle measurements of deionized water.

Surface Photographs Contact angle
Ti A 69.46+2.2
SF/HA a 1063+12
SF/HA/PD | e—— 25.08+2.4
SF/HA/PD/AMP — 36.9+1.8
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Figure 5. Cumulative release profile of HHC36 from SF/HA/AMP coated Ti.
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Figure 4. The SEM morphology and fiber diameter distribution of electrospun SF/HA nanofibers after modification with (a,b,c) PDA and (d.e,f) HHC-36.
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3.3. Cell study

The morphology of MG-63 cells cultured on Ti, Ti/SF/HA,
and Ti/SF/HA/AMP plates after 3 days is shown in Figure 6.
Good cell attachment is observed in all groups (Figures
6a—c), however higher cell spread and cytoplasmic extension
are observed on electrospun plates with and without AMP
(Figures 6b and 6c). The colony shape of the cells of modi-
fied samples after 3 days approve the high rate of the cell
proliferation on these implants. The results of the cell viabil-
ity from direct MTT assay of all samples in comparison
with the control group after 3 and 7days are shown in
Figure 7. No significant difference is observed in cellular
viability of samples (Ti/SF/HA, and Ti/SF/HA/AMP) in
compare to the control (Ti), which suggest a high cytocom-
patibility. As depictes, higher cell proliferation is observed
for elctrospun-coated Ti rather than pure Ti plates.
Moreover, the results show that HHC-36 loading has not
statistically affected the cellular proliferation. The decrease
in cellular proliferation on day 7™ might be due to the inter-
cellular contact inhibition mechanism'®*), Both SEM and
MTT results indicate that coating Ti plates with SF/HA
nanometric fibers enhances cellular spreading and prolifer-
ation. This can be because of the higher surface area of
nanometric fibers as well as its similarity to bone ECM
structure. Recent studies show that using hybrid composites
of polymeric nanofibers-HA have great potential in stimulat-
ing cellular responses and consequently improving
osseointegration[so].

Figures 8a and 8b depicts the ALP activity (as an early
differentiation marker) and calcium content (matrix min-
eralization) of MG-63 cells cultured on studied Ti, Ti/SF/
HA, and Ti/SF/HA/AMP implants during 14 days of culture.
As shown in Figure 8a, the ALP activity reaches maximum
at day 7™ of culture and then decreases with increasing the
incubation time. However, the ALP level is significantly
higher in electrospun-coated samples in comparison with
bare Ti plate (p <0.05). This can be related to the greater
proliferation of MG-63 cells on the plates containing electro-
spun samples. Previous studies mentioned that high cell
density affects ALP activity and consequently mineraliza-
tion® > In all samples, the calcium content increases
over time (Figure 8b). However, this increase is considerably
significant in plates consisting electrospun SF/HA after
14 days of culture, as expected. This is in agreement with
previous studies showing that the down-regulation in ALP

expression is accompanied with increase upregulation of
some osteogenic proteins, which enhanced ECM formation
and consequently mineralization'>®),

M control
mTi
e = Ti/SF/CaP
m Ti/SF/CaP/AMP

200 - f‘
180 - |
160 -
140
120
100 -
80 -
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20 -
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3day 7day

Time

Figure 7. MTT assay performed to evaluate the viability of MG63 cells after
exposed to Ti, Ti/SF/HA, and Ti/SF/HA/AMP.

(a) 5
4.5
4
c
T 35
g 3 mTi
> , : = TUSF/HA
£ '  TUSFIHAJAMP
3 2
v L
1
0.5
0
3day Tday 14day
(b)2s
o 2
3 . .
315 G
& Ii | =T
s = TUSF/HA
g 1 = TUSFIHA/AMP
ES
=5
0.5
0 4
3day Tday 14day
Time

Figure 8. (a) The ALP activity and (b) Ca assay of MG-63 cells on Ti, Ti/SF/HA,
and Ti/SF/HA/AMP during 14 days.
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3.4. Antimicrobial activity and stability of HHC-36

immobilized Ti plates

Figure 9 shows the inhibition zone formed by HHC-36
treated Ti plates against E. coli and S. aureusin comparison

with plates without HHC-36. As shown, the inhibition zone
with diameter of 2.9 mm for E. coli and 2.1 mm for S. aureus
appeared around the HHC-36 coated samples, while no
inhibition zone was observed for both bare Ti and Ti/SF/
HA plates. Moreover, the results of colony forming unit test

S.aureus

S.aureus

E.coli

—
150 - -
Ti/SF/HA/AMP Ti-SF-AMP

(d)

250, S.aurues
200

Le]

© 150 {

*

E 1004
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[ 50 |
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0 —
50

-50
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100 = Ti-SF/HA
I A T

Time (min)

Figure 10. Antimicrobial activity of (a) Ti/SF/HA against S. aureus (b) Ti/SF/HA/AMP samples against S. aureus and E. Coli (c) Ti/SF/HA against E. coli and (d) diagram

of bacteriacial ability in Ti/SF/HA/AMP samples against S. aureus and E. Coli.
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indicated 100% eradication of both gram-positive (S. aureus)
and gram-negative (E. coli) bacteria after 3h for the HHC-
36 immobilized samples (Figure 10). Figure 11 shows the
SEM images of overnight cultured S. aureus and E. coli on
electrospun-coated Ti plates with and without HHC-36. As
expected very few bacteria were detected on HHC-36 loaded
samples, while a great number of bacteria were attached and
agglomerated on Ti plates without HHC-36.

The obtained results clearly exhibited the bactericidal
properties of HHC-36 against both E. coli and S. aureus
after loading on Ti plates. This agrees with the previous
studies regarding the high antibacterial activities of HHC-36
against the broad-spectrum of bacteria. A.Cherkasov et.al'**!
has reported that HHC-36 has low minimum inhibitory
concentration (MIC) of 2.7 to 5.4 uM against E. coli and 1.4
to 2.9 uM against S. aureus, which is significantly lower than
common antibiotics. It is believed that, the unique killing
mechanism of the HHC-36 is based on the electrostatic
interaction between positively charged group of HHC-36
(pI=12.3) and negatively charged membrane of bacteria at
physiological pH*> *7],

Figure 12 illustrates the long-term stability of HHC-36 to
keep its antimicrobial activity. It was evident that in
compare to the control samples, the absorbance of HHC-36-
treated Ti plates at ODggo was significantly lower than non-
treated plates. This suggests that the HHC-36-coated sample
has maintained its antibacterial activities from days to
weeks, which is essential for utilizing implanted materials.

0.25
0.2
W S.aureus
bils u E.col
2 ® S.aureus. Contol
§ m E.coli. Control

e

1day 3day Tday
Time
Figure 12. Stability of the (a) HHC-36-immobilized Ti implant and (b) Ti implant
without HHC-36 over 21 days.

14day

21day

4, Conclusion

In this work, the silk fibroin/HA nanofibers were coated via
electrospinning on Ti plate. The AMP HHC-36 was subse-
quently immobilized onto the coating using PDA, as a linker
to create an antimicrobial coating on Ti. Characterization
tests confirmed the inclusion and distribution of HA into
silk fibroin and the morphology, bioactivity, and adhesive
strength of designed implant were evaluated. The release
profile of HHC-36 demonstrated a burst release of AMP
within 3h followed by a steady slow release for a few days.
No cytotoxicity was observed on either of samples when cul-
tured with MG-63 cells. The coated implants showed to be
able to potentially enhance osteinductivity and mineraliza-
tion. Finally, antimicrobial tests against E. Coli and S. aureus
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bacteria exhibited the ability of the proposed coating to
eradicate the representative Gram-negative and Gram-
positive bacteria and keep the inhibition ability for up
to 21 days.
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