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Abstract

Prevention of orthopedic device related infection (ODRI) using antibiotics has met with limited
amount of success and is still a big concern during post-surgery. As an alternative, use of silver as
an antibiotic treatment to prevent surgical infections is being used due to the well-established
antimicrobial properties of silver. However, in most cases silver is used in particulate form with
wound dressings or with short-term devices such as catheters but not with load-bearing implants.
We hypothesize that strongly adherent silver to load-bearing implants can offer longer term
solution to infection /n vivo. Keeping that in mind, the focus of this study was to understand the
long term release study of silver ions for a period of minimum 6 months from silver coated surface
modified porous titanium implants. Implants were fabricated using a LENS™ system, a powder
based additive manufacturing technique, with at least 25% volume porosity, with and without TiO,
nanotubes in phosphate buffer saline (pH 7.4) to see if the total release of silver ions is within the
toxic limit for human cells. Considering the fact that infection sites may reduce the local pH, silver
release was also studied in acetate buffer (pH 5.0) for a period of 4 weeks. Along with that, the
osseointegrative properties as well as cytotoxicity of porous titanium implants were assessed /7
vivo for a period of 12 weeks using a rat distal femur model. /7 vivo results indicate that porous
titanium implants with silver coating show comparable, if not better, biocompatibility and bonding
at the bone-implant interface negating any concerns related to toxicity related to silver to normal
cells. The current research is based on our recently patented technology, however focused on
understanding longer-term silver release to mitigate infection related problems in load-bearing
implants that can even arise several months after the surgery.
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Prevention of orthopedic device related infection using antibiotics has met with limited success
and is still a big concern during post-surgery. Use of silver as an antibiotic treatment to prevent
surgical infections is being explored due to the well-established antimicrobial properties of silver.
However, in most cases silver is used in particulate form with wound dressings or with short-term
devices such as catheters but not with load-bearing implants. We hypothesize that strongly
adherent silver to load-bearing implants can offer longer-term solution towards infection /n vivo.
Keeping that in mind, the focus of this study was to understand the long-term release of silver
ions, for a period of minimum 6 months, from silver coated surface modified porous titanium
implants.
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Load-bearing implants; osteomyelitis; Silver; infection control; additive manufacturing

1.0 Introduction

Orthopedic implant failure as a result of infection is a growing concern commonly referred
to orthopedic device related infection (ODRI). Although the estimated range is between 0.5
and 5% for incidents related to ODRI, the risk is increasingly becoming a serious concern
with more patients undergoing implant surgeries like hip and knee joint replacements,
fracture fixation devices, and trauma cases [1,2]. Often, bacterial infections can also lead to
osteomyelitis, a condition affecting the bone or bone marrow area [3]. The occurrence of
these infections is generally at the surgery site or at the site of implantation. If infected, the
treatment for infection related to site of implantation is generally difficult and eventually
results in undergoing revision surgeries if the antibiotics prove ineffective. A common way
for treating infections is using antibiotics which has not been greatly effective over the years.
Non-antibiotic remedies like chlorohexidine or nitrofurazone have also proved to be
ineffective against some of these infections [4]. With increasing bacterial resistance against
the antibiotics, use of silver coated medical devices, as an alternative measure, is proving to
be an effective strategy, and is being considered seriously [5]. The use of silver as an
antimicrobial agent dates to centuries where initially it was mainly used to prevent eye
infections or as ointments to treat wounds [6-8]. Silver being biocidal in its ionic form, has a
wide range of activity and a high chemotherapeutic ratio which is the ratio of toxic dose to
its effective dose which makes it very effective [4,5]. Studies have shown use of silver in
various forms such as ions, salts, metal itself and recent applications as nanoparticles loaded
in titania nanotubes towards the prevention of bacterial infections [9,10].
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Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia
coli, Enterococcus faecalis and Enterobacter cloacae are some of the most common
pathogens causing infection related issues resulting in failure of medical implants with
Staphylococcus epidermidis and Staphylococcus aureus probably being the most common
infection causing agents in orthopedic devices [11-14]. Significant research efforts have
been devoted showing the antimicrobial effects of silver towards these infections causing
pathogens [11-18]. Calcium phosphates like hydroxyapatite containing silver have shown to
reduce the bacterial adhesion against Staphylococcus epidermidis, Pseudomonas aeruginosa
and Staphylococcus aureus when compared to surfaces without silver [15-17]. Silver
deposited on metallic surfaces such as titanium and stainless steel have also shown to have a
toxic effect towards bacterial pathogens causing infections rather than the human cells
within specified doses of silver [18-22]. Improved antibacterial efficacy has also been
reported in silver-polymer composites, and even calcium phosphate and bioglass scaffolds
containing silver [23-27]. Finally, antibacterial performance of titania (TiO,) nanotubes
loaded silver nanoparticles have been reported showing prevention of bacterial adhesion
without any cytotoxic effect to human cells [21,28-31]. Antimicrobial efficacy of silver
coated megaprosthesis have also been reported showing no toxic effects against human
[32,33]. With the antimicrobial nature of silver well established, FDA approved devices
containing silver is already in use mostly in the form of catheters for short term applications
and also as wound dressings [34-36]. The common pathways describing the antimicrobial
nature are the affinity of silver ions towards Sulphur, oxygen and nitrogen forming silver
salts results in disrupting the biochemical processes [37,38] and the interaction of silver ions
with thiol and amino groups of proteins resulting in adverse effects [39-41], although the
exact mechanism of silver resistance against bacteria is still debatable. The reported
minimum inhibitory concentration (MIC) for various bacterial strains including
Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia
coli, Enterococcus faecalis and Enterobacter cloacae range from 0.2 to 20 ug/ml [20].
However, the minimum inhibitory concentration (MIC) limit for silver is 10 pg/ml (10ppm),
the concentration below which it has been suggested to be effective and non-toxic for human
cells [42,43].

Porous titanium (Ti) are effectively used in orthopedic implants due to low effective
modulus, good biocompatibility facilitating improved biological fixation and eventually
improving the osseointegration between the implant and the bone [44,45]. Another
technique to improve osseointegration of Ti implants is through nanoscale surface
modifications in the form of TiO5 nanotubes [46]. Improved cell material interactions and
bone bonding ability /n vitroand in vivo have already been shown [47-49]. Also, good /n
vitro cell material interactions with no cytotoxic effects have also been observed for Ti
surfaces with TiO, nanotubes and silver [50,51]. With the antimicrobial nature of silver well
established, there is still a knowledge gap that exists related to longer-term silver release
from implant surface. And to our knowledge, most of the studies showing the release of
silver ions concerning its toxicology and antimicrobial properties have been performed for a
period of 2 to 4 weeks [52-54]. Keeping that in mind, the first aim of our research was to
understand if silver ions can be released from the implants, where particulate silver is
strongly adherent to the implant surface? The second aim was to understand the rate of silver
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release as a function of pH of the medium. The third aim was to measure if silver release
rate can be controlled by tailoring the initial silver amount on the surface. And finally, our
fourth aim was to study osseointegration properties of silver /n vivo using porous titanium
implants to determine if silver coating on TiO, nanotubes can influence bone bonding ability
due to inherent cytotoxicity of silver ions. We hypothesize that strongly adherent silver to
load-bearing implants can offer longer term solution to infection /n vivo along with good
biocompatibility, and bonding at the bone-implant interface without any concerns related to
the toxicity to bone cells. And to validate our hypothesis, long term silver release study was
performed for a period of minimum 6 months using phosphate buffer saline (PBS)
maintained at pH 7.4, and acetate buffer at pH 5 for 4 weeks to understand and measure if
the cumulative release is within the toxic limit mentioned for human body. /n vivo study was
performed for 12 weeks in a rat distal femur model using male Sprague-Dawley rats.
Histological analysis and SEM characterization was performed for /in vivo samples whereas
the silver ion concentrations were measured using Inductively Coupled Plasma-Mass
Spectroscopy (ICP-MS). The novelty of our work is not to show the antimicrobial properties
of silver as it has already been well established, but to evaluate if silver coated load bearing
implants can offer a long-term solution due to its antimicrobial properties in controlling
infection /n vivo at the surgery site along with maintaining good biocompatibility, improved
osseointegrative properties at the implantation site without any toxic effects. Figure 1
represents a schematic layout demonstrating the research and novelty of this work. As
shown in Fig. 1, strongly adherent silver should be effective /n vivo towards infection control
while TiO, nanotubes will enhance biocompatibility. Together a simultaneous impact of
enhanced early stage osseointegration and anti-microbial property via innovative surface
modification approach. This work is based on our recent patent, US Patent 8,545,559 [46].

2.0 Materials and Methods

2.1 Processing of porous titanium samples

Porous titanium (Ti) rods of diameter 3mm were fabricated using a commercial laser
engineered net shaping (LENS™, Optomec Inc., Albuguerque, NM USA) system, a powder
based additive manufacturing method. LENS™ motion control software system was fed
with the CAD design of the porous rod which converted it into a tool path file. The build
jobs for LENS™ are controlled using parameters such as feeding rate of the powder, laser
power and raster scan speed. Commercially pure titanium (cp-Ti) powder (AT Powder
Metals, Pittsburgh, PA, USA) of 99.99% purity and spherical particle size between 44-149
um was used for processing the Ti rod on a cp-Ti substrate (President Titanium, Hanson,
MA, USA). A detailed description of fabricating the porous Ti rods using LENS™ can be
found elsewhere [50]. Porous cp-Ti rods were processed with 25 volume% porosity by
varying different LENS™ parameters such as the powder feed rate, raster scan speed and
laser power. The final processing parameters to obtain a 25 volume% porosity, which was
measured using the Archimedes method were- laser power of 280W, raster scan speed
between 60 and 80 cm/min and a powder feed rate of 20 g/min [50]. After LENS™
processing, rods were cut to necessary lengths for /n vivo testing, and its outer layers were
ground using silicon carbide papers ranging from 500 to 1000 grit. Samples were later
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cleaned ultrasonically in ethanol for 15 minutes then rinsed in deionized (DI) water and
finally air dried to remove loose metal powders.

2.2 Fabrication of TiO, nanotubes and electrodeposition of silver particle

Electrochemical anodization method was used to grow TiO, nanotubes on porous Ti rods.
The setup for anodization involved 1% hydrofluoric (HF) acid in deionized (DI) water as
electrolyte, porous cp-Ti rods and platinum being anode and cathode respectively which
were suspended using platinum wires. A DC power supply (Hewlett Packard 0-60 V/0-50
A, 1000 W) was used to apply a constant voltage of 20V throughout the process.
Electrodeposition of silver was performed using the same setup with platinum foil as anode
and porous Ti rods as cathode using a 0.1M silver nitrate (AgNO3) solution. For silver
deposition, a DC current was applied at a constant voltage of 3V for 30 seconds and 3
minutes for the two-different amount of silver loading. Excess silver was washed using DI
water after deposition followed by heat treatment of the coated samples at 500° C. Percent
area coverage of the silver coating was measured using ImageJ software.

2.3 Long term silver release study

Long-term silver release study was performed to measure its release kinetics. A detailed
outline of composition, number of samples and medium for the release study experiments is
provided in Table 1. Silver release study was performed with two mediums, phosphate buffer
saline (PBS-pH 7.4) and acetate buffer (pH 5.0). The total duration of the experiment was 27
weeks in PBS medium and 4 weeks in acetate buffer. For 27-weeks study, the measurement
time-points were 1, 3, 5, 7, 14, 21, 28, 35, 42. 49, 56, 63, 70, 77, 84, 01, 98, 105, 175 and
189 days. Two different loading rates, based on the silver deposition time, were used -
loading 1 and loading 2. Two different silver loading rates were used to study the effect, if
any, of varying the silver deposition times over the release of silver ions from the surface.
The deposition was performed with 0.1M AgNOs solution at a constant voltage of 3V at
room temperature. Samples were then placed in an orbital shaker maintained at a constant
temperature of 37°C, and fresh medium was added after every time point. At the end of the
study, all solutions were analyzed for silver ions using an Inductively Coupled Plasma-Mass
Spectroscopy (ICP-MS, Agilent model 7700 ICP-MS, Santa Clara, CA, USA). Calibration
of the machine was performed using of known silver concentrations of 10 ppb, 50 ppb and
100 ppb. All samples after 27 weeks were also analyzed under FESEM (FEI Quanta 200,
FEI Inc., OR, USA) at an operating voltage of 20kV to measure the presence of silver
particles on the porous cp-Ti surface after the release study.

2.4 In vivo study

2.4.1 Surgery and implantation procedure—For the /n vivo study, 6 male Sprague-
Dawley rats weighing approximately 300g were used. Bilateral surgeries were performed on
all 6 rats, and Table 2 lists the experimental details on number of implants with their
respective compositions used for the /n vivo study. Implant dimensions were 3mm in
diameter and 5.5mm in length. For silver deposition on implants, loading rate 1 was used for
deposition. Rats were housed individually in rooms with adequate humidity and temperature
controlled environment prior to surgery for acclimatization. Rats were anesthetized with
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IsoFlo® (isoflurane, USP, Abbott Laboratories, North Chicago, IL, USA) along with the
sufficient supply of oxygen controlled using a regulator. During surgery, a defect similar to
the diameter of the implant was created using a drill bit in the distal femur of the rat and
using the saline solution the defect cavity was washed to make sure no bone fragments
remained which was followed by insertion of the implants into the defect site. Synthetic
absorbable surgical suture was used to close the incision site following the surgery. Betadine
solution as a disinfectant was applied at the surgery site to prevent any form of post-surgery
infection. Meloxicam in the form of subcutaneous injection was given following surgery for
pain reduction [50]. Rats were euthanized at the end of their time point by overdosing the
bell jar with isoflurane. Experimental and surgical procedures were performed according to
a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of
Washington State University (Pullman, WA).

2.4.2 Histology and SEM characterization—Post necropsy, bone-implant samples
were fixed using 10% formalin solution for histological evaluation. After fixing, the samples
were then dehydrated using ethanol in increasing concentrations (70%, 95% and 100%),
followed by a mixture of 1:1 ethanol-acetone and finally 100% acetone. After completing
the dehydration process, samples were embedded in 1:1 acetone-spurrs mixture, followed by
100% spurrs resin embedding for a couple of days and then cured at 70°C. After curing, the
spurrs embedded bone-implant samples were cut into thin sections which were mounted on
glass slides and then stained using modified Masson Goldner’s trichrome staining method
and were observed under light microscope (Olympus BH-2, Olympus America Inc., USA)
for osteoid (new bone) formation [50]. To get a better idea about the interfacial bonding
between the implant and the surrounding tissue area, the stained samples were characterized
under FESEM (FEI Quanta 200, FEI Inc., OR, USA) maintained at low operating voltage of
10 kV and run under low vacuum.

2.5 Statistical Analysis

A repeated measure analysis was run in PROC GLIMMIX in SAS with 3 replicates
observed over 20 timepoints for each composition. Our analysis yielded a significant (p-
value<0.0001) time, treatment interaction. The results show a 95% confidence for all plots.
The treatment effects were followed up using a Turkey adjustment which also showed to be
significant (p-value<0.0001). Normality and equal variance were checked using diagnostic
plots, which did not affect the significance for the distribution of the plots.

3.0 Results

3.1 Characterization of TiO, nanotubes and silver coating on porous titanium surface

Figure 2 shows SEM images of LENSTM processed porous titanium surface of 25 volume%
(Fig. 2a), with silver coating on the surface of nanotube arrays (Fig. 2b), and TiO5 nanotube
arrays with diameter of 105nm + 30nm, and length of 375 £ 35nm (Inset-Fig. 2c). Nanotube
dimensions were measured using the ImageJ software. Care was taken to obtain the silver
coating in the nanometer range by wiping of the excess loosely deposited large silver
particles on the surface. Percent area coverage of silver deposition on surface was measured
using ImageJ software based on Fig. 3 for silver coated porous Ti samples with nanotubes
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only for both loading rates. The results showed a coverage of 13.5% of silver particles on the
surface of TiO5 nanotubes for loading rate 1, and 26.4% for loading rate 2.

3.2 Silver release study

To understand the long-term release kinetics of silver, two different mediums namely
phosphate buffer saline (PBS) and acetate buffer were used. PBS was used due to its
similarity in ion concentrations with that of the human body and acetate buffer was used for
its acidic nature which is the case during the healing of a wound or infection site in the body
that can see a lower pH. Two different deposition rates were utilized to understand the
effects of initial silver amount on rate of silver release from the surface. Figure 3 shows
SEM images of silver deposited samples using two different loading rates for dense Ti,
porous Ti and porous Ti with TiO, nanotubes, respectively. Figures 4 and 5 show the
cumulative release profiles for dense Ti with no silver which was used as control, dense Ti
with silver, silver deposited porous Ti with no nanotubes, and porous Ti with nanotubes and
silver in PBS (pH 7.4) after 27 weeks for both the loading rates, with an inset graph showing
the gradual continuous release of silver ions at latter time points. A small amount, in the ppb
range, of silver ions was detected for all solutions with dense Ti with no silver which
indicates the limits of detection. The cumulative release profiles indicate the total silver ion
release is well within the potential toxic limit mentioned for human cells which is 10 ppm
(ng/ml). Also, the release of silver ions is more for porous samples as compared to the dense
samples which is expected due to more silver deposition due to the presence of porous
surfaces. Similar release profiles were observed for samples in acetate buffer with
cumulative release of silver ions well below the potential toxic limit for human cells as
shown in Figures 6 and 7 for both the loading rates. Figures 8 and 9 show SEM images of
the surfaces of the silver released samples demonstrating the presence of silver particles
even after 27 weeks in the media. Those images confirm that further silver release from
those surfaces is still possible.

3.3 Histological evaluation and SEM characterization

Histological evaluation was performed to understand osseointegrative properties of porous
samples with silver coating, and also the cytotoxic effects, if any, due to silver coating as
compared to uncoated samples. We hypothesized that addition of TiO, nanotubes will
further improve the bonding around the bone-implant area. Figure 10 shows histological
evaluation of all samples after 12 weeks. First, silver deposition did not result in any
cytotoxic effects as osteoid formation in orange reddish color could be seen around the
implant. Also, higher amount of osteoid formation could be seen around the implant area as
compared to other samples, which confirms osseointegrative properties with the implants.
Moreover, less gaps around the implant area could be seen for samples with silver than
without. Better understanding could be obtained from Figure 11, which shows SEM images
for all samples indicating better bonding between implants and bone-tissue area. Porous Ti
sample with nanotubes and silver coating shows good bonding with no gaps compared to
porous sample with only nanotubes indicating excellent osseointegration and no cytotoxic
effects due to the presence of silver particles on the surface.
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4.0 Discussion

Porous titanium (Ti) implants have been preferred as a coating on orthopaedic implants due
to good biocompatibility, excellent corrosion resistance and strong bonding with the dense
implant. Porosity at the outer surface helps in improving the bonding between the implant
and surrounding bone thereby increasing the /n vivo life of the implants [44]. Porous Ti
implants were fabricated using the LENS™, a powder based additive manufacturing system,
with 25 volume% porosity. Porosity in the range of 20-30% is a minimum requirement for
the implants to be effective by mimicking the properties of human bone along with a pore
size greater than 200um as it helps in reducing the stiffness between the bone and the
implant thereby minimizing the mismatch between them [44, 45]. TiO, nanotube arrays with
diameter of 1205nm £ 30nm and length of 375nm + 35nm were fabricated on the LENS™
processed porous Ti surfaces using electrochemical anodization method with 1% HF in DI
water as the electrolyte. LENS™ processing parameters were decided based on results from
our previous work [53]. Interconnected porosity and nanoscale surface modification
enhances bone-tissue integration and promotes early stage osseointegration thereby
improving mechanical properties and interfacial bonding between bone and implant [49, 50].
Concerns related to post-surgical infections still remains in load-bearing implants mainly at
the surgery site or site of implantation. Antimicrobial remedies have not been completely
successful over the years, which has led to the possibility of using silver as an antimicrobial
agent. Silver being biocidal in nature has proved to be effective when used under appropriate
doses. The common pathways describing the antimicrobial nature are the affinity of silver
ions towards Sulphur, oxygen and nitrogen forming silver salts results in disrupting the
biochemical processes [37,38], and the interaction of silver ions with thiol and amino groups
of proteins resulting in adverse effects [39-41].

Osteomyelitis, a condition caused due to bacterial infection affecting the bone tends to arise
even after several weeks to months post-surgery [3]. Constant release of antimicrobial agent
at the implantation site for several weeks to months is required at appropriate doses in order
to prevent any sort of infection or further complication arising at the surgery/implantation
site. Silver has been proved to be effective as an antimicrobial agent against the bacterial
pathogens causing osteomyelitis [11-22]. Keeping the antimicrobial properties of silver in
mind, the main objective of this study was to understand the long-term release study of
silver ions from the surface modified implants with and without nanotubes in phosphate
buffer saline (pH 7.4). Since there is a change in the pH at the site of infection which
reduces the pH and generally makes it acidic in nature, silver release kinetics was also
measured in acetate buffer (pH 5.0) for a period of 4 weeks. Another important aspect that
was observed during this study was if silver release rate can be controlled by tailoring the
initial silver amount on the surface. And finally, the osseointegrative properties of porous
titanium implants with and without silver was assessed for its biocompatibility as well as
cytotoxicity /n vivo for 12 weeks using a rat distal femur model. We hypothesize that
strongly adherent silver coatings on porous titanium implants have the ability for long-term
sustained action along with good osseointegrative properties /n7 vivo helping in prevention of
implantation failure arising due to potential toxic effects. This research mainly aims at
demonstrating our recently patented approach, US patent # 8545559, to show effects of
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antimicrobial silver coating on surface modified porous load-bearing implants towards the
promotion of tissue integration post-surgery while preventing any cytotoxic effects [46].

Silver was electrodeposited on the surface of titanium implants with two different loading
rates based on the deposition times. Aim was to obtain the coating in nanoparticulate range,
but due to the uneven surface nature of the porous implants, the resultant coating resulted
from nanoscale to micron scale. Two different mediums, phosphate buffer saline (PBS)
maintained at pH 7.4 and acetate buffer maintained at pH 5 were used. PBS was used due to
the similarity in ion concentrations with that of the human body, and acetate buffer was used
due to its acidic pH which tends to be the nature of the environment at the infected site. It
could be seen from the release profiles that the cumulative release of silver ions in PBS is
well within the potential toxic limit mentioned for the human cells which is 10 pg/ml
(10ppm) [42,43]. An initial burst release can be seen during the initial time points for all
silver profiles with gradual stabilization with time, generally observed in all silver release
profiles. This can be seen due to the rapid leaching of silver ions leading to its initial
accumulation. The stabilization times vary depending on various factors such as
experimental conditions, particle size, concentration, pH gradient and aggregation kinetics.
The slow stabilization times is generally observed due to the absence of complexing agents
such as CI~ or S™ in pH solutions < 8 [56,57]. Cumulative release of silver ions in acetate
buffer is also within the potential toxic limit, however a faster release is observed due to the
low pH of the solution, which results in higher dissolution of silver particles [58]. Steady
and prolonged release of silver ions is observed, a minimum requirement for the coatings to
be effective [59]. The presence of silver particles on porous cp-Ti implants even after 27
weeks (more than 6 months) shows the long-term effectiveness of the silver coatings. The
release of silver ions observed from porous surfaces, especially surfaces with nanotubes, is
higher as compared to the release of silver ions from the dense surfaces. A possible
explanation for higher release from porous surfaces could be due to the porous nature which
could result in accumulation of silver particles into the pores resulting into higher release.
Surface properties also play an important role in the release kinetics. The porous
morphology of nanotubes increases the surface area resulting in higher deposition of silver
particles onto the surface of TiO, nanotubes. Another important observation that needs to be
noticed is the effects of initial silver concentration on the silver release kinetics.

In vivo study using rat distal femur model was performed to measure bone-tissue integration
at the bone- implant interface after 12 weeks to understand the effects of silver coating
towards early stage osseointegration. Histological evaluations revealed better osteoid like
new bone formation in the form of orange reddish color around the implant area for porous
samples with nanotubes and with silver coating than other samples. No cytotoxic effects due
to the presence of silver coating was observed as the osteoid formation could be nicely seen
around the bone-implant interface for silver coated implants. To better understand the
interfacial bonding between the implant and the surrounding bone, SEM characterization of
stained samples were performed that showed improved bonding between porous samples
with nanotubes and silver. No gaps in any form could be observed in porous samples with
nanotubes and silver coating, which further signifies the importance of nanotubes and silver
coating. TiO, nanotubes in general are known to have better surface wettability properties,
which results in better bonding between the bone and the implant [49]. Silver coatings on
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the surface of TiO, nanotubes have also shown good surface wettability with results shown
to decrease the contact angles further resulting an increase in surface energy i.e., better
biocompatibility. Thus, along with good antimicrobial properties, silver coatings on surface
modified porous titanium implants have shown goods signs of early stage osseointegration
with no cytotoxic effects.

5.0 Conclusions

Porous titanium implants, having 25 volume% porosity, were fabricated using LENS™
system. TiO5 nanotubes with diameter of 105nm + 30nm and length of 375nm + 35nm were
fabricated on porous titanium implants using electrochemical anodization method. Silver
particles were electrodeposited onto the porous titanium implants using two different
loading rates by varying the deposition time. Long term efficacy of these coatings was
studied for a period of minimum 6 months (27 weeks) using PBS medium and for 4 weeks
using acetate buffer. Cumulative release of silver ions in both the mediums, and for both the
loading rates, were well within the potential toxic limit of 10 pg/ml (10ppm) specified for
human cells. Osseointegrative properties of silver coating on porous titanium implants was
assessed using an /n vivorat distal femur model for 12 weeks. /n vivo results indicate good
interfacial bonding between the implant and the surrounding bone-tissue area for porous
titanium implants with TiO, nanotubes and silver coating similar to the porous implants with
only nanotubes. Based on the results it can be concluded that porous titanium implants with
strongly adherent silver coatings have good long term efficacy. Also, no cytotoxic effects
were observed irrespective of the pH of the medium or due to the change in the initial
deposition conditions of the silver coating. Finally, porous titanium implants with particulate
silver coatings show good osseointegrative properties along with its well established
antimicrobial ability.
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Figure 1.

A schematic showing fabrication steps of silver coated surface modified Ti implants and its
simultaneous infection control ability as well as enhanced osseointegrative properties for

load-bearing implants.
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Figure 2.
SEM images of (a) porous Ti surface, (b) nanotubes with silver deposition and (c) with

nanotubes and silver deposition at a higher magnification.
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(c) Porous Ti-NT-Ag
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SEM images of samples with silver deposition with loading rate 1 (Figures 2(a—c)) and
loading rate 2 (Figures 2(d—f)).
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Cumulative release profiles of silver ions from all samples in PBS medium at the end of 27
weeks using silver loading rate 1 with inset graphs showing continuous release of silver ions
at latter time points. (Error bar values are very low and hence not properly visible for all

time points although they are there for all time points; n=3)
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Figure 5.
Cumulative release profiles of silver ions from all samples in PBS medium at the end of 27

weeks using silver loading rate 2 with inset graphs showing continuous release of silver ions
at latter time points. (Error bar values are very low and hence not properly visible for all
time points although they are there for all time points; n=3)
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Cumulative release profiles of silver ions from all samples in acetate buffer medium at the
end of 4 weeks using silver loading rate 1. (Error bar values are very low and hence not

properly visible for all time points; n=3).
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Cumulative release profiles of silver ions from all samples in acetate buffer medium at the
end of 4 weeks using silver loading rate 2. (Error bar values are very low and hence not

properly visible for all time points; n=3).
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Figure 8.
SEM images of the surfaces of the samples showing the presence of silver particles after the

end of 27 weeks in PBS medium.
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Figure 9.
SEM images of the surfaces of the samples showing the presence of silver particles after the

end of 4 weeks in acetate buffer medium.
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Figure 10.
Photomicrographs showing the histological analysis after 12 weeks where signs of osteoid

like new bone formation could be seen in orange/ red color. Modified Masson Goldner’s
trichrome staining method was used.
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Figure 11.
SEM images of stained samples after 12 weeks showing the interfacial bonding between the

implant and the bone tissue.
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Experimental details for long-term silver release study using two loading rates and two different mediums. The

end point for release study in PBS medium was 27 weeks whereas in acetate buffer was 4 weeks.

Composition Number of | Condition Medium
Samples
Dense Ti (control) 2 Loading rate 1 | PBS (pH 7.4)
2 Loading rate 2 | Acetate Buffer (pH 5)
PBS (pH 7.4)
Dense Ti-Ag 3 Loading rate 1 | Acetate Buffer (pH 5)
PBS (pH 7.4)
3 Loading rate 2 | Acetate Buffer (pH 5)
PBS (pH 7.4)
LENS porous Ti-Ag 3 Loading rate 1 | Acetate Buffer (pH 5)
PBS (pH 7.4)
3 Loading rate 2 | Acetate Buffer (pH 5)
PBS (pH 7.4)
LENS porous Ti-NT-Ag | 3 Loading rate 1 | Acetate Buffer (pH 5)
PBS (pH 7.4)
3 Loading rate 2 | Acetate Buffer (pH 5)

PBS (pH 7.4)

Acetate Buffer (pH 5)
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Table 2

Surgery details for the /n vivo study using a rat distal femur model.

LENS Porous Cp-Ti-NT-Ag (Right Femur)

Composition Time Point | # of rats Tests Performed
Dense Cp-Ti (Control-Both left and right femur) 12 weeks 1 Histology and SEM characterization.
LENS Porous Cp-Ti (Left Femur) 12 weeks 2
LENS Porous Cp-Ti-NT (Right Femur)
LENS Porous Cp-Ti-NT (Left Femur) 12 weeks 3
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