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Abstract

In this study, electrolytically deposited strongly adherent silver nanoparticles on stainless steel
(SS) implants were used for /n situ osteomyelitis treatment. Samples were heat treated to enhance
adhesion of silver on 316L SS. Ex vivo studies were performed to measure silver release profiles
from the 316L SS screws inserted in equine cadaver bones. No change in the release profiles of
silver ions were observed /n vitro between the implanted screws and the control. /n7 vivo studies
were performed using osteomyelitic rabbit model with 3 mm diameter silver deposited 316L SS
pins at two different doses of silver - high and low. Infection control ability of the pins for treating
osteomyelitis in a rabbit model was measured using bacteriologic, radiographic, histological and
scanning electron microscopic studies. Silver coated pins, especially high dose, offered a
promising result to treat infection in animal osteomyelitis model without any toxicity to major
organs.
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1.0 Introduction

Osteomyelitis, an infective condition of the bone or bone marrow, is a severe and
challenging setback in bone surgery. Various factors that can adversely influence
osteomyelitis include poor surgical conditions that are typically seen in trauma cases,
patient's habits such as smoking and drug addiction and patients' health such as malnutrition
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and other immune deficiency disorders.2:2 Further, it has been observed that incidence of
infection rate is between 5 to 10% of all inserted internal fixation devices; generally minor,
between 0.5 to 2%, in closed fractures but as high as 30% for fixation of grade 3 open
fractures.3 Children mostly suffer from acute haematogenous osteomyelitis involving
metaphysis of long # whereas adults are the victim of subacute and chronic forms of
osteomyelitis. Generally, osteomyelitis is commonly seen secondary to an open wound, most
frequently an open injury to bone and surrounding soft tissues. >6 The incidence of deep
musculoskeletal infection is reported to be as high as 23 % from open fractures. / Patient
related factors than can further complicate this challenge include altered neutrophil defence,
humoral and cell-mediated immunity. In a recent study, S. aureuswas concluded to be the
most common organism isolated (43%) for osteomyelitis followed by P, aeruginosa (10%),
Proteus spp. (6%), Klebsiella spp. (5%), E.coli (5%), Enterobacter spp. (3%), S. epidermidis
(4%), Streptococcus pyogenes (2%) and Enterococcus spp. (2%).8 Removal of the implant
and dead tissue management are really the only satisfactory treatment options available at
present in a clinical setting.

Antibiotics have been the go to remedy for such infections, but the use of antibiotics to
prevent orthopaedic surgical infections has been met with limited success over the years.
Limited success has also been seen with non-antibiotic remedies such as chlorohexidine or
nitrofurazone.® As an alternative therapy, use of silver as an antibiotic has come into wide
use particularly in topical treatments. The use of silver has been seen for over thousands of
years in many different civilizations. The effectiveness of silver relates to its broad spectrum
of activity and its high chemotherapeutic ratio which is defined by the ratio of toxic dose to
effective dose. Silver is biocidal in the ionic form.1011 Also, silver tends to show toxic
effects towards microorganisms as compared to normal human cells and tissues.12-15 Silver
has also been used in FDA approved devices, but mostly for short term use in medical
devices such as catheters. The key challenges to such an idea relates to maintaining effective
silver concentration that is toxic to microorganisms but safe to normal healthy tissues, and
long term site-specific delivery. Over the years, use of silver directly or indirectly using
various technologies have been researched upon showing the prevention of bacterial
adhesion and emphasizing on its antimicrobial properties.16-18 Previously, research has been
performed in our group showing the effects of silver in various forms by directly depositing
it on the surface as a strong adherent antimicrobial coating.1:1319.20.21 Recently, we have
received our patent focusing on this technology from the United States Patent and
Trademark Office.22

Due to its good mechanical properties, corrosion resistance and low cost, stainless steel is
commonly used as standard implant material for fracture management. 316L SS, where “L”
stands for extra low carbon, composition in particular is widely used for fracture
management devices as it does not bond with the bone which is an important factor taken
into consideration.! Once a fracture is healed, many times the fracture management device
such as a plate or nail needs to be taken out without damaging the fracture site.> However,
for longer term implants that stay in the body such as hip and knee implants, typically
titanium (Ti) and its alloys or CoCrMo are used in which good bone bonding ability is must
to prevent implant loosening.
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The current work emphasises on silver nanoparticle deposited 316L SS implants for in situ
treatment of osteomyelitis /7 vivo. Nanoparticulate silver coatings were applied to 316L SS
devices using an electrodeposition process. It should be taken into consideration that a wide
range of experiments were performed during this process to find a suitable parameter for the
silver deposition process. The adherence of silver to SS substrate was tested ex vivo by
carrying out a silver release study with and without implantation into cadaver bone for a
period of 7 days. The influence of silver coating for treating osteomyelitis in a rabbit model,
shown in Fig 1, was evaluated by implanting samples into osteomyelitic rabbit femurs for a
period of 42 days. Infection control ability of the silver coated pins was measured using
bacteriologic, radiographic, histological and scanning electron microscopic studies. The
main focus of this work demonstrates how strongly adherent nanoparticulate silver coatings
can be added to an orthopaedic device which when placed in an infected site can still prevent
infection. Our emphasis is based on our recently patented work which focuses on this
technology?? and not to demonstrate the antimicrobial nature of silver which has been well
established through many previous works.16-20 In our case, in a rabbit model, within 42
days, such infection was cured, with high dose of silver showing good signs of curing
infection as early as 21 days which is certainly not trivial.23-26

2.0 Materials and Methods

2.1 Nanoparticulate silver deposition on 316L SS

Commercially available medical grade 316L SS screws of 2.7mm in diameter and 16mm in
length were used for the ex vivo study. Samples were cleaned with DI water and ethanol
prior to electrodeposition. An aqueous solution of 0.1M AgNO3 was used as an electrolyte
for the process of electrodeposition and platinum foil was used as the anode material with
the sample being the cathode. The electrodeposition was performed using a DC power
supply (Hewlett Packard 0-60 V/0-50 A, 1000 W) maintaining the voltage constant at 5V
for 40-45sec at room temperature which resulted in a DC current in the range of 0.01-0.05A.
Post deposition, the excessively loose silver particles resulting from the coating were gently
wiped off from the surface using a tissue and DI water. Heat treatment at 500°C for 7 min
under air atmosphere was performed using a vertical tube furnace and then the samples were
cooled naturally at room temperaturel21, The process parameters were optimized after
several experiments by varying the electrolyte concentration, electrodeposition time, and
heat treatment conditions to achieve a nano-particulate silver coating strongly adherent to
the 316L SS surfacel:13. Silver dose can be controlled varying electrodeposition time. For
316L SS pins for /n vivo rabbit studies, 45 sec (low dose) and 2 minutes (high dose) of
electrodeposition times were used.

Characterization of the samples was performed using a field emission scanning electron
microscope (FEI Quanta 200, FEI Inc., OR, USA) held at an operating voltage of 20 kV.
SEM images of the silver deposited samples were taken at regular intervals to optimize
silver deposition parameters. Post heat treatment samples were cleaned with DI water before
microscopic analysis. To confirm the coating is in nanoparticle range particle size analysis
was performed using ImageJ software.
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2.2 Ex vivo silver release study in DI water

Nano-particulate silver deposited 316L SS screws were placed in DI water for 7 days to
study the release kinetics of silver upon implantation and cumulative silver release profiles
were measured using an atomic absorption spectrophotometer (AAS, Shimadzu AA-6800,
Shimadzu, Kyoto, Japan). Fresh DI water was replaced after each time point. Silver
deposited screws (performed under similar conditions) were studied under two different
conditions only for low dose concentration— 1) screws implanted into an equine cadaver
bone mimicking the surgical implantation procedure and 2) screws without the implantation,
which was used as a control. Upon completion, the solution was analysed for Ag+ content
using the AAS. The samples were tested in “Flame Mode” using air and acetylene (CoH5)
fuel, and data collection was carried out using Shimadzu WizAArd software. The machine
was calibrated using Ag+ standards (High-Purity Standards, Charleston, SC, USA) of known
concentrations from 0 to 5pg/ml. During testing a pre-spray time of 30s and an integration
time of 10s were used. A release study of low and high dose of silver was also performed in
Phosphate Buffer Saline (PBS) solution to identify the release profiles of both the doses. The
release study was performed in a similar manner as mentioned above and at each point fresh
solution was replaced.

2.3 In vivo study in a rabbit model

Bacterial Isolate—Staphylococcus aureus was used for experimental model in rabbit.
ATCC S. aureus culture (ATCC 29213) of 1 ml (5x10% CFU/mL) was injected into the
medullary cavity of rabbit femur for successful induction of osteomyelitis and colony of the
Staphylococcus aureus was confirmed by growth in manitol salt agar and other biochemical
tests. Construction of successful osteomyelitic rabbit model using similar methods has been
performed before and can be verified from our previous work.>2: 53

In vivo study—All animal experimentations were performed in accordance to the
standards of the Institutions Animal Ethical Committee of the West Bengal University of
Animal and Fishery Sciences, India. Bone infection was induced in the femur (bilaterally) of
fifteen rabbits of 2-2.5 kg body weight under xylazine and ketamine hydrochloride
anaesthesia. Under strict aseptic measures, the medullary cavity of femurs was approached
by a small incision followed by drilling using a 1.2 mm diameter drill and 1 ml of bacterial
suspension (approximately 3 x 108 CFU) Staphylococcus aureus was injected. The opening
of drilled hole was closed using bone wax to prevent leakage of bacterial suspension into
surrounding soft tissues. All the animals were observed for 3 weeks for development of
osteomyelitis. Carprofen (4 mg/kg of body weight), a standard postoperative pain
medication was used for 3 days. The development of osteomyelitis was confirmed by
random radiography and selective histology and microbiological examination of swab from
bone specimens of sacrificed rabbits (3 animals). After confirmation, a second surgery was
done maintaining all standard formalities of surgery and silver-coated (both low and high
dose) and uncoated stainless steel implants were placed in the osteomyelitic bone, shown in
Fig 1. All the samples were properly sterilized by autoclaving them at 121°C for 1 hr. The
detailed experimentation with these animals has been shown in Table 1. The study samples
were retrieved on days 21 and 42 post osteomyelitis development. Bone specimens
containing the implants were decalcified in Goodling and Stewart's fluid-containing formic
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acid 15 ml, formalin 5 ml and distilled water 80 ml solution. Histological examinations were
carried out using haematoxylin and eosin-stained sections. Sequential radiographs (X-rays)
from the infected bone were taken after osteomyelitis development and also from control
and treated bone at 3 weeks and 6 weeks. Implanted bones were also collected for SEM
analysis from all the three groups (control, low and high dose silver coating) after 21 and 42
days. The specimens were first fixed in E. M. grade 5% glutaraldehyde phosphate solution
followed by washing twice for 30 min. with PBS (pH 7.4) and distilled water. Dehydration
of the samples was performed using a series of graded ethanol and finally with
hexamethyldisilizane (HMDS) for final drying. Gold sputtered coating (JEOL ion sputter,
Model JFC 1100, Japan) was performed on samples to make it conductive. The samples
were then mounted into the resin and its surfaces were then examined under SEM (JEOL
JSM 5200 model, Japan). After 21 days of post-induction of osteomyelitis, swab samples
were also taken for microbiological examination for confirmation of osteomyelitis.
Toxicological study of silver concentrations in major organs like heart, kidney and liver was
carried out at day 42 only.

3.0 Results

3.1 Characterization of nano-particulate silver deposited 316L SS

Fig. 2a and b show scanning electron microscopy (SEM) images of deposited silver on the
surface of 316L SS screws using low and high dose of silver. The deposition resulted in a
range of silver particles from nano to micro-meter sizes and proper measures were taken to
remove the loosely adhered large particles on the surface by cleaning with DI water.
Electrodeposition parameters were optimized to ensure that the deposition resulted with
majority of the particles in the nanometer range. No significant differences can be seen in
terms of silver particle size and distribution after the implantation due to strong adhesion of
silver particles on 316L SS surface. Such result is important to alleviate the concerns related
to dislodging of silver particles due to friction and wear at the bone-SS screw interphase
during surgical procedure. In order to confirm the nanoparticle coating of silver particle size
analysis of the coating was performed for low and high dose of silver as shown in Fig. 2c
and d. Fig. 3a and b shows the before and after implantation SEM images of silver deposited
316L SS screw surface.

3.2 Silver release study

Silver deposited screws were implanted into the equine cadaver bone and the release of
silver ions in DI water before and after implantation were studied for 7 days. Only screws
with low dose concentration was considered for the ex vivo release study. Fig. 3c shows the
SEM image of the 316L SS surface after 7 days of release study, clearly showing the
presence of nano-scale silver particles on the surface. This image strong adhesion of
particles to the surface as well as long term silver release ability from the device. Fig. 3d
shows the release profiles of the silver ions when implanted into the cadaver bone ex vivo,
and without implantation i.e., as control. No significant changes in the release profiles can
be seen due to ex vivo implantation. Also, an initial fast release rate in the first 3 days can be
observed after which silver release rate gradually decreases in both cases. The total
cumulative release observed for silver ions in both cases are within the potential toxic limit
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of 10 ppm (ug/ml) mentioned for the human cells, a key factor dealing with silver
technologies. Similar 7-day release study was performed for low and high dose coated silver
in Phosphate Buffer Saline (PBS) solution to get an idea of both the doses of release profiles
in buffered saline environment. The cumulative release of silver ions in both doses was
within the toxic limit mentioned for human cells i.e. 10 ppm (ug/ml) as shown in Fig. 3e.1

3.3 Microbiological examination

The swab specimens collected from the bone specimens of group | animals after 21 days
were streaked on Mannitol 10% salt agar slant and incubated at 37°C for overnight.
Observations showed characteristic bacterial growth, sample was collected from a single
colony bacterial growth which was stained by Gram's staining method. The organisms were
gram (+) coccoid and arranged in single or diploid similar to the organism inoculated (Fig.
4). The swab specimens were also collected from the implanted site of bone in all the groups
at day 21 and 42 and inoculated to Mannitol 10% salt agar and incubated at 37°C for
overnight. No bacterial growth of Staphylococcus aureus was found except in control group
where such growth was seen.

3.4 Scanning electron microscopy of cortical bone

Microstructures of bone defect sites for all the groups of animals are shown in Fig. 5 to Fig
7. Control pin implanted bone sample shows no appreciable bone formation due to presence
of infection. There is decalcification of the bony matrix with osteolytic activity and
insignificant presence of bridging callus and fibro cartilaginous tissues in Fig. 5. Low dose
silver deposited sample after 21 days shows initiation of bone apposition around the surface
of pin as observed by newly formed collagen fibrils. Whereas in 42 days, collagen fibril
formation vis-a-vis new bone formation is more compared to earlier day i.e., day 21 and
shown in Fig. 6. High dose silver deposited pins implanted bone after 21 days shows more
bone formation around the pin surface as observed by better communication of collagen
fibrils although some interfacial gap is there. At 42 days, there is presence of abundant
collagenous tissue around the pin surface along with formation of matured bone and shown
in Fig. 7.

3.5 Radiological examinations

Fig. 8 shows radiographs of all three groups at different times. Typical radiographic
evidences of osteomyelitis in animals of all groups are presence of severe periosteal reaction
in the distal femur with lytic changes and thinning. In some places of distal femur, spongy
bone appearance was not clearly visible. Radiodensity of bone marrow appeared to be in
excess with mild endosteal reaction in Fig. 8A1. Radiographically control sample at day 21
and 42 shows increased radiodensity along with loss of characteristics of cancellous bone in
distal femur and presence of both the phytic and lytic changes. Endosteal reaction was
moderate and clearly visible. Interruption of cortical border of distal femur is evident in
some places along with secondary osteophytic changes of epiphyseal cartilage, as shown in
Fig. 8 C21 and C42. The radiograph on 21 days in low dose silver coated bone sample
shows discontinuation of cortex in few places with mild endosteal reaction. Presence of mild
radiolucent zones in metaphyseal region of femur is characteristic of osteoclastic changes.
At day 42 the radiograph shows absence of periosteal reaction and discontinuation of cortex

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nandi et al. Page 7

as observed in earlier days. Restoration of the medullary cavity and remodeling of cortex is
prominent although there is presence of few radiolucent zones in epiphysis, as shown in Fig.
8 L21 and L42. In high dose silver deposited pins at day 21 and 42 show lack of periosteal
and endosteal reaction, clear medullary cavity along with cortical continuation as observed
from the radiographs, shown in Fig. 8 H21 and H42.

3.6 Histological examination

Fig. 9 shows histological evaluation at the bone-implant interface for all groups. Histological
section of femur bone in group | revealed bony degeneration of haversian plates with
infiltration of mononuclear cells and few osteoblasts in medullary sinuses. There is evidence
of osteoclastic activity in some interstitial spaces and the margin of sinuses is getting worn
out in some places. The total phenomena were indicative of osteomyelitis and shown in Fig.
9AL. In control group with no silver coating, osteomyelitic changes are seen at day 21 and
42 characterized by degenerative changes of haemopoigenesis centre, osteophytes, fat cells
along with mild fibro vascular proliferation of connective tissues. Bone marrow in the
peripheral region showed penetration with mononuclear cells and osteoclasts penetration
was observed in the bone marrow peripheral region which is shown in Fig. 9C21 and C42.
As shown in Fig. 9L.21 with low dose silver coated samples at day 21, presence of haversian
canal along with sinusoidal spaces filled with red blood cells (RBC), mononuclear cells and
mucin threads. Infiltration of osteoblast along with mononuclear cells is seen at some places.
Fibrovascular reaction is seen all throughout the parenchymatous region. At day 42, as
shown in Fig. 9L42, section depicted a well-developed vascular stroma of bony plates
characterized by newly formed haversian canals tightly all throughout the structure.
Osteoblastic and osteoclastic activities are moderate to severe. Fibrosis in sub-cortical area is
also evident indicating a good response to healing. Histological sections of high dose silver
coating at day 21, Fig. 9H21, shows well defined haversian system along with canalicular
structure and formation of osteoclastic foci with infiltration of mononuclear cells. There was
mucinious degeneration at the central level of haversian canal. Vascularization at few points
was suggestive of angiogenesis which indicated a tendency to repair the parenchymatous
mass. Some of the inner lining of canaliculi reveal acellular cystic lining along with void
mass in their lumina. Collagen fibers and immature fibroblast run in few places. There is
tendency to extravasations of RBC in pericortical zone of Fig. 9H21. At day 42, section
shows a multiple number of haversian canals tightened by a delicate bundle of fibrous tissue.
Vascular proliferation is prominent particularly to the periphery of canal and inner side of
medullary region. Mucin secretion is seen in few places. Proliferation of mononuclear cells
is low although the structure is tightly embedded by osteoblast and osteoclast cells.
Thickening of vessel wall due to good proliferation of osteoblast cell causes partial
compression of sinusoidal places, and shown in Fig. 9H42.

3.7 Toxicological examination

Toxicological study of silver concentrations in major organs like heart, kidney and liver was
carried out at day 42 only. Based on high performance liquid chromatography (HPLC)
estimation of silver concentration on day 42, it has been measured that the concentration of
silver in high dose pin in Heart-BDL (below detection limit), Kidney- 0.53ppb,
liver-1.02ppb and in low dose pin Heart- BDL (below detection limit), Kidney-0.41ppb,
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liver-0.38pph. All concentrations were below the toxicity levels advised for silver. At the
time of sacrifice, the animals were healthy and fit without any undesirable side effects.

4.0 Discussions

Due to lack of treatment options, osteomyelitis patients become disappointed to the
therapeutic outcomes. Typically, early antibiotic therapy is the ideal option that must be
administered for at least four to six weeks or more to achieve an acceptable rate of cure.>27
However, if antibiotic therapy fails, adequate debridement, drainage of pus and prolonged
courses of parenteral antibiotics for another four- to six-week course is needed. 2728 The
treatment of chronic osteomyelitis is more complex and generally requires approaches such
as combination of infection control and radical debridement??, fracture stabilization in case
of non-union or bone segment excision, antimicrobial therapy, dead space and wound
management, and provision of bone graft substitutes especially in the case of large bone
defects.39:31 Conventional antimicrobial therapy fails to provide satisfactory results in many
cases due to physiological differences in blood supply, local vascularization, and the
presence of “blood—bone” barrier.32 The limitations of systemic antibiotic therapy include
prolonged treatment due to being unable to create a high local concentration and the
consequential risk of toxicity.33-36 Moreover, impaired vascularity of osteomyelitis bone
requires the use of higher doses of antibiotics due to poor antibiotic penetration and the
difficulty in eradicating organisms when they are in a biofilm phase.36 In spite of standard
care, therapeutic failures and reappearances are common, sometimes as high as 30%.36-40

Control of infection on and around SS implants is usually difficult and may lead to ultimate
implant migration.4142 Preventive measures are sought by the researchers to overcome
implant-related infection vis-a-vis to give relief to the ailing patient. Various approaches
have been attempted to make SS implant surface antibacterial either by impregnation of the
surface with antibiotics*3 or coating of the surface with silver that may cause sustained
release of drugs during application.**-4” We hypothesized that strongly adherent silver
nanoparticles on the stainless steel implant will have /n situ antibacterial properties as a
treatment option for osteomyelitis for an extended period of time /n vivo. The antibacterial
activity of silver is well established#>46 and mostly relies on the silver cation Ag*, which
has a property to bind to electron donor groups of sulphur, oxygen or nitrogen in biological
molecules. Generally, oxidation of metallic silver to the active state (Ag*) occurs via an
interaction of the silver in aqueous setting.8 Silver has broad spectrum antibacterial
properties against both gram-positive and gram-negative bacteria and even in some drug-
resistance bacteria at very low concentrations (ppb level).#9 Silver coatings have been made
in many clinical contexts like heart valves, central venous catheters, urinary catheters and
have proved to minimize infection rate towards short term use of medical devices.>051
However, to the best of our knowledge, scanty in-depth published data available on silver
deposited stainless steel implants for the /n situ treatment of osteomyelitis.

We developed low and high concentration of silver deposited 316L SS implants and
compared with control sample without silver. The minimum requirement of an implant to be
bactericidal is steady and continuous release of silver ions at concentration levels of at least
0.1 ppb.52 For ex vivo characterization, only low dose/concentration was used as both the
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doses resulted in coatings with similar particle range. The silver deposition was carried out
using electrodeposition process which is a cost effective method. The electrodeposition
resulted in a coating ranging from micro to nano particles. Efforts were taken to ensure the
resulting coating contains mostly nanoparticle by cleaning them with DI water. But electro-
deposition of silver nanoparticles on SS surface can led to poor adhesion, and required
further heat treatment which was performed at 500°C. The cumulative release of silver ions
is found to be well below the toxic limit specified for the human tissue. World Health
Organization (WHO) recommends no observable adverse effect level (NOAEL) of Silver up
to 10 gm for a normal human being.® The most serious concern for silver toxicity is
Argyria, which is not found at or below 1.7 gm total silver in vivo. Researchers have
reported that silver intake from the diet can be between 27 and 88 pg/day.1!

To test antibacterial properties of silver deposited 316L SS, Staphylococcus aureus, the
commonly involved bacteria in development of osteomyelitis was chosen.>#:55 Amid the
animal trial results, histopathological and microbiological findings are the most important
tools for detection of the efficiency of treatment of osteomyelitis and implant-host bone
reaction®® Based on the histological analysis, the tendency of alleviating infection as well as
intramedullary new bone formation was higher in high dose silver deposited implants
followed by low dose implant when compared to control samples. In low dose samples, mild
infective changes were noticed at day 21 but subsided gradually with the passage of time at
day 42. Whereas high dose sample showed complete eradication of infection at day 21 and
42 with development of multiple number of haversian canals, vascular proliferation and
tightly embedding by osteoblast and osteoclast cells with no periosteal reaction in and
around the osteomyelitis area. These findings confirm a better efficacy of these implants to
resist the injected S. aureus. The silver ions may be released in sufficient concentration from
the implants, which combines to membranes, enzymes and to nucleic acid leading to a
variety of reversible and irreversible cellular intervention.*6:57 Moreover, presence of silver
ions may hinder the respiratory chain vis-a-vis the aerobe metabolism of causative
microorganisms.®8 High dose silver has the capacity to inhibit bacterial adhesion and growth
without altering the activity of osteoblasts and epithelial cells.%9 In low dose samples, the
efficacy of silver ions in treating osteomyelitis in day 21 was less due to low silver
concentrations available in the area. This may be due to interference of mode of action of
silver ions with the murein of the bacterial cell wall as reported earlier.50 Microbiological
examinations was also carried out in each time point. The minimum concentration of 10 to
40ppb of silver ion is necessary to kill the most pathologic microorganisms and 60ppb to
eliminate the most resistant strains including methicillin-resistant S. aureus.5! In the present
study, it is expected that this minimum concentration was available at the surface of the
implants.

Radiological findings of osteomyelitis show presence of severe periosteal reaction with lytic
changes, absence of spongy bone appearance with more radiodensity of bone marrow.52
With the passage of time, these findings are completely absent in high dose silver samples
both at day 21 and 42; however, in low dose sample, initially there was presence of
osteomyelitis signs of mild endosteal reaction along with presence of mild radiolucent zones
which subsided gradually at day 42. It has been reported that silver coated prostheses show
lower infection rates against Staphylococcus aureus, without any undesirable side effects on
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the surrounding tissues.*’ Silver coated polymer and stainless steel pins also confirmed
similar results without any cytotoxicity.*8 Microstructure of bone-biomaterial interfaces of
uncoated implants show no appreciable bone formation due to presence of infection. Low
dose samples show less bone apposition around the surface in earlier days that increases
gradually with the passage of time. This may be due to presence of residual infection in
earlier days. High dose sample shows bone formation around the implant surface as
observed by better communication of collagen fibrils both at day 21 and 42, which shows
the potentiality of silver ions in eradicating the infection in osteomyelitis site.

Finally, silver concentrations in the vital organs like heart, kidney and liver were within the
normal range both in low and high dose silver coated implants. Silver levels below 10 ppb
were regarded as normal.53 Toxicological side effects are noticed for silver when blood
concentration is more than 300 ppb in the form of argyrosis, leukopenia, liver and kidney
damage.54 However, in the present study, silver concentrations were well below the critical
concentration, and no such toxicological side effects were observed.

5.0 Conclusions

316L SS implants were coated with silver nanoparticles via electrodeposition for 45 secs
(low dose) and 2 min (high dose) in 0.1M silver nitrate solution as an electrolyte. Post
deposition heat treatment was done at 500 °C for 7 minutes to increase adhesion of silver
nanoparticles on the 316L SS surface per our patented technology. Ex vivoimplantation on
equine cadaver bone followed by silver release study in DI water and microscopic analysis
confirm that no measurable degradation on the surface to dislodge the silver particles during
surgical procedure.

Direct ability to treat osteomyelitis using strongly adherent nanoparticulate high and low
dose silver deposited nails was studied using a rabbit model followed by bacteriologic,
radiographic, histological and scanning electron microscopic study. Silver deposited pins,
especially high dose, offered a promising result in terms of eradication of infection in rabbit
osteomyelitis model without any toxicity in major organs like heart, kidney and liver at both
21 and 42 day points. Based on our findings, we can conclude that strongly adherent
nanoparticles silver on 316L SS surface can effectively treat osteomyelitis. Such findings are
especially important because apart from removal of implant or dead tissue management,
there are no satisfactory treatment option available at present for osteomyelitis in a clinical
setting.
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Figure 1.
Photograph showing implantation of implant in distal femur of rabbit.
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SEM images showing the electrodeposition of silver particles (a) before insertion to equine
cadaver bone; (b) after insertion and (c) After 7 days in media. Presence of silver particles
on the surface can be seen in all the cases. (d) Cumulative release profiles from silver
electrodeposited 316L SS screws for 7 days with insertion and without insertion into the

equine cadaver bone.
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Figure 3.
SEM images showing the electrodeposition of silver particles (a) before insertion to equine

cadaver bone; (b) after insertion and (c) After 7 days in media. Presence of silver particles
on the surface can be seen in all the cases. (d) Cumulative release profiles from silver
electrodeposited 316L SS screws for 7 days with insertion and without insertion into the
equine cadaver bone performed in DI water. (¢) Cumulative silver release profiles of
stainless steel screws with low and high dose silver deposition for 7 days without insertion in
PBS (Phosphate Buffer Saline).
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Figure 4.
Photograph showing characteristic morphology of Staphylococcus (left) and characteristic

colony of Staphylococcus in Mannitol agar 10% slant after overnight incubation (right).
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1 mm

Figureb.
SEM microstructure of bone defect site for control groups of animals taken after 42 days.
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Figure6.
SEM microstructures of bone defect sites for low dose silver coated implants of animals

taken after: (A) and (B) 21 days and (C) & (D) 42 days.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nandi et al.

Page 19

Figure7.
SEM microstructures of bone defect sites for high dose silver coated implants of animals

taken after: (A) and (B) 21 days and (C) & (D) 42 days.
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Figure 8.
Radiographic pictures of distal femur showing: Al-Development of osteomyelitis after 21

days-The osteophytic and lytic changes are show osteomyelitis.

C21 and C42- control sample at 21 and 42 days showing osteophytic and lytic changes along
with discontinuation of cortical border of distal femur.

L21 and L42- Low dose silver coated sample showing discontinuation of cortex in few
places with mild endosteal reaction at day 21 and absence of periosteal reaction and
discontinuation of cortex at day 42.

H21 and H42- High dose silver coated sample at 21 and 42 days showing recovery from the
osteomyelitis changes at the adjacent area of implant.
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Figure.
Al-Histological section of development of osteomyelitis after 21 days (1-Clusters of

osteoblast and osteoclast; 2- R.B.C. and mononuclear cell; 3-Medullary cavity; 4-
Intraosseous septa)

C21 and C42 - Histology of control sample after 21 and 42 days after development of
osteomyelitis (C21- 1-Clumping of R.B.C. and mononuclear cell; 2- mononuclear cell and
osteoclast; 3-Fat cells; 4-Blood vessels and fibroblast, C42- 1-Fibroblastic proliferation; 2-
Aggregation of mononuclear cell and osteoclast; 3-Degenerative changes in bony lamellae)
L21 and L42 - Histology of bone section of Ag coated low dose implant at 21 and 42 days -
(L21 and L42- 1- Haversian canal; 2- Fibrovascular proliferation; 3-mononuclear cell and
osteoblast).

H21 and H42 - Histology of bone section of Ag coated high dose implant at 21 and 42 days
— (H21- 1- haversian canal; 2-Fibrovascular lamellae; 3- 3-mononuclear cell and osteoblast,
H42- 1- Haversian canal; 2-Sinusoidal space; 3-Fibrovascular proliferation)
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Table-1
Design of Experiment for In Vivo Animal Experimentation
Groups No of animals | Implant Days of experiment | Experiment
Group | 3 No implants 3 weeks Three animals were sacrificed for
histological, radiographic and
microbiological examination to
confirm development of osteomyelitis
Group Il 6 Uncoated metal implants After 3 weeks Three animals were sacrificed for post-
(control) in one femur and low dose silver operative characterization
coating pin in another femur
After 6 weeks Three animals were sacrificed for post-
operative characterization
Group Il | 6 Uncoated metal implants After 3 weeks Three animals were sacrificed for post-
(control) in one femur and high dose silver operative characterization
coating pin in another femur
After 6 weeks Three animals were sacrificed for post-

operative characterization
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