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Introduction
Total joint arthroplasty is perhaps the most suc-
cessful orthopaedic procedure, performed in 
cases of end‑stage osteoarthritis of the hip, knee 
and other joints [1, 2]. The number of such surger-
ies performed in developed countries is increas-

ing due to ageing populations and it is estimated 
that approximately 50 thousand arthroplasties 
are performed annually in Poland. Arthroplasty 
is often performed in young, more active patients 
due to encouraging long‑term clinical outcomes. 
In such cases, long‑term function of the implants 

AbstrAct

Introduction. Periprosthetic joint infections are severe complications of arthroplasty, difficult to manage 
due to biofilm formation on the components. Recently, the use of silver nanoparticles (SNs) has emerged as 
a method of preventing biofilm formation on orthopaedic implants, however little is known about the sys-
tematic toxicity of SNs.
Aim. This study used a rabbit model to examine the tissue response of bone, liver and kidney to prototype 
components with SN doped hydroxyapatite (HA) coatings. 
Material and Methods. Twelve prototype implants (six with HA, six with SN doped HA coatings) were implant-
ed into the femora of twelve New Zealand Rabbits. After 6 weeks, the animals were euthanised, their femora 
and samples of livers and kidneys harvested to prepare microscopic slides. The slides were examined for the 
presence inflammatory or toxic reactions to SNs, implants were examined using scanning electron micros-
copy (SEM) to determine structural changes related to implantation and verify retention of SNs in vivo. 
results. SEM demonstrated that SNs formed submicron conglomerates, which were retained after 6 weeks 
in vivo and did not interfere with osseointegration. Histologic studies of bone fragments demonstrated no 
signs of acute toxicity and inflammation. No inflammatory reaction was observed in kidneys, although in 
some samples signs of acute renal failure related to euthanasia were found. No severe toxic reaction was 
found in liver samples, however fatty degeneration of liver was found in some animals.
conclusions. This study documented good osteointegration of implants with SN doped HA coatings with 
low systematic toxicity of SNs.
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relies on biologic fixation with host bone by 
means of osseointegration, ingrowth of bony 
tissue into various coatings of the components, 
predominantly hydroxyapatite (HA) [1, 2]. 

Unfortunately, as the number of joint replace-
ments performed annually is increasing world-
wide, the financial burden related to complica-
tions of these procedures is becoming more 
severe [1]. Perhaps the most devastating com-
plication of arthroplasty is periprosthetic joint 
infection (PJI). This is because infections involv-
ing orthopaedic implants are associated with for-
mation of biofilms, complex polymeric conglom-
erates of proteins, polysaccharides and DNA [3]. 
Biofilms encapsulate bacterial cells present on 
the surface of implants and protect them from 
antibiotics or the host immune response [3]. To 
date, no biofilm‑disrupting drugs are available, 
consequently surgical exchange of components 
and prolonged antibiotic therapy are a necessity 
in the management of most patients with PJIs [1]. 
Unfortunately, this type of treatment is associat-
ed with unacceptably low success rates and sub-
optimal clinical results.

For this reason, development of meth-
ods allowing prevention of PJIs has become 
a research priority. In recent years, application of 
silver nanoparticles (SNs) on the surface of ortho-
paedic components has been suggested [2–4] 
based on data from laboratory studies, which 
indicated that SNs have antimicrobial properties 
and can prevent biofilm formation. This is also 
an attractive alternative for the industry, as such 
modification could be easily used in existing 
implant designs with long‑term clinical record. 
However, there is a lack of data regarding the safe 
application of SNs on orthopaedic coatings and 
their possible local and systematic toxicity, espe-
cially in kidneys and liver.

Aim
This study used a rabbit model to examine tis-
sue reactions of bone, liver and kidney to implan-
tation of prototype components with SN doped 
hydroxyapatite coatings.

Material and Methods
This experimental study based on a New Zealand 
White Rabbit model compared the response of 

bone, liver and kidneys to implantations or pro-
totype orthopaedic implants with conventional 
HA and SN doped HA coatings. First, prototype 
implants (cylinders with a diameter of 4 mm 
and length of 22 mm) were manufactured from 
TiAl6V4 alloy, plasma sprayed with a 50 µm thick 
HA coating (2PS, Montbazens, France). Coatings 
of randomly selected implants were then doped 
with SNs with a mean diameter of 66 nm (Partic-
ular GmBH, Hannover, Germany). Briefly, implants 
were immersed in a suspension of SNs with a sil-
ver concentration of 106 mg/l and stirred for 14 
hours at room temperature. The components 
were then rinsed with physiological saline, dried 
and sterilised. Next, characterisation of the coat-
ing from both types of implants was performed 
using scanning electron microscopy (SEM): 
implants were rinsed in acetone to remove any 
fatty residues, vacuum dried, glued to aluminium 
stubs using a conductive carbon tape and coated 
with a 10‑nm layer of gold using a JEOL JFC 1200 
sputter coater. Samples were then examined 
using SEM (JEOL JSM‑6400) with an accelerat-
ing voltage of 20–30 KV. The chemical composi-
tion of osseointegrative layers was verified using 
Energy‑Dispersive X‑ray Spectroscopy (EDS, 
Oxford Instruments Inca); analyses were per-
formed in randomly selected, square regions (10 
x 10 µm) at an accelerating voltage of 25 KV, with 
a bandwidth of 10 KeV and noise peak cut‑off 
at 0.3 KeV. Analyses of larger regions were per-
formed to minimise differences in silver content 
related to random distribution of SNs on the sur-
face of the implants.

Six components with SNs (study group) and 
six implants with conventional HA coatings (con-
trols) were implanted into the femora of New 
Zealand White rabbits (a total of twelve animals), 
according to approval granted by the local bioeth-
ical committee. Briefly, animals were fist anaes-
thetised (ketamine + medetomidine) and distal 
epiphyses of their left femora were exposed using 
a lateral approach. A 4‑mm hole was then drilled 
through the bone, following by implantation of 
a prototype component and wound closure. All 
rabbits survived the procedures with no major 
complications, and were kept in cages receiv-
ing food and water ad libitum for 6 weeks. At that 
time, animals were euthanised (intracardiac phe-
nobarbital injection) and their femora contain-
ing the implants, livers and kidneys were imme-
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diately harvested. Fragments of bone adjacent to 
the implants were removed using a 10‑mm chisel 
and used for further studies. All obtained tissue 
samples were fixed in 10% buffered formalin for 
72 hours. 

Liver and kidney samples were used to pre-
pare routine pathological slides (H+E staining). 
Since toxic effects of silver may result in fatty 
degeneration of liver, these samples were evalu-
ated according to the NAS scoring system devel-
oped by Kleiner et al. [5]. The scale comprised 
14 histological features, 4 of which are evalu-
ated semi‑quantitatively: steatosis (0–3), lobu-
lar inflammation (0–2), hepatocellular ballooning 
(0–2), and fibrosis (0–4). In this system scores 
higher than five are required to diagnose steato-
hepatitis.

Bony fragments underwent electrochemi-
cal decalcification in Romeis fluid (solution of 
hydrochloric and formic acid) using a current of 
100 mA and were then stained using convention-
al H+E and McManus PAS techniques. The heal-
ing response of bone around implants was then 
evaluated using a modified Solchaga score [6]. 
The system comprised the presence of new bone 
(0–3), vascularisation of the bone (0–1), pres-
ence of osteoblasts/osteocytes/osteoclasts (0–3 
each), presence of immature bone (0–3), trabe-
cular bone (0–3) and Haversian channels (0–3), 

inflammation (0–2) and granulation tissue (0–2). 
The scale yields 0–26 points and was used to 
quantify bone healing within a mantle of 4 mm 
around the implant.

Finally, all retrieved prototype implants were 
vacuum dried, prepared for electron microscopy 
using the same protocol as for characterisation 
of newly manufactured coatings and examined 
using SEM to verify bone ingrowth into the sur-
face of components and retention of SNs using 
EDS.

Results
coating characterisation
A uniform HA layer was obtained on all implants 
fabricated for this study. SEM analysis dem-
onstrated that the coatings were composed of 
small irregular splats and grains of hydroxyapa-
tite, which formed a complex three‑dimensional 
structure (Figure 1a). The deposition of nano-
particles had no effect on the morphology of 
the HA coating, which was identical to the con-
trol samples (Figure 1b). SEM examination under 
high magnifications showed a tendency of SNs 
to form larger conglomerates (approx. 100 nm – 
1 µm in diameter; Figure 1c). EDS analysis of the 
coatings confirmed the presence of calcium and 
phosphors in all samples; a well‑defined peak 

Figure 1. SEM studies of HA coatings used in the study: a) microstructure of the HA coating in control group; b) microstructure of 
the HA coating doped with SNs; c) high magnification image of SN doped HA coating demonstrating conglomerates formed by the 
nanoparticles (in circles); d) EDS analysis of SN doped HA coating confirming presence of silver
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confirming presence of silver was observed in all 
SN doped implants (Figure 1d). Dependent on the 
region, the quantitative EDS analysis indicated 
a mean silver content of 3.3% (range 2.7–4.2%).

characterisation of bone tissue reactions
There were no qualitative differences between 
bone samples around the implants in both 
groups. In all cases, the periosteum was prop-
erly structured from the connective tissue, and 
osteoblasts were only observed in regions adja-
cent to the implant border, where the periosteum 
was disrupted during implantation (Figure 2). 
The cortical bone was formed from significantly 
mineralised tissue with typical Haversian canals 
in all samples, while the trabecular bone exhib-
ited a typical structure, with an increasing gradi-
ent of trabeculae towards the epiphyses. Areas 
around the implants had a mixed pattern of vari-
ous features including formation of fibrous tissue 
(fibroplasia), small regions of cartilaginous tissue 
(chondroplasia) and new bone elements (osteo-

plasia) with features of lamellar and trabecular 
bone (Figure 2). There were no cases of cellular 
infiltration around the implants, indicating a lack 
of inflammation. The presence of implants did 
not influence the structure of bone marrow; inter-
trabecular sinuses contained yellow and red bone 
marrow with a typical morphology and occur-
rence of myelogenesis. A good healing response 
was observed in all cases, with comparable mean 
healing scores for HA (mean 18.3; range 15–23) 
and HA+SN (mean 17.8; range 16–22) samples.

characterisation of kidney and liver tissues
Kidney samples from all animals retained a typ-
ical microscopic structure of nephrons (Figure 
3a); the border between the cortical and med-
ullar parts were clearly visible. Hyperaemia was 
observed in some cases within the glomerular 
(3 HA and 2 SN animals) and borderline (2 HA 
and 2 SN rabbits) renal layers, indicating acute 
renal failure, and are often described as “shock 
kidney”.

Figure 3. Microscopic images of kidney and liver samples: a) fragment of kidney tissue with localised hyperaemia indicated by ar-
rows; b) liver sample from one animal with severe fatty degeneration (white arrows)

Figure 2. Bone formation around the implant. Dashed line indicates the location of implant, white arrows indicate trabecular bone, 
and grey arrows indicate localised chondroplasia
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A normal morphology of liver with typical 
hepatic lobules was observed in most rabbits. 
However, a varying extent of hyperaemia in hepat-
ic vessels (3 HA and 3 SN rabbits), localised lym-
phocytic infiltrations (1 HA and 3 SN rabbits) as 
well as fatty and vacuolar degeneration of hepa-
tocytes (2 HA and 4 SN rabbits) were observed 
in some samples from both groups. In five cases 
where signs of fatty degeneration were present, 
the NAS score was 4 (borderline steatohepato-
sis), while pronounced damage with a score 6 
was observed in one SN rabbit (Figure 3b).

retrieval analysis
SEM examination of explanted components 
demonstrated ingrowth of trabecular bone 
into implants with conventional HA coatings 
and components with SNs (Figure 4a, b). In all 
implants the coating remained intact, except for 
localised damage caused by surgical tools used 
to extract bony fragments for histologic analysis. 
There were no qualitative differences between the 
newly formed bone on the surface of the compo-
nents; in all cases formation of well attached tra-
beculae was confirmed. In all implants with SN 
doped coatings, conglomerates of silver nano-
particles were visible after six weeks in vivo, and 
EDS analysis confirmed their atomic composition 
(Figure 4c).

Discussion
In current clinical practice, the use of implants 
anchored by means of biologic fixation is becom-
ing the gold standard in joint arthroplasty, includ-
ing hip, knee, shoulder and ankle replacements 
[4, 7]. Such implants are being used in a growing 
number of patients, including young, active indi-
viduals. Many arthroplasties performed in devel-
oped countries are associated with an increasing 
number of complications following these proce-
dures, and PJIs are perhaps the most severe [1]. 
Since the development of PJIs heavily depends 
on formation of biofilms on implants, it has been 
suggested that application of SNs to their sur-
face could minimise the risk of infection [2–4]. 
Although antimicrobial properties of SNs are 
widely recognised, it is unclear whether their 
application in orthopaedic components is asso-
ciated with localised or systematic toxicity [2, 3, 
8, 9]. This study demonstrated that hydroxyapa-
tite coatings doped with SNs are not associated 
with a localised toxic response of host bone, kid-
neys and liver.

There are several limitations to this study, pre-
dominantly due to the fact that it includes a small 
number of samples and animals. This was due to 
ethical reasons, which required the lowest possi-
ble number of animals to be used, and this applies 

Figure 4. SEM analysis of retrieved samples: a) bony ingrowth (arrows) into conventional HA coating; b) ingrowth of bone (arrows) into 
SN doped HA coating; c) EDS analysis of fragment of SN doped coating not covered by bone confirming presence of silver nanoparticles
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to other similar studies [3, 9]. Another limitation is 
that conventional, decalcified bone samples were 
included [10, 11]. It is possible that the decalcifi-
cation procedure could potentially alter the mor-
phology of bone tissue, however performing this 
procedure allowed the SEM examination of the 
retrievals. Lastly, the examination of the toxic 
effects related to implantation of components 
with SNs has limited precision since it is based 
on histologic examination [5, 8, 11].

Good osseointegration of SN doped HA coat-
ings and retention of nanoparticles on the sur-
face of the coatings is perhaps the most impor-
tant finding from this study. Although results of 
EDS analyses suggest that a large portion of sil-
ver was retained after six weeks in vivo, it is not 
possible to precisely determine the extent of sil-
ver release from such coatings [9]. The HA layer 
has a complex porous structure, and EDS analy-
sis allows the silver content to be determined only 
in areas directly exposed to the electron beam of 
the SEM. Unfortunately, the small size and weight 
of particles make it practically impossible to 
determine the amount of SNs retained in areas 
overgrown by trabecular bone. Theoretically 
focused ion beam milling could be used to grad-
ually remove fragments of bone and expose the 
coating and SNs. However, even the use of such 
advanced techniques would yield very imprecise 
results due to irregularities in particle distribu-
tion and the complex three‑dimensional coating 
structure [3]. Nonetheless, histological studies 
demonstrated that the presence of SNs does not 
affect bone ingrowth, with no inflammatory reac-
tions associated with the presence of SNs.

The examination of kidney and liver tissues 
performed in this study aimed to determine the 
systematic cytotoxicity of SNs. Although some of 
samples examined in this study exhibited abnor-
mal findings, they are most likely not associated 
with SNs. Kidney tissue samples exhibited find-
ings typical of acute kidney failure, which are 
considered characteristic for hypovolemic shock 
rather than chronic damage, in agreement with 
data from other authors [11]. We believe that 
they were most likely formed when the animals 
were euthanised. However, some pathologies 
observed in the liver samples, predominantly fat-
ty degeneration, developed over a relatively long 
time. It is essential to consider other etiologi-
cal factors in these cases which may cause the 

hepatic lesions, such as the type of culture, nutri-
tion, infections and stress‑inducing conditions [2, 
7–9]. Taking the above into consideration, it is not 
possible to confirm that lesions noted in experi-
mental groups of rabbits are associated with the 
type of implant used.

Conclusions
This study demonstrated good osseointegrative 
properties of SN doped HA coatings, compara-
ble to that of conventional hydroxyapatite lay-
ers. The presence of pathologic lesions in livers 
and kidneys of some animals can be attributed to 
the harvesting procedure (shock kidney) or have 
multifactorial origin (fatty degeneration in some 
livers). The findings suggest the antimicrobial 
potential of SN doped HA coatings to prevent bio-
film formation in vivo, but this requires confirma-
tion in further studies. 
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