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Abstract. Biocompatibility is one of the mandatory require‑
ments for the clinical use of biomaterials in orthopedics. It 
refers to the ability of a biomaterial to perform its function 
without eliciting toxic or injurious effects on biological 
systems but producing an appropriate host response in a 
specific case. Today, the biocompatibility concept includes 
not only bio‑inertia, but also biofunctionality and biostability. 
High biocompatibility and functional properties are highly 
desirable for new biomaterials. The chemical, mechanical, 
structural properties of biomaterials, their interaction with 
biological environment or even the methodology of assessment 
can influence the biocompatibility. The biological evaluation of 
biomaterials includes a broad spectrum of in vitro and in vivo 
tests related to the cytocompatibility, genotoxicity, sensitiza‑
tion, irritation, acute and chronic toxicity, hemocompatibility, 
reproductive and developmental toxicitity, carcinogenicity, 
implantation and degradation as specified in different inter‑
national standards. A brief review of the main assays used 
in the biocompatibility testing of orthopedic biomaterials is 
presented. In addition, their main biocompatibility issues are 
overviewed.
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1. Introduction

Orthopedic injuries and associated pathologies are an impor‑
tant public health issue worldwide as well as a major global 
burden of disability and suffering. It is estimated that the 
musculoskeletal conditions affect approximately 1.71 billion 
individuals globally  (1). The Global Burden of Disease, 
Injuries, and Risk Factors Study (GBD) 2019 reported for 
the 1990‑2019  time period musculoskeletal disorders as 
one of the 10 significant causes of enhancing burden from 
teenage years to older age with a 30.7% increase in DALY 
rates (Disability‑Adjusted Life‑Years) (2). These conditions or 
orthopedic trauma often require surgery and the use of perma‑
nent, temporary or biodegradable medical devices that include 
various natural or synthetic biomaterials able to substitute or 
repair different tissues (ligaments, tendons, cartilage, bone). 
The design of the medical device, functional properties of 
biomaterials and the bioresponse are some of the key players 
that determine the clinical success of the orthopedic inter‑
vention. Apart from their mechanical, microstructural and 
chemical characteristics, biomaterials are screened for their 
innocuity, biocompatibility, safety and efficacy for the clinical 
efficacy (3).

Biocompatibility, one of the most important features 
of biomaterials, is defined as ‘the ability of a biomaterial to 
perform its desired function with respect to a medical therapy, 
without eliciting any undesirable local or systemic effects on 
the recipient or beneficiary of that therapy, but meanwhile 
generating the most optimized clinically relevant performance 
of that therapy’ or ‘the ability of a material to perform with an 
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appropriate host response in a specific situation’ (3,4). Thus, 
biocompatibility testing is a primary requirement in the devel‑
opment and the approval of orthopedic materials for clinical 
use by regulatory agencies. Biomaterials need to meet basic 
biocompatibility criteria as set by the International Standards 
Organization (ISO 10993). They must be nontoxic, nonthrom‑
bogenic, noncarcinogenic, nonantigenic and nonmutagenic in 
order to exhibit an appropriate biological response (5).

In this regard, biocompatibility testing is a complex process 
that include in vitro and in vivo specific tests depending on 
the end‑use application of the biomaterials. The goal of this 
review is to provide a roadmap for the practical approach to 
the biocompatibility testing for orthopedic materials. The 
most important assays in this area are discussed based on the 
current findings. In addition, the review summarizes the main 
categories of biomaterials in orthopedics and their biocompat‑
ibility issues.

2. Biomaterials in orthopedics

According to the American National Institute of Health, a 
biomaterial is ‘any substance or combination of substances, 
other than drugs, synthetic or natural in origin, which can 
be used for any period of time, which augments or replaces 
partially or totally any tissue, organ or function of body in order 
to maintain or improve the quality of life of the individual’ (6). 
The main required properties of orthopedic biomaterials 
are good mechanical abilities including high resistance to 
corrosion and wear, biocompatibility, chemical stability and 
appropriate microstructural characteristics (Fig. 1) (7,8). A 
high longevity of materials expressed by unaltered properties 
after a long time of contact with the biological surroundings 
are tremendously essential.

Depending on their nature, orthopedic materials can be 
classified as metals, ceramics, polymers and composites.

Metallic materials. Due to their superior mechanical prop‑
erties, metals have been mostly used in prostheses stems, 
fracture plates, or as load‑bearing components in total joint 
replacement. The most commonly used metals include 
stainless steels (316L), titanium and titanium‑base alloys 
(Ti‑6Al‑4V, TiAl4VELI, Ti6Al17Nb) and cobalt alloys 
(Co‑Cr‑Mo) (Table I)  (7‑9). Among these, titanium and its 
alloys show an excellent corrosion resistance and a high 
biocompatibility as well as good long‑term behavior (10). In 
addition, Co‑Cr based alloys exhibit good mechanical proper‑
ties including excellent wear resistance, but they have a low 
biocompatibility (11). The main biocompatibility issues related 
to metallic materials and their alloys are bioactivity, corrosion 
byproducts, hypersensitivity reactions (mostly in the case of 
nickel alloys), and lipid uptake (5).

The coating of metals with bioactive ceramics and the 
chemical modification of metal surface by binding of poly‑
mers and biomolecules allow the biofunctionalization of 
metallic materials and the control of the biodegradability 
rate and biocompatibility (8,12). In this regard, magnesium 
alloys (Mg‑Ca, Mg‑Zn) and magnesium matrix compos‑
ites (Mg‑calcium phosphate particle, Mg‑hydroxyapatite, 
Mg‑tricalcium phosphate) are one of the metallic materials 
which have recently attracted growing interest due to their 

improved mechanical and biological properties  (9,13). 
Magnesium is ideal for biodegradable orthopedic implants 
owing to its high biocompatibility, osteogenesis ability and 
biodegradable behavior (14).

Ceramics. Ceramics represent a family of inor‑
ganic/non‑metallic products with a broad range of composition 
that can be dense and resorbable like tricalcium phosphate or 
dense, non‑porous and chemically binding to the bone such 
as hydroxyapatite  (HA)  (15,16). They are widely used in 
orthopedic applications as bone replacement in hip and knee 
reconstruction. The main advantages of these materials are 
high corrosion resistance, hardness, wear resistance, low fric‑
tion, significant biocompatibility and osseointegration with the 
host tissue. On the basis of tissue‑material interface reaction, 
bioceramics are generally classified into three categories: 
i) bioactive (hydroxyapatite, bioactive glasses); ii) bioresorb‑
able (calcium phosphate) and iii) bioinert (alumina, zirconia) 
(Table I) (8,9,17‑20). It is of interest to modulate the chem‑
istry of ceramics that they become osteoinductive but also 
to enhance the bone regeneration rate. The biocompatibility 
issues that could be considered in the ceramics category are 
related to ADME profile (adsorption, deposition, excretion, 
and metabolism), bioactivity, lipid uptake and thromboresis‑
tance (5).

Polymers. Some of the most known polymers of first generation 
are acrylic resins, polyethylene (PE) and ultrahigh molecular 
weight PE (UHMWPE) and polymethacrylate  (PMMA) 
(Table I) (11,12,19,21‑23). They are characterized by structural 
stability, low cost but a relative biocompatibility. Their main 
use refers to joint replacement, anchorage of prostheses and 
hip arthroplasties. The second generation of polymers are 
biodegradable and resorbable materials that are of interest in 
orthopedic practice for the purpose of bone substitution, and 
repair of bone fractures, cartilage, or membranes. Some exam‑
ples of biodegradable polymers include polyglicolide (PGA), 
polylactide (PLA), polydioxanone (PDS), poly(e‑caprolactone) 
(PCL) or chitosan (5,11). The biocompatibility of polymeric 
materials is influenced by various factors as structural proper‑
ties (chemical structure, molecular weight, functional groups, 
hydrophobicity), surface morphology, wetting abilities, or 
electrical charge. Thus, the increase in molecular weight of 
polyethylene glycol is associated with a decrease in protein 
adsorption (9). The biocompatibility issues associated with 
these biomaterials differ slightly between the two polymer 
types; thus, in the case of synthetic polymers, these issues refer 
to the calcification, extractables, hypersensitivity reactions, 
lipid uptake, protein adsorption and sterilization residuals. 
For the biodegradable polymers, the biodegradation prod‑
ucts, ADME, effect of infection (acid pH on biodegradation 
particulates), effect of hematoma (alkaline pH) are the specific 
biocompatibility issues (5).

Composite biomaterials. Composites comprise at least two 
components, namely matrix material and a filler (reinforce‑
ment) and they are widely used in structural and automotive 
applications. The addition of the filler enhances structural prop‑
erties, biocompatibility and bioactivity of the matrix. These 
biomaterials have been classified into metal matrix composites 
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(Ti/HA, Mg/HA, Ti6Al4V/HA), ceramic matrix composites 
(HA/stainless steel) and polymer matrix composites (high 
density polyethylene/HA, carbon fiber/polyether ether ketone). 
Fiber‑reinforced polymers and PMMA‑composites are largely 
used in orthopedic devices (7,9,16,17). The major biocompat‑
ibility issues described for composites include hypersensitivity, 
lipid uptake, matching tissue biomechanics, and surface expo‑
sure of compounded particles (5).

3. Biocompatibility testing

The designed materials for orthopedic uses should be capable 
to function in vivo without exhibiting any undesirable local 
or systemic effects as immune, allergic, inflammatory and 
carcinogenic responses  (5). Biocompatibility includes not 
only bio‑inertia, but also biofunctionality and biostability. It 
is a key concept that strongly depends on the material prop‑
erties (texture, crystallinity, wettability, surface chemistry, 
breakdown products, charges, stiffness), interaction with 
the biological environment of targeted tissues (adsorption of 
proteins, inflammatory processes, contact with blood), period 
of the device application, and type of application (24‑26).

Taking all this into account, the biological evaluation of 
biomaterials includes a broad spectrum of in vitro and in vivo 
tests related to the cytocompatibility, genotoxicity, sensitiza‑
tion, irritation, acute and chronic toxicity, hemocompatibility, 
reproductive and developmental toxicity, carcinogenicity, 
implantation and degradation as specified in different interna‑
tional standards (Table II) (3).

Before biocompatibility testing, the biomaterials from a 
final form of the medical device, are extracted using a semi‑
physiological medium (saline solution, cottonseed or sesame 
seed oil) or cell culture medium in small tubes. Then, they 
are usually incubated for 24‑72 h at 37˚C. Furthermore, the 
resulting extract solutions are decanted into sterile glass tubes 
and used in the biological tests (3). The extraction procedure 

is very gentle. Only some compounds from the surface of 
materials can be extracted. Its main limitations include low 
extraction yield (<10%), short‑time contact between material 
and cells/tissue fluids compared to the in vivo conditions, 
and unsuitable extraction medium for organic hydrophobic 
compounds. The use of the extraction vehicle with low concen‑
trations of dimethylsulphoxide (<0.5%) allows solubilization 
of both hydrophilic and hydrophobic compounds (4).

Cytocompatibility tests. Cytocompatibility tests evaluate the 
biological reactivity of living cells to the biomaterial extract 
solutions including cell viability, growth, and metabolic 
activity (4). Toxic agents derived from biomaterials such as 
metal ions, reactive agents, residual monomers, may exert 
toxic effects on cell functions and viability. The cellular 
damage involves structural disintegration and alteration of 
cell morphology, reduction in cell adhesion and proliferation, 
decrease in metabolic activity and cell lysis (27).

Cytotoxicity elution test. Cytotoxicity elution test (MEM 
elution) is an in vitro qualitative assay. It involves the incuba‑
tion of L‑929 mouse fibroblast cells with an extract of the test 
material for 48 h. After incubation, the cells are microscopi‑
cally examined in terms of morphological changes (deformed 
and lysed cells). The cell responses to material are scored on a 
scale of 0 to 4. The biomaterial is considered biocompatible if 
the cell response to the test material is not greater than grade 
2 (mild reactivity) (3).

MTT assay. MTT assay is the most commonly used test to eval‑
uate cell viability and proliferation. It relies on the enzymatic 
reduction of yellow 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di‑
phenyl‑2H‑tetrazolium bromide (MTT) to purple formazan 
in metabolically active cells. The color intensity of formed 
formazan is directly proportional to the number of viable cells. 
The measuring absorbance of formazan at 570 nm allows 
quantitative evaluation of living cells. The material is consid‑
ered cytocompatible if the percentage of viable cells is equal 
to or higher than 70% (3,28). Although MTT is considered 
the ‘gold standard’ in cytotoxicity studies, the test has several 
limitations. Thus, the cell culture conditions may affect the 
metabolism and rate of MTT reduction, and the interaction 
between test material and MTT can modify the final results. 
The carbon nanotubes as well as calcium phosphate scaffolds 
are able to reduce MTT. In addition, carbon nanotubes can 
bind the formed formazan altering the test outcome (4,28).

Agar overlay assay. Agar overlay assay is a qualitative test 
that evaluates cytotoxicity by indirect contact. Subconfluent 
cell cultures (mouse fibroblasts L929, NIH 3T3) are overlaid 
by an agar layer. The test material is placed on the agar layer 
and after 24‑72 h exposure time, it is removed. Then, the cells 
under and around the test material are exposed to Neutral 
Red (3‑amino‑7‑dimethylamino‑2‑methylphenazine hydro‑
chloride) staining. The detachment, vacuolization and lysis of 
cells can be semi‑quantitatively scored. Only the living cells 
accumulate the Neutral Red dye and they appear red colored to 
light‑microscope analysis. The agar overlay assay is suitable for 
high density biomaterials. The limits of the test are related to 
the short time exposure to biomaterial (only acute cytotoxicity 

Figure 1. Essential characteristics of biomaterials in orthopedics (7,8).
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detection) and the binding or adsorption of Neutral Red on test 
or released compounds (3,4,29).

Genotoxicity evaluation. Genotoxicity evaluation is an essen‑
tial part of the safety assessment of biomaterials as damage of 
genetic material may result in the induction of carcinogenesis 
or may alter the reproductive function if germ cell DNA is 
impaired. The sensitive genotoxicity endpoints comprise DNA 
damage, gene mutations and chromosomal damage (30,31). 
The genotoxic risk assessment of biomaterials is performed in 
mammalian and non‑mammalian systems (3).

Mouse lymphoma assay. Mouse lymphoma assay (MLN) is 
an in vitro mammalian cell gene mutation test that is able to 
detect both gene mutations (point mutations) and clastogenic 
injuries (deletions, translocations, mitotic recombination/gene 
conversion, and aneuploidy). Basically, the test quantifies alter‑
ations of thymidine kinase (TK) gene expression located on 
chromosome 11. The L5178YTK+/‑‑3.7.2 C mouse lymphoma 
cell line is used for the assay. The cells deficient in the TK 
gene as a result of the mutation TK+/‑ to TK‑/‑ induced by a 
genotoxicant are resistant to cytostatic activity of pyrimidine 
analogue triflurothymidine (TFT). In the presence of TFT in 
the medium, the mutant cells are able to survive and proliferate 
whereas the normal cells are not. Cells are incubated with test 
material for 3 to 4 h in the presence and absence on an meta‑
bolic activation system. In addition, the cells are exposed to 
test agent for 24 h without exogenous metabolic activation. A 
co‑factor‑supplemented post‑mitochondrial fraction obtained 
from hepatic tissue of rodents is used for metabolic activation. 
After treatments, the cells are subcultured for two days to allow 
expression of the mutant phenotype. Then, the cells are seeded 
into 96‑well plates with and without TFF to detect mutant cells 
and to evaluate cloning efficiency. Previously, the dose range 
of the test material is established depending on the cytotox‑
icity assessment. The occurrence of mutant colonies (small 
and large colonies) and the increase in mutant frequency (more 
than Global Evaluation Factor, 126x10‑6) is associated with the 
induction of chromosomal aberrations and the mutagenicity 
of the test material. The outcome of the test is significantly 
influenced by the cell line viability per se, solubilization of the 
test material, changes in the pH, osmolality, and high levels of 
cytotoxicity (3,32,33).

In vitro chromosomal aberration assay. In vitro chromosomal 
aberration assay evaluates structural aberrations (chromo‑
some/chromatid breaks; chromosome/chromatid exchanges) 
but it also detects polyploidy and endoreduplication. The test is 
performed in primary human peripheral blood lymphocytes or 
in established cell lines such as Chinese hamster ovary (CHO) 
cells or Chinese hamster fibroblasts. In this method, the prolif‑
erating cells are exposed to the extract test dilutions with and 
without metabolic activation for 3 to 6 h. The same metabolic 
activation system as in the MLA test is used. After exposure 
to the test material, the cell cultures are treated for 1‑3 h with 
a metaphase‑arresting compound (colcemid) at predetermined 
time intervals in relation with cell cycle length. The cells are 
harvested for the preparation of chromosomes by hypotonic 
treatment, fixation and staining with Giemsa. Chromosomal 
aberrations (number and types) in the mitotic cells are scored. 

Ta
bl

e 
I. 

C
on

tin
ue

d.

M
at

er
ia

ls
	

C
ha

ra
ct

er
is

tic
s	

D
is

ad
va

nt
ag

es
	

A
pp

lic
at

io
ns

	
(R

ef
s.)

  P
ol

y(
m

et
hy

lm
et

ha
cr

yl
at

e)
, P

M
M

A
	

G
oo

d 
m

ec
ha

ni
ca

l	
Lo

w
 te

ns
io

n 
re

si
st

an
ce

	
O

rth
op

ed
ic

 su
rg

er
ie

s 	
(1

1,
12

,
	

pr
op

er
tie

s 	
Th

er
m

al
 d

eg
ra

da
tio

n 
	

Ve
rte

br
op

la
st

y	
21

,2
2)

	
N

on
‑p

or
ou

s s
tru

ct
ur

e 
	

Sy
st

em
ic

 re
ac

tio
ns

 (i
nfl

am
m

at
or

y,
 e

m
bo

lis
m

)	
Sp

ac
e 

fil
le

r f
or

 th
e 

pr
op

er
	

Ex
ce

lle
nt

 o
pt

ic
al

 p
ro

pe
rti

es
	

Po
or

 o
ss

eo
in

te
gr

at
io

n	
an

ch
or

ag
e 

of
 th

e 
im

pl
an

t t
o

	
Ea

se
 o

f m
an

ip
ul

at
io

n 
		


bo

ne
 su

rf
ac

e
	

Le
ss

 e
xp

en
si

ve
  P

ol
yl

ac
tic

 a
ci

d 
(p

ol
yl

ac
tid

e)
,  

	
B

io
de

gr
ad

ab
ili

ty
	

W
ea

k 
th

er
m

al
 st

ab
ili

ty
	

B
io

ab
so

rb
ab

le
  	

(1
1,

23
)

  P
A

	
Lo

ng
 te

rm
 b

io
co

m
pa

tib
ili

ty
 	

Lo
w

 to
ug

hn
es

s	
Fi

xa
tio

n 
de

vi
ce

s
	

Th
er

m
op

la
st

ic
 p

ro
pe

rti
es

	
Lo

w
 d

uc
til

ity
	

Po
ro

us
 sc

af
fo

ld
s f

or
 th

e 
			




gr
ow

 o
f n

eo
‑ti

ss
ue

https://www.spandidos-publications.com/10.3892/etm.2021.10750


HUZUM et al:  BIOCOMPATIBILITY OF ORTHOPEDIC BIOMATERIALS6

The percentage of cells with this chromosomal damage is 
evaluated for test material dilutions as compared to the value of 
the negative controls. Test conditions (pH changes, osmolality) 
may influence the final results leading to a positive outcome. 
In addition, established cell lines should be characterized by 
stability in the modal chromosome number. The solvent used 
for the extraction of biomaterial should not interfere with the 
cell response (3,34,35).

Reverse mutation assay. Reverse mutation assay (Ames test) 
is a nonmammalian test system that use mutagenicity in 
bacteria as an end point. The assay is performed with strains of 
Salmonella typhimurium and Escherichia coli that have point 
mutations in the genes of the histidine and tryptophan operon, 
respectively. The exposure of mutant bacterial cells to a muta‑
genic agent causes a reversal of initial mutation (back mutation) 
restoring the ability of the bacteria to grow on the media lacking 
in histidine. Bacterial cultures are exposed to the biomaterial in 
the presence and the absence of metabolic activation system, 
using either plate incorporation or preincubation before plating. 
After 2 to 3 days of incubation at 37˚C, the revertant colonies are 
counted compared to the control plates. An increased number of 
revertant colonies indicates the mutagenic potential of the tested 
material. The preincubation method is recommended for some 
materials such as divalent metals (3,36,37).

Irritation (intracutaneous reactivity) testing. Irritation (intra‑
cutaneous reactivity) testing is an in vivo assay that evaluates 
the potential of biomaterials to cause irritation on the exposed 
area of the body. Saline and vegetable biomaterial extracts are 
administered by intracutaneous injection into multiple sites 
on the back of albino rabbits. The skin reactions (erythema, 
edema, scabbing, bleeding) are evaluated 24, 48 and 72 h 
following injection using a standardized scoring scheme. The 

biomaterials meets the criteria of the test if the difference 
between its average irritation score and the value of control is 
1 or <1. The use of rancid vegetable oil as a vehicle for bioma‑
terials could determine an extreme reactivity hiding the true 
effect of the biomaterial (3,38).

Skin sensitization assay. Skin sensitization assay evaluates the 
allergenic potential of biomaterials. Guinea pig maximization 
test is the most commonly used assay. It is based on the induc‑
tion of an immune response of the skin and it comprises 3 
phases. Stage I of the test (Induction) implies an intradermal 
injection of the biomaterial extract in guinea pigs on the test 
area. Then, a topical patch is applied after 7 days (Phase II, 
Induction II) and 14 days (Phase III, Challenge). Skin reac‑
tions (erythema, swelling) are evaluated at 24 and 48  h 
following patch removal using a scoring system. Sensitization 
potential is associated with a score value of 1 or greater in the 
test group (3,39).

Acute systemic toxicity testing. Acute systemic toxicity testing 
estimates the hazard potential of a biomaterial following 
short‑time exposure in animals. The extracts of the test mate‑
rial and negative controls are injected intravenously (saline 
extract) or intraperitoneally (cottonseed oil extract) into Swiss 
Albino mice. Then, the animals are observed 4, 24, 48, and 
72 h after treatment. The body weight, survival, and animal 
behavior are recorded. The biomaterial meets the test require‑
ments if its biological reaction is lower than the negative 
control (3).

Hemocompatibility. The biomaterial components of pros‑
thetic devices in contact with the bloodstream regardless of 
contact duration must be hemocompatible; they do not cause 
clinically significant blood‑related adverse events such as 

Table II. International standards for biocompatibility testing of biomaterials (4,5).		

	 Standardsa

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Biological response	 ISO	 ASTM

Cytotoxicity	 10993‑5	 F813‑07; F895‑84; F1027‑06
Sensitization	 10993‑10	 F720‑81; F2147‑01; F2148‑07
Irritation	 10993‑10	 F719‑81; F749‑98
Acute systemic toxicity	 10993‑11	 F750‑87
Subacute toxicity	 10993‑11	 ‑
Genotoxicity	 10993‑3	 E1262‑88
Immunoresponsiveness	 10993‑20	 F1906‑98
Hemocompatibility	 10993‑4	 F756‑08
Chronic toxicity	 10993‑11	 ‑
Carcinogenicity	 10993‑3	 F1439‑03
Degradation	 10993‑9; 10993‑13	 F1983‑14
	 10993‑14; 10993‑15
Implantation	 10993‑6	 F1408‑97; F763‑04; 
		  F1904‑98 
		  F981‑04; F1983‑99

aISO, International Standards Organization; ASTM, American Society for Testing and Materials.
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thrombosis, hemolysis, platelet and complement activation. 
Mostly the artificial surfaces can induce clotting, and high 
levels of coagulation is associated with acute thrombosis or 
thromboembolism that determine the failure of biomate‑
rials/device (40,41). The hemocompatibility depends on the 
material characteristics but also on the fluid mechanics of the 
device and the blood coagulability. The key points in hemo‑
compatibility testing are coagulation, hemolysis, hematology, 
platelets, and complement system. The assessment involves 
static, agitated or shear flow in vitro models for the incubation 
of fresh human blood with biomaterials. The hemocompat‑
ibility markers are determined before and after the incubation 
of the test material (42).

Coagulation. Coagulation is evaluated in vitro by measuring 
the rate of clot formation or the partial thromboplastin time 
(PTT) of plasma exposed to the biomaterials during an 
incubation time. A shortening of PTT induced by contact 
with biomaterials compared to the negative control shows the 
activation of the internal coagulation pathway. The amount of 
thrombin, the main enzyme of the coagulation pathway can 
also be determined by measuring thrombin‑antithrombin 
complex (TAA) and prothrombin fragment 1+2 using ELISA 
techniques. The TAA complex reflects a functional state of 
the coagulation, and prothrombin fragments are released 
during thrombin formation. An overall picture of the clotting 
process can be obtained by thromboelastography, an in vitro 
whole‑blood viscoelastic test (40,42).

Hemolysis analysis. Hemolysis analysis deals with the 
evaluation of the degree of erythrocyte lysis and the release of 
hemoglobin induced by the tested biomaterial. The determina‑
tion of plasma hemoglobin is performed by spectrophotometric 
methods. Immunonephelometry and ELISA techniques 
may be other options. For device components having direct 
contact with the blood, hemolysis testing is recommended by 
both direct and indirect methods. Only an indirect method is 
indicated in the case of devices having indirect contact with 
circulating blood. In direct testing, the blood is incubated with 
biomaterial and in indirect method, the blood is exposed to 
the biomaterial extract. Depending on the hemolysis testing 
results, the material are classified as hemolytic (over 5% 
hemolysis), slightly hemolytic (between 5 and 2%) and nonhe‑
molytic (below 2%) (40,42).

Hematology testing. Hematology testing includes the assess‑
ment of the complete blood count and the activation of 
leukocytes as a result of biomaterial‑induced inflammatory 
response. Hematology analyzer and ELISA method are used 
in this direction. Since the activation of leukocytes leads to an 
enhanced oxygen metabolism, the excessive reactive oxygen 
species generation can be evaluated using fluorogenic or 
chemiluminogenic agents. In addition, the release of polymor‑
phonuclear leukocyte elastase, an another event induced by 
leukocyte activation, can be quantified by ELISA or fluores‑
cence (40,42).

Platelet activation testing. Several points can be used for 
the evaluation of undesired platelet activation induced by the 
blood‑biomaterial contact. They involve the quantification of 
degranulation proteins (platelet factor 4, b‑thromboglobulin, 

thromboxane B2) released after platelet activation by ELISA, 
detection of P‑selectin (CD62P) or activated GPIIb/IIIa using 
flow cytometry (40,42).

Complement system activation. The complement system is 
an important component of the innate immune response and 
it is primarily involved in the first‑line host defense against 
pathogenic factors through three major pathways (classical, 
alternative and lectin pathway). Biomaterials act primarily 
upon the alternative pathway of complement, and the comple‑
ment activation is associated with the generation of complement 
proteins (C3, C5b, C6, C7, C8, C9) that can be determined 
using ELISA. In addition, the complement activation can be 
analyzed by the evaluation of the 50% complement hemolytic 
activity (CH50). In general, the hydrophobic surfaces of bioma‑
terials cause an increased complement activation compared to 
hydrophilic surfaces. The binding of complement components 
to the biomaterial surfaces can reduce their plasma content 
and can alter the final result (40,42).

Implantation tests. Implantation tests evaluate the local 
pathological effects on living tissues that constitute the 
target of the biomaterial/medical device used for implanta‑
tion. The biological response of the surrounding tissues 
(number and distribution of inflammatory cells, vascularity 
of fibrous capsule, granuloma, fatty infiltration, material 
debris, endothelialization, presence of necrosis) is commonly 
characterized by histological analysis. Both the tissue from 
the immediate vicinity of the implant and more distant tissues 
are studied.

In implantation tests, the safety of materials is assessed 
not only dose‑dependently but also time‑dependently. The 
tests are performed using mice, rats, guinea pigs or rabbits for 
short‑term evaluation studies (12 weeks) (43‑45). The rabbits 
are preferred for the musculoskeletal implantation studies 
since they have faster skeletal change, a high bone turn over 
and are less expensive and easy to handle (12). The animals 
with relatively long life expectancy such as dogs, sheep, goats, 
are used in longer‑term studies. The chemistry, size and the 
degradation pattern of the materials significantly influence the 
biological response (43‑45).

4. Conclusions

It is undeniable that the biocompatibility concept is a major 
concern in the design of biomaterials in orthopedics. A 
wide array of specific tests must be performed in order to 
ensure safety and efficacy of the biomaterials as this paper 
has reviewed. The development of new materials, the new 
paradigm of biocompatibility (‘do no harm’ approach is trans‑
formed into one of doing ‘good’) (5) and the understanding of 
the role of biomaterial surface physicochemistry accentuate 
the need for a calibration of regulatory criteria depending on 
new technologies and concepts. The design of biomaterials 
with high biocompatibility and functional properties (antimi‑
crobial, osteoinductive) is highly desirable.
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