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INTRODUCTION

The medical field of biomaterials and bioengineering is 
nowadays becoming increasingly important. Although activ-
ity in this field is not new, the knowledge of molecular and 
cell biology has enabled significant progress, especially in the 
past 20  years. At first, more than 50  years ago, well-known 
synthetic materials were used. Later, through analyzing and 
exploring new forms of biomaterials, various implants for 
medical use were designed [1-3]. Materials, which are essen-
tially well known in the technological field, had initially not 
been developed as biomaterials. These were the first used 
for tissue defects and reconstructions. Bone implants, for 
example, were made from stainless steel and other alloys, or 
from high-density polyethylene. Methacrylate polymers were 
used as bone cement in dental medicine, whilst polyethylene 
tetra phthalate fibers were used for the production of grafts 
for blood vessel reconstructions (Figure  1). During this pio-
neering period, cellulose membranes were also used as filter 
meshes in hemodialysis. At the start, the science of biomateri-
als was focused on in vitro studies, imitating living tissue [4-8]. 
Experiments in vivo followed. These enabled a deeper under-
standing of biological tissue response to implants and hence 

further studies about the use of alternative components within 
biological implants. Most of the materials used were synthetic 
and intended for the manufacture of permanent implants. 
These were proposed to replace the function and structure of 
damaged or diseased tissue [9-11].

The main objective in the science of biomaterials is the 
ongoing research and development of materials that specif-
ically react with the biological environment for which were 
developed for. This includes the so-called tissue regeneration 
approach; biomaterials are supposed to act as a temporary 
scaffold or cell anchorage for three-dimensional tissue struc-
tures to be then colonized by specific cell types [4,9,12]. Their 
main purpose is to allow improved tissue regeneration. Over 
time, some biomaterials are degradable within the tissues that 
they were implanted in, whilst others are permanent. A new 
and specific function of biomaterials is their use in molecular 
transfer into target tissues for the treatment of diseases. An 
example of this is the transfer of encapsulated genes into the 
cells of the diseased tissues [13-17].

TISSUE AND BIOMATERIALS

The molecular biological interactions between the 
implant and the tissue are significant in the application and 
use of biomaterials as well as their interaction with tissue. For 
example, the study of biomaterials for vascular applications 
includes factors such as interactions between the blood and 
the implant, the factors influencing the response of blood 
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components to the implant as well as the evaluation of these 
phenomena. Specific reactions of platelets, red blood cells and 
leukocytes to the artificial material, activation of the comple-
ment, coagulation cascade, adsorption of proteins and the 
fibrinolytic activity are important factors within the organ-
ism in terms of the interactions between blood and implants 
or grafts [7,8,18,19]. On the other hand, the reaction of blood 
components to the implant could be affected by the composi-
tion of the biomaterial, the presence of antithrombotic agents, 
active ingredients of drugs acting on an organism, the use of 
biomaterial and the type of injury or defect responsible for the 
implant used [20-23].

The aim of the study of biomaterials is to understand 
the biological response of tissue and organism to artificial 
implants. In recent years, this has enabled a great progress in 
the development of artificial materials. Exploring the impact 
of biomaterials on the human body and vice versa begins with 
in vitro studies. These studies are particularly important in the 
development of the biomaterial for its specific use. The tests 
performed under in vivo conditions follow. These may con-
tinue to clinical research and ultimately lead to the general use 
of the implant [7,21,22,24].

TISSUE REACTIONS TO 
BIOMATERIALS

A surgical implantation of a biomaterial into the body trig-
gers an organism-inflammatory reaction with the associated 
healing of the damaged tissue. Depending upon the composi-
tion of the implanted material, the surface of the implant, the 
mechanism of fatigue and chemical decomposition there are a 
number of other reactions possible. These can be local as well 
as being systemic. These include immune response, foreign 
body reaction with the isolation of the implant with a vascular 
connective tissue, possible infection and impact on the lifes-
pan of the implant [21,23].

Usually, implants are well-integrated into the surround-
ing tissue and may be serviceable for a long period of time. 

Depending on the use, they may improve the quality of life and 
prolong survival [21,25,26]. Since implants are made of artificial 
materials that are foreign to living tissues, they may trigger a 
reaction involving surrounding tissue. These reactions may be 
so pronounced that they may ultimately lead to tissue damage 
and failure of the implant, as well as to death of the organism. 
The interactions between the implant and the tissue are var-
ious (Figure 2). They can be divided into two groups: (1) The 
effect of the implant on the tissue, and (2) the influence of the 
organism on the implant. The first group includes: (I) The local 
effects with interactions between blood and implant, infection, 
influence on the normal course of treatment, toxicity and car-
cinogenesis, as well as, (II) the systemic effect of implant parti-
cle embolization, hypersensitivity reactions and the increased 
amount of chemical compounds within the implant in the 
body. The second group includes the interaction of the organ-
ism to the implant: (I) The biological effects of enzymatic deg-
radation, calcification and absorption of the artificial material 
and (II) the physical and mechanical effect of the material such 
as fatigue, abrasion, corrosion, and dissolution [2,7,21,27-29].

Inflammatory response and tissue healing

The implantation of a biomaterial into the tissue by sur-
gery, injection or insertion causes tissue damage and tissue 
response, leading to wound healing (Figure 3). This begins at 
the moment of injury and involves both resident and migra-
tory cell populations, extracellular matrix, and the action of 
soluble mediators. The mechanisms underlying the pro-
cesses involve: (I) Inflammatory mediators and growth fac-
tors; (II) cell-cell and cell-extracellular matrix interactions 
that govern cell proliferation, migration and differentiation; 
(III) events in epithelialization, fibroplasia and angiogenesis; 
(IV) wound contraction, and (V) remodeling. They are initi-
ated at the time of physical injury and continue throughout 
the repair process [30-33]. The time taken for a wound to heal 
can be diverse, and some wounds may take up to a year or 
more to heal in their entirety (Figure 4). Despite the fact that 
in all tissues the processes of repair begin immediately after an 
injury occurs and that all wounds go through similar phases of 
healing, some specialized tissue types such as those within the 
liver, skeletal tissue and eye have a distinctive way of regener-
ation and repair and hence follow separate paths. In addition, 
there are differences among tissues in the time required to 
complete regeneration [34,35]. A completely healed wound is 
defined as one that has lead to normal anatomical structure, 
function and appearance of the tissue within a reasonable 
period of time. In contrast, some wounds do not heal in a 
timely and orderly manner. Multiple systemic and local factors 
can slow the course of wound healing by causing disturbances 
in the finely balanced repair processes involved. This results in 

FIGURE 1. An example of biomaterial implementation for recon-
struction of cranial bone defects. After cranial surgery, artificial flaps 
made of methylmetacrylate are being used for covering of bone 
defects. Such artificial flap (on the left) was made according to the 
original and will replace the damaged original bone flap (right).
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chronic, non-healing wounds, which are difficult to treat even 
with the use of biomaterials and biotechnology [30,36].

Healing is a complex process involving the interaction 
between diverse immunological and biological systems. These 
activities do not occur in a haphazard manner. They occur as 
a cascade of carefully and precisely regulated steps and events 
that correlate with the appearance of various cell types during 
distinct stages of healing (Figure 5) [35,37-39]. The processes 
of reconstruction of damaged tissue after the implantation of 
biomaterial may be classified into four phases: (I) Coagulation 
and hemostasis, which begins immediately after the injury, 
(II) the inflammatory period (III), the proliferative period, 
beginning after a few days and represents the main phase of 
healing, and (IV) scarring [40-43].

Coagulation and hemostasis

This period begins in the wound immediately after the 
injury. The main objective is the prevention of hemorrhage. 
The second objective is a long-term one: A  blood clot that 
forms will represent a basis for cell invasion in the later stages 
of healing [32,44]. A  dynamic balance between endothelial 

cells, coagulation factors, platelets and fibrinolytic reactions 
regulates hemostasis and determines the amount of fibrin 
deposited in the wound and at the implant, thereby affecting 
subsequent reparative processes [33].

Adverse factors within the healing process can result 
in microvascular injury and extravasation of blood into the 
wound [33,45]. Damaged blood vessels rapidly contract due 
to the neuronal reflex mechanism through the contraction of 
smooth muscle cells in the vessel wall. Reflex vasoconstriction 
may temporarily reduce or even stop the bleeding. After a few 
minutes, the vascular tone diminishes due to hypoxia and aci-
demia in the vessel wall, which causes a passive relaxation with 
the bleeding subsequently starting again. If the insoluble fibrin 
plug did not form during this time, the vascular mechanisms 
would have been ineffective in the long-term [32,45,46].

Inflammatory period

Coagulation and hemostasis are followed by the humoral 
and cellular inflammatory response. The aim of this is the for-
mation of an immune response against the foreign material 
and potential microorganisms present within the biomaterial, 
thereby forming an immune barrier around the foreign ele-
ments. The inflammatory response to the implant includes 
a component of acute and chronic inflammation and for-
eign body reaction with the formation of granulation tissue. 
Surface characteristics of the biomaterial, devices or implants, 
tissue regeneration potential, properties of the body and the 
level of damage during the implantation may all determine 
the course and the extent of the immune reaction [47,48]. The 
inflammatory period includes the early and the late inflamma-
tory phases. It first begins in the late stages of the coagulation 
phase and has numerous functions. It activates the comple-
ment cascade and molecular events that eventually lead to 
the infiltration of the wound with neutrophils, the main task 
of these being the prevention of infection [48-52]. The late 
inflammatory phase begins 48-72 hours after the injury. The 
most important cells here are the macrophages, which con-
tinue the late inflammatory process by means of phagocytosis. 

FIGURE 2. Scheme of wound healing. Implantation of biomate-
rial causes tissue injury and activates the mechanisms for tissue 
repair. Varieties of coordinated processes begin at the moment of 
wounding and persist until the reparation is completed.

FIGURE 3. A schematic representation of various interactions 
between biomaterial and tissue.

FIGURE 4. Flow diagram with events in wound healing.



85

Tomaz Velnar, et al.: Biomaterials and host versus graft response

Macrophages are attracted into the wound by various che-
moattractant substances and are important for this late phase 
inflammatory response. They act as the main regulatory cells, 
activating keratinocytes, fibroblasts, and endothelial cells [52-
55]. The last cells that come into the wound in the late inflam-
matory period are lymphocytes. They are attracted to the site 
of injury after 72 hours [48,53].

The proliferative phase

When the action of harmful factor stops, hemostasis is 
achieved and the immune response is under way. The events 
in the acute wounds move toward the phases of tissue recon-
struction [30,39]. The proliferative phase begins on the 3rd day 
after wounding and lasts for around 2 weeks. The main char-
acteristic of the proliferative phase is the migration of fibro-
blasts and the deposition of the newly generated extracellular 
matrix in the wound, acting as a substitute for the temporary 
network of fibrin and fibronectin [52-54].

The migration of fibroblasts

The injury acts as a stimulus for fibroblast and myofibro-
blast proliferation in the vicinity of the wound. Fibroblasts first 
appear in the wound on the 3rd  day after the injury [56,57]. 
After arriving there, they proliferate vigorously [58,59]. At the 
end of the 1st week, a large amount of extracellular matrix has 
already been deposited. This further promotes cell migration 
and is important for the process of reparation. Now, the fibro-
blasts change their phenotype into myofibroblasts. Wound 
contraction now occurs due to the contraction of pseudopo-
dia. This is an important event in the reparative process that 
approximates the wound edges [59,60].

The synthesis of collagen

Collagens are important components in all stages of heal-
ing. Synthesized by fibroblasts, they allow the strength and 

integrity of the tissue [51]. The collagens play a key role in 
the proliferative phase of inflammation and in the period of 
wound remodeling and thus act as a basis for the formation of 
extracellular matrix in the wound [49,61,62].

Angiogenesis and the formation of granulation 
tissue

The formation and transformation of new blood vessels 
occur simultaneously with other steps of the reparative pro-
cess. In addition to attracting neutrophils and macrophages, 
growth factors that are secreted in the period of hemostasis 
also promote angiogenesis [63,64]. Macrophages secrete a 
number of angiogenic substances and potentiate the prolif-
eration of new endothelial cells. The capillary sprouts from 
the edges of the wound and grow into the blood clot that was 
formed in the earlier stages of the healing process (Figure 6). 
After a few days, a microvascular network forms, composed 
of a number of new capillaries. Together with collagen, fibrin-
ogen, fibronectin and hyaluronic acid, the macrophages, fibro-
blasts and vascularized stroma compose the acute granulation 
tissue, which replaces the temporary fibrin network in the 
wound gap. With the accumulation of collagen, the density 
of blood vessels decreases and the granulation tissue matures, 
leading to the formation of scar tissue [65,66].

Epithelialization

The migration of epithelial cells takes place from the 
wound edges. It begins a few hours after wounding. One cell 
layer is formed first covering the defect. It is accompanied by 
increased mitotic activity along the wound edges. When the 
growing and proliferating cells from the wound edges meet, 
the migration activity stops and the basal membrane starts to 
form [53,56,57,63].

The formation of scars and phase of wound 
transformation

This stage of wound transformation is the last phase of 
wound healing. New epithelium forms and scar tissue is 
finally rearranged. The synthesis of the extracellular matrix 
starts simultaneously in the proliferative phase and the stage 
of wound transformation with the formation of granula-
tion tissue. However, both last for up to 1 or 2  years, some-
times even longer [58,59]. The tensile strength of the wound 
increases proportionally with the formation and deposition of 
collagen [67].

The initial accumulation of collagen in the wound is dis-
organized. Final organization of collagen fibers is achieved in 
the last stages of wound transformation due to the contraction 
of the wound. The connective tissue deep in the wound con-
tracts due to the interaction of fibroblasts with the extracellular 

FIGURE 5. A graphical representation of time scale-emergence 
of different cell types in the wound and their relative numbers 
during the healing process. 
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matrix and approximates the wound edges. The number of 
fibroblasts and macrophages decrease with time as does the 
growth of capillaries. The blood flow is gradually reduced and 
metabolic activity of the scar decreases. The final result is the 
formation of a mature scar with high tensile strength [67-69].

Foreign body reaction

Foreign body reaction to the implanted biomaterials 
involves three stages: (I) The incipient period, (II) the phase 
of progression and (III) the phase of resolution. The main 
cells during the foreign body reaction are macrophages 
and giant cells. They are gathered on the surface of the for-
eign body, surrounded with the granulation tissue, which 
is composed of fibroblasts, collagen deposits and young 
capillaries [27]. Macrophages play a central role in the tissue 
response against the implant. The composition of the implant, 
on the other hand, also has influence on macrophages, granula-
tion tissue formation and its composition. The flat and smooth 
surfaces of the implant are surrounded by macrophages in 
one or two layers, and here fibrosis is the major component 
of granulation tissue. Implants with a rough surface, such as 
vascular prostheses, are covered with a layer of macrophages 
and giant cells with a different amount of granulation tissue. 
Such a layer may surround the implant throughout its lifetime 
and may isolate it from the local tissue [21]. The final stage of 
tissue healing at the implant site is reparation, i.e. the prolifera-
tion of connective tissue cells with the formation of the fibrous 
capsule, isolating the implant or regeneration where damaged 
tissue is replaced with parenchymal cells as they were before 
the injury. Usually, both processes are expressed to various 
extents. After tissue damage, the changes in the growth and 
differentiation of cells with hypertrophy, hyperplasia, atrophy 
or metaplasia may occur. At the site of the implant, the tissue 
may become atrophic due to decreased blood flow or load. 
Since the implant acts as a foreign body within the tissue, it 

may inhibit the normal healing process. Therefore, restitu-
tion is a rare phenomenon. Local and systemic factors may all 
affect the final outcome with sufficient blood flow, exposure to 
infection, concomitant illnesses, medications and health sta-
tus of the host all potentially playing a role [70,71].

Implant triggered carcinogenesis

Metaplasia of cells can sometimes lead to the carcinogene-
sis [72]. Foreign body reaction is the basis for an inflammatory 
reaction with cell proliferation, which would otherwise facil-
itate incorporation of the implant into the tissue. Prolonged 
inflammation may accelerate the formation of tumor cells and 
tumor progression. This is mainly due to the release of reac-
tive oxygen radicals from inflammatory cells, which represent 
one of the strongest genotoxic mediators and partly due to 
the promotion of permanent cell proliferation. Vivid prolifer-
ation in the inflammatory period may result in the formation 
of pre-neoplastic cells at the implant site, which is delineated 
from their surroundings by a fibrous capsule. These calls are 
thus partly isolated from the organism and its anticancer con-
trol. They may divide, grow and finally lose all control mech-
anisms of proliferation, which is followed by an uncontrolled 
growth of sarcoma cells [21,72].

Physical characteristics and chemical properties of the 
foreign bodies have a greater impact on carcinogenesis. Solid 
implants with a large surface area are potentially the most car-
cinogenic. This is less pronounced with implants having blunt 
edges, perforated surface or with fine particles. Chemical 
induction of tumor formation is a result of the chemical com-
position of the implanted material [21,70,72].

The immune response

The main pillar of the body defense system is the immune 
response. It is primarily oriented against microbes. It may be 
also activated against non-infectious foreign substances. The 
main task of the immune system is to identify and distinguish 
foreign molecules from its own. Immunity can be distinguished 
between innate and acquired immunity, which can be active or 
passive. The immune response against biomaterials includes 
the activation of: (I) Humoral and (II) cell components [21,73].

The humoral components form antibodies and are the 
basis and the complement system. When an organism first 
comes into contact with the antigen, the specific antibody is 
raised in the serum after a few days or weeks. The time taken 
depends on the characteristics, mode of application and dose 
of the antigen. Immunoglobulin M (IgM) antibodies form first, 
followed by the IgG, IgA or both. Upon re-encounter with an 
identical antigen, the antibody response is faster owing to the 
memory cells sensitized to a specific antigen. The amount of 
IgM antibodies is the same as during the primary response, 

FIGURE 6. A schematic representation of angiogenesis. New cap-
illary sprouts form from the wall of a pre-existing vessel by migra-
tion and proliferation of endothelial cells.
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the amount of IgG, however, is greater and lasts longer [21,73]. 
The task of complement is to initiate a localized inflammatory 
reaction to a foreign body [73-79].

The interaction between the implant, blood and 
coagulation process

Tissue damage at the implantation side causes damage to 
blood vessels and activates the homeostatic mechanisms that 
prevent bleeding. The contact of the foreign material with 
blood also triggers a similar reaction. In both cases, there is 
interaction between the implant, vascular surfaces, platelets 
and coagulation factors. This leads to the formation of a blood 
clot. The control mechanisms ensure that the process is lim-
ited solely to the site of injury leaving the flow of blood in the 
vicinity undisturbed. Disturbances in this control mechanism 
may result in progressive blood clotting and the spread of 
thrombus away from the site of its formation, i.e. on the vessel 
with the wall replaced with artificial material, resulting in the 
vessel obstruction [21,32,33,43,44].

The artificial surfaces and damaged blood vessel walls 
trigger the adhesion of platelets, followed by platelet activa-
tion, secretion and aggregation. Platelets adhere to fibrin, 
which has been formed from fibrinogen. In blood plasma, 
under the influence of thrombin, blood clot forms. This then 
further shrinks and approximates the edges of the damaged 
vessel [33,45-47].

Systemic influence of biomaterials on the organism

Systemic influence of biomaterials on the organism may 
form due to a number of reasons, such as exaggerated inflam-
matory reaction, the formation of vasoactive products and 
the activation of the immune system or due to the direct toxic 
effects of the implant constituents that are released from it, 
damaging the target organs. Biomaterials are typically made 
up of many components, each of which can affect the tissue. 
Not only is the chemical composition important, but also 
the shape, size and quantity of particles emitted from the 
implanted material. Before general clinical use, it is important 
to test biomaterials on cell cultures and study their cytotoxic 

effects. Such testing is probably the reason for the relatively 
low incidence of toxic effects of biomaterials that are used in 
clinical practice [21,80-83].

Hypersensitivity reactions concerning biomaterials are 
mainly described in connection with the fitting of prosthetic 
implants containing a number of components, including 
metal, polymers and ceramics such as artificial joints but also 
in relation to the silicone and collagen structures especially 
those not of human origin. Collagen especially is a potent 
antigen. All four types of hypersensitivity reactions are pos-
sible (Table 1). Type IV reactions occur most commonly, with 
Type  I and II reactions also occasionally occurring. Type  III 
reactions occur with systems used for the application of active 
substances into the body that slowly release its components 
into the tissue [21,12].

Due to the increasing use of biomaterials in modern med-
icine, graft versus host disease presents one of the most fre-
quent and serious complications in transplantation practice. 
Over the previous decades, many new therapeutic approaches 
to early diagnosis, prevention and treatment of graft versus 
host disease have been implemented. Even so, rejection of 
the transplant is regarded as one of the leading causes of late 
mortality. A better understanding of its pathology is aiding the 
development of biomarkers for the severity of acute graft ver-
sus host disease and hence appropriate treatment response. 
Although corticosteroids are the mainstay of treatment, var-
ious modes of disease management are being used in prac-
tice such as new immunosuppressive drugs and, in particular, 
cellular treatments with extracorporeal photopheresis and 
mesenchymal stem cells [12,84]. In the future, the treatment 
of graft versus host disease will likely involve multiple modal-
ities, such as enhancement of suppressor cytokines and cel-
lular subsets, modulation of immunologic checkpoints, graft 
manipulation, modulation of the microbiota and other donor-
based prophylaxis strategies [84-88].

CONCLUSIONS

Graft versus host disease is an auto- and allo-immune dis-
order, exhibiting a variable clinical course. It can manifest in 

TABLE 1. Summary of hypersensitivity reactions and their properties

Type of reaction Properties Mediators

Allergic (type I)
Free antigens activate IgE on basophiles, resulting in release 
of vasoactive products. The response is fast and occurs in 
minutes, rather than in hours or days

IgE antibodies

Cytotoxic (type II) IgM or IgG antibody binds to antigen on target cell, leading to 
cellular destruction via the membrane attack complex

IgM or IgG antibodies
Complement

Immune complex disease 
(type III)

IgG antibody binds the soluble antigen. A circulating 
immune complex is formed, which is deposited in the tissues 
(vessel walls), initiating a local inflammatory reaction

IgG antibodies
Neutrophils
Complement

Delayed-type hypersensitivity 
reaction (type IV)

Antigen presenting cells activate T-cells. During subsequent 
contact with antigen, the memory cells activate macrophages, 
resulting in inflammatory response and tissue damage

T-cells
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either acute or chronic form, affecting multiple organs and 
tissues and causing serious complications in clinical practice, 
both during transplantation and implementation of biocom-
patible materials.
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