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Abstract: The history of biomaterials dates back to the mists of time: human beings had always used 
exogenous materials to facilitate wound healing and try to restore damaged tissues and organs. 
Nowadays, a wide variety of materials are commercially available and many others are under in-
vestigation to both maintain and restore bodily functions. Emerging clinical needs forced the devel-
opment of new biomaterials, and lately discovered biomaterials allowed for the performing of new 
clinical applications. The definition of biomaterials as materials specifically conceived for biomedi-
cal uses was raised when it was acknowledged that they have to possess a fundamental feature: 
biocompatibility. At first, biocompatibility was mainly associated with biologically inert substances; 
around the 1970s, bioactivity was first discovered and the definition of biomaterials was conse-
quently extended. At present, it also includes biologically derived materials and biological tissues. 
The present work aims at walking across the history of biomaterials, looking towards the scientific 
literature published on this matter. Finally, some current applications of biomaterials are briefly 
depicted and their future exploitation is hypothesized. 
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1. When the History Began 
The use of the word “biomaterials” had been largely anticipated by the practical use 

of materials as biomaterials. Indeed, the presence of exogenous materials in the human 
body can be dated back to prehistory [1]. The spear point embedded in the hip of the 
Kennewick Man (around 7000 BC) and the use of carbon particles for tattooing are exam-
ples of foreign bodies that had been tolerated by the host. It is also well known that linen 
threads were used by Ancient Egyptians to facilitate wound healing as much as 4000 years 
ago; catgut was applied as suturing material by Europeans in the Middle Ages [2]. In 
South Africa and India, the heads of large, biting ants were exploited to clamp wound 
edges together [1]. An interesting historical review on materials for suturing was pub-
lished by Muffly, Tizzano and Waters [3]. Metallic sutures go back to Ancient Greece, 
when the physician, surgeon and philosopher Galen of Pergamon (II century AC) de-
scribed golden wires used as ligatures. Over the centuries, other metals have been ex-
ploited: lead and silver among others, with and without evidence of adverse reactions. 

Cases of intended applications of non-biological materials to repair bone tissue can 
be attributed to Inca surgeons, who repaired cranial fractures with golden plates; moreo-
ver, ancient Mayan populations used seashells to create artificial teeth, which properly 
achieved osseointegration [4,5]. Moreover, 4000 years ago the Chinese carved bamboo 
sticks in the form of natural teeth to be inserted into jaws just like current dental implants. 
Egyptians used precious metals for dental implants [6]. More recently, iron was utilized 
to produce artificial teeth in Europe (around 200 AC) [7]. A timeline illustrating the most 
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important milestones in the history of biomaterials is depicted in Figure 1. Table 1 lists 
some of the most relevant applications of biomaterials for clinical use. 

 
Figure 1. The history of biomaterials: from replacement to regeneration. 

Table 1. Classes of biomaterials and their most relevant clinical applications. 

 Pros and Cons Examples Applications 

Metals 

Pros:  
- high mechanical proper-

ties 
- high fatigue resistance 
- ductility  
Cons:  
- poor biocompatibility 
- stiffness 
- high specific weight 
- corrosion  

stainless steel, CoCrMo, 
titanium, Ti6Al4V, 
nitinol, nickel, platinum, 
tantalum 

orthopedic, orthodontic, 
cardiovascular 

Ceramics  

Pros:  
- good biocompatibility 
- chemical inertness 
- high compressive 

strength 
- corrosion resistance  
Cons:  
- low impulsive tensile 

strength 
- high specific weight 
- brittleness 
- not easy to process 

alumina, zirconia, 
hydroxyapatite, beta tri-
calcium phosphate, 
pyrolytic carbon 

orthopedic, orthodontic, 
cardiovascular 
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Polymers 

Pros:  
- toughness 
- low specific weight 
- processability  
Cons:  
- low mechanical strength 
- degradability over time 
- deformability over time 

polymethylmethacrilate 
(PMMA), ultra-high 
molecular weight 
polyethylene 
(UHMWPE),  
polylactic acid (PLA), 
poly tetrafluoroethylene 
(PTFE), 
nylon, polyethylene, 
polyurethane,  
celluloid, cellophane, 
polycaprolactone (PCL), 
polyglycolic acid (PGA), 
polylactic acid (PLA), 
poly-lactic-co-glycolic 
acid (PLGA), 
poly(ethers) including 
polyethylene glycol 
(PEG), polyvinyl alcohol 
(PVA) and 
polyurethanes (PUs) 

orthopedic, orthodontic, 
cardiovascular, breast 
implants,  
scaffold for soft tissues  

Biologically-derived 
materials 

Pros: 
- biocompatibility 
Cons: 
- poor reliability 
- difficult handling and 

storage 

porcine/bovine 
pericardium 

bioprosthetic heart 
valves, 
total artificial heart 

Additionally, the purpose to replace diseased/damaged parts of the human body has 
been pursued for centuries. During the sixteenth century, Gaspare Tagliacozzi and other 
pioneering plastic surgeons successfully used autogenous skin flaps to replace missing 
noses [8]. All these original surgical procedures had been performed without any aware-
ness of the problems and limitations related to material science and biological phenom-
ena; moreover, no knowledge of sterilization, immunological reaction, inflammation, and 
biodegradation was available at those times [1]. However, their “unconscious” success 
clearly demonstrates that the human body has an impressive ability to adapt itself and 
accommodate foreign materials. This allowed for traveling on the road to biomaterials 
evolution before taking into account the fundamental interactions between the body and 
the implanted materials; the systematic examination thereof only began about 150 years 
ago, when scientists and physicians started to scientifically evaluate how the body reacts 
to the presence of exogenous materials. The practical exploitation of materials as bio-
materials then began to face the issue of biocompatibility. 

2. Biocompatibility as the Crucial Item 
Biocompatibility assessment is a complex procedure aimed at verifying the capacity 

of a given material to avoid adverse reactions and also to correctly perform the intended 
function when in contact with (or inserted into) the biological environment. Some basic 
but fundamental concepts related to biocompatibility are available at the FDA [9]: it is 
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worthy to pinpoint that the “FDA assesses the biocompatibility of the whole device and 
not just the component materials”. Analogously, the ISO 10993-1 establishes criteria for 
the biological evaluation of medical devices, again confirming that biological tests have to 
be “performed on the final medical device, or representative samples from the final device 
or materials processed in the same manner as the final medical device (including sterili-
zation, if needed)” [10]. 

Thus, the term “biocompatibility” has not only to include what is commonly meant 
as “biological compatibility”, but also a functional evaluation of the entire implantable 
system. There are many cases of biologically compatible materials that did not pass the 
functional check. A clear example is represented by Teflon (polytetrafluoroethylene): it 
does not evoke any particular biological reaction, and therefore it can be considered “bio-
logically” compatible. When Teflon was used for replacing the temporomandibular joint, 
it resulted in substantial fragmentation and caused huge foreign body giant cell responses 
that progressively eroded adjacent structures [11]. So, Teflon is not “functionally” com-
patible with respect to the foreseen application. 

For sure, several aspects determine the biocompatibility of a given material also con-
sidering the duration of the contact with the biological counterparts: chemical composi-
tion, mechanical behavior and also physical shape. With specific regard to this latter, read-
ers are invited to read the review written by T. G. Moizhess [12] where carcinogenesis 
(carcinogenesis induced by foreign bodies is the appearance of sarcomas in the immediate 
vicinity of an implanted material) is related not only to the chemical composition but also 
to the shape of different discs implanted in an animal model. Briefly, highly tumorigenic 
polymeric plates exhibited lower carcinogenicity after perforation, while their fragmenta-
tion resulted in almost complete loss of carcinogenicity. 

The reactions induced by metals were studied early in the XIX century since metals 
were exploited at that time. Gold, silver, lead, nickel and platinum were studied in ani-
mals, and platinum was found to be well tolerated [1]. Other metals resulted in fast cor-
rosion (iron and steel); others in tissue discoloration (copper, magnesium, aluminum al-
loy, zinc, and nickel); others exhibited not adequate mechanical features (gold, silver, lead, 
aluminum). CoCrMo alloys, titanium and its alloys were then proposed as promising can-
didates for biomedical applications due to their biocompatibility, which is combined with 
good mechanical properties. 

Indeed, the major limitation of metals in contact with biological fluids is due to cor-
rosion, which is the sum of (electro) chemical phenomena that commonly take place in the 
presence of water and oxygen. After surgical implantation, all metallic devices (i.e., artic-
ular prostheses, plates and screws) are exposed to the attack of the body’s structures that 
act as a defense system. Under these circumstances, some metals are oxidized: they release 
ions that can be toxic both locally and systemically. Consequently, the device degrades 
and it is no longer able to appropriately perform the intended function. 

Polymeric materials entered the field of biomaterials quite recently: the first plastic 
material (celluloid) was developed in the 1860s and others followed thereafter [13]. Ratner 
and Zhang dated the first use of a polymer (cellophane) as implantable material in 1939: 
it was applied to wrap blood vessels, inducing a fibrotic reaction to limit the further ex-
pansion of the aneurysm. Interestingly, the Nobel Prize recipient Albert Einstein was di-
agnosed with an abdominal aortic aneurysm and treated with cellophane wrapping [14]. 
Two years later, nylon and poly(methyl methacrylate) were tested in vivo, then polyeth-
ylene followed [1]. 

The world of polymeric materials is continuously growing and now includes a huge 
number of different substances that can be produced in a variety of physical shapes with 
a variety of physical features: from solids to fibers, from thin sheets to thick plates, from 
hard to soft components, from inert to bioactive products. Manufacturing techniques were 
recently boosted by the introduction of electrospinning apparatuses and 3D printers: they 
both help to customize polymers with respect to an increasing number of applications. 
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The major aspect limiting polymers' biocompatibility is due to their chemical formu-
lation: they always include additives that can be released in vivo resulting in adverse re-
actions. They are plasticizers, pigments, antioxidants, radiopaque agents, polymerization 
inhibitors/initiators, and, of course, monomers. Their undesired effects were observed as 
early as the mid-1900s [15]. 

Ceramics can be defined as inorganic non-metallic materials [16]: they are widely 
used as biomaterials especially for dental restoration and bone-contacting applications. 
Indeed, ceramics were suggested as an alternative to metals and polymers with the pur-
pose to enhance bone fixation/integration. Generally, they are biologically compatible, in 
the sense that they are inert or bioactive, but do not elicit adverse reactions. Their marked 
limitation is due to stiffness and brittleness, which both represent severe drawbacks in 
many practical applications. Only alumina and zirconia have been used for the production 
of hip prostheses. Interestingly, some ceramics (e.g., bioactive glasses) are able to form a 
direct bond with living tissues [17]. An exhaustive review on the mechanisms of action 
and applications of bioactive glasses was published by Larry Hench, who discovered this 
class of biomaterials in 1969 [18]. Very briefly, the multistage process taking place on bio-
active glasses surfaces in vivo results in the formation of a strong interface between bone 
and a dense layer of hydroxyapatite and carbonate-apatite [19]. Thus, a stable bond to 
bone is established, which promotes osteoconduction and also osteoinduction [20]. 

3. Evolving Definitions of Biomaterials 
As was described in the previous paragraph, biomaterials are characterized by a wide 

range of chemical compositions and properties, and they can be exploited in very many 
applications. Therefore, it is quite difficult to define them unambiguously. 

Marin et al. [21] ascribed to Jonathan Cohen one of the earliest definitions of bio-
materials, which dates to 1967 [22]. Not by chance, Dr. Cohen was an orthopedic surgeon: 
exogenous materials had entered orthopedic surgery for many years. He simply defined 
“biomaterials” as all materials that are used as implants, with the exception of drugs and 
soft biological tissues. Indeed, this definition comes from the practical use of biomaterials 
in surgery focusing on “hard” materials that are typically applied in orthopedics. 

In April 1974, the Society for Biomaterials (SFB) was formally established and orga-
nized its inaugural annual symposium one year later at Clemson University (SC, USA) 
[23]. This was the occasion to formalize a new definition: “A biomaterial is a systemati-
cally, pharmacologically inert substance designed for implantation within or incorpora-
tion with a living system” [24]. The inert nature of biomaterials was then confirmed as 
was their difference from a drug; moreover, the role of biomaterials for implantation was 
stressed again. Professor Hench, who was a member of the SFB board, accepted the defi-
nition, even though he had already discovered bioactive glasses. Apparently, at that time 
the absence of adverse responses to the presence of biomaterials in vivo was prioritized 
with respect to their bioactive effects [21]. 

A broader definition was formulated in 1982 during the “National Institutes of 
Health Consensus Development Conference Statement on the Clinical Applications of Bi-
omaterials” (Bethesda, MD, USA): biomaterial is “A substance (other than a drug) or com-
bination of substances, synthetic or natural in origin, which can be used for any period of 
time, as a whole or as a part of a system which treats, augments, or replaces any tissue, 
organ, or function of the body” [25]. The difference from a drug is maintained, but now 
the definition includes materials of “natural” origin and specifies what biomaterials are 
intended for: they are part of a system that is conceived not only to replace but also to 
potentially treat and augment each tissue, each organ and each function of the body. In 
our opinion, this definition marked a step forward to the most recent exploitation of bio-
materials: they are not only simply “spare parts” of the body, but they can also play an 
active role whatever their nature is. As an immediate consequence, possible applications 
increase as much as the availability of biomaterials increases. In this sense, we consider 
the definition given by Prof. D. F. Williams (“A biomaterial is a non-viable material used 
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in a medical device, intended to interact with biological systems” [26]) a step back: the 
exclusion of viable materials was (and is still) anachronistic! Besides the current use of 
biological tissues from human cadavers (tissue banks) and from animals (after chemical 
treatments), tissue engineering techniques appear as extremely promising approaches to 
create viable tissues (and organs) by combining cells, scaffolds (biomaterials!) and bio-
chemical signals. 

During the European Society for Biomaterials 9th European Conference (Chester, 
UK) in 1991, the definition, approved in 1982, was improved including “in order to main-
tain or improve the quality of life of the individual” [27]. What does this imply? It clearly 
affirms that the aim of any biomaterial is not only the “survival” of the patient but also 
the maintenance/improvement of their quality of life. The huge impact of this statement 
can be easily understood considering that the WHO foresees that the proportion of the 
world’s population over 60 years will nearly double (from 12% to 22%) between 2015 and 
2050 [28]. 

Given the faster and faster advances of scientific research and technological applica-
tions, especially in the biomedical field and in the clinical practice as well, we deem it 
opportune to apply the most inclusive definition of biomaterials. 

4. Biomaterials in the Scientific Literature 
While biomaterials were originally conceived as substitutes to replace impaired bio-

logical tissues, anatomical structures and organs, the idea of using them for regenerative 
medicine was first proposed in the 1980s by several scientists, including Ioannis Yannas, 
Joseph Vacanti, Charles Vacanti, Robert Langer and Stephen Badylak [29–32]. Since that 
time, there has been a massive increase in research activities in the field of biomaterials 
for regenerative medicine and tissue engineering. The number of Scopus records concern-
ing biomaterials for both replacement and regeneration is reported in Figure 2 for each 
year from 1994 to 2020. It is clearly shown that, while the research activities on biomateri-
als for organ and tissue replacement have been producing about one hundred publica-
tions per year over the last decades, the research papers on biomaterials for regeneration 
are strongly increasing, with a number of more than 1200 records just in the year 2020. 

 
Figure 2. Trend in the number of Scopus records from 1994 to 2020 for the keywords “biomaterials 
replacement” and “biomaterials regeneration”. 

In order to better understand the directions taken in the worldwide biomaterials re-
search, the Scopus database was searched for full-text original articles in English using 
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some keywords that characterize this field, such as “biomaterial”, “bioactive materials”, 
“smart material”, “medical devices”, “biocompatibility”, “tissue engineering”, “engi-
neered organ”, “biomaterials replacement” and “biomaterials regeneration”. The cumu-
lative number of Scopus records for each of these keywords up to June 2021 is reported in 
Figure 3a. Emerging trends in recent scientific progress are highlighted by comparing the 
number of records in the years 2000 and 2020 for the selected keywords, as shown in Fig-
ure 3b. A range of advanced biomaterials is increasingly designed with bioactive behavior 
or smart and stimuli-responsive biomaterials with multiple functionalities. Polymeric hy-
drogels have received considerable attention in several biomedical applications due to 
their structural similarities to the native extracellular matrix (ECM) as well as their ability 
as carriers for controlled drug delivery. The development of engineered tissues and or-
gans is rapidly displacing the concept of biomaterials for tissue substitution. Therefore, 
the following sections of this review are focused on some of the emerging trends in bio-
materials for a wide range of biomedical applications. 

 
Figure 3. Cumulative number of Scopus records for different keywords related to biomaterials, up 
to June 2021 (a); comparison of the number of records in years 2000 and 2020 for selected keywords 
(b). 

4.1. Biomaterials for Tissue Engineering 
Since the 1980s, biomaterials began to be used as scaffolds seeded with living cells, 

to restore, maintain, or enhance damaged or missing anatomical structures. The term “tis-
sue engineering” was then formally established at a National Science Foundation work-
shop in 1988 [33] to mean “the application of principles and methods of engineering and 
life sciences toward the fundamental understanding of structure–function relationships 
in normal and pathological mammalian tissues and the development of biological substi-
tutes to restore, maintain or improve tissue function”. A crucial aspect of tissue engineer-
ing is the selection of the biomaterial from which scaffolds are developed [34]. Scaffolds 
are porous degradable structures, which may have a sponge-like random architecture or 
a highly complex structure with specifically designed pores and channels, suitable for cell 
adhesion, proliferation and growth. They are intended to degrade after implantation 
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while being replaced by autologous newly-grown tissue. Scaffolds can also be designed 
to release growth factors [35–37], which promote cellular differentiation and tissue growth 
in vitro, or cell migration into the wound site in vivo. Thanks to the functionalization with 
biochemical factors, the scaffold biomaterial should be able to selectively interact with the 
specific receptors expressed by target cells in surrounding tissues, in order to guide their 
migration to the injury site and stimulate their adhesion, growth and differentiation [38]. 
After seeding with cells, scaffolds are often subjected to biophysical stimulation by means 
of a bioreactor [39–42], which is a device able to apply different stimuli (mechanical, hy-
draulic, electrical, chemical) to cells, mimicking the physiological conditions that cells are 
expected to experience in vivo and thus affecting gene expression and significantly in-
creasing the biosynthetic activity. 

Synthetic ceramics and polymers have been widely investigated as scaffolds for tis-
sue engineering. Ceramic scaffolds, based on hydroxyapatite (HA) and tri-calcium phos-
phate (TCP), were mainly applied for bone regeneration [43–45]. Ceramics exhibit an ex-
cellent biochemical and biomechanical compatibility with bone tissue, due to their com-
positional and structural similarity to bone mineral phase, and are well known to enhance 
osteoblast differentiation and proliferation [46,47]. However, up to now their clinical ap-
plications for tissue engineering have been limited due to their brittle mechanical behavior 
and to the difficulties in tuning their biodegradation rate [48]. 

Several synthetic polymers have been proposed to develop scaffolds for soft tissue 
regeneration, namely poly(α-hydroxy esters) including polycaprolactone (PCL), polygly-
colic acid (PGA), polylactic acid (PLA) and their copolymer poly-lactic-co-glycolic acid 
(PLGA), poly(ethers) including polyethylene glycol (PEG), polyvinyl alcohol (PVA) and 
polyurethane (PU) [49–51]. These polymers exhibit physicochemical and mechanical 
properties similar to biological tissues, they can be easily fabricated with tailored struc-
tural conformation and geometry, and their biodegradation profile can be controlled by 
varying their chemical composition. Nonetheless, they often lack cell adhesion sites and 
require chemical modifications to enhance cellular attachment. Moreover, it should be 
mentioned that PEG is not easily produced: due to the thermal instability and high reac-
tivity of ethylene oxide, sophisticated reactors and safety measures are needed during the 
ethoxylation reaction [52]. 

To overcome these limitations, biological materials such as collagen, proteoglycans, 
alginate, fibrin, chitosan, gelatin and agarose were used for scaffolds manufacture [53–
55]. Natural polymers are biologically active and able to promote excellent cell adhesion 
and growth. Nonetheless, they often show poor mechanical properties, especially in load-
bearing applications, and they are not easily achieved in homogeneous batches with re-
producible features, due to their inherent biological variability. 

Both synthetic and natural polymers are frequently used to develop hydrogels for 
tissue engineering [55–59]. Hydrogels are composed of hydrophilic polymeric chains 
crosslinked through either covalent or non-covalent bonds. Due to their ability to absorb 
large amounts of water and soft mechanical properties, they present physicochemical and 
mechanical properties comparable with the ones of many soft tissues. They can be also 
used as injectable materials able to adapt to the shape of the damaged tissue. According 
to their structure, both natural and synthetic hydrogels can be amorphous or semi-crys-
talline, while depending on their response to environmental stimuli, hydrogels can be di-
vided into conventional and smart hydrogels, with the latter being able to reversely 
change their swelling behavior or structure in response to light, pressure, temperature, 
pH, ionic strength, electric or magnetic field, and other stimuli [56]. They are appropriate 
materials for scaffolds due to the possibility of tailoring their mechanical properties, mod-
ifying hydrogel chemical composition and crosslinking [60]. Hydrogels are also suitable 
for cell seeding because they offer immuno-isolation and concurrently allow gaseous ex-
change and nutrient diffusion [56]. To date, hydrogels are largely used as scaffolds for 
bone or soft tissue regeneration, especially in cartilage healing, and for wound dressing 
and drug or growth factor delivery [61]. 
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To develop scaffolds that closely resemble natural tissues, decellularized extracellu-
lar matrix (dECM) is frequently adopted [62]. The ECM is primarily composed of struc-
tural molecules, such as collagen and proteoglycan, which provide tissue mechanical re-
sistance and elastic behavior. Moreover, several cellular functions, as proliferation, migra-
tion or differentiation, are regulated by the ECM [63]. 

The dECM is obtained by removing from a tissue all the cellular and nuclear compo-
nents that are responsible for the host immune response while maintaining ECM compo-
sition, structural conformation, mechanical properties and biological activity. Several de-
cellularization methods were developed, owing to three main categories, i.e., physical, 
chemical and biological [64–67]. Physical methods comprise freeze–thawing cycles, high 
hydrostatic pressure, electroporation, ultrasonic waves and supercritical CO2; chemical 
methods involve ionic or non-ionic detergents, hypertonic or hypotonic salt solutions, ac-
ids and bases; biological methods adopt enzymes such as trypsin, dispase and phospho-
lipase or nucleases, such as DNase. The selection of the proper decellularization protocol 
is a key aspect in each specific application, considering that any treatment may have some 
drawbacks: for instance, physical methods can induce damages to the matrix, while chem-
ical methods may change the chemical composition of ECM [64,68,69]. Several aspects, 
such as cell density, matrix density, thickness and tissue morphology affect the decellu-
larization process and consequently the physicochemical and mechanical properties of the 
obtained dECM. In fact, the decellularized structure is intended to preserve its 3D geom-
etry and leave the whole organ intact: thereby, tissue-engineered heart [70], lungs [71], 
urethra [72] and bladder [73] were developed in recent years. 

4.2. Three-Dimensional Printing of Biomaterials 
Due to the increasing trend towards a patient-specific approach, additive manufac-

turing techniques are playing a major role in the biomedical industry for the production 
of several devices, including customized orthopedic and dental implants, craniofacial re-
construction and plastic surgery, anatomical models for surgical planning, scaffolds for 
tissue engineering, diagnostic platforms, and drug delivery systems [74–77]. Three-di-
mensional (3D) printing is a layer-by-layer manufacturing process that creates 3D objects 
directly from patient anatomical data. Medical images acquired by means of Computer 
Tomography (CT) or Magnetic Resonance Imaging (MRI) can be processed with Com-
puter-Aided Design (CAD) software and then translated into customized implants. Three-
dimensional printing techniques are generally classified into three classes, namely liquid-
based, solid-based and powder-based techniques, depending on the initial form of the ink 
material, i.e., metals, ceramics and polymers [76]. Liquid-based techniques mainly involve 
the use of UV light to selectively cure a photocrosslinkable polymer layer by layer; specific 
commercial set-ups may differ in terms of type and wavelength of the light source, scan-
ning or exposure method and suitable resin features. Solid-based systems entail the cut-
ting and joining or melting of extruded material in the shape of pellets, wires or laminates, 
while powder-based techniques, including—among others—Selective Laser Sintering 
(SLS) and Electron Beam Melting (EBM), use a high-energy beam for scanning subsequent 
layers of powder to create a 3D object [78]. 

A relevant area of application of 3D printed objects is tissue engineering since scaf-
folds can be developed with both micro and macro porosity where cells are able to attach, 
grow and differentiate. In this context, bioprinting is an innovative technique in which 
live cells are printed along with other biomaterials, generally hydrogels [79–82]. The aim 
of bioprinting is the production of fully functional human organs and tissues on a large 
scale. There are currently three major bioprinting systems on the market, namely inkjet, 
micro-extrusion and laser-assisted bioprinters. At present, the main limitations of bi-
oprinting include the low mechanical strength of hydrogels that is responsible for a re-
duced 3D structure fabrication ability, the need of keeping cells viable during the overall 
process and eventually to include multiple cell types in the bioink, and the challenges in 
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tuning the design and print strategy towards an effective biofabrication. Indeed, the mat-
uration of a 3D printed tissue is strongly dependent on porosity and permeability, allow-
ing nutrient delivery, gas exchange and vascularization. Notwithstanding some limita-
tions and open issues, future progress in bioprinting techniques and bioinks formulation 
will lead to the development of patient-specific optimized functional tissues for transplan-
tation and surgical repair. 

4.3. Smart Biomaterials 
Another class of innovative biomaterials that are pushing forward pioneering medi-

cal approaches are the ones taking the name of smart biomaterials, due to their ability to 
respond to changes in physiological parameters or external stimuli [83–85]. These bio-
materials are able to modify their physicochemical and mechanical properties as a reaction 
to biological, chemical and physical signals, i.e., temperature, humidity, pH, redox poten-
tial, enzymatic activity, light and mechanical stimuli. Among these biomaterials, smart 
hydrogels are frequently exploited for tissue engineering and drug delivery applications 
[86–88]. Indeed, the hydrogel structure can be cross-linked also using reversible methods, 
such as physical cross-linking, thermally induced entanglement and self-assembly, which 
may allow for controlling drug release and biodegradation rate [89,90]. Biodegradable hy-
drogels are often obtained by means of cleavable cross-linkers, which can be dissolved 
through hydrolysis, proteolysis or disentanglement following a specific stimulus [91]. 

Moreover, in this framework, a new concept named “four-dimensional (4D) bioprint-
ing” was introduced, considering time as the 4th dimension [92–94]. This technique is 
based on the principle that 3D bioprinted tissues need to remodel in vivo: using a bioink 
based on a smart hydrogel loaded with cells, the ability of the engineered tissue to grow 
and replace damaged tissue can be triggered by means of specific stimuli. 

Other biomaterials such as Shape Memory (SM) alloys and polymers own the unique 
ability to recover to their original geometry and structure after exposure to an external 
stimulus, such as temperature, magnetic field, electric field, light or relative humidity [95]. 
The SM effect and the superelastic mechanical properties of these materials have been 
widely used in the development of minimally invasive implantable devices and surgical 
tools. Moreover, the SM behavior was recently exploited to confer self-healing properties 
to medical devices, preventing sudden damages by fast recovery to the original structure 
and shape [96]. 

Electroactive Polymers (EAPs) are another emerging class of smart materials that 
have attracted attention as actuators for the development of artificial muscles [97,98]. 
These polymers present some similarities with the functional response of biological mus-
cles in terms of resilience, resistance and large actuation stretching or bending. Based on 
their activation mechanism, EAPs can be split into two classes: electronic EAPs, which are 
generally dry and driven by Coulomb forces, and ionic EAPs, which usually contain an 
electrolyte and involve the transport of ions or molecules in response to an external elec-
tric field. However, due to the need for high actuation voltages and to their poor stability 
in a wet environment, these smart polymers have mainly found application in biomimetic 
devices, robotics and wearable electronics. 

Nanomaterials and nanostructured biomaterials [99] have also been adopted in bio-
inspired robotics to simulate specific actuation and sensing properties, such as, by way of 
example, the tactile features of human skin or the ability of some animals to sense subtle 
vibrations in the environment. 

4.4. Biomaterials Functionalized with Vesicles 
One of the most recent applications of biomaterials to regenerative medicine is rep-

resented by their use as systems to release extracellular vesicles (EVs) and soluble factors 
[100]. Mesenchymal stem cells (MSCs) are pluripotent progenitor cells able to self-renew, 
differentiate into multiple lineages, and also accomplish trophic effects [101]. These effects 
are due to the secretion of EVs, which transport a variety of intracellular molecules (e.g., 
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lipids, proteins, RNA, and DNA) suitable for guiding the regenerative process during tis-
sue repair. These molecules control different cellular functions (e.g., migration, prolifera-
tion, differentiation, and synthesis of extracellular matrix components); furthermore, they 
suppress the local immune system, inhibit fibrosis and apoptosis, enhance angiogenesis, 
and stimulate mitosis and differentiation of reparative cells. The therapeutic effects of 
MSC-derived EVs were observed in many preclinical studies: for brain diseases, lung dis-
eases, cardiac injury, liver injury, kidney injury, and skin lesions [100]. 

Biomaterials are used to create platforms for in situ delivery of EVs, binding them to 
(or embedding into) a matrix to extend their bioavailability. In the work published by 
Wang and coauthors [102], an injectable, self-healing and antibacterial polypeptide-based 
hydrogel was enriched with adipose-derived MSCs exosomes to enhance chronic wound 
healing and complete skin regeneration. The system was applied to full-thickness diabetic 
wounds with promising results. In another recent paper by Mardpour et al. [103], the ther-
apeutic effect of EVs from MSCs was demonstrated for the treatment of liver diseases. In 
this case, an in situ-forming biodegradable hydrogel was used to encapsulate EVs upon 
intraperitoneal injection: it provided a sustained release with access to the systemic circu-
lation. The hydrogel was obtained by clickable poly(ethylene glycol) (PEG) macromeres. 
A further example is given by the incorporation of exosomes into a chitosan-based hydro-
gel to treat hindlimb ischemia in an animal model [104]. Independently on the specific 
application, biomaterials are necessary to target cell-derived EVs locally and to deliver 
them in therapeutically effective amounts. 

5. Biomaterials and Biomedical Devices 
Is the clinical need that forces the development of new biomaterials, or the availabil-

ity of new biomaterials that allow the development of innovative devices suitable for fac-
ing the clinical need? This question resembles the old one: egg or chicken first? Maybe the 
issue is trivial and meaningless. Indeed, we believe that the evolution of many practical 
applications in clinics goes hand in hand with the discovery of biomaterials to be used 
alone or as parts of biomedical devices. Sometimes the translation of already available 
materials into the clinical practice permits management of a specific need; sometimes a 
specific need guides the development of a newly conceived material. Two examples of 
prosthetic devices are herewith presented and discussed. 

5.1. Total Hip Prosthesis 
The hip is the joint that supports the body joining the femurs and the pelvis. The 

smooth and spherical head of the femur is perfectly hosted into the seat of the acetabulum; 
the stability of the joint is ensured by very resistant ligaments. The hip has to withstand 
the weight of the body and the mechanical stresses due to movements: excessive loading 
conditions, pathologies and aging can result in alterations of joint function with pain [105]. 
Osteoarthritis is a degenerative pathology that often compels the replacement of the dam-
aged joint with a prosthetic device. This is designed to perform the same functions as the 
natural joint; it usually consists of three basic components: a stem (that is inserted into the 
femur), a ball (the femoral head that is connected to the top of the stem), and a cup (that 
is hosted in the pelvis). The surgical operation is referred to as Total Hip Arthroplasty 
(THA). 

After designing the prosthetic device to best simulate the kinematics of the joint, the 
choice of the material(s) to use represent a very critical issue. The selection has to be 
guided by the awareness that several constraints have to be matched: biocompatibility, 
fatigue resistance, stiffness, toughness, ability to withstand static and dynamic loads, and 
high resistance to mechanical and chemical wear [106]. Different materials are commonly 
exploited for the production of prosthetic components, briefly: CoCrMo, Ti6Al4V, alu-
mina and zirconia for the femoral stem; CoCrMo, UHMWPE, alumina for the cup. Thus, 
different bearings are currently exploited to find the ideal combination that yields the 
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fewest complications and best long-term survival [101]: metal-on-polyethylene (M-on-
PE), metal-on-metal (M-on-M), ceramic-on-ceramic (C-on-C). 

Therefore, why was one of the first recorded attempts (dr. Carnochan is sometimes 
cited as the first surgeon to insert a prosthetic device (a wooden piece!) between the hip 
joint [J.V. Bono, J.C. McCarthy, T.S. Thornhill, B.E. Bierbaum, and R.H. Turner, Eds, Revi-
sion Total Hip Arthroplasty, Springer-Verlag:New York, 1999]) to replace the arthritic hip 
performed using ivory ball and socket fixed to the bone by screws [107,108]? Simply, at 
that time (the year 1891) ivory was available and it was considered a good material in 
terms of mechanical resistance and compatibility; moreover, it was characterized by a 
smooth surface for movements. Other available materials were then exploited: rubber, 
glass, Bakelite. It was only in the mid-1900s that metals were used to fabricate the first 
generation of metal-on-metal bearing [109]. It happened when metal processing technol-
ogy allowed it. Steel was used first, then replaced by chrome–cobalt–molybdenum and 
titanium alloys. Nevertheless, failures of metal-on-metal bearings were discovered and be 
attributed to the “high friction” due to inadequate manufacturing process. 

The development of materials for the hip prosthesis is still in progress in order not to 
simply exploit available materials but also to design specifically conceived ones. At pre-
sent, ceramics are widely used since they assure the best tribological features, but other 
materials are under investigation. About this, it is worthy to mention that, besides any 
other requirement, the materials for the production of the hip prosthesis have to minimize 
the so-called “stress shielding” effect, which received more and more attention over the 
years [110]. It occurs when a metallic device is in deep contact with bone: the higher stiff-
ness of the device causes bone loss (atrophy) as a result of decreased loading conditions 
or produces denser bone where the load is increased. In other words, the presence of the 
device alters the physiological remodeling process of bone tissue, which is not properly 
stimulated. Stress shielding can result in periprosthetic bone resorption, and eventually 
in joint prosthesis failure: this leads to the need for a revision surgery, which is associated 
with increased risks, complications, and costs [110]. 

Two approaches were suggested to limit the stress shielding effect: (i) to investigate 
geometry and shape of the device, with specific regard to the surface characteristics; (ii) 
to properly select the material of choice depending on its stiffness. Numerical simulations 
[111] and experimental studies [112] are both fundamental for optimizing hip prosthesis 
configuration and composition. In particular, the exploitation of composite polymeric ma-
terials seems a promising strategy for the design of hip prostheses with adjustable stiff-
ness. 

A first example is given by the carbon/PEEK (PEEK stands for polyetheretherketone) 
composites, whose mechanical performances were compared to those of stainless steel 
and titanium [113]: the stress distribution was investigated by numerical simulations to 
check the suitability of the composites as an alternative to metals. Another example is the 
Carbon Fiber polyamide 12 (CF/PA12) composite: its capacity to provide a uniform den-
sity distribution across the bone, resulting in a reduced stress shielding effect was com-
pared to CoCrMo and Ti alloys by numerical simulations [114]. 

A couple of considerations have necessarily to be advised: first, recent developments 
of total hip prosthesis design are moving the choice of candidate materials from the al-
ready available ones to those that have to be specifically produced for this application; 
second, composite materials, as those obtained by inserting ceramic/polymeric fibers into 
a polymeric matrix, are expected to assure better performances when compared to tradi-
tional ones. 

5.2. Total Artificial Heart (TAH) 
Heart failure (HF) is a complex clinical condition that severely impairs the heart’s 

functions; up to now, cardiac transplantation is the only definitive solution for refractory 
end-stage HF [115]. Indeed, cardiac transplantation is limited by the short availability of 
organs from donors, which increases the waitlist time, and by the adverse effects due to 
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immunosuppression (immunosuppression is mandatory to make the recipient able to host 
the biological organ from donor without rejection). These are the main reasons pushing 
the search for an alternative solution: the replacement of the failed heart with mechanical 
pumps. Pumps can “simply” assist one ventricle (Ventricular Assist Device, VAD) or re-
place the whole heart (Total Artificial Heart, TAH): they both give the patients a satisfac-
tory quality of life and increase the rate of survival. 

As plainly stated by Gino Gerosa et al. “Total replacement of the failing heart with a 
mechanical pump has been the Holy Grail for cardiac surgeons for decades” [116]. Indeed, 
very preliminary investigations aimed at supporting/replacing the biological heart with a 
man-made device date back to the beginning of the 1800s (more than 150 years before the 
first cardiac transplantation performed by Dr. Barnard in 1967), when the idea to assist a 
failing heart with extracorporeal perfusion was conceived [117]. In the late 1920s, the fa-
mous surgeon Alexis Carrel, in an unlikely partnership with the aviator Charles Lind-
bergh, tried to develop a mechanical heart: this purpose was not achieved, but they cre-
ated a pump oxygenator for temporary perfusion of tissues and organs [118]. In 1957, 
Willem Kolf and Tetsuzo Akutso performed the first successful TAH implantation in a 
dog, whose circulation was sustained for 90 min [119]. The heart “was made of polyvi-
nylchloride; subsequently we used polyurethane; and then for many years, Silastic” [120]. 
Silastic is a trademark registered in 1948 by Dow Corning Corporation for flexible, inert 
silicone elastomer. 

After a sequence of trials in pre-clinical models, the first TAH implantation in hu-
mans was performed in 1969 by Denton Cooley and Domingo Liotta [121]. Over the years, 
many other prototypes were developed [122], but up to now, only two devices have en-
tered the clinical practice: the CardioWest TAH (SynCardia, Tucson, Arizona, USA) and 
the Aeson CARMAT TAH (Vélizy-Villacoublay, France), which very recently received the 
CE marking and the FDA approval for beginning enrollment in the US [123]. 

Following a clinical trial started in 1993 and concluded in 2002 [124], the CardioWest 
TAH (inspired by the predecessor Jarvik 7 developed in the 1980s, and now marketed as 
Syncardia TAH) experienced a great clinical success: to date, more than 1700 patients re-
ceived this device. It is lined with polyurethane and has four-layer, pneumatically-driven 
diaphragms (polyurethane) to separate blood and compressed air in each ventricular 
chamber [124]; four mechanical valves (single leaflet tilting disc) regulate the blood flow. 

Polymeric materials, not dependently on their specific chemical composition, and 
mechanical valves exhibit a certain level of thrombogenicity. In particular, polymers are 
able to assure promising features with regard to the manufacturing process and mechan-
ical performances, but they cannot assure the required hemocompatibility. This imposes 
the administration of lifelong anticoagulation therapy to prevent thromboembolic com-
plications; unfortunately, unbalanced anticoagulation can result in bleedings and hemor-
rhages [115]. 

Thus, is it possible to improve the biocompatibility of the device by choosing (or de-
veloping) a more compatible material for coating the blood-contacting surfaces? The CAR-
MAT TAH offers two major innovations with respect to the existing TAHs: (i) the valves 
are not mechanical but biological and (ii) the membranes separating the blood compart-
ment from the actuation fluid are made of a bioprosthetic material [125]. This latter is 
obtained by coupling a polyurethane (at the fluid-contacting surface) with chemically 
treated bovine pericardium (at the blood-contacting side); its intended benefit is an im-
proved hemocompatibility, potentially reducing the need for prolonged anticoagulation 
and the risk of bleeding/thrombosis [126]. Therefore, a new biomaterial was created, not 
only polymeric nor only biologic, but “hybrid”. The idea is appealing and it can open the 
way for the development of other blood-contacting devices, but does it really work? In 
particular, what does it mean “chemically treated bovine pericardial tissue”? 

Bovine and porcine pericardia have been used for manufacturing bioprosthetic heart 
valves but they have to be properly treated to avoid any adverse reaction when implanted 
into humans. So, animal pericardia are usually fixed with glutaraldehyde: it is a cheap 
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and effective fixation agent, but it is also acknowledged to result in cytotoxic effects and 
to make the biological tissue prone to calcification [127]. To avoid (or at least limit) calcific 
degeneration, modifications to glutaraldehyde processed tissue and non-glutaraldehyde 
processes were proposed. We do not discuss the effectiveness of these methods, we only 
pinpoint that, whatever the method used to prevent calcification, treated tissues are no 
more vital: it means that they are not able to integrate with the host and their durability is 
limited. In other words, they are biological in nature, but they still remain “foreign bodies” 
after implantation. 

Taking advantage of the progress in the field of tissue engineering, a different ap-
proach to the production of hybrid materials was recently proposed by our group. We 
applied a decellularization treatment to native biological tissues by removing cells and 
nuclear components from the matrix [128]: biological scaffolds with improved immuno-
compatibility and unvaried biological and biomechanical properties with respect to native 
tissues were obtained. They are still vital in the sense that they can be repopulated by 
circulating cells after implantation [129]: an endothelial layer will be generated in vivo 
over the blood-contacting side of the hybrid membrane that is produced by coupling the 
decellularized pericardium with a synthetic polymer, e.g., a commercial polycarbonate 
urethane [130]. The hemocompatibility of these innovative materials was investigated by 
assessing their capacity to promote thrombin generation and induce platelet activation. 
Our preliminary results demonstrated that the proposed hybrid membranes are compat-
ible with blood [131]. 

6. What Are Biomaterials Intended for from 2021 Onwards? 
In 2019 Prof. Buddy Ratner, one of the most prominent scientists in the field of bio-

materials science authored an illuminating review on the future of biomaterials. He stated, 
and we do agree with him, that the biomaterials field was (and is still) characterized by 
multidisciplinarity. He wrote, “The field of biomaterials started with physicians, then em-
braced engineers, and was energized and legitimized by the molecular biology revolu-
tion” [132]. Prof. Ratner borrowed the term “convergence” from Sharp and Langer [133] 
to indicate a kind of “revolution” in the biomedical science aimed at integrating different 
skills with an equal role: future clinical needs will be faced by a joint collaboration of en-
gineers, physical scientists, biologists and clinicians. Sharp and Langer offered a number 
of examples of this revolutionary cooperation: tissue-engineering is typically based on the 
exploitation of developmental biology with engineering and materials methods to replace 
tissues and organs; microfabrication techniques allow analyzing single cells, developing 
targeted nanoparticle therapeutics; algorithms for data mining improve personalized 
medicine; microsensors can detect the onset of disease [133]. Let us add the massive role 
that will be played by Artificial Intelligence all along the care pathway [134]. 

We believe that the present review demonstrated the incredible growth of the bio-
materials field in terms of research interests and, consequently, scientific publications: but 
is it a real success? Professor Ratner raised doubt about that, arguing that tangible ad-
vances in medicine driven by biomaterials science are much less than the number of pub-
lished papers. He sadly concluded, “these new developments, described in thousands of 
papers, have had limited impact on clinical medicine” [132]. Major causes for the lack of 
clinical progress in biomaterials-based medical devices are mainly due to three factors: 
compatibility, durability and infections. 

As previously discussed (see paragraph 2), compatibility implies the ability of a given 
material/device to not evoke adverse reactions after implantation and to assure the ex-
pected functionality; in the specific case of blood-contacting materials/devices, the term 
hemocompatibility is used to emphasize the absence of thrombogenicity and hemolysis. 
In general, no implantable material/device can guarantee absolute compatibility with the 
host. At present, all materials/devices intended for implantation are “foreign bodies”, 
therefore responsible for a reaction that inevitably raises after surgery. This reaction is due 
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to inflammation that is physiologically triggered by the healing process. Being a physio-
logical event, inflammation cannot be avoided: indeed, it is crucial to maintain inflamma-
tion as acute and not chronic, to achieve the so-called “restitutio ad integrum” (this Latin 
term is used to indicate the successful restoration of tissue/organ functionality after com-
pletion of the healing process) of the tissue/organ involved. 

In the case of materials and devices in permanent contact with blood, the lack of per-
fect hemocompatibility can be highly dangerous for patients: to prevent thromboembolic 
complications, they have to be administered with anticoagulant therapy. Indeed, antico-
agulation can present deleterious side effects if not properly managed. 

As all man-made products, current biomaterials and biomedical devices have limited 
durability, which is very often much less than patients’ life expectancy: for instance, the 
average durability of a total hip prosthesis is 15 years; a mechanical heart valve is expected 
to be replaced after 30 years, whereas a bioprosthetic one after 12 years. 

Fundamental progresses to enhance both compatibility and durability of materi-
als/devices can be obtained when the shift from the perspective of “replacement” toward 
“regeneration” will be successfully completed. Indeed, bioengineered tissues and organs 
are autologous in nature, thus they are perfectly compatible; moreover, they completely 
integrate with the recipient’s body, thus they follow the remodeling processes able to as-
sure better performances and longer durability. 

7. Some Words to Conclude 
Is the regeneration perspective close to clinical translation? The answer depends on 

the complexity of the tissue/organ to be regenerated: with the term “complexity” we refer 
not only to the anatomical structure and histological architecture but also to the number 
of cells (and cell types) that are necessary for the complete regeneration. Bioengineered 
skin and cartilage (often, but improperly, termed “artificial”) have entered the clinical 
practice so far, even though they do not reach the structural and functional complexity of 
native counterparts yet. 

With regard to more complex organs, great emphasis was given to the publication of 
the first transplantation of tissue-engineered airway performed by the Italian surgeon 
Paolo Macchiarini in 2008 [135], and other attempts were announced subsequently. After-
ward, the clinical success of Macchiarini’s engineered airway was questioned by the sci-
entific community for several reasons [136], and he had to retract some of his papers. Nev-
ertheless, the way toward the clinical translation of tissue-engineered constructs was 
opened and several tissues and organs are currently under development: heart and heart 
valves [137,138], liver [139], kidney [140], lung [141], bladder [142], bone [143] and, of 
course, skin [144], cartilage [145] and trachea [146], are some examples from the scientific 
literature. 

Undoubtedly, tissue engineering, boosted by 3D printing techniques and decellular-
ization methods, will offer a ground-breaking solution for tissue/organ regeneration and, 
eventually, for safe and effective treatments of patients. In this context, biomaterial science 
has to play a crucial role in promoting what Tibbit and coworkers described as “The tran-
sition … from permissive to promoting biomaterials that are no longer bioinert but bioac-
tive” [147]. 

With regard to the bioactivity issue, searching for biomaterials able to stimulate tis-
sue repair opened the way for exploiting synthetic peptides for the biochemical function-
alization of materials surfaces. A wide number of synthetic sequences were already dis-
covered and tested [148]: they are pro-angiogenic, anti-inflammatory, and pro-adhesive 
peptides, which are able to guide cells behavior and control the fate of a given material/de-
vice upon contact with the biological environment. 

Gathered together, all these improvements in biomaterials science will be translated 
to clinics when companies renounce to use well-established biomaterials that are familiar 
to the regulatory authorities [132]. 
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Whichever the nature of the materials used (synthetic or biological), for sure future 
biomaterial-based therapeutic approaches will be addressed towards the so-called “per-
sonalized medicine”. It overcomes the traditional “one-size-fits-all” approach and consid-
ers each patient as an individual, tailoring the required therapy on the basis of the specific 
needs. This is a real revolution in medical care and it requires advances in biomaterials 
research that enable innovative biomaterials design to diagnose and treat patients’ dis-
eases [149]. 

Future Perspectives 
Biomaterials science has advanced from pioneering practices to a field dominated by 

engineers, chemists, and physicists, to the present time with bioengineers and biologists 
as the “key players” [1]. 

It is not likely to draw the future perspectives of biomaterials science since biomateri-
als are (and will be) successfully exploited in a huge number of different applications. As 
argued by Prof. Ratner [132], the development of new biomaterials will be probably 
driven by the necessity to reduce the gap between scientific research and clinical practice. 
Undoubtedly, this step ahead will require stronger cooperation among researchers from 
different fields, who have to be able (and available!) to “mix” their competencies for a 
common purpose. Additionally, the design of novel biomaterials requires a “mix” of dif-
ferent components, combining the features of both biological and synthetic substances 
with cells and biochemical molecules. 

Let scientists unleash their imagination and work together, provide them with an 
adequate amount of money, and they will get the goal! The abatement of current technical 
limitations will surely follow. 
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