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Abstract

Introduction and objectives. As tissue engineering and regenerative medicine have continued to evolve within the field
of biomedicine, the fundamental importance of bio-products has become increasingly apparent. This true not only in cases
where they are derived directly from the natural environment, but also when animals and plants are specially bred and
cultivated for their production.
Objective. The study aims to present and assess the global influence and importance of selected bio-products in current
regenerative medicine via a broad review of the existing literature. In particular, attention is paid to the matrices, substances
and grafts created from plants and animals which could potentially be used in experimental and clinical regeneration, or
in reconstructive procedures.
Summary. Evolving trends in agriculture are likely to play a key role in the future development of a number of systemic and
local medical procedures within tissue engineering and regenerative medicine. This is in addition to the use of bio-products
derived from the natural environment which are found to deliver positive results in the treatment of prospective patients.
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INTRODUCTION
For a number of years, medical treatments were mainly
derived from plants, animals, and manufactured bio-products
[1]. This often meant that medicine, agriculture and livestock
breeding developed mutually, peaking at the turn of the 20th
century [2]. At this time, there was the invention of alkaloids,
glycosides and their isolation from selected plants, as well
as the pharmacological development of insulin from swine
and bovine pancreatic tissue [3]. These methods were later
eschewed, however, in favour of the development of synthetic
products, not only in medicine, but across all areas of science.
Such developments can be linked to the dawn of the golden
age of biomedical achievements in the field of chemistry and
physics. From this time, medicine was able to develop new
treatments for a number of diseases while resolving a large
number of pressing issues, such positives largely outweighing
the negatives incurred with such a change in approach.
The establishment of tissue engineering, however, made
scientists acutely aware that innovative therapies based
on stem cells, for example, would not be possible without
the use of natural bio-products or specially designed biohybrids consisting of synthetic and natural biomaterials
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[6, 7]. Such spatial matrices are good carriers of previously
seeded cells and enable their precise delivery to areas where
tissue regeneration is desired [8]. Since then, a number of
different matrices have been evaluated such as: special biogels, amniotic membranes, spider silk, cross- linked collagenhydroxyapatite scaffolds, and many others [9].
OBJECTIVE
The aim of this study is to present a wide-ranging review of
existing literature on the influence and importance of selected
bio-products derived from agricultural and natural sources in
current regenerative medicine. In particular, specific attention
is paid to matrices, substances and grafts derived from plant
and animal substrates which could be used in experimental
and clinical regeneration or reconstruction procedures.
MATERIALS AND METHOD
Plant-derived materials: Cellulose. As of now, many have
suggested that adequately prepared cellulose performs well
as a biocompatible scaffold. It is a polysaccharide, discovered
and isolated in 1838 by Anselme Payen, consisting of a linear
chain of several hundred to thousands of linked D-glucose
units. The most abundant organic polymer on the planet, it
acts as an important component of the primary cell wall of
plants, algae, fungi and bacterial biofilms. Cellulose has also
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played a significant role in medicine due to its properties,
namely, biocompatibility, strength and non-degradability
in the human body [10]. For example, in an animal study by
Zang et al., it was successfully used as a scaffold for bone tissue
engineering whereby it formed a perfect matrix with human
adipose-derived stem cells (HASCs), suggesting it could be
employed successfully in future cases of bone regeneration [11].
Meanwhile, a study by Singh et al. discovered properties within
blends of cellulose and silk which could play a key role in the
potential chondrogenesis of stem cells, without the addition of
soluble growth factor TGF-β [12]. Other studies demonstrated
how a three-dimensional liver cell culture can be created using
nanofibrillar cellulose hydrogel, while promise has been noted
in the use of bacterial cellulose which has evidenced a very
high clinical value in terms of skin tissue repair.
This is all in addition to the use of cellulose in experimental
cardiac muscle procedures, the creation of prosthetic heart
valves, nerve regeneration and bioartificial bladder
reconstruction. However, these innovations have only been
part of small individual tests and pre-trials with little statistical
significance [13]. Generally, clinical trials involving cellulose
have focused on its function as a component in wound
dressings (Tab. 1). Most have centered on bacterial cellulose
acting as an artificial skin during the use of Biofill and
Bioprocess in treating burns and ulcers. Also of note has been
the use of cellulose-based bio-material in Gengiflex as a means
of regenerating periodontal tissues [14]. However, although
cellulose is cited as a highly promising material within
regenerative medicine, its application has so far been limited
to pre-clinical and clinical trials, with most information about
this biological substrate limited to review articles.

β-D-mannuronic acid and α-L-guluronic acid units, their
composition and molecular weight varying between algae
species. Such differences can affect: viscosity, gelation, the
binding affinity to cations, mechanical strength, swelling
capacity and bioadhesiveness. Additionally, they can induce
a range of positive effects, such as activity which is: anticholesterolaemic, antihypertensive, antidiabetic, anti-obesity,
antimicrobial, anti-cancer and anti-hepatotoxicity[16].
Similar to chitosan, alginates can also be combined with
other compounds which alter their composition, being
produced in the form of hydrogels, microparticles,
nanoparticles, powder, tablets, beads and films. Approved
by the FDA, they are generally recognized as safe (GRAS),
used in wound dressings (Algicell®, AlgiSite M™, Comfeel®
Plus, Kaltostat®, Sorbsan® Tegagen™), drug administration
and treatments for: heartburn (Bisodol®, Asilone®), acid reflux
(Gaviscon®), pressure sores, reflux suppression and weight
loss [16]. This is in addition to the common application of
alginate gels during tissue engineering within in vitro and
in vivo cell cultures [17]. Moreover, a number of clinical trials
have utilized alginates, detailed in Table 2.

Table 1. Examples of cellulose-based dressings used in clinical trials
Application
Wound healing
Healing of venous ulcers
Local dressing of skin lesions
Haemorrhage control

Table 2. Examples of alginate and chitosan utilization in clinical trials
Application

Form

No. of
patients

Alginate
Pressure sores

Alginate dressing

14

Post-operative intrauterine adhesion

Alginate
carboxymethylcellulose
hyaluronic acid gel

192

Reflux suppression

Liquid (Gaviscon®)

20

Weight loss

Powder

96

Non-erosive reflux disease

Liquid

76

Skin graft

Calcium alginate dressing
(Kaltostat®)

36

Product

No. of
patients

XCell

24

Aquacel

281

Burn wounds

Silver alginate dressing
(Askina Calgitrol Ag®)

65

Veloderm

96

Wounds after haemorrhoidectomy

Fibre dressing (Sorbsan®)

50

Surgical (oxidized regenerated cellulose)

39

Chitosan
Chronic Peridontitis

Chitosan gel

15

Chronic Peridontitis

Chitosan gel alone or with
demiralized bone matrix or
collagenous membrane

20

Plastic surgery

Soft pads of freeze-dried
N- carboxybutyl chitosan

Wound healing

Chitosan dressing

20

Wound healing

Chitosan membrane
(mesh or non-mesh form)

20

Haemostasis and wound healing

Chitosan/dextran gel

40

Rosacea

Cream

42

Cartilagle repair

BST-CarGel

80

Rice paper plant. Another notable material which could be
specially cultivated for regenerative medicine is the rice
paper plant (Tetrapanax papyrifer). From this, an expressly
designed temporary scaffold can be created, delivering
positive results so far in bladder augmentation studies.
Referred to in earlier studies as Japanese paper, it takes the
form of a dome-shaped implant previously sprayed with
nobecutane and has been used in cases of tuberculosis and
interstitial cystitis. More recently, it has been suggested that
it could be employed to promote bladder regeneration after
cancer of this tissue. Certainly, there is the possibility of
using such material as a biologically tolerated matrix in
experimental cell transplantations [15].
Alginates. Alginates are another option to consider in tissue
engineering applications which offer a number of advantages,
such as being inexpensive and possessing biodegradable,
biocompatible, non-toxic and non-immunogenic properties.
They are natural polymers mainly derived from brown
seaweed, but also obtainable from red seaweed and the
exopolysaccharides of bacteria, including Pseudomonas and
Azotobacter. These are water-soluble and consist of 1,4-linked

Inhibition of enamel demineralization
Dentifrice
around orthodontic brackets

16

Anti-microbial properties

Chitosan spray

29

Obesity

Capsules

34

Obesity

Capsules

12

Hepatocellular carcinoma

Holmium-166-chitosan
complex

54

Chronic renal failure

Tablets

80

Bacteria growth inhibition

Chewing gum

50
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Plant-derived human collagen scaffolds (PDHC). The bestknown among plant-derived solutions in the areas of tissue
engineering and regenerative medicine are projects related
to experimental dermatological procedures and modern
methods of treating various types of wounds [18]. Here, the
studies often refer to plant-derived human collagen scaffolds
(PDHC) such as soy, which can be used in the development
of engineered skin [19]. These are also known as electrospun
soy protein-based scaffolds, partially making reference to the
technical process of electrospining which is used to produce
such matrices [20]. Used as carriers for different types of
cultured skin cells, such as fibroblasts and melanocytes,
they are considered one of the better biomaterials available
[21]. This is on account of both the relatively low risk of
allergic response or disease transmission they induce, and
their strong biological properties whereby they promote the
proper maturation and differentiation of cultivated cells in
experimental models.
Plant extracts. Other applications of plant-derived products
are also connected with the use of specific extracts, whether
to encourage cell growth or to stimulate differentiation.
Admittedly, there is limited research here, but recently
published data offers hope that novel and innovative
regenerative treatment procedures could be developed. For
example, positive effects have been noted in the use of different
plant extracts within in vitro and in vivo studies whereby they
have been found to have helped induce apoptosis during
the treatment of acute lymphoblastic leukaemia, as well as
possessing potential antimicrobial properties [22]. Further
details showing the potential use of specific plant extracts
in innovative regenerative medicine are shown in Table 3.
Table 3. Specific plant extracts which could be used in innovative
regenerative medicine
Plant extract

Potential effects

Extract of Geum japonicum
(EGJ)

Effective cardiogenic differentiation of
mesynchymal stem cells (MSCs) and additional
dual effect on angiogenesis and myogenesis
during in-vivo repair model of infracted
myocardium.

Withanolide A (WL-A)
extract isolated from Indian
herbal drug Ashwagandha
(Withania somnifera)

In vitro and in vivo recovery of neuritic atrophy and
synaptic loss.

In-vivo stimulation of proliferation and migration
Extract of Stewartia koreana
processes of human endothelial cells with one
leaves (SKE)
step neovasculization induction
Extract of Shuanghuangbu

A specially designed Shuanghuangbu-scaffold
extract could reinforce proliferation activity of
periodontal ligament cells (PDLCs).

Blueberry extract

In-vivo animal dietary supplementation with
blueberry extract enhances survival of intraocular
hippocampal transplants

Ethanol extract of Fructus
Ligustri Lucidi (EFLL)

EFLL extract enhances the osteogenic
differentiation of mesynchymal stem cells (MSCs)

Animal-derived matrices: Chitin-derived scaffolds. Moving
on to the possibilities created by animal-derived matrices in
regenerative medicine, chitin is the second most abundant
natural polymer and is found in the shells of crustaceans,
the cuticles of insects, and the cell walls of fungi and yeast.
It is mainly sourced commercially from the shells of crabs

and shrimps, a by-product of the seafood industry [23].
Bearing bacteriostatic and fungistatic functions, chitin’s
main drawback is its insolubility in water and other common
solvents.
Through alkaline deacetylation, the cationic polysacchary
de, chitosan, is created from it, a β-1,4-linked polymer
of glucosamine (2-amino-2-deoxy- β-D-glucose) but
with a smaller amount of N-acetyloglucosoamine. It
possesses additional properties, such as biocompatibility,
biodegradability, haemostatic action and mucoadhesion.
Although insoluble in water, it can be solubilized in a dilute
aqueous acid solution. Furthermore, chitosan has FDA
approval as a wound dressing while also being permitted as a
food supplement in Japan, Italy and Finland, and is Generally
Recognized As Safe (GRAS) in food within the USA [24, 25].
Chitosan, which can be produced at varying molecular
weights and degrees of deacetylation, allows the simple
creation of differently shaped scaffolds, taking the form
of: tubes, membranes, gels, nanofibers, microparticles,
nanoparticles, foams, beads, powder, films and porous
materials [26]. These are mainly produced via lyophilisation
which allows the production of biomaterials with a
controlled pore size. Combinations can also be made with
other substances, such as collagen, heparin, hialuronic
acid, gelatin or alginate, while the addition of functional
groups such as ammonium or carboxymethyl can enhance
its properties. Meanwhile, electrospining methods allow
for chitosan to resemble an extracellular matrix (ECM) in
structure, making this material a promising source for tissue
engineering applications [27]. Additionally, its chelating
properties allow the possible formation of a complex with
calcium, cobalt, zinc and nickel, which could improve scaffold
strength and stiffness, as well as levels of mineralization and
vascularization [28]. Such a compound has already been used
in wound healing in addition to skin, cartilage, bone, nerve,
periodontal tissue and liver regeneration [25]. Furthermore,
it has proved a very reliable material for delivering drugs and
filtering water and air [25]. More examples of chitosan’s use
in clinical practice are presented in Table 2.
Porcine-derived vascular and dermal scaffolds. ‘Waste
materials’ from animal slaughterhouses, such as porcine
skin or arterial vessels, have also been noted as enabling the
creation of high quality bio-natural matrices which deliver
significant results [29]. Decellularization procedures carried
out on such materials can be adapted to create optimal results,
notably via the creation of acellular matrices [30].
In a representative group of in vivo studies, it has been
shown that a decellularized vessel matrix previously seeded
with mesenchymal stem cells (MSC) may be a better option
than standard polypropylene mesh in treating large
abdominal wall injuries, or in ventral hernia repair surgery.
These studies also indicate that such products possess
excellent mechanical and biological properties [31]. Figure 1,
taken from one such in-vivo experiment, shows a sample of
a swine-derived vessel graft used for the reconstruction of
an abdominal wall in a rat model. Another swine-derived
bio-product is the skin, commonly referred to as a porcine
acellular dermal graft. With favourable properties being
observed within different types of ventral hernia surgery,
this process is seen as potentially revolutionizing standard
skin replacement procedures performed after burns or
degloving injuries which expose tendons or bones. In
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Figure 1. Example of a swine-derived vessel graft, previously seeded with mesynchymal stem cells (MSC), used in an experimental reconstruction of an
abdominal wall in a rat model.
A – Macroscopic view of implemented acellular swine-derived graft previously seeded with MSC cells.
B – Clearly visible neo-vascularization and integration between the porcine acellular graft and rat abdomen wall tissues.

particular, it is seen as viable in fully personalized treatments
where there is a rapid need to perform life-saving surgical
procedures [32]. Some specific examples of porcine
decellularized dermal graft utilization in clinical and
experimental practice are presented in Table 4.
Table 4. Examples of porcine decellularized dermal graft and small
intestine submucosa (SIS) utilization in clinical and experimental practice
Application

Product

Porcine dermal graft
Abdominal sacrocolpopexy

Pelvicol© (CR BARD, Murray Hill,NJ)

Treatment of stress urinary incontinence
in women

Pelvicol© (CR BARD, Murray Hill,NJ)

Rectocele repair

Pelvicol© (CR BARD, Murray Hill,NJ)

Surgical implant in incisional and ventral
hernia repair

Permacol™ (covidien)

Extracellular matrix patch in malignant and
non-malignant chest wall reconstruction in
thoracic surgery.

XCM Biologic Tissue Matrix©
(Depuy Synthes)

Implant-based breast reconstruction

Strattice™ Reconstructive Tissue
Matrix

Burn wounds

Permacol™ (covidien)

Small Intestine Submucosa (SIS)
Surgical repair of damaged or missing
musculotendinous tissue

CuffPatch™ (Arthrotek)

In neurosurgical procedures to expand or
replace dura mater resected during surgery

Durasis® (Cook Biotech, Spencer,
Indiana)

Surgical correction of Peyronie’s disease

Stratasis® (Cook Biotech, Spencer,
Indiana)

Abdominal wall reconstruction

Surgisis® (Cook Biotech, Spencer,
Indiana)

Diabetic foot ulcer therapy

Oasis® (Depuy Synthes)

Augmentation and repair of large or
complex tendon tears

Restore™ (Depuy, Warsaw, IN),

Small Intestinal Submucosa (SIS). Another prominent
material studied is Small Intestinal Submucosa (SIS), a natural
biomaterial which is typically obtained from porcine small
intestines. Initially, this was obtained via the mechanical
removal of the mucosa, strata of muscle fibres and serosa, the

resulting membrane being about 100 μm thick and composed
of submucosa alongside the remains of the basal membrane of
the tunica mucosa [33]. At present, however, SIS is primarily
acquired through decellularization of the small intestine,
the removal of cells allowing immunologically neutral
biomaterial to be obtained which can be used in a variety of
tissue engineering and regenerative medicine applications.
Thereafter, a number of methods can be employed to prepare
an acellular matrix: physical, chemical and enzymatic [34].
The first has proven ineffective at removing cells when applied
in isolation, requiring freezing and thawing, mechanical
scraping, agitation and sonication [35]. In contrast, chemical
techniques appear more efficient, mainly involving the
use of detergents, such as Triton X-100, Triton X-200,
sodium dodecyl sulfate (SDS) and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) [36]. Then
there are enzymatic methods of decellularization which are
based on the use of nucleases, proteases and calcium chelating
agents [37]. Additionally, antibiotics and protease inhibitors
are used respectively to eliminate the presence of bacteria and
protect the native layer of collagen while proteases are being
applied. Overall, however, the best results are achieved using
a combination of the methods outlined above.
In any case, once the acellular matrix is created, it
primarily contains collagen (types I, III, IV and VI) as well as
glycoproteins (laminin and fibronectin), glycosaminiglycans,
proteoglycans and growth factors, such as transforming
growth factor-β (TGF-β), basic fibroblast growth factor
(b-FGF) and vascular endothelial growth factor (VEGF) [38].
SIS scaffolds produced on an industrial scale also comprise
several layers in contrast to native single-layer forms. The
commercially available tissue is outlined in Table 4.
Primarily, this widespread use of SIS as an extracellular
matrix in regenerative medicine is due to its structural and
biochemical properties. As well as being used in a variety of
applications as a cell-seeded or un-seeded collagen matrix, it
has also shown great potential to regenerate urogenital tissues
and organs, including the urinary bladder, urethra, tunica
albuginea and vagina [39, 40]. Various studies have also
assessed the suitability of SIS as a scaffold for the regeneration
of heart, bone, nerve, tendon, hernia and soft tissue [41, 42].
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Bladder acellular matrix (BAM). Moving on to another
material, bladder acellular matrix (BAM) is a natural scaffold
obtained from the urinary bladder by the mechanical or
chemical removal of cellular components. Here, the process
of decellularization is similar to that of small intestinal
submucosa. Until now, it has mainly been used for urethra
and bladder reconstruction [43], the extracellular matrix of
the urinary bladder wall providing an excellent environment
for the growth, proliferation and differentiation of cells.
The three-dimensional structure of BAM then allows the
attachment of cells to itself, both urothelial (UCs) and smooth
muscle cells (SMCs) proliferating very well within it, the
rate of UCs being three times as high as when SIS is utilized
[44,45]. Additionally, BAM contains many growth factors,
such as VEGF (Vascular Endothelial Growth Factor), PDGFBB (Platelet-Derived Growth Factor-BB), KGF (Keratinocyte
Growth Factor), TGFβ1 (Transforming Growth Factor-β1),
IGF (Insulin-like Growth Factor), bFGF (basic Fibroblast
Growth Factor), EGF (Epidermal Growth Factor), TGF-β
(Transforming Growth Factor-β) and BMP4 (Bone
Morphogenetic Proteins 4), which stimulate the process
of regeneration [46]. Giving it strength and flexibility are
high volumes of collagen and elastin alongisde the fact
BAM is considered a safe, biocompatible biomaterial which
integrates well with the tissues after implantation while not
being immunogenic. It is also available commercially in
the form of products such as MatriStem (ACell) which are
mainly used for the treatment of acute and chronic wounds.
CONCLUSIONS
The presented review has looked at a number of bio-products
and their different experimental applications within tissue
engineering and regenerative medicine. All of those
discussed are the result of modern agricultural techniques
or taken directly taken from the natural environment. By
and large, they are a good example of how both the current
slaughter and meat processing industry and targeted
plant cultivation are fully convergent in their production
capacities with the development of innovative medicine.
Among the most significant of these has been the use of
different types of cells within tissue engineering, progenitor
stem cells being the most prominent, referred to in 85% of
the relevant literature [47]. Nonetheless, deficiencies are
evident in current standard procedures related to stem cell
cultivation and their application in both experimental and
clinical cases, further innovations being required to make
them more efficient. Such problems are largely connected
with biological issues whereby technological, chemical and
physical solutions have been designed with fully synthetic
and other artificial products in mind, whether they are nonbiological cell matrices or cell grafts. Parallel to this has been
the ‘bio-modulation’ of different metabolic or physiological
functions during in vitro and in vivo procedures [48].
Nevertheless, there is enough evidence to conclude that
continuing advances in agriculture are likely to play a key
role in the future development of numerous systemic and
local medical procedures in the fields of tissue engineering
and regenerative medicine. Within both, agriculture has had
a continually increasing influence which could lead to the
biotechnological modification of methods in plant cultivation
and livestock breeding to obtain specially designed and

targeted bio-products [49, 50]. Similarly, materials and
substances derived from the natural environment can also be
expected to have a significant impact, current developments
suggesting better treatment being applied to prospective
patients in the future.
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