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ABSTRACT
Cell-based therapies constitute growing strategies for tissue repair, but the important drawback remains controlled delivery timing and
location. In order to improve this aspect, there is a need for tuning the microenvironment of delivered cells. In this review, we will
address the various aspects involved in the development of improved tissue repair.

1. INTRODUCTION
Tissue repair represents an important clinical challenge.
Tissue engineering (TE) has been used and improved for tissue
repair over the last decades and is based on three milestones:
scaffolds, cells and growth factors. While the aim of TE was to
produce biological substitutes of failing organs, regenerative

medicine is dedicated to restore tissue function and uses several
ways to achieve this goal, for instance gene therapy or
nanomedicine. The two fields are merging today, and constitute a
strongly interdisciplinary domain called TERM (tissue
engineering and regenerative medicine).

Figure 1. Principles involved in Tissue Engineering and Regenerative Medicine.

Some cell-based therapies for tissue repair have been used
without cell carrier, and consist of a cell suspension delivered by
injection or infusion, as for example in the case of myocardial
infarction, stroke, or liver cirrhosis, but their efficiency is very
low. A majority of cells do not survive and these methods fail to
specifically deliver cells on the needed location and timing [1, 2,
3]. Long term cell grafting has proven to be better in the presence

of an appropriate biomaterial compared to medium alone [4]. The
ideal biomaterial carrier should enable cell integration,
differentiation and proliferation within the wounded host tissue,
regeneration into normal tissue through healing, and restore
function. Many cues trigger the physiological processes of tissue
regeneration: receptors, growth factors, vascularization, proteases
[5].

2. THERAPEUTIC AGENTS NEEDED IN TISSUE REPAIR
Tissue repair requires the action of growth factors which
provide cell signalling to trigger the healing process, by means of
cell adhesion, proliferation and differentiation to regenerate the
tissue [6, 7]. In addition, on can further enhance biomaterial

scaffolds functionality by integrating other therapeutics, and there
is growing interest in drug delivery applications in tissue
engineering [8, 9, 10]. This field is called TE therapeutics.
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integration of the implant into the surrounding tissue and bacterial
2.1.Growth factors.
Signalling molecules called morphogens are involved in biofilm formation at the implant surface [24]. Local antibiotics
the morphogenesis processes leading to tissue formation or release should present a high initial burst to face the infection risk,
regeneration. Among these morphogens one find growth factors, followed by sustained release. Among these antibiotics we can cite
cytokins and hormones, such as the transforming growth factor gentamicin, tetracycline, ciproflozacin, vancomycin, silver ion etc
(TGF-β) superfamily [11], bone morphogenetic proteins BMPs [25].
[12], the fibroblast growth factor (FGF) family, the Wnt family, 2.4. Inflammatory factors and Anti-Inflammatory drugs.
Implantation can cause inflammation, which requires the
hedgehog family members, and others. All their mechanisms of
action, influenced by diffusion profiles and concentration use of anti-inflammatory agents [26]. In the healing process there
gradients, as well as interactions with other components of the are some inflammatory processes characterized by the release of
extracellular matrix, are not fully known, but their implication in pro-inflammatory cytokines and growth factors, which also play a
gene regulatory networks is increasingly studied. For reviews see role in cell migration and differentiation on the repair site, as well
Davidson [13], Rogers and Schier, [14] Lee [15] or Kicheva [16]. as in angiogenesis. Targeted delivery of anti-inflammatory
The large size (10 to 100 kDa) and distribution requirements of peptides, corticosteroids and non-steroidal anti-inflammatory
these molecules imply the development of specific drug delivery drugs is a means to direct the regenerative effects of inflammatory
signal cascade [27, 28]. In particular, glucocorticoids have an
technologies.
Neovascularization is important in tissue regeneration, for inhibitory effect on the cytokine-related inflammation cascade.
the transport of nutriments and oxygen, and the circulation of For example, dexamethasone was loaded in chitosan porous
growth factors, differentiation factors or cells. Angiogenesis is scaffolds, and exhibited a sustained release profile [29]. Among
regulated by signalling molecules called angiogenic factors, such non-steroids, we can cite Ibuprofen for example [30].
as vascular endothelial growth factor (VEGF), platelet-derived 2.5. Genetic material.
Transfection of the gene encoding a growth factor for
growth factor (PDGF), fibroblast growth factor (FGF) and insulintargeted
cells is an interesting way to obtain a continuous
like growth factor (IGF) [17].
expression and subsequent release of the growth factor on the site
2.2.Adhesion promoting molecules.
Short specific adhesion peptide sequences are used to graft of tissue repair, by transfecting seeded cells. DNA can be delivered
scaffolds to promote cell adhesion, via specific ligand-receptor in scaffolds as naked DNA or polyplexes [31, 32, 33].
interactions. Many of these sequences have been identified: RGD 2.6. Cells.
Various types of stem cells (SC), as well as differentiated
(one of the best known used in TE), IKVAV, YIGSR etc[18].
cells
(osteoblasts,
chondrocytes, endothelial cells, fibroblasts,
Hyaluronic acid (HA), a non-sulfated glycosaminoglycan (GAG),
is a major component in the ECM. HA provides specific cell hepatocytes etc.) are used in TE [34]. For example, fully
interaction via the CD44 receptor, involved in wound healing and differentiated osteoblasts and chondrocytes have been used for
chondrogenesis, showing good potential for cartilage tissue bone and cartilage regeneration [35], Schwann cells for peripheral
engineering [19]. Heparin, a highly sulfated GAG of the ECM, is nerve repair [36, 37, 38] etc. The inconvenient of using
known for its specific interaction with angiogenic growth factors differentiated cells is their limited source for culture (from
[20, 21, 22] and can be used to promote stabilization and release biopsies). Stem cells are divided into embryonic stem cells, and
of these factors. The sugar galactose is recognized by hepatocytes adult stem cells. Although embryonic stem cells have higher
through the asialoglycoprotein receptor, and is involved in regenerative potential, their use is restricted. Mesenchymal stem
glycoprotein homeostasis [23]. Therefore this molecule has cells have been isolated from many tissues like bone marrow,
adipose tissue, umbilical cord etc. [39, 40]. They can differentiate
potential in liver tissue engineering.
into various cell types [41] and have been used for the treatment of
2.3. Antibiotics.
Infection risks related to implant devices is a major various diseases in animal models [42, 43, 44].
problem. Upon implantation there is a competition between

3. DIFFERENT TYPES OF SCAFFOLD DELIVERY SYSTEMS
Two categories of delivery vehicles are used in
regenerative medicine: 1) micro and nanoparticles for drug and cell
delivery, and 2) scaffolds for tissue engineering approaches, which
can host cell growth and can be modified to deliver specific
therapeutic agents. We will mainly focus on the second range of
delivery systems.Among biomaterials used in tissue regeneration,
natural compounds have been widely used, due to their
biocompatibility and biodegradability. Among these we can cite
collagen, hyaluronic acid, chitosan, alginate. The advantage of
protein-based materials is that they possess inherent cell-binding
sequences. However these materials can display immunogenicity
and risks of pathogen transmission. Ceramics like hydroxyapatite or

tri-calcium phosphate are widely used in bone or dental tissue
repair due to their similarity with the inorganic part of bone. These
ceramics favor osteoblasts adhesion and differentiation, however
their physical properties make them somewhat difficult to work
with, and they are more often combined with synthetic polymers
into composite materials. Biodegradable synthetic polymers, like
poly-lactic acid (PLA), poly-glycolic acid (PGA), poly(lactide-coglycolide) (PLGA) or poly-caprolactone (PCL), are increasingly
studied as alternatives to natural materials, as their properties can
be finely tuned on demand. However, as they naturally lack
intrinsic cell adhesion properties, these will have to be added with
some chemical modification.
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The important design criteria to be met in these scaffolds level. One way to operate micro-fabrication is for example to
include: biocompatibility, mechanical and chemical requirements to realize a mask, which is placed over a material surface. During the
induce cell adhesion, migration and differentiation, porosity to subsequent etching process, the mask allows to modify particular
allow cell infiltration and vascularization, degradation profile areas which are, for example, photo-crosslinked. These techniques
suitable with tissue regeneration. Several fabrication techniques are are used to elaborate “lab/organ-on-a-chip” technologies which can
used to fulfill these requirements [45, 46]. While several scaffold be used for testing and screening of pharmacological agents on
fabrication techniques have successfully been adapted to individual cells [69, 70, 71]. 3D printing has been used for high
incorporate growth factors, only a limited number has been used to spatial resolution scaffolds applications in bone, nerve, and
deliver other therapeutic drugs [25]. For a summary of fabrication cardiovascular tissue engineering as a system to determine optimal
scaffold parameters [72, 73, 74, 75, 76]. The major inconvenient of
techniques, see the review of Christ et al. [47]
these methods is that the equipment is highly specialized.
3.1. Porous scaffolds and hydrogels.
Porosity is an important aspect of tissue repair scaffolds, to 3.4. Bioactive glass ceramic scaffolds.
Synthetic bio-ceramics involving hydroxyapatite and triallow cells to migrate inside the scaffold. Among the methods used
to achieve this characteristics, one can cite emulsion freeze drying calcium phosphate have been widely used in bone and dental tissue
[48], salt leaching [49, 50, 47] which achieve some pore engineering due to their similarity with the inorganic phase of bone
interconnectivity, the technique of sintering which allows even [77, 78] but they degrade slowly. More recently, bioactive glasses
finer tuning of interconnecting pores [51, 52, 53, 54], thermally and glass-ceramics have been applied in scaffolds for bone
induced phase separation [55], gas foaming combined with regeneration [79, 80, 81], with interesting properties: the ability to
particulate leaching [56, 57, 58]. High pressure processing (using bond to both bone and soft tissue and to stimulate bone growth
CO2 for example), also called supercritical fluid technology, has [82], to produce dissolution products which regulate in some way
also been used [59] and combined with the salt leaching technique some genes in osteoblasts [83] and promote angiogenesis [84].
to produce highly interconnected porous networks [60]. Hydrogels Some of these ceramics show additional drug delivery capacity
are widely used as matrices in tissue regeneration [61]. Their [85]. Among the preparation methods, we can cite starch
permeability and swelling characteristics can be tuned by several consolidation, incorporation of volatile organic particles, sol–gel,
triggers, like ionic state, physical stimuli (UV or thermal radiation) foaming, solid-free form fabrication methods and replication of
or covalent cross-linking (glutaraldehyde or carbodiimide polymeric sponges [25].
3.5. Injectable matrices.
chemistry).
Besides the widely used implantable scaffolds (which
3.2. Fibrous scaffolds.
A more elaborated architecture compared to porous require a little bit of surgery), some scaffolds for tissue regeneration
sponges consists in fibrous meshes. The technique of are aimed to be injected with a syringe and form the implant insitu.
electrospinning [62, 63, 64], derived from the textile industry, is Hydrogels are mostly used, they can be combined with cells and
now extensively used to fabricate fibrous scaffolds which mimic growth factors (or other compounds) prior injection and become a
the native tissue extracellular matrix structure [65]. Many natural gel in situ. For example, the PEO–PPO–PEO tri-block copolymer
and synthetic polymers have been electrospun into nanofibrous (Pluronic) is commonly used as an insitu forming gel for drug
biodegradable scaffolds (PLGA, PCL, PEO, PVA, collagen, delivery [86]. Pluronic copolymers at higher concentration have
peptides…). The fiber topology is particularly important in some been used to encapsulate chondrocytes in the purpose of cartilage
tissues like neurons [66] or skeletal muscle [67] in which cell regeneration [87]. For increased gel stability, grafted copolymers of
alignment is needed. Porosity control in electrospun scaffolds can PLGA and PEG were synthetized, which enabled sustained insulin
be tuned by incorporating leachable nano or microparticles during delivery and cartilage regeneration [88]. To improve the
mechanical properties of these hydrogels, photo-crosslinkable
the spinning process [68].
hydrogels have been developed, as for instance photo-crosslinked
3.3. Topographically designed scaffolds.
Lately some new techniques, like micro-patterning and PEG, for the delivery of chondrocytes, osteoblasts and MSCs [89,
more recently 3D printing (solid free form fabrication), have 90, 91]. The other class of injectable matrices is polymeric
enabled the design of very specific architectures with designed microspheres, like PLGA microspheres [92, 93, 94], used as porous
topographical key points. These elaborated scaffolds are not yet micro-carriers for growth factors, drugs or cultured cells to be
applied as large size implantable devices but are very useful to injected in a defect.
better understand the fine regeneration processes at the molecular

4. DIFFERENT TYPES OF DELIVERY: FUNCTIONALIZATION OF THE SAFFOLDS
There are two general administration routes for drugs: local
or systemic. When delivered locally, the risks of systemic
overdosing is limited and there is a higher concentration of drug
effectively delivered to the target tissue. Moreover, controlled
release systems enable the delivery at specific rate to the target
location for a desired period of time. The drug release profile is
determined both by the type of matrix and by the type of drug [95,
96, 10]. A third barrier to therapeutic success is the specific

delivery of the drug to some targeted cellular or sub-cellular
microenvironment.
Growth factors are signaling proteins which are available
either in immediate release by cells or else embedded in the
extracellular matrix, and released gradually by the degradation of
the ECM, thus acting as spatial and temporal triggers for cells
[97]. In ECM mimicking biomaterials, controlled release of
growth factors and other types of therapeutic agents can be
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operated through various mechanisms: diffusion, scaffold scaffold, alginate (previously modified with carbodiimide
degradation, dose loaded and scaffold composition. In recent chemistry to covalently bind RGD adhesive peptide) was mixed in
smart biomaterials, controlled release can be obtained through solution with the growth factors, and the solution was put in a
specific response to microenvironmental pathological signals like special mold containing wire porogens. After the alginate had
gelled, it was removed from the mold and, to produce the
acidity, temperature etc.
interconnected pores, the gel was cooled at -70°C, porogens were
4.1.Drug loading by impregnation.
Numerous methods exist to produce porous ceramics or removed and the gel was lyophilized.
glass-ceramics scaffolds, often involving heat treatment. Thus this As an example of small molecule incorporation in the bulk, some
cannot be used if one intends to incorporate a drug, because it dexamethasone (anti-inflammatory drug)-releasing biodegradable
would be degraded [98]. One of the simplest way of loading a scaffolds (PLGA) have been reported [106] which were fabricated
drug in a ceramics scaffold is impregnation, which consists in by a gas foaming/salt leaching technique. The drug was loaded in
immersing the scaffold in a drug-containing PBS solution. This the polymer phase in a dissolved state. The drug was slowly
does not enable however a controlled release [99]. In a study by released over 30 days without any initial burst. Such
Guo et al., some plasmid DNA loading was performed by soaking dexamethasone PLGA scaffolds could be used as antithe freeze-dried chitosan/gelatin scaffold, and DNA delivery, inflammatory prosthetic devices.
Sol-gel technology can be used to incorporate a drug in a
applied here to the growth factor TGF-β gene, was conclusive for
the promotion of chondrocyte growth, indicating potential bioceramics scaffold at room temperature. The by-products of the
application in cartilage TE [100]. Mesoporous Bioactive Glass process (water and alcohols) evaporate during the process leading
(MBG) scaffolds with large pores (300-500 µm) and well-ordered to pore formation [107, 108]. However the disadvantage is that
mesopores (5 nm) were produced by Wu et al. [101], and enabled optimal pore formation does not leave big material reservoir for
efficient loading by impregnation, and sustained release (over 350 the drug, which will not be released on site for a long time [109].
h) of dexamethasone, an osteogenic drug, which successfully Moreover better removal of solvents requires drying, which
improved alkaline phosphatase activity and bone-related gene generally includes heating, which might degrade some of the
expression of osteoblasts. Such MBG soaked in a solution of drugs.
The Mesoporous Bioactive Glass (MBG) scaffolds with
VEGF growth factor also showed significantly higher loading and
optimized
large pores (300-500 μm) and well-ordered mesopores
more sustained release of VEGF than non-mesoporous glasses,
due to the unique pore structure, decreasing the burst release and (5 nm) reported by Wu et al. [101] for the delivery of
maintaining the bioactivity of VEGF. Moreover, VEGF delivery dexamethasone (see previous paragraph), had the particularity of
from these MBG has improved the viability of endothelial cells, containing Boron, in place of some of the Silicon in the glass
indicating that this type of scaffolds is a good candidate for composition. Thus, Boron is a trace element which plays an
important role in bone growth, but its effect on bone cells and
stimulating angiogenesis [102].
4.2.Drug loading by incorporation of the therapeutic agent in tissue growth depends on its concentration [110, 111]. In this
study, the scaffolds released Boron ions at low dosage (inf. 8 ppm)
the scaffold itself.
Growth factors can be incorporated directly in the scaffold with controllable release kinetics, due to the control of Boron
structure during the manufacturing process, either as lyophilized content in the material. This release promoted proliferation and
powder mixed to particulate polymer, prior to the processing (for gene expression in osteoblasts.
Small molecules drugs can be incorporated into electrospun
example salt leaching), or encapsulated into microspheres and
scaffolds
by simply mixing them with the polymer solution to
then mixed to particulate polymer, before processing. For example
electrospin.
The high voltage has very little or no influence on the
Ennett et al.have shown that in the first approach, the growth
factor VEGF was imbedded in the poly(lactide-co-glycolide) drug activity, and the fast solvent evaporation leaves limited time
(PLG) scaffold but nearer to the surface of the pores, generating a for recrystallization. Examples of such incorporation include for
rapid release (40 to 60% in 5 days), whereas when using example lipophilic drugs ibuprofen, rifampin, paclitaxel,
microparticles pre-encapsulation the embedding of VEGF was itraconazole, and hydrophilic drug mefoxin [112, 113, 114, 115].
deeper, leading to delayed release (up to 21 days), resulting in Growth factors can also be delivered this way. For example,
enhanced local angiogenesis [103]. Wang et al. [104] have electrospun PLGA-HAp composite scaffolds incorporating BMPincorporated bFGF into a PLGA scaffold by spraying the mixture 2 showed sustained release and complete bone healing in nude
solution into a film, rolled it as a cylinder, drilled a series of pores mice tibial defects over 6 weeks [116].
Entrapment in the scaffold matrix is also used for local and
and successfully prepared a coronary artery substitute model,
sustained
delivery of DNA. For example, plasmid DNA encoding
ensuring sustained release of the growth factor in the target region.
The vessel substitute enabled neovascular formation, and a luciferase gene has been directly incorporated into porous PLGA
improved myocardial function, before being occluded by scaffolds by the TIPS method. The DNA kept its integrity and was
inflammatory cells and scar tissue. In another example, in the released in a sustained way, showing high transfection efficiency
context of muscle regeneration, Hill et al. [105] have transplanted [117]. In another study, a plasmid encoding VEGF was
cells on a muscle laceration site using an alginate scaffold encapsulated into PLGA scaffolds by means of a gas foaming
releasing both hepatocyte growth factor and fibroblast growth procedure, using wet granulation to mix the components before
factor 2. Comparing with controls, delivery of cells on the foaming. This resulted in local and sustained delivery of VEGF,
scaffolds that promoted myoblast activation and migration led to leading to increased blood vessel density, thereby showing its
extensive regeneration of the wounded muscle. To fabricate the potential for angiogenesis [118].
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application of lipid-based carrier, Johnson et al. demonstrated
sustained release of BMP-2 over two weeks from a lipid-based
4.3.Drug loading by local encapsulation.
One way developed recently consists in local microtubule system which modulated the release by hydrolysis of
nanoreservoirs. Jessel et al. have developed a novel nanoreservoir the microtubule ends [141]. Feng et al. have reported a composite
technology based on layer-by-layer assembly, to coat nanofibrous scaffold composed of a porous nanofibrous PLLA scaffold in
scaffolds like collagen membranes or electrospun scaffolds. These which were incorporated PLGA nanospheres loaded with the
nanoreservoirs were used for sustained release of growth factors highly soluble antibiotics doxycycline by a water-in-oil in oil
(w/o/o) emulsion method [142]. The release of the drug was
like BMP-2 in bone tissue repair [119, 120].
A second way for local encapsulation consists in core-shell shown to occur in a temporally and locally controlled manner, and
encapsulation by co-electrospinning. Drug-loaded fibrous inhibited S. Aureus and E.Coli growth for a long period of time.
Peng
et
al.
have
reported
a
scaffolds can be prepared by co-axial electrospinning of two Similarly,
polymer solutions, leading to fibers with an inner drug-loaded PEG(monomethylether)/PLGA co-polymer used as sol-gel
core. This has been reported for example for diclofenac, 5- delivery system to treat osteomyelitis, by encapsulation of
fluorouracil, and metformin [121]. Peptides, proteins, nucleic teicoplanin [143]. This injectable hydrogel could gel in situ in the
acids can be loaded the same way. For example, Sahoo et al. used target bone tissue and showed nearly linear release of the drug,
both blended electrospun and coaxial electrospun PLGA scaffolds and proved effective treatment of the infection, in the rat model, in
for sustained FGF release which enhanced ECM protein gene comparison with drug-impregnated bone cement. Microspheres
expression in bone marrow stromal cells [122]. Similarly, PCL- were used to encapsulate DNA before incorporation in scaffolds.
PEG electrospun core-shell scaffolds displayed pore size This has shown to increase the duration of release. The
dependent release of rhBMP-2 studied in a rat cranial defect for formulation of the microspheres can modulate the release profile
eight weeks [123]. For reviews, see Yu [124], Hadjiargyrou [125], [144, 145]. Another method consists in condensing the DNA by
means of a poly-cationic condensing agent such as polyor Sill [63].
A third way of local encapsulation of drugs consists in ethyleneimine, leading to nanoparticulate polyplexes, which again
composite scaffolds with microspheres or nanospheres. Nano- or can be incorporated in the scaffolds. This enhances DNA stability
microparticles may be incorporated into the scaffold [126] and as well as transfection efficiency [146].
may slowly release their contents (in the case of microparticles) or 4.4.Drug loading by surface coating.
Bioactive molecules such as collagen or cell adhesive
may themselves be released from the material (in the case of
nanoparticles). Chitosan microspheres have been widely used for proteins like fibronectin have been adsorbed on the surface of
the controlled delivery of bioactive peptides or proteins. Some polymeric matrices to promote cell adhesion [147, 148]. For
groups have combined polymeric scaffolds with chitosan example gelatin, which is a good alternative for collagen with no
microspheres, as for example Hou et al. [127], who elaborated a immunogenicity, has been immobilized onto porous scaffolds by
composite scaffold made of adsorbable collagen sponge and physical entrapment and chemical cross-linking, leading to
chitosan microspheres with a particular polyporous structure for enhanced surface properties for osteoblasts to adhere and
the release of rhBMP-2 to induce bone regeneration. Initial burst proliferate [149]. Similarly, DNA polyplexes (nanoparticles of
release in growth factor is due to the collagen sponge, followed by condensed DNA and polycationic agent) have been adsorbed on
moderate release from the particles. In another application of the surface of scaffolds [150]. Drugs like diclofenac, 5composite scaffolds using chitosan microparticles, for the delivery fluorouracil, and metformin can be coated on fibers by sorption
of a BMP-2 derived synthetic peptide for bone regeneration, the [151].
Polymers like chitosan have been combined with ceramics
composite scaffolds of nanohydroxyapatite/collagen/poly(L-lactic
acid)/chitosan microspheres were obtained from a thermally particles to form release coatings for growth factors on
induced phase separation method [128]. The peptide was released bioceramics porous scaffolds [152]. As an example, a silicain a time-controlled manner, based on the degradation of both chitosan hybrid coating for BMP-2 release on an hydroxyapatite
chitosan microspheres and PLLA matrix. Again, the peptide scaffold was demonstrated to deliver the growth factor in a
proved to retain its activity as demonstrated by the stimulation of sustained manner over 6 weeks, with no initial burst, and induce
MSCs on the scaffold. Some VEGF-alginate microparticles bone regeneration while reducing the overall needed quantity of
incorporated into a chitosan/PLA scaffold showed lower burst and BMP-2 [153]. This type of coating can be synthesized at room
better sustained release of VEGF compared to chitosan alone or temperature and the incorporation of the growth factor in situ
microparticles alone [129]. Nanoparticles have also been used for prevents protein denaturation [154, 155]. Furthermore, the
loading growth factors [130, 131, 132, 133] from scaffolds or addition of ceramics to a biodegradable polymer can modulate the
hydrogel matrices [134, 135] and have proved sustained and even degradation behavior of the polymer, by buffering the local pH,
sequential release [136]. Liposomes are well known for targeted thus preventing acidification due to polymer chain hydrolysis,
delivery [137, 138, 139]. Thus, lipid-based carriers are good which can have negative effect on tissue response [156].
candidates for composite nanoparticulate delivery systems for
In the same kind of release topology, one can cite the
growth factors, as can be seen in this study of Haidar, which particularity of ‘surface eroding’ polymers, like poly(anhydrides),
showed slow release of rhBMP-2 by hybrid core-shell poly(ortho-esters) [157] or polyphosphazene, which have the
nanoparticles composed of a cationic liposome core and outer property of being biodegraded only at the surface. Used as
layer-by-layer assembly of anionic alginate and cationic chitosan, multifunctional scaffolds they are able to release entrapped drugs
inducing bone formation in a rabbit bone defect [140]. In another
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at the surface and the release rate is proportional to the surface material or to mix them with other polymers that contain these
binding motifs [169, 170, 171]. Grafting adhesion peptide
area [158].
sequences instead of whole proteins has the advantage of
4.5.Drug loading by surface grafting.
Chemical modification and covalent binding enables more minimizing problems of conformational changes and
stable cell attachment topography. Binding of growth factors to immunogenicity, increasing surface density, better controlling
biomaterials is relatively easy, by using for example biotinylated orientation for improved ligand-receptor interaction and cell
polymers, which can be coupled to growth factors via streptavidin adhesion.
Thus the functionalization of biomaterials with adhesion
[159, 160]. Natural polymer matrices like collagen can be coupled
with heparin sulfate proteoglycan, and then show strong affinity peptides has gained much attractivity. For instance, Lutolf et al.
with heparin binding growth factors like VEGF, FGF, or TGF-β have shown that both RGD (the shortest adhesive sequence) sites
[161, 162, 163]. Inversely, the growth factor itself can be modified and degradability were required for the spreading and migration of
to increase binding specificity, as for instance BMP-2, conjugated the fibroblasts encapsulated in their 3D PEG hydrogel [172, 173].
with a collagen binding domain (hexahistidine tag) at its N- Biotinylation has also been used to attach RGD adhesive peptide
on biomaterials, as for example to PLA-PEG copolymers [174].
terminal [164, 165].
Pathological conditions lead among other things to the Alginate gel porous scaffolds used as releasing platforms for
activation of matrix metalloproteinases (MMP), which cleave growth factors and cell delivery in muscle repair [105] were also
specific amino acid sequences. Thus, MMP-sensitive linkers can chemically modified using the carbodiimide chemistry to
be used to couple growth factors to biomaterials. For example, covalently bind adhesive RGD-containing cell adhesion ligands
hydrogels were developed with such linkers between PEG chains [175].
In another example, a mixture of PLGA and PLGA
entrapping BMP-2. Proteolysis of the gel and subsequent release
of the growth factor allowed rapid bone formation in rats [166, functionalized with amine ends was used to fabricate a porous
scaffold with some GRGDY peptide immobilized onto the
167].
Integrins constitute a family of cell surface receptors which functionalized surface by means of the bifunctional cross-linking
promote cell adhesion on ECM proteins and modulate cellular agent EGS (Ethylene glycol bis(succinimidyl succinate) [176].
response, through specific binding characteristics [168].One Some PLA scaffolds modified with RGD motifs by using plasma
advantage of protein-based natural polymer scaffolds is their treatment were reported by Hu et al. [177] for adhesion, growth
ability to promote cell attachment and proliferation via their and differentiation of osteoblasts.
It must be pinpointed that the RGD sequence is found in
inherent cell binding sequences. Collagen (RGD motif), fibrin
many
proteins,
like fibronectin, bone sialoprotein, or osteopontin
(RGD), laminin (YIGSR), and keratin (LDV) for example contain
three to five amino acid sequences that promote cell binding and binds to a number of integrin receptors, and these may not be
through integrin or other interactions. Unfortunately, appropriate to every TE application. Integrin binding specificity
polysaccharide natural polymer scaffolds and synthetic scaffolds seems to play an important role in the cellular response in
do not have these binding sites, therefore, one way of modifying biomaterials [178].
these scaffolds is to covalently graft binding motifs into/onto the

Figure 2.Schematic view of different types of therapeutic agents loading and delivery in TERM.

4.6.Drug release through modulation of degradation rate.
Passive way of drug release is simply based on diffusion.
However there are more controllable means for active drug

release. One of these is scaffold programmed degradation. Natural
polymers possess proteolytic sequences and are naturally
degradable. Such sequences can be introduced in a scaffold by
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simply using synthetic-natural polymer hybrids [179]. However, polymers like chitosan, dextran or elastin derivatives [187, 188]
the more common way to modulate synthetic materials is to undergo a reversible phase transition at a certain temperature,
introduce hydrolytically cleavable sequences such as ester groups, which can be used for drug release. Some carriers displaying pH
or other chemical modifications [180]. For both proteolytic and dependent characteristics, like poly(acrylic acid) can trigger drug
hydrolytically cleavable sequences, the main goal is to achieve release through reversible protonation/deprotonation of acidic and
controlled rates of scaffold degradation. This property allows the basic groups. For example, Kim et al. elaborated a thermosensitive
scaffold matrix to remain in place for the desired period of time and pH sensitive hydrogel for BMP-2 release, by incorporating pH
before being replaced by natural tissue, but also to allow drug sensitive groups (sulfamethazine) to a thermosensitive block
copolymer composed by poly(ε-caprolactone-co-lactic acid) and
delivery [181].
PEG. This hydrogel modulated BMP-2 activity over a narrow
4.7.Drug release through other environmental triggers.
These can be pH change, temperature change, enzyme window of temperature-pH [189]. Finally, on can emphasize that,
action, ultrasound or other energy effect, or light-induced apart from bulk degradation, it is also possible to achieve
degradation [182, 183, 184]. Again, these triggering events may specifically surface degradation, as already mentioned in the
promote scaffold degradation and/or the controlled release of section ‘surface coating’. Clearly, the type of degradation has
therapeutic agents. Some polymers, as for instance PEG-based important implications for drug delivery, cell ingrowth, and the
copolymers [185], PCL and derivatives [186] or biomimetic regenerative process.

Figure 3. Schematic illustration of various types of release profiles.

5. EXAMPLES OF APPLICATIONS FOR SPECIFIC TISSUES
5.1. Growth factors for cartilage and bone regeneration.
BMP growth factors (bone morphogenetic proteins) are
now extensively studied for the promotion of bone tissue
regeneration. They induce the proliferation and differentiation of
bone precursor cells, like MSCs. They are being used in many
types of natural and synthetic scaffolds [190]. Improving the
delivery of BMPs remains an important task, as overloading of
growth factor is a problem, physiologically and financially.
Nanoreservoirs of encapsulated BMPs in bone ECM mimicking
electrospun nanofibrous scaffolds is one example of BMP delivery
in implantable scaffolds, which enables to considerably lower the
needed dose for growth factor [119, 120]. Genetically modified
cells represent one other possible delivery vehicle to provide BMP
locally [191]. Other protein factors may complement or even
replace BMP-7 or BMP-2 for many orthopaedic applications. For
example, the growth factor NEL-like molecule-1 (NELL1) acts on
osteochondral lineage progenitor cells to promote bone
regeneration, while suppressing the competing differentiation
pathway to adipocytes [192, 193, 194, 195]. NELL1, alone or in
combination with a BMP, enhances bone formation in a number of

in vivo repair models [196, 197, 198, 199]. The optimal choice of
growth factor(s) will depend on the better understanding of the
repair processes involved in the given tissue. For example, BMP-2
induces formation of both cartilage and new bone, but can also
induce unwanted ectopic bone formation [200]. On the other way,
it has been reported that the factor Wnt3a, with broader spectrum
of action, when delivered in liposomes locally, induces the proper
bone pattern regeneration [201]. The effect seems to be related to
stem/progenitor cells migrating to the injury areas in the
periosteum and to the bone marrow cavity. Thus, agents that
promote Wnt signaling may be good candidates for bone
regeneration in orthopedics [202, 203].
5.2. Tubular conductive scaffolds for nerve regeneration.
In the field of neuronal regeneration, conductive
polymers nanotubes have significant potential, especially if
combined with drugs. For example polypyrrole and polyethylene
dioxythiophene nanotubular scaffolds were used for direct
incorporation and release of dexamethasone [204]. To produce the
nanotubular conducting polymers, nanofibers of biodegradable
poly(l-lactide) (PLLA) or poly(lactide-co-glycolide) (PLGA) were
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first electrospun on the surface of a neural probe, followed by etc). Some materials, like hyaluronic acid [217], chitosan [218,
electrochemical deposition of conducting polymers around the 219], and alginate [220] hydrogels, as well as calcium
electrospun nanofibers. Finally, the fiber templates can be hydroxyapatite [221], have been used to treat skin conditions
removed or allowed to slowly degrade, providing a means of (acne, burns, and melanocytic nevi). In addition, various types of
controlled delivery of the drug previously incorporated in the therapeutic agents such as antibiotics for prophylaxis [222],
fibers in the electrospinning process. The controlled release of the growth factors [223], and other compounds [224] have been
drug can also be obtained by external electrical stimulation of the incorporated into bioactive materials [225] to promote
nanotubes. In another application, nerve growth factor (NGF) was regeneration of skin. Synthetic peptides derived from gap junction
loaded in mesoporous silica nanoparticles, which were embedded proteins, have also been introduced to potentially promote healing
in polypyrrole conducting nanotubes during the electrochemical after biomaterial implantation [226]. Electrospun fibrous scaffolds
polymerization [205]. The effective attachment of PC12 cells was are also actively investigated in that field [227]. For instance,
observed and the release of NGF induced outgrowth of their Chong et al. have used a PCL/gelatin electrospun scaffold
neurites. Electrical stimulation further enhanced NGF release mimicking the native ECM in dermal wound healing enabling
development of dermal fibroblasts [228]. Particular methods such
which in turn promoted greater neurites extension.
as emulsion electrospinning and suspension electrospinning are
5.3.Heart muscle repair.
Bioactive biomaterials are promising technologies to try being developed to reduce toxicity and environmental safety
to achieve functional recovery of heart tissue after myocardial concerns [229].
infarction. For instance, derivatives of polyurethanes have 5.5. Bladder disease.
Bladder, together with liver, is the only mammalian
attracted attention because they have mechanical properties similar
to those of heart tissue: elasticity and strength. These materials can organ which has a high potential to structural and functional
be tuned to allow biodegradation as heart tissue regenerates [206, regeneration [230], with restoration of bladder capacity, bladder
207], and also allow controlled rate of degradation [208]. The wall thickness, and the presence of all three bladder wall layers
focus today is on mechanical aspects of these biomaterials, (urothelium, muscularis propria, and lamina propria). To improve
however it appears that they are also capable of controlled release urinary bladder regeneration, Kanematsu et al. [231] for example,
of important molecules such as IGF-1 and hepatocyte growth analyzed the ability of bladder acellular matrix (BAM) to be
loaded with growth factor (bFGF). They showed sustained release
factor, involved in the regeneration process [209].
The ECM of cardiac muscle is very complex and of bFGF from the scaffold both in vivo and in vitro. Moreover, in
involves a certain degree of fiber alignment. Some scaffolds have an augmentation cystectomy model in rats, bFGF promoted
been developed recently involving parallel channels with angiogenesis and inhibited graft shrinkage in a dose-dependent
interconnected micropores for example [210]. The channel manner, tested at 4 weeks post-implantation. The loading of
structure further helped vascularization, altogether with loading of another growth factor, VEGF (vascular endothelial growth factor),
VEGF or angiogenic monocytes [211, 212, 213]. Nanofibrous known for its role in angiogenesis, was investigated, for instance
scaffolds for cardiac tissue engineering have been extensively by Youssif et al., in BAM scaffolds and showed positive effect in
studied by Kharaziha et al. who confirmed that the scaffold early regeneration [232], inducing increased bladder capacity 4
anisotropy promoted the contractile function and cellular weeks after surgery, enhanced angiogenesis, and increased smooth
alignment in vitro [214]. There is a final aspect in myocardial muscle content. Furthermore, more nerve growth factor (NGF)
muscle to take into account: cardiomyocytes are electroactive positive cells were found up to 8 weeks post-surgery, suggesting
cells, which respond to electrical stimuli. Some authors have tried that both VEGF and NGF may promote bladder regeneration. This
to introduce this parameter in their engineered scaffolds. For was confirmed by Kikuno et al. [233], who evaluated
example, You et al. studied a composite scaffold of augmentation techniques in spinal cord injured rats using BAM
thiol(hydroxyethyl)methacrylate (HEMA) hydrogel, combined with no growth factor or with NGF and/or VEGF. They found that
with gold nanoparticles, which displayed both conductivity and at 8 weeks after augmentation surgery, animals that received both
elasticity, and in which cardiomyocytes adhered well and showed growth factors showed much higher bladder capacity and
improved specific protein expression [215]. Even more elaborated, increased smooth muscle and nerve content than in the other
Tian et al. have reported a composite poly(methylglutarimide) groups. Loai et al. [234], when incorporating VEGF together with
(PMGI) nanofibrous scaffold containing both PEGylated 15nm hyaluronic acid in a porcine model of augmentation cystoplasty,
gold nanoparticles and grafted RGD and HBP (heparin binding found even better epithelialization, neovascularization, and
protein), which induced differentiation of stem cells into smooth muscle regeneration,10 weeks after surgery.
cardiomyocytes. The changes in electrical signal and pH were Liver. Turner et al. have investigated the use of stem cells
followed in real time in the device [216].
embedded in an appropriate biomaterial, with the presence of
5.4.Wound healing.
growth factors and additional extracellular matrix components to
A dressing for wound healing should capture excess help drive proliferation and/or differentiation of these cells, with
wound fluid, enable gas exchanges, adapt to the contour of the the aim of improving liver tissue regeneration [235]. They later
wound area, promote adhesion to the healthy but not wounded demonstrated that delivery of HpSC (hepatocyte stem cells) in
tissue, bepainless for the patient, easy to remove. Some hyaluronan hydrogels greatly improves their retention in the liver,
biologically based products are already used in the clinic to treat promoting more efficient engraftment, proliferation, and
burns and skin conditions (Alloderm, Apligraf, and Dermagraft vascularization [236].
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6. CONCLUSIONS
There is an exponential development of tridimensional
nanoporous and/or nanofibrous biodegradable scaffolds
mimicking ECM of various tissues, which not only serve as
platform for cells involved in tissue regeneration, but also as drug
delivery vehicles. Composite scaffolds are an interesting option as
they can combine and modulate various physical and chemical

characteristics. The main drawbacks still remaining are the control
of all the variables intervening during the manufacturing process
(i.e. organic solvent traces having consequences on cell adhesion,
high temperature effect on growth factor stability) and the better
understanding of drug release kinetics to improve the spatial and
time controlled release.
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