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Introduction

Regenerative medicine is the field of life science and
engineering which aims to direct the process of
regenerating human cells, tissues or organs through
controlling the biologica environment [1]. Restriction
factors of organ transplantation, such as immune responses
against alograft and the large discrepancy between the
need for organs and the number available for
transplantation, would be dealt with the regenerative
medicine. For instance, to retrieve therapeutic
angiogenesis and ischemic tissue repair, biomaterials are
widely applied as critical components in TE and DDS
[2, 3]. Infusion of blends used in classical drug delivery
approaches essentially lacks to target the specific cells that
lead to an insufficient biologica response. Modified
polymer matrices are applied to deal with this problem.
The emerging techniques for TE are commonly based on
the localized delivery of the GFs and bioactive proteins to
trigger the hedling tissue process [4]. To inhibit
denaturation and to control the release through polymer
degradation, diffusion and external stimuli, the physical
encapsulation or chemical immobilization of bioactive
factors are applied [5].

With the respect to the injured site, the growth factor-
based TE isdivided into in vitro and in vivo categories [6].
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Numerous growth factors produce local signals in the
wound to control the tissue healing. Injectable biomaterials
associated with controlled release of therapeutic proteins
induce a temporal artificial extracellular matrix (ECM) and
a depot to inhibit the protein degradation [7]. Despite the
advances achieved in the GF ddivery field, more
investigations are needed to handle the challenges such as
in vitro and in vivo experimental models and more
accurate methods of characterization. Several approaches
have been studied for better control over the delivery of
GF release, including three dimensiona micro and
nanoparticles, injectable gels, composites or gene therapy
(Table 1), which are mostly based on mixing the GFs with
proper biomaterials by noncovalent and covalent bonds.

Viscoelasticity property and similarity to human tissues
makes the polymeric systems appealing for biomaterial
developments, which are developed in many fields, since
the formation of first synthetic hydrogels by Wichterle and
Lim in 1954 [8]. Hydrogel-based particles are noteworthy
for the controlled release of protein and the co-delivery of
proteins and cells [9, 10]. However, most hydrogels are
extremely permeable, leading to a rapid release of the
loaded proteins. Due to high water content and nontoxic
polymers used in the preparation of hydrogels, they are
biocompatibility and widely used in protein delivery
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systems [9, 11]. Therefore, are frequently used to release
GFsin a controlled and effective manner and to target the
protein specifically to the wound site [12, 13]. Biomedical
hydrogels that can deliver multiple GFs as well as
providing an appropriate pore structure and porosity to
potentially encapsulate cells are greatly potent as future
therapeutic tools in TE. GFs microspheres embedded in
the hydrogels are commonly applied in multimodal protein
delivery [14, 15]. This review is aimed to investigate
potentially GFs-based hydrogels for TE.

Table 1. Different approaches used for growth
factors delivery [4].

Technology Growth factors such as
Carrier material IGF-1
Gene therapy BMP-2
Cell immobilization CNTF
I njectable hydrogel VEGF

Polymer scaffolds VEGF and PDGF

Microparticle IGF-1
Composites BMP-2

I nteractions between ECM and growth factorsin tissue
engineering

The ECM contains varied elements like adhesive
molecules, notch signa molecules and proteoglycan
molecules, that bind to variety of GFs and control their
activity, and provides spatial and architectural clues at
various length scae as well as mechanical stiffness;
therefore, it is essentiad to understand the biological
functions and roles of GFs in the ECM [12]. The GF
finally binds to the specific transmembrane receptors on
the target cells and directs cellular behavior [16]. Cell
destiny is influenced by chemical stability, concentration,
duration and context of GFs, for example, definite GFs
initiate angiogenesis, whilst the other ones induce
maturation and retain the integrity of newly formed
vasculature [1].

GFs can be found as a matrix bound proteins attached to
ECM or soluble molecules, secreted by cells or cleaved
from the matrix through enzymes [18]. Soluble GFs have
dow diffusion rate and short biological half-lives (for
example; 3 min for basic fibroblast growth factor (bFGF)),
because they are degraded quickly and deactivated by any
chemical and physical degrading reactions happening in
the body temperature such as, enzyme. These properties
trigger the soluble GFs to act in a diffusible fashion and to
display alocal short-range diffusion through the ECM, not
endocrine fashion, which maintains the activity of GFsin
the ECM [19]. Some of the GFs are commercially applied
in the human body due to the bolus injection and GF
infusion into the systemic circulation of desired tissue [4].

Unfortunately, the rapid degradation and low local
availability of GFs causes adverse side effects and these
delivery approaches do not encounter the physiological
reguirements of the tissue repair process [20]. Multiple GF
deliveries should be occurred in an optimized ratio and
spatio-temporal pattern to imitate the natural tissue

regeneration process. Additionally, the large size of GFs,
poor adsorption and degradation by proteolytic enzymesin
the acidic condition limits the bolus injection, systemic
intravenous and oral administrations, respectively.

A DDS must be utilized to make GFs perform efficiently
in the body. For example, the GF secretion will be
controlled at a desired site of action in the presence of an
appropriate carrier and prevents the proteolysis in vivo
studies for a long period from days to week in TE
purposes, which must be followed by carrier degradation
in the body after the complete release of GFs [6].
Generally, the GFs and factors associated with the
application such as concentration, spatial-temporal
gradients and the combination of GFs affect the tissue
regeneration [12]. Cells also interact with adjacent cells
via junctional structures which are beyond the scope of
this review. The vehicles for GFs delivery take the
physical forms of porous scaffolds, microspheres and
micro-or nanocapsules and the release profile of a GF or
bioactive factor can be adjusted through handling the
physical and chemical properties such as, porosity, pore
size, degree of crosslinking and degradation rate [21].
Consequently, the systems can be designed to yield
differential profiles of GF release and different spatial
gradients, leading to the release of GFs in response to the
specific signal from the microenvironment, which rather
relates to therapeutic neovascularization [4]. It is recently
reported that appropriate polymer systems triggering the
sequential tempora release of different GFs shows more
stable blood networks than the vehicles bringing the GFs
concurrently [22].

In addition to the identification of GF and its ability to
diffuse through the ECM, the target cell number, the type
of receptors and the intracellular signal transduction
influence on the delivery of a certain message to distinct
cells. For example, an identical GF can transmit different
instructions depending on the receptor and the cell type
[23]. In vivo application of GFs in solution form results in
several issues such as severe side effects, because of high
initial concentrations in injecting large doses, and the
degradation of GFs occurring through various ways
including denaturation, oxidation or proteolysis [24, 25].
Two well-defined pathways are proposed to present GFs,
the chemical immobilization of GF into the matrix,
involved the chemical binding between the polymer and
the tissue, and the physical encapsulation of GFs in the
delivery system, attained by encapsulation and diffusion
release of GFs from the substrate into the surrounding
tissue. The efficiency of GF delivery is developed by three
dimensional patterning of scaffolds. The detail about the
pathways is reviewed elsewhere [26]. The chemical
modification can modulate the biodegradability of
synthetic matrix, its biofunctional features and enhance the
efficacy of GF delivery by the modulation of protease [27].
Four dtrategies are presented for GF release; including
direct loading, covalently binding, carrier systems and
electrostatic interaction [28]. Although, the direct loading
is the easiest way to add GFs and peptides to polymer
matrix, the incorporation of proteins into a matrix without
modification leads to a rapid release during the primary
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swelling phase. Eventually, followed by the prolonged
release of a certain amounts of proteins which delayed by
the gel network [29]. Since the protein release rate is
commonly diffusion-controlled via agueous channels
inside the hydrogel, is not expected to have a controlled
release of protein during a prolonged time [30].

Hydrogel structure and their mechanism of release
Hydrogels absorb a numerous amounts of water and,
whereas, remain insoluble in an aqueous solution because
of the chemical or physical cross linking of their polymeric
networks. As a ddivery vehicle, hydrogels can
simultaneously encapsulate cells and bioactive molecule
and several gel systems to facilitate a closely control of
release characteristics by the systematic changes in
physical and chemical structure [31]. Hydrophilic
hydrogels involves remarkable physicochemical properties
to be applied in drug delivery. For instance, the lack of
hydrophobic interactions in hydrogels, which inhibits the
denaturation of these species, makes them outstanding
candidates to encapsulate biomacromolecules [32].
Moreover, gel formation usualy occurs at ambient
temperature and organic solvents are hardly required using
synthetic and natural polymers. In-situ gelatin with cell
and drug encapsulation abilities more separates hydrogels
from the other hydrophobic polymers [33].

Naturally  hydrogels involve several  beneficia
characteristic such as inherent biocompatibility and
biodegradability, although, induce inflammatory responses
and lacks sufficient mechanical properties. On the other
hand, synthetic hydrogels usually have well-defined
structures, but do not own the bioactive characteristic.
Mesh size of the hydrogels is influenced by factors
including (i) the degree of cross linking in gel; (ii)
chemical structure; and (iii) external stimuli such as
temperature and pH. Mesh size, ranges from 5 t0100 nmin
the swollen state for biomedical hydrogels, is critical to
determine the physical properties of hydrogels including
mechanical strength and the diffusivity of releasing
molecule [34]. The size scales, that are larger than most
small-molecule drugs, prevent the drug diffusion to be
delayed in swollen hydrogel matrices. However, the
hydrodynamic radii of macromolecules, such as peptides
and proteins, can endure the releasefrom swollen
hydrogels [31]. A favorite rate of macromolecule diffusion
can be obtained by change in the structure and the mesh
size of swollen hydrogels [35]. Large molecular weights
and three dimensional structures make the effective
delivery as achallenge.

The inclination of biomolecules to extremely short plasma
circulation times and rapid renal clearance results multiple
daily injections, leading to a high doses and may induce
local toxicity and immune responses. Unlike hydrogels
which can be used as injectable matrices, solid scaffolds
usually require more invasive ddivery route. Solid
scaffolds with typically porous structures are fabricated by
methods such as, solvent casting, particulate leaching,
electrospinning, gas foaming and rapid prototyping [36.
37, 38, 39, 40Q]. A significant difference of hydrogels from
solid scaffold is their three dimensional matrices fabricated
from hydrophilic polymers with a high water quantity,

which distinctively makes hydrogel macroscopically solid,
while behave such an aqueous solution on a microscopic
scale. Therefore, the diffusion of molecular species from
the hydrogel only depends on the space between
crosslinked polymer components, but, it would be hard to
control the rate of release [41].

Several natural polymers including gelatin, collagen,
fibrin, hyaluronic acid, alginate, chitosan and dextran,
which are interestingly similar to the components of ECM,
and several synthetic polymers including poly(ethylene
oxide) (PEO), poly(acrylic acid) (PLA) and poly(vinyl
alcohol) (PVA) are applied to provide hydrogels [42]. The
encapsulation release of bioactive materials is a common
property of hydrogels in controlled release, in addition to
severa  distinctive  properties such as  stimuli
responsiveness that can be tailored into hydrogel networks
during construction [31].

Hydrophilicity of hydrogels prevents the host immune
response and decreases phagocytic activities in vivo
condition which leads to the increase of delivery
circulation time [43]. Hydrogels can also contribute in
scaffolding in TE applications, such as cartilage and nerve
TE [44, 45, 46,]. The dight gelling conditions and in situ
polymerization abilities of hydrogels alow the
simultaneous encapsulation of cells and GFs. In order to
provide the necessary signals for cell migration,
differentiation and angiogenesis ECM production, the
release of encapsulated GFs need to be controlled by
several routes including: (i) Diffusion-controlled (i)
Swelling-controlled and (iii) Chemically-controlled [47].
Diffusion-controlled, modeled by Fick's law of diffusion
with constant or variable coefficients, is the most valid
mechanism to illustrate drug release from hydrogels [34].
Swelling-controlled release occurs in a diffusion condition
faster than hydrogel swelling. The modeling involves
moving boundary conditions where molecules are released
at the interface of swollen hydrogels [48]. Chemically-
controlled release illustrates the release by reactions in a
delivery matrix, most commonly, the cleavage of polymer
chains, and reversible or irreversible reactions that take
place between the polymer network and releasable drug.
Under definite conditions, the rate of drug release would
be controlled by the surface or the bulk erosion of
hydrogels [49]. The rate and mode of drug release from
hydrogel matrices are influenced by the geometry of
hydrogel-based system, materials selection and network
fabrication. For instance, drug diffusion coefficient, the
most prominent variable, is influenced by the molecular
size of the drug, characteristics of the polymer network,
hydrogel, the incorporation of ionic group, stimuli-
responsiveness and crosslinking density [50].

The magjority of hydrogel systems depend on the moderate
release of physical encapsulation process, a clear
advantage over more sophisticated release process, which
is the frequent practical methods to control the release,
such as active local GF delivery in TE. Loading is
completed by the incubation of preformed gel with the
protein or by addition of the protein to the hydrogel
forming monomers [31]. Both features of the polymeric
network and the protein effect on the release mechanism,

Journal of Applied Biotechnology Reports, Volume 1, Issue 3, Summer 2014 91



Hamid Babavalian. et a, Growth factor-containing Hydrogels

for instance, when the hydrogel pores are larger than the
hydrodynamic radius of the protein, the driving force is
diffusion that depends on the protein size and the water-
content of the gel, called free volume [34]. On the other
hand, swelling or erosion (bulk or surface) render the
release in presence of hydrogels pores smaller than the
protein diameter. In general, the majority of gel matrices
show diffusion controlled release, following Higuchi's
kinetics, suggesting that the release is proportional to the
sguare root of time [51]. The efficiency of release profile
was mainly confirmed for the delivery of several GFs for
TE applications [52]. The diffusional spatio-tempora GF
verified effective not only for bone regeneration, but also
for engineered tissues such as, blood vessels [53]. Both the
diffusion via matrix and the hydrogel degradation rate
influence on the protein release rate from the hydrogels.
Crosslinking density of the polymer network can adjust the
release kinetics of proteins from hydrogels. In this case,
the ability of synthetic polymers to adjust their chemical
structure for a modular release is of their beneficial,
whereas, natural polymer networks can be adjusted to
some extent through changing polymer concentration and
crosslink density [54].

A significant advantage of hydrogels materials compared
to natural polymers is being static such that the delivery
from the static matrices is initiated by the passive
diffusion or coupling with the rate of matrix resorption
occurring independently, in preference to offering specific
signals for molecular interaction with released GFs, or
interaction with the cells in the targeted tissue [55].
However, delivery systems are mainly designed to perform
under static conditions, environments such as many tissues
are mechanically dynamic, therefore, and the release of
GFs could be controlled by mechanica signals.
Mechanical compression such as an increased pressure
inside the gels leads to the release of unbound molecules.
Moreover, upon gel relaxation, GF bound to the hydrogel
dissociates, which achieves the pool of soluble drug
available for release by subsequent compression [56].

Hydrogel-based drug delivery system

In this section, we will investigate different hydrogel-
based DDS for TE. In addition to permeability, the
molecular transport of nutrients and wastes in which are
not vital for cell survival in the hydrogels, can readily be
declined by the co-delivery of proteins and cells .The
variation of cross linking density mostly renders a change
on the mechanical properties of hydrogels, including
mechanical stiffness which is required to be decoupled
from the variation of the permeability [57, 58]. Various
GFs incorporated into a hydrogel matrix are delivered by
microparticles of acidic and basic gelatin, including the
independent release of bone morphogenic protein 2 (BMP-
2) or insulin-like growth factor 1 (IGF-1) carried on by
glycidyl methacrylated dextran (Dex-GMA)/gelatin matrix
[59]. Spatio-temporal control over the delivery of GFs
both increases the tissue regeneration and avoids
unpleasant and potentially adverse-effect elsewhere than
the target which can be achieved from hydrogels by (i)
direct and (ii) indirect delivery approaches. Direct release
can be accomplished by several approaches including

physical encapsulation, non-covalent binding and covalent
immobilization to the delivery system using enzyme-
degradable linkers and double carriers, in which the release
of protein loaded micro or nanospheres in hydrogels is
obtained by diffuson and/degradation mechanisms.
Indirect approaches rely on gene therapy and cell
transplantation. The gene therapy is performed by the
expression of desired protein that is to be delivered into the
target tissue, whereas, the cell transplantation is developed
by encapsulating the specific proteins secreted by cellsin a
hydrogel [60, 62]. Typicaly, diffusion, swelling, erosion,
external stimuli mechanisms or their combinations could
control the drug release from the hydrogels [31].

Synthetic-based polymers

It is reported that the concentration of polymer and the
yield of neuritis stimulated from retinal explants affect the
in vitro release of ciliary neurotrophic factor (CNTF),
brain-derived  neurotrophic  factor (BDNF) and
neurotrophin-3 (NT-3) from poly(ethylene glycol) (PEG)
and acrylated PLA (PLA-b-PEG-b-PLA) hydrogels [62].
Hydrogels reported by Hubbell et a. have been
extensively investigated for GF delivery due to easily
modification of the network via macromer chemistry and
solution concentration [63, 64].

For example, PEG/polyesters based on PLGA-PEG-PLGA
triblock hydrogels were applied to release TGF-B1, as a
sow releasing drug reservoir for wound healing that
showed a considerable re-epithelization, and porcine
growth hormone (pGH) and Zn-pGH for 10-14 days in
vitro [65, 66, 67,]. Ancther type of hydrogel that is based
on thermosensitive PEG-based networks is formed upon
gelation of p(HPMAm-lac)-PEG-p(HPMAmM-lac) triblock
copolymers, its cartilage TE ability is proved by releasing
proteins [68]. A decrease in myocardia infarction is
achieved by a control over the release of platelet-derived
growth factor BB (PDGF-BB), stromal cell-derived factor-
1 (SDF-1) and IGF-1 using peptide-based hydrogels [69-
71]. Stimuli-responsive hydrogels are engineered to
release GF upon adding a drug; such as developed gyrase
subunit B (GyrB) coupled by coumermycin that is
responsive to aminocoumarin antibiotic, novobiocin to
release VEGF [72]. Furthermore, the hydrogels consisting
of multiarm vinyl sulfoneterminated PEG, a
monocysteine containing adhesion protein, and a matrix
metalloproteinases (MMP) are investigated for TE, such as
the release of VEGF by MMP [73].

Phelps et al. provided an incorporation of VEGF, enzyme
degradable sites and arginine-glycine-aspartic acid (RGD)
cell adhesive ligands and reported the system as a directive
scaffold and a growth delivery vehicle [74]. The risk of
immune response and viral and bacterial contaminations
with the use of natural polymers can be overcome by
synthetic polymers; however, immune response is
obviously stimulated by the most synthetic polymers, thus
the proteins incorporation results in a harsh environment
leading to inactive and inappropriate proteins for oral drug
administration. Thus, a strong decision cannot be made
[75]. Protein was loaded on a chemicaly crossinked
p(HPMAm-lac)-PEG-p(HPMAmM-lac) hydrogel prepared
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by thermogelling together with photo polymerization and
showed a diffusion mechanism of release [76]. VEGF-
conjugated, biofunctionalized PEG-peptide hydrogels
could release VEGF only upon alocal cellular demand and
a controlled induction of angiogenesis [55]. Degradable
PEG hydrogel networks by protease and light can be used
to degrade PEG-based polymers to release the GFs and
induce migration cells, however, the light is only
applicable in prototypes because the range of applied
wavelength or electric fields for activation is not suitable
for in vivo applications [77,78]. The release rate of GFsis
also influenced by the dynamic mechanical environment in
delivery site, thus, mechanical loading can drive the
bioactive molecules delivery (e.g. heart TE) [79]. Dextran
hydrogel networks were applied to release bFGF with a
close to first-order kinetics in 28 days and the release of
proteins did not show a burst-effect [80].

Natural-based Polymers

SDF-1, a naturally occurring chemokine that is rapidly
over expressed in response to tissue injury, was delivered
by an aginate hydrogel patch with purified recombinant
SDF-1 [81]. In a study, VEGF as a polymer was
successfully delivered with an improved control over
release kinetics by a cross-linking alginate microparticle in
which Zn?* was applied instead of Ca?* [82]. Hennink et
a. developed a dextran based delivery system, where a
dextran backbone is derivatized with hydroxylethyl
methacrylate (HEMA) moieties, potentially suitable to
deliver IL2, hgH, GF and cytokine in a controlled style. It
was reported that native proteins were released by
diffusion/swelling [83, 84]. Himestra et al. synthesized
dextran-peptide bioconjugates, dextran vinyl sulfone
conjugates (dex-VS) and tetrafunctional mercapto poly
(ethylene glycol) (PEG-4-SH) polymers. The release of
bFGF from the hydrogels showed a diffusional release and
a specific level of tailor ability [80]. Sun et al. synthesized
a hydrogel derived by Dextran-allyl isocyanate-ethylamine
(Dex-AE) with varying degrees of substitution by which
an increased swelling and VEGF release rate were
observed.Furthermore, an increase in the size and the
number of newly formed functional vessels was observed
by the release of multiple angiogenic GFs [85]. In another
study, hybrid hydrogels comprising glycidyl methacrylated
dextran and gelatin, processed into microspheres, have
been developed to deliver GFs, including BMP-2 and
IGF-1 [86]. Park et a. prepared crosslink thermosensitive
hyaluronic acid/Pluronic composite hydrogels that released
human growth hormone (hGH) with kinetics associated
with the mass erosion [87]. A photopolymerized hydrogels
comprising glycidyl methacrylate modified hyaluronan
hydrogels was prepared to release BMP-2 and/or VEGF
from their matrices for bone regeneration in situ. It was
shown that the amount of formed mineralized tissue is
increased by the co-delivery of an angiogenic molecule
(VEGF) in conjunction with an osteoinductive molecule
(BMP-2) [88]. Crosdinked PEG diacrylate/thiolated
hyaluronan hydrogels were investigated for the delivery of
multiple GFs (VEGF and/orAng-1) in both presence and
absence of heparin. It was found that greater

neovascularization was existed when the hydrogels were
loaded with both GFs[89].

The physical and chemical instability of proteins are
challenging issues in drug deivery [90]. Therefore,
injectable protein pharmaceuticals are preferred over ora
administration, because in the oral drug delivery system,
drug must be protected due to the harsh environment
produced by pH. To handle the issue, natural based
polymers are used to design pH-sensitive hydrogels in ora
drug delivery application. To prepare a hydrogel with high
porosity, George et al, prepared alginate-guar gum
hydrogels by freeze-casting method and used BSA as a
model protein drug to study controlled drug delivery.
Lower and higher amounts of the drug release were shown
in pH~1.2 and pH~7.4, respectively [75]. In astudy by Lee
et al. a biomateria containing alginate hydrogels increased
the release rate of VEGF both in vitro and in vivo
conditions [79]. It was revealed that gelatin hydrogels
incorporated bFGF with low water content possess a low
release in vivo [91, 92]. It aso enhanced bone defect
regeneration after 21 week implantation compared to free
gelatin hydrogel which showed no bone formation [93]. In
other study, it was reported that the controlled release of
TGF-B1 accelerated bone repair from the gelatin hydrogel
compared to the free TGF-$1 [94].

Conclusion

Noteworthy advancement has been made up to date both in
the understanding of GF biology and the way
microenvironment controls the cellular response, and in
the development of polymeric hydrogels to control the
delivery of GFs to stimulate tissue regeneration. The
concentration and gradient of a GF in atissue regulates the
cellular response. The dynamic nature of these interactions
provides spatio-tempora control over GF release is a vital
issue to obtain a desired effect. Although major advances
have been made in the field of GF delivery, much work
lies ahead. For instance, the improvement of proper in
vitro and in vivo experimental models and more strategies
of characterization can facilitate progress within the field.

References

1. Lanza, R., Langer, R., Vacanti, JP., Principles of tissue
engineering: Academic press, 2011.

2. Zisch, AH., Lutolf, M.P., Hubbell, JA., Biopolymeric
delivery matrices for angiogenic growth factors. Cardiovasc
Pathol, 2003, Vol. 12, pp. 295-310.

3. Ruvinov, E., Dvir, T., Leor, J., Cohen, S., Myocardia repair:
from salvage to tissue reconstruction, 2008.

4. Anitua, E., Sanchez, M., Crive, G., Andia, |., Ddivering
growth factors for therapeutics. Trend pharmacol sci, 2008, Val.
29, pp .37-41.

5. Fischbach, C., Mooney, D.J.,, Polymers for pro-and anti-
angiogenic therapy. Biomaterials, 2007, vol. 28, pp. 2069-2076.
6. Tabata, Y., Tissue regeneration based on growth factor release.
Tissue eng, 2003, Val. 9, pp. 5-15.

7. Dobaczewski, M., Gonzalez-Quesada, C., Frangogiannis,
N.G., The extracellular matrix as a modulator of the
inflammatory and reparative response following myocardia
infarction. J Mol Cell Cardiol, 2010, Vol. 48, pp. 504-511.

8. Wichterle, O., Lim, D., Hydrophilic gels for biological use,
1960.

Journal of Applied Biotechnology Reports, Volume 1, Issue 3, Summer 2014 93



Hamid Babavalian. et a, Growth factor-containing Hydrogels

9. Colombo, P., Swelling-controlled release in hydrogel matrices
for oral route. Adv Drug Delivery Rev, 1993, Val. 11, pp. 37-57.
10. Lin, C-C., Anseth, K.S., PEG hydrogels for the controlled
release of biomolecules in regenerative medicine. Pharmaceut
res, 2009, Vol. 26, pp. 631-643.

11. Lee, K.Y., Mooney, D.J., Hydrogels for tissue engineering.
Chemical rev, 2001, Vol. 101, pp. 1869-1880.

12. Tayaia P, Mooney DJ. Controlled growth factor delivery for
tissue engineering. Adv Mater, 2009; Vol. 21, pp. 3269-85.

13. Ruvinov, E., Leor, J., Cohen, S, The effects of controlled
HGF delivery from an affinity-binding alginate biomateria on
angiogenesis and blood perfusion in a hindlimb ischemia model.
Biomaterials, 2010, Vol. 31, pp. 4573-4582.

14. Baasubramanian, V., Onaca, O., Enea, R., Hughes, D.W.,
Palivan, C.G., Protein delivery: from conventional drug delivery
carriers to polymeric nanoreactors. Expert Opin Drug Deliv,
2010, Vol. 7, pp. 63-78.

15. Van Tomme, S.R., Storm, G., Hennink, W.E., In situ gelling
hydrogels for pharmaceutical and biomedical applications. Int J
Pharm, 2008, Val. 355, pp. 1-18.

16. Cohen, G.B., Ren, R., Baltimore, D., Modular binding
domains in signal transduction proteins. Cell, 1995, Vol. 80, pp.
237-248.

17. Yancopoulos, G.D., Davis, S.,, Gale, N.W., Rudge, JS,
Wiegand, S.J., Holash, J., Vascular-specific growth factors and
blood vessel formation. Nature, 2000, Vol. 407, pp. 242-248.

18. Taipae, J., Keski-Qja, J., Growth factors in the extracellular
matrix. FASEB J, 1997, Vol.11, pp. 51-59.

19. Edelman, E.R., Nugent, M.A., Karnovsky, M.J., Perivascular
and intravenous administration of basic fibroblast growth factor:
vascular and solid organ deposition. Proc Natl Acad Sci, 1993,
Val. 90, pp. 1513-1507.

20. Nutt, J., Burchiel, K., Comella, C., Jankovic, J, Lang, A.,
Laws, E., et a. Randomized, double-blind trial of glia cell line-
derived neurotrophic factor (GDNF) in PD. Neuro, 2003, Vol.
60, pp. 69-73.

21. Langer, R., Tirrell, D.A., Designing materials for biology and
medicine. Nature, 2004, Vol. 428, pp. 487-492.

22. Richardson, T.P., Peters, M.C., Ennett, A.B., Mooney, D.J.,
Polymeric system for dual growth factor delivery. Nat
biotechnol, 2001, vol. 19, pp. 1029-34.

23. Lamdice, L., Le Boeuf, F., Huot, J, Endothelial cell
migration during angiogenesis. Circ res, 2007, Vol .100, pp. 782-
794.

24. Krishnamurthy, R., Manning, M.C., The stability factor:
importance in formulation development. Curr Pharm Biotechnol,
2002, Vol.3, pp. 361-371.

25. Manning, M.C., Patel, K., Borchardt, R.T., Stability of
protein pharmaceuticals. Pharmaceut Res, 1989, Vol. 6, pp. 903-
918.

26. Lee, K., Silva, E.A., Mooney, D.J., Growth factor delivery-
based tissue engineering: general approaches and a review of
recent developments. J R Soc Interface, 2011, Vol. 8, pp. 153-
170.

27. Rizzi, S.C., Hubbell, JA., Recombinant protein-co-PEG
networks as cell-adhesive and proteolytically degradable
hydrogel matrixes. Part |: Development and physicochemical
characteristics. Biomacromolecules, 2005, Val. 6, pp. 1226-1238.
28. Silva, A.K.A., Richard, C., Bessodes, M., Scherman, D.,
Merten, O-W., Growth factor delivery approaches in hydrogels.
Biomacromolecules, 2008, Vol. 10, pp. 9-18.

29. Tessmar, JK., Gopferich, A.M., Matrices and scaffolds for
protein delivery in tissue engineering. Adv Drug Deliv Rev, 2007,
Vol. 59, pp. 274-291.

30. Tabata, Y., The importance of drug delivery systemsin tissue
engineering. Pharm Sci Technol To, 2000, Vol. 3, pp. 80-9.

31. Lin, C-C., Metters, A.T., Hydrogels in controlled release

formulations: network design and mathematical modeling. Adv
Drug Delivery Rev, 2006, Vol. 58, pp. 1379-1408.

32. Peppas, N., Bures, P., Leobandung, W., Ichikawa, H.,
Hydrogels in pharmaceutical formulations. Eur J Pharm
Biopharm, 2000, vol. 50, pp. 27-46.

33. Davis, K.A., Anseth, K.S., Controlled release from
crosslinked degradable networks. Crit Rev Ther Drug Carrier
Syst, 2002, Vol. 19, pp. 385-423.

34. Amsden, B., Solute diffusion within hydrogels. Mechanisms
and models. Macromolecules, 1998, vol. 31, pp. 8382-8395.

35. Lustig, SR., Peppas, N.A., Solute diffusion in swollen
membranes. 1X. Scaling laws for solute diffusion in gels. J Appl
Polym Sci, 1988, VVol. 36, pp. 735-747.

36. Chung, H.J., Park, T.G., Surface engineered and drug
releasing pre-fabricated scaffolds for tissue engineering. Adv
Drug Delivery Rev, 2007, Vol. 59, pp. 249-262.

37. Montjovent, M.O., Mathieu, L., Hinz, B., Applegate, L.L.,
Bourban, P.E., Zambelli, P.Y., et a. Biocompatibility of
bioresorbable poly(L-lactic acid) composite scaffolds obtained by
supercritical gas foaming with human fetal bone cells. Tissue
eng, 2005, Vol. 11, pp. 1640-1649.

38. Vaquette, C., Fawzi-Grancher, S., Lavalle, P., Frochot, C.,
Viriot, M-L., Muller, S, et a. In vitro biocompatibility of
different polyester membranes. Bio-Medic Mater Eng, 2006,
Vol.16, pp. 131-136.

39. Li, C, Vepai, C, Jin, H-J, Kim, HJ, Kaplan, D.L.,
Electrospun silk-BMP-2 scaffolds for bone tissue engineering.
Biomaterials, 2006, Vol. 27, pp. 3115-3124.

40. Yue, H., Zhang, L., Wang, Y., Liang, F., Guan, L., Li, S, et
al. Proliferation and differentiation into endothelia cells of
human bone marrow mesenchymal stem cells (MSCs) on poly
DL-lactic-co-glycolic acid (PLGA) films. Chin Sci Bull, 2006,
Vol. 51, pp. 1328-1333.

41. Kobsa, S., Sdtzman, W.M., Bioengineering approaches to
controlled protein delivery. Pediatr Res, 2008, Vol. 63, pp. 513-
9.

42. Lee, K.Y., Yuk, S.H., Polymeric protein delivery systems.
Prog polym sci, 2007, Vol. 32, pp. 669-697.

43. Frokjaer, S., Otzen, D.E., Protein drug stability: a formulation
challenge. Nat Rev Drug Discov, 2005, Vol. 4, pp. 298-306.

44, Sheridan, M., Shea, L., Peters, M., Mooney, D.,
Bioabsorbable polymer scaffolds for tissue engineering capable
of sustained growth factor delivery. J Control Release, 2000,
Vol. 64, pp.91-102.

45. Hutmacher, D.W., Scaffold design and fabrication
technologies for engineering tissues—state of the art and future
perspectives. J Biomat Sci Polym Edit, 2001, Vol. 12, pp.107-24.

46. Nguyen, K.T., West, J.L., Photopolymerizable hydrogels for
tissue engineering applications. Biomaterials, 2002, Vol. 23, pp.
4307-4314.

47. Simmons, C.A., Alsberg, E., Hsiong, S., Kim, W.J., Mooney,
D.J, Dua growth factor delivery and controlled scaffold
degradation enhance in vivo bone formation by transplanted bone
marrow stromal cells. Bone, 2004, Vol. 35, pp. 562-569.

48. Siepmann, J., Peppas, N., Modeling of drug release from
delivery systems based on hydroxypropyl methylcellulose
(HPMC). Adv Drug Delivery Rev, 2012.

49. Lopina, S.T., Kanjickal, D.G., Modeling of Drug Release
from Polymeric Delivery Systems & 151; A Review, 2004, Vol.
21, pp.42.

50. Seck, T.M., Meches, F.P., Feijen, J, Grijpma, D.W.,
Designed biodegradable hydrogel structures prepared by
stereolithography using poly(ethylene glycol)/poly(D,L-lactide)-
based resins. J Controlled Release, 2010, Vol. 148, pp.34-41.

51. Roseman, T.J., Biermacher, J.J., Bennett, R.M., Tuttle, M.E.,
Spilman, C.H., Baker, RW., et al. Design criteriafor controlled

release delivery systems of carboprost methyl. J Controlled

94 Journal of Applied Biotechnology Reports, Volume 1, Issue 3, Summer 2014



Hamid Babavalian. et a, Growth factor-containing Hydrogels

Release, 1986, Val. 3, pp.25-37.

52. Boerckel, JD., Kolambkar, Y.M., Dupont, K.M., Ubhrig,
B.A., Phelps, E.A., Stevens, H.Y., et d. Effects of protein dose
and delivery system on BMP-mediated bone regeneration.
Biomaterials, 2011, Vol. 32, pp. 5241-5251.

53. Chen, R.R, Silva, EA., Yuen, W.W., Brock, A.A.,
Fischbach, C., Lin, A.S,, et a. Integrated approach to designing
growth factor delivery systems. FASEB J, 2007, Vol. 21, pp.
3896-3903.

54. Cend, R., Di, Martino P., Vermonden, T., Hennink, W.E.,
Hydrogels for protein delivery in tissue engineering. J Control
Release, 2012, Vol. 161, pp. 680-692.

55. Zisch, A.H., Lutolf, M.P., Ehrbar, M., Raeber, G.P., Rizzi,
S.C,, Davies, N., et a. Cell-demanded release of VEGF from
synthetic, biointeractive cell ingrowth matrices for vascularized
tissue growth. FASEB J, 2003, Vol. 17, pp. 2260-2262.

56. Lee, K.Y., Peters, M.C., Mooney, D.J.,, Controlled Drug
Dédlivery from Polymers by Mechanica Signals. Adv Mat, 2001,
Vol. 13, pp. 837-839.

57. Kuo, C.K., Mg, P.X., lonically crossinked alginate hydrogels
as scaffolds for tissue engineering: part 1. Structure, gelation rate
and mechanical properties. Biomaterials, 2001, Vol. 22, pp. 511-
521.

58. Cha, C,, Kim, S.Y., Cao, L., Kong, H., Decoupled control of
stiffness and permeability with a cell-encapsulating poly
(ethylene glycol) dimethacrylate hydrogel. Biomaterials, 2010,
Vol. 31, pp. 4864-4871.

59. Chen, F.M., Chen, R., Wang, X.J,, Sun, H.H., Wu, Z.F., In
vitro cellular  responses to scaffolds containing two
microencapulated growth factors. Biomaterials, 2009, Vol. 30,
pp. 5215-5224.

60. Noth, U., Rackwitz, L., Steinert, A.F., Tuan, R.S., Cedll
delivery therapeutics for musculoskeletal regeneration. Adv Drug
Deliv Rev, 2010, val. 62, pp.765-783.

61. Whitaker, M.J., Quirk, R.A., Howdle, SM., Shakesheff,
K.M., Growth factor release from tissue engineering scaffolds. J
Pharm Pharmacol, 2001, Vol. 53, pp. 1427-1437.

62. Burdick, JA., Ward, M., Liang, E., Young, M.J,, Langer, R.,
Stimulation of neurite outgrowth by neurotrophins delivered from
degradable hydrogels. Biomaterials, 2006, Vol. 27, pp. 452-4509.
63. Burdick, JA., Mason, M.N., Hinman, A.D., Thorne, K.,
Anseth, K.S., Delivery of osteoinductive growth factors from
degradable PEG hydrogels influences osteoblast differentiation
and mineraization. J Control Release, 2002, Vol. 83, pp. 53-63.
64. Sawhney, A.S., Pathak, C.P., Hubbell, JA., Bioerodible
hydrogels based on photopolymerized poly(ethylene glycol)-co-
poly(.apha.-hydroxy acid) diacrylate macromers.
Macromolecules, 1993, Vol. 26, pp. 581-587.

65. Jeong, B., Bae, Y.H., Kim, SW., Thermoreversible Gelation
of PEG-PLGA-PEG Triblock Copolymer Aqueous Solutions.
Macromolecules, 1999, Val. 32, pp. 7064-7069.

66. Lee, P.Y., Li, Z., Huang, L., Thermosensitive Hydrogel as a
Tgf-B1 Gene Delivery Vehicle Enhances Diabetic Wound
Healing. Pharm Biol, 2003, Vol. 20, pp. 1995-2000.

67. Zentner, G.M., Rathi, R., Shih, C., McRea, J.C., Seo, M.H.,
Oh, H., et a. Biodegradable block copolymers for delivery of
proteins and water-insoluble drugs. J Control Release, 2001,
Vol. 72, pp. 203-215.

68. Cend, R., Schuurman, W., Malda, J,, di Dato, G., Burgisser,
P.E., Dhert, WJA., et ad. A Printable Photopolymerizable
Thermosensitive p(HPMAm-lactate)-PEG Hydrogel for Tissue
Engineering. Adv Funct Mater, 2011, Vol. 21, pp. 1833-1842.

69. Hsieh, P.C., Davis, M.E., Gannon, J., MacGillivray, C., Lee,
R.T., Controlled delivery of PDGF-BB for myocardial protection
using injectabl e self-assembling peptide nanofibers. J Clin Invest,
2006, Vol. 116, pp. 237-248.

70. Segers, V.F., Tokunou, T., Higgins, L.J., MacGillivray, C.,

Gannon, J, Lee, RT. Local delivery of protease-resistant
stroma cell derived factor-1 for stem cell recruitment after
myocardia infarction. Circulation, Vol. 116, pp. 1683-1692.

71. Davis, M.E., Hsieh, P.C., Takahashi, T., Song, Q., Zhang, S.,
Kamm, R.D., et a. Loca myocardial insulin-like growth factor 1
(IGF-1) delivery with biotinylated peptide nanofibers improves
cell therapy for myocardial infarction. Proc Natl Acad Sci, 2006,
Vol. 103, pp. 8155-8160.

72. Ehrbar, M., Schoenmakers, R., Christen, E.H., Fussenegger,
M., Weber, W., Drug-sensing hydrogels for the inducible release
of biopharmaceuticals. Nature mater, 2008, Val. 7, pp. 800-804.
73. Lutolf, M.P., Raeber, G.P., Zisch, A.H., Tireli, N., Hubbell,
JA., Cell Responsive Synthetic Hydrogels. Adv Mater, 2003, vol.
15, pp.888-892.

74. Phelps, E.AA., Landézuri, N., Thulé, P.M., Taylor, W.R,,
Garcia, A.J, Bioartificia matrices  for  therapeutic
vascularization. Proc Natl Acad Sci, 2010, Vol. 107, pp. 3323-
3328.

75. George, M., Abraham, T., pH sensitive alginate-guar gum
hydrogel for the controlled delivery of protein drugs. Int J
Phytorem, 2007, Vol. 335, pp.123-129.

76. Cendl, R., Vermonden, T., van Steenbergen, M.J., Deschout,
H., Braeckmans. K., De Smedt, S.C., et a. Photopolymerized
thermosensitive hydrogels for talorable diffusion-controlled
protein delivery. J Control Release, 2009, Vol. 140, pp. 230-236.
77. Ehrbar, M., Rizzi, S.C., Hlushchuk, R., Djonov, V., Zisch,
A.H., Hubbell, JA., et d. Enzymatic formation of modular cell-
instructive fibrin analogs for tissue engineering. Biomaterials,
2007, Vol. 28, pp. 3856-3866.

78. Kloxin, A.M., Kasko, A.M., Sdlinas, C.N., Anseth, K.S.,
Photodegradable hydrogels for dynamic tuning of physical and
chemical properties. Science, 2009, Vol. 324, pp. 59-63.

79. Lee, K.Y., Peters, M.C., Anderson, K.W., Mooney, D.J.,
Controlled growth factor release from synthetic extracellular
matrices. Nature, 2000, Vol. 408, pp. 998-1000.

80. Hiemstra, C., Zhong, Z., van Steenbergen, M.J., Hennink,
W.E., Feijen, J., Release of model proteins and basic fibroblast
growth factor from in situ forming degradable dextran hydrogels.
J controlled release: officia journal of the Controlled Release
Society, 2007, Vol. 122, pp.71-78.

81. Rabbany, S.Y., Pastore, J., Yamamoto, M., Miller, T., R&fii,
S., Aras, R, et d. Continuous delivery of stroma cell-derived
factor-1 from alginate scaffolds accelerates wound healing. Cell
transplant, 2010, Vol. 19, pp.399-408.

82. Jay, SM., Shepherd, B.R., Andrejecsk, JW., Kyriakides,
T.R., Pober, J.S,, Saltzman, W.M., Dua ddivery of VEGF and
MCP-1 to support endothelial cell transplantation for therapeutic
vascularization. Biomaterials, 2010, Vol. 31, pp. 3054-3062.

83. De Groot, C.J., Cadee, JA., Koten, JW., Hennink, W.E., Den
Otter, W., Therapeutic efficacy of IL-2-loaded hydrogels in a
mouse tumor model. Int J Cancer, 2002, Vol. 98, pp. 134-140.
84. Vlugt-Wensink, K.D., de Vrueh, R., Gresnigt, M.G.,
Hoogerbrugge, C.M., van Buul-Offers, S.C., de Leede, L.G., et
al. Preclinical and clinical in vitro in vivo correlation of an hGH
dextran microsphere formulation. Pharm Res, 2007, Vol. 24, pp.
2239-2248.

85. Sun, G., Shen, Y., Kusuma, S., Fox-Tabot, K.,
Steenbergen, C.J., Gerecht, S., Functional neovascularization of
biodegradable dextran hydrogels with multiple angiogenic
growth factors. Biomaterials, 2011, Vol. 32, pp. 95-106.

86. Chen, F.M., Zhao, Y.M., Sun, H.H., Jin, T., Wang, Q.T.,
Zhou, W., et d. Nove glycidyl methacrylated dextran (Dex-
GMA)/gelatin hydrogel scaffolds containing microspheres loaded
with  bone morphogenetic  proteins:  formulation  and
characteristics. Journa of controlled release. J Control Release,
2007, Vol. 118, pp. 65-77.

87. Kim, M.R., Pak, T.G., Temperature-responsive and

Journal of Applied Biotechnology Reports, Volume 1, Issue 3, Summer 2014 95



Hamid Babavalian. et a, Growth factor-containing Hydrogels

degradable hyaluronic acid/Pluronic composite hydrogels for
controlled release of human growth hormone. J Control Release,
2002, Vol. 80, pp. 69-77.

88. Patterson, J., Siew, R., Herring, SW., Lin, A.S., Guldberg,
R., Stayton, P.S., Hyaluronic acid hydrogels with controlled
degradation properties for oriented bone regeneration.
Biomaterials, 2010, Vol. 31, pp. 6772-6781.

89. Ca, S, Liu, Y., Zheng, Shu X., Prestwich, G.D., Injectable
glycosaminoglycan hydrogels for controlled release of human
basic fibroblast growth factor. Biomaterials, 2005, Vol. 26, pp.
6054-67.

90. Wang, W., Instability, stabilization, and formulation of liquid
protein pharmaceuticals. Int J Pharm, 1999, Vol. 185, pp. 129-
188.

91. Tabata, Y., Hijikata, S., Muniruzzaman, M., lkada, Y.,
Neovascularization effect of biodegradable gelatin microspheres
incorporating basic fibroblast growth factor. J Biomater Sci
Polym Ed, 1999, Val. 10, pp. 79-94.

92. Tabata, Y., Ikada, Y., Protein release from gelatin matrices.
Adv Drug Delivery Rev, 1998, vol. 31, pp. 287-301.

93. Ogawa, K., Asonuma, K., Inomata, Y., Kim, I, Ikada, Y.,
Tabata, Y., et d. The efficacy of prevascularization by basic
FGF for hepatocyte transplantation using polymer devicesin rats.
Cell transplant, 2001, Vol. 10, pp.723-729.

94. Yamamoto, M., Tabata, Y., Hong, L., Miyamoto, S.,
Hashimoto, N., lkada, Y., Bone regeneration by transforming
growth factor betal released from a biodegradable hydrogel. J
Control Release, 2000, Vol. 64, pp. 133-142.

96 Journal of Applied Biotechnology Reports, Volume 1, Issue 3, Summer 2014



