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Abstract: Basic fibroblast growth factor (FGF)-2 has been shown to regulate many cellular functions
including cell proliferation, migration, and differentiation, as well as angiogenesis in a variety of
tissues, including skin, blood vessel, muscle, adipose, tendon/ligament, cartilage, bone, tooth, and
nerve. These multiple functions make FGF-2 an attractive component for wound healing and tissue
engineering constructs; however, the stability of FGF-2 is widely accepted to be a major concern for
the development of useful medicinal products. Many approaches have been reported in the literature
for preserving the biological activity of FGF-2 in aqueous solutions. Most of these efforts were directed
at sustaining FGF-2 activity for cell culture research, with a smaller number of studies seeking to
develop sustained release formulations of FGF-2 for tissue engineering applications. The stabilisation
approaches may be classified into the broad classes of ionic interaction modification with excipients,
chemical modification, and physical adsorption and encapsulation with carrier materials. This review
discusses the underlying causes of FGF-2 instability and provides an overview of the approaches
reported in the literature for stabilising FGF-2 that may be relevant for clinical applications. Although
efforts have been made to stabilise FGF-2 for both in vitro and in vivo applications with varying
degrees of success, the lack of comprehensive published stability data for the final FGF-2 products
represents a substantial gap in the current knowledge, which has to be addressed before viable
products for wider tissue engineering applications can be developed to meet regulatory authorisation.
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1. Introduction

The fibroblast growth factor (FGF) family of proteins includes signalling proteins secreted by
tissues to regulate cell metabolism, proliferation, differentiation, and survival. The biological functions
and endogenic roles of FGFs in tissue development and repair have been widely studied. These
proteins bind heparin and have broad mitogenic and angiogenic activities, including the regulation
of normal cell growth in the epithelium [1], bone [2], soft connective [3,4] and nervous [5] tissues.
Not surprisingly, FGFs are regarded as essential components in the construct of functional tissues for
tissue engineering applications. The focus of this review is the fibroblast growth factor 2 (FGF-2), also
known as basic fibroblast growth factor (bFGF).

FGF-2 was first isolated from the bovine pituitary in 1974 [6] and the first human recombinant
FGF-2 was reported in 1988 [7]. The human FGF-2 gene encodes not one protein, but a complex
set of isoforms. The secreted isoform has a molecular mass of 18 kg/mol [8] and is a single-chain,
non-glycosylated polypeptide with 154 amino acids. The amino acid sequence of human FGF-2 is 99%
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homologous to that of bovine FGF-2 [9], and it also has high homology with ovine [10] and rodent [11]
FGF-2, suggesting strong sequence conservation for structure and function. FGF-2 binds to and activates
the FGF receptors mainly via the RAS/MAP kinase pathway to regulate cell proliferation, migration
and differentiation, as well as angiogenesis, in a variety of tissues, including skin, blood vessel, muscle,
adipose, tendon/ligament, cartilage, bone, tooth and nerve [12–14]. These multiple functions make
FGF-2 an attractive component for inclusion into wound healing and tissue engineering constructs.

To date, the efficacy of medicinal products incorporating FGF-2 into novel tissue engineering
constructs has primarily been investigated using cellular or animal models of human disease [15,16].
The limited clinical translation of these studies may be evidenced by the small number of recently
published human clinical trials in the literature [17–30]. Most of these focused on wound healing,
with a majority on the repair of traumatic tympanic membrane (TM) perforations by Lou et al. The
effectiveness of FGF-2 for the treatment of traumatic tympanic membrane is controversial due to the
high rate of spontaneous closure for acute traumatic perforations [31,32]. Indeed, Lou et al. found no
significant differences in closure rate and mean closure time for traumatic TM perforations treated
with high dose (0.25–0.3 mL of a 21,000 IU/5 mL solution) and low dose (0.1–0.15 mL) FGF-2 [21,33].
Significantly, they have also found no difference between the application of FGF-2 and 0.3% ofloxacin
eardrops [34]. This led them to speculate that it was the moist eardrum environment afforded by the
eardrop applications that might have aided in shortening the closure time and improve the closure
rate of large traumatic TM perforations [35]. In contrast, Kanemaru et al. recorded closure rates of
98.1% in patients with chronic TM perforations treated with FGF-2-soaked gelatin sponges against
just 10% in patients treated with saline-soaked sponges [17]. These results, along with a restoration
of hearing function and a lack of serious adverse effects, suggest that FGF-2 may offer a significantly
less invasive, and a more accessible and safer intervention to conventional surgical repair for chronic
TM perforations.

In a clinical trial on chronic skin ulcer, evidence of wound bed healing was observed in 16 of
17 patients treated with a sustained release FGF-2-impregnated collagen/gelatin sponge (CGS) [36].
The CGS was impregnated with a high (14 µg/cm2) or low (7 µg/cm2) dose of human recombinant
FGF-2 and was shown to provide continuous release of the FGF-2 load over a period of at least 10 days.
There were no significant differences in efficacy between the high or low dose treatments, and only
mild and transient adverse effects were noted in all the patients. The FGF-2 impregnated CGS was
also evaluated for use in reconstructive surgical applications [30]. The FGF-2 CGS was applied as
the first stage of reconstructive surgery for various acute skin defects including deep dermal burns,
facial full-thickness skin defects, and finger amputations, with the second stage of wound closure
involving the application of an autologous skin graft, if required. Of the eight patients treated, three
did not require the second stage treatment, three required a split-thickness skin graft, and two required
a full thickness skin graft to achieve complete healing. Favourable outcomes were observed for all
patients in the study, with the FGF-2 CGS treatment providing a minimally invasive alternative to
conventional surgical treatments. The clinical data is very promising; however, the practical translation
of FGF-2 to clinical use is severely limited by the inherently poor stability of the protein in solution.
FGF-2 degrades so rapidly in aqueous media that it is difficult to detect and quantify the bioactive
protein in plasma and cell culture samples [37]. In wound healing applications, effective healing
requires daily administration of multiple high doses of FGF-2 to compensate for the rapid loss of
biological function of the administered FGF-2 at the wound sites [38–40].

The aims of this review are to discuss the underlying causes of FGF-2 instability and to provide
an overview of the approaches reported in the literature for stabilising FGF-2 that may be relevant for
clinical applications. Our view is that FGF-2 must be adequately stabilised in solution to provide a
practical, economically feasible and clinically acceptable way forward for its fabrication into wound
healing and tissue bioengineering constructs.



Pharmaceutics 2020, 12, 508 3 of 14

2. FGF-2 Structure and Stability

The crystal structure of FGF-2 suggests that it is a globular protein with an approximate folded
diameter of 4 nm [41]. It has a β barrel tertiary structure consisting of 12 antiparallel β strands
connected by β turns. Hydrophobic residues line the core of the barrel while a large number of
charged residues are present on the protein surface. A cluster of positively charged residues to one
side is thought to constitute the heparin binding region of the protein [42]. The receptor binding
domain is also in this vicinity but is distinct from the heparin binding region [41]. The latent
instability of FGF-2 has been attributed to the significant amount of structural energy associated with
the heparin binding site; binding with heparin or similar glucosaminoglycans at a ratio as low as
0.3:1 w/w (heparin:FGF-2) has been shown to stabilise the FGF-2 against trypsin-, heat-, acid- and
protease-mediated inactivation [42–44]. In vivo, the interactions of FGF-2 with other endogenous
molecules (e.g., heparin sulphate proteoglycan, heparin, fibrinogen/fibrin), presented in soluble form
or bound to cell membrane, are known to control its receptor interactions, stability and concentration
in an extracellular microenvironment [45].

Commercial FGF-2 is supplied as a lyophilised powder recommended to be stored at −20 ◦C.
The lyophilisation process involves exposure of the protein to freezing, temperature ramps, negative
pressure and dehydration, all of which can potentially disrupt the FGF-2 structure, encourage
aggregation and ultimately lead to a reduction or loss of protein activity [46]. Lyophilisation of FGF-2
in the presence of human serum albumin, mannitol, polyethylene glycol or glucose as cryoprotectant
was shown to maintain the activity of FGF-2 even when the lyophilised powder was exposed to
temperatures as high as 60 ◦C, humidity and light for up to 10 days [47]. Other cryoprotectants, such
as mannitol and lactitol, also produced a lyophilised FGF-2 product that retained functionality after
18 months storage at refrigerated or room temperatures, and was stable when exposed to 60 ◦C and
humidity for prolonged periods of up to 30 days [48].

Clinical applications of FGF-2, e.g., administration to a wound or further formulation into a tissue
engineering construct, require the lyophilised powder to be reconstituted into solutions, e.g., by the
addition of water. It is this solubilized FGF-2 that is highly vulnerable to aggregation and precipitation,
resulting in rapid loss of biological function [42]. The presence of two exposed thiol groups on
the FGF-2 surface promotes the formation of disulphide-linked multimers, and this propensity to
form disulphide bonds drives FGF-2 to form aggregates. Interestingly, aggregation in the presence
of glucosaminoglycans appeared to preserve the native FGF-2 conformation while the absence of
glucosaminoglycans led to a denatured conformation similar to those induced by heat or chaotrope
exposure [42].

Not surprisingly, the manufacturer’s recommendations are that the reconstituted FGF-2 solutions
are stable for up to 12 months only when stored at −20 ◦C or lower. The reconstituted FGFs solutions
are stable for only about a week at 4 ◦C, and recommended to be used within 24 h when at ambient
temperatures (<25 ◦C). Despite these recommendations, FGF-2 solutions at a concentration of 72 µg/mL
have been shown to lose 50% functionality after just 46 min at 25 ◦C [49]. The functional half-life was
decreased to 37, 33 and 10 min, respectively, as the storage temperature was increased to 37 ◦C, 42 ◦C
and 50 ◦C. These findings by Shah [49] are consistent with those reported by Chen et al. [50]. The loss
of functionality of the reconstituted FGF-2 solutions may be arrested by heparin, as demonstrated by
Chen et al. for a 10 ng/mL FGF-2 solution co-incubated at 37 ◦C with a 10-fold higher concentration
(100 ng/mL) of heparin [50].

The thermal- and heparin-dependent lability of the FGF-2 molecule poses major challenges for the
development of functional and acceptable medicinal products. FGF-2 lyophilised with a cryoprotectant
(e.g., glycine) is stable for up to 12 months storage at 4 ◦C, and for up to 3 weeks at room temperature
(<25 ◦C). Lyophilisation facilitates the storage, shipping and transportation of FGF-2, but does little to
mitigate its inherent instability once the lyophilised FGF-2 is reconstituted into solutions. Heparin is a
good FGF-2 stabiliser; however, the inclusion of heparin is often not desirable in clinical applications
because heparin has anticoagulant activity and is not an inert pharmaceutical excipient. The storage of
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FGF-2 medicinal solutions at −20 ◦C is not a practical solution to ensure product stability in clinical
settings. Other alternatives, e.g., to reconstitute the lyophilised FGF-2 only when required, and
applying a therapeutic regimen that requires the daily administration of multiple doses of FGF-2 to
maintain pharmacological activity in vivo, are achievable only with highly compliant patients. Lou
et al. found 31.3% of participants to be non-compliant with FGF-2 dosing instructions in a clinical
trial on TM repair, and the tendency of these patients to administer higher than the recommended
number of drops of FGF-2 solution led to liquid accumulation in the ear, with 66.7% of the patients
subsequently developing secondary otorrhoea [22]. The employment of unstable FGF-2 solutions to
fabricate medicinal products, e.g., tissue engineering constructs, is also not desirable. To compensate for
the rapid decline in protein functionality during the manufacturing process, FGF-2 would be required
to be loaded at significantly higher quantity in order to achieve the desired loading of functional FGF-2
in the final product. The associated costs and safety implications would not be acceptable to both the
manufacturer and the regulatory authorities. There is, therefore, strong impetus to develop effective
and practical stabilisation strategies for FGF-2 aqueous solutions to realise the clinical applications
of FGF-2.

3. Strategies for Preserving FGF-2 Functionality in Aqueous Solutions

Many approaches have been reported in the literature for preserving the biological activity of
FGF-2. Most of these efforts were directed at sustaining FGF-2 activity for cell culture research,
with a smaller number of studies seeking to develop sustained release formulations of FGF-2 for
tissue engineering applications. For the purposes of this review, the stabilisation approaches are
classified into the broad classes of ionic interaction modification with excipients, chemical modification,
and physical barrier strategies.

3.1. Modulating Ionic Interactions in Solutions

The addition of excipients to aqueous solutions of FGF-2 are among the simplest methods for
FGF-2 stabilisation. Common strategies include the complexation of FGF-2 with its endogenous
stabiliser, heparin, or heparin-like polymers, or polycations [51–53]. Ionic interactions between FGF-2
and the additives reduce the structural energy at the heparin-binding site, stabilise the FGF-2 native
conformation and prolong its bioactivity in aqueous media [42–44]. Successful examples are given
in Table 1, many of which demonstrated prolonged bioactivity of FGF-2 following the addition of
excipients when compared with solutions of free FGF-2.

Table 1. Examples of aqueous environment modification techniques, which have demonstrated
increased stability and/or bioactivity of the modified fibroblast growth factor (FGF)-2 compared with
the unmodified FGF-2.

Strategy Technique Comparative Stability Potential
Application

Model for
Functional

Assessment
Ref

Conjugation with a
heparin-mimicking

polymer

Conjugation with
p(SS-co-PEGMA)-b-VS1,

which contains a segment that
enhances FGF-2 stability and

another that binds FGF-2
receptor.

Biological activity extended to 7 days at
4 ◦C and 23 ◦C.

Facilitated binding to receptor and
increased migration of endothelial cells

by 80% compared to free FGF-2.

Tissue engineering
and wound healing

Human dermal
fibroblasts

Human umbilical
vein endothelial cells

[52]

Complexation with
heparin

Complexation with heparin
immobilised on glass/silicone

slides

Maintained bioactivity for up to 12 h at
37 ◦C.

Rate of cell migration increased by 14
µm/h for vascular smooth muscle cells

compared to free FGF-2

Tissue engineering
and wound healing

Human vascular
smooth muscle cells,
endothelial cells and
Mesenchyme stem

cells

[53]

Complex
coacervation

Coacervation in the presence
of a polycation (PEAD)2 and

heparin

Maintained in vivo bioactivity for over
4 weeks from a single injection.

Increased proliferation of endothelial
and mural cells by 47% at 37 ◦C, when

compared with free FGF-2.

Tissue engineering
BALB/cJ mice,

murine endothelial
and mural cells

[51]

1 Poly(styrene sulfonate-co-poly-(ethylene glycol) methyl ether methacrylate)-b-vinyl sulfonate). 2 Aspartic acid
arginine diglyceride.



Pharmaceutics 2020, 12, 508 5 of 14

3.1.1. Conjugation to Heparin and Heparin-Like Molecules

The conjugation of FGF-2 with heparin is a popular biomimicry approach underscored by the
stabilising effect of heparin on endogenous FGF-2. This approach also leverages on heparin providing
synergistic action on cell growth [54]. However, there are safety concerns. Pharmaceutical-grade
heparins are isolated from porcine intestines and bovine lung tissues. Not only are the heparins
susceptible to batch-to-batch variability [55], they can induce immune responses [56] or be contaminated
or adulterated by natural and synthetic heparinoids that have led to anaphylactoid type responses
and death [55]. Additionally, natural heparin is susceptible to degradation and desulfation by
heparinases [57], which may adversely affect its effectiveness at stabilising FGF-2. Fractionation of
heparin overcomes some of these difficulties; however, the fractionation process adds to the cost of
manufacture and still does not resolve the issue of heterogeneity associated with natural heparins, which
can lead to biosimilar batches not necessarily being biochemically or pharmacologically equivalent [58].

An alternative approach has been to conjugate FGF-2 with synthetic heparin-like molecules. There
are a number of synthetic heparin-mimicking compounds, including sulfonated and sulphated polymers
(e.g., suramin and poly(2-acrylamido-2-methyl-1-propanesulfonic acid), various polysaccharides
(e.g., chitosan, cellulose and alginate), sulfonated dextrans (e.g., β-cyclodextrin tetradecasulfate)
and some peptides (e.g., sulphated homooligomers of tyrosine) [59–66]. Like natural heparins, the
heparin-mimics are able to stabilise proteins, stimulate cellular processes and provide anticoagulant
activity [67–69]. Compared to heparin, however, the synthetic materials are more homogeneous
in composition and less likely to undergo desulfation in vivo. The covalent conjugation of
heparin-mimicking molecules to FGF-2 has therefore been a popular approach for the stabilisation
of FGF-2.

A recent study conducted by Paluck et al. explored the conjugation of FGF-2 with the heparin
mimetic poly(styrenesulfonate-co-poly-(ethylene glycol) methyl ether methacrylate)-b-vinyl sulfonate)
(FGF2-p(SS-co-PEGMA)-b-VS) [52]. Conjugation with the p(SS-co-PEGMA) chain alone was successful
in stabilising FGF-2 to heat and storage related stressors, but it required the b-vinyl sulfonate
moiety to facilitate the dimerisation of the protein to FGF receptors in cells lacking heparin sulphate
proteoglycans [70]. The resultant FGF-2 conjugate was able to maintain its biological activity for
7 days [52]. These are, however, in vitro cell culture data that need to be replicated in vivo, and safety
data are yet to be presented. Another disadvantage is the complex methodology and involvement of
noxious solvents, such as dichloromethane, which does not have generally regarded as safe (GRAS)
status, in the fabrication process.

3.1.2. Coacervation

Complex coacervation has been applied to FGF-2-heparin conjugates to facilitate the sustained
release of FGF-2 in vivo [51]. Heparin, being negatively charged, could be condensed into a complex
by interaction with a polycation, such as chitosan. Coacervation of FGF-2-heparin conjugates with a
polycation (e.g., aspartic acid arginine diglyceride [PEAD]) [51] has been demonstrated to promote
endothelial and mural cell proliferation and produce stable angiogenesis over 4 weeks after only a
single injection into the BALB/cJ mice. Translation of the data into clinical practice will require further
work to establish the safety profile of the coacervate material and to address its storage stability.

3.2. Chemical Modifications

The chemical approach often requires complex methodologies and the diverse range of techniques
reported in the literature reflects the difficulty of stabilising the FGF-2 molecule. Methods that have
been successful in prolonging the bioactivity of FGF-2 in aqueous media include point mutations of the
protein and covalent grafting of the protein onto scaffold materials (Table 2) [51–54,70–72]. A common
thread in these methods is the binding of FGF-2 to another molecule in such a way as to retain the
active conformation of the FGF-2 molecule or to mask those residues of the FGF-2 molecule that
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contribute to its latent instability in solution. A recurring concern for this approach is the creation of
novel FGF-2 compounds whose safety profiles have yet to be established in preclinical and clinical
toxicology models.

Table 2. Examples of chemical modification techniques, which have demonstrated increased stability
and/or bioactivity of the modified FGF-2 compared with the unmodified FGF-2.

Strategy Technique Comparative Stability Potential
Application

Model for Functional
Assessment Ref

Genetic
engineering

Nine-point mutant of a
low molecular weight

isoform of FGF-2

In vitro functional half-life at
37 ◦C improved from 10 h to more

than 20 days.

Cell culture
research

Human embryonic stem
cells [71]

Covalent
grafting

Conjugation onto
biphasic calcium

phosphate scaffolds 1

Increase alkaline phosphatase
activity at 37 ◦C by up to 200%

when compared with free FGF-2.

Tissue
engineering

Human mesenchyme
stem cells [72]

1 70% hydroxyapatite coated with 30% β-tricalcium phosphate.

3.2.1. Genetic Engineering

Genetically modified FGF-2 mutants have been developed by aligning the wild-type FGF-2
protein sequence with stabilised FGF-1 mutant sequences [73], or by combining several individual
stabilising mutations identified by other investigators in the field [74]. The identification of useful
point mutations has been aided by computer modelling [71,75]. A recent study by Dvorak et al. used a
combination of techniques to identify sequences which were important for protein functionality and
those which were contributing the greatest amount of structural free energy [71]. Following an analysis
of sequence conservation, mutations in regions, which might compromise protein function (such as the
heparin or receptor binding sites), were avoided. Conversely, mutations that were likely to result in a
significant decrease in protein free energy were promoted. The nine mutants identified in this study
showed the lowest energy and, following in vitro evaluation, were found to significantly increase
the functional half-life of FGF-2 from 10 h to greater than 20 days at 37 ◦C. Other similar studies
have developed triple and quintuple FGF-2 mutants, which also exhibited improved protein stability
and activity in cell culture milieu [73,74]. A very recent study [75] focuses on the hyperstable FGF-2
variants, FGF2-STABS, which were able to provide 10–100 times lower EC50 values and sustained
in vitro FGFR-mediated activities due to increased thermal stability and lower heparin affinity in
comparison to wild type FGF-2. However, this study also highlighted an important difference, with
the wild type FGF-2 showing a sigmoidal dose–response profile, while the FGF2-STABS showed a
biphasic response, suggesting that mutants of FGF-2 require careful preclinical evaluation before they
can progress to clinical testing. A major concern with the genetically modified FGF-2s is safety, as
the deleterious in vivo molecular effects of mutated proteins are well known. These may range from
alterations in protein folding (e.g., sickle cell anaemia) and stability [76] to complete dysfunction
(Tay–Sachs disease) [77] or a lack of regulation. For growth factors like FGF-2, a lack of regulation
may lead to cellular overgrowth and malignancy in vivo [45]. The safety profiles of the novel FGF-2
mutants, as yet unknown, will have to be established in appropriate animal and human models before
any consideration of clinical translation.

3.2.2. Chemical Conjugation to Inorganic Materials

Chemical conjugation of FGF-2 to inorganic materials has been applied to construct functional
tissues for bone repair. Tissue engineering of bone presents a unique problem. Due to the force
applied to these structures, the durability of biomaterials is critical to treatment success. The physical
entrapment of FGF-2 into polymer scaffolds has been shown to stabilise the FGF-2 adequately to promote
osteogenesis, both in vitro and in vivo [78–80]. However, the organic scaffold materials showed a
tendency to develop mechanical weaknesses in vivo, which then led to variable FGF-2 release [81,82].
To overcome this, Moon et al. employed inorganic materials to construct the scaffold. They prepared
FGF-2-coated biphasic calcium phosphate granules using covalent bonding techniques [72], and the
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resultant product was found to promote alkaline phosphatase activity, a marker for osteogenic
differentiation, to a higher level than free FGF-2. The promising data warrants further development.
The study was performed in cell cultures and the FGF-2-conjugated calcium phosphate granules
are yet to be shown to have improved durability in vivo compared to the other FGF-2 impregnated
biomaterials. The release profile of FGF-2 from the granules was also not determined in the study,
and the use of hexane, a potentially harmful organic solvent, for the preparation of the granules is a
concern for clinical translation.

3.3. Physical Barrier Strategies

Physical approaches to stabilising FGF-2 are aimed at providing a barrier to protect the protein
against inactivation stressors. Common strategies include the encapsulation of FGF-2 within a
polymer matrix and the fabrication of a mix of FGF-2 and polymers into hydrogels or other composite
scaffolds [83–87]. Successful examples are given in Table 3, many of which also provided for a
prolonged release of FGF-2 to further sustain its biological activity. Compared to the chemical
approaches, the physical stabilisation methods employed simpler methodologies and were less likely
to use noxious organic solvents and novel materials of unknown safety profiles.

Table 3. Examples of physical protective methods to stabilise and/or prolong the biological activity
of FGF-2.

Strategy Technique Comparative Stability Potential
Application

Model for Functional
Assessment Ref

Entrapment within
hydrogel scaffolds

Gelatin-polylysine and
Gelatin-polyglutamic acid

hydrogels loaded with FGF-2

FGF-2 release was sustained over
28 days at 37 ◦C. Limb

reperfusion and angiogenesis was
69.3% higher in the hydrogel

treated mice than in mice treated
with free FGF-2.

Tissue
engineering

Human neo-natal
fibroblasts, BALB/c mice [85]

Entrapment within
polymer microspheres

FGF-2, magnesium hydroxide,
heparin, PLGA and PVA1 were

mixed to create a water/oil/water
emulsion, from which

microspheres were fabricated.

FGF-2 levels sustained for
3-4 days at 37 ◦C, compared with
no activity remaining at 24 h for

free FGF-2.

Cell culture
research

Human embryonic stem
cells, human neural stem

cells, induced
pluripotent stem cells

[86]

Alginate:collagen microspheres
loaded with FGF-2

Sustained release over 7 days at
37 ◦C

Tissue
engineering

C57/Bl6 mice, porcine
aortic endothelial cells [83]

Entrapment within
polyelectrolyte polymer

HEMA2 hydrogel was loaded
with either FGF-2 or FGF-2 and

heparin.

Hydrogel containing only FGF-2
released FGF-2 over 6 days at

37 ◦C. Addition of heparin to the
matrix prolonged the FGF-2

release to 12 days

Tissue
engineering Neural stem cells [84]

Ionic entrapment within
biodegradable

multilayer thin film

Thin film consisting of 10–50
tetralayers made up of beta
aminoester/ heparin/FGF-2/

heparin.

Up to 5 days sustained release of
FGF-2 from the film, with in vitro
biological activity sustained for

12 days at 37 ◦C.

Tissue
engineering or
wound healing

Murine MC3T3
pre-osteoblast cells [54]

Adsorption onto
polymer carriers

Bioactive glass nanoparticles were
fabricated with the biodegradable
polylactic acid into highly porous

scaffolds. FGF-2 was then
adsorbed onto the scaffold

surface.

FGF-2 release was sustained over
4 weeks at 37 ◦C with an almost
linear release pattern after the

initial 3 days. Biological effect was
observed over 3 weeks.

Tissue
engineering Mesenchymal stem cells [87]

FGF-2 adsorbed onto the
aluminium salt of cyclodextrin

sulphate

FGF-2 retained activity following
exposure to pepsin for 6 h or

chromotrypsin for 24 h.
Showed 62% improved efficacy

against gastric ulcers in a rat
model compared to 15%

improvement with free FGF-2.

Wound healing BHK-21 cells,
Male Jal:Wistar rats [88]

1 Polyvinyl alcohol; 2 Polyelectrolyte-modified hydroxyethyl methacrylate.

3.3.1. Entrapment in Hydrogel Scaffolds

Hydrogels, such as hyaluronic acid, alginate, and PEG, are biocompatible materials that can
be engineered to exhibit specific biodegradation profiles and binding strengths to provide good
tissue tolerance and retention [89]. They have been successfully applied as carrier materials for cell
transplantation, tissue engineering scaffolds and drug depots for wound and tissue regeneration.
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The main difficulty with hydrogels is that the liquid hydrogel formulations tend to be highly viscous
and therefore difficult to administer [89,90].

Gelatin is one of the most widely applied hydrogels for fabricating FGF-2-loaded scaffolds [16,91–94].
Gelatin is derived from animal and its safety profile is well established, having been used as a
pharmaceutical excipient for a long time. A gelatin hydrogel scaffold constructed by Layman et al. to
control FGF-2 bioavailability at the application site [85] showed release of 80% of the FGF-2 load and a
marked improvement in ischaemic limb reperfusion in a murine critical limb ischemic model over a
period of 4 weeks. A sustained release of the FGF-2 load is desirable to prolong the protein bioactivity,
since FGF-2 once released from the scaffold matrix into the surrounding aqueous medium is rapidly
inactivated. Gelatin has also been shown to stabilise FGF-2 through ionic interactions, making it an
attractive component for the formulation of stable and acceptable FGF-2 medicinal products [95,96].

3.3.2. Microencapsulation

Encapsulation of FGF-2 into polymer microspheres provides a physical barrier that not only
protects the protein from acid-, trypsin-, and protease-mediated inactivation, but also controls the rate
of protein release to prolong its bioactivity [42,89,97]. Many of the polymers used in the production of
microspheres are also hydrogels. The fabrication of the hydrogels into microspheres small enough
to pass through a catheter can help overcome the difficulty associated with injecting highly viscous
hydrogel liquid preparations [89,97]. The geometry of microspheres also enables them to withstand a
greater mechanical strain than liquid/semi-solid hydrogels, making them an attractive option for the
treatment of muscles and joints where the mechanical strain is particularly high [97].

FGF-2-loaded microspheres have also been fabricated with combinations of polymers to tailor
the FGF-2 release kinetics for specific applications [98,99]. In one study, collagen was paired with
alginate, which has a slower biodegradation rate, to fabricate a scaffold capable of providing a
controlled release of bioactive FGF-2 for 7 days at 37 ◦C as determined by dissolution in DMEM,
a cell culture medium [83]. The bioactivity of the microspheres in aqueous media was dependent on
the alginate:collagen weight ratios, with higher collagen content associated with shorter sustained
bioactivity. Combining poly(lactic-co-glycolic acid) (PLGA) and poly(vinyl alcohol) (PVA) to produce
FGF-2 loaded microspheres has also been shown to sustain the release and stability of FGF-2 for up to
4 days in a culture of human embryonic stem cells [86]. These results and the readily customisable
nature of the microsphere formulation are very promising for tissue engineering applications. Future
feasibility studies will, however, have to include FGF-2 stability during the manufacturing process, as
well as stability of the final microsphere formulation at ambient, refrigerated and body temperatures.

3.3.3. Adsorption

The FGF-2 molecule contains highly ionised ligand and receptor binding sites, which contribute
to high structural energy and the latent instability of the protein [42]. Adsorption of FGF-2 to a
surface via charge interactions aids in the structural stabilisation of the protein, reduces the likelihood
of spontaneous unfolding, and also provides for a sustained release of bioactive protein at the
administrative site. The appropriate adsorbent would be negatively charged and acidic in nature to
match the net positive charge and basic properties of FGF-2. An example is the highly porous scaffold
fabricated by Yoon et al. using glass nanoparticles and a polymer that achieved a high FGF-2 adsorption
efficiency, continuous release of the FGF-2 load over 4 weeks, and sustained biological activity in
mesenchymal stem cell cultures for 3 weeks [87]. Comparatively, Fukunaga et al., who adsorbed
FGF-2 onto the aluminium salt of cyclodextrin sulphate, observed a shorter 24-h stability of the FGF-2
against pepsin- and chromotrypsin-mediated degradation [88]. These formulations offer potential if
the results can be replicated in vivo. A concern is FGF-2 desorption from the carrier material, which is
influenced by the ionic strength of the surrounding medium, with the presence of positively charged
ions appearing to have the greatest impact on the desorption rate [100]. The implications of this will
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have to be examined in vivo, where the ionic strength of biological fluids varies between 0.1 and 0.3
mol dm−3 [101].

4. Discussion

The stability of FGF-2, in particular in aqueous milieu, is widely accepted to be a major concern
for the development of useful medicinal products. We have reviewed a diverse range of stabilisation
strategies for FGF-2 that are reported in the literature, some of which have shown very promising
data. However, there is no known published systematic stability study for FGF-2 medicinal products.
Most of the stabilisation studies have a narrow scope, focusing either on cell culture alone or in
conjunction with animal studies. The thermal stability of FGF-2 has not been widely studied outside
of cell culture conditions. As a result, the stability and biological activity data for FGF-2 have,
in the main, been obtained at 37 ◦C in aqueous media. FGF-2 stability profiles over the wider
temperature range encountered in medicinal product manufacture, transport, storage and use have
been neglected. Similarly, factors other than temperature, such as pH, proteolytic enzymes, ionic
strengths, that are known to affect protein stability, have not been reported for FGF-2. Such information
have implications on the applicability of FGF-2 products, e.g., as during the stages of wound healing,
the pH and composition of the extracellular matrix can change [102]. It is also vital to consider the
medicinal product manufacture cycle and determine whether any of the manufacturing processing
conditions could affect FGF-2 stability. Regulatory authorisation of FGF-2 medicinal products require
the consideration of both raw material and formulated product stability before, during, and after
manufacture, including long term storage and transport considerations. None of the reviewed studies
had monitored the loss of FGF-2 functionality as a result of the manufacturing process, despite the
known instability of FGF-2 in solution, and the exposure of FGF-2 to aqueous milieu during the
manufacture process. The lack of comprehensive published studies of this nature may well represent a
substantial gap in current knowledge, which would have to be addressed to develop viable FGF-2
products for wider tissue engineering applications.

There is no “one size fits all” approach to protein stabilisation, as evidenced by the variety of
techniques described in the literature. Although innovative, many investigative FGF-2 medicinal
products have limited clinical translatability due to safety concerns, complex fabrication methodologies,
which would make commercial upscaling of the product difficult and costly, and/or a lack of
comprehensive efficacy studies. Despite its inherent instability, FGF-2 has been shown to enhance
cellular proliferation, migration, differentiation, and promote angiogenesis in a wide variety of
tissues [12–14]. Therefore, once the stability issues preventing the successful incorporation of FGF-2
into safe and effective medicinal products can be overcome, the potential clinical applications for FGF-2
will likely be many and varied.
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