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Abstract

Gelatin is used in a broad range of tissue engineering applications due to its bioactivity, mild 

processing conditions, and ease of modification which has increased interest in its use as a growth 

factor delivery vehicle. Traditional methods to control growth factor sequestration and delivery 

relied on controlling hydrogel mesh size via chemical crosslinking with corollary changes to the 

physical properties of the hydrogel. To decouple growth factor release from scaffold properties, 

affinity sequestration modalities were developed to preserve bioactivity of the growth factor 

through interactions with the modified gelatin. This review will provide a summary of these 

mechanisms, highlight current gelatin growth factor delivery systems, and address the future 

perspective of gelatin matrices for growth factor delivery in tissue engineering.
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Polymeric Matrices for Growth Factor Delivery

The core aim of tissue engineering is to guide cellular processes to enhance tissue 

regeneration and restore function. One of the strategies used to instruct cellular responses 

during tissue repair is the delivery of growth factors that promote cell migration, 

proliferation, and differentiation [1]. The ability of growth factors to direct cellular behavior 

is dependent on the concentration as well as the spatial dispersion. Bolus delivery of 

growth factors display limited efficacy and adverse side effects such as ectopic growth 

and carcinogenic effects. Researchers attempt to address these limitations by developing 

materials to provide localized delivery and controlled release [2].

Advances in polymeric material design over the last 25 years have enabled the development 

of tunable platforms for growth factor delivery [3–5]. Synthetic polymers (e.g. poly(lactide-

co-glycolide) (PLGA), polylactide (PLA), polyglycolide (PGA), polycaprolactone (PCL)) 
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offer several advantages including ease of manufacture, tunable degradation, and established 

use in small molecule delivery [6]. However, the harsh processing conditions required 

for fabrication of synthetic polymers, such as high temperatures or organic solvents, can 

denature growth factors leading to a loss in bioactivity [7]. To circumvent this loss of 

bioactivity due to processing, growth factors can be loaded into the matrix after fabrication. 

Post-fabrication loading can restrict the loading capacity to adsorption to the surface or 

absorption in the water-swollen polymer matrix [2]. In addition, degradation of synthetic 

polymers can result in an inflammatory response due to toxic by-products or changes 

to the local pH [6]. As an alternative, natural polymers and their derivatives, such as 

collagen, gelatin, chitosan, and alginate, are often processed in aqueous solvents. These 

mild processing conditions allow for in-line loading of the growth factors with a corollary 

increase in loading capacity over synthetic matrices. As biological materials, degradation 

byproducts are cytocompatible and readily cleared from the body [8, 9]. One of the more 

common natural polymers used for growth factor delivery is gelatin due to its versatile 

fabrication processing, ease of modification, and its electrostatic properties that confer 

growth factor affinity [10, 11]. There has been an increase in the development of gelatin 

delivery systems that provide tunable delivery of growth factors to support bioactivity 

retention [12–14]. However, sequestration and release is primarily governed by an increase 

in the crosslink density resulting in structural changes to the gelatin matrix [15]. The focus 

of this review is to provide a summary of alternative mechanisms to enhance growth factor 

sequestration in gelatin matrices, current gelatin growth factor matrices in practice, and 

future perspectives of gelatin matrices in tissue engineering.

Affinity Sequestration to Control Growth Factor Release

The efficacy of growth factor therapy for tissue engineering applications is highly dependent 

on retaining the bioactivity during fabrication and application. Gelatin matrices offer 

advantages over synthetic polymeric carriers due to its mild fabrication conditions (e.g. 

aqueous solution processing) and high growth factor loading during fabrication [16, 17]. 

Standard processing of collagen to generate gelatin also increases its solubility and provides 

ease of fabrication as compared to collagen delivery vehicles. The selected hydrolytic 

treatment (acidic or basic) determines the isoelectric point (IEP) of gelatin matrices, the pH 

at which the charge on the gelatin is zero [18–20]. Acidic pre-treatment results in positively-

charged gelatin (type-A gelatin) with an IEP between pH 8–9. Alkaline pre-treatment 

hydrolyzes amide residues to carboxyl residues leading to negatively-charged gelatin (type-

B gelatin) with an IEP between pH 4.8–5.4 [21]. The net charge of gelatin enables 

electrostatic interactions with oppositely charged growth factors which inherently sequesters 

growth factors. However, rapid dissolution of gelatin during implantation requires gelatin 

matrices to be crosslinked into hydrogels (Box 1) [22]. The crosslink density determines 

the mesh size of the hydrogel, which is a primary consideration in the sequestration and 

release of growth factors in gelatin matrices (Figure 1). Growth factors that are smaller 

than the effective mesh size diffuse out rapidly and are at risk for proteolytic degradation; 

whereas, growth factors that are larger than the effective mesh size are sequestered and 

protected. As such, modulation of the mesh size by changing the gel crosslink density 

provides a mechanism to tune the release profile. Crosslink density also affects a number 
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of gel physical properties including swelling, mechanical properties, and degradation 

rate [15]. Growth factor conjugation has been investigated as an alternative to sequester 

growth factors irrespective of the hydrogel mesh size. As mentioned in Box 1, gelatin 

contains several chemical groups that enable covalent crosslinking within gelatin or to 

adjacent gelatin molecules. These chemical reactions can covalently bind growth factors 

to gelatin to enhance sequestration [23–25]. Release of conjugated growth factors will be 

delayed until cleavage of gelatin matrices and/or linkers permit diffusion (Figure 2) [26]. 

Among these conjugation modalities are bi-functional crosslinkers such as diisocyanates or 

susuccinimidyl valerate which facilitate covalent bonding with the available free amines on 

gelatin and growth factors [26, 27]. However, it is possible for side reactions to occur such 

as a single bi-functional crosslinker binding two growth factors or multiple bi-functional 

crosslinkers binding a single growth factor due to the ratio of amines present of growth 

factors [27]. The latter could affect the hydrogel mesh size by behaving as an additional 

crosslink point with the gelatin. Alternatively, a two-step process of functionalization of the 

gelatin and growth factor independently following by a conjugation step provides additional 

control over the reaction. One of the most common examples of this process is the use 

of methacrylated gelatin and acrylated or methacrylated growth factors that undergo free 

radical polymerization in the presence of a photo-initiator and UV irradiation [28]. Although 

conjugation modalities have been successful at immbolizing growth factor for sustained 

sequestration, the poor control of conjugation sites on growth factors, typically non-specific 

amino groups, puts these techniques at a high potential for bioactivity loss [29]. To address 

this limitation, affinity sequestration (see Glossary) has been explored as a means to 

sequester the growth factor for sustained release without loss of bioactivity and minimal 

effect of the gelatin physical properties. Common affinity sequestration approaches will be 

described in detail with a focus on the relationships with physiochemical properties and 

gelatin matrix design, Figure 3, Key Figure.

The established interactions of growth factors and the extracellular matrix (ECM) 

is a rich field to draw design inspiration for sequestering growth factors. As such, 

ECM-derived ligands are one of the most common moieties used to sequester growth 

factors in gelatin matrices. These non-covalent bonds do not impair the stability or 

bioactivity of growth factors [29–31]. Among these target ECM ligands is heparin, a 

negatively-charged glycosaminoglycan that has binding domains for several growth factors. 

Heparin binds several growth factors via electrostatic interactions between amino acid 

residues and carboxyl groups. It has commonly been incorporated into gelatin through 

functionalization by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-

hydroxysulfosuccinimide (EDC/NHS). EDC/NHS reactions facilitate crosslinking between 

carboxyl groups on heparin and amino acid residues on gelatin, but intramolecular or 

intermolecular crosslinking of gelatin is also possible with this technique [31, 32]. This 

can be avoided by first activating the carboxyl groups on heparin with EDC prior to its 

incorporation into gelatin [33]. The heparin-modified gelatin matrix can then be used to 

sequester growth factor with high affinity and without chemically modifying the growth 

factor. An adapter protein is another type of ligand-based moiety that is composed of 

a coiled peptide and a collagen-binding domain (CBD) (see Glossary) derived from 

fibronectin. CBDs derived from fibronectin have high affinity towards collagen and gelatin 
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and facilitates ready modification of gelatin matrices [30]. The coiled peptide tethered to the 

CBD enables electrostatic binding with a complementary coiled peptide tethered to a growth 

factor of interest. This technology has proven to be highly adaptable and can be modified 

to increase the binding strength to gelatin by altering the source of CBD [30]. Furthermore, 

high-throughput screening of DNA/RNA libraries using systematic evolution of ligands by 

exponential enrichment (SELEX) technique enables selection of peptide and oligonucleotide 

aptamers (see Glossary) with high binding affinity by electrostatic interactions [34, 35]. 

Aptamers can be incorporated into gelatin matrices by standard bioconjugation methods 

[34]. As an alternative to chemical modification of the gelatin matrix, nanomaterial additives 

with growth factor affinity have been explored to generate gelatin nanocomposite delivery 

systems. These additives can be readily mixed into gelatin precursor solutions and provide 

a high surface area to facilitate growth factor adsorption. Common nanomaterials used to 

sequester growth factors in gelatin matrices are nanodiamonds, carbon-based nanoparticles 

with truncated octahedral structures, and nanoclays. Functional groups on the surface of 

nanodiamonds determine interfacial interactions with growth factors. These interaction 

include electrostatic, hydrogen bonds, dipole-dipole, and hydrophobic adsorption and vary 

depending on the processing technique used during the synthesis of the nanodiamonds [36]. 

Surface modification of the nanodiamonds through carboxylation or hydroxylation can also 

be used to provide covalent conjugation to gelatin prior to crosslinking of gelatin for greater 

stability [36, 37]. As compared to other widely used carbon-based nanomaterials such as 

graphene oxide and carbon nanotubes, nanodiamonds have greater biocompatibility [36]. 

Two-dimensional nanoclays are another type of nanomaterial with superior biocompatibility. 

Nanoclays are discs composed of an octahedral sheet of magnesium oxide inserted between 

two parallel tetrahedral sheets of silica which results in negatively-charged surfaces and 

a positively-charged edge. Sodium ions adsorbed to the surface of nanoclays during 

manufacturing foster ionic interactions with neighboring nanoclays in dry environments. 

However, nanoclays dissociate in ionic aqueous solutions due to favorable interactions 

between the sodium ions and hydroxide molecules or other ions. Dissociation allows 

for rearrangement and greater access to the charged surfaces by proteins [38]. Similar 

to nanodiamonds, nanoclays are generally incorporated into gelatin solutions prior to 

crosslinking [38, 39].

There are several applications in tissue engineering that have used these affinity 

sequestration approaches to achieve growth factor delivery ranging from 5 days to 25 

days including cardiovascular repair [39], angiogenesis [34, 40, 41], bone healing [31], and 

wound healing [30, 42]. For example, adaptor proteins with coiled-CBDs specific for gelatin 

were incorporated into EDC/NHS-crosslinked gelatin. Epidermal growth factor (EGF) 
(see Glossary) tethered with a complementary coil was added to the gelatin to allow for 

non-covalent binding. This non-covalent binding resulted in sequestration of EGF for over 

four days [30]. Given this relatively moderate time frame, this matrix could be employed 

in wound healing to initiate cell proliferation for tissue regeneration. Alternatively, the 

strong binding affinity of heparin to vascular endothelial growth factor (VEGF) (see 

Glossary) has been used in a gelatin composite wrap that was crosslinked with EDC/

NHS. This matrix was able to sustained release of VEGF over three weeks rendering it 

useful to direct capillary formation, homogenization, and maturation of blood vessels that 
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typically occurs during the first three weeks of angiogenesis [40]. In addition to using 

these modalities for moderate sequestration, they can be selected for high specificity to 

increase the time that growth factors are preserved in gelatin matrices. This is especially 

true for aptamers as demonstrated in a study that selected the acrydite oligonucleotide 

using SELEX due to its high bind specificity for VEGF [34]. Another advantage of these 

affinity sequestration is that they can be used for concentrated localization of growth factors 

to a particular area in the matrix. For example, a single nanodiamond can bind multiple 

growth factors based on its high surface area that allows for increased adsorption [36]. 

Furthermore, spatial concentration of nanodiamonds in gelatin matrices provides another 

mean to sequester growth factors by regulating the diffusion path length as later discussed. 

Despite the potential to sequester growth factors with minimal impact on the bioactivity, 

careful consideration must be given to the transient and reversible interactions that govern 

sequestration when sustained preservation is desired. Another consideration is that freely 

encapsulated nanomaterials can potentially bind the gelatin matrix due to their high surface 

area resulting in changes to the physical properties [41].

Gelatin Matrices in Tissue Engineering

An accompanying aspect that affects growth factor release kinetics is the fabrication 

technique, which determines the diffusion path length through the gelatin matrix [43]. 

Advancements in fabrication of gelatin-based matrices have provided several opportunities 

to create systems for the controlled delivery of growth factors. The geometry and size of 

gelatin matrices can be altered through various fabrication techniques to control growth 

factor sequestration. These strategies are primarily focused on changing the surface-area-to-

volume ratio and the diffusion path length of the embedded growth factors [44, 45]. As a 

general consideration, an increase in surface area will decrease the diffusion path length with 

a corollary increase in the release kinetics. These considerations can be applied to the design 

of the gelatin delivery system regardless of the resulting geometry (e.g. microparticles, gels, 

fibrous meshes). The following section will describe fabrication techniques that control 

growth factor sequestration for growth factor delivery in a variety of tissue engineering 

applications.

Gelatin microparticles

Gelatin microparticles offer several advantages as a growth factor delivery vehicle such as 

a high surface area-to-volume ratio. Typically, smaller microparticles display faster growth 

factor release rates due to an increase in surface area and a shorter diffusional path length 

of embedded growth factors (Figure 4) [44, 46–48]. This was demonstrated in a study that 

showed microparticles that were 0.20 ± 0.04 μm in average diameter resulted in release 

of 70% of bone morphogenetic protein 2 (BMP-2) (see Glossary) as compared to 12% 

from microparticles with an average diameter of 26 ± 6.0 μm after four weeks [44]. 

Microsphere size and shape can be tuned through various manufacturing techniques with 

the most common technique being water-in-oil emulsions induced by mechanical agitation 

such as high-speed stirring of a gelatin solution and an organic phase. These emulsions 

are then cooled to allow for gelation of the microparticles followed by precipitation [44, 

49, 50]. Processing parameters such as mixing speed and solvent selection are used to 
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control microparticle size; however, this technique typically results in a large particle size 

distribution [46, 51]. As an alternative to high-speed stirring, microfluidic devices have 

been used to achieve monodispersed particle size distributions. This technique consists of 

coaxial flow between an aqueous gelatin solution and an oil-based sheath with each phase 

set to different flow rates to control the droplet size [52, 53]. Particles are collected in 

a coagulation bath prior to chemical crosslinking. If smaller microparticles are desired, 

then electrospraying can be used to form microparticles. This technique applies an electric 

field to a low viscosity gelatin solution as it is being extruded from a syringe. Charge 

repulsion within the solution droplet at the end of the capillary overcomes the solution 

surface tension leading to a solution droplets erupting from the droplet towards a ground 

or oppositely charged collector. As the solvent evaporates from the droplet during flight to 

the collector, a repulsive threshold is reached within the droplets leading to solution fission 

into smaller dried particles [46, 54]. Gelatin microparticles are most commonly crosslinked 

following fabrication by chemical reagents (e.g. glutaraldehyde) [55–57]. It can be difficult 

to control the crosslinking density and these chemical reagents are typically cytotoxic [24, 

58]. Genipin and carbodiimides are alternative reagents used to provide greater control over 

crosslinking of gelatin microparticles with less cytotoxicity [23, 59, 60].

The tunable nature of gelatin microparticles makes them suitable for a range of tissue 

engineering applications such as angiogenesis [61], cartilage repair [62, 63], bone 

regeneration [13], ocular repair [14], and nerve regeneration [60, 64]. Most notably, their 

size enables incorporation into larger scaffolds as a method to decouple growth factor 

release kinetics from other scaffold design criteria [46, 65, 66]. This was demonstrated 

in a study that incorporated gelatin microparticles loaded with VEGF into a porous 

lithium calcium polyphosphate scaffold for bone repair associated with glucocorticoids-

induced osteonecrosis of the femoral head. Microparticles were fabricated through emulsion 

templating and crosslinked in glutaraldehyde prior to diffusional loading of VEGF [57]. 

In addition to the use of gelatin microparticles in composite scaffolds, microparticles can 

also be directly injected as a slurry of particles for more rapid growth factor delivery. 

Hirose and colleauges reported the delivery of basic fibroblast growth factor (bFGF) (see 

Glossary) and interferon-beta (IFNβ) from gelatin microparticles as a method to establish 

a proliferative vitreoretinopathy disease model. The microparticles were fabricated using 

emulsion templating and crosslinked in glutaraldehyde prior to diffusional loading of bFGF 

or IFNβ [14]. As a general consideration, direct application of gelatin microparticles may 

result in a higher initial burst release that results from immediate exposure to aqueous 

solutions as compared to microparticles embedded within a composite.

Gelatin scaffolds

Several researchers have explored the use of gelatin constructs to act as both a controlled 

growth factor delivery vehicle and as a scaffolding material. Gelatin scaffolds have 

been fabricated using a variety of methods including electrospinning, microfluidics, 

freeze-drying, and porogen leaching. The resulting porous, three-dimensional architectures 

template new tissue formation by supporting cell attachment, proliferation, and migration 

[67, 68]. These same pores can alter the diffusion path length that affects growth factor 

release profiles as previously described in delivery vehicles. Electrospinning has become one 
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of the most widely used techniques to fabricate gelatin scaffolds that serve as growth factor 

matrices. During electrospinning, an electric potential is applied to a gelatin solution that is 

constantly flowing from a syringe. Charge repulsion within the solution droplet at the end 

of the capillary overcomes the solution surface tension leading to a solution jet erupting 

from the droplet towards a ground or oppositely charged collector. As the solvent evaporates 

from the solution jet during flight to the collector, nanometer to micron-sized solid polymer 

fibers are generated [69]. Electrospun scaffolds are commonly crosslinked post-fabrication 

using glutaraldehyde [70] or EDC/NHS [40, 71]. If gelatin-methacrylate is used, then fibers 

can be in-situ crosslinked by UV photo-polymerization [26, 72]. Alternatively, reactive 

electrospinning utilizes a bi-functional crosslinker such as a diisocyanate to initiate in-
situ crosslinking of gelatin fibers during the electrospinning process [26]. Similar to the 

microparticles, the electrospinning parameters such as solvent, distance, and flow rate can 

be modulated to generate a range of fiber diameters with larger fibers resulting in longer 

diffusion path lengths for sustained release profiles (Figure 5) [45, 67, 68]. This was 

demonstrated in a study that showed electrospun fibers with an average diameter of 1.0 

± 0.1 μm resulted in 7.7 ng of platelet derived growth factor (PDGF) as opposed to 4.8 ng 

from thicker fibers with an average diameter of 3.0 ± 0.2 μm after 20 days [45]. Although 

electrospinning is the most-widely used fabrication technique for gelatin scaffolds that serve 

as growth factor matrices, a variety of fabrication techniques have been used to produce 

fibrous gelatin constructs with a range of surface-area-to-volume ratio and shapes. For 

example, microfluidic spinning is another common manufacturing process that is similar to 

microfluidic microparticle fabrication in that an aqueous gelatin solution is flowed through 

an oil-based sheath or in a silicone microchannel [68, 73]. Differences in flow rates, surface 

tension, and energy dissipation keeps the two streams separated. This technique allows for 

precise control over the architecture and uniform size of the resultant fibers. Precipitation 

of the gelatin fibers can also be achieved through a coagulation bath. Fibers produced by 

microfluidic spinning range from nanometers to hundreds of microns [68] and are generally 

crosslinked by glutaraldehyde [73], UV photo-initiation [74, 75] following precipitation.

The breadth of architectures available enables the use of gelatin scaffolds in a range of 

applications such as wound healing [70], bone regeneration [72, 76], and angiogenesis 

[40, 71]. A primary advantage of fibrous gelatin matrices is that they have the potential 

to be applied as a stand-alone treatment for tissue engineering grafts [77]. For example, 

electrospun gelatin fiber meshes loaded with FGF-2 were fabricated for potential use 

as a tissue engineering construct. Gelatin fibers were crosslinked by both EDC and 

glutaraldehyde and FGF-2 was bound to gelatin fibers by electrostatic avidin-biotin-

complexes. These composite meshes displayed enhanced cell attachment and proliferation, 

key targets for enhanced tissue regeneration [70]. In another application, electrospun 

gelatin wraps containing transforming growth factor beta 2 (TGFβ2) were fabricated and 

crosslinked by genipin. The scaffolds displayed enhanced proliferation and migration with 

potential application as a medial layer of vascular grafts for modulation of the hemostatic 

environment [78]. Although fibrous gelatin grafts permit controlled release of growth factors 

and support cell proliferation and migration, densely packed fibers can limit cell infiltration 

[79, 80].
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Concluding Remarks and Future Perspectives

Multiple growth factor delivery matrices for tissue engineering are currently being assessed 

in preclinical research. Among these, gelatin has evolved as one of the most widely studied 

growth factor delivery vehicles due to its native physiochemical properties that enable high 

loading efficiencies and tunable crosslinking and fabrication processes that provide a broad 

range of mechanisms to sequester growth factors for temporal release. As opposed to cell 

transplantation, which involves implanting autologous or exogenous sources of pluripotent 

cells to replace damaged or lost cell populations in injured tissues, gelatin-based growth 

factor delivery circumvents risks of tumorigenecity, cost and translational hurdles with ex 
vivo expansion, and ethical concerns [81]. Upregulation of growth factor expression through 

gene transfection has also been investigated as an alternative to growth factor delivery. 

Despite the potential to reprogram tissue, finite control over growth factor expression, risks 

of tumorigenecity, and insufficient experimental models to demonstrate vector stability in 

physiological relevant conditions limits clinical translation [82].

Translation of gelatin-based growth factor delivery is projected to advance in the near 

future as the commercialization of Infuse™, a BMP-2-laden collagen bone graft, has set 

the foundation for growth factor delivery in clinical settings. Despite its broad clinical 

use, the poor affinity of collagen to BMP-2 resulted in poor control over the release 

of BMP-2 [83]. Supraphysiological concentrations released from the device resulted in a 

number of complications including ectopic bone formation, paralysis, sexual dysfunction, 

respiratory failure, inflammation of adjacent tissues, excessive bleeding, and even death 

[84]. These complications further highlight the advantage of gelatin-for sequestration and 

controlled release of growth factors. Most notable is the ability to generate gelatin with 

positive or negative charge expands its affinity for growth factors based on IEPs. Moreover, 

incorporation of the moieties previously discussed in this review further enhance the 

potential of gelatin matrices to overcome the limitations of commercial collagen matrices 

and may accelerate clinical translation.

Although we have highlighted the advantages of affinity-based approaches to sequester 

growth factors and preserve bioactivity, a primary general drawback to consider is that 

these interactions are not always stable across physiological conditions (see Outstanding 

Questions). Conventional amine-targeting conjugation modalities institute covalent bonds 

for more stable interactions. The lack of specificity of these conjugation reactions can 

results in partial or full masking of the active site or can denature the protein; both 

of which constitute a loss of bioactivity [29]. Recent investigation of bio-orthogonal 

crosslinking has highlighted the promise of click chemistry as an alternative to stably 

sequester growth factors with retained bioactivity. In particular, artificial amino acids that 

contain functional groups like alkyne or keto permit covalent conjugation to a specific 

reactive site on growth factors that is distinguished from naturally present amino groups. 

These reactive sites rapidly react with a complementary functional groups like azide 

or aldehyde, respectively [85, 86]. The high specificity and fast reaction kinetics limits 

the possibility for conjugation at other reactive sites (e.g. amino groups). Although this 

technology has recently been investigated for in-situ crosslinking of gelatin carriers for cell 

encapsulation, incorporation of these reactive functional groups into gelatin consisted of 
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conventional chemical conjugation that non-specifically binds amino groups [87]. Therefore, 

extension of bio-orthogonal crosslinking chemistry to gelatin matrices for covalent growth 

factor immobilization should consider mechanisms that will not impact the bioactive sites 

on growth factors. Post-translational mutagenesis is one suggested mechanism, but its 

use for tethering complementary functional groups onto gelatin matrices requires further 

investigation.

In addition to serving as a growth factor carrier, there is a growing body of research 

that suggests integrin-mediated cell signaling initiated by the extracellular matrix and 

products can affect tissue regeneration. For example, α2β1 integrin interaction with a 

collagen-mimetic protein has been shown to enhance bone regeneration [88]. To further 

capitalize on this natural response, additional research should be conducted on α5β1 and 

αvβ3 responses to gelatin peptides containing the RGD sequence. In particular, investigation 

of the integrin-response to gelatin scaffolds versus composites containing gelatin peptides 

will further divulge the potential for enhanced tissue regeneration using gelatin. A similar 

consideration is the cellular response to gelatin by-products. Furthermore, evaluation of the 

potential synergistic interactions between integrin and growth factors will also increase the 

fundamental knowledge of gelatin matrices for tissue regeneration. This can be achieved by 

antibody blocking studies, as demonstrated in [88], where blocking the α2 subunit on α2β1 

was shown to inhibit VEGF-mediated chemotaxis indicating synergy. Another consideration 

is the specificity of these integrin-mediated responses with specific growth factors.

Another concern with the clinical use of gelatin matrices is the large molecular weight 

distribution and other batch-to-batch variability that results due to its derivation from animal 

sources [89]. Homogeneity can be improved through genetic recombination technology to 

fabricate recombinant human gelatin. Large-scale preparation of recombinant gelatin holds 

promise in terms of customizing properties for specific applications. Although this technique 

has been explored, commercially available forms are primarily used as a stabilizer or coating 

for cell attachment [90]. Advances in these research areas as well as continued refinement 

of fabrication processes will continue to expand the utility of gelatin-based growth factor 

delivery in tissue engineering applications.

Glossary

Affinity sequestration
utilization of non-covalent bonds between growth factors and a material to sequester the 

growth factor within the delivery vehicle and sustain release

Aptamer
a peptide or oligonucleotide capable of binding target proteins or small molecules with high 

specificity through complementary tertiary structures of the aptamer and target

Bone morphogenic protein 2 (BMP-2)
a growth factor of the transforming growth factor beta (TGF-β) superfamily of proteins that 

play a role in bone and cartilage remodeling and promoting osteogenic differentiation

Collagen-binding domain
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a region of a protein, such as fibronectin, with high affinity to bind collagen or gelatin

Epidermal growth factor (EGF)
a growth factor that stimulates mitosis of various cell types enabling cell growth, 

proliferation, and differentiation

Fibroblast growth factor 2/basic fibroblast growth factor (FGF-2/bFGF)
a growth factor that promotes angiogenesis as well as mitosis of endothelial cells

Intermolecular crosslinking
covalent crosslinking that takes place between gelatin molecules in a solution

Intramolecular crosslinking
covalent crosslinking that takes place within a gelatin molecule

Non-zero length crosslinker
describes a chemical crosslinker that assists intramolecular or intermolecular bonding within 

a gelatin solution using intermediate molecules

Vascular endothelial growth factor (VEGF)
a potent growth factor that promotes angiogenesis and has been used to promote new blood 

vessel formation

Zero-length crosslinker
describes a chemical crosslinker that directly facilitates intramolecular or intermolecular 

bonding within a gelatin solution without using intermediate molecules
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Box 1.

Overview of covalent crosslinking modalities for gelatin matrices

The crosslinking modality and degree of crosslinking can strongly impact the resulting 

physical properties of the gelatin matrix [70, 72]. Reagent-based crosslinking modalities 

enable homogenous crosslinking and are categorized as either non-zero length or 

zero-length based on assisted bonding or direct bonding, respectively [91, 92]. Non-

zero length crosslinking reagents (e.g. aldehydes, isocyanates, and polyepoxides) react 

with free amine residues and/or carboxylic acid residues to form intramolecular 
and intermolecular (see Glossary) crosslinks within a gelatin solution. Zero-length 

crosslinking agents (e.g. acyl azides and carbodiimides) facilitate the direct reactions 

between carboxylic acid residues and amine residues on the same gelatin molecule 

or adjacent gelatin molecules without intermediate molecules in the network [93]. 

However, these chemical crosslinking modalities can have residual unreacted reagents 

that could compromise the biocompatibility of the gelatin matrices. Less toxic, covalent 

crosslinking modalities include natural enzymes such as genipin, which is a natural 

reagent derived from the gardenia fruit. It facilitates crosslinking in a two-step process 

that first reacts with amine residues of gelatin followed by reaction with esters of genipin 

with amine residues of gelatin [22]. Photo-polymerization is another common method of 

covalently crosslinking gelatin. This method requires functionalization of gelatin with a 

primer (e.g. acrylamide, methacrylamide) in order to undergo photo-polymerization in 

the presence of free radicals [94]. Use of these modalities offer versatile methods for 

controlling the mechanical and physical properties of gelatin matrices.
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Outstanding Questions

• In addition to its role as a carrier, the gelatin matrix itself and its degradation 

products can influence cell behavior. What are the possible synergistic effects 

of integrin-mediated cell behavior of the gelatin matrix when in the presence 

of growth factors?

• How do current issues with batch-to-batch variability in animal-derived 

gelatin affect its commercialization potential?

• Will processes used to generate recombinant gelatin for stabilizers and 

coatings translate to regenerative medicine applications to address limitations 

of animal-derived products?

• How does chemical modification of gelatin to introduce targeted 

affinity affect its degradation, clearance, cell interactions, and possible 

immunogenicity?
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Highlights

• Traditional methods of growth factor sequestration and delivery in gelatin 

matrices relied on controlling hydrogel mesh size via chemical crosslinking 

with corollary changes to the physical properties of the hydrogel.

• Growth factors are generally not directly conjugated to gelatin matrices due to 

the potential loss of bioactivity from non-specific reaction of amino groups.

• Elucidating non-covalent growth factor interactions has led to the 

development of affinity-based methods to increase sequestration in gelatin 

matrices.

• Modifying gelatin matrices to confer targeted growth factor affinity has the 

potential to improve tissue regeneration over traditional crosslinking methods.
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Figure 1. 
The degree of crosslinking affects the hydrogel mesh size that governs growth factor release 

from gelatin matrices. A) Low crosslinking results in rapid swelling and diffusion. B) High 

crosslinking results in reduced swelling and sustained diffusion.

Buie et al. Page 19

Trends Biotechnol. Author manuscript; available in PMC 2024 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Effect of conjugation on growth factor sequestration in gelatin matrices. Growth factor-

conjugated gelatin matrix displays burst release due to initial swelling that releases non-

conjugated growth factors followed by sustained growth factor release after proteolytic chain 

scission.
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Figure 3, Key Figure. Overview of the physiochemical properties governing growth factor 
diffusion from gelatin matrices.
These properties include growth factor affinity to A) ligands, B) adaptor proteins, and C) 

nanomaterial additives incorporated into gelatin matrices.

Buie et al. Page 21

Trends Biotechnol. Author manuscript; available in PMC 2024 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Effect of construct surface area-to-volume ratio on growth factor diffusion from gelatin 

microparticles. A) Smaller microparticles have shorter diffusion path lengths leading to 

rapid release of growth factors; B) larger microparticles have longer diffusion path lengths 

and slower release profiles. Representative scanning electron micrographs reproduced with 

permission from [44].
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Figure 5. 
Effect of construct surface area-to-volume ratio on growth factor diffusion from gelatin 

fibers. The diffusion path length in electrospun constructs are controlled by fiber diameter 

with A) thin fibers having shorter diffusion path lengths and rapid release; B) thick fibers 

have longer diffusion path lengths and slower release profiles. Representative scanning 

electron micrographs reproduced with permission from [45].
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