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Abstract

The ability of gelatin to form complexes with different drugs has been investigated for controlled
release applications. Gelatin parameters, such as crosslinking density and isoelectric point, have
been tuned in order to optimize gelatin degradation and drug delivery kinetics. In recent years,
focus has shifted away from the use of gelatin in isolation towards the modification of gelatin with
functional groups and the fabrication of material composites with embedded gelatin carriers. In
this review, we highlight some of the latest work being performed in these areas and comment on
trends in the field. Specifically, we discuss gelatin modifications for immune system evasion, drug
stabilization, and targeted delivery, as well as gelatin composite systems based on ceramics,
naturally-occurring polymers, and synthetic polymers.
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1. Introduction

Among other challenges, biomedical research has been recently focused on the design of
new drug delivery systems with more tunable and predictable release kinetics. Furthermore,
past biotechnological advances in the production of peptides, proteins, and nucleic acids did
not reflect in an equivalent development of carriers for the release of these particular classes
of bioactive substances. Naturally-derived polymers, such as collagen, allow for fabrication
of drug delivery systems under mild formulation conditions. However, drug delivery carriers
based on naturally-derived polymers are typically hydrogel systems that rely essentially on
diffusion, with low extent of versatility and reduced potential for long-term release [1].
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A substantial breakthrough in the classical design of diffusion-controlled systems comes
from the use of polyion complexation-based systems, in which the drug (typically a
macromolecule) electrostatically interacts with the carrier to form a polyion complex. In
light of the numerous ionic interactions per each drug and carrier, it is statistically unlikely
that all interactions between drug and carrier dissociate simultaneously. Hence, the resulting
interactions are remarkably stable and the secondary bonds in the polyion complex do not
dissociate as easily as the bonds between electrolytes with low molecular weight [2]. Several
systems have been proposed as effective complexes, from cationic polymers for DNA
delivery [3, 4], to natural polymers such as chitosan [5] and poly(L-lysine) [6].

Amongst the potential polyion complexation-based carriers, gelatin stands out strongly due
to several key advantages. Gelatin, a natural protein derived from the hydrolysis of collagen,
is highly biocompatible and biodegradable in a physiological environment [7]. Although
mainly derived from animals, the digestive process confers gelatin very low antigenicity,
with the formation of harmless metabolic products upon degradation [8, 9]. In order to
prevent possible infectious disease transmission, genetic engineering approaches recently
emerged for the production of human recombinant gelatin [10-12]. The presence of
aminoacidic sequences such as Arg-Gly-Asp (RGD) in the structure improves the final
biological performance of gelatin over synthetic polymers that lack these cell-recognition
motifs [13]. Finally, in no small part due to its inexpensiveness and high availability, gelatin
is already widely used in pharmaceutical and medical applications and has been recognized
as a GRAS (Generally Regarded As Safe) material by the United States Food and Drug
Administration [9].

As a drug delivery carrier, gelatin has proven to be versatile due to its intrinsic features that
enable the loading of charged biomolecules. Indeed, by selecting either alkaline or acidic
treatment, the gelatin isoelectric point (IEP) can be tailored to maximize drug loading
efficiency depending on the electrostatic properties of the desired drug molecule [1]. In
addition, release kinetics from gelatin depends on carrier degradation, which can be tuned by
either varying gelatin molecular weight or the extent of material crosslinking [2].
Accordingly, drug loading and release kinetics can be independently optimized, making
gelatin an exceptionally adaptable drug delivery carrier as witnessed by the broad range of
applications in which it has been used: tissue engineering [14-16], cancer therapy [17-19],
and therapeutic angiogenesis [20-22].

Initial investigations focused mainly on the effect of gelatin physico-chemical properties on
drug delivery Kinetics, relying on the ability of gelatin to preserve the bioactivity of
therapeutic agents [2, 23]. Nevertheless, the last decade witnessed the development of more
advanced gelatin-based controlled release systems, with the investigation of a wider variety
of bioactive agents and the synergistic use of gelatin with several other materials [9, 24].
This review will therefore focus on current advances in the design of gelatin systems for
drug and cell delivery in regenerative medicine. While initial work in the field of gelatin
drug delivery focused on gelatin in different geometries and 1EPs [2], the newer
developments revolve around gelatin modification and inclusion of gelatin in composite
systems. The versatility of gelatin structure has evoked great interest, and gelatin chemical
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modification and composite system development have emerged recently as strategies to
modulate drug release kinetics and to design targeted drug delivery vehicles.

2. Modification of Gelatin

In light of its tremendous potential for controlled release, gelatin has been extensively
investigated as a delivery vehicle for many classes of drugs, including but not limited to
antibacterial agents [25, 26], anti-inflammatory drugs [27, 28], and many different
antineoplastic compounds [17, 19, 29, 30]. Regardless of the specific application, gelatin
carriers demonstrate reduced side effects when compared to the administration of the free
compound, with improved pharmacokinetic profile and drug efficacy [9]. Recent reports in
the literature have focused on expanding the use of gelatin to more sensitive drugs, such as
nucleic acids and hydrophobic compounds [31, 32]. As such, chemical motifs have been
introduced to the flexible aminoacidic structure of gelatin in order to ensure high
encapsulation efficiency and the desired release of these drugs [33]. Modification of gelatin
follows three strategies: (i) the synthesis of stealth carriers to increase drug bioavailability
[17], (ii) the enhancement of drug encapsulation efficiency [34], and (iii) the conjugation of
gelatin with dedicated biomolecules for targeted drug delivery [35] (Table 1).

2.1. Stealth Delivery

It is widely recognized that drug delivery carriers (especially at the micro- to nano-scale) are
rapidly identified and phagocytized by the reticuloendothelial system, depending on their
physicochemical properties such as particle size, hydrophobicity and zeta potential [17]. The
modification of gelatin with poly(ethylene glycol) (PEG), termed PEGylation, is currently
the leading strategy for the fabrication of stealth drug delivery systems, with slower
clearance from the body and prolonged circulatory time [43]. PEG hydrophilicity precludes
adsorption of proteins on the carrier due to its steric repulsion effect, thus preventing
opsonization and reducing immunogenicity [17, 44]. The addition of PEG to gelatin is easily
facilitated as the primary amine groups on the gelatin amino acid backbone can react with
the addition of PEG-epoxide or PEG-dialdehyde, allowing for site-specific modification by
PEG [45, 46]. Physicochemical analysis of PEGylated gelatin demonstrated increased time
to reach maximum swelling ratio and time to failure by hydrolysis, with no significant
impact on maximum swelling weight ratio or swelling weight ratio at failure, compared to
unmodified gelatin [46].

Lee et al. investigated PEGylation of gelatin by comparing the behavior of PEG-modified
and unmodified gelatin nanoparticles for the delivery of doxorubicin, a drug clinically used
for oncological applications [36]. The PEG-gelatin carrier was found to have significantly
decreased cytotoxicity than doxorubicin intravenous administration according to
hematological and histological findings in a mouse model for pulmonary metastasis [36].
Both nanoparticle systems exhibit significant inhibition of tumor growth and reduced
pulmonary metastasis in vivo with no statistical difference between modified and
unmodified gelatin [36]. An analogous carrier has been further developed by Kommareddy
and Amiji, based on PEGylated-thiolated gelatin for DNA delivery [37]. Thiolation leads to
the formation of disulfide bonds within gelatin, improving stabilization of the nanoparticles
in the bloodstream [37]. Moreover, the disulfide bond can be easily broken by glutathione,
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whose concentration is usually 1000-fold higher inside cells. As a result, thiolated-gelatin
allows DNA release triggered by intracellular encapsulation. Thiolated-gelatin also increases
material stability (compared with gelatin) due to from additional crosslinking. Lastly,
thiolated-gelatin in combination with PEG demonstrated reduced cytotoxicity [37].

Evasion of reticuloendothelial uptake is particularly crucial for tumor applications, where
the longevity of the drug delivery carrier in the circulatory system allows for its
accumulation in the leaky vasculature of tumor tissues, according to the enhanced-
permeability effect (EPR) [47]. Along this direction, Madan et al. characterized PEG-
modified gelatin microassemblies, both in vitro and in vivo, for the delivery of noscapine to
human non-small cell lung carcinoma [17]. Similarly to the study of Lee et al. [36], the
gelatin carrier proved to be less cytotoxic and more efficacious than free drug intravenous
administration [17]. Moreover, PEGylation enhances the selectivity of the gelatin
nanoparticles toward the target organ (lungs) when compared to the unmodified gelatin
carrier [17]. Pharmacokinetic analyses correlate these results to an increased plasma half-life
of noscapine in the PEG-modified gelatin carrier, thus resulting in a higher possibility for
the carriers to be subjected to the EPR effect [17].

While current research in the oncological field is centered on gelatin modification for
targeted drug delivery (discussed later in section 2.3) rather than on EPR-mediated tumor
targeting [48], sterically stable gelatin nanocarriers are already translating to the clinical
setting. In a recent study, Narayanan et al. loaded PEGylated gelatin nanoparticles with
ibuprofen sodium [28]. This drug delivery vehicle allowed for sustained delivery of the anti-
inflammatory agent and minimization of side-effects such as gastric irritation and ulceration
[28]. Moreover, the enhanced therapeutic benefit avoided the need for multiple injections,
resulting in improved patient compliance [28]. The madification of gelatin by PEGylation
enhances many of the strengths of gelatin as a drug delivery vehicle and will continue to be
investigated and translated into the clinic.

2.2. Enhanced Drug Stabilization and Loading Efficiency

Another complementary approach aimed at improving in vivo drug bioavailability involves
the modification of gelatin to increase drug loading efficiency [1, 34, 38]. The work of
Kimura and Tabata demonstrated how the structure of gelatin can be tuned according to the
selected drug, resulting in different electric charge density and hydrophobicity of the carrier
[20]. In a recent study, six gelatin derivatives with different IEPs were compared for the
delivery of stromal-cell-derived factor-1 (SDF1), a chemokine involved in angiogenesis
[20]. Specifically, negatively-charged succinylated gelatin was found to be the most suitable
for the delivery of SDF1, a protein positively charged at physiological pH. Tests in mice
revealed that drug release was controlled by gelatin hydrogel degradation rather than simple
diffusion, with increased angiogenic activity (as measured by amount of newly-formed
capillaries in implanted skinfold chambers) in the experimental groups using modified
gelatin. This investigation provides a good example of gelatin structure optimization for
drug delivery, with the simultaneous analysis of the different gelatin derivatives on drug
activity and in vivo efficacy [20]. A similar rationale has been applied to other compounds,
such as enzymes [49], and growth factors [20].
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In the case of plasmids and DNA, a standard approach involves the use of a positively
charged carrier able to stably condense with the negatively charged nucleic acid [31, 34].
Cationic gelatin, where the introduction of amine residues on the carboxyl groups increases
the polymer positive charge, has been successfully employed for delivery of small
interfering RNA (siRNA) [38, 50], as well as intracellular DNA [51, 52]. Several agents
have been used to “cationize” gelatin, such as ethylenediamine [38, 49], polyethylenimine
[50, 53], and spermine [9, 54, 55].

Obata et al. used cationized gelatin microspheres to deliver sSiRNA to prevent the
progression of peritoneal fibrosis in mice [34]. A single submesothelial injection of gelatin
microparticles provided continuous release of SIRNA up to three weeks, dependent on the
tuned gelatin degradation rate. Immunohistochemical analyses confirmed the prevention of
peritoneal fibrosis as demonstrated by the suppression of type 111 collagen, the limited
infiltration of macrophages, and slower myofibroblast proliferation [34]. This carrier was
further investigated to determine the effect of gelatin crosslinking density on siRNA
intracellular delivery [38]. Changes in crosslinker concentration affected degradation
kinetics and drug release but did not alter siRNA entrapment efficiency. Direct
quantification of siRNA internalization and gene expression in colon cells indicated that the
released SiRNA maintained its biological activity, with gene silencing efficacy directly
proportional to crosslinker concentration [38].

Uesugi et al. investigated dual modification of gelatin by both general strategies outlined
above, as cationized gelatin was grafted with PEG chains for the delivery of tissue-type
plasminogen activator (tPA) [49]. tPA is a thrombolytic agent utilized frequently in the
clinic, but an excessive dosage leads to bleeding complications. However, the complexation
of tPA with cationized/PEGylated gelatin can mitigate the risk of tPA-induced bleeding.
This study demonstrated a strong complexation of the enzyme with the carrier, resulting in a
longer bioavailability in vivo but also a remarkable suppression of tPA activity [49].
Nevertheless, tPA activity was fully restored in a rabbit model by using ultrasound
irradiation, as shown by restored thrombolytic activity and full recanalization [49]. This is
because the electrostatic interactions in the complex are stable enough to suppress tPA
activity, but not so strong to prevent dissociation by ultrasound. Moreover, the radiation
intensity did not compromise the biological activity of the released tPA [49].

The synergistic use of polyion complexation and ultrasound-triggered drug delivery, already
explored in literature [56], is therefore another possibility to precisely control drug delivery
kinetics while simultaneously avoiding adverse effects arising from drug burst release [49].
The combination of gelatin and poly(ethylenimine) (PEI) is an alternative strategy to prepare
DNA delivery systems. PEI has high transfection efficiency but its intrinsic cytotoxicity is
of great concern [3]. The use of PEI-madified gelatin systems bypasses this issue, improving
simultaneously plasmid entrapment efficiency of pure gelatin [9]. Mimi et al. implemented
this strategy and reported a novel core-shell nanocarrier for sSiRNA delivery [50]. The
presence of a gelatin core posed steric limitations to the PEI molecules in the outer shell,
thus limiting PEI interaction with cell membranes [50]. As a result, PEI-gelatin
nanoparticles exhibited a cytotoxicity four times lower than PEI control nanoparticles,
without any detrimental effect on siRNA uptake by the cells. Interestingly, gene silencing
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efficacy of the PEI-modified gelatin was considerably higher than that of a commercially
available transfection agent [50].

While combining PEI or PEG with gelatin is the most prevalent modification design, other
polymers have been successfully conjugated to gelatin with the ultimate goal of synthesizing
amphiphilic derivatives [32, 39, 57, 58]. In the last decade, many water-insoluble drugs have
been developed through pharmaceutical research. In light of their physicochemical
characteristics, hydrophobic polymers have been commonly used for the controlled delivery
of this class of compounds. Nonetheless, hydrophobic carriers are affected by strong protein
adsorption, which alters drug release kinetics and can result in stronger adverse
inflammatory reactions in vivo [32]. Gelatin-based block copolymers can overcome these
issues, as the inner core provides a hydrophobic domain to accommaodate the drug, while the
outer gelatin layer accounts for enhanced biocompatibility and faster biodegradability [32,
57].

Tanigo et al. reported one of the first attempts to deliver simvastatin, a hydrophobic
hypolipidemic drug from hydrogels [32]. Briefly, gelatin was modified with lactic acid (LA)
oligomers of different molecular weight in order to form micelles loaded with simvastatin.
The nanocarriers were then dispersed in a crosslinked gelatin matrix, and biological activity
of the overall drug delivery system was assessed. The authors emphasized how drug release
was governed solely by the degradation of gelatin hydrogel, as the generation of water-
soluble gelatin fragments enabled the release of drug-loaded micelles [32]. In vitro analysis
of bone morphogenetic protein-2 (BMP-2) expression confirmed that the released
simvastatin maintained its biological activity, as well as a prolonged release due to a higher
stability of simvastatin—loaded micelle in the culture medium [32]. Copolymers of gelatin
and LA have been utilized by the same group to enhance bone regeneration via dual delivery
[16]. Amphiphilic hydrogels loaded with SEW2871 (a macrophage chemoattractant) and
platelet-rich plasma acted synergistically in vivo, leading to improved bone regeneration
compared to single agent administration [16]. This study demonstrated the effects of
macrophage recruitment on bone inflammation and osteoclastic activity, generating deeper
insight on the overall bone healing process [16].

In addition to these studies, the interest for amphiphilic gelatin in drug delivery has grown
exponentially, with a multitude of approaches present in literature. Li et al. designed
nanoparticles to entrap the hydrophobic anticancer agent camptothecin by grafting hexanoyl
anhydrides to the amino groups of gelatin [39]. The degree of hexanoyl substitution strongly
influenced camptothecin stability and release profile, thus emphasizing the potential
tunability of drug delivery kinetics for hexanoyl-gelatin carriers [39].

Recently, another group explored the possibility to prepare self-assembled nanoparticles
made of gelatin and oleic acid to improve the solubility of poorly water soluble drugs [58].
Similarly to the previously described study, a simple modification protocol was developed
where oleic acid conjugation is mediated by the presence of monoethanolamine. The
resulting system exhibited self-assembling properties upon dispersion in an agueous medium
[58]. Moreover, gelatin/oleic acid nanoparticles were used as a carrier to investigate the
solubility and degradation rate for three model drugs and demonstrated great potential for
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both gastric and intestinal drug delivery [58]. Future strategies will likely expand current
knowledge on the production of gelatin-based micelles, tailoring gelatin modification in
relation to the specific drug loaded.

2.3. Targeted Drug Delivery

The development of targeted drug delivery systems is a central challenge in the scientific
community, especially in oncology, in light of the tremendous clinical implications [59].
The possibility to selectively deliver therapeutic agents to a specific tissue allows for higher
therapeutic efficacy as well as reduced side-effects and systemic toxicity. Gelatin flexibility
has therefore been leveraged to introduce specific motifs for highly selective cell targeting to
several organs [9].

Magadala and Amiji presented one of the first attempts to introduce epidermal growth factor
receptor (EGFR)-recognition sequence onto the gelatin backbone, in order to study gene
delivery in pancreatic cancer cells [40]. EGFR is highly expressed on different cancer cells
and the expression level can directly correlate with tumor stage [60]. It is therefore a key
target in several drug delivery approaches [35, 40, 41]. In this study, gelatin nanoparticles
were grafted with PEG oligomers and further processed to introduce sequences which
covalently link to EGFR-targeting peptide. EGFR-modified gelatin shows minimal cell
cytotoxicity with considerably enhanced transgene expression efficiencies compared to
control gelatin or PEG-modified gelatin nanoparticles [40].

Two different investigations by Tseng et al. corroborate the potential in EGFR targeting,
specifically applied for the treatment of lung cancer [35, 41]. In this case, gelatin was
modified with avidin moieties and then exposed to biotinylated epidermal growth factor
(EGFDb). The final binding between biotin and avidin groups resulted in synthesis of EGF-
biotinylated gelatin (EGFb-gelatin) [41]. Aerosol delivery in a mouse model exhibited
strong selectivity of EGFb-modified gelatin for lung cancer cells, with maintained
bioactivity of EGF ligand following aerosolization and internalization in alveolar walls.
When compared to PEGylated gelatin carriers for drug targeting based on the EPR effect,
EGFb-modified carriers demonstrated not only lower accumulation in liver and kidney, but
also faster accumulation in the target organ (lung) [41]. In light of these promising results,
EGFb-gelatin nanoparticles were employed as carriers for the chemotherapeutic drug
cisplatin [35]. Subcutaneous administration in a mouse model revealed robust antitumor
activity of the cisplatin-loaded EGFb-gelatin, with higher efficiency than free cisplatin
administration or unmodified cisplatin-loaded gelatin nanoparticles [35]. This system was
also evaluated after aerosol delivery in a mouse lung cancer model. EGFb-gelatin carriers
remained still highly selective for lungs, with lower nephrotoxicity than the actual
subcutaneous administration of the same drug delivery vehicle [35].

Tian et al. recently proposed another remarkable example of gelatin-based targeted drug
delivery [42]. Drug delivery through the blood-brain barrier (BBB) is a major concern for
the pharmaceutical community and current carrier options are limited, due to low
permeability. This study utilized all three strategies described in this section, as gelatin was
conjugated with both PEG and Tat peptide, a protein regularly utilized to enhance brain drug
delivery via transcytosis [61]. In vivo organ distribution indicated that PEG-Tat-gelatin
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nanoparticles preferentially accumulated in the brain rather than liver and spleen when
compared to simple PEG-gelatin carriers. Moreover, ex vivo imaging displayed a strong
localization of PEG-Tat-gelatin nanoparticles throughout the brain, while PEG-gelatin
carriers exhibited much weaker signal [42]. These results prove how the strategy of active
targeting can be used with gelatin-based delivery systems to facilitate carriers not only
evading reticuloendothelial clearance, but also crossing the BBB to reach the central nervous
system [42].

3. Gelatin-based composites

Another important research direction involves the study of gelatin within composite material
systems for the controlled delivery of therapeutics and cells. Composite systems
synergistically combine two or more materials in order to produce a new system with novel
properties unique to either material alone, such as extended release kinetics or increased
mechanical properties. As a mark of its versatility, gelatin has been demonstrated to be a
useful component in composites featuring materials ranging from ceramics to natural and
synthetic polymers (Table 2).

3.1. Ceramics

While most of the tissues in the body are composed of proteins, the skeleton is a composite
system itself, consisting of a protein-based polymer (collagen) coated in a ceramic
(hydroxyapatite). Accordingly, there have been many attempts to create similar composite
systems with gelatin and ceramics in order to deliver drugs and otherwise promote bone
regeneration. Two of the most challenging clinical complications resulting from bone
defects are wound infection and non-union [66]. As a result, the two most explored types of
drugs delivered by ceramic/gelatin composite systems are antibiotics and growth factors.

3.1.1. Hydroxyapatite—Hydroxyapatite, Ca1g(PO4)s(OH), (HA) is a naturally-occurring
mineral which comprises the inorganic component of bone matrix. As an example of a
simple two phase composite, porous HA can be coated with gelatin in order to increase
construct mechanical properties [67]. This increase was show be proportional to the
concentration of gelatin, leading the authors to hypothesize that gelatin increases HA
toughness by bridging material cracks [67]. More advanced fabrication techniques have
been employed, where HA nanoparticles have been precipitated within gelatin networks to
form scaffolds capable of drug delivery. The resulting nano-composite constructs had high
porosity (~90%), ordered structure, and most importantly the capability to control antibiotic
drug delivery (tetracycline) via both gelatin crosslinking density and amount of HA
incorporation [68].

Using a similar HA precipitation-based strategy, porous HA-gelatin microparticles were
fabricated with fairly uniform size distribution in a one pot reaction using vegetable oil
rather than harsh organic solvents [69]. Alternatively, HA-gelatin microparticles have been
synthesized by addition of granulated coralline HA to a solution of gelatin, and then adding
the mixture dropwise to a polymethylmethacrylate (PMMA) dispersion and crosslinking via
glutaraldehyde [70]. After washing and drying, these microparticles were loaded by
immersion into solution containing water-soluble drug (in this case, the antibiotic
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gentamicin). This second method of HA-gelatin composite microparticle synthesis results in
more variable microparticle size, with diameters ranging from 1-100 um (mean size as 16
um) but has demonstrated drug release for up to three days. While these microparticles may
have desirable properties for controlled release of drugs, larger particle sizes may be more
suitable for delivery of cells. HA-gelatin microparticle size was tuned via stirring speed at
the time of synthesis. After synthesis, the microparticles were seeded with human
osteoblast-like Saos-2 cells. Compared with HA microparticles without gelatin, cells seeded
on composite microparticles experienced greater proliferation, demonstrating that this
gelatin-HA system could potentially be used as an injectable carrier for cell delivery [71].

3.1.2. Calcium Phosphate—Calcium phosphate cements (CPCs) are mixtures of calcium
orthophosphates that can be injected to fill craniofacial and orthopedic defects. CPCs have
also been used as drug delivery vehicles by incorporating drug in the liquid or solid phase of
the cement before setting [72]. While CPCs have had great success in the clinic due to
inherent osteoconductivity and ease of material delivery by injection, lack of biodegradation
inhibits replacement by native tissue and limits drug release to diffusion [62, 72]. Habraken
et al. incorporated degradable gelatin microparticles into CPCs in order to generate
macroporosity following microparticle degradation to encourage tissue integration [62].
Subsequently, the embedded gelatin microparticles within this composite system were used
not only as porogens but also as active drug delivery vehicles.

Transforming growth factor-beta (TGF-), basic fibroblast growth factor (bFGF), and
BMP-2 were loaded into microparticles made of acid-treated gelatin or alkali-treated gelatin,
which were subsequently loaded into CPC and evaluated for drug release over 45 days in
vitro [63]. As a control, growth factors were encapsulated and absorbed by CPC without
microparticles. By the end of the investigation, all gelatin microparticle groups had only
released a third or less of their total growth factor load, with sustained drug release (drug
absorbed onto CPC surface showed over 60% release and drug encapsulated in CPC showed
release similar to microparticles). In a goat vertebrae defect model, CPC was loaded with
either BMP-2 alone or gelatin microparticles loaded with BMP-2 [73]. Gelatin
microparticles showed more rapid release (45% release over 28 days) and vertebrae treated
with gelatin-CPC composites had greater pushout strength at 45 and 140 days after surgery
and a greater mineralization rate at 45 days after surgery compared to CPC loaded with
BMP-2 alone [73]. While these data appear promising, it is worth noting that unloaded CPC-
gelatin composite microparticles induced greater inflammation than blank PLGA
microparticles embedded within CPC, and resulted in less material replacement by newly
formed bone in a rabbit femoral defect [74]. This inflammation may have been due to
immunogenic response to porcine gelatin in a rabbit animal model. Deeper in vivo
characterizations are required in order to elucidate gelatin potential as a porogen and drug
release carrier into CPCs.

3.2. Naturally-derived Polymers

Naturally-occurring polymers such as collagen are the building blocks of the extracellular
matrix and are therefore attractive materials to use for drug delivery and tissue engineering
[75]. These materials include polymers synthesized by human cells (such as collagen and
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hyaluronan) as well as naturally-derived polymers synthesized by other organisms (such as
chitin and silk) [76, 77]. Composites of gelatin and other naturally-occurring polymers offer
good biocompatibility and enable biomimetic strategies for drug delivery.

3.2.1. Hyaluronan—Hyaluronan is a ubiquitous polysaccharide with a high density of
negative charge (allowing for water retention) and the ability to act as a binding site for
molecules, making it an attractive biomaterial for drug delivery and tissue engineering [78—
80]. However, the hydrophilicity of hyaluronan can inhibit protein absorption and prevent
cell attachment. Therefore, gelatin-hyaluronan composites have been explored in order to
take advantage of the strengths of both these materials. One technique for composite
synthesis is incorporation of thiol functional groups onto both the gelatin and hyaluronan to
allow for crosslinking [81]. Incorporating gelatin into hyaluronan scaffolds increase seeded
cell proliferation in a dose-dependent fashion [81].

In order to facilitate the controlled delivery of growth factors from these gelatin/hyaluronan
composite hydrogels, Peattie et al. incorporated thiolated heparin into the matrix [82]. These
scaffolds were successful in delivering a wide variety of growth factors over at least two
weeks, and the incorporation of gelatin increased the drug delivery rate [82]. These gelatin-
hyaluronan-heparin composites also demonstrated efficacy in a mouse model, delivering
multiple growth factors concurrently to stimulate blood vessel formation near the murine ear
[83]. In addition to thiol modification, gelatin and hyaluronan have been blended together by
electrospinning to create biodegradable sheets with tunable surface tensions that may have
future use as drug delivery vehicles [84].

3.2.2. Chitin and Chitosan—Chitin is a naturally-derived polysaccharide synthesized by
a variety of organisms, including crustaceans and some fungi. For use as a drug delivery
vehicle and cell scaffold, it is often modified by alkaline deacetylation to form chitosan [85].
Like hyaluronan, chitosan has a high charge density and good biocompatibility. Gelatin and
chitosan form polyionic complexes and therefore composite construct drug release kinetics
and degradation can be modified by amount of gelatin incorporation [86]. As release
kinetics of these types of constructs are pH-dependent, with decreased pH resulting in faster
release, gelatin-chitosan sponges have been investigated for use as release vehicles for
wound treatment [64]. HA was introduced to these sponges, resulting in a material
conducive for osteoblast growth [87, 88]. In addition to scaffolds and sponges, gelatin/
chitosan microparticles have been successfully designed, with sustained delivery of bFGF
for over 2 weeks in vitro [89].

3.2.3. Silk—Unlike the polysaccharides hyaluronan and chitin, silk is a protein-based
polymer, produced by insects and spiders. In recent years, silks and silk-derivatives have
been studied in tissue engineering as lightweight yet tough biomaterials [90]. For this
reason, silk has been used to reinforce gelatin scaffolds, resulting in greater tensile and
bending strength [91]. Mandal et al. synthesized gelatin-silk composites that can be loaded
with water soluble drug and fabricated in stackable layers [92]. These constructs were
capable of releasing model drug for at least 25 days with release kinetics and degradation
tunable by ratio of gelatin to silk [92].
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Gelatin-silk hydrogel composites were also synthesized into hydrogels which gel upon
contact with aqueous methanol [93]. This was due to the solution inducing transformation of
the silk from random-coil to B-sheet conformation, causing physical crosslinking of the
hydrogel. These hydrogels were thermally-responsive and when temperature was increased
from 20°C to 37°C, construct swelling greatly increased and the hydrogels experienced
greater mass loss due to gelatin release [94]. The amount of mass loss was proportional to
the amount of gelatin in the construct and this tunable thermal activation may prove useful
in designing drug delivery vehicles which respond specifically to physiologic temperatures.
Gelatin-silk composites combine the strength of silk with the favorable biodegradation
profile and drug-loading capability of gelatin to create versatile constructs.

3.3. Synthetic Polymers

One of the key strengths of synthetic polymers in drug delivery is the ability to tune and
modify material chemistry [95]. However, without specific design considerations, most
synthetic polymers inherently lack cell-recognition sequences and binding sites, eliciting
inflammatory response and foreign body reaction [95, 96]. Therefore, the synergy of gelatin,
a protein-based material with many cell-recognition sites, combined with synthetic polymers
can result in a highly customizable platform for drug delivery.

3.3.1. Poly(lactic-co-glycolic acid) (PLGA)—PLGA is one of the most prevalent
synthetic polymers applied in the field of drug delivery and tissue engineering. It is a
component of several FDA-approved delivery devices, such as in antibiotic-releasing
microspheres for periodontal application [97]. The primary mechanism of drug release from
PLGA is diffusion mediated by matrix degradation, which can be tuned by factors such as
molecular weight, ratio of lactic to glycolic acid, and chain end group [98]. However, as a
synthetic polymer, PLGA does not inherently possess cell-adhesion motifs. Therefore,
gelatin-PLGA composite microparticles were synthesized by emulsifying gelatin in a
PLGA/dichloromethane solution and following standard water/oil/water emulsion
microparticle synthesis techniques [65]. RGDS, a peptide ligand sequence, was attached to
the gelatin portion of the microparticles via carbodiimide. Chondrocytes cultured on gelatin-
PLGA microparticles had higher viability, greater proliferation, and larger deposition of
glycosaminoglycans compared to PLGA microparticles alone [65]. Incorporation of RGDS
maotifs further statistically increased cell proliferation and viability. This promising
composite system is also injectable and could potentially be utilized for the controlled
delivery of chondrocytes to articular defects [65].

Another way in which PLGA and gelatin have been combined for controlled delivery is
through electrospinning techniques. Drug delivery through encapsulation within electrospun
fibers is appealing due to the high surface-to-volume ratio of electrospun constructs [99]. By
electrospinning a composite of gelatin and PLGA dissolved in 2,2,2-tri uoroethanol, drug
release of encapsulated fenbufen was able to be tuned by fiber alignment and gelatin
crosslinking time via glutaraldehyde vapor [100]. Gelatin-PLGA fibers also release drug in a
pH-sensitive manner and show promise as a tunable drug carrier. The unloaded fibers have
also been characterized for mechanical properties and ability to support pre-osteoblasts in
vitro, where composite fibers featured greater cell adhesion and proliferation than PLGA
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alone [101]. In general, incorporation of gelatin into PLGA constructs allows for further
mechanisms to tune release kinetics as well as increases cell biocompatibility.

3.3.2. Oligo(poly(ethylene glycol) fumarate) (OPF)—Crosslinked OPF is a PEG-
based hydrogel with cleavable fumarate groups, allowing for biodegradation, unlike PEG
[102]. The properties of OPF can be controlled by varying molecular weight, crosslinking
density, and type of crosslinker molecules [103]. OPF has been demonstrated to support
controlled drug release, cell encapsulation [104], and tissue regeneration [105]. However,
greater success within the field of drug delivery has been accomplished using OPF
hydrogels with the inclusion of embedded gelatin microparticles. These composite systems
have been utilized for the controlled delivery of molecules such as DNA [106], minerals
such as HA [107], and numerous growth factors [15, 108], in in vitro and in vivo models.
While drug release from OPF alone is mainly regulated by molecular diffusion, introduction
of drug-loaded gelatin microparticles allows for formation of polyionic complexes and
significantly reduces burst release from gelatin microparticles [109]. By encapsulating
gelatin microparticles with different loaded drugs in the same composite, multiple
therapeutics can be delivered concurrently [108].

To this effect, gelatin microparticles loaded with either insulin-like growth factor 1 (IGF-1),
TGF-B3, or both were encapsulated in either the cartilage layer of a bilayered OPF construct
for treatment of a rabbit osteochondral defect. In other bilayered constructs, the growth
factors were loaded directly into the OPF gel phase [15]. Constructs were able to release
growth factor in vitro for at least 25 days and drug released from gelatin encapsulated within
OPF retained greater bioactivity compared to drug released from OPF alone. In the animal
model, greater frequency of hyaline-like cartilage was observed when TGF-3 was delivered
in the presence of IGF-1 [15]. Research in the area of gelatin-OPF composite constructs for
controlled drug delivery is ongoing and has great promise for the generation of complex
tissues, such as the osteochondral junction.

3.3.3. Poly(propylene fumarate) (PPF)—Similar to OPF, PPF is a synthetic polymer
that contains fumarate and biodegradable ester bonds. However, PPF has greater
hydrophobicity than OPF and has greater stiffness and strength [110, 111]. PPF has
demonstrated to be photocrosslinkable [112], biocompatible in soft and hard tissues [113],
osteoconductive [114], and effective in regenerating bone in a variety of animal models
[111, 115, 116]. The positive attributes of PPF as a substrate, combined with the controlled
delivery of gelatin microparticles, have been synergized by encapsulating gelatin
microparticles within porous PPF [117]. BMP-2 and VEGF were delivered both
simultaneously and individually in a critically-sized rat cranial defect to study the effects of
dual delivery on bone regeneration. BMP-2 alone and dual delivery groups elicited
significant bone and blood vessel formation (BMP-2 had a dose-dependent effect) compared
to VEGF alone and blank controls [117, 118]. Interestingly, in this animal model, dual
delivery of growth factors was not advantageous over BMP-2 alone at later time points.

An alternative approach to delivering BMP-2 and VEGF concurrently with a gelatin-PPF
composite resulted in similar findings [119]. In this case, a solid PPF rod encapsulated
PLGA microparticles either loaded BMP-2 or empty (blank). This rod was encased in a
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crosslinked gelatin cylinder unloaded (blank) or loaded with VEGF. After implantation into
rat femoral and subcutaneous defects, the composite constructs were capable of releasing
VEGF within the first week of implantation and BMP-2 over at least 50 days (with highest
concentrations being released around day 21). By incorporation of a gelation hydrogel into
the construct, the two growth factors were released concurrently at different rates.

Ultimately, while delivery of VEGF alone had a significant effect on vessel volume
compared to BMP-2 alone and empty scaffolds (although no difference with dual delivery),
there was no difference in bone growth between dual delivery and BMP-2 alone groups
(both performed significantly better than empty scaffolds and VEGF alone) [119]. Gelatin-
PPF composite constructs can be tailored to release multiple growth factors at different
kinetics, allowing for temporal control over drug delivery and resulting in successful bone
regeneration in animal models.

4. Concluding Remarks and Future Directions

In the past, research surrounding drug delivery from gelatin focused on the interactions
between gelatin and loaded drug. The possibility to alter its IEP and crosslinking density has
been traditionally investigated as a tool to tune drug release and gelatin degradation kinetics.
Nevertheless, gelatin offers high versatility which has resulted in the design of many
different drug delivery systems over the last few decades.

Chemical modification of gelatin structure allows for enhanced drug stabilization and higher
drug entrapment efficiency of the carrier. The conjugation of specific sequences can also
improve the overall biocompatibility of the carrier, as well as result in tissue-specific drug
delivery. Given the latest advances in targeted delivery from gelatin-based systems, we
envision increased opportunities for gelatin as a delivery vehicle, especially in oncologic
applications.

As underscored in this review, gelatin has been successfully incorporated in numerous
composite materials, particularly in musculoskeletal tissue engineering. The synergistic use
of gelatin with other biomaterials enables higher flexibility in terms of material degradation
and controlled release, while maintaining and enhancing the properties of the bulk material
(typically a ceramic or other polymer). Gelatin composites have seen success in delivering
growth factors within scaffolds to promote tissue regeneration in many in vivo models.

Overall, the modification of gelatin and its combination with other biomaterials
demonstrates the flexibility of this biomaterial and ensures its continued role as a vehicle in
the fields of drug delivery and tissue engineering.
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Modification outcomes

Advantages

Applications

Stealth delivery

Enhanced drug stabilization .

and loading efficiency

Targeted drug delivery

Reduced immunogenicity
Prolonged circulatory time

Evasion of reticuloendothelial
uptake

Tunable hydrophobicity of the
carrier

Higher drug encapsulation
efficiency

More stable complexation between
carrier and drug

Highly selective cell targeting
Reduced side-effects

Lower systemic cytotoxicity

PEGylated nanoparticles for pulmonary drug
delivery [17, 36]

PEGylated/thiolated nanoparticles for
intracellular DNA delivery [37]

PEGylated nanocarriers for anti-inflammatory
drug release [28]

Succinylated gelatin for angiogenesis [20]

Cationized microparticles for siRNA delivery
[34, 38]

Hexanoyl anhydride grafted-nanoparticles for
anticancer drug release [39]

Introduction of EGFR-recognition sequence for
gene delivery in pancreatic cancer [40]

EGF-modified nanoparticles for aerosol delivery
to lung cancer [35, 41]

PEG/peptide conjugated nanoparticles for brain
drug delivery [42]
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Composite material class

Complementary material strength

Material weakness addressed
with gelatin

Applications

Ceramics

Naturally-derived polymers

Synthetic polymers

High compressive properties . Slow biodegradability

Osteoconductive

Biomimetic . Lack of IEP tunability

Protein or polysaccharide-based

Highly-tunable properties . No inherent cell-
recognition sites

. Calcium
phosphate
cement with
embedded
gelatin
microparticles
[62, 63]

. Gelatin-
chitosan
sponges for
wound
treatment [64]

. Gelatin-
poly(lactic-co-
glycolic acid)
microparticles
loaded with
chondrocytes
[65]
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