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Abstract

Introduction: Biomaterials have provided a wide range of exciting opportunities
in tissue engineering and regenerative medicine. Gelatin, a collagen-derived
natural biopolymer, has been extensively used in regenerative medicine
applications over the years, due to its cell-responsive properties and the

capacity to deliver a wide range of biomolecules.

Areas covered: The most relevant properties of gelatin'as biomaterial are
presented together with its main therapeutic applications. The latter includes
drug delivery systems, tissue engineering approaches, potential uses as ink for

3D/4D Bioprinting and its relevance in organ-on-a-chip platforms.

Expert Opinion: Advances in polymer. chemistry, mechanobiology, imaging
technologies and 3D biofabrication techniques have expanded the application of
gelatin in multiple biomedical research applications ranging from bone and
cartilage tissue engineering,;to wound healing and anti-cancer therapy. Here,
we highlight the latest advances in gelatin-based approaches within the fields of
biomaterial-based drug delivery and tissue engineering together with some of

the most relevant challenges and limitations.



Keywords: Biomaterial, Drug Delivery, Gelatin, Regenerative Medicine, Tissue
Engineering

Article highlights

e Gelatin is a collagen-derived protein with cell-responsive properties.

e Gelatin creates polyion complexes with charged therapeutic compounds.

e Crosslinked gelatin scaffolds are used for many 3D cell cultures in
regenerative medicine.

e Gelatin is used in the fabrication of micro/nanocapsules for drug delivery.



1. Introduction

Biomaterials include a broad class of substances that interface with biological
entities and have over the decades provided a wide range of breakthrough
opportunities in regenerative medicine. Our steadily increasing knowledge in
biology, pharmacy, chemistry and material science, together with the interaction
of these disciplines with one another, is rapidly expanding the application of
biomaterials in the areas of controlled drug delivery, prosthetics' and. tissue
engineering [1]. Among the many different types of biomaterials, bioactive
polymers have advantages over their classic counterparts'(i:e., static and non-
stimulatory) as they are capable of playing an active role in drug delivery,
control cell fate, regulate cell organoid formation and function for various drug
testing applications, and even drive tissue repair and regeneration within the

body [2,3].

The field of biomaterials has even more progressed due to a variety of
prominent advancements in chemistry, cutting-edge imaging technologies,
novel cell sources,avant-garde and optimized drug delivery platforms,
increased knowledge on mechanobiology [4] (the process by which physical
forces are converted into biochemical signals) and advances in various
biofabrication processes such as three-dimensional (3D) bioprinting [5] and self-

assembly technologies.

Gelatin is one of these particularly fruitful biomaterials, holding enormous
promise for the above mentioned biomedical applications. This natural polymer
derived from collagen, contains enjoys integrin binding cell adhesion peptides
[6] and metalloproteinase (MMP)-sensitive peptide sequences allowing cell-

triggered degradation. Besides, one of the main features of this water-soluble



protein is its thermo-responsive character, undergoing a reversible sol-gel
transition when cooled upper its critical solution temperature (25-35°C). Since
gelatin provides a biologically active 3D microenvironment for regulating cell
viability, growth and differentiation, it has attracted a great deal of interest
nowadays either as scaffolds for tissue regeneration or carriers for controlled
drug delivery. Currently there are several gelatin-based medical devices
marketed by companies worldwide. For example, Gelita-SPON®, Cutanplast®,
Gelfoam® and SurgiFoam® are absorbable gelatin sponges .indicated to be
used as hemostats in surgical procedures such as neurosurgeries, thoracic
surgeries or ocular surgeries. More interestingly, gelatin containing allograft
product has been approved by Food and Drug ‘Administration for bone tissue
engineering purposes. DBX® Strips is @ flexible and bendable osteoinductive
tape composed of demineralized bone matrix, gelatin and sodium hyaluronate,
and it is indicated as a bone void filler. Moreover, a novel gelatin surgical
implant, XEN® Gel Stent, has been developed to safely and effectively reduce
the high eye pressure .in- refractory glaucoma cases. Regarding the
commercialization: of gelatin containing medicines, strict safety and quality
requirements are demanded from the manufacturers involved in the production
of gelatin for human use. The main objective of this rigorous control is to
completely avoid the risk of bovine spongiform encephalopathy associated with
the use of animal origin raw materials. The pharmaceutical grade gelatin must
comply not only with the current requirements for edible gelatin, but also with
the provisions for medical products. In this regard, the European
Pharmacopoeia lists specific requisite necessary for the manufacture of

pharmaceutical grade gelatin.



In this review, we highlight the potential applications of gelatin in biomedicine
and describe the corresponding advances in drug delivery and tissue

engineering.

2. Gelatin-based biomaterials

Due to its cell-stimulatory properties, gelatin has been widely«used .in
regenerative medicine and tissue engineering. Gelatin is a-natural origin
polymer, which holds several advantages over its precursor collagen. The low
water-solubility of collagen under neutral conditions is. one of the main
limitations for biomedical purposes [7]. This drawback of collagen can be
overcome with the extraction process of gelatin. Another notable property of
gelatin is its ability to create poly-ionic complexes with charged therapeutic
compounds such as proteins, growth factors, nucleotides and polysaccharides
[8], which in turn makes it ideal as a delivery vehicle for a broad range of
biomolecules (Figure 1). In fact, gelatin exhibits depending on its extraction
conditions either a 'net positive (IEP= 9, Type A gelatin) or net negative (IEP= 5,
Type B gelatin) isoelectric point at pH 7.4, which allows sequestering oppositely
charged proteins while maintaining its bioactivity. As a consequence, gelatin is
a primary material in the fabrication of microcapsules and microspheres for drug
delivery [9]. Furthermore, the source and the extraction conditions are key
factors for obtaining gelatins with diverse physicochemical properties (melting
temperature, gel modulus or viscosity), due to the differences in the amino acids
proportions and the molecular weights of the resulting materials [10]. On the
other hand, gelatin is easily functionalized to fabricate materials with tailor-made

features, opening new therapeutic applications.



As an example, gelatin-based 3D microgels can be used to stimulate cell
proliferation and differentiation of various encapsulated cells, such as stem
cells, and can also improve the regenerative impact of injected cell-laden
microbeads in lesion sites [11]. Over and above, these microgels can shield the
cells from shear-force associated mortality during injection, and provide them

with a milieu that enhances cell retention within the targeted site.

Crosslinked gelatin scaffolds can be used for 3D cell culturing. However,
thermal gelation of gelatin typically results in frail and weak gels. To address
this, conventional chemical procedures are applied to develop covalently
crosslinked gelatin-based hydrogels [12]. One of the striking strategies
proposed by several researchers has been the.enzymatic crosslinking of gelatin
systems, using various enzymes such as ‘horseradish peroxidase [13] or
microbial transglutaminase [14]. These.systems have been evaluated for
different tissue engineering purposes, since versatile hydrogels with tunable
gelation rate and final mechanical strength have been successfully developed.
As an example, . .injectable  enzymatically = crosslinked  gelatin-
hydroxyphenylpropionic acid composite hydrogel have been evaluated both for
cartilage [15] and.brain [16] tissue reparation. Furthermore, photocrosslinkable
gelatin methacrylate (GelMA) hydrogels have garnered great interest in various
therapeutic applications, ranging from corneal tissue engineering [17], to
peripheral nerve regeneration [18] and cartilage construct fabrication [19].
Furthermore, injectable covalently crosslinked gelatin hydrogels have been
recently developed with the aid of pendant tetrazine or norbornene click
chemistry pairs in modified polymers [20]. These gelatin polymers rapidly

crosslink in combination and they start to degrade when injected in vivo.



Moreover, they promote high cell viability and have the capacity to drive

encapsulated cells into 3D elongated morphologies.

The ongoing progression in 3D bioprinting enables unprecedented control
over spatial distribution of materials, cells and biomolecules and ultimately
facilitate the fabrication of more native-like 3D tissue structures. In ‘one
noteworthy example, Jia W and colleagues designed a direct 3D multilayered
coaxial extrusion printing strategy to develop highly perfusable and organized
vessels. The blended bioink consisted of sodium alginate, gelatin methacrylate
and 4-arm poly (ethylene glycol)-tetra-acrylate (PEGTA). This double
crosslinked (covalently and ionically) system allowed the proliferation and
propagation of encapsulated endothelial and mesenchymal stem cells inside the
3D printed scaffolds and ultimately facilitated. the formation of native-like

perfusable vessels [21].

3. Progress in drug delivery

Gelatin-based biomaterials are of great interest in the design and fabrication
of drug delivery systems, which provide controlled, sustained and/or targeted
release of bioactive molecules, while enhancing their bioavailability and
improving their therapeutic effects. This modern strategy is currently employed
for several biomedical applications, ranging from tissue regeneration and wound
healing to anti-cancer treatments and medical imaging. Wound healing is a
highly complex dynamic process during which a damaged or injured tissue is
repaired or replaced. Skin wounds are mostly due to trauma, surgery or burns;
however, diseases such as diabetes may give rise to a prolonged healing time
[22]. Gelatin-based dressings provide high protection capacity against infections

and can accelerate the wound healing process, thanks to their tailorable



mechanical and degradation properties. More than that, gelatin also enjoys
favorable biocompatibility and contributes to a balanced
hydrophobicity/hydrophilicity of the wound-dressing, resulting in a suitable
release of biomolecules. As an interesting example, gelatin was combined with
poly(e-caprolactone) (PCL) to establish a scar-inhibiting electrospun fibrous
scaffold, loaded with transforming growth factor g1 (TGF-B1) inhibitor (Figure 2)
[23]. Through this approach, fibroblast over-proliferation was effectively inhibited
in vitro, and scarring was successfully prevented in vivo during a' wound-healing
process in rabbit ear model. In another recent study, a conductive composite
scaffold was fabricated based on PCL/gelatin nanaofibers and silicate-based
bioceramic particles [24]. In this system the nanofibrous microstructure of the
scaffolds mimicked that of the extracellular matrix,.and in combination with the
sustained release of silicon ions from:.the silicate-based ceramic, a synergistic

and beneficial effect in diabetic wound healing was obtained.

The release kinetics of bioactive molecules and drugs is highly dependent on
degradation rate and water uptake of the gelatin networks. These properties
represent a great. opportunity for preventing multidrug-resistant bacterial
infections, by releasing antibiotics in a controlled manner [25,26]. For instance,
Lee and colleagues introduced gelatin-hydroxypropionic acid hydrogels, formed
in"the presence of bactericidal H,O, as antimicrobial injectable or sprayable
dressings [26]. Other potential application of gelatin-based drug delivery
systems is in cancer therapy, where improving drug bioavailability and targeted
delivery have always been a major practical concern. For instance, the
combined administration of dendritic cells (DCs) and oncolytic adenovirus in a

tumor environment has a potent antineoplastic immune effect. However, the



rapid inactivation of the drugs within the tumor site could reduce their
effectiveness. To address this challenge, injectable and biodegradable scaffolds
based on gelatin have been developed, enabling an extended delivery of both

DCs and oncolytic adenovirus [27].

Last but not least, gelatin-based micro and nanoparticles are emerging. as
promising flexible and powerful biomaterials for growth factor delivery. These
characteristics are opening up new paths toward therapeutic alternatives in
various medical fields such as cancer treatment, neuroprotection after post-
ischemic brain injury [28] and immunization. As an example, Sabet S. and
colleagues reported gelatin nanoparticles as a non-viral vaccine and gene
delivery system for hepatitis C, which effectively transferred the nonstructural

protein 2 gene into bacterial cells [29].

4. New advances in tissue engineering

The overarching goal in tissue engineering is to develop artificial systems or
structures that can recapitulate some of the most important functions of native
tissues. However, this goal is challenging due to the extremely complex tissue
architectures [ in- the 'body, together with the many synergistic biological
components within native tissues. The latest efforts in the field are currently
directed towards combining different types of biomaterials to generate native-
like synergistic effects, as well as providing the much-needed native-like tissue
microarchitectures. Through this approach, several potential systems based on
gelatin have been developed over the past decade. For instance, the
combination of gelatin with hyaluronic acid was introduced as a biocomponent-
based hydrogel to provide elasticity and promote vascularization of various

target tissues [30].



Non-union bone fractures cause long-term incapacity and pain. Indeed, only
in the United States around 8 million people suffers from bone injuries each
year and conventional treatments are not effective in at least 10% of the cases.
Several studies have recently emerged on new alternatives and bioactive
agents for bone tissue engineering. In an intriguing approach, platelet loaded
chitosan-gelatin composite hydrogel was applied to increased _bone
regeneration in bilateral critical-sized radial bone defect model in ‘rats [31].
Furthermore, enhanced mRNA levels of alkaline phosphatase, as well as
osteogenic (collagen type 1, osteocalcin, CD31 and run related transcription
factor 2) and angiogenic (vascular endothelial growth factor) differentiation

markers were also observed.

Even though gelatin-based scaffolds have nhot yet been commercialized for
bone regeneration applications, the combination of gelatin with calcium
phosphate ceramics and other-synthetic polymers stand as promising options
for clinical applications [32]. One of the biggest challenges here is to mold
biomaterials into the similar complex architectures as those seen in bone
defects. To overcome this limitation, several strategies have been studied
including injectable systems [33] and 3D printed implantable structures [34], that
facilitate fabrication of customized engineered scaffolds, that can perfectly

adapt into bone defects (Figure 3).

In addition, new avenues are provided by tissue engineering approaches to
facilitate the repair of the native cartilage tissue, which naturally presents limited
capacity for spontaneous repair. Over the last few years, several biomaterials
including gelatin have been investigated and tested for cartilage tissue

engineering applications. For example, the chondrogenesis of stem cells has



been induced by co-culturing bone marrow stromal cell and chondrocytes in
electrospun gelatin/PCL nanofibrous biomaterials [35]. In another approach,
multipotent articular cartilage-resident chondroprogenitor cells were embedded
in gelatin hydrogels to create cartilage-tissue regeneration [36]. These
encapsulated cells presented a better profile in terms of neo cartilage
production compared to differentiated chondrocytes. In addition, higher
expression levels of the lubricating factor, PRG4, and lower expression levels of
collagen type X hypertrophy marker confirmed the regenerative potential of

these cells.

5. Looking into the future

Gelatin holds great promise for regenerative. medicine, thanks to its
biocompatibility and novel biomedical approaches such as cell-laden gelatin-
based 3D tissue models are expected to be developed in near future to assist
better understanding of diseases or.drug development and screening. These 3D
microphysiological structures could potentially complement or even replace
current in vivo studies. As an example, gelatin microparticles have been
combined with™ pancreatic cancer cells and fibroblasts to replicate the
complexity of the pancreatic tumor microenvironment and to clarify the complex
stroma-cancer inter-relationship [37]. In another intriguing approach, human
cardiac microtissues have been bioengineered using cardiomyocytes derived
from human induced pluripotent stem cells, encapsulated in gelatin hydrogels
with tunable stiffness and degradation rates [38]. As a proof-of-concept Agrawal
and colleagues designed a 3D skeletal muscle-on-a-chip platform with cell-

laden gelatin hydrogel as a screening platform for drugs and toxics such as



cardiotoxin [39], which can also be applied for preclinical drug discovery and

development.
6. Conclusion

Gelatin offers a broad spectrum of applications and possibilities ranging from
micro/nanoparticle-based drug delivery to tissue repair and regeneration. by
means of 3D biomimetic scaffolds. We envision that the ongoing progression of
research in this area will promote the future translation of gelatin-based

biomaterials into the clinics.
7. Expert Opinion

Gelatin is well-known biomaterial with exciting properties for protein and
drug delivery and tissue repair and regeneration. Furthermore, it can be easily
tailored to achieve different grades of mechanical stability and stiffness, being
also an excellent candidate for _controlling cell behavior, cell differentiation and
even for cell transplantation.-Gelatin can be used alone or combined with other
biomaterials as bioink for 3D/4D bioprinting, opening new fields in the design
and development of novel spatially customized anatomical structures in a

personalized manner.

The use of gelatin however may see new horizons in the next few years.
We envision that its properties may help to develop 2D and 3D nerve constructs
based on the mechanical properties and conductivity of novel gelatin-based
composites. This progress may move forward its use in other cell-platforms
such as organ-on-a-chip devices, that is, multi-channel 3D microfluidic cell
culture chips by which it is possible to understand tissue and organ functions as

well and test and screen a wide range of drugs. In addition, gelatin-based



composites together with differentiated human stem cells may bring new hopes

to heal spinal cord injuries and to limit the secondary damage.

Another interesting therapeutic window for gelatin relies on its potential use
in transdermal delivery of therapeutics. By using biocompatible, biodegradable
and bioresponsive gelatin-based microneedles, scientists are churning out new
platforms for drug delivery across the skin in a safe and cost-efficient way. Last
but not least, gelatin has been successfully combined and .mixed with
autologous growth factors derived from human plasma and platelets. Due its
ability to sequester oppositely charged proteins while maintaining its bioactivity,
gelatin can provide additional properties to the naturally forming fibrin scaffold
and thus be an aid in the therapeutic use of platelet rich plasma, an approach
that is being used in multiple medical fields/including dentistry, orthopedics,
dermatology and ophthalmology.

Nevertheless, the use and.applicability of this interesting material presents
several challenges. The weak mechanical properties of gelatin may limit certain
applications, especially those in which higher mechanical responses are
demanding. To address this, both composite systems and chemical
modifications are being explored. For example, aminoacidic structure of gelatin
has been modified with the incorporation of diverse chemical motifs such as
methacryloyl, catechol, phenol or epigallactocachecin gallate groups to increase
its mechanical properties and durability.

In summary, gelatin provides a wide range of uses and applications in many
different therapeutic fields. Progress in polymer chemistry, cell biology,

mechanobiology, imaging technologies and 3D biofabrication techniques are



expanding its value and potential in drug delivery and tissue repair and

regeneration approaches.
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Figure legends

Figure 1: Some of the most promising approaches, being developed with
gelatin as a primary biomaterial, including micro and nanoparticles for drug
delivery, wound dressings, injectables, 3D scaffolds, bioinks and organs-on-a-

chip technologies.

Figure 2: Hypertrophic scarring treatment with gelatin-based electrospun
fibrous scaffolds. (A): Schematic illustration of the development of TGF-B1-
inhibitor-loaded-PCL/ gelatin fibrous scaffolds. (B): Macroscopic evaluation of
the wounds. in different treatment groups (PGIl: PCL/gelatin scaffold; PGT5:
PCL/gelatin/TGF-B1 inhibitor scaffold). Only PGT5 group showed a perfect
restructuration of the wound without irregularities. (C): The healed wound area
of each group at different observation time points. (D): Elevation index of scars
in. each group, harvested at 6 and 8 weeks. Two asterisks represent a
significant difference of p<0.01. Three asterisks represent a significant
difference of p<0.001. TGF-B1: Transforming growth factor — p1; PCL:
Polycaprolactone. Adapted with permission from Ref.[23] Copyright 2017

American Chemical Society.



Figure 3: Bone tissue regeneration using a 3D printed microstructure
incorporated with photo-curable gelatin hydrogel, functionalized with bioactive
gold nanoparticles. (A): Schematic illustration of the therapeutic approach for
personal bone tissue regeneration using 3D printing technology. (B): Gene
expression levels of osteogenic differentiation markers of ADSCs cultured in the
gelatin hydrogel (Gel), gelatin hydrogel functionalized with gold nanoparticles
(Gel-GNP), and gelatin hydrogel functionalized with RGD-conjugated gold
nanoparticles (Gel-RGNP). * indicates a significant difference of p<0:05. **
indicates a significant difference of p<0.01. (C): Optical images of calcium
deposition staining from ADSCs culture in the three types of the hydrogel at 21
days. PLA: Polylactic acid; RGD: arginine-glycine-aspartate; ADSCs: human
adipose-derived stem cells. Adapted from Ref [34] with permission from The

Royal Society of Chemistry.
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