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Abstract: The combined use of polycaprolactone and gelatin has obviated many drawbacks associated
with applying them alone. Polycaprolactone provides mechanical strength and buys sufficient time for
tissue regeneration without degradation. Simultaneously, gelatin regulates the surface wettability of the
composite scaffold. It makes the structure more cytocompatible by its cell recognition sites.
Furthermore, these low polymers' cost, biocompatibility, and tuning of degradation time have added to
their therapeutic appeal. In the current study, we have reviewed the application of
polycaprolactone/gelatin scaffolds in tissue engineering and drug delivery fields, hoping to translate
these scaffolds into medicine.
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1. Introduction

Regenerative medicine seeks to develop alternative solutions for organ transplantation
using various approaches. In this regard, cell-based therapies and tissue engineering are the
two most studied methods [1,2]. Tissue engineering exploits the combination of cells,
scaffolds, and growth factors to build implantable tissues in vitro settings [3,4]. Scaffolds can
be fabricated using natural and/or synthetic materials using different fabrication techniques [5].
It has been shown that material selection and optimization are key elements determining the
success of tissue tissue-engineered tissue implantation [6]. Indeed, cells favor natural polymers
since they have optimal hydrophobicity and numerous cell attachment sites for cellular
adhesion, migration, and proliferation. Also, polymers derived from the extracellular matrix of
native tissues have abundant growth factor attachment sites that can serve as a temporary
reservoir for signaling molecules [7,8]. However, lack of sufficient mechanical strength, batch
to batch variations, and pathogen transmission risk have driven efforts to search for alternatives
for natural polymers application in tissue engineering [9,10].
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On the other hand, synthetic polymers have acceptable mechanical properties and can
be processed via various solvents or thermal treatment [11, 12]. These polymers lack many of
the drawbacks of synthetic polymers; however, due to high hydrophobicity and lack of cell
recognition sites, cell affinity towards synthetic polymers is relatively low [13,14]. Therefore,
researchers have proposed the combined use of synthetic and natural polymers. Synthetic
polymers build the backbone and withstand mechanical forces, and natural polymers provide
cytocompatibility [15]. Among various candidates, polycaprolactone (PCL) and gelatin have
gained significant attention in the biomedical field [16]. PCL is a biodegradable and
biocompatible aliphatic polyester that has FDA approval for biomedical applications [17].
Gelatin is a natural biomaterial produced by either acid or alkaline hydrolysis of collagen [18].
Due to their low cost, lack of cytotoxicity, and non-immunogenicity, they have numerous
potential applications in tissue engineering and drug delivery [19]. The combined use of PCL
and gelatin has resulted in a potent drug delivery vehicle and a favorable scaffold for tissue
engineering. In this study, we have reviewed the current research regarding PCL/gelatin
scaffolds' application to repair various tissue injury models.

2. General Characteristics of PCL

Among various synthetic biomaterials, PCL is particularly appealing in the biomedical
field and has been successfully tested in various disease models and applications [20]. It is an
aliphatic polyester with a semicrystalline structure and a relatively low degradation time.
Furthermore, its ease of processability, FDA approval for biomedical applications, and cost-
effectiveness have added to its therapeutic appeal [21,22]. PCL is mainly obtained by
polymerization of e-caprolactone via ring-opening polymerization method [23]. Its degree of
crystallinity and molecular weight can be degraded within months to a couple of years [24].
Since PCL has ester links between its monomers, it cannot be degraded by bodily enzymes.
Instead, it is degraded by random hydrolysis by water molecules, and this process is
autocatalyzed by released carboxylic acids [25,26]. Due to its high hydrophobicity, PCL has
poor interaction with cellular materials. Therefore, researchers have tried to functionalize
PCL's surface using various chemicals such as NHS-EDC and NaOH, which provide carboxyl
groups on the PCL surface, rendering it more suitable for tissue engineering applications
[27,28].

Table 1. The summary of PCL’s application in different fields of tissue engineering.

Biomaterial type Application Reference
Chitosan and PCL blend Delivery of Ofloxacin [31]
PCL Delivery of cyclodextrin-naproxen [32]
PCL Cardiac tissue engineering [33]
poly (ethylene glycol)/PCL Heart valve tissue engineering [34]
PCL/Hydroxyapatite Bone tissue engineering [35]
PCL/Alginate Cartilage tissue engineering [36]
PCL/chitosan Cornea tissue engineering [37]
PCL/collagen Peripheral nerve tissue engineering [38]
PCL/starch Spinal cord tissue engineering [39]
PCL Vascular tissue engineering [40]
PCL/collagen To drive stem cell fate into neural lineage [41]
Mineralized PCL Odontogenesis of human dental pulp cells [42]
PCL/Silver nanoparticles Wound dressing [43]
PCL/P3HB Ligament tissue engineering [44]
PCL/ multiwalled carbon nanotubes/ | Skeletal muscle tissue engineering [45]
polyacrylic acid/polyvinyl alcohol
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PCL has been widely used in various biomedical fields, from tissue engineering to drug
delivery and the packing industry [29,30]. The summary of PCL’s application in different fields
has been shown in table 1.

3. General Characteristics of Gelatin

Gelatin is a biomaterial that has gained significant attention in the biomedical field due
to its ease of extraction, low cost, biocompatibility, and non-immunogenicity [46]. This
material is produced from collagen'’s denaturation process and largely preserves its amino acid
composition [47]. However, the source of collagen and denaturation method have a profound
effect on the properties of produced gelatin [48]. Proline, Hydroxyproline, and Glycine make
up most gelatin’s amino acid composition [49]. To produce gelatin from collagen, thermal
treatment and hydrolysis are performed [50]. In the first method, collagen is heated up to 40°C,
and as a result, Wonderwall bonds between collagen fibrils break [51, 52]. In the latter method,
which is performed as an adjunct method with thermal treatment, the extraction is performed
by incubation of non-soluble collagen with acidic or basic solutions, which results in the
breakage of strong covalent bonds between amino acids of collagen [47, 53]. Gelatin type A is
produced when collagen is soaked into acidic solutions. In contrast, Gelatin type B is extracted
under alkaline conditions [54].

Contrary to collagen, which has an orderly structure, gelatin demonstrates a random
and heterogeneous molecular structure; therefore, there is a high batch to batch variation in
marketed gelatin [50, 55]. In terms of physical properties, gelatin’s characteristics vary
according to the pH and supplement electrolytes. To obtain a structure with sufficient
mechanical properties, gelatin can be cross-linked using various materials such as
glutaraldehyde, formaldehyde, carbodiimide, and hexamethylene diisocyanate [56,57].
However, the risk of cytotoxicity rises as the amount of crosslinker or time of incubation with
crosslinker increases [58,59]. Gelatin has been widely used in various biomedical fields such
as tissue engineering, drug delivery, and cosmetics [60]. The summary of gelatin’s application
in the biomedical field is shown in table 2.

Table 2. The summary of gelatin application in different fields of tissue engineering.

Biomaterial type Application Reference
Polyaniline/gelatin Engineering of conductive tissues [61]
Gelatin/hydroxyapatite Bone tissue engineering [62]
Gelatin/hyaluronic acid/chondroitin Cartilage tissue engineering [63]
Photocrosslinkable gelatin Epidermal tissue engineering [64]
Gelatin microspheres Basic fibroblast growth factor delivery [65]
for adipose tissue engineering
Chitosan/gelatin/bioglass Alveolar bone tissue engineering [65]
PLGA/gelatin Fenbufen drug delivery [66]
Pectin/gelatin Metronidazole drug delivery [67]
Lactose cross-linked gelatin Dexamethasone drug delivery [68]
Gelatin patterned hydrogel Cardiac tissue engineering [18]
PCL/gelatin/graphen oxide Neural tissue engineering [16]
Gelatin/chitosan/polyurethane Heart valve tissue engineering [69]
PLGA/gelatin Vascular tissue engineering [70]
Chitosan/gelatin Skin tissue engineering [71]
Gelatin/silk fibroin Ligament tissue engineering [72]
Gelatin nanoparticles Didanosine drug delivery [73]
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4. Application of PCL/Gelatin Scaffolds to Treat Tissue Injuries

As the largest organ in the body, the skin comprises 8% of the total body mass. It serves
as a barrier against environmental hazards, protects the body from dehydration, plays a crucial
role in vitamin D synthesis, and regulates body temperature [74,75]. Although it has an inherent
potential to repair after injury, in case of critical-sized defects, skin damages turn into non-
healing chronic wounds or scar tissue [76,77]. To tackle this dilemma, the gold standard of
treatment is autologous skin grafting. However, this treatment modality is associated with
several shortcomings, such as the need for a second surgery for donor tissue harvest with its
accompanying complications and unavailability of donor tissue in case of extensive skin
injuries [78, 79]. Therefore, studies are trying to find an alternative strategy for the treatment
of large skin defects. During the past decade, skin tissue engineering has opened new frontiers
for wound patients [80, 81]. A tissue-engineered skin construct should meet certain criteria for
successful wound repair. It should be biodegradable and biocompatible on which fibroblasts
can adhere and populate [82]. Chong et al. proposed an effective composite consisting of
PCL/gelatin electrospun nanofibers embedded on Tegaderm TM, 3M Medical wound dressing.
They hypothesized that this system would form a fibroblast-populated dermal matrix that will
provide a temporary artificial dermis before re-epithelialization. Fibroblast adhesion and
proliferation were studied on both sides. Results showed that the construct supported successful
adhesion and proliferation of fibroblasts and built a cell-populated 3-dimensional dermal
matrix [83]. Farzamfar et al. incorporated cerium oxide nanoparticles into PCL/gelatin
nanofibrous matrices to fabricate a fibrilar wound care product. Various cerium oxide
nanoparticles' concentrations were added to the blend solution of PCL and gelatin, and the
resulting mixture was transferred to an electrospinning device. The produced scaffolds were
studied regarding their microstructure, hydrophobicity, the ability to uptake water, the rate of
water vapor transmission, cytotoxicity assay, and mechanical properties. According to
cytotoxicity assay, the optimal scaffold was selected for in vivo study on full-thickness
excisional wound model in rat. Results showed that after 14 days, the wounds covered with
cerium oxide nanoparticle-incorporated dressing could significantly close the wounds than the
control group (100% vs. 63%). The histopathological study also confirmed the higher healing
potential of the produced wound dressing. Their results suggested the possible applicability of
cerium oxide nanoparticle-containing dressing to treat skin wounds in the clinic [84]. In another
study, Farzamfar et al. used electrospun PCL/gelatin nanofibrous yarns as a delivery vehicle
for taurine (2-aminoethane sulfonic acid) to treat the excisional wound. The composite matrices
containing 3%, 5%, and 10% of taurine were produced by the electrospinning method. The
physicochemical and biological properties of the scaffolds were studied. The scaffolds
embedded with 5% taurine were selected to treat the excisional wound in the rat model. The
macroscopic analysis and histopathological examinations showed that taurine loaded scaffolds
outperformed the control and taurine free scaffolds [85]. Gautam et al. modified electrospun
PCL/ gelatin nanofibrous scaffolds with type one collagen for skin tissue engineering and
wound healing applications. Microstructure analysis by scanning electron microscopy showed
that the fiber diameter increased. The scaffold’s pore size was decreased by increased collagen
concentration. Infrared spectroscopy and the thermogravimetric study confirmed successful
grafting of collagen molecules on PCL/gelatin yarns. Cytotoxicity assay was studied using
MTT analysis. The results showed that scaffolds could support the successful proliferation of
L929 mouse fibroblast cells. Cell adhesion study on L929 mouse fibroblasts showed that cells
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could adhere to matrices with numerous filopodia indicating proper interaction of scaffolds
with seeded cells [85]. Fu et al. investigated the healing effects of human urine-derived stem
cells (HUSCs) combined with PCL/gelatin nanofibrous scaffolds to promote wound healing.
A two nozzle electrospinning device was used to fabricate PCL/gelatin nanofibrous yarns. The
morphology and surface wettability study was performed on the scaffolds. The attachment,
cytotoxicity, and proliferation assays were conducted on seeded HUSCs on the matrices.
HUSCs were seeded onto the PCL/gelatin composite scaffold and implanted into a rabbit model
of a full-thickness excisional wound. Results showed that the wounds treated with HUSCs and
PCL/gelatin scaffolds could significantly improve wound healing compared to sterile gauze
and PCL/gelatin only scaffolds, evidenced by enhanced re-epithelialization, increased
angiogenesis, and collagen deposition [86].

To treat peripheral nerve injuries in cases that the gap is larger than 5mm, autologous
nerve grafting is often performed in the clinic. However, this treatment strategy has several
shortcomings, such as unavailability of donor tissue, donor site morbidity, and the possibility
of neuroma formation [87,88]. To obviate these drawbacks, neural channels have been
introduced due to their favorable properties, such as the possibility of mass production and
tailorable properties [89]. In this regard, PCL and gelatin have been widely used as scaffolding
materials for neural channel fabrication. Farzamfar et al. produced neural guidance channels
using electrospun PCL/gelatin nanofibrous sheets. After detaching the aluminum foil sheets,
they rolled up the yarns to shape them into channel-like structures. The biological and
physicochemical properties of the scaffolds were studied in vitro. Then, humane menstrual
blood stem cells were seeded into the neural channel before implanting them into a sciatic nerve
defect rat model. After 14 weeks, the results of histopathological examinations and functional
assessment studies showed that the PCL/gelatin composite scaffolds could successfully deliver
menstrual blood stem cells to the injured site. No sign of hematoma or tissue injury was
observed around the implantation site indicating good tissue compatibility of the produced
scaffolds [90]. In another study, Farzamfar et al. used PCL/gelatin nanofibrous yarns to implant
unrestricted somatic stem cells into a rat model of sciatic nerve defect. They found that the
scaffolds had no toxicity towards PC-12 cell line in vitro and provided a favorable environment
for Schwan cells adhesion and proliferation. The results of in vivo study also confirmed the
cytocompatibility of the fabricated matrices [91]. Babaloo et al. used the PCL/gelatin
nanofibrous scaffolds combined with endometrial stem cells and Schwan cells to treat spinal
cord injury. They co-cultured human endometrial stem cells with human Schwann cells for 10
days. They found that endometrial stem cells could differentiate into nerve-like cells, evidenced
by a real-time reverse transcription-polymerase chain reaction and immunocytochemistry
studies. The differentiated cells were then grafted onto the PCL/gelatin yarns followed by
implantation into hemisected spinal cords in the rat model. Neural outgrowth was analyzed by
an immunohistochemical technique, which dyed NF-H as a neuronal marker. For functional
analysis, the Basso, Beattie, and Bresnahan (BBB) were exploited. The results showed that the
designed system could successfully enhance motor and sensory function recovery. No case of
immunogenicity or tissue injury was observed in any of the animals, following previous studies
that confirmed the tissue compatibility of PCL and gelatin [92].

Bone morphogenic proteins (BMPs) play a vital role in distinguishing mesenchymal
stem cells into chondrocytes and osteoblasts [93]. Therefore, it has been used in a variety of
delivery vehicles in bone tissue engineering. In one study, Kim et al. used a composite of
PCL/gelatin nanofibers and biphasic calcium phosphate to deliver BMP-2 for bone

https://biointerfaceresearch.com/ 11108


https://doi.org/10.33263/BRIAC114.1110411115
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1110411115

regeneration. The matrices were prepared by electrospinning method that could produce a
network of extracellular matrix resembling structure. BMP release profile analysis showed that
it experienced a burst release within the first 10 hours then slowed down to a sustained release
manner within the next 31 days. Cellular behavior studies on different scaffolds proved that
cells cultured on BMP-containing yarns significantly enhanced cellular proliferation and
attachment. The in vivo healing potential of the fabricated composite was studied in a rat model
of critical-sized skull bone defect. It was shown that a marked difference was noticeable in
bone healing in rats treated with BMP loaded nanofibers indicating its huge potential for bone
tissue engineering applications [94]. Binulal et al. used a stem cell-populated electrospun
PCL/gelatin nanofibrous scaffold for bone tissue engineering. Various weight ratios of
PCL.:gelatin were tested for optimum scaffold fabrication concentration. A diluted acetic and
ethyl acetate mixture was exploited for solution preparation. The effects of this solvent system
on the matrices structure and solution properties were studied. Degradation rate measurement
and surface wettability analysis showed that the yarns containing 30 and 40 wt.% gelatin
showed a desired hydrophilicity and degradability. Mesenchymal stem cells were cultured on
the composite scaffold. They differentiated successfully into osteoblast cells suggesting proper
bio-functionality of this system for bone healing applications [95].

Infection is a major deterrent factor for the success of guided tissue/bone regeneration
[96]. Therefore, strategies seek to develop membranes with anti-infection capabilities. A study
conducted by Xue et al. Metronidazole was loaded into PCL/gelatin membranes to develop a
smart scaffold for guided bone regeneration. The scaffolds demonstrated a tensile strength,
suitable degradation rate, and barrier function. Drug release profile study showed that
metronidazole had a sustained release and could successfully mitigate anaerobic bacteria
colonization. The scaffolds imparted no toxicity towards seeded cells. The matrices were
implanted into subcutaneous tissue in a rat model for 8 months. Results showed that the
scaffolds had triggered a negligible inflammatory response, which depended on the loaded drug
dose [97]. Another study conducted by Ke et al. PCL and gelatin was blended to produce a
membrane for guided bone regeneration. The scaffolds were produced by electrospinning
method and then cross-linked with genipin. Scanning electron microscopy study showed that
the fibers had smooth and random morphology. The mechanical strength analysis showed that
the scaffolds had suitable tensile strength. CCK-8 study revealed that the yarns imparted no
toxicity towards MC3T3-el cells. Furthermore, the in vitro osteogenesis study showed that the
nanofibrous scaffold promoted bone formation as evidenced by alizarin red staining [98].
Schematic illustration of PCL/gelatin scaffold’s application in various disease models has been
shown in figure 1.
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Figure 1. Summary of PCL/gelatin nanofibrous scaffolds application in the skin, bone, and neural tissue
engineering.
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5. Concluding remarks

PCL and gelatin in the form of combined or single-use have been widely studied in

different fields. It seems that by blending PCL and gelatin, we can produce a new biomaterial
with more appealing characteristics. Nevertheless, more studies with term follow-ups are
needed to ensure that the combined use of PCL and gelatin has no adverse effects on living
organisms.
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