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Preface

Welcome to the Special Issue “Bioceramics, Bioglasses and Gels for Tissue Engineering”. In the

realm of regenerative medicine, the convergence of materials science and biomedical engineering has

paved the way for groundbreaking advancements in tissue engineering. This collection of articles

represents a comprehensive exploration of the latest developments, challenges, and innovations in

the synthesis and applications of bioceramics, bioglasses, and gels for tissue regeneration. As editors

of this Special Issue, we are delighted to present a compilation of cutting-edge research and insights

contributed by leading experts and researchers in this field. We extend our sincere appreciation to

the authors whose dedicated work has enriched this Special Issue. Their commitment to advancing

our understanding of biomaterials in the context of tissue engineering is evident in the quality and

depth of the contributions presented here. Furthermore, we would like to express our gratitude to

the reviewers whose expertise and thoughtful assessments have played a crucial role in maintaining

the scholarly rigor of this compilation. It is our belief that this collection will serve as a valuable

resource for researchers, practitioners, and students alike, fostering continued exploration efforts and

advancements in this exciting and dynamic field.

Thank you for joining us on this intellectual journey.

Arish Dasan and Ashokraja Chandrasekar

Editors
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Undoubtedly, biomaterials such as bioceramics, bioactive glasses, and gels have at-
tracted a wide range of research interest in the field of tissue engineering (TE), as they
facilitate the essential support and environment for cells to grow, differentiate, and, specif-
ically, regenerate new tissues [1–5]. Orthopaedic and dental implants are increasingly
being used to treat patients of all ages who are missing bones or teeth. Biocompatibility,
mechanical stability, corrosion resistance, and antimicrobial resistance are just some of
the criteria that must be met for a material to be used as a biomaterial or an implant [6,7].
Although biomaterials offer many benefits, challenges still exist, for instance, achieving
the desirable mechanical properties, controlling their degradation properties, and ensuring
their long-term stability. From this perspective, many researchers working on advance-
ments in biomaterials by adopting novel processing and manufacturing techniques such as
3D printing continue to address these challenges and expand the possibilities for their ap-
plications in TE [8–10]. Bioceramics, such as hydroxyapatite (HA) and tricalcium phosphate
(TCP), are commonly used in bone TE applications [11,12]. High-strength and aesthetic
bioceramics such as zirconia find extensive use in dental applications [13,14]. Bioceramics
are also used as a coating on commercial metallic implants, thereby enhancing their bio-
compatibility, bone integration, and improving the lifetime of the implant [15,16]. Apart
from hard tissue, recently, bioceramics have been explored in soft tissue engineering appli-
cations, for instance, skin regeneration, the regeneration of periodontal tissues, the cure of
articular cartilage, myocardial necrosis, and neovascularization growth [1–3,17]. Further
investigations, by modifying their composition and surface properties, for example, are
likely to lead to the potentiality of regenerating soft tissues.

One of the biomaterials that has transformed contemporary biomaterial-driven regen-
erative medicine is bioactive glass, which has created novel applications in biomedicine
such as soft tissue repair and drug delivery [6]. Bioglass®, pioneered by Hench, is just one
example of how much progress has been made in biomaterials in the last few decades [18].
It would be too modest to acknowledge that, among man-made materials, it is a marvel for
its ability to both chemically bond to the host bone and promote cell proliferation. Bioactive
glasses’ main benefit is the controlled release of therapeutic ions from their silica matrix,
which stimulates protein and cellular attachment and aids in the repair of damaged bones
by the means of cell proliferation [19–21]. Many varieties of bioactive glasses, including
the typical 45S5 silicate glass (45S5 or Bioglass®), antibacterial bioactive glasses (S53P4
or BonAlive®), and borate-based glasses (13-93B3 bioactive glass), have been produced
and marketed [22]. Recent advances in the development of bioactive glasses for bone
regeneration have relied on porous scaffolds that can serve as 3D representations of bone
structures. In addition to conventional foaming procedures and template-based methods, a
variety of additive manufacturing techniques are currently being employed to construct
scaffolds from melt and sol-gel-derived glasses. These techniques permit greater control
over the pore structure and formation of the scaffolds [22].

Gels are widely used in TE because of their unique properties, such as high water
content, softness, and the provision of a three-dimensional network environment, which
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make them suitable for cell growth, nutrient diffusion, and tissue regeneration [23–25].
Hydrogels formed from natural components such as collagen, fibrin, and gelatin are
the most used in TE due to their ability to mimic the native extracellular matrix (ECM).
Hydrogels can serve as delivery vehicles for potential therapeutic agents, such as drugs
and growth factors, enabling their localized and sustained release [25]. In addition, the
inclusion of potential therapeutic inorganic biomaterials within a gel network can stimulate
by delivering the physical and biochemical cues necessary for tissue development [25].
Considering their limitations, the lack of mechanical strength that restricts their use in load-
bearing applications, achieving a detailed microstructure, and controlling the degradation
rate are the main challenges. However, it should be noted that the plusses and constraints
can vary depending on the gel materials, formulations, and applications. Research teams
are continually working to improve reliable gel systems and minimize their limitations.

In recent years, significant research attention has been paid to utilizing biomaterials
as feedstock in AM technology [26–28]. The advent of such technology has enabled new
possibilities for producing high-performance components directly from customized digital
models, which is not feasible using conventional fabrication techniques. It is also possible
to manufacture optimal pore sizes with interconnection. Recent emerging approaches,
such as omics-based approaches, can allow for a comprehensive study of the regenerative
potential of biomaterials [1]. Another hot topic is to develop engineered biomaterials that
are (i) bio-instructive (designed to provide chemical and physical cues to guide cellular
behavior), (ii) biomimetic (aimed at replicating the structure, including the microstructure
and properties, including the chemical and physical ones of natural tissues or organs),
and (iii) bioresponsive (designed to exhibit specific responses when exposed to biological
stimuli or signals).

Advancements in interdisciplinary fields such as chemistry, physics, material sci-
ence, nanotechnology, manufacturing technology, and bioengineering have led to the
development of a wide range of biomaterial components. These materials are being in-
creasingly explored for a wide range of applications, including regenerative medicine,
biosensors, bioelectronics, and personalized implants, with the aim of improving human
health and well-being.

This Special Issue collection of articles represents the keen and diverse research ensuing to-
ward innovative functionalities and technologies in the biomedical sector. Atkinson I et al. [29]
fabricated composite scaffolds consisting of poly methyl methacrylate (PMMA) Cerium-
doped mesoporous bioactive glass (MBG), by means of the phase separation method. In
addition, they studied the effect of ceria addition and thereby the property changes, particularly
the crystallization behavior, of the SiO2–CaO–P2O5–CeO2 system [30]. Yergeshov AA et al. [31]
investigated the in vivo and in vitro effects of metal ion (Cu, Co, and Zn)-doped biodegrad-
able macroporous cryogels. The research performed by Dascalu LM et al. [32] revealed
the adjuvant effect of natural photosensitizers, based on curcuma extract and oregano
essential oil, on induced periodontal diseases. Mosas KKA et al. [15] apprized the recent
developments in biomaterials and coatings for different biomedical implants. Another
review article [33] discussed soft tissue repair using nanoparticle-modified biocompatible
polymers including hydrogels. Schrade S et al. [34] found that gelatin nanoparticles can
be used for targeted dual drug release out of aleginate-di-aldehyde-gelatin gels. Calcium
magnesium silicate (CaO-MgO-SiO2)-based bioceramics, containing bioactive phases of
diopside, akermanite, and merwinite, were prepared by Alecu AE et al. [35] using the sol-
gel method followed by thermal treatment. Reyes-Peces MV and their research group [36]
fabricated bioactive 3D scaffolds based on silica, gelatin, and β-tricalcium phosphate by
the means of robocasting additive manufacturing technology and laser micromachining.
Phetcharat P et al. [37] studied the influence of the addition of copper iodide nanoparticles
on poly(vinyl alcohol) (PVA) liquid bandages for wound healing applications. Another
interesting review article by Kishani M and their team [38] summarized the recent ad-
vancements in scaffolds, particularly those fabricated from bio-based natural materials.
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Miyamoto Y [39] extensively reviewed cell sheets, vitrified hydrogel membranes, and their
cryopreservation applications in regenerative and cellular medicine.

Author Contributions: Conceptualization, A.D.; writing—original draft preparation, A.D. and A.C.;
writing—review and editing, A.D. and A.C.; visualization, A.D. and A.C.; supervision, A.D.; project
administration, A.D. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Metallic materials such as stainless steel (SS), titanium (Ti), magnesium (Mg) alloys, and
cobalt-chromium (Co-Cr) alloys are widely used as biomaterials for implant applications. Metallic
implants sometimes fail in surgeries due to inadequate biocompatibility, faster degradation rate
(Mg-based alloys), inflammatory response, infections, inertness (SS, Ti, and Co-Cr alloys), lower
corrosion resistance, elastic modulus mismatch, excessive wear, and shielding stress. Therefore,
to address this problem, it is necessary to develop a method to improve the biofunctionalization
of metallic implant surfaces by changing the materials’ surface and morphology without altering
the mechanical properties of metallic implants. Among various methods, surface modification on
metallic surfaces by applying coatings is an effective way to improve implant material performance.
In this review, we discuss the recent developments in ceramics, polymers, and metallic materials
used for implant applications. Their biocompatibility is also discussed. The recent trends in coatings
for biomedical implants, applications, and their future directions were also discussed in detail.

Keywords: bioceramics; metallic implants; biomedical applications; coatings; surface modification;
biocompatibility; Mg-alloys; Ti-alloys

1. Introduction

Bioimplants are defined as engineered medical devices that are developed to replace
the non-functional or broken biological structural parts of the human body, providing
support to the given host. Biomaterial surface modification plays a key role in determin-
ing the outcome of the interaction between human biology and materials. Substantial
development in research in the field of biomaterials has increased the scope of use for a
wide range of orthopedic and dental implants that include total bone replacement, fracture
fixation, dental screws, joint arthrodesis, and so on [1]. Essentially, the success of bioim-
plants depends not only on their bulk properties but also on the properties of their surfaces,
which interact with human body tissues. As a result, the evolution of bioimplants has
reached a level of choice of materials based on specific properties on the basis of selected
specific materials [2]. Though alloys and metallic substances meet many of the biomedical
requirements, their interfacial bonding between the surrounding tissue or bone and the
metallic surface ranges from poor to virtually absent. The failure of the metallic implant
originates at the implant-tissue interface due to poor bonding at the interface, which leads
to the formation of a nonadherent layer and movement at the tissue-implant interface [3].

Corrosion in biometallic implants can affect the surface and biocompatible behavior
that induce tissue reactions, which lead to the release of corrosion byproducts from the
implant surface and result in premature failure. A minimum durability of 15 to 20 years for
older patients and more than 20 years for younger patients is expected from a bioimplant [4].
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However, there are problems associated with the use of metallic implants due to the lack
of poor implant fixation, lack of osteoconductivity, corrosion, and wear resistance leading
to the formation of wear debris and release of corrosive ions [5–7]. These problems are
mostly associated with the surface of the metallic implants. In view of this, the surface
of the bioimplant plays a major role in the biological environment because the reactions
occur directly on the surface of the implant after implant fixation. Hence, it is necessary to
modify the surface of the metallic substrate with specific properties that are different from
those in bulk [8,9]. This modification is required to accomplish good bone formability and
desired biological interactions. In some applications, biocompatibility, wear, and corrosion
resistance are also required.

Surface modifications of bioimplants are explored intensively with many bioactive
materials to avoid adverse effects such as lack of biocompatibility, post-surgery infections,
long-term survivability, and risks related to implant surface corrosion [10,11]. At first,
the research in this field was focused on the improvement in biomechanical properties of
metallic implants, but in recent days, it has turned towards improvement in the biological
properties of these biomedical devices [12,13]. By applying the appropriate modification on
the surface of the material, one can tailor and improve the biocompatibility, cell interactions,
and adhesion [14]. Thus, the development and design of biomaterials rely on surface modi-
fication. For that, it is necessary to develop techniques for functionalization of the surface
of metallic implants through changing the materials’ surface composition, morphology,
and structure without losing their mechanical properties. By adopting this, the service life
and performance of orthopedic and dental implants can be significantly increased. This
can be achieved by applying suitable biocompatible coatings with a unique combination of
properties.

In view of reliability and performance, the best way to functionalize the implants
in direct contact with bones and tissues is ceramic coatings owing to their excellent os-
teoconductive properties and high stability [15,16]. Surface modification by coating can
enhance the antibacterial activity of a bioimplant. The coated surfaces facilitate grafting
of cell-binding peptides, directed mutations of the cellular host, protein of extracellular
matrix (ECM), and growth of tissues to improve the acceptance of a bioimplant further.
Ceramic coatings on bioimplants show promising results in orthopedics with improved
bone regeneration and repair [17]. The overview of applications of ceramic coatings used
for metallic implants is listed in Table 1.

Table 1. Ceramic coatings used for biomedical applications [18].

Coatings Applications Advantages

Oxides (TiO2, ZrO2)
Oral implant application

Maxillofacial reconstruction
Ophthalmic implants

Good regenerative capability
Corrosion resistance

Antibacterial activities

Nitrides (TiN, ZrN, TiCN, ZrCN, TiAlN) and
Oxynitrides (TiON, ZrON)

Dental implants
Fracture fixation devices

Components of joint endoprostheses

Resistance to corrosion
Low frictional coefficient

Better adhesion to the substrates

Carbon Based Coatings (a-C, DLC, NCD, carbides,
and carbontirides)

Artificial heart valves
Orthopedic fixation devices

Sensors
Artificial ligaments

Low frictional coefficient
Excellent biocompatibility
High blood compatibility

Hydrophobicity

Calcium phosphates (CaP, HAp) and
bioactive glass

Spinal implants
Orthopedic implants

Maxillofacial reconstruction
Skull plates

High osteointegration capability
Excellent biocompatibility

Bioactivity

The major requirements for the selection of coating materials are (a) biocompatibility
and nondetrimental effects such as allergy, inflammation, and toxicity, (b) adequate fracture
toughness, fatigue, and mechanical strength to withstand the forces, and (c) resistance to
corrosion in the human body fluid atmosphere, which contains many constituents such as
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amino acids, chlorine, water, proteins, sodium, and plasma acids. The choice of coatings,
by considering their degeneration and surface properties, plays a major role in terms of
reliability and performance of bioimplants. The coatings for biomedical applications can be
subdivided into three groups: (a) bioinert, (b) bioactive, and (c) bioresorbable coatings [19].
The coatings having a minimum interaction with the surrounding tissues after implantation
in the human body are considered as bioinert coatings. The typical examples of bioinert
coatings are metal oxides, nitrides, carbides, carbonitrides, and oxynitrides. Transition
metal nitrides (TiN, ZrN, TiAlN, NbN), carbides (TiC), oxides (ZrO2, Al2O3, TiO2), or
oxynitride (TiON) coatings find a wide range of applications in bioceramic coatings due to
their remarkable properties such as wear, tear, hardness, biocompatibility, and corrosion
resistance [20,21].

The current review incorporates a description of the biomaterials and coatings that are
commonly used in the manufacturing of different orthopedic and dental implants.

2. Biomaterials for Biomedical Applications

Biomaterials are used to make devices that interact with the biological systems in the
human body and coexist for a long time with minimal failure. The type of material used
in implant applications shows specific properties that make them primary candidates for
specific applications. The key requirements for the selection of biometallic materials consist
of (a) cost effectiveness, (b) mechanical behavior equal to that of the human skull and bones,
and (c) their biocompatibility [22,23]. In addition, the major requirement for the bioimplant
materials is that it should be compatible with the human body, i.e., it should integrate
with the human body without negative impacts. Moreover, it must possess corrosion and
wear resistance in the human body environment. These properties will determine the
effectiveness of the implant materials.

If a metallic material experiences wear and corrosion, the surrounding tissues present
at the implant area can become inflamed, causing unfavorable biological reactions within
the human body [24]. The ions and toxins released from the metallic substrates as a
byproduct may be potentially harmful and can cause life threatening diseases and increase
the risk of using metallic implants. Therefore, it is important to choose correct material
for correct applications while performing bioimplants. In addition to that, the mechanical
performance of the biomaterial should be close to that of the replacing material where it
must sustain complicated and varying mechanical loading cycles [25]. Typical examples
for implanting areas are teeth, knee joints, and hips. The selection of biomaterial based on
mechanical properties is important to ensure no implant failures within the body when
subjected to numerous loading cycles during service life. Moreover, the material should be
biocompatible with the surrounding tissues and economically viable. Finally, it is essential
that the choice of material should be cost effective, efficient, and able to integrate with the
human body. Based on the requirements defined above, several materials were developed
in recent years to be used as biomaterials for implant applications. Still, it is hard for a
single metallic material to fulfill the desired properties. Biomaterials used for biomedical
applications are broadly classified into ceramics, polymers, and metallic systems.

2.1. Ceramics

Ceramics are inorganic compounds formed at high temperatures. Typical examples
are bioactive glass (BG), zirconium oxide (ZrO2), aluminum oxide (Al2O3), hydroxyapatite
(HAp), and other calcium and silica-based ceramics. These ceramics are noted for their
great biocompatibility, which makes them an excellent candidate for biomedical implant
applications. Depending on the reactivity with the human body, ceramic implants are
classified into three categories: (a) bioactive, (b) bioinert, and (c) bioresorbable ceramics [26].
Bioactive ceramics are used to interact with the surrounding cells and exhibit a higher
level of reactivity within the implant sites. Typical examples for bioactive ceramics are HA
and fluorapatites [27]. In an opposite trend, bioinert ceramics do not show any reactivity
with the host tissues at the implant sites but form a physical bonding when implanted [28].
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Bioresorbable ceramics exhibit a low level of reactivity with the host body tissues [29]. After
implantation, these ceramics are gradually resorbed and finally replaced with the bone
tissue. These bioresorbable ceramics are widely used in orthopedics and dentistry due to
their better biocompatibility and chemical interactions [30].

No risk of transmitting disease plus immunogenicity after implantation are the major
advantages of the ceramics [31]. Other remarkable advantages are higher resistance to
compressive force, low toxicity, good corrosion resistance, and promotion of the formation
of new hard tissues. For example, hydroxyapatite-based ceramics exhibit higher Ca/P
ratios, which are desirable due to similar chemical properties of bone and teeth hard
tissues [32–35]. Due to these attractive properties, ceramics are increasingly utilized for
bioimplant applications.

Ceramics are known for their high hardness and stress-shielding effects due to their
high elastic moduli, and slow initiation of crack growth over time, which significantly
decrease the reliability of the implants [36]. In addition, brittleness, fracture toughness,
and fabrication issues limit their use as bioimplants. The ceramics share the brittleness
factor, which limits the performance in terms of load-bearing applications (hip implants). If
the difference in mechanical properties of ceramic and bone is large, the load will not be
transmitted through the bone, thus leading to failure of the bone [37].

Ceramic composite materials provide superior properties compared to single materials.
The inferior mechanical properties of monolithic ceramics can be overcome by composite
ceramics while diminishing the limitations of each component. The remarkable properties
of composites such as the weight to strength ratio enable them to be used extensively for the
restoration of bones, ligaments, and dental fillings [38]. Moreover, the composites prepared
through the combination of bioactive and bioinert ceramics show better bioactivity and
mechanical strength [39]. Typical examples are HA and Al2O3 composites which show
better osteointegration with bone, good bioactivity, and high yield strength [40,41].

2.2. Polymers

The most widely used materials in biomedical applications are polymers. Polymers are
the building blocks of small repeating units’ monomers and are classified into two categories
called biodegradable and non-biodegradable. Typical examples for biodegradable polymers
are polyacetal, chitosan (CS), alginate, polylactide, and polycaprolactone, whereas non-
biodegradable polymers include polypropylene, polytetrafluoroethylene, polyethylene
terephthalate, polymethylmethacrylate, etc. Polymer implants are mostly used in replacing
heart valves, kidneys, bone, skin, contact lens, and artificial blood vessels, in addition as
pacemakers [42]. Among biodegradable polymers, CS shows remarkable properties such
as biocompatibility, biodegradability, wound healing, and antibacterial activity [43]. It is
also environmentally friendly and hence acts as a capping agent [44,45]. Polymers show
lower strength and elastic moduli as compared to metals and ceramics. Therefore, they are
not generally used for load-bearing applications such as joint and knee prostheses. The
polymers are also degraded in the body environment due to biochemical factors.

Polymer implants are quite interesting as bioimplants due to their low cost while
offering sufficient mechanical properties. For example, Polyether ether ketone (PEEK),
composed of 20% TiO2 particles and an additional ketone group results in 80% higher
compressive strength and better fatigue properties than pure PEEK [46]. Depending upon
the replacement anatomy to which the polymer is being applied, a wide variety of polymers
can be applied. Polymers have the advantage of complete degradation over time, leaving
no signs of their presence at the implant locations in a body. This was possible with the
subsequent research and development in biodegradable polymer materials, where the
proteins and extracellular matrix mimic the cell signaling functions of the surrounding
tissue, permitting better bio-integration [47].

Though polymers show exceptional properties and are cost-efficient and easy to
manufacture, they show different forms of cytotoxicity: depending on the host body
conditions, inflammatory reactions can occur within the implant region. This will induce
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bone degeneration, abnormalities, rapid rate of corrosion, and decreases in mechanical
properties over time. Moreover, the elastic modulus of polymers is extremely low compared
to human bone (between 10 and 30 GPa) [48]. This will create an impact while applying
load. Another major issue that is being faced is that the polymer implant degrades as
the bone heals. If the process is too fast, the neighboring tissues feel more stress, which
causes potential discomfort. These limitations prevent them from being widely used
as bioimplants.

Polymeric Gels

Natural polymers such as collagen are the main components of natural bone due
to their hydrophilic nature, enabling the formation of hydrogels with aqueous solutions
that exhibit several desirable characteristics for bone-tissue engineering [49]. Polymeric
gels are often referred to as hydrogels owing to their ability to hold water inside their
networks [50]. These hydrogels swell upon water intake and shrink upon drying [51].
Taking advantage of this property, water soluble drugs, growth factors, and other biological
entities such as proteins and even live cells can be incorporated into these hydrogels [52].
These gels can be designed for delivery systems based on certain external stimuli such
as pH [53,54], temperature, or the presence of specific chemicals or target molecules [55].
Many researchers choose collagen because it is the most important organic component of
human bone [56–58].

Hydrogels are attractive soft biomaterials because of their soft consistency (stiffness
and viscoelasticity are essential in directing the immune response), high water content,
porosity, and biocompatibility [59]. They are widely used in 3D cell cultures for modeling
the biological extracellular matrix or as coatings for promoting cell attachment. Other
natural polymer-based hydrogels used as bone tissue engineering (BTE) materials include
polysaccharides (e.g., cellulose) and polypeptides (e.g., alginate). Compared with natural
polymeric gels, synthetic polymeric gels offer more possibilities for molecular alterations
that facilitate tailoring the candidate properties to specific requirements, i.e., tuning me-
chanical properties and biophysical and biochemical cues. For instance, Poly(ethylene
glycol) (PEG) hydrogels, modified with adhesion ligand arginine–glycine–aspartic acid
(RGD), offer tunable mechanical properties as well as improved cell attachment and cell
differentiation [60]. However, generally, the poor mechanical strength of hydrogels lim-
its their usage and needs further improvement for bone regeneration. Recent emerging
technologies such as 3D printing in the manufacturing of hydrogel-based components may
offer entirely new possibilities for addressing the challenges [61].

2.3. Metals and Alloys

Even though ceramics show excellent biocompatible performance, they have poor
fracture toughness and exhibit brittle behavior, and their use in load-bearing applications
is limited. Thus, metals and alloys are generally used for implants where high strength
and load-bearing capacity are required. Most medical industrial segments rely on metallic
implants. They are generally used to replace some load-bearing applications such as the hip,
plates, knee prostheses, pins, dental materials, screws, and cardiovascular applications [62].
Though metals show high strength and durability, they can lose their properties under
physiological conditions with a potential release of various ions and debris which may
trigger a biological response. Most of the alloys release metal ions to the plasma in the
blood [63]. The excessive release of ions in the blood has a high risk of accumulation
in organs such as the spleen and liver that later form particulates, affecting the normal
functioning of these organs. This phenomenon leads to cytotoxicity followed by organ
failure upon prolonged accumulation.

Metallic materials are not fully accepted by the human body, and the tissue growth is
impaired because of inadequate attachment of the implant, leading to discomfort or pain in
the implant region [64]. As compared to ceramic materials, the risk of infection is higher,
and the healing time is slower in the case of metallic implants. Although metallic implants
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have some limitations, preference should be given based on their corrosion resistance, cost
effectiveness, and mechanical strength. The chemically inert platinum and gold do not
show any corrosion in situ, and these materials can be used as bioimplants, but they are
expensive. Hence, recent biomedical industries use Ti-based alloys and Mg-based alloys
due to their better biocompatibility and good mechanical strength under human body
conditions [65]. The widely used metallic materials used as biomedical devices are stainless
steel and Ti- and Co-based alloys [66,67].

2.3.1. Stainless Steels (SS)

In India, SS 304 and 316L are the most used implant materials for biomedical ap-
plications due to their cost effectiveness, wide resource availability, reliability, and ease
of fabrication as compared to Ti- and Co-based alloys. Among various grades of SS, the
primary recommended grade for implant applications is AISI type 316L SS. The presence
of chromium (minimum content of 10.5 wt. %) yields a thin and passive oxide layer and
protects the implant surface against corrosion [68]. The presence of carbon (min. 0.03 wt. %)
in SS increases its mechanical properties, especially fracture toughness, corrosion resis-
tance, and tribological performance of the implants. Their load-bearing capability makes
them a suitable orthopedic implant material [69]. However, almost 90% of 316L grade SS
implants lose their properties due to a pitting corrosion attack and the release of nickel
and chromium ions, which cause allergic reactions in the implant region. Hence, a small
addition of molybdenum (2 to 4 wt. %) improves the corrosion resistance and strengthens
the 316L SS grade.

The 316L SS used in biomedical devices is classified into two categories: (a) conven-
tional SS and (b) Ni-free stainless steels [70]. The primary use of conventional stainless
steels is to provide a load-bearing property to the implanted surfaces: they are often used
as fracture plates, nails, screws, and stents in the implant process. In addition, the Ni-free
SS provides higher corrosion resistance and biocompatibility [71]. When compared to other
bioimplants, the chemical composition of SS alloys offers an advantage when good me-
chanical properties are desired. Moreover, they have a high cost-to-benefit ratio and exhibit
a linear relationship with the manufacturing processes and final structure/properties.

Its elastic modulus (200 GPa), which is higher than that of the human bone (10–30 GPa),
results in high stress-shielding effect at the tissue/implant interface leading to the failure
of the implanted SS [72–74]. In recent days, SS was modified with hydroxyapatite (HAp)
which improves its bio-integration and osteointegration properties. Typical implanted
materials are screws, pins, sutures, bone plates, steel threads, and medullary nails, which
are used in fracture fixation. However, the corrosion resistance, biocompatibility, and
osseointegration of SS are lower compared to Ti-based alloys, where implant success rates
are much higher [75].

2.3.2. Co-Cr Alloys

Co-based alloys are considered as one of the most successful materials used for
implant applications. This alloy was first used in the early 1900s, where it was used as an
implant material for hip replacement. Co-based alloys show better corrosion, wear, and
mechanical properties and are used in bioimplant applications. The in vivo and in vitro
studies confirmed that Co-based alloys show better biocompatibility and can be used for
the manufacturing of surgical implants such as in the hip, knee, shoulder, and fractured
bone surfaces [76,77]. The most widely used combination of Co alloys are Co-Cr-Mo owing
to their unique combination of strength and ductility. By comparing with other metallic
implants, this alloy shows a better elastic modulus, density as well as stiffness, becoming
an ideal material for the implant process [78]. This alloy is primarily focused on permanent
implant fixation procedures because these alloys maintain their initial properties for a
long time after implantation. The cumulative likelihood of endurance reached 96% at
12 years for patients aged above 60 years [79]. A Co-Cr-Mo alloy combined with ultra-high
molecular weight polyethylene (UHMWPE) is used in artificial ankles and knees [80,81].
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Other major alloying elements of Co-based alloys include Ni, Mo, and Cr. These
elements were proven to be toxic to the human body when leached out from the metal
surface to the body fluid during corrosion of Co alloys and can lead to skin-related diseases.
An excessive leaching of these trace elements leads to damage to organs such as the liver,
kidney, blood cells, and lungs [82,83]. The addition of nickel into Co-Cr-Mo improves
corrosion resistance and mechanical properties, but due to the cytotoxicity of Ni, the use of
this alloy in bioimplants is limited [84]. The elastic modulus (200–250 GPa) and ultimate
tensile strength (400–1000 GPa) of Co-based alloys are 10 times higher than those of the
human bone. The use of these implants manufactured from Co-based alloys thus results in a
stress-shielding effect at the tissue/implant interface. The surface modification of Co-Cr-Mo
alloys under plasma treatment improves hardness, wear, and corrosion resistance [85–87].
However, they are still not recommended for joint fixtures due to their inferior frictional
and tensile properties. Apart from their biocompatibility and corrosion behavior, Co-based
alloys are not ideal materials for bearing and joint surfaces due to their sub-par frictional
properties [88].

2.3.3. Ti Alloys

Commercially pure titanium (Ti) and its alloys (Ti-6Al-4V, Ti-6Al-7Nb, Ti-5Al-6Nb,
and Ti-13Nb-13Zr) have become major assets in the biomedical field owing to their superior
biocompatibility, low density, and suitable mechanical properties. At first, it was intended
to be used for aerospace applications, but later in the 1970s, the discovery of its biocompati-
bility led to a demand for Ti and Ti alloys in biomedical applications. If commercial pure
titanium (Cp Ti) is used to replace its alloys, the mechanical properties lost due to alloying
elements must be compensated for [89,90]. The alloys of Ti show enhanced mechanical and
biocompatibility properties in comparison to pure titanium. Depending on the presence of
the iron and oxygen content in the Ti alloy, four different grades of alloys are used. The
most widely used Ti alloy is Ti-6Al-4V, comprising an estimated 50% of total titanium alloys’
usage for bioimplants of this grade [91,92]. By comparing with other grades of Ti alloys, it
offers excellent corrosion resistance, biocompatibility, formability, structural stability, and a
better weight to strength ratio. The applications of Ti alloys as bioimplants include heart
valves, dental prostheses, osteosynthesis, artificial joints, and bone replacements [93].

Biomedical grade titanium alloys are generally categorized as alpha (α, Ti-6Al-4V),
near-α, α-β, and metastable β (Ti-6Al-7Nb) [94,95]. These alloys are widely used as
biometallic implants, but they cause stress shielding issues at the implant-tissue interface
due to their high elastic modulus values. The elastic modulus of Ti and α-β Ti-alloys
(100–110 GPa) is higher than that of human bone which limits its usage in joints. The
presence of vanadium and aluminum compounds results in the release of toxic ions of
vanadium (oxidovanadium (IV) and vanadate (V)) and aluminum (Al3+) under the physio-
logical environment, leading to adverse health issues [96–98]. Therefore, much interest has
been paid to β alloys in combination with Zr, Nb, Ta, or Mo to replace V and Al in the alloy.
Such alloys possess better mechanical properties, ductility, good structural stability, higher
wear resistance, a lower elastic modulus, and improved corrosion resistance [99–101].

One of the disadvantages of using Ti alloys is their below par tribological properties,
due to their high friction and abrasive wear nature [102,103]. Moreover, the formation of
TiO2 during exposure protects the surface of the Ti alloy, which hinders the bioimplant-
tissue relationship. The formation of titanium compounds around the surrounding tissues
of the implant causes failure of the implant [104].

2.3.4. Mg Alloys

Metal-based biodegradable orthopedic implants nullify the complications associated
with the long-term existence of implants inside the human body. In recent days, biodegrad-
able metallic implants were investigated as biomedical implants [105]. Magnesium (Mg) is
present in the human body as the fourth most abundant cation and is essential to the human
metabolism. Mg corrodes faster in the chloride containing physiological environment; thus,
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it has emerged as biocompatible and biodegradable material for use as implants [106].
Moreover, Mg and its alloys have received much attention in the category of biodegradable
alloys due to their leading properties such as low density, an elastic modulus close to that
of bones, light weight, biocompatibility, and excellent mechanical properties [107,108]. The
revision surgeries performed to remove hardware components in implants such as screws
and plates from the implanted site after healing are often discomforting and expensive
for the patients. The revision surgery can also lead to complications such as nosocomial
infection and delay the patient’s recovery to a normal lifestyle. Mg-based biodegradable
metallic implant components can overcome the revision surgery by degrading in situ,
thus also eliminating the need for the procedure to remove the implant components after
healing [109].

The high mechanical strength of metallic materials limits the use as bioimplants,
whereas the Mg implant shows a reduced elastic modulus and prevents the mismatch
between a bone and the Mg-based implant. This leads to the reduction in stress shielding
at the bone/implant interface. Their mechanical and corrosion properties can be enhanced
by alloying with Al, Zn, and other elements [110,111]. Current research is focused on the
development of Mg-based alloys with zero or low cytotoxicity. Alloying Mg with other
metals must be selected carefully to avoid metal-related toxic issues and corrosion. Different
type grades of Mg alloys such as Mg-Ca and Mg-Y-Nd were studied as biodegradable
bioimplants for orthopedic applications [112].

The major limitation associated with Mg and Mg-based alloys is their rapid corrosion
in physiological conditions. Rapid corrosion results in quick release of byproducts such
as hydrogen gases due to fast in vivo degradation. This indicates the necessity for surface
modification. To overcome the rapid corrosion, alloying with various elements has been
explored. For example, elements such as calcium (Ca), zinc (Zn), silver (Ag), aluminum
(Al), zirconium (Zr), yttrium (Y), and Neodymium (Nd) were added to Mg to enhance the
corrosion and mechanical properties [113–117]. Typical examples are Mg-Ca, Mg-Zn, and
Mg-Zn-Ca. By carefully selecting a suitable element and its composition, the microstructure
can be tailored to meet mechanical properties such as bone. This makes them ideal for
bone replacement. Table 2 shows the overall comparison of materials used for biomedical
applications and their applications.

Table 2. The pros and cons of various biomaterials used in the biomedical industry [118].

Materials Advantages Disadvantages Applications

Polymers
Good performance in cyclic load
applications, degrade completely

over time.

Different cytotoxicity mechanism,
inflammatory reactions, bone

degradation, show higher
corrosion rate.

Bearing surfaces [119]

Ceramics

Zero risk of transmitting
diseases/immunogenicity,

compression force resistance,
corrosion resistance.

Low mechanical properties, high
stress-shielding effects, lower rate

of biodegradation, fracture
toughness is poor.

Bearing surfaces

Stainless Steels
Better mechanical strength, high
ductility, flexibility in bending,

low manufacturing cost.

High stress-shielding effects, low
resistance to corrosion,
less osseointegration,

biocompatibility issue.

Bone plates, pins, nails, screws,
threads, steel threads, and sutures

Co-Cr based alloys High strength, ductility, elastic
modulus, stiffness, and density.

Higher modulus than bones,
stress-shielding effects, not ideal

for bearing surfaces in a joint, low
frictional properties.

Orthopedic implants for knee,
ankle, hip, shoulder, and fracture

fixation devices

Titanium and its alloys
Good corrosion resistance, light

weight, low density, good
mechanical strength.

Poor tribological performance,
high frictional coefficient,
adhesive wear, and low

abrasion resistance.

Total knee, hip
replacement, bone plates, and

screws for fixation and
maxillofacial applications

Mg and its alloys Low Young’s modulus, no stress
shielding, biodegradable.

Biocompatibility issue, corrosion
resistance, low

mechanical integrity.

Mesh cage for segmental defects
in bone, 3D scaffold design
for better bone regeneration
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3. Need for Surface Modification of Bioimplants

In an implant operation, any material inserted into the human body is treated as
a foreign substance. If the foreign substances are not biocompatible, layers of fibrous
tissues, also known as scar tissues, begin to develop between the tissue and implant. Even-
tually, due to scar tissue development, the implant fails to osteointegrate with the host
bone, leading to implant failure. Therefore, the primary requirement for the successful
implant process is to have a complete integration between bioimplants and human body
tissues [120]. The biological responses of biomedical devices to the lifespan and perfor-
mance are better controlled by their surface morphology and chemistry. To achieve better
biocompatibility and osteoconductivity, surface modification on biometallic materials has
been recommended to achieve the desired properties (Figure 1) to increase the success rate
of implants. When the surface is effectively modified, the bulk functionality and properties
of the biomedical implant device will remain unaffected for a long time [121,122]. With the
advantage of bio-integration and the load-bearing capability of biomaterials, the success
rate for bioimplants can be greatly increased.

In recent years, researchers tried to enhance the bio-integration of implants by modi-
fying the implant surface that is in contact with the body environment. Two approaches
are considered for modifying the surface of the implants. The first approach is to deposit
organic/inorganic-based coatings on the metallic surface without modifying the implant
substrate [123]. The second approach is to use conversion coatings or surface modified
layers, where the chemical surface modification of a substrate results in a slight increase in
thickness [124]. In this case, the substrate elements are involved in developing conversion
coatings. For conversion coating, surface preparation by grinding and polishing is required
to improve the surface roughness for better mechanical interlocking of coatings. This
process is critical, and surface modification by depositing an overlay coating is recom-
mended [125]. Recently, a combination of both surface modification and deposition of thin
films was performed to achieve the synergy of both properties.

In a modern biomedical implant industry, surface modification of metallic implants
with an appropriate coating material is used to enhance biocompatibility, corrosion re-
sistance, antimicrobial behavior, and mechanical properties. Although there are many
methods for the deposition of bioactive surface coatings, an optimal coating technique
for biomedical applications has not been developed yet. Currently, the coatings on im-
plant materials are deposited by one of the deposition techniques such as physical vapor
deposition (PVD), chemical vapor deposition (CVD), electrophoretic deposition (EPD),
electrodeposition (ED), or sol-gel methods [2]. Among these, PVD is recommended to
deposit metal/ceramic materials over the implant surface and provide exact stoichiometry,
excellent adhesion, high density, and good uniformity. Another method for surface modifi-
cation other than coating methods is chemical etching to prevent bacterial adhesion and
improve osseointegration [126].

The success of an implant is dependent on the stability of the coating, which provides
better biocompatibility. This section is focused on the recent advancements in various types
of ceramic and polymer coatings to improve bioimplant performance and reliability.
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Figure 1. The role of bioactive coated metallic implants as a potential implant material [127]. The
qualities of coated implants are superior to those of uncoated metallic implants.

3.1. Polyether Ether Ketone (PEEK)

PEEK is a thermoplastic material that shows a combination of excellent stiffness, chem-
ical and physical properties, and toughness and offers a wide range of applications [128].
Therefore, it is widely used as a bone substitute in orthopedic and dental implants, and in
clamps for removable dental prostheses [129]. The PEEK coated substrates show better tri-
bological properties, which are useful for the development of coatings on light weight alloys
which lack tribological performance. Most of the sliding and bearing implant materials are
coated with PEEK due to its better wear resistance and thermal stability [130,131]. Generally,
PEEK coating and its composites are prepared using thermal spraying or electrophoretic
processes [132–135]. PEEK coating (70–90 µm thick) deposited through electrophoretic
deposition on the Ti-13Nb-13Zr titanium alloy showed excellent wear resistance, 200 times
higher than the uncoated alloy [136].

PEEK in combination with other bioactive materials shows better antibacterial activ-
ity than PEEK alone [137]. Many authors reported on PEEK-based composite coatings
on metallic substrates. These coatings enhance bioactivity and electrochemical corrosion
resistance, especially for implant structural components. Typical examples for the compos-
ite coatings are TiO2/PEEK [138], sol-gel glass/PEEK [139], bioactive glass/PEEK [140],
h-BN/PEEK [141], Ag/bioactive glass/PEEK [142], and h-BN/bioactive glass/PEEK coat-
ings [137]. A combination of bioactive glass embedded in a polymeric matrix of PEEK
makes it an interesting material for orthopedic applications as it meets biological and
biomechanical requirements for the application. A cold sprayed Bioglass/PEEK composite
prepared by Garrido et al. [143] showed an increase in wear resistance by more than 70%,
higher hardness, and a lower coefficient of friction compared to pure PEEK. Coatings
based on Bioglass/PEEK on porous Ti substrates resulted in higher adhesion between
Bioglass/PEEK coating and Ti substrates [144].

Flame sprayed hexagonal boron nitride (h-BN) incorporated PEEK coating on low-
carbon steel substrate increased the hardness and decreased wear and frictional coefficient
values for the composite coating containing 8 wt. % h-BN due to its self-lubrication prop-
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erties [145]. The coefficient of the friction value can also be reduced by the addition of
alumina. The Al2O3/PEEK composite coating deposited on a Ti alloy using electrophoretic
deposition showed increased corrosion resistance and significantly improved wear resis-
tance under dry sliding conditions. The viability test revealed that the Al2O3/PEEK coating
was found to be cytocompatible with MG-63 osteoblast cells [146]. The scratch resistance
of PEEK coatings can be increased with the addition of amorphous Si3N4 nanoparticles.
Tomasz et al. [147] performed the electrophoretic deposition of the PEEK/Si3N4 nanocom-
posite using a chitosan stabilizer: the coating showed higher scratch resistance than PEEK
coating alone. This suggests that PEEK-based nanocomposite coatings potentially improve
the bioactive as well as bio-tribological performance of Ti-based alloys used in biomedical
applications. The use of PEEK with HAp as a coating can reduce the stress shielding effect.
The combination of PEEK/HAp offers similar stiffness to that of the bone tissue. Recent
studies suggest that the incorporation of HAp into PEEK coating improves bioactivity
and mechanical properties [148]. PEEK coating prepared by different methods and their
properties are summarized in Table 3.

Table 3. Methods and properties of PEEK-based composite coatings.

S. No. Coatings Deposition Method Significance Ref.

1 PEEK coating on Ti alloy
(Ti-13Nb-13Zr) Electrophoretic deposition (EPD)

Excellent wear resistance
Very good adhesion

Low frictional coefficients
[136]

2 HAp/PEEK composite coating on
PEEK substrate Cold Spray coating

Better biocompatibility and
osseointgration for
clinical applications

[149]

3 SiC/PEEK composite coating on SS electrostatic spray coating method Scratch resistance
Hardness increases [150]

4 h-BN/bioactive glass/PEEK coating
on SS 316L Electrophoretic deposition (EPD) Good adhesion strength

Wetting behavior [137]

5 PEEK/HAp on 316L SS Electrophoretic deposition (EPD) Good antibacterial activity [151]

6 PEEK coating on Ti implant Thermal spraying
Improved stability and

fracture resistance
Abrasion resistance

[152]

7 PEEK/ Bioglass composite coating
on PEEK substrates Cold gas spray Better wear resistance

Biomechanical performance [143]

8 ZrO2/PEEK coating on
Ti6Al4V substrates Thermal spraying

Improved wettability
Blood compatibility
Great potential for

medical applications

[153]

9
Al2O3/PEEK,

SiO2/PEEK coatings on
Ti6Al4V substrates

Thermal spraying

High hardness
Optimum tribological properties

Potential candidate for
bearing material

[154]

3.2. Titanium Dioxide (TiO2)

TiO2 coatings are the most important materials in biomedical applications that are
known for their antibacterial properties along with good mechanical properties. The
applications of TiO2 coating include drug delivery systems [155], orthopedic [156], and
dental applications [157]. It also shows high catalytic activity, antibacterial activity, and
long-term stability under photo and chemical corrosion [158]. TiO2 promotes the formation
of bone-like apatite or calcium phosphate on its surface. This property makes it a suitable
candidate for reconstruction and bone replacement [159].

TiO2 coated metallic substrates show better antibacterial properties. Gartner et al. [160]
observed the same biocidal effect by applying TiO2 coating on glass substrates by a sol-gel
method. Photocatalytic activity of TiO2 coating received much attention as a potential
material for anti-bacterial coatings. The antibacterial effects of TiO2 coating involve both a
reduction in bacteria’s viability and their destruction [161]. Park et al. [162] showed that the

15



Gels 2022, 8, 323

antibacterial effect against S. aureus could be improved by adjusting the nucleation time of
TiO2 film during the deposition process. The antibacterial effect of TiO2 was explained by
the formation of reactive oxygen species. Apart from antibacterial properties, the antiviral
properties of the TiO2 coating are also studied [163]. Table 4 summarizes the use of TiO2
and its composite coatings for bioimplant applications.

Yetim [164] prepared TiO2 coating with different concentrations of Ag using the sol-gel
process on the commercially pure titanium substrate. Electrochemical corrosion properties
obtained from electrochemical impedance spectroscopy measurements and potentiody-
namic polarization tests in simulated body fluid (SBF) suggest that Ag doped TiO2 enhances
corrosion resistance over that of the bare Ti substrates as well as undoped TiO2 coated
samples [165]. The silver doped TiO2 (Ag/TiO2) nanocomposite coated glass substrate with
varying Ag content synthesized by the sol-gel route showed antiviral properties against
E. coli, enterovirus, and influenza A virus (H1N1) [166]. The highest level of photocatalytic
degradation under irradiation with either visible or ultraviolet light was observed at an
optimum Ag:TiO2 weight ratio of 1:100. The antibacterial effectiveness was greater than
99.99% against E. coli and other infectious diseases after visible light illumination.

Sol-gel derived TiO2-PTFE nanocomposite coating on stainless steel substrates was
prepared by Zhang et al. [164] and their bacterial adherence were tested against two
pathogens, namely S. aureus and E. coli. The bacterial adhesion and bacterial growth studies
were evaluated by fluorescence microscopy after 2 h, 6 h, 12 h, and 24 h of incubation
(Figure 2a,b). The TiO2-PTFE coated substrate shows the lowest bacterial adhesion when
compared with the uncoated substrate. The bacterial inhibition increases with the increasing
TiO2 concentration (Figure 2c,d). It is also observed that Gram-positive bacteria are less
sensitive due to their cell wall thickness.

1 
 

 

Figure 2. Effect of bacterial adhesion (a,b) and bacterial growth of E. coli and S. aureus pathogens on
TiO2-PTFE coated and uncoated substrates [164]. TiO2-PTFE coated substrates exhibit lower bacterial
adherence and a significant reduction in bacterial growth (c,d) as compared to uncoated substrates.
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Table 4. Uses of TiO2 and its composite coatings in bioimplant applications.

S. No. Coatings Deposition Method Significance Ref.

1 TiO2 coating on Ti substrates Anodic oxidation Potential rehabilitation to internal
bone fracture [167]

2 TiO2 coating on PEEK substrate Dip coating Recommended for maxillofacial and
oral implants applications [168]

3 TiO2/MoSe2/chitosan coating on
Ti implants Micro-arc oxidation process

Excellent in vivo and in vitro
antibacterial property against

S. mutans
Better biocompatibility and

hydrophilicity
Better antibacterial properties

[169]

4 Poly(epsilon-caprolactone)/titania
(PCL/TiO2) coating on Ti implants Electrospinning technique

Good bioactivity against
osteoblast cell

Superior antibacterial against
S. aureus

Promoting cell attachment

[170]

5 TiO2 coating on Ti substrates Direct lithographic anodic
oxidation Corrosion resistant [171]

6 TiO2 nano coating Anodizing oxidation technique Better cell proliferation and adhesion
Better osseointegration [172]

7 Graphene/TiO2 coating on
Ti substrate Drop casting method Better cell adhesion and

proliferation behavior [173]

8 TiO2/HAp bilayer coating on
Ti substrate MOCVD/Plasma spraying Better hardness

In vitro bioactivity [174]

9 Y-doped TiO2 coating on Ti alloy Plasma electrolytic oxidation
method

Better antibacterial activity against
E. coli and S. aureus [175]

10 Fe3O4/TiO2 composite coating on
Ti implants Micro-arc oxidation process Prevent inflammatory

Better fibroblast response [176]

3.3. Transition Metal Nitrides

Earlier, transition metal nitrides and carbides were widely used to protect the metal-
lic components against wear, tear, and corrosion, potentially offering high-temperature
stability. Titanium nitride (TiN) coatings were used as decorative coatings in earlier days.
In the last decade, nitride coatings for orthopedic implants were also proposed to protect
the implants against wear and tear and to act as a diffusion barrier layer preventing the
toxic ion release from the implant metal surfaces to the human body fluids [177–180]. The
physical properties of TiN coated substrates show high scratch resistance, hardness, and
low frictional coefficients. These properties make them a potential candidate for use as
coatings on different metals used in arthroplasty. TiN-based coatings used for orthopedic
applications show better biological properties as compared to other nitrides [181]. TiN coat-
ings show better blood tolerability properties with a hemolysis percentage near zero [182].
TiAlN is another biocompatible nitride that has proven to be a promising alternative to TiN
in biomedical applications despite its aluminum (Al) content [183].

Transition metal carbonitrides (TiCN, ZrCN) were found to increase the service life of
orthopedic implants in terms of wear resistance in biological media [184–186]. Recently,
quaternary carbonitrides-based coatings (TiAlCN, TiCrCN, TiNbCN, etc.) were found to
show increased anticorrosive, mechanical, and tribological properties compared to ternary
carbonitride-based coatings [187–189]. The tribological properties of these carbonitride
coatings are very complex. However, the carbon-based carbonitride coatings show good
biocompatibility, better wear resistance, and low friction [190]. Much attention has been
paid to developing MeSiC-, MeSiCN-, and MeSiN- (where Me is a transition metal, and Si
is an alloying element) based hard coatings [191–194]. These types of coatings show high
thermal stability, a low frictional coefficient, excellent wear resistance, and good mechanical
properties (hardness, Young’s modulus). Moreover, in many investigations, TiSi-based
carbide and carbonitride coatings proved to be a potential candidate for a metallic implant
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which combines the mechanical, tribological, and anticorrosive properties of TiN and TiC
with the biocompatibility behavior of SiC and SiCN [192,195–197].

TiN coating shows plastic deformation at the coating/surface interfaces due to dis-
similarities in the hardness of the substrate and coating [198]. Thus, TiN coating cannot
accommodate the fracture and deformation that creates flakes, and defects in the coatings
cause deterioration of the coatings from the substrate. Therefore, chromium nitride (CrN)
and chromium carbonitride (CrCN) coatings are recommended, which act as a better diffu-
sion barrier for ion release from the alloys. These coatings also exhibit higher toughness,
higher cohesive strength, and lower wear debris than TiN coatings [199].

TiN and TiCuN coatings were prepared by the axial magnetic field enhanced arc ion
plating (AMFE-AIP) technique, and the in vitro angiogenic response of human umbilical
vein endothelial cells was studied by Liu et al. [200]. The TiCuN coating showed better
antibacterial activity, and both coatings showed no cytotoxicity to human umbilical vein en-
dothelial cells (HUVECs). TiCuN coatings promote early cell apoptosis, which is important
for vascular tissue modeling (Figure 3).
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Figure 3. Apoptosis rate of TiN and TiCuN coatings tested for Day 1 and Day 3. Annexin V-
FITC/PI double staining kit was used to evaluate the apoptosis rate of these coatings [200]. TiCuN
coating promoted the early cell apoptosis rate more than TiN coating. *: Denotes TiCuN coating
superior performance.

Transition metal oxynitrides have been considered as interesting materials due to their
known mechanical properties, chemical stability, and corrosion resistance in simulated
body fluid. Zirconium oxynitride (ZrON) and titanium oxynitride (TiON) based coatings
were recently used in biomedical applications for their better corrosion resistance than
TiN coating and their anti-fouling ability [201,202]. The magnetron sputtered ZrON and
TiON coated 316L SS specimen show better hardness and wear resistance behavior than the
uncoated substrate [203]. In addition, both coatings show better anti-fouling performance
against Pseudomonas aeruginosa bacterial adhesion than uncoated substrates. The coated
substrates also show better corrosion protection with or without the addition of hydrogen
peroxide (H2O2) in artificial blood plasma (ABP) solution [203].

Surface modified coatings prepared from ternary nitrides such as TiZrN, TiCrN, and
TiAlN gained considerable attention because they retain their physiochemical properties,
such as oxidation resistance, hardness, corrosion resistance, biocompatibility, and structural
stability after implantation [204,205]. Magnetron sputtered TiZrN coated 316L SS substrates
showed less bacterial adhesion, increased corrosion protection, and negligible human blood
platelets activity than uncoated substrates [206]. Recent developments in binary, ternary,
and quaternary systems of transition metal nitrides and carbide coatings are tabulated in
Table 5.
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Table 5. Recent work on binary, ternary, and quaternary systems of transition metal nitride and
carbide coatings for implant applications.

S. No. Coatings Deposition Method Significance Refs.

1 Nano-TiN coating on Ti-6A1-4V Magnetron sputtering
Enhanced hardness and anti-wear

resistance, good hemocompatibility,
and biocompatibility

[207]

2 TiN coating on Ti alloy Cathodic arc deposition
Better corrosion protection

Low wear rate
Reduced coefficient of friction

[208,209]

3 TiON coating on 316L SS Magnetron sputtering Better adhesion
Good resistance to corrosion [210]

4 TiON coating on Ti substrates Magnetron sputtering Better biological activity
Highly biocompatible [211]

5 TiCN coating on Ni-Cr alloy Magnetron sputtering Good adhesion of fibroblasts
Less cytotoxic [212]

6 TiZr/a-C coatings on Ti substrate Cathodic arc deposition

Good compatibility with human skin
fibroblast cells

Good human skin fibroblast
cell viability

[213]

7 TiZrCN, TiNbCN, and TiSiCN
coatings on steel substrates Cathodic arc deposition Better adhesion to the substrate

Corrosion resistance [214]

8 TiAlN coating Multi arc ion plating technique Better tribological performance [215]

9 Nanolayer CrAlN/TiSiN coating on
steel substrates Magnetron sputtering Excellent tribological performance [216]

10
TiCN/TiAlN and TiAlN/TiCN

bilayer nitride coatings on cemented
carbide substrates

Cathodic arc deposition Higher hardness
High scratch resistance [217]

11
CoCrMoC/CrN and CrN/CoCrMoC

coatings on medical grade
SS substrates

Magnetron sputtering Better tribo-corrosion behavior [218]

3.4. Carbon Based Coatings

Carbon based materials are categorized under bioinert coatings. These coatings are
used in load-bearing applications and wear components to improve elevated corrosion
resistance, wear, and frictional effects [219]. Besides, carbon-based coatings show minimum
protein adhesion and very good biocompatibility due to the hydrophobic nature of carbon-
coated surfaces. Three different types of carbon-based coatings are used for biomedical
applications. They are (a) nanocrystalline diamond (NCD), (b) pyrolytic carbon (PyC), and
(c) diamond-like carbon (DLC) [220]. Some of the coatings are commercially available,
while others are under development.

Most of the PyC coatings in biomedical applications are found in the heart valves
due to their thromboresistant qualities and biocompatibility [221]. Most of the artificial
heart valves are lined with a thick PyC coating. PyC biocompatibility in heart valves is
well established. PyC coatings have also been used in orthopedic applications [222]. By
varying the process parameters of the PyC (such as temperature, surface area, gas flow
rate, precursor) in the CVD process, a variety of the structures can be produced. The
most interesting structure for biomedical applications is lamellar, isotropic, granular, and
columnar [223–225]. PyC coated orthopedic implants are used to replace small joints such
as wrist joints, knuckles, and arthroplasty of proximal interphalangeal joints [226].

Carbon coatings, including nanocrystalline diamond and DLC coating, show many
remarkable biological properties and are considered as coatings for medical implants. NCD
coatings deposited by the CVD process consist of sp3-hybridized carbon bonds and show
grain sizes in the range of a few nanometers. NCD coatings generally show very low
surface roughness and possess the properties of a diamond, such as hydrophobicity and
excellent biocompatibility with blood [227,228]. This makes them an ideal coating choice
for wear-resistant implant applications and cardiovascular devices. NCD coating can also
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be used as hard antibacterial coatings that reduce the risk of infections. The electrically
active NCD coating surfaces can establish a chemical bond with the biomolecules in the
surrounding environment. Medina et al. [229] observed that the NCD coating surfaces
react with the cell wall or membrane of Gram-negative P. aeruginosa bacteria and establish
a chemical bond that alters the bacteria morphology, hindering bacterial adhesion and
colonization on the surface of the coating. The properties of NCD films are utilized in
biosensing and neurochemical sensing applications [230].

More experimental studies have been reported on DLC based coatings, which are
considered as the most promising materials for bioimplant applications [231–234]. Medical
grade PEEK samples were coated with DLC using plasma immersion ion implantation
and deposition (PIII & D) technique, and their in vitro cytocompatibility and osteogenesis
studies were carried out by Mo et al. using human bone marrow mesenchymal stem cells
(hBMSCs) [235]. DLC coated substrates show better surface coverage of cells and show
high cell viability on the seventh day, which indicates better biocompatibility of DLC-PEEK
coatings than PEEK coating (Figure 4). However, DLC suffers from residual stress arising
from the substrate/coating thermal expansion mismatch and lattice misfit, which cause
poor substrate adhesion and delamination of the coating from the substrate. Another
major concern about DLC coatings is their instability in the aqueous environment, which
promotes delamination of the coating [236]. To avoid this issue, it is recommended to use
interlayers (called buffer layer) such as CrC, Ti, and Si3N4 at the interface of the substrate
and DLC coating [237]. Another approach is to dope DLC coating with N, F, Ag, Zr, or Ti
to avoid a thermal expansion mismatch and residual stress [238].
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Figure 4. Represents in vitro cytocompatibility of DLC coated PEEK substrates, (a) surface morphol-
ogy of hBMSC cultured on PEEK, DLC-PEEK, and NH2-DLC-PEEK substrates for 1 day, and the
enlarged cells are shown in pseudo-color, (b) cell viability for 1 day, and (c) proliferation of hBMSCs
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The properties of DLC such as chemical inertness, surface smoothness, and hydropho-
bicity are important for providing better compatibility with blood, reducing platelet activa-
tion in contact with the blood, which could trigger thrombosis. DLC can act as a protective
coating under the conditions of the human blood environment, which limits the release
of nickel ions from metallic implants such as SS 316L. Several studies suggest that DLC
coating prepared by various routes is biocompatible and does not induce any inflammation
reaction both under in vivo and in vitro conditions [235,239]. Because of these remarkable
features, DLC coatings found various applications as coatings in many implant devices
such as cardiovascular stents, heart valves, surgery needles, medical wires, contact lenses,
etc. DLC coatings can also be used as protective coating in knee replacement because of
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their high corrosion resistance, hardness, and low wear rate. Generally, DLC films are used
to reduce the frictional coefficient and offer better wear resistance [238]. Carbon based
coatings and their significance in biomedical field are summarized in Table 6.

Table 6. Different carbon coatings and their properties.

S. No. Coatings Deposition Method Significance Ref.

1 DLC on Ti alloy Plasma immersion ion deposition
(PIID)

Improvement in tribo-corrosion
behavior [240]

2 Si-DLC on Polyethylene
(PE) substrates

Plasma and laser-based
processing methods

Improvement in hydrophobicity,
lubricity, and electrical conductivity [241]

3 Carbon coatings on X39CR13 and
316LVM steels Magnetron sputtering Improved adhesion and

wettability properties [242]

4
Amorphous carbon/diamond-like

carbon (a-C:H) coatings on
PEEK substrate

Plasma enhanced chemical vapor
deposition

No toxicity issues and better
biological performance [243]

5 DLC with Zr interlayers on Ti alloy Magnetron sputtering Reduced coefficient of friction [244]

6 Si-DLC Coatings on Ti alloy Magnetron sputtering High level of biocompatibility due to
the presence of Si [245]

7 a-C:H coating on Co-Cr alloy PVD/PE-CVD Excellent mechanical properties,
high hardness, and elastic modulus [246]

8 Si doped DLC on Ti alloy Magnetron sputtering Reduced microbial colonization of
E. coli [247]

9 DLC on stainless steel Pulsed DC PE-CVD Improved biocompatibility and
corrosion resistance [248]

10 DLC with TiO2 on stainless steel PE-CVD Better biocompatibility and
antimicrobial activity [249]

3.5. Calcium Phosphates

Calcium phosphate (CaP) ceramics are widely used as implants since they have a
chemical composition similar to the inorganic composition of the bone. By controlling the
surface properties such as roughness and porosity of CaP, one can regulate the biomineral
formation and cell/protein adhesion. Bioactivity properties are varied depending on the
type of calcium phosphates (HAp, tricalcium phosphate (TCP)) because of the differences
in crystallinity, solubility, stability, ion release, and mechanical properties. At first, CaP
coatings were deposited through the vapor phase process, but in recent years, biomimetic
and solution-based methods were developed. Each synthesis approach has its own intrinsic
properties, but in general, CaP based coatings are promising to improve implant longevity
and biocompatibility. Many studies have been focused on the development of CaP ceramic
coatings on metallic substrates to achieve the biological properties identical to a bulk and
to enhance the implant durability and fixation [250–253].

Presently, atmospheric plasma spraying (APS) is currently employed to develop CaP
coating on implant surfaces [2]. The CaP phases in the coatings exhibit higher solubility in
an aqueous medium than HAp which is desirable for activating bone formation. However,
faster dissolution reduces the stability and can cause loosening of the implant. A highly
crystalline HAp phase dissolves in human physiological conditions at a lower rate which
provides long-term stability of the implants. Thus, for the development of implants with
required properties, one must control the purity and crystallinity of the coatings. CaP
coatings with a denser microstructure lower the risk of delamination of the coating during
in vivo tests with human body fluids. Coating surface roughness affects its dissolution and
bone apposition and growth. Porous surfaces may enhance cell attachment or formation
of the extra-cellular matrix, but the accumulation of macropores at the coating/substrate
interface weakens the coating adhesion [254].

CaP in the form of HAp is widely used in implant applications due to its superior
biological response. The HAp composition is Ca10(PO4)6(OH)2 (Ca/P = 1.67), which resem-
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bles the chemical composition of hard tissues such as bone and teeth [255]. Hence, HAp
is considered as a primary candidate material due to its exceptional biological properties
such as excellent biocompatibility, osteoconductivity, osteoinductivity, and bioactivity [256].
HAp coatings release calcium and phosphate ions and regulate the activation of osteoclasts
and osteoblasts, facilitating bone regeneration [257]. The use of HAp ceramics enhances
the regeneration of bones, improves osteoconductivity for bone growth, and promotes
mineralization through ion release control and encapsulating growth factors. HAp ceramic
coating enhances bone apposition in orthopedic implants through the formation of an
extremely thin bonding layer with the existing bone. Due to such tissue bonding charac-
teristics, Hap-based ceramics are considered as bioactive-based coatings. The continuous
effort to improve the durability of the HAp ceramic coatings has led to development of
high-quality HAp coatings and the development of Hap-based composite coatings.

Highly porous or highly crystalline HAp coating shows poor adhesion to the sub-
strate. Sankar et al. [258] studied the corrosion behavior of HAp coatings prepared by
electrophoretic deposition (EPD) and the pulsed laser deposition (PLD) method. The
corrosion results suggest that the HAp coatings show lower corrosion protection than
the coatings prepared by the PLD method due to the formation of denser and pore-free
coating [258]. Corrosion protection can also be enhanced by the addition of antimicrobial
dopants. For example, Yugeswaran et al. [259] prepared HAp-TiO2 nanocomposite coat-
ings by APS. The coating shows better corrosion performance in SBF medium than HAp
coating without dopants due to its high compactness and the presence of TiO2 [259]. Silver
(Ag) containing HAp coatings prepared by Trujillo et al. [260] show better antibacterial
activity than HAp coating alone against P. aeruginosa and S. epidermidis pathogens due to
the antibacterial activity of Ag. The antimicrobial activity of the Ag-doped HAp composite
against E. coli and S. aureus was tested by Lett et al. [261]. The results indicated that the
Ag-doped HAp composite has better inhibition of bacterial growth and shows a stronger
ability against S. aureus bacteria to fight against toxic responses (Figure 5). The absence of
Ag in the composite results in lower antibacterial activity of HAp composites. The variation
in antibacterial activity was attributed to a thinner cell wall response of S. aureus (Figure 5b)
to Ag ions than E. coli (Figure 5a) [261].
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Figure 5. Demonstration of antimicrobial activity of HAp and Ag doped HAp composites against
E. coli (Gram-negative) (a) and S. aureus (Gram-positive) (b) bacteria [261]. The photograph shows
that Ag-doped HAp inhibits S. aureus bacteria more effectively than E. coli.

In biomedical implants, the major challenge for the performance of implants is bacte-
rial invasion. During surgical operation, the bacteria may enter the surface of the implants
through surgical equipment or cross contamination which form a biofilm. Once the sur-
rounding implant is infected, the infection causes implant loosening. To overcome this
issue, antimicrobial agents are used as dopants in ceramics, protecting implant material
from bacterial invasion and improving their durability. Zinc doped HAp composites pre-
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pared by the sol-gel route and annealed at different temperatures (500 ◦C and 700 ◦C) show
higher antimicrobial activity against C. albicans fungal cells and S. aureus bacteria [262].

Multiple doping of ions into HAp coatings was also attempted to improve their
structural stability, partial dissolution, and biocompatibility. Wang et al. [263] prepared Sr
and F− doped hydroxyapatite and studied the properties of the coating. The addition of
the dopant improves the structural stability of the HAp lattice and promotes osteogenic
cell differentiation. Moreover, the addition of F− ions potentially arrests the formation of
S. aureus. Dopants such as Cu, Zn, Mg, Ag added to HAp enhance antibacterial activity and
decrease the toxic effects towards the human body cells [264–267]. For example, Mg-doped
HAp shows better osteoblast cell adhesion than pure HAp [268].

The differences in the thermal expansion coefficient of HAp and metallic alloys result
in residual thermal stress. The stress accumulation increases with the increase in the coating
thickness, which promotes cracking or delamination of the coating. For a thicker coating,
the outer layer may detach from the implant, whereas a thin HAp coating can prematurely
resorb during bone regeneration. Various HAp composites and their biological properties
are summarized in Table 7.

Table 7. Hydroxyapatite and its composites’ coatings for implant applications.

S. No. Coatings Deposition Method Significance Ref.

HAp nanowire coating on glass substrate Solvothermal method Excellent apatite-forming ability [269]

Fe doped HAp on Si substrate Co-precipitation method Promote better proliferation and adhesion of
the osteoblast cells [270]

Ce doped HAp/collagen coating on
Ti surface Biomimetic method

Better antibacterial efficacy against Escherichia
coli and Staphylococcus aureus bacteria than

HAp coating
[271]

Si substituted HAp coating on
Ti substrate Precipitation method Favorable regeneration of crystalline

Si-HA layer [272]

HAp/CaSiO3/Chitosan Porous coating
on Ti substrate EPD Improved bioactivity and biocompatibility [273]

Bioactive glass/HAp coatings on
Ti substrate Pulsed laser deposition Significant bioactivity, cytocompatibility, and

hemocompatibility [274]

PyC/SiC/HAp coating on carbon fibers Chemical vapor deposition/pulsed
electrochemical deposition

Excellent corrosion resistance, induces the
nucleation process and growth of

bone-like apatite
[275]

PEEK/HAp composite coating on 316L
SS substrate Electrophoretic deposition Enhanced in vitro bioactivity [148]

Ag/HAp coating on Ti substrate Sol-gel route Enhanced antibacterial activity and better
corrosion protection [276]

TiO2/HAp coating on Ti substrate High velocity oxy fuel (HVOF) method Improved corrosion resistance [277]

B2O3/Al2O3/HAp coating on
Ti substrate High velocity oxy fuel (HVOF) method Improved adhesion strength [278]

TiO2/HAp nanocomposite coating on
316L SS substrate Electrophoretic deposition Excellent corrosion protection under

SBF medium [279]

3.6. Zirconia

Zirconia (ZrO2) is a ceramic material that can withstand high temperatures as well
as higher stresses. It has widespread applications in dental implants and in the coatings
on metallic implants to increase their corrosion resistance [280]. ZrO2 ceramics offer many
advantages, including mechanical strength, chemical stability, biocompatibility, good aes-
thetics, and better wear resistance. Zirconia stabilized with yttria (YSZ) has been used
as a dental implant due to its excellent mechanical strength and fracture toughness [281].
YSZ coatings show better hardness and scratch resistance than HAp coating [282]. Gobi
Saravanan et al. [283] observed that the YSZ coated Ti substrates show improved hemocom-
patibility, activating blood platelets with pseudopods. In addition to that, superior in vitro
biomineralization behavior was observed and documented through the weight gain on
YSZ coating.

Zirconia stabilized with different weight fractions (0, 4, 10 wt. %) of yttria yields differ-
ent phases (monoclinic, tetragonal, and cubic): zirconia ceramics with tailored mechanical
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properties and biocompatibility can be thus prepared. Attempts were made to deposit
different phases of zirconia (m-ZrO2, t-ZrO2, and c-ZrO2) with the use of electron beam
physical vapor deposition (EBPVD) [284]. All the coatings show lower surface roughness
than coating prepared through the APS method and reduce pathogen bacterial invasion.
Particularly, t-ZrO2 shows superior hardness over the other two zirconia phases. All the
allotropes show better blood plasma protein adhesion and enhanced resistance to corrosion
in comparison to uncoated medical grade stainless steel substrates in ABP solution.

Antibacterial activity of ZrO2 coating can be enhanced by the addition of Ag. Ag-ZrO2
composite coatings were prepared by Pradhaban et al. [285]. The results suggest that
the coating shows antimicrobial activity against E. coli. Santos et al. [286] prepared glass
ceramic composites with different concentrations of ZrO2 particles (0–50 vol. %) and carried
out a ball-on-plate tribology test. ZrO2 glass ceramic composite (30 vol. % of ZrO2) shows
optimal wear properties (coefficient of friction is 0.3) and is recommended for load-bearing
applications. Bermi et al. [287] deposited YSZ coating through pulsed plasma deposition,
and the tribological behavior of the coating in both dry and wet conditions was tested.
YSZ coating deposited on a Ti6Al4V alloy ball sliding against the UHMWPE disk shows
a reduction in wear rate (17% and 4% in dry and lubricated conditions) than uncoated
alloy substrate.

Kaliaraj et al. [288] prepared zirconia coatings on a 316L SS substrate by electron beam
physical vapor deposition (EBPVD), and a bacterial adhesion study with P. aeruginosa was
carried out. Epifluorescence microscopy analysis of live/dead cells after incubation of 1, 2,
3, and 4 days showed a drastic reduction in bacterial adhesion on ZrO2 coatings, along with
retardation in biofilm formation (Figure 6). This observation was attributed to the decrease
in surface roughness obtained through coating deposition and the surface chemistry of
ZrO2 that inhibits bacterial adhesion. Electrochemical impedance corrosion results show
that ZrO2 exhibited superior corrosion resistance in the presence of H2O2 in an artificial
blood plasma electrolyte solution. [288].
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was seen on ZrO2 coated substrate compared to uncoated 316L SS.
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3.7. Bioactive Glass Coatings

Hench pioneered bioactive materials research and revolutionized the fields of bioac-
tive materials and ceramics with his discovery of bioactive glass (45S5 composition), com-
mercially known as Bioglass [289]. In the wake of Bioglass, various compositions and
composites of bioactive glasses or silicates prepared both by melt quench and sol-gel tech-
niques were investigated. Although bioactive glasses exhibit excellent bioactivity, because
of their amorphous or semi-crystalline nature, they often fail as an implant material due
to their poor mechanical strength. To overcome the shortage in mechanical properties,
bioactive glasses are often composited with various metal oxides such as TiO2, Al2O3,
ZrO2, and 2-D materials such as graphene and its derivatives (graphene oxide and reduced
graphene oxide) [290]. These composites were reported to improve the corrosion resistance,
antibacterial activity, and angiogenic properties of bioactive glass coatings without losing
the bioactivity [291]. Similar to many ceramic materials, bioactive glasses can also be
prepared in the form of particles of nano and micron size, as mesoporous particles, fibers,
3D scaffolds or monoliths, and thin films or coatings [292].

In this section, various types of coating technologies that can be used for the coating
of bioactive glasses and their composites on different types of metals, alloys, and certain
specific surfaces are discussed. One of the most simple and economical coating processes
is the sol-gel dip-coating process. However, the coatings are often porous because of
the solvent evaporation leading to poor corrosion resistance and mechanical properties.
Nevertheless, this problem can be solved by incorporating metal oxides such as B2O3 as
reported by Pinki Dey et al. [293]. According to their report, by replacing the silica weight
percentage in the 45S5 system by 1% to 5 wt. %, they were able to decrease the porosity in
the particles. Thermal spray coating, an industrial coating process, can also be employed for
bioactive glass coating preparation. This process involves the coating of bioactive glasses
as fine droplets or as plasma and sprayed over metal surfaces. Porous and non-porous
layers with varying coating thicknesses can be achieved by the thermal spray process by
tuning the deposition parameters such as velocity, size of the droplets, and temperature of
the substrates [294].

Bioactive glasses can also be coated by physical deposition techniques such as radio-
frequency magnetron sputtering (RF-MS) and pulsed laser deposition. In a recent study
conducted by Qaisar Nawaz et al. [295], silver nanoclusters embedded in a silica matrix
were deposited over the PEEK/BG layer using RF co-sputtering. They report a uniform 100
nm of the Ag-SiO2 layer that showed slower and sustained release of silver ions compared
to the electrophoretically deposited coating. Although the physical deposition techniques
are very robust and highly reproducible, their shortcoming is often the expensive experi-
mental setup and precursors when compared to wet chemical sol-gel coating techniques.
On the other hand, electrophoretic deposition (EPD) combines both the advantages and
disadvantages of sol-gel coating and physical deposition methods. EPD is both a versatile
and cost-effective method for coating ceramic materials on conducting surfaces.

Ashokraja et al. [296] reported bioactivity in simulated body fluid (SBF) and reactive
oxygen production using the XTT assay for reduced graphene oxide (rGO), sol-gel derived
bioactive glass rods (BGNR) followed by different methods for developing composites of
rGO and BGNR such as under constant stirring (COL), under constant sonication (SOL), and
with a simultaneous reduction in graphene oxide-BGNR composites (RED). In their study,
they report the role of pH changes in the sol-gel process facilitating one-dimensional rod-
shaped bioactive glass formation, and their immersion studies exhibited a 50-micron thick
HAp layer on the seventh day for rGO/BG composites [297]. Their work also reports that
the different methods employed to prepare the composites influence the HCA formation,
antibacterial efficacy, hemocompatibility, and cell proliferation as shown in Figure 7.
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Figure 7. Schematics for HCA formation, antibacterial activity, hemocompatibility, and cell prolif-
eration of bioactive glass rods (BGNR) and their composites with rGO (COL, SON, and RED) [297].
Figure also shows the bioactive behavior of the BGNR-rGO composites. It is noticed that the RED
composites showed better HCA layer formation, cell proliferation, and hemocompatibility.

A recent comparative study reported results between pure BG and rGO/BG thin
films deposited over the anodized surface of titanium by EPD. The deposited bioactive
coatings (both pure and composites) were 2 µm thick and exhibited very good HAp
formation in simulated body fluids along with super hydrophilicity in pure bioactive glass
coatings [298]. Table 8 summarizes a brief list of bioactive glass coatings, their compositions,
coating processes: important features are elucidated.

Table 8. Composition, the substrate used, coating process, and their salient features of bioactive glasses.

S. No. Coatings Substrate Deposition Method Significance Ref.

1

Titanium, HAp, Bioactive glass
wt.% (57–60 SiO2, 21–24 CaO,

9–11 Na2O, 2–3P2O5,
0.5–1.5 TiO2, and 2–3B2O3)

Ti-alloy—Ti6Al4 V Laser engineered
net shaping

Improved hardness and
wear resistance [299]

2

58S Bioactive glass (molar
composition of 35% CaO,

60% SiO2, and 5% P2O5) seeded
in HAp

Commercial AISI 316L SS Cold uniaxial pressing
Seeding of HAp increased

the hardness as well as
apatite layer formation

[300]

3 Bioglass with silver
nanoparticles and Chitosan Ti-alloy—Ti6Al4 V Electrophoretic deposition

Increased coating
uniformity and nanoscale
roughness for bioactivity

[301]

4

(1) 65% SiO2, 5% P2O5, and
30% CaO,

(2) 45% SiO2, 5% P2O5, and
50% CaO

Carbon foam Dip Coating
Compact and dense coating

is reported in 65% rather
than 45% SiO2

[302]

5 Manganese modified
Bioglass/alginate 316L SS Electrophoretic deposition

Increase in manganese
improves the corrosion

resistance in SBF
[303]

6
Bioglass composite with

chitosan and iron
oxide nanoparticles

Ti-alloy—Ti–13Nb–13Zr Electrophoretic deposition
Better corrosion resistance,

coating adhesion,
and hydrophilicity

[304]
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Table 8. Cont.

S. No. Coatings Substrate Deposition Method Significance Ref.

7 Silver incorporated HAp
and Bioglass Nickel titanium alloy Dip coating

Increased corrosion
resistance and

coating adhesion
[305]

8 Bioglass AISI 304L SS APS
Improved mechanical

strength and
corrosion resistance

[306]

9 Bioglass, TiO2, Al2O3, and Hap
composite with PMMA Stainless steel 304 Dip coating

PMMA-TiO2 coating
exhibited higher corrosion

resistance than other
composites coatings

[307]

10
58S bioactive

glass-gelatin-polycaprolactone
composite

316L SS Electrospinning

Increase in bioactive glass
weight % improved surface

Roughness and adhesion
strength, exhibited good

corrosion resistance, apatite
formation and cell viability

[308]

11 58S Bioactive glass Vitallium alloy Dip coating Decreased porosity and
increased bioactivity [309]

12 Bioglass Ti6Al4V alloy Electrophoretic deposition
Scratch resistance, hardness,

and coating
bonding strength

[310]

13 HAp-Bioglass-Iron oxide
composite Ti-alloy—Ti-13Nb-13Zr Electrophoretic deposition Corrosion resistance and

non-toxic effects [311]

14
Reduced graphene

oxide—Bioglass sol-gel
composite

Grade 2 titanium Electrophoretic deposition
rGO facilitated low

hemolysis and improved
cell proliferation

[298]

4. Summary and Future Directions

This paper reviews different biomaterials and explains their significant characteristics
that influence their bioactivity. Bioimplant manufacturing involves an integrated process
of selection of materials, design, fabrication, and surface modification through micro/nano
texturing or coating application. Engineering of native metals by converting them into
alloys yields desired properties and provides flexibility in designing the needs as per
implant requirements. For a long-term application of bioimplants, surface characteristics
and their biological functions are considered as key factors. Engineering the surface of the
biomaterials by applying suitable coatings provides flexibility in tailoring the properties as
per the requirements.

Bioceramic coatings hold great potential by tailoring the biological properties that suit
our needs: the choice of the coating depends on the interaction between the cells with the
coatings and substrates that are being used. Coatings on metallic implants are invaluable
due to their functionality, biocompatibility, durability, and stability. Bioactive coatings are
used to enhance the biological fixation between the bone and metallic implant despite their
poor tribological and mechanical properties. Hence, they are often improved by developing
composites with materials that possesses good mechanical strength. These improved
coatings can be also used for durable load-bearing implants. All these properties lead to a
better clinical success rate in long-term use in comparison to uncoated metallic implants.
The bioactive ceramic coated biodegradable implants provide synergistic properties of both
the implants and coating. Thus, these coatings find applications in cardiovascular stents,
heart valves, orthopedic applications, tissue engineering, drug delivery, and biosensors.
The current trends of ceramic coatings coated metallic implants are more focused on
orthopedic applications.

Feasibility studies on complex structures, designing, fabrication of metallic alloys to
form complex shapes without losing mechanical properties and surface integrity are a
challenging task and should be attempted. The degradation mechanism of coatings on
metallic implants changes in the human body environment. Moreover, lattice mismatch
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and the accumulation of residual stress cause degradation of the implant after implantation.
Thus, there is a need to develop mathematical models for the prediction of degradation
mechanisms. Another approach to reducing the residual stress is to deposit a functionally
graded multi-layered or nanocomposite coating with multifunctional properties.
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Abstract: The dressings containing nanoparticles of metals and metal oxides are promising types of
materials for wound repair. In such dressings, biocompatible and nontoxic hydrophilic polymers are
used as a matrix. In the present review, we take a look at the anti-microbial effect of the nanoparticle-
modified wound dressings against various microorganisms and evaluate their healing action. A
detailed analysis of 31 sources published in 2021 and 2022 was performed. Furthermore, a trend for
development of modern antibacterial wound-healing nanomaterials was shown as exemplified in
publications starting from 2018. The review may be helpful for researchers working in the areas of
biotechnology, medicine, epidemiology, material science and other fields aimed at the improvement
of the quality of life.

Keywords: wound; wound dressing; nanoparticle; hydrogel; nanofiber

1. Introduction

The large surface area and the ultra-fine size, low toxicity and biocompatibility provide
the high potential for the use of nanoparticles in the biomedical field [1,2], in dental restora-
tive materials [3,4], in pharmacology as carriers for targeted drug delivery [5,6] including
cancer drugs [7]. At the same time, many nanoparticles also show antibacterial action. This
has to do with the fact that nanoparticles are much smaller compared with the size of a
bacterial cell and can diffuse into the bacterial cell walls with further destruction [8–10].

Nanoparticles have a high potential as components of wound dressings being an
alternative to antibiotics thanks to the fact that unlike the former, the latter cause fewer
side effects and are not prone to causing microbial resistance. This makes it possible to use
them for inhibiting the growth of drug-resistant bacteria [11].

It is known that in order to be used in clinical practice the skin regenerating and healing
wound dressings must have a range of properties such as biocompatibility, nontoxicity,
porosity, as well as air and vapor permeability. They must also sustain a moist environment
on the wound surface and absorb exudates, be capable of imitating the extracellular matrix
structure and have an antibacterial effect [12]. Such properties can be found in nanofibers
and hydrogels based on natural and synthetic polymers modified with nanoparticles.
Unlike roller bandage and gauze, hydrogels create a moist wound environment and provide
a cooling effect relieving painful sensations in patients [13].

A number of review articles are known dealing with various wound healing materials,
i.e., nanofibers modified with silver nanoparticles [14], electroconductive films, membranes,
hydrogels [15], nanocomposites based on polylactic acid and zinc oxide nanoparticles [16],
polysaccharide antibacterial hydrogels [17,18], hydrogels with copper nanoparticles [19],
membranes with gold or silver nanoparticles [20] and others. However, the aforemen-
tioned papers do not contain a detailed analysis of antibacterial and healing properties of
wound dressings.
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The aim of the present paper was to provide an outlook on the use of nanoparticles of
metals and metal oxides for production of polymer composite wound dressings through
studying their antibacterial and healing action.

2. Materials and Methods

The Scopus database was used to conduct the literature survey. The “wound dressing
nanoparticles” search returned 1747 results, of which 146 were dated 2022 and 324 were
dated 2021, as well as 565 articles from 2018 to 2020. For the purposes of the present
analysis 31 most relevant articles published in 2021–2022 were selected, of which 18 articles
dedicated to the silver nanoparticles (AgNPs), gold (AuNPs) and copper (CuNPs) nanopar-
ticles. 13 articles dedicated to metal oxides nanoparticles as follows: 7 articles dealing with
zinc oxide nanoparticles (ZnO NPs), 2 articles related to iron oxide nanoparticles (FeO NPs
or Fe3O4 NPs), 2 articles on cerium dioxide nanoparticles (CeO2 NPs), article dedicated to
titanium dioxide nanoparticles with multi-walled carbon nanotubes (MWCNT_TiO2), and
1 article on copper oxide nanoparticles (CuO NPs).

3. Results
3.1. Nanoparticles of Metals
3.1.1. Silver Nanoparticles

The silver nanoparticles obtained by green methods are efficient against pathogens
in case of acute, chronic wounds and burns. It is known from the literature [21] that the
formation of free radical forms of oxygen is the main mechanism of AgNPs interaction
with bacteria leading to damage of the bacteria cell walls.

It is noteworthy that the introduction of AgNPs into the hydrogel matrices is often
complicated by low stability of the colloids in aqueous media, which may lead to loss of
bioactivity, formation of toxic structure and side effects in patients. Therefore, the biopoly-
mers are normally used for stabilization. For instance, the authors of [22] synthesized
AgNPs in the presence of stabilizers in the form of polysaccharides, i.e., ulvan and cellulose.
The AgNPs retained its stability even upon loading of a hyaluronic acid-based hydrogel.
It was determined that polysaccharides stabilized the AgNPs through the formation of
a polyanionic outer layer around the inorganic core attributable to the presence of the
hydroxyl, sulphate and carboxyl groups leading to electrostatic repulsion of AgNPs and
a high negative zeta-potential value. The addition of polysaccharides did not affect the
antibacterial action of AgNPs against E. coli, P. aeruginosa and S. aureus.

Antezana et al. [23] studied the antibacterial activity and biocompatibility of hydrogels
based on collagen and spherical AgNPs ranging from 10 to 15 nm. The growth inhibiting
effect of the hydrogels on the S. aureus and P. aeruginosa was established, as evidenced by
the presence of the zones of inhibition vs. the nanoparticle-free hydrogel (Figure 1). The
CFU mL−1 values for the S. aureus and P. aeruginosa bacteria significantly decreased within
7 days for the hydrogels containing 6.7 mg g−1 and 67 mg g−1 of AgNPs. However, for
the hydrogels with the lower AgNPs content (0.67 mg g−1) the decrease in CFU mL−1

was observed only for 3 days followed by a later rise. Unfortunately, the authors did not
provide an explanation for this fact.

The viability of the MDCK dog kidney epithelial cells decreased by 80–90% after 48 h
of observation for all silver-containing hydrogels. According to the authors this has to
do with the release of the toxic silver ions. In order to create biocompatible hydrogels,
the Cannabis sativa plant extract was used, which provided an antioxidant effect. The
MDCK cell proliferation increase by 40–60% was discovered as compared to the extract-free
hydrogel. This fact was explained by the authors through the reduction in oxidative stress
caused by O2, the generation of which is stimulated by AgNPs.

Nešović et al. [24] studied an AgNPs-containing hydrogel with 40–60 nm particles
based on polyvinyl alcohol. The germ-kill effect against S. aureus (the TL strain) and E. coli
(the ATCC 25922 strain) was observed within 24 h. In that publication the role of the
stabilizing agent was played by polyvinyl alcohol, which prevented the agglomeration
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and the bioactivity loss of AgNPs. It was determined that the release rate of silver (in the
phosphate buffer medium with pH = 7.4) from the hydrogel can be accurately controlled,
which is important for clinical use of such wound repair materials and stable protection
against infections. According to the authors, the silver-containing hydrogel can be applied
for wound healing for a prolonged period of time since it releases the silver slowly and
maintains the required concentration thereof for 28 days. However, the authors of paper [24]
did not study the mechanical properties of the hydrogel.
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Santiago-Castillo et al. [25] the antibacterial properties of nanofibers based on high
molecular weight polyvinyl alcohol (146–186 kDa), chitosan (190–310 kDa) and cube-shaped
AgNPs were investigated. A combination of chitosan with polyvinyl alcohol was used since
the solutions of chitosan are highly viscous at room temperature due to the polycationic
nature of chitosan in solutions and due to the rigid structure, which complicated the
production of fiber by means of electrospinning. The nanofibers demonstrated antibacterial
activity against the E. coli (the ATCC 25922 strain) and the S. aureus bacteria (the ATCC
25923 strain). The diameters of the zones of inhibition were equal to 22 mm and 20 mm
for E. coli and S. aureus, respectively. The antibacterial activity of the obtained nanofibers
was better compared to the nanofibers containing ZnO NPs and copper nanoparticles. The
hardness increase in the silver-containing fiber from 32 hPa to 152 hPa compared with the
polyvinyl alcohol-chitosan fiber was established.

In contrast to Santiago-Castillo et al. [25], the authors of [26] used castor oil for loading
of the composite instead of chitosan in order to increase the antibacterial properties of the
polyvinyl alcohol and AgNPs hydrogels. The silver nanoparticles at that were synthesized
in the presence of the Mentha piperita leaf extract and then dispersed in the polymer matrix.
The nanoparticles were equidistributed in the polymer matrix without aggregation. The
films were obtained by green method using environmentally friendly raw materials, water
and ethanol as solvents. The formulated films displayed the growth inhibition zone
diameters of 8.33 mm and 9 mm for the S. aureus and P. aeruginosa bacteria, respectively. At
the same time, the obtained values were lower than in [25] for S. aureus and lower than that
of commercially available antibiotics amoxicillin (13.7 for S. aureus) and amikacin (19.7 for
P. aeruginosa).

A burn-repair hydrogel was developed, in which oxidized dextran, adipic dihydrazide
grafted hyaluronic acid and quaternized chitosan were used as the polymer matrix and
the spherical 50–100 nm AgNPs was used as the filler [27]. The reduction in the silver ions
Ag+ to AgNPs was performed by placing the gel into 0.1 M aqueous solution of silver
nitrate. The hydrogel showed antibacterial effect against E. coli, S. aureus and P. aeruginosa.
The diameters of the zones of inhibition growth for E. coli, S. aureus and P. aeruginosa
were 16, 20 and 17 mm, respectively. The in vivo study of the healing effect showed a
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decrease in the burn area in the SD male rats after 7 days of observation. The wound was
completely healed after 14 days of observation, whereas in the control group (AgNPs-free
gel) the healing occurred only on the 21st day. Furthermore, the histological examination
showed full re-epithelization and a pronounced deposition of collagen after 21 days of
observation and the immunohistochemistry assay demonstrated the expression reduction
in the inflammatory cytokines IL-6, IL-1β and TNF-α on the 14th day.

Since the obtained hydrogel had a pronounced antibacterial, healing and anti-inflammatory
effect it can be used for fast healing of burns. However, the study of cytotoxicity on the
L929 mice fibroblast cells showed less than 70% cell viability, which is indicative of the
toxicity of the silver-containing hydrogel.

The authors of paper [28] produced the antibacterial nontoxic hybrid nanofibers based
on quaternized chitin, tannic acid, polylactic acid, and polyurethane with the addition of
AgNPs using the electrospinning method. The obtained nanofibers inhibited the growth
of the Gram-positive S. aureus bacteria and the Gram-negative E. coli. Noteworthy, the
authors chose to express the diameter of the inhibition zone in nm and not in mm, which
does not match the indications on the Petri dishes. This does not allow for a high-quality
data interpretation.

Bozkaya et al. [29] studied the antibacterial and wound-healing effects of the AgNPs-
containing (particle size 14.8 nm) polycaprolactone and polyethylene oxide fibers. The
water-methanol extract of the Centella asiatica plant was used in the role of the stabilizer and
the reductive agent. The fibers had the sufficient mechanical properties (tensile strength
min. 2.5 MPa) for wound-dressing applications, porosity (pore size min 1000 mm), water
absorption, water vapor transfer rate (in the range of 2000–2500 g m−2 day−1), air per-
meability, antibacterial effect (against S. aureus, E. coli, C. Albicans) and biocompatibility.
The diameters of the zones of inhibition for the resulting fibers grew along with the rise
of the AgNPs concentration. The inhibition zone diameters after 24 h of incubation were
24, 21 and 21 mm for S. aureus, E. coli, and C. albicans, respectively. The L929 cell viability
was above 85%, which indicates that the fibers are nontoxic. The authors plan to use
the obtained nanomaterial for healing of burns. That being said, the in vivo studies of
the fibers’ healing and anti-inflammatory effects are needed for their introduction into
clinical practice.

The authors of [30] manufactured a high-swelling (4000%) cryogel based on gelatin
and AgNPs (particle size 10–20 nm). The cryogel was active against the methicillin-resistant
S. aureus (MRSA) and P. aeruginosa and promoted regeneration of the burn wound tissue in
the Kunming female mice weighing 30–35 g. The wound area decreased after 2 weeks. The
wound contraction was 96%, whereas that of the commercially available Tegaderm wound
dressing was only 56%. The expression of the TNF-α cytokines was decreased compared to
Tegaderm within 1 week of treatment, which indicates better anti-inflammatory properties
of the cryogel. The cryogel also possessed the ability to absorb blood and showed haemo-
static action since it was able to decrease the blood loss from 350 mg down to 81 mg. The
authors proposed the use of the cryogel for the production of burn wound dressings.

Since gelatin yields high-swelling gels it can increase the same parameter for other
polymers as well. Thus, Sethi et al. [31] synthesized a hybrid hydrogel containing spherical
(particle size 4–19 nm) and quasispherical (particle size 4–58 nm) AgNPs based on starch
and gelatin. N,N’–methylenebisacrylamide was used for chemical crosslinking of the
polymers, whereas for physical crosslinking polyacrylic acid was grafted to starch and
gelatin. The maximum swelling degree in blood, water, 0.9% aqueous solutions of MgCl2
and NaCl for the hybrid gel were by 12–27% higher compared to that of the starch-based
gel and the compressive modulus grew by 201%. The hybrid hydrogel possessed sufficient
porosity, antibacterial activity against E. coli and S. aureus and was non-cytotoxic towards
the human skin fibroblasts (cell viability 89%). The release of silver into the phosphate-
buffered solution was fast within 2 days, whereas later it became nearly stable (Figure 2).
The amount of the released silver varied in the range of 21–51 mcg per 0.5 g of gel, which is
acceptable for use in the wound-repair application.
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Figure 2. The release of silver from the hybrid hydrogel in vitro.

It is often the case that starch requires other types of modification. Due to low solubility
in organic solvents, it is difficult to obtain starch-based nanofibers by the electrospinning
method. For that reason, the starch is chemically transformed into hydroxypropyl starch
and for mechanical strengthening of the nanofibers it is blended with synthetic polymers.
For instance, El-Hefnawy et al. [32] obtained nanofibers for wound dressings on the basis
of hydroxypropyl starch, polyurethane, and AgNPs with particle size below 5 nm. The
AgNPs was synthesized by green method in the presence of the Nerium oleander leaf extract
as the stabilizer and the reductive agent. Four polymer compositions were prepared for
electrospinning containing 0 (AgNPs-0@NFs), 1 (AgNPs-1@NFs), 2 (AgNPs-2@NFs) and
3 (AgNPs-3@NFs) ml of AgNPs water dispersion. The full composition of the formulations
is shown in Table 1.

Table 1. The lists of the utilized volumes of polymers and AgNPs used in the preparation of
electrospinning solutions (PU—polyurethane (12 wt.% solution in DMF), HPS—hydroxypropyl
starch (15 wt.% solution in DMSO)).

Composition Code PU Volume (mL) HPS Volume (mL) Water Dispersion AgNPs (mL) Total Volume (mL)

AgNPs-0@NFs 10 5 0 15

AgNPs-1@NFs 9 5 1 15

AgNPs-2@NFs 8 5 2 15

AgNPs-3@NFs 7 5 3 15

The obtained nanofibers showed an antibacterial effect against wound-present pathogens
including the drug-resistant Gram-negative P. aeruginosa bacteria. The zones of inhibition
diameters values (ZOI) are presented in Table 2. It was determined that the highest ZOI
values can be observed for the AgNPs-3@NFs nanofibers, whereas the lowest were seen in
the case of AgNPs-1@NFs. Furthermore, 2 the ZOI values for AgNPs-3@NFs were much
higher than that of the commercially available ciprofloxacin antibiotic.

A composite based on the cellulose nanofibers and AgNPs was developed and stud-
ied in terms of its antimicrobial properties [33]. The zone of inhibition diameters for
E. coli, P. aeruginosa, S. aureus, B. subtilis, P. mirabilis and C. albicans was 8.7, 8.0, 10.7, 11.0,
10.7 and 10.3 mm, respectively. The cellulose nanofibers prevented the aggregation of
AgNPs and the loss of their bioactivity. The silver ions Ag+ were adsorbed on the nega-
tively charged surface of the nanofibers, and thanks to the carbonyl groups on the surface
thereof, were reduced to silver nanoparticles. The obtained composite was more active
against the abovementioned microorganisms compared with the commercially available
gentamycin antibiotic. It is planned to use the composite as a dressing for repairing wounds
of various origin.
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Table 2. The antimicrobial activity and ZOI diameters for AgNPs-0@NFs, AgNPs-1@NFs, AgNps-
2@NFs, and AgNPs-3@NFs against human-associated pathogens.

Composition Code
ZOI Diameters (mm)

P. aeruginosa E. faecalis C. albicans A. niger

AgNPs-0@NFs 0 ± 0 0 ± 0 0 ± 0 0 ± 0

AgNPs-1@NFs 15 ± 0.20 13 ± 0.18 10 ± 0.16 11 ± 0.23

AgNPs-2@NFs 21 ± 0.17 19 ± 0.12 17 ± 0.20 15 ± 0.15

AgNPs-3@NFs 26 ± 0.23 24 ± 0.25 23 ± 0.23 21 ± 0.17

Ciprofloxacin 12 ± 0.19 11 ± 0.25 8 ± 0.21 7 ± 0.14

Rao et al. [34] obtained a gel based on carboxymethyl chitosan and AgNPs stabilized
by tannic acid. The silver nanoparticles were of spherical shape 5 nm in size. The hydrogel
displayed antibacterial action against E. coli and S. aureus, good adhesion and cell prolifera-
tion; it was nontoxic to the CCDK skin fibroblast cells. The diameters of the zones of growth
inhibition for E. coli and S. aureus were 19.2 mm and 17.5 mm, respectively. Unfortunately,
the publication [34] does not contain a study of the gel’s mechanical properties, whereas
the gel must be sufficiently strong to withstand the external forces during motion of the
human body.

Yan et al. [35] studied the mechanical properties of the hydrogel membrane on
the basis of AgNPs-containing calcium alginate-polydopamine-carboxymethyl chitosan.
The membrane itself was prepared by immersion of the calcium alginate-polydopamine-
carboxymethyl chitosan film into a silver nitrate water solution. It was determined that
the tensile strength and the elongation at break were by 342.99% and 13.84% higher vs.
the calcium alginate membrane and were equal to 91.92 MPa and 2.55%, respectively. It
was also reported that the hydrogel membrane showed antibacterial activity against E. coli
and S. aureus. The diameters of the growth inhibition zones for the E. coli and S. aureus
bacteria were 14 mm and 13 mm at the silver nitrate concentration 2 mM. The membrane
was nontoxic at the silver nitrate concentration of 2 mM since the viability of the HSF
human skin fibroblast cells was over 70%. However, as the silver nitrate concentration
increased from 2 mM to 4 mM the cell viability dropped down to 10%, which is indicative
of the membrane’s cytotoxicity. This means that in order for the membrane to be applied as
a wound dressing the AgNO3 concentrations must be low.

The polyacrylonitrile nanofibers containing curcumin, tannic acid and AgNPs (average
particle size 19.1 nm) are active against E. coli and S. aureus and are biocompatible with
the MSCs mesenchymatous stem cells [36]. The tannic acid played the role of the reducing
agent for the silver ions in the production of AgNPs.

The maximum diameters of the growth inhibition zones for the E. coli and S. aureus
bacteria were 1.1 and 1.2 cm. It was also established that the silver is released from the
fibers for a prolonged period of time (more than 6 days).

In view of this, the AgNPs are a promising component for the wound dressings. The
materials based on polymers and AgNPs have an antibacterial, antifungal, healing and
anti-inflammatory effect and demonstrate a lasting prolonged release of silver from the
polymer matrix [29,31]. The high-water retention capacity of the materials containing
AgNPs ensures the absorption of the wound exudates. It is attributable to the hydrogen
bonds and the dipole–dipole interactions between the polar (-OH, -COOH) groups within
the AgNPs structure stabilized by the plant extracts and water [29].

Noteworthy, the silver nanoparticles applied to the skin in the dispersion form did not
cause aggressive skin rashes in rabbits and swine [37]. However, the AgNPs may come into
contact with keratinocytes upon the skin barrier damage, e.g., in case of burns and chronic
wounds. In publication [38] the toxic effect of AgNPs towards the human skin keratinocytes
(the HaCaT cell line) was reported, i.e., the main epidermal cells. Additional in vitro and
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in vivo studies of AgNPs are needed in order to avoid side effects for application in
wound dressings.

3.1.2. Nanoparticles of Gold

Zhang et al. [39] developed a nanoporous hydrogel dressing based on heparin and
polyvinyl alcohol containing spherical AuNPs with the particle size below 100 nm. The
dressing inhibited the growth of the S. aureus and E. coli bacteria, improved healing of
wounds in the Kunming mice; it was nontoxic towards the HFFF2 human dermal fibroblasts
(cell viability over 90%). It was suggested to use the dressing for burn repair. The spherical
gold nanoparticles of various sizes are nontoxic to human skin [40]. However, the AuNPs-
containing polycaprolactone nanofibers showed a minor antimicrobial effect against the
S. aureus, E. coli, P. aeruginosa, C. albicans (the zone of inhibition values below 3 mm) [41].

3.1.3. Nanoparticles of Copper

In paper [42], a double-layer nanofiber was synthesized. The first layer was made
of polyvinyl alcohol and chitosan containing CuNPs, whereas the second layer consisted
of poly-N-vinyl pyrrolidone. The high antibacterial activity against the Gram-positive
S. aureus (15.6 ± 1.1 mm) and B. cereus (29.6 ± 0.42 mm) and the Gram-negative E. coli
(13.3 ± 0.8 mm) and P. aeruginosa (10 ± 1 mm) bacteria was established. The authors also
showed the faster healing in the albino Wistar rats on the 3rd day of observation vs. the
controls (nanoparticles-free gel). On the 16th day, the wounds healed completely. The
nontoxicity of the CuNPs as compared to the AgNPs towards the human skin keratinocytes
is advantageous [43]. However, the activity of the copper-containing nanofiber against
the S. aureus, E. coli and P. aeruginosa microorganisms was lower even than that of the
tetracycline antibiotic [42].

3.2. Nanoparticles of Metal Oxides
3.2.1. Wound Dressings Containing Zinc Oxide Nanoparticles

ZnO NPs inhibit the growth of wound microbial population, improve healing, promote
tissue regeneration and wound contraction. Bandeira et al. [44] synthesized nanofibers
based on polyacrylic acid and polyallylamine hydrochloride modified with spherical
ZnO NPs 18 ± 5 nm in diameter by means of electrospinning. The nanoparticles were
synthesized by green method using the Ilex paraguariensis leaf extract. The ZnO NPs content
in the fiber was 11.2 wt.%. The nanofibers showed the morphology similar to that of the skin
extracellular matrix and inhibited the growth of both Gram-negative E. coli (the ATCC 35218
strain) and the Gram-positive S. aureus (the ATCC 25923 strain). The nanofibers decreased
the viability of the S. aureus and E. coli bacterial cells by 65% and 10%, respectively. Thus,
the Gram-negative E. coli are more resistant to the zinc oxide nanoparticles as compared to
the S. aureus bacteria.

The paper [45] demonstrated that the hydrocolloid patch with ZnO NPs from CGBio
(Seoul, South Korea) improves wound healing in the Sprague Dawley rats weighing
200–300 g. A decrease in the wound area was observed in comparison to the control group
after 10 days. The wound healed by 98% on the 10th day vs. day 0. The microscopic study
showed a thicker outer skin and granulation tissue layers as well as higher collagen on
the 10th day compared to the control. The IF staining showed a decrease in the CD68
anti-inflammatory cytokines concentration by ca. 30%, the IL-8 by 50%, the TNF-α by
50%, the MCP-1 by 50%, the IL-6 by 90% and the IL-1β by 20% in the 10th day. Moreover,
higher levels of the α-CMA, TGF-β3 fibroblasts biomarkers, as well as those of vimentin
and M2 were determined vs. controls, which is critical during the wound healing process.
Therefore, the obtained patch had the necessary healing and anti-inflammatory effects.
Furthermore, the authors plan to investigate the cytotoxicity of the produced material.
However, the authors of [45] did not name the polymer from which the hydrocolloid patch
was made and what materials and solvents were used for its preparation, which is not
entirely meaningful from a scientific standpoint.
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In publications [46,47] biocomposite chitosan-based films modified with ZnO NPs
were prepared that were active against wound-present pathogens, i.e., E. coli, S. aureus,
K. pneumoniae, B. subtilis. The work [46] dealt with the analysis of a film based on chitosan
(mol. weight 800 kDa), glycyrrhizinic acid and ZnO NPs/palygorskite nanorods. The film
had a high degree of swelling of 472.49%, which indicates the fact that the film can easily
absorb the wound exudates. The agar diffusion method was used for qualitative evaluation
of the antibacterial effect of the films against the pathogens such as E. coli and S. aureus as
well as the drug-resistant β-lactamase-producing E. coli (ESBL-E. coli) and MRSA; for the
quantitative evaluation the colony count method was used. At 5 wt.% content of nanorods
the film inhibited 99.5% E. coli, 99.8% S. aureus, 99.6% ESBL-E. coli and 99.8% MRSA. The
diameters of the growth inhibition zones for E. coli, S. aureus, ESBL-E. coli and MRSA were
15.04 ± 1.07 mm, 14.50 ± 0.42 mm, 13.28 ± 0.31 mm and 13.64 ± 0.29 mm, respectively. The
ZnO NPs release the zinc ions, which bind to the negatively charged of the bacterial cell
membrane causing lysis. It is necessary to conduct an in vivo study of the wound surface
evolution over time.

In manuscript [48], the authors developed a wound dressing on the basis of cotton
pads and a biocomposite consisting of chitosan, glycogen and 30–80 nm ZnO NPs. Contrary
to publications [46,47], in [48] the healing effect of the material was studied as compared to
sterile gauze. A fast and almost complete healing of back wounds in the Wistar rats was
demonstrated (males weighing 180–200 g), as well as excellent epithelization, granulation,
tissue generation and collagen deposition. In 3 days, the wound diameter decreased by
11.7%, whereas the wound area decreased by 22.5%, which is more than double of that
in the control group (sterile gauze). After 17 days of observation, the size of the wounds
decreased by 99.7% vs. 89% in the control group. Additionally, the dressing had a significant
antibacterial effect against the wound bacteria P. aeruginosa, S. aureus, S. epidermidis and a
fungicidal effect against the causal fungus C. albicans. The decrease percentage of the CFU
for the Gram-negative P. aeruginosa bacteria and the C. albicans fungus was lower than that
for the Gram-positive bacteria S. epidermidis and S. aureus and was equal to 35%, 63%, 97%
and 85%, respectively. The antibacterial action was explained by the authors through the
electrostatic attraction between the positively charged dressing and the negatively charged
bacterial cell walls. According to the authors, the prepared wound dressing can be used
in clinical practice for treatment of chronic wounds and diabetic foot sores. However, the
paper did not study the material’s cytotoxicity and other important parameters applicable
to wound dressings.

The antibacterial and healing effects of the hydrogel of another mixed polymer com-
position, i.e., polyvinyl alcohol, chitosan and starch with addition of ZnO NPs (particle size
below 30 nm) was studied [49]. E. coli (the ATCC 25922 strain) and S. aureus (the ATCC
25923 strain) were selected as the test microorganisms. The healing effect was studied
in vivo on the male Wistar rats (200–250 g). The minimum inhibiting concentration values
against E. coli and S. aureus were 200 µg mL−1 and 50 µg mL−1, respectively. On the 7th day
of the in vivo study the wound contraction percentage was lower than in the control group,
whereas 100% wound contraction was observed on the 14th day. The microscopic wound
repair investigation showed 60% collagen fiber formation after 7 and 14 days, which is
necessary for the regeneration of blood vessels, whereas in the control group it was under
50%. It was established that the viability of the L-929 and HDF cells was over 75%, which
suggests the nontoxicity of the dressing. Additionally, the hydrogel had a porous structure
(pore size 20 ± 8 µm), the optimal degree of swelling (swelling ratio 5.5–6.7) and the water
vapor transmission rate (in the range of 2000–3000 g m−2 day−1). Furthermore, the addition
of ZnO NPs improved the hydrogel’s tensile strength. The formulated material had great
prospects in terms of the wound dressing production.

With that said, the wound dressings containing the ZnO NPs are a promising type
of materials for chronic wound repair and diabetic foot sores treatment thanks to their
improved healing effect and antimicrobial action compared to cotton gauze. However, high
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concentrations of ZnO NPs (50 µg mL−1 and above) did inhibit the proliferation of the
HGF-1 human gingival fibroblast cells [50].

It should be noted that along with all of its positive properties, the ZnO NPs are
potentially genotoxic towards the human epidermal cells even at low concentrations (below
1 µg mL−1) [51]. In the review paper [52] an analysis of the liver toxicity, lung toxicity,
neurotoxicity and immunotoxicity studies of the ZnO NPs was performed. It was estab-
lished that the ZnO NPs toxicity depends on the concentration/dose, administration route,
exposure time and the particle size. This means that further toxicity study of the ZnO NPs
is required, and they should be applied with caution.

3.2.2. Wound Dressings Containing Nanoparticles of Iron Oxides

In publication [53], a porous nanocomposites based on chitosan, polyvinyl alcohol
and the FeO iron oxide nanoparticles (particle size under 50 nm) was obtained. The
nanoparticles were prepared using the Pinus densiflora leaf extract. The nanocomposite
containing 0.01 wt.% of nanoparticles had a large zone of bacterial growth inhibition
with respect to B. cereus (22 mm), S. aureus (21 mm), E. coli (20 mm), S. enterica (22 mm).
The inclusion of the nanoparticles into the polymer matrix increased proliferation of the
HEK923 cells (the cell line derived from human embryonic cells) in comparison with
chitosan, which improved the healing of wounds. It was suggested by the authors to
use the obtained composite for diabetic sores repair. However, a further in vivo study
is needed.

Paydayesh et al. [54] synthesized a polyhydroxyethyl methacrylate hydrogel with
addition of the 20–40 nm Fe3O4 iron oxide nanoparticles. The swelling index of the gel de-
creased along with the nanoparticles content growth, which has to do with the nanoparticles
acting as crosslinking centers. The gel containing 15 wt.% iron oxide nanoparticles inhibited
the growth of the E. coli and S. aureus bacteria. Additionally, the obtained nanocomposite
hydrogel was nontoxic towards the HFFF2 fibroblast cells, which makes its application in
the wounds dressing area possible. However, the Fe3O4 iron oxide nanoparticles decreased
the viability of the human keratinocytes at concentrations exceeding 50 µg mL−1 [55].

3.2.3. Wound Dressings Containing Cerium Dioxide Nanoparticles

Zamani et al. [56] established that the gelatin-polycaprolactone nanofibers containing
spherical cerium dioxide nanoparticles (max. 20 m) show an antibacterial effect against
P. aeruginosa. The minimum bactericide concentration was equal to 50 µg mL−1. It
was also reported that the expression of the shv, kpc, imp genes found in the resistant
P. aeruginosa strains was decreased in the presence of the nanofibers. The nanofiber contain-
ing 200 µg mL−1 of CeO2 NPs was nontoxic since 97% of the human fibroblast cells (cell
line HU 2) survived. The developed fiber was proposed for use in production of dressings
for skin infection treatment.

The CeO2 cerium dioxide nanoparticles were used for preparation of the nanofiber on
the basis of poly-L-lactic acid and gelatin [57]. The fibers demonstrated no cytotoxicity to-
wards the NIH 3T3 mice fibroblast cells. The healing effect of the membrane was evaluated
via a model back skin burn on the SD rats weighing 200 g. On the 10th day of observation,
the open area decreased considerably. On the 21st day the wounds healed contrary to the
control group. The scars were minimal, and the healing effect was better compared to the
control (medical patch). It was suggested to use the developed fibers as a cheap material
for wound dressings. This being said, the antimicrobial effect of the nanofiber was not
studied in the present paper. Respective additional research is required for application of
the material in the medical field.

The cerium oxide nanoparticles showed a low toxicity towards the HaCaT human
skin keratinocytes [58]. However, the provided toxicological information is insufficient and
the genotoxicity and the apoptosis studies for the CeO2 NPs are required.
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3.2.4. Wound Dressings Containing Titanium Dioxide Nanoparticles

David et al. [59] manufactured a nanocomposite on the basis of multi-walled carbon
nanotubes with spherical titanium dioxide nanoparticles (ca. 15 nm in diameter) on their
surface (MWCNT_TiO2). The nanocomposite was loaded into a cellulose acetate-collagen
porous film. The antimicrobial action, biocompatibility and cytotoxicity of the obtained
films were investigated. By means of a diffusion test it was determined that the films inhibit
the growth of the S. aureus and E. coli bacteria, as well as the C. Albicans fungi. The largest
inhibition zone was observed for the Gram-negative E. coli bacteria (Figure 3).
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Figure 3. The antimicrobial activity of the films against the S. aureus, E. coli bacteria and the C.
Albicans fungi. CC—cellulose acetate-collagen, MWCNT—multi-walled carbon nanotubes, 0.01, 0.025,
0.05—the weight (g) of MWCNT_TiO2 added to the solution of cellulose acetate and collagen in acetic
acid and water.

The diameters of the inhibition zones grew along with the growth of the MWCNT_TiO2
content in the film. Fluorescent microscopy showed that the obtained films were nontoxic
towards the HDFn human dermal fibroblast cells, which participate in the wound healing
process. However, the paper [59] does not contain any in vivo studies of the obtained films.

It should be noted that the titanium dioxide nanoparticles of various sizes (10 nm,
21 nm, 32 nm) did not show any statistically significant effect on the viability of the HaCaT
human keratinocyte cell line [60,61].

3.2.5. Wound Dressings Containing Copper Oxide Nanoparticles

In publication [62], the antibacterial properties of the nanofibers based on polycapro-
lactone and gelatin containing 1 wt.% CuO NPs were studied. It was determined that
the nanofibers have a strong antibacterial activity against the Gram-positive S. aureus
(51 ± 1.2 mm), the multidrug resistant S. aureus (40 ± 1.7 mm) and the Gram-negative
P. aeruginosa (31 ± 0.5 mm) and the E. coli (30.5 ± 0.3 mm) bacteria, which was explained by
the authors through generation of the reactive oxygen intermediates that destroy bacterial
cells by cell membrane oxidation. At that, the CuO NPs may be toxic to NIH3T3 [63].

Moreover, it was established that the CuO NPs were toxic towards the HaCaT cells
at concentrations exceeding 5 µg mL−1 after 24 h of exposure as they damage the cell
membranes and are genotoxic [64], which limits their use as part of wound dressings.

4. Discussion

From the reviewed publications, it may be concluded that both natural (hyaluronic
acid, chitosan, carboxymethyl chitosan, cellulose, cellulose acetate, collagen, gelatin, starch,
hydroxypropyl starch, sodium alginate) and synthetic polymers (polyvinyl alcohol, poly-
caprolactone, polyethylene glycol, polyacrylonitrile, polyurethane, polylactic acid, polyhy-
droxy ethyl methacrylate, and polyacrylic acid) or blends thereof are used for the produc-
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tion of modern wound-repair materials. The polymers provide biocompatibility, swelling,
porosity, as well as favorable conditions for tissue regeneration. However, the antimicrobial
action of these polymers is oftentimes insufficient. Therefore, nanoscale fillers are addi-
tionally introduced into the polymer matrix that provide the antibacterial effect, such as
silver, gold, copper, zinc oxide, cerium dioxide, iron oxides (FeO, Fe3O4) and titanium diox-
ide nanoparticles with multi-walled carbon nanotubes. Table 3 shows the characteristics
studied for these composites.

Table 3. The characteristics of the wound dressings studied in the presented publications.

Nanofiller The Studied Characteristics of the Wound Dressings Ref.

AgNPs

Antimicrobial activity [22–36]
Cytotoxicity analysis [22,27,29,31,34,35]

Biocompatibility [22,28,30]
Silver release measurements [24,29,31,36]

In vivo wound healing activity [27,30]
Swelling degree [27,30,31]

Porosity [29,31]
Mechanical properties [25,28,29,31,35,36]

Immunohistochemical analysis [27,30]
Water absorption

[29]Water vapor transmission rate
Air permeability

Hemocompatibility [30,31]
In vitro cell compatibility [36]

AuNPs

Antimicrobial activity [39,41]
Cytotoxicity analysis [41]

Biocompatibility [39]
In vivo wound healing activity [39]

Swelling degree [39]
Mechanical properties [39,41]

CuNPs
Antimicrobial activity

In vivo wound healing activity
Copper ion release tesr

[42]

ZnO NPs

Antimicrobial activity [44,47–49]
Cytotoxicity analysis [49,50]

In vivo wound healing activity [45,48,49]
Swelling degree [46,49]

Porosity [49]
Mechanical properties [46,47]

Water vapor transmission rate [49]
Hemocompatibility [46]

FeO NPs

Antimicrobial activity

[53]
Porosity

Water absorption
Iron release

Antidiabetic activity

Fe3O4 NPs

Antimicrobial activity

[54]

Cytotoxicity analysis
Biocompatibility
Swelling degree

Porosity
Mechanical properties

Water vapor transmission rate
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Table 3. Cont.

Nanofiller The Studied Characteristics of the Wound Dressings Ref.

CeO2 NPs

Antimicrobial activity
[56]Cytotoxicity analysis

Evaluation of resistance genes expression in P. aeruginosa
In vivo wound healing activity

[57]
Mechanical properties

Water absorption
In vitro cell proliferation test

MWCNT_TiO2

Antimicrobial activity
[59]Biocompatibility

Mechanical properties

CuO NPs
Mechanical properties
Antimicrobial activity

Biocompatibility
[62]

The antimicrobial activity was studied in most of the reviewed publications (25 paper) as
well as cytotoxicity and biocompatibility (16 papers), and mechanical properties (13 papers) of
the materials. However, the in vivo wound healing activity studies of the materials can be
found only in 7 articles. Additionally, only 5 publications were dedicated to the water vapor
transmission rate, the water absorption and air permeability studies that are necessary for
the optimal balance of moisture and oxygen in the wound. More systematic studies of the
materials in terms of their healing effect need to be carried out on large animal models (e.g.,
horses), as well as air and vapor permeability and water absorption must be investigated
in order to evaluate the medical application potential thereof.

When applying nanoparticles in the wound-repair products, their activity and the
antimicrobial action should be considered since the particles may also affect various tissue
cells in patients leading to all kinds of complications (Table 4).

Table 4. The action, the advantages and disadvantages of the nanoparticles used for wound dress-
ing production.

Nanofiller Effect on Cells Advantage (+)
Disadvantage (−)

AgNPs Oxidative stress. Superoxide and hydroxyl
radical generation

Strong antibacterial action (+)
May cause allergies (−)

Toxic to human skin keratinocyte cells (−)

AuNPs Presumably cause oxidative damage to bacteria Nontoxic to human skin keratinocyte cells (+)
Weak antimicrobial effect (−)

CuNPs Presumably copper ions bind the DNA molecules of a
bacterial cell

Nontoxic to human skin keratinocyte cells (+)
Lower antimicrobial effect vs. antibiotics (−)

ZnO NPs Electrostatic attraction of zinc ions to the bacterial cell
membrane followed by release of the cell contents

Strong antibacterial action (+)
Genotoxic to human epidermal cells (−)

FeO NPs,
Fe3O4 NPs

Penetrate through cell membrane and prevent
transmembrane electron trnsfer

Strong antibacterial action (+)
Toxic to human skin keratinocyte cells (−)

CeO2 NPs Oxidative stress on lipids and/or proteins in the
plasma membrane through reduction in Ce4+ to Ce3+.

Strong antibacterial action (+)
Low toxicity towards human skin keratinocyte cells (+)

TiO2 NPs Oxidative stress. Generation of two reactive oxygen
intermediates—OH and H2O2.

Nontoxic to human skin keratinocyte cells (+)
Weak antimicrobial effect (−)

CuO NPs
Oxidative stress. Generation of four reactive oxygen
intermediates—the superoxide oxygen radical, ·OH,

H2O2, the singlet oxide.

Strong antibacterial action (+)
Toxic to human skin keratinocyte cells (−)
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An additional survey of the literature published on the subject starting from 2018 was
conducted in order to evaluate the application trends for the nanoparticles as antimicrobial
preparations in wound dressings. The results are presented in Table 5.

Table 5. The application trends for nanoparticles in the preparation of antimicrobial wound dressings.

Nanoparticle Year No. of Publications References

AgNPs

2018 6 [65–70]

2019 4 [71–74]

2020 12 [75–86]

2021 2 [23,27]

2022 13 [22,24–26,28–36]

AuNPs
2020 2 [87,88]

2021 2 [39,41]

CuNPs
2020 1 [89]

2021 1 [42]

ZnO NPs

2018 5 [70,90–93]

2019 4 [94–97]

2020 2 [85,98]

2021 2 [44,46]

2022 5 [45,47–50]

FeO NPs 2021 1 [53]

Fe3O4 NPs 2022 1 [54]

CeO2 NPs
2019 1 [99]

2021 1 [56]

2022 1 [57]

TiO2 NPs 2020 1 [100]

2022 1 [59]

CuO NPs 2021 1 [62]

Cu2O NPs 2018 1 [101]

Lignin NPs 2018 1 [102]

Silver zeolite NPs 2018 1 [103]

ZrO2 NPs 2020 1 [104]

From the results presented in Table 4, it can be concluded that the largest share of the
research is dedicated to the preparation of the dressings containing silver nanoparticles,
i.e., 37 papers. At the same time, the distribution of the research over a five-year period is
not always uniform. Nevertheless, in recent years the number of publications on wound-
repair AgNPs-based nanomaterials had increased. The materials based on zinc oxide
nanoparticles are relatively actively studied (18 articles). Other nanoparticles are much less
widely used, which, based on the results, has to do with the weaker antimicrobial action
vs. AgNPs and ZnO NPs. Furthermore, the AgNPs and ZnO NPs are less toxic at low
concentrations towards the live mammalian cells. At that the silver nanoparticles are more
promising in terms of the practical application than ZnO NPs since the latter are potentially
genotoxic at elevated concentrations. It must be taken into account that in order to achieve
the antimicrobial effect while not harming the patient at the same time is hardly possible
by only varying merely the concentration of the nanoparticles. Therefore, the evaluation of
the trends in the field of application of polymers for antibacterial wound dressing matrices
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is equally important because the polymer defines many characteristics of the obtained
nanomaterial. The literature survey results are presented in Table 6.

Table 6. The application trends for polymers in the preparation of antimicrobial wound dressings.

Polymer Year No. of Publications References

Chitosan and derivatives thereof

2018 3 [70,93,102]

2019 4 [71,72,74,94]

2020 8 [75,76,81,82,86,88,89,100]

2021 4 [27,42,46,53]

2022 6 [25,34,35,47–49]

Polyvinyl alcohol

2018 4 [65,91,92,102]

2019 3 [73,94,96]

2020 5 [81,83,84,87,88]

2021 3 [39,42,53]

2022 4 [24–26,49]

Cellulose and derivatives thereof

2018 3 [67,69,101]

2020 2 [85,104]

2022 2 [33,59]

Polycaprolactone
2020 1 [104]

2021 3 [41,56,62]

2022 1 [29]

Gelatin

2020 1 [80]

2021 2 [56,62]

2022 3 [30,31,57]

Starch and derivatives thereof
2020 1 [83]

2022 3 [31,32,49]

Konjac glucomannan
2018 1 [68]

2020 3 [75,82,85]

Collagen
2020 2 [76,86]

2022 2 [23,59]

Silk fibroin
2018 2 [91,93]

2019 1 [71]

Sodium alginate and calcium alginate
2019 1 [97]

2020 1 [80]

2022 1 [35]

Hyaluronic acid and derivatives thereof
2020 1 [89]

2021 1 [27]

2022 1 [22]

Polyalkylene glycols

2018 1 [69]

2019 1 [72]

2020 2 [98,100]

2022 1 [29]
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Table 6. Cont.

Polymer Year No. of Publications References

Keratin
2019 1 [95]

2020 1 [79]

Polylactic acid 2022 2 [28,57]

κ-carrageenan 2020 2 [85,87]

Polyurethane 2022 2 [28,32]

Oxidized dextran 2021 1 [27]

Polyvinylpyrrolidone 2018 1 [69]

Agar 2018 1 [69]

Poly(acrylic acid-co-itaconic acid) 2018 1 [90]

Nylon 66 2018 1 [66]

Nylon 4/6 copolymer 2018 1 [103]

Galacto-xyloglucan 2020 1 [77]

Gum acacia and carbopol 2020 1 [78]

HBV 2019 1 [99]

Polyacrylonitrile 2022 1 [36]

Heparin 2021 1 [39]

Polyacrylic acid and
polyallylamine hydrochloride 2021 [44]

Glycogen 2022 1 [48]

Polyhydroxyethyl methacrylate 2022 1 [54]

Quaternized chitin 2022 1 [28]

As it can be seen from the table, among the polymer matrices for wound-repair
nanomaterials over the past 5 years the most publications were dedicated to biopolymers
(66 papers), whereas 44 papers were dedicated to synthetic polymers. The polysaccha-
rides were leading among the biopolymers with the number of publications reaching 50.
Chitosan also had a stable leading position. The number of studies dedicated to the use
of cellulose had decreased in recent years, whereas that of starch had on the contrary
increased. In 2021–2022, some publications emerged dealing with wound dressings based
on heparin, glycogen and quaternized chitin. Gelatin is another example of a biopolymer
with growing interest.

Polyvinyl alcohol is the synthetic polymer most frequently used in wound-repair
nanomaterials. It was mentioned in 19 articles over the abovementioned time period,
whereas the distribution from one year to another varied insignificantly. Polycaprolactone
was used in the studies to a lesser extent but with similar consistency. The newest articles
published in 2022 are presenting the research dedicated to polymers such as polyacryloni-
trile, polyhydroxyethyl methacrylate and polylactic acid, among which the latter being the
most promising.

5. Conclusions

Of note, the hydrogels, fibers and membranes containing silver nanoparticles have
been studied the most in terms of their antibacterial, fungicidal and cytotoxic properties.
The AgNPs have a pronounced antibacterial action and often surpass certain antibiotics
with respect to their efficiency against the gram-positive S. aureus and the gram-negative
P. aeruginosa bacteria being the main pathogens present in wounds. This makes it possible
to use AgNPs in the composition of wound dressings, mainly for burn repair. However,
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the silver nanoparticles are prone to aggregation, which may lead the change of scale and
the loss of antimicrobial action. For this reason, the development of materials in which the
silver is uniformly distributed in the polymer matrix is a hot topic for further research [105].

As far as the wound dressing matrices are concerned, despite a wide range of polymers
analyzed in many studies, only two have the potential for practical application, i.e., chitosan,
the biopolymer, and the synthetic polyvinyl alcohol.

The low molecular weight chitosan is nontoxic; it has healing, haemostatic, pain-
relieving and antimicrobial effects [106]. The polymer is rather easy to obtain while the raw
material for its production is abundant in nature including food production by-products.
Additionally, no skin reactions to chitosan dressings in patients allergic to mollusks were
reported [107]. However, there were no studies of potential side effects and allergic reactions
to the polymer materials in the reviewed publications, such as allergic contact dermatitis or
toxicodermatosis.

The polyvinyl alcohol is also relatively cheap, easy to produce, nontoxic and allows for
obtaining a material with a preset molecular weight; it does not contain any toxic monomer
admixtures and solvents, which may be found in other polymers. What is especially
important, polyvinyl alcohol is easy to modify, which allows regulating the parameters
of a PVA-based gel and grafting various functional groups, substances and preparations
to its polymer chain. Thanks to modification, this polymer can provide a wide range of
properties and it can be used under various conditions.

Thus, the antimicrobial wound-repair materials based on polyvinyl alcohol or chitosan
modified with silver nanoparticles have the broadest practical application potential.
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Abstract: Tissue damage and organ failure are major problems that many people face worldwide.
Most of them benefit from treatment related to modern technology’s tissue regeneration process.
Tissue engineering is one of the booming fields widely used to replace damaged tissue. Scaffold is a
base material in which cells and growth factors are embedded to construct a substitute tissue. Various
materials have been used to develop scaffolds. Bio-based natural materials are biocompatible, safe,
and do not release toxic compounds during biodegradation. Therefore, it is highly recommendable to
fabricate scaffolds using such materials. To date, there have been no singular materials that fulfill
all the features of the scaffold. Hence, combining two or more materials is encouraged to obtain the
desired characteristics. To design a reliable scaffold by combining different materials, there is a need
to choose a good fabrication technique. In this review article, the bio-based natural materials and
fine fabrication techniques that are currently used in developing scaffolds for tissue regeneration
applications, along with the number of articles published on each material, are briefly discussed. It is
envisaged to gain explicit knowledge of developing scaffolds from bio-based natural materials for
tissue regeneration applications.

Keywords: tissue engineering; scaffold; fabrication techniques; tissue regeneration

1. Introduction

Tissue regeneration is a dynamic process in which the cells and their surrounding
matrix interplay. Further, this process is encouraged by designing biomaterials that adapt to
the local cellular signals [1]. Transplantation is the conventional method for tissue regener-
ation, but donor availability, pain, and risks related to graft rejection and infectious disease
are some concerns [2]. Tissue engineering is a modern field that promotes tissue replace-
ment and regeneration substitutes. It is a multidisciplinary field in which a biomaterial
such as a scaffold, cells, and growth factors are combined to form a new tissue [3,4]. It also
helps to overcome the problems faced during autologous and allogeneic tissue repair, such
as inadequacy, donor site dejection, and unbidden immune responses [5]. The scaffold acts
as a template in which cells and growth factors are implanted to imitate the extracellular
matrix to maintain and restore tissue function. High porosity, pore interconnectivity, bio-
compatibility, biodegradability, and mechanical properties are indispensable properties that
must be considered when designing the scaffold [6]. Besides blood cells, most tissue cells
reside in a solid matrix known as the extracellular matrix (ECM). The ECM is an anchor
for maintaining a proper structure and providing the tissue with mechanical properties
and signaling molecules. Hence, the scaffold selected for engineered tissue should mimic
the ECM of that specific tissue [7]. Selecting appropriate cells, isolating and expanding
targeted cells, and selecting suitable biomaterial for scaffold designing are factors that
thrive in tissue engineering [8]. However, a solitary polymer cannot achieve every single
property of a scaffold, so the desired property can be attained by mixing it with a variety of
polymers [9]. Along with the selection of material, process technique or fabrication method
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also provide a more significant impact on the features of the resultant scaffold [10]. This
paper provides detailed information on bio-based natural materials and the fabrication
techniques currently used to develop scaffolds for tissue regeneration applications.

2. Tissue Engineering

Tissue engineering (TE) is a relatively new, unique, multidisciplinary field. It offers
new hope to patients by integrating clinical medicine, materials science, cell biology and
genetics, and mechanical engineering to design bio-artificial tissues or biological substitutes
that restore or regenerate, preserve, and improve damaged tissue or organs [3]. The
three essential parameters in tissue engineering, biomaterial scaffolds, cells, and growth-
stimulating signals, are known as the “tissue-engineering triad,” as mentioned in Figure 1.
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Figure 1. Vital elements of tissue engineering (simplified diagrammatic representation of the basic
concept of tissue engineering, i.e., scaffold, cells, and growth-stimulating factors are the three essential
parameters responsible in tissue engineering for forming new functional tissue).

The bioreactor uses this triad to imitate a natural environment to reproduce and grow
new functional tissues or cellular components. Figure 2 shows an illustration of the basic
principle of TE.

Firstly, cells are isolated from a biopsy (allogenic, syngeneic, xenogeneic, or autologous
source) and allowed to grow and expand in vitro, in a cell culture system, or in a bioreactor.
The expanded cells are then seeded onto a nutrient and growth factors-rich matrix or carrier
(scaffold) for structural support. Here, the cells grow, differentiate, and proliferate to form
new tissues, then migrate to the carrier to replace the old tissues. Lastly, this TE product
will be grafted into the patient to replace the damaged tissues [11].
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Figure 2. An illustration of the basic principle of TE, which includes cell isolation, cell culture, cell
expansion, and tissue grafting into the patient’s body.

2.1. Key Elements of Tissue Engineering
2.1.1. Cells

The cell is a structural and functional unit of life in all living organisms. Cells per-
forming the same function are grouped to form tissues and create a body system. While
designing a TE product, especially for clinical applications, cell source selection becomes
a crucial issue, as it determines the success of the tissue generation step. Essentially, the
cells isolated for TE applications should fulfill the essential requirement of combining
themselves with the selected tissue with different growth factors and cytokines that acti-
vate the endogenous tissue regeneration program. However, natural cells have difficulty
reproducing the same particular cell type in large quantities. A promising cell source called
stem cells is then developed as an alternative. Stem cells can be categorized into embryonic
(ESCs), adult (ASCs), and induced pluripotent stem cells (iPSCs). ESCs are pluripotent
cells that can differentiate into any desired lineage, but are ethically controversial and have
a shortage in teratoma production [12]. ASCs are multipotent cells and are considered
more appropriate for TE applications than ESCs. Though ASCs have more limitations in
cell differentiation, they are believed to be less prone to rejections after transplantations.
Therefore, ASCs are commonly used to isolate tissues such as bone marrow, muscle, adipose
tissue, and umbilical cord [13]. iPSCs, on the other hand, are somatic cells in the pluripotent
state that exhibit autologous characteristics and fulfill differentiation capacity [12]. Never-
theless, iPSCs are yet to be extensively used due to the need for precise characterizations of
reprogramming the somatic cells before clinical applications [14].
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2.1.2. Growth Factors

Growth-stimulating signals include growth factors (GFs), which are a heterogeneous
group of polypeptides bonded to specific receptors on the cell surface that regulates a
heterogeneous group of polypeptides bonded to specific receptors on the cell surface
that regulate cellular responses such as cell proliferation and cell survival, as well as the
growth of targeted tissues [15]. Some GFs that have been used in TE applications include
bone morphogenetic proteins, vascular epithelial growth factor (VEGF), and transforming
growth factor-β (TGF-β) [16].

2.1.3. Scaffolds

Scaffolds play an important role in TE applications, serving as a temporary platform
or template for providing guidance and structural support to develop new tissues [17].
Scaffolds refer to a three-dimensional (3D) porous biomaterial that provides a favorable
environment for cells to repair and regenerate tissues and organs [3]. It serves as a template
for tissue defect reconstruction while promoting cell attachment, proliferation, extracellular
matrix regeneration, and restoration of nerves, muscles, and bones. In addition, scaffolds
can transport bioactive materials such as drugs, inhibitors, and cytokines as a mechanical
barrier against the infiltrating native tissues, which may disturb tissue restoration and
regeneration [11].

2.2. Requirements of Scaffold
2.2.1. Microarchitecture

The microarchitecture of the scaffold includes the porosity and pore size and the
interconnectivity between the pores. Firstly, the pore size must be adequate for cell migra-
tion and attachment onto scaffolds. This also ensures proper mass transfer of nutrients
and waste materials into and out of the cells and tissue or vascularization and infiltration.
As suggested by Perić Kačarević et al., a smaller pore size is favorable, between 75 and
100 µm in vitro, while the maximum pore size should lie between 200 and 500 µm in vivo to
allow optimal tissue penetration and vascularization [18,19]. Moreover, an interconnecting
porous system is required to provide a larger scaffold surface area for cell attachment.
In addition, having a higher porosity helps to maximize cell-to-cell interactions, thereby
promoting the integration of the engineered tissues with the native tissues [20]. Alonzo et al.
suggested a pore network comprising more than 60 percent of pores with pore diameters
ranging between 150 and 400 µm and at least 20 percent smaller than 20 µm [21].

2.2.2. Biodegradability

As scaffolds only act as a temporary platform for developing cells or tissues, they
should be chemically or enzymatically broken down over time when grafted into living
organisms. The rate at which the scaffold materials are broken down is known as biodegrad-
ability [3]. Ideally, the biodegradation rate of the scaffold should be proportional to the
rate of new bone formation or tissue regeneration. When new tissues are successfully
engineered and integrated with host bone, they will replace the biomaterial scaffolds via
a “creeping substitution” step [22]. The non-toxic products of the scaffold will then be
recycled as metabolites in other biochemical reactions or exit the body without interference
with other organs and surrounding tissues [18,20].

2.2.3. Biocompatibility

Furthermore, the scaffold should be highly biocompatible for cell adhesion and pro-
liferation. There should be negligible chronic immune responses to prevent severe in-
flammatory reactions that might affect healing or cause rejection in the body. Even when
inflammatory reactions occur, they should be recovered in no more than two weeks [23,24].

63



Gels 2023, 9, 100

2.2.4. Bioactivity

Scaffold bioactivity refers to its ability to interact with the surrounding cellular com-
ponents of the engineered tissues. Unlike traditional passive biomaterials, which generally
pose low or no interactions with the environment, bioactive scaffolds are designed to
enhance proper cell migration or differentiation, tissue regeneration or neoformation, and
integration in the host, thereby avoiding processes such as scarring [19]. Moreover, the
scaffolds may be attached to cell-adhesive ligands to promote cell attachment, or to physical
indicators such as topography to enhance cell morphology and alignment. In addition,
bioactive scaffolds may serve as a transporter or reservoir for growth-stimulating signals
such as GFs to enhance tissue regeneration [7].

2.2.5. Mechanical Properties

Furthermore, the scaffold materials should pose similar intrinsic mechanical properties
as native bones or tissues in the anatomical site of implantation. The mechanical properties
of tissue vary in nature, as listed in Table 1. It provides structural support and shape
stability and, at the same time, helps to minimize the risk of stress shielding, implant-
related osteopenia, and subsequent re-fracture. Moreover, the scaffold should also be
strong enough to allow surgical handling during transplantations. Some examples of
mechanical properties include elastic modulus, tensile strength, fracture toughness, fatigue,
and elongation percentage [7,18,19,25].

Table 1. Young’s modulus of various tissues.

Tissue Young’s Modulus Reference

Bone 1–20 GPa [26,27]
Cardiac 30–400 KPa [27,28]

Cartilage 10–20 KPa [27,29]
Endothelium 1–7 KPa [27,30]

Liver 0.3–0.8 KPa [27,31]
Lung 1–5 KPa [27]
Nerve 0.1–2 KPa [32]
Skin 4.6–20.0 MPa [33]

Skeletal Muscle 20–100 KPa [34]

Tensile testing and compressive testing are the conventional methods used to charac-
terize the mechanical properties of a scaffold. Compressive/tensile strength, toughness,
and Young’s modulus are the important obtained parameters. No limitations for the ge-
ometrical structure of the specimen is the biggest advantage of compressive testing over
tensile testing. Atomic force microscopy (AFM), dynamic mechanical analysis (DMA),
rheometry, and micro indentation are the alternative methods for the characterization of
mechanical properties [25]. Elasticity (Young’s modulus), shear strength, and viscoelasticity
measurement are some significant mechanical properties in cardiac tissue engineering.
Due to its thin geometric structure (µm thickness), it is inadequate for DMA. Hence, vis-
coelasticity measurement for the cardiac scaffold is incorporated only in a few studies [35].
For the healing process, to endure osteogenic loads, adequate compressive strength is
needed in bone tissue engineering [36]. Compared to other tissues, neural tissues have
low mechanical stiffness with the range of 0.1 KPa for Young’s modulus [37]. Mechani-
cal properties play a crucial role in skin tissue engineering to resist physiological forces
such as nerve bundles, vascular networks, and collagen deposition during the wound
healing process [38]. Figure 3 depicts the requirements to be considered while developing
the scaffold.
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Figure 3. The necessary ideal scaffold requirements include biocompatibility, biodegradability,
mechanical properties, scaffold architecture, and manufacturing technology.

2.2.6. Manufacturing Technologies

As stated by Place et al., TE products must be both productive and cost-effective,
introducing a potential dichotomy between the need for sophistication and ease of pro-
duction [39]. While ensuring scaffold efficiency, it is also essential to consider the cost
and availability, ensuring scale-up production of the scaffolds is feasible when required.
Another key factor to consider is delivering and packaging the scaffolds to the clinicians.
Even though clinicians usually prefer off-the-shelf availability to lessen waiting time before
implantations, it may not be possible for some tissue types [40]. Therefore, this should be
considered while implementing a TE strategy.

2.3. Materials Used for Developing Scaffold

The material source for scaffolds should depend on the patient’s status. For instance,
patients with cancer or osteoporosis generally experience low bone metabolism; hence,
the scaffold material should be non-resorbable. Nevertheless, the material source would
come under biomaterials. According to the European Society for Biomaterials (ESB), a
biomaterial is a material meant to interface with biological systems to treat, evaluate,
augment or replace any tissue, organ or function of the body [18,40]. The four major
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biomaterials typically used in the fabrication of scaffolds are polymers, bio-ceramics, metals,
and carbon-based nanomaterials. As each group has specific advantages and disadvantages,
scaffolds may comprise more than one of these biomaterial types [40,41]. Natural polymers,
synthetic polymers, bio-ceramics, biodegradable metals, and carbon-based nanomaterials
are currently used in scaffold development [1].

2.3.1. Polymer

A polymer is a long-chained macromolecule built up by repeated monomers, and
polymer-based biomaterials are considered a good choice for fabricating a scaffold [42].
Polymers are a good candidate in TE applications for their great versatility and flexibility in
providing a wide range of mechanical, chemical, and physical properties. They show good
biocompatibility, are light in weight, and are resistant to biochemical attack. Moreover,
polymers are highly available at a reasonable cost and quickly processed into desired
shapes. In addition, the inertness of polymers towards host tissues makes them an eligible
candidate for a drug delivery system. Some biomedical applications involving polymers
include artificial organs and blood vessels, breast implants, contact lenses, coatings for
pharmaceutical tablets and capsules, external and internal ear repairs, cardiac assist devices,
and joint replacements [43]. Polymeric biomaterials have been obtained from natural and
synthetic polymers, each having pros and cons [44,45]. Carbohydrates such as chitin,
cellulose, starch, alginate, and hyaluronic acid and proteins such as collagen, elastin,
keratin, gelatin, and fibrin fall under natural polymers, where polyesters such as poly ε-
caprolactone (PCL), polylactic acid (PLA), and polyglycolic acid (PGA) and Polyurethanes
come under synthetic polymers [44].

1. Natural polymers: Biopolymers are toxic-free, highly biocompatible, easily adhere to
cells, and improve proliferation and differentiation. Nevertheless, they have poor me-
chanical strength and are highly sensitive to elevated temperatures [46]. Biopolymers
are also known as natural polymers. Natural polymers are materials that can be ob-
tained from natural sources. They can be categorized into protein-based biomaterials
(naturally occurring polymers in the human body such as collagen, fibrin, and elastin)
and polysaccharides-based biomaterials (such as silk, chitosan, alginate, and gelatin).
They exhibit similar characteristics to soft tissues, showing bioactivity, excellent cell
adhesion and growth, and fulfilling biodegradability and biocompatibility. Moreover,
they are also known for their wide availability, ecological safety, and modifiability
to suit different applications. However, natural sources indicate the requirement of
a purification step to avoid foreign immunological responses after implantation. In
addition, natural polymers typically show poor physical and mechanical stability,
limiting their applications in the load-bearing orthopaedic field [17,43].

2. Synthetic polymers: In contrast to natural polymers, synthetic polymers have good
mechanical properties. However, they also have a high risk of immune rejection,
and toxic substances such as carbon dioxides are released during degradation, lead-
ing to cell damage [40]. Synthetic polymers serve as a more predictable biomaterial
providing a wide range of mechanical and physical properties such as degradation
rates. If they are synthesized under controlled conditions, they do not pose any im-
munological risks, and desired characteristics can be brought together. One common
synthetic polymer used for BTE applications is aliphatic polyesters, including poly
(ε-caprolactone) (PCL) and polylactide (PLA). PCL is a semi-crystalline, biodegrad-
able, and non-toxic polyester that shows hydrophobicity and slow degradation rates
of more than 24 months. These problems can be addressed by blending with other
polymers or producing composites. In contrast, the porous PLA exhibits high biocom-
patibility, but shows slow degradation rates of 3–5 years. Thus, PLA is combined with
hydroxyapatite (HAp) to improve its mechanical and physical strength [18,43].
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2.3.2. Bio-Ceramics

Ceramic materials obtained from natural products, termed bio-ceramics, have been
widely used in dental and bone tissue engineering. Bio-ceramics are organic, non-metallic
solids with good compatibility, bio-inertness, bioactivity, osteoconductivity, and mechanical
strength [18,43]. In addition, bio-ceramics can promote new bone generation and the
osteo-potential of scaffolds. However, bio-ceramics are low in elasticity with a brittle
surface, limiting their use in implants. Thus, they are usually blended or coated with other
materials to improve their elasticity and strength. Among the biomaterials, bio-ceramic
scaffolds have been proven to be more successful in treating minor bone defects, such as
orthopaedic implants and bone-filling applications. There are three main types of ceramics:
bioinert, bioactive, and bioresorbable. Bioinert ceramics include alumina (Al2O3), Zirconia
(ZrO2), and pyrolytic carbon; bioactive ceramics include bioglasses (BG) and glass ceramics,
while bioresorbable ceramic contains calcium phosphates. Of all three types, the most
commonly used ceramics in BTE applications are HAp, tricalcium phosphates (TCP), and
their composites [3]. Human bone and teeth are composed of an inorganic compound
known as hydroxyapatite, which constitutes calcium, phosphate, and OH radicals with
high tensile strength and quickly adheres to host tissues. Many studies revealed that HAp
is non-toxic and lacks inflammatory and pyrogenetic response [47].

HAp is a naturally occurring calcium phosphate-based mineral with the chemical
formula Ca10(PO4)6(OH)2. It is structurally similar to a biological apatite in the human
body, known as bone mineral, which makes up approximately 60–70% of human bone
tissues on a dry weight basis. It shows similar chemical and physical properties to human
bone and dental tissues [48,49]. Hence, some hydroxyapatite-rich natural products such
as shells, corals, algae, fish scales, and animal bones are used to develop scaffolds [50,51].
HAp exhibits excellent biocompatibility and bioactivity, high osteoinductivity and osteo-
conductivity, non-toxicity, and non-inflammatory characteristics. Moreover, it vitalizes
growth factors and promotes cell growth and proliferation. HAp is therefore considered a
highly potential implant material and bone substitute. Nevertheless, HAp also shows poor
mechanical properties, slow resorption and remodeling rates, and slow degradation rates
in vivo, making it unsuitable for all BTE applications. Thus, HAp is usually synthesized
with other natural or synthetic polymers to create more effective composite scaffolds [19,52].

HAp can be obtained through extractions from natural sources or chemical syntheses,
divided into three categories: high-temperature methods, wet methods, and dry methods.
Dry methods include mechanochemical methods and solid-state reactions. Here, dry pre-
cursors of calcium and phosphate are mixed without any precisely controlled conditions to
synthesize HAp. According to Sadat-Shojai et al., this is to ease the mass production of HAp
powders. Wet methods include sol-gel, chemical/wet/co-precipitation, hydrothermal, hy-
drolysis, sonochemical method, and emulsion method. With this method, the morphology
and average powder size can be controlled. However, HAp yielded usually exhibits low
crystallinity due to low operating temperatures. High-temperature processes include com-
bustion and pyrolysis methods, where samples undergo thermal decompositions. These
two methods are rarely used for HAp synthesis due to poor control over the operating
conditions [53].

HAp can also be extracted from food wastes or biological sources such as aquatic or
marine sources, mammalian bones shell sources, and plant sources [54]. This method is
relatively safe, more sustainable, and economical to fabricate HAp, thereby contributing to
the economy, environment, and general health. However, it is notable that natural HAp is
non-stoichiometric, either calcium or phosphorus-deficient. Generally, calcium positions
would be the vacancy, where cations such as Na+, Mg2+, and Al3+ are substituted into the
vacant space. Likewise, carbonate ions would replace phosphate or hydroxyl ions, and
fluoride ions would substitute in place of hydroxyl ions. These trace elements present in
the natural HAp resemble the apatite in human bone, which is crucial in accelerating bone
formation and regeneration. For instance, blending 3–5 mol% silicon with synthetic HAp
can boost cell growth density, enhancing osteoblast growth. Another example is adding
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1–10% of strontium ions in synthetic HAp, which improves osteoblast activity and material
differentiation [55]. Calcium carbonate is abundantly found in the exoskeleton of most
marine organisms such as corals, sea urchins, and some algae. HAp produced from these
exoskeletons are highly porous, have good vascularization and blood supply, and help to
form new tissue [56]. Over the past 20 years, extensive research has been done to constantly
improve the synthesis methods and introduce new technologies, aiming to develop an
ideal HAp composite or scaffold that fulfills all the desired specifications.

2.3.3. Metals

Metals such as stainless steel, cobalt–chromium–molybdenum alloy, aluminium, lead,
silver, and titanium alloys have been considered good load-bearing implants because of
their excellent quality electrical and thermal conductivity, appropriate mechanical prop-
erties, corrosion resistance, biocompatibility, and reasonable cost. However, metals are
non-biodegradable. Therefore, researchers introduced the use of biodegradable metals [18].
Biodegradable metals are metals having controlled corrosion properties. They can be
grouped into pure biodegradable metals (Mg−- and Fe--based), biodegradable alloys, and
biodegradable metal matrix composites [43]. Pure biodegradable metal implants have
similar mechanical properties to stainless steel and bone and are non-toxic. However,
they show slow degradation rates and are incompatible with MRI (Magnetic Resonance
Imaging). These problems can be addressed through newly-developed fabrication methods
such as casting, electroforming, powder metallurgy, and inkjet 3D printing. Moreover, it is
essential to note that the patients implanted with biodegradable metals should not have
an iron-related disease, and the patient’s intestines can absorb only Fe2+. Thus, any Fe3+

released should be first reduced to Fe2+ before being absorbed [43].
Biodegradable porous metal scaffolds have attracted researchers in scaffold develop-

ment by their high compressive strength. Biodegradable metals overcome problems such as
innate immune rejection and have good load-bearing capacity during bone healing. How-
ever, biodegradable metals such as Mg and their alloys have a high corrosion rate. Recently,
scientists have concentrated on the Zn-based alloy system to produce biodegradable metal
scaffolds [57,58].

2.3.4. Carbon-Based Nanomaterials

Researchers developed carbon-based nanomaterial scaffolds by combining tissue engi-
neering and nanotechnology to enhance the scaffold’s features. Carbon nanotubes (CNTs),
graphene oxide (GO), carbon dots (CDs), fullerenes, and nanodiamonds are some carbon
nanomaterials used as scaffolds in tissue engineering. Biocompatibility, mechanical stability,
low cytotoxicity, facilitating cell communication, and nutrition delivery are advantages
of carbon-based nanomaterials that pull down to use in scaffold development. However,
limited biodegradability and potential cytotoxicity are significant drawbacks [59].

Carbon-based nanomaterials, including graphene oxide (GO), carbon nanotubes
(CNTs), fullerenes, carbon dots (CDs), nanodiamonds (NDs), and their derivatives, are
highly potential scaffold materials for bone restoration applications. They are biocom-
patible, mechanically stable, and commercially available. In addition to that, they show
essential qualities such as good biodegradability, efficient cell proliferation and osteogenic
differentiations, significant cell growth stimulations, proper mass transfer of nutrients in
the scaffold microenvironment, improved cell distributions, and appropriate cell bioactivity.
Yet, further studies regarding the low cytotoxicity and the adverse environmental effects
of carbon-based nanomaterials are to be conducted before they can be clinically tested
and brought into application [1,60]. The materials used for developing the scaffold are
summarized in Figure 4.
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Figure 4. Materials used for scaffold development. (Materials are divided into four broad categories
such as polymers, bio-ceramics, metals, and carbon nanomaterials. Classification with a few examples
is summarized).

In recent years, some innovative synthetic scaffolds based on natural products have
been developed by applying recombinant DNA technology and advanced genetic engi-
neering. Elastin-like recombinant [ELR] and elastin-like peptides [ELP] are a few scaffolds
developed by obtaining the principles of advanced genetic engineering techniques. The
Arginine, Glycine, and Aspartic acid (RGD) sequence is an integrin-binding sequence in
the ELP scaffolds, which helps in cell adhesion and proliferation. ELR scaffolds constitute a
fibronectin domain that helps cell adhesion, particularly in vascular regeneration [61,62].
B. Gurumurthy et al. developed a collagen-based scaffold by incorporating it with an
elastin-like polypeptide obtained from genetically modified Escherichia coli bacteria and
bioglass to examine the osteogenic differentiation [63]. Repeated sequences of elastin and
silk blocks are recombinantly combined to form silk-elastin-like protein polymers (SELPs).
The hydrogels of SELPs play a vital role in wound healing [62].

On the whole, bio-based polymers have good features such as compatibility, versatility,
and adaptability, and are also abundant in nature; they can be obtained from various
agricultural resources and biodegradable waste materials. Hence, the processing and
synthesis cost is low and environmentally friendly [50,64]. Many researchers have tried
to produce scaffolds from natural polymers by keeping this in mind by modifying and
enhancing their stability using various fabrication methods [65].

2.4. Common Natural Polymers Used in Tissue Regeneration Applications
2.4.1. Cellulose

Cellulose is a fundamental structural unit of the plant cell wall. It is also found in red,
green, and brown algae, some fungi, and as an extracellular component in bacteria [66].
Cellulose is a homopolysaccharide composed of D-glucose units connected by β-(1→4)
glycosidic bonds [67]. Cellulose is an ideal material for tissue growth. It has several features
such as biocompatibility, biodegradability, and cheap cost. It is already used as a scaffolding
material in wound repair, cartilage tissue regeneration, differentiating endothelial cells, and
bone tissue engineering [60]. Scaffolds developed based on bacterial cellulose are widely
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used in various biomedical applications [68]. Based on recent research, the performance of
the material toward cell growth or biocompatibility is mentioned in Table 2.

Table 2. Recent research on the performance of the materials toward cell growth or biocompatibility.

Natural Material,
Application, and References Cells Assay Result

Cellulose in Bone Tissue
Engineering [69] Human osteoblast cells MTT assay Significant increase in cell viability of

scaffold with 0.5 weight% bacterial cellulose

Cellulose in Cartilage Tissue
Engineering [70] Chondrocytes Presto BlueTM assay

Chondrocyte viability percentage in scaffold
was found to be greater than 70%

Cellulose in Cardiac Tissue
Engineering [71]

H9C2 rat cardiac
myoblasts MTT assay

Excellent biocompatibility in which scaffold
exhibited cell proliferation and retention over

the time frame of the study

Cellulose in Nerve Tissue
Engineering [72] Rat PC12 cells Dojindo’s cell counting

kit-8 (CCK-8) assay

An increase in cell viability was
observed when the concentration of

Poly(3-hexylthiophene)—an organic voltaic
material, was up to 0.15M for the

respective scaffold

Cellulose in Skin Tissue
Engineering [73] L929 mouse fibroblast MTT assay

In vitro studies show low cell viability due to
MTT assay, which is unreliable in calculating
the number of cells settled inside the scaffold,
but in vivo studies with Wistar rats revealed

it is a promising material for
diabetic wound healing

Chitosan in Bone Tissue
Engineering [74]

MC3T3-E1 cells
(Mouse calvaria
pre-osteoblast)

Dojindo’s cell counting
kit-8 (CCK-8) assay

Cell attachment, viability, and proliferation
in regenerated cellulose nanofibers into
chitosan hydrogel is more excellent than

pure chitosan hydrogel

Chitosan in Skin Tissue
Engineering [75]

Human
dermal fibroblast MTS assay

The presence of chitosan along with gelatin
helps in the cellular behavior of substrates

and enhances the proliferation rate
of fibroblasts

Chitosan in Nerve Tissue
Engineering [76] Schwann cells MTT assay

The rate of Schwann cell proliferation was
increased after the introduction of

gold nanoparticles

Chitosan in Cartilage Tissue
Engineering [77]

ATDC5
(Chondrocytes)

Live/dead kit
(Invitrogen)

The cells migrated toward the edges of the
scaffold, and the cell population at the edges
became higher. From this result, necessary
modifications were carried out to develop

smooth strands without any slope to
encourage the cells to spread on the whole

surface of scaffold

Chitosan in Cardiac Tissue
Engineering [78]

H9C2 (Rat cardiac
myoblast cells) and
HUVEC (Human

umbilical vein
endothelial cells)

Alamar Blue assay

For HUVEC, more cell viability was seen in
the scaffold combined with polyurethane,
chitosan, and carbon nanotube than in the
polyurethane scaffold and control, since
polyurethane is hydrophobic and lacks

enough surface of cell recognition sites, while
chitosan is hydrophilic. H9C2 revealed that

the developed scaffold is promising for
infarcted myocardium
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Table 2. Cont.

Natural Material,
Application, and References Cells Assay Result

Chitosan in Liver Tissue
Engineering [79]

HepG2 (Human
hepatic

carcinoma cells)
MTT assay

The P-value greater than 0.05 in all cases
indicates that the scaffold is suitable for liver

tissue engineering and in vivo tests

Alginate, Cellulose, and
Gelatin in Bone Tissue

Engineering [80]

hBMSC (Human bone
marrow stromal cells) WST-1 assay

No evidence of side effects after the cell
seeding in the scaffold revealed its
biocompatibility, and rapid bone

regeneration was observed in the in vivo
model three weeks after transplantation

Alginate in Skin Tissue
Engineering [81]

Fibroblast L929
cell line MTT assay

The resulting scaffold showed good cell
adhesion based on cell concentration in the

scaffold as well as the
assessment of cell growth

Alginate in Cartilage Tissue
Engineering [82]

AMSC (Mesenchymal
stem cells derived

from adipose tissue)
MTT assay

Alginate helps AMSC for chondrogenesis
differentiation without any aid of exogenous

differential agents

Alginate in Nerve Tissue
Engineering [83]

Olfactory
ecto-mesenchymal

stem cells

Resazurin assay and
live/dead viability

assay

From the live/dead viability assay, hydrogels
with 5 µm and 25 µm magnetic short fibers

(MSF) and alginate ease neural-like cell
proliferation. From the Resazurin assay, the
cell proliferation is higher in MSF-containing

hydrogel than in pure alginate

Hyaluronic Acid in Skin
Tissue Engineering [84]

HDF (Human dermal
fibroblast) MTT assay

Enhanced cell proliferation was seen on the
nanocomposite scaffold along with cell

viability. Not only the cell proliferation but
also the drug delivery was exhibited

by the MTT assay

Hyaluronic Acid in Neural
Tissue Engineering [85]

SH–SY5Y (Human
neuroblastoma cell

line)
MTT assay

The rate of SH–SY5Y proliferation is
accelerated by the optimal amount

of hyaluronic acid

Starch in Bone Tissue
Engineering [86]

MG-63 (Human
osteoblast cells) MTT assay

Cell viability of all samples was found to be
greater than 94%, which shows

good cytocompatibility

Collagen in Cartilage Tissue
Engineering [87]

Articular chondrocytes
from new-born

Sprague Dawley
(SD) rats

Live/dead cell
viability assay

The proportion of live cells in the collagen
and sodium alginate scaffold was found to
be greater than in the sodium alginate and

agarose scaffold

Collagen in Corneal Tissue
Engineering [88]

hBM-MSCs (Human
bone marrow

mesenchymal stem
cells)

Cell Counting Kit-8
assay

Hydrogel combined with gelatin and
collagen showed increased cell viability and
proliferation with time than gelatin hydrogel

Collagen in Bone Tissue
Engineering [89]

MC3T3-E1 cells from
mice

Cell Counting Kit-8
assay

Collagen I proteins are relatively expressed
at a higher level, promoting cell

differentiation. The constructed porous
microsphere had excellent biocompatibility

and effectively enhanced cell adhesion,
proliferation, and differentiation
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Table 2. Cont.

Natural Material,
Application, and References Cells Assay Result

Collagen in Skin Tissue
Engineering [90]

ATCCR PCS-201-012
(Normal adult human

dermal fibroblasts)
and ATCCR

PCS-200-011 (Normal
primary human adult

epidermal
keratinocytes)

MTT assay The scaffold made up of collagen and elastin
promotes cell adhesion and proliferation

Collagen in Oral Mucosa
Tissue Engineering [91]

Human primary oral
fibroblast and

keratinocyte cells
PrestoBlue assay

The comparative study revealed that the
biological properties of the collagen-based

hydrogel are superior to gelatin methacryloyl
in terms of growth of oral fibroblast within

the scaffold and epithelial cell differentiation
and adhesion on the engineered

substrate surface

Fibroin in Bone Tissue
Engineering [92]

HADMSC (Human
adipose-derived

mesenchymal
stem cells)

Live/dead assay and
MTT assay

The MTT assay revealed that PRP
(platelet-rich plasma)-treated composite

scaffold showed a greater cell proliferation
rate than untreated scaffold. The live/dead

assay revealed that cells were active after day
14 on both PRP-treated
and untreated scaffolds

Fibroin in Skin Tissue
Engineering [93] L929 cells Cell Counting Kit-8

assay

In the total of 7 days, the cell proliferation
rate was found to be lowest on day 3, and the
cell proliferation rate increased significantly

on days 5 and 7

Fibroin in Cartilage Tissue
Engineering [94] Human chondrocyte

Cell Counting Kit-8
assay and Live/dead

assay

The CCK-8 assay revealed that significant
cell growth was noticed from 7–14 days.

From the live/dead assay, the cell viability
was detected from 5–14 days

Fibroin in Corneal Tissue
Engineering [95]

The limbal cells
(Isolated from corneal

limbus)
MTT assay Vigorous cell adhesion and proliferation

were seen on the surface of the scaffold

Fibroin in Musculoskeletal
System Tissue

Engineering [96]

Bone marrow-derived
mesenchymal stem

cells from rabbit
Live/dead assay

Silk fibroin/pullulan hydrogels contain 90%
live cells after seven days of culture, which
explicitly shows its good cytocompatibility

Fibroin in Neural Tissue
Engineering [97]

SH-SY5Y (Human
neuroblastoma

cell line)

Cell Counting Kit-8
assay

Silk fibroin scaffold showed good cell
survival with an increased number over time

Keratin in Bone Tissue
Engineering [98] MG-63 cells MTT assay Hydroxyapatite-containing scaffold showed

higher cell viability

Keratin in Nerve Tissue
Engineering [99]

L929 mouse lung
fibroblasts, human

skin fibroblasts,
human Schwann cells,
and human pulmonary

microvascular
endothelial cells

MTS assay & Alamar
Blue assay

Cells seeded on keratin combined chitosan
membrane showed more significant cell

adhesion and metabolic activity than plain
chitosan membrane
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Table 2. Cont.

Natural Material,
Application, and References Cells Assay Result

Keratin in Vascular Tissue
Engineering [100]

HUVEC (Human
umbilical vein

endothelial cells) and
HUASMC (Human
umbilical arterial

smooth muscle cells)

MTT assay

The developed mat had good
biocompatibility, including prolonged
activated partial thromboplastin time

(APTT), cytocompatibility, and lower platelet
adhesion. Moreover, these mats could speed
up the nitric oxide generation from the donor
in the blood, which accelerates endothelial

cell growth, reduces smooth muscle cell
proliferation, and inhibits platelet adhesion

Keratin in Skin Tissue
Engineering [101]

L929 cells from mouse
fibroblast MTT assay

In vitro studies revealed cell adhesion and
proliferation, whereas in vivo studies

revealed wound healing

Keratin in Urethral Tissue
Engineering [102]

Smooth muscle cells
from rabbit Live/dead assay

Scaffold containing calcium peroxide (CPO)
displayed greater cell viability (92–94%) than

scaffold without CPO (88–93%)

Elastin in Cardiac Tissue
Engineering [103]

Cardiac progenitor
cells from rats Dil Cell Labeling

Quantitative evaluation of Dil-labelled cells
occupying a fractional area after 72 h of
seeding in the scaffold confirms the cell
viability by in vitro studies. From the

detection of immunofluorescence in the
myocardium, after ten days of implant, the

cell viability by in vivo study is revealed

Elastin in Vascular Tissue
Engineering [104]

hAd-MSCs (Human
adipose-derived

mesenchymal
stem cells)

MTT assay

Cell viability and proliferation were
confirmed by the MTT assay, and reverse
transcription-polymerase chain reaction

ensures cell differentiation

Elastin in Cartilage Tissue
Engineering [105]

Chondrocytes
(Cartilaginous tissues

of the bovine knee
from calves)

XTT
(2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-

2H-tetrazolium-5-
carboxanilide)

During implantation, the surface of the
scaffold affected the cell, resulting in

decreased cell activity. Then, better cell
proliferation was seen after the surface

modification with elastin and other materials

Gelatin in Bone Tissue
Engineering [106] MC3T3-E1 osteoblasts Histology assay

The biocompatibility of the scaffold was
determined by comparing it with Gelfoam.
The cell number on the gelatin scaffold is

significantly higher than on Gelfoam

Gelatin in Skin Tissue
Engineering [107]

HSF (Human skin
fibroblast) MTT assay

Cells activity was not affected by the scaffold
material, and it was well-suited for cell

proliferation and adhesion

Gelatin in Cartilage Tissue
Engineering [108]

Articular cartilage
progenitor cell line Resazurin assay

Not only the hydrophilic character of gelatin
but also the presence of

Arginylglycylaspartic acid (RGD)—a cell
recognition domain, in its structure facilitates

cell attachment

Gelatin in Nerve Tissue
Engineering [109]

L929 cells from mouse
fibroblast MTT assay

Axons and neuronal dendrites formed on
day 14 confirm cell differentiation along with

cell viability and proliferation
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Natural Material,
Application, and References Cells Assay Result

Fibrin in Cartilage Tissue
Engineering [110]

Human
hyaline-derived

chondrocytes
WST-1 assay

An increase in cellular metabolic activity
with time, along with a decrease in the

biomaterial volume

Fibrin in Liver Tissue
Engineering [111] HepG2 cell lines MTT assay

From the MTT assay, the quantitative
assessment of cell viability was found to be

86.75 ± 1.7%

Fibrin in Retinal Tissue
Engineering [112]

ahRPE cells (Adult
human retinal pigment

epithelial cells)
MTT assay Proper ahRPE cell encapsulation was done

by a 84 mg/dL concentration of fibrin glue

Fibrin in Neural Tissue
Engineering [113]

hEnSC (Human
endometrial stem cells) MTT assay

Novel hydrogel fabricated with fibrin,
polyurethane, and multiwall carbon

nanotube showed more significant cell
viability and proliferation than fibrin

2.4.2. Chitin and Chitosan

Chitin is the second most common polysaccharide globally, followed by cellulose. It
exists in the exoskeleton of arthropods such as crabs, shrimps, lobsters, insects, prawns, and
fungal cell walls. Chitin comprises repeated units of 2-(acetylamino)-2-deoxy-D-glucose.
Chitin and chitosan are differentiated by a degree of deacetylation. Chitin has various
biomedical applications in tissue engineering due to its outstanding properties such as
non-toxicity, biocompatibility, biodegradability, and chelating of metal ions. It also supports
cell adhesion, differentiation, and migration. Chitin also has structural similarity with
N-glycosaminoglycans, essential components of connective tissues; hence, it is a good
option for skin tissue regeneration. Further, it is also used in dental, bone, and cartilage
implants [3,114,115]. Mokhtari et al. have developed a scaffold hydrogel by combining
chitosan with collagen and aldehyde-modified nanocrystalline cellulose loaded with gold
nanoparticles, showing a potential application in tissue engineering [116].

2.4.3. Alginate

Alginate is a seaweed-derived polysaccharide extracted from Phaeophyceae-brown al-
gae. Alginate comprises β-(1–4)-d-mannuronic acid and α-(1,4)-l-guluronic acid connected
as repeated linear chains [66,117]. Alginate displays biocompatibility, biodegradability, a
simple production process, and tunable mechanical properties, leaping to join in devel-
oping scaffolds in cartilage tissue engineering [118]. Moreover, alginate is hydrophilic,
so it is used in wound dressing to absorb the pus and help it heal. It is also used in cell
growth scaffolds, supporting blood vessels’ formation, healing bone injuries, cartilage
regeneration, and drug delivery systems [119]. Alginate-based scaffolds are widely used
in various tissues or organs, including skeletal muscles, pancreas, nerve, liver, and dental
tissue engineering [117]. For cardiac repair, Rosellini. E. et al. produced a scaffold using
alginate, elastin, and gelatin, which successfully attained the desired cellular response [103].
The molecular structure of some polysaccharides is shown in Figure 5.

74



Gels 2023, 9, 100

Gels 2023, 9, x FOR PEER REVIEW 18 of 45 
 

 

outstanding properties such as non-toxicity, biocompatibility, biodegradability, and 
chelating of metal ions. It also supports cell adhesion, differentiation, and migration. 
Chitin also has structural similarity with N-glycosaminoglycans, essential components of 
connective tissues; hence, it is a good option for skin tissue regeneration. Further, it is 
also used in dental, bone, and cartilage implants [3,114,115]. Mokhtari et al. have devel-
oped a scaffold hydrogel by combining chitosan with collagen and aldehyde-modified 
nanocrystalline cellulose loaded with gold nanoparticles, showing a potential application 
in tissue engineering [116]. 

2.4.3. Alginate 
Alginate is a seaweed-derived polysaccharide extracted from Phaeophyceae-brown 

algae. Alginate comprises β-(1–4)-d-mannuronic acid and α-(1,4)-l-guluronic acid con-
nected as repeated linear chains [66,117]. Alginate displays biocompatibility, biodegra-
dability, a simple production process, and tunable mechanical properties, leaping to join 
in developing scaffolds in cartilage tissue engineering [118]. Moreover, alginate is hy-
drophilic, so it is used in wound dressing to absorb the pus and help it heal. It is also used 
in cell growth scaffolds, supporting blood vessels’ formation, healing bone injuries, car-
tilage regeneration, and drug delivery systems [119]. Alginate-based scaffolds are widely 
used in various tissues or organs, including skeletal muscles, pancreas, nerve, liver, and 
dental tissue engineering [117]. For cardiac repair, Rosellini. E. et al. produced a scaffold 
using alginate, elastin, and gelatin, which successfully attained the desired cellular re-
sponse [103]. The molecular structure of some polysaccharides is shown in Figure 5. 

  

(a) (b) 

Gels 2023, 9, x FOR PEER REVIEW 19 of 45 
 

 

  

(c) (d) 

Figure 5. Molecular structure of polysaccharides: (a) cellulose-microcrystalline [120]; (b) chitosan 
[121]; (c) alginate [122]; (d) hyaluronic acid [123]. 

2.4.4. Starch 
Starch is a popular polysaccharide produced by plants for energy storage. It consists 

of amylose and amylopectin. Amylose (a linear polymer linked by α (1–4) linkages) is 
connected to amylopectin (highly branched polymer) by α (1–6) linkages. Starch is highly 
porous and allows cells to penetrate vascularization and tissue growth. Biocompatibility, 
biodegradation, osteoconduction, and osteo production are some characteristics that 
display starch to apply in tissue engineering [124]. 

A study revealed that starch membrane, collagen, and chitosan enhance epithelial 
tissue regeneration during wound healing, clearly showing that starch-based scaffolds 
have more significance in wound healing [125]. It also helps in cell adhesion, growth, 
proliferation, and differentiation. Starch generally shows poor mechanical properties in 
aqueous media and is easily dissolved. Starch was incorporated with bio-additives to 
attain good mechanical properties to overcome this problem. For instance, researchers 
combined starch-based scaffolds with bio-additives such as citric acid, cellulose nano-
fibers, and hydroxyapatite to obtain the desired result. Many in vivo and in vitro as-
sessments certified that starch-based scaffolds are better for bone regeneration [86]. The 
molecular structure of starch is shown in Figure 6. 

Figure 5. Molecular structure of polysaccharides: (a) cellulose-microcrystalline [120]; (b) chi-
tosan [121]; (c) alginate [122]; (d) hyaluronic acid [123].

2.4.4. Starch

Starch is a popular polysaccharide produced by plants for energy storage. It consists
of amylose and amylopectin. Amylose (a linear polymer linked by α (1–4) linkages) is
connected to amylopectin (highly branched polymer) by α (1–6) linkages. Starch is highly
porous and allows cells to penetrate vascularization and tissue growth. Biocompatibility,
biodegradation, osteoconduction, and osteo production are some characteristics that display
starch to apply in tissue engineering [124].

A study revealed that starch membrane, collagen, and chitosan enhance epithelial tissue
regeneration during wound healing, clearly showing that starch-based scaffolds have more
significance in wound healing [125]. It also helps in cell adhesion, growth, proliferation, and
differentiation. Starch generally shows poor mechanical properties in aqueous media and
is easily dissolved. Starch was incorporated with bio-additives to attain good mechanical
properties to overcome this problem. For instance, researchers combined starch-based scaffolds
with bio-additives such as citric acid, cellulose nanofibers, and hydroxyapatite to obtain the
desired result. Many in vivo and in vitro assessments certified that starch-based scaffolds are
better for bone regeneration [86]. The molecular structure of starch is shown in Figure 6.
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2.4.5. Hyaluronic Acid

Hyaluronic acid is a glycosaminoglycan that deficits sulfate bonds commonly secreted
by chondrocytes and fibroblasts. It comprises repeated β-1,4-D-glucuronic acid and β-
1,3-N-acetyl-D-glucosamine disaccharide units. It is mainly present in the synovial fluid,
connective tissues of the dermis, the vitreum, and the dental pulp matrix. It maintains
the viscoelasticity of ECM by acting as a lubricant [127]. It plays a vital role in the cell’s
structural maintenance, keeps tissue hydrated, and helps cell signaling and wound repair.
It is highly biocompatible, biodegradable, and can be easily modified chemically. Therefore,
it is widely used as scaffolds in various forms such as sponges, cryogels, hydrogels, and
injectable hydrogels [128–130]. A combination of collagen and hyaluronic acid scaffold
material was used in cartilage regeneration, which plays a significant role in tissue repair.
Mohammadi et al. prepared a scaffold by combining hyaluronic acid and collagen loaded
with prednisolone to make a proper dosage form for cartilage repair [130]. According to
Sieni et al., scaffolds based on hyaluronic acid show several more valuable features than
collagen scaffolds in breast cancer treatment [131]. The advantages, disadvantages, and
applications of each polysaccharide are mentioned in Table 3.

Table 3. Advantages, disadvantages, and applications of polysaccharides in various tissue regenera-
tion applications.

Polysaccharide Advantages Disadvantages Applications

Cellulose [132–136]

Excellent bioactivity and
biocompatibility, having high

mechanical properties,
depends on the chosen source

Non biodegradability
Bone, tendons, cartilage,

cardiovascular, muscle, neural,
and skin

Chitosan [137–143]

Easy digestion,
biocompatibility,

biodegradability, antibacterial
activity, and

hemostatic activity

Low mechanical resistance,
stiff and brittle

Bone, cartilage, skin, cardiac,
muscle, liver, and nervous

tissue engineering
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Table 3. Cont.

Polysaccharide Advantages Disadvantages Applications

Alginate [144–148]

Bioactivity, biocompatibility,
biodegradability,

non-immunogenicity, and
non-antigenicity

Toughness, limited strength,
and difficulty in

controlled gelation

Bone, cartilage, Skin, and
neural regeneration

Hyaluronic acid [149–156]
Bioactivity, biocompatibility,
biodegradability, and easy

chemical modification

Rapid degradation and poor
mechanical properties Skin and neural regeneration

Starch [124,157,158]
Biocompatibility,

biodegradability, cheap,
pertinent porosity

Low mechanical strength,
high water uptake, difficult to

process, and unstable in
long-term application

Bone cement in bone defects
and dental cavities

2.4.6. Guar Gum

Guar gum is a galactomannan gum, a polysaccharide obtained from the seed of a
leguminous plant, namely, guar beans, commonly known as cluster beans (Cyamopsis
teteragonolobha). Easy accessibility, biodegradability, biocompatibility, non-toxicity, and non-
immunogenicity are attractive features that tempt many researchers to develop scaffolds
from guar gum [159].

2.4.7. Pullulan

Pullulan is a polysaccharide made up of repeated maltotriose units connected by alpha
(1–6) linkages obtained from fungi known as Aureobasidium. Pullulan plays a vital role in
tissue engineering due to its adjustable property, biocompatibility, biodegradability, and
adhesive nature. Oxidized pullulan was cross-linked with collagen, and scaffolds were
produced for various biomedical applications [160–162].

2.4.8. Collagen

Collagen is the critical protein in the connective tissues of animals, mainly in mammals.
It is a protein with high biocompatibility and biodegradability. Therefore, it is applied in the
medical field in various forms, such as a scaffold, drug carrier, and wound dressing [163].
The latest research shows that collagen obtained from marine organisms is used in multiple
biomedical applications [164]. Collagen-based scaffolds are widely used in myocardial
tissue engineering [137], cartilage tissue engineering [165], neural tissue engineering [166],
musculoskeletal tissue engineering [167], and bone tissue engineering [48]. Massimino et al.
developed a collagen-based scaffold obtained from bovine tendon for dermal regeneration
applications [49]. Pericardial bovine and porcine tissue underwent TRICOL decellular-
ization (detergent-based treatment), and decellularized pericardial scaffold containing
collagen and elastin was considered a potential biomaterial for tissue replacement [52].

2.4.9. Fibroin

Fibroin is protein silk produced by some larvae such as spiders, silkworms, mites,
scorpions, and flies. The silk obtained from Bombyx mori (silkworm) and spiders such
as Araneus diadematus and Nephila clavipes are widely used commercially [50]. Due to its
excellent structural integrity and mechanical properties, silk fibroin-based biomaterial is
used in musculoskeletal tissue engineering [168]. Hadisi et al. developed a silk fibroin-
based scaffold composed of hardystonite loaded with gentamicin as an antibiotic agent
to evaluate the in vitro and in vivo studies on bone tissue engineering applications [169].
According to Zakeri-Siavashani et al., fibroin-based scaffold containing keratin and vanillin
particles acts as a potential antibacterial agent in skin tissue engineering [170].
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2.4.10. Keratin

Keratin is a fibrous protein rich in cysteine and is widely present in hair, nails, wool,
feathers, and horns [171]. The flexible transverse bonds in the keratin molecular chain
provide suitable mechanical properties to its fibrous protein structure [172]. Keratin is
insoluble, highly durable, chemically unreactive, and has binding factors that help cell
adhesion and growth [173]. Keratin-based scaffolds are widely used in skin, bone, and
nerve regeneration [100]. Wan et al. developed a biocomposite mat that constitutes poly
(ε-caprolactone), keratin, heparin, and vascular endothelial growth factor, which acts as a
well-suited scaffold in vascular tissue engineering [174]. The molecular structure of some
protein molecules is shown in Figure 7.
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2.4.11. Elastin

Elastin is a structural protein with elastic properties widely found in connective
tissue and other load-bearing tissues. Elastin is in the collagen network in many organs,
including the lungs, skin, and blood vessels [179]. In vascular tissue engineering, the
successful development of elastin-based vascular graft materials helps to facilitate arterial
regeneration and helps to understand the macrophage-mediated immune response created
after implantation [180]. Rodrigues I. C. P. et al. stated that adding elastin and collagen to his
polyurethane-based scaffold improves cellular response and wettability [181]. Matriderm
and glyaderm are some dermal substitutes used in wound healing made up of elastin
combined with collagen, whereas matriderm constitutes bovine collagen [60].

2.4.12. Fibrin

Fibrin is a protein molecule formed during blood clotting by polymerizing thrombin
and fibrinogen in blood plasma. Easy fabrication, rapid biodegradability, and good biocom-
patibility are some properties that make fibrin used in tissue regeneration applications. It is
mainly used in nerve tissue engineering, skin tissue engineering, musculoskeletal tissue
engineering, and cardiac tissue engineering [182,183]. According to Bluteau et al., the low
thrombin concentration increased the rate of osteoblastic marker expression. It brought
out the increased angiogenic response of osteoblasts by vascular endothelial growth factor
(VEGF) expression. Thus, fibrin also helps in bone tissue engineering [184].

2.4.13. Gelatin

Gelatin is a protein molecule obtained by the hydrolysis of collagen, and it constitutes
the Arg–Gly–Asp (RGD) peptide sequence, which helps in cell adhesion, proliferation,
and differentiation [185]. The primary source of gelatin production is extracted from
mammals, especially bovine hides and porcine skin [186]. Scaffold coated with gelatin
inhibits complement system and opsonization. Thus, it reduces their immunogenicity [187].
In vitro studies show that scaffolds based on gelatin can control cell differentiation and
gene expression [188]. Dehghan M. et al. combined gelatin, polycaprolactone, and poly-
dimethylsiloxane to produce a scaffold, and further investigations on tests regarding
biocompatibility, biodegradability, and mechanical properties gave a positive result [9].

Singh S. et al. used gelatin as a fabricating material for a cellulose-based scaffold
produced from cotton to improve cell adhesion [189]. Goudarzi Z. M. et al. concluded that a
poly (ε-caprolactone) and gelatin composite scaffold incorporated with acetylated cellulose
nanofiber is an ideal scaffold for soft tissue engineering [190]. The list of advantages,
disadvantages, and applications of each protein is mentioned in Table 4.

Table 4. Advantages, disadvantages, and applications of proteins in tissue regeneration applications.

Protein and References Advantages Disadvantages Applications

Collagen
[46,150,191–195]

Bioactive, biocompatible,
biodegradable, poorly

immunogenic, and
mimics ECM

Poor mechanical properties
Bone, skin, dental, cornea,

vascular, and
cartilage regeneration

Fibroin
[196–201]

Bioactivity, biocompatibility,
biodegradability, low
immunogenic, good

mechanical properties, high
tensile strength, excellent

structural integrity,
water-based processing,

and cheap

Weak
and brittle as a scaffold

Bone, skin,
vascular, cartilage, tendon,
hepatic, cornea, and neural

regeneration, and
musculoskeletal

tissue engineering
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Table 4. Cont.

Protein and References Advantages Disadvantages Applications

Keratin [100,171,174]
Biocompatibility,
biodegradability,

mechanical durability

Poor mechanical properties
and brittle

Skin, bone, and nerve
regeneration, urinary tract

and vascular
tissue engineering

Elastin [202–208]
Bioactivity, biocompatibility,

good biomechanical and
biophysical properties

Difficult in sourcing,
water-insoluble, difficult to
manipulate in vitro, risk of

contamination
and inflammation

Cartilage, skin, tendon, and
cardiovascular regeneration

Gelatin [209–214]

Bioactive, biocompatible,
biodegradable, ECM

mimicking, low immunogenic,
water-soluble, and cheap

Poor mechanical properties,
low solubility in concentrated

aqueous media, and speed
enzymatic degradation,

Bone, skin, cartilage, adipose,
and neural regeneration

Fibrin [215–219]
Biocompatible, biodegradable,

low immunogenic, and
mimics ECM

Risk of contamination,
expensive, poor mechanical

properties, and rapid
degradation rate

Cartilage, liver, retina,
vascular, and

neural regeneration

Figures 8 and 9 depict the number of publications on polysaccharides and proteins
in tissue engineering applications. It can be seen from both figures that there is an
apparent increase in terms of publications in research involving the usage of polysac-
charides and proteins as a natural ingredient in developing suitable scaffolds for tissue
engineering applications
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Figure 9. Publications on the usage of proteins in tissue engineering. (The number of papers
published on individual proteins such as collagen, fibrin, fibroin, keratin, elastin, and gelatin is
drawn based on the year and the respective total number of papers published, using search engine:
www.scopus.com, accessed on 15 January 2023).

2.5. Scaffold Fabrication Techniques

Usually, the tissue comprises repeated 3D units such as islets that act as a base for
coordinating multicellular processes, maintaining mechanical properties, and integrating
various organs through the circulation process. Hence, while designing the scaffold for
tissue repair, we must remember that tissue substitutes should have desired mechanical
properties and facilities for transporting nutrients and wastes [2]. Fabrication techniques are
needed to create a proper scaffold with good mechanical properties, interconnected pores,
3D porous structure, and uniform distribution [220]. The scaffold architectural design is
characterized into three levels (nano, micro, and macro) to maintain scaffold parameters
such as anatomical features, cell–matrix interactions, and nutritional transportation. The
nano-level architecture includes surface modification, including attachment of signaling
molecules for cell adhesion, proliferation, and differentiation. Micro-level architecture con-
stitutes pore size, porosity, interconnected pores, and spatial arrangements. The anatomical
features and organ and patient specificity include macro-level architecture [221].

Fabrication techniques are classified into two categories: conventional and rapid
prototyping. Techniques such as freeze drying, solvent casting, particle leaching, electro-
spinning, gas foaming, and thermal-induced phase separation come under conventional
fabrication techniques. These techniques are suitable for constructing porous scaffolds,
but the main limitation is the lack of tunable properties to control shapes and internal
architecture. In other words, achieving complex micro- and macro-level architecture
is difficult in conventional fabrication techniques. Rapid prototyping is developed to
overcome the drawbacks caused by conventional fabrication techniques. Rapid prototyping
is known as solid free-form fabrication (SFF) and additive manufacturing (AM). It is the
fastest fabrication method for assembling the desired item by using computer generation
tools such as computer-aided design (CAD), magnetic resonance imaging (MRI), and
computer tomography (CT). Nearly 30 rapid prototyping technologies were applied in
various fields, of which 20 were used for biomedical applications [222]. Stereolithography,
bioprinting, selective laser sintering, solvent-based extrusion-free forming, and fused
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deposition modeling are standard rapid prototyping methods used in tissue engineering
for scaffold fabrication.

Usually, the primary protocol includes forming and slicing a virtual computer model
ensured by layer-by-layer fabrication steps that are similar in all the various rapid pro-
totyping techniques. Initially, a CAD model is captured or formulated from a physical
unit by digital method, and then the obtained model is converted into a stereolithography
file for virtual slicing. Further, it allows for digital slicing to gain cross-sectional layers.
This process is termed pre-processing. Then, rapid prototyping starts to print the layer
of the prototype. The post-processing steps, including surface treatment and hardening,
are applied. It entirely depends on the purpose and manufacturing techniques. The de-
sired complex micro- and macro-level architecture can also be achieved by using rapid
prototyping [223].

2.5.1. Freeze Drying

The freeze-drying technique is otherwise known as lyophilization or ice templating.
This technique includes three steps: dissolution, solidification or freezing, and sublimation.
At first, the chosen polymer is dissolved in a solvent. Secondly, the solution is loaded
into a mold and placed in the freezer for solidification or freezing. It is then allowed
to cool down using chemicals such as dry ice in aqueous methanol, liquid nitrogen, or
mechanical refrigeration. Care should be taken at this step to maintain temperature, or
else it will result in the formation of large crystals, which may affect the properties of
the scaffold later. Thirdly, the sublimation process is carried out to remove water and
other solvent molecules in the frozen component. This technique is highly suitable for
producing scaffolds with high porosity, which provides vascularization and helps in cell
proliferation and differentiation. The lyophilization method can be combined with salt
leaching, gas foaming, gel casting, and liquid dispensing practices to improve the scaffold’s
properties. No involvement of heat is the primary advantage of this method, so heat-
sensitive molecules such as proteins or growth factors can be incorporated into it without
hesitation. However, it consumes a longer time and high energy, and the cost of a freeze
dryer is expensive, which are some of the drawbacks [224]. C. M. Brougham et al. developed
a heart valve-shaped tissue engineering scaffold using collagen and glycosaminoglycan
copolymer and fabricated it using the freeze-drying method [225]. During electro-spinning,
toxic substances from organic solvents may involve scaffold preparation. Moreover, it
can cause damage to the biological activity of cells. To avoid this situation, A. Izadyari
Aghmiuni et al. combined freeze-drying and electro-spinning methods to develop a scaffold
for tissue engineering [226].

2.5.2. Solvent Casting and Particle Leaching

3D specimens with thin walls or membranes were produced using solvent casting and
particle leaching methods. These thin membranes are prepared by adding salt particles
to the solvent polymeric solution. Then, the solvent is allowed to evaporate, and the
resulting membrane is washed with distilled water to leach out the salt. The main advan-
tages of solvent casting and particle leaching methods are high porosity, cheapness, and
straightforwardness. This technique’s usage of toxic solvents, poor interconnectivity, and
irregularly shaped pores are limitations [227,228]. N. Thadavirul et al. developed a poly-
caprolactone porous scaffold using solvent casting and particle leaching techniques for bone
tissue engineering [228]. To enhance the mechanical properties, researchers incorporate
hydroxyapatite into blends of the biodegradable polymer [229].

2.5.3. Gas Foaming

The gas foaming technique was introduced to avoid using organic cytotoxic solvents
and high temperatures. However, the resultant material obtained had closed pores, which
limited its usage, especially in cell transplantation. In this method, chosen polymer was
mixed with salt particles and molded to form solid disks. Then, disks were exposed to inert
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gas foaming agents such as nitrogen gas or carbon dioxide with high pressure for saturation.
Then, gas was decreased to ambient pressure to create thermodynamic instability, resulting
in nucleation and facilitating carbon dioxide pores between polymer matrices. Finally, the
salt was removed by leaching the polymer using distilled water [2,230].

2.5.4. Electrospinning

It is a simple technique in which solutions produce fibers by applying high-voltage
electricity. The main principle behind this technique is the interaction between electrostatic
repulsion and surface tension of charging liquid that receives high voltage droplets. This
machine consists of four major parts: a power supply unit, a syringe pump, a metallic
needle, and a grounded collector [2,231], as shown in Figure 10. Usually, this technique is
widely used for producing nano-fibrous scaffolds. The liquid is injected into the capillary
tube of the syringe pump. The muscle power of the electric field from a high-voltage
power supply increases the surface tension of liquid extruding from the nozzle of the
metallic needle.
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Further, the liquid jet is continuously whipped due to electrostatic repulsion and is
collected in the form of fibers in the grounded collector. Electrospinning techniques help
produce scaffolds with good porosity, patterned architecture, and aligned fibers, which
further help cellular response and enhance tissue regeneration. Precise control over fiber
formation, homogeneous cell distribution, and lack of cellular infiltration are drawbacks
of the electrospinning method [231]. Cellulose nano fiber (CNF) scaffolds developed
using potato peel waste promote the adhesion and proliferation of BALB-3T3 fibroblasts
cells [232].

2.5.5. Thermal-Induced Phase Separation Method

This method is widely used to fabricate microcellular foams or microporous mem-
branes. This technique de-mixes the homogenous polymer solution into polymer-rich and
poor phases by applying variant temperatures. Further, lyophilization of phase-separated
polymer solution helps produce microcellular structure [233]. Adjustment of pore size can
be practically made possible in this method by allowing drugs and fillers. Moreover, these
particles are also homogeneously distributed within the pore size. Inadequate resolution
and usage of limited materials for fabrications are the main drawbacks of this method. The
phase separation technique plays a vital role in fabricating a 3D nanofibrous scaffold, and
it can be highly recommended to use along with another fabricating technique such as
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solid free form [2]. The advantages and disadvantages of various fabrication techniques
are mentioned in Table 5.

Table 5. Advantages and disadvantages of various fabrication techniques.

S.No Techniques Advantages Disadvantages

1. Freeze drying

Capability to do away with high
temperatures, applicable in a variety of

purposes, and pore size can be
manageable to be controlled by

changing the freeze-drying method

Long time consumption, high energy
consumption, usage of cytotoxic
solvents, and irregular pore size

2. Solvent casting and
practical leaching Cheap and high porosity Usage of toxic solvents

3. Gas foaming Absence of caustic solvents
Poor interconnectivity, low

reproducibility, and
structural uniformity

4. Electrospinning Porosity, control over morphology, and
usage of simple equipment

Limited control of pore structure, use
of toxic solvents, and many variables

involved in the process

5. Thermal-induced
phase separation

Fast, controllable, scalable, and
formation of intrinsically

interconnected pores
Only used for thermoplastic

6. Stereolithography High resolution, fast processing, and
smoother surface

Expensive, high temperature, and
toxic uncured resin

7. Selective laser sintering
Fast processing, high resolution, and no

support is needed during
manufacturing

High temperature, rough
surface finish

8. Fused deposition model No requirement for solvents and good
mechanical properties

Filament requirement and
high temperature

9. Solvent-based extrusion 3D
printing method

Applicable to precise control of
micron-level scaffold structure, suitable

for ceramic and metals too
Temperature extrusion

10. Bioprinting method Cheap and higher accuracy Depends on cell existence

2.5.6. Stereolithography

Stereolithography is considered the first rapid prototype technique commercially
available in the fabrication process—an aqueous photo-curable polymer was used as a raw
material. An ultraviolet laser beam was used as a light source to irradiate the material
surface for solidification where the untreated region remains liquid. Once the solidification
of one layer is completed, the lifting table starts to move to the next layer. Subsequently,
the solidified layer is recoated with new liquid resin. This photo-polymerization process is
repeated until the remaining layer is done. This technique’s scaffold material has enhanced
cell growth and adhesion. High resolution and uniformity in pore interconnectivity are
this method’s main advantages [234]. The process involved in stereolithography is shown
in Figure 11.
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Figure 11. Simplified diagram of stereolithography, which consists of a tank, lifting table, laser
scanner, and a computer.

2.5.7. Selective Laser Sintering

It is an additive manufacturing technique in which a high-intensity laser beam fab-
ricates a scaffold layer-wise using computer-aided design models. Usually, materials are
used in powder, and this technique can be applied to produce various materials such as
ceramic, polymer, and metals. The laser beam is used to heat powder particles to glass
transition temperature (near their melting point). The material was sintered to form a solid
model directly without permitting the melting phase. Then, the workstation moves down
layer by layer. At the same time, fresh powder is spread on the sintered object with the
help of a roller, and the process is repeated until the completion of a 3D material. The
scaffolds from this method provide excellent compressive strength, fracture toughness,
osteoconduction, and osteoinduction. However, the high operating temperature limits the
resolution, and additional procedures such as removing injected powder after processing
the phase spin are some drawbacks of this method [2,234,235]. The process involved in
selective laser sintering is shown in Figure 12.
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2.5.8. Fused Deposition Model

According to Xia et al., the fused deposition model is a filament-based additive
manufacturing method. Plastic materials are used in the form of filament. They are inserted
into a heating nozzle, where the filament is melted, extruded, and deposited into a plate to
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produce a 3D structure, layer-by-layer manner, with the help of computer-based devices.
This technique is simple, cheap, versatile, and has wide applications. However, some
significant deficiencies are there, too, such as difficulty in microporosity establishment,
which results in a lack of cell growth and vascularization. The processing time is too
long, and the heating process hinders the integration of biomolecules into the scaffold,
resulting in a smooth surface unsuitable for cell adhesion, which needs further coating.
Many experiments were carried out to overcome these problems, and some series were
developed based on the fusion deposition model. Low-temperature deposition modeling is
one of the series created, and it also gave positive responses such as better biocompatibility,
biodegradability, and all required properties for bone tissue engineering [2,234,236].

2.5.9. Solvent-based Extrusion 3D Printing Method

The solvent-based extrusion 3D printing method keeps biomaterials in solvents to pro-
duce inks. Then, obtained inks are extruded from the nozzle in filament to create a scaffold
structure in a layer-wise manner. Natural polymers, synthetic polymers, and ceramics are
the biomaterials currently being used to produce ink. This technique was widely applied
to fabricate scaffolds for cartilage tissue, bone tissue, blood vessel, heart valve tissue, and
skin tissue. Difficulty in obtaining appropriate levels of filament uniformity, lack of ink
feasibility, and poor fidelity between the structure of computer models and printed scaffold
structures are some disadvantages [237].

2.5.10. Bioprinting Method

Bioprinting technology is a promising fabrication technique to develop highly mim-
icked tissue with digital control. A typical bioprinting method consists of pre-processing,
processing, and post-processing phases. At first, in the pre-processing step, the tissue
blueprint is created using computer-aided design (CAD). The vital information regarding
histological structure and composition, anatomy, and human organ topology for the design
can be extracted using imaging approaches. Moreover, parameters for biomaterials are
also finalized during this stage. A suitable bioprinter prints the desired structure in the
processing step. The bio-ink used for the bioprinter plays a crucial role in delivering the
desired scaffold. Finally, post-processing steps are carried out to maturate the obtained
scaffold before host implantation. Using an ideal bioreactor for the scale-up process is also
under this category. Computer-aided design (CAD) and computer-aided manufacturing
(CAM) are used in all three phases and play a crucial role.

Bio-CAD mimics the 3D internal structure, differentiates heterogeneous tissue types,
and creates desired models. Bio-CAM is used to predict the feasibility of the fabrication pro-
cess. The combination of Bio-CAD and Bio-CAM helps accelerate the bioprinting process
and enhance the quality of printed tissues. The biomaterials used in this process should
be printable, non-toxic, and biodegradable in vivo. Inkjet bioprinting, extrusion bioprint-
ing, laser-assisted bioprinting, and stereolithography are the widely applied bioprinting
approaches. Due to their advantages, low cost, accuracy, and high speed, bioprinting
technologies have already marked their footprints in cartilage, skin, aortic valve, bone,
vascular, and kidney tissues. Dependence on existing cells is the main drawback of this
method [238].

2.5.11. Aerosol Jet Printing

The focused airstream is used as ink instead of liquid droplets in aerosol jet printing.
Either organic or inorganic materials can be used for this printing technique. A composite
suspension is atomized into an aerosol using an ultrasonic or pneumatic atomizer. Then, it
is transported to the deposition head by nitrogen gas, which acts as a carrier gas, and jets
onto the substrate to form a 3D structure in a layer-wise manner. Polymer, ceramic, and
metals can be used for aerosol jet printing. Scaffolds developed from aerosol jet printing
show better cytocompatibility in in vitro studies, and it is a low-temperature process, so
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it is suitable for biomanufacturing too [239]. Some research on natural polymers used to
fabricate scaffolds for various tissue regeneration applications is explained in Table 6.

Table 6. Natural polymers used to fabricate scaffolds for various tissue regeneration applications.

Natural Polymer Used and
Reference Fabrication Technique Cell Type Applications

Cellulose and starch [240] Selective laser sintering - Drug delivery and
tissue engineering

Alginate [241] Freeze drying MG-63 human osteosarcoma
cell line Bone tissue engineering

Chitin and chondroitin
sulphate [242] Freeze drying Human dermal fibroblast Skin tissue engineering

Hyaluronic acid and
collagen [243] Electrospinning Schwann cells Nerve regeneration

Collagen [244] Electrospinning followed by
cross-linking

H9C2 cell line from
embryonic rat heart tissue Cardiac cell therapy

Chitosan [245] Stereolithography Human mesenchymal
stem cells Cartilage tissue engineering

Fibrin and chitosan [246] Electrospinning MG-63 cell line Bone tissue engineering

Silk fibroin [247] 3D printing Human bronchial epithelial
cell line (BEAS-2B)

Tracheal epithelial
regeneration

Gelatin [248] 3D printing MG-63 cell line Hard tissue regeneration

Chitosan [249] Thermal-induced
phase separation

Mouse bone marrow
stromal cells Bone tissue engineering

Corn starch [250] Solvent casting and
particulate leaching - Bone tissue engineering

Keratin [251] Electrospinning Human umbilical vein
endothelial cells Vascular tissue engineering

Silk fibroin [252] Freeze drying Human umbilical vein
endothelial cells Skin tissue engineering

Elastin [253] Electrospinning MG-63 osteosarcoma cell line Bone tissue engineering

3. Conclusions

Scaffolds based on natural products have gained more importance than synthetic
products. The research in developing scaffolds from natural-based biomaterials for tissue
regeneration applications is rapidly growing due to their outstanding properties such as
promoting cell adhesion, proliferation, migration, biocompatibility, biodegradability, poros-
ity, ease of production, inexpensive, and non-toxic. However, natural-based biomaterials
have poor mechanical properties. They can be fabricated with suitable materials and used
in various biomedical applications, including tissue engineering. The selection of suitable
materials is crucial in tissue engineering. In that way, this paper provides a clear idea
about the natural-based materials that are currently used in tissue engineering applications.
In addition to that, the applications of fabrication techniques in scaffold development
have been illustrated. Each technique has its respective benefits and drawbacks, and, as
mentioned, appropriate selection to satisfy the need for the tissue to be repaired plays a
vital role.
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Abstract: Organ transplantation is the first and most effective treatment for missing or damaged
tissues or organs. However, there is a need to establish an alternative treatment method for organ
transplantation due to the shortage of donors and viral infections. Rheinwald and Green et al.
established epidermal cell culture technology and successfully transplanted human-cultured skin into
severely diseased patients. Eventually, artificial cell sheets of cultured skin were created, targeting
various tissues and organs, including epithelial sheets, chondrocyte sheets, and myoblast cell sheets.
These sheets have been successfully used for clinical applications. Extracellular matrix hydrogels
(collagen, elastin, fibronectin, and laminin), thermoresponsive polymers, and vitrified hydrogel
membranes have been used as scaffold materials to prepare cell sheets. Collagen is a major structural
component of basement membranes and tissue scaffold proteins. Collagen hydrogel membranes
(collagen vitrigel), created from collagen hydrogels through a vitrification process, are composed of
high-density collagen fibers and are expected to be used as carriers for transplantation. In this review,
the essential technologies for cell sheet implantation are described, including cell sheets, vitrified
hydrogel membranes, and their cryopreservation applications in regenerative medicine.

Keywords: cell sheet; cryopreservation; vitrified hydrogel membrane; collagen; regenerative therapy;
cell therapy

1. Introduction

Organ transplantation is the first and most effective treatment when a tissue or organ
is missing or damaged. However, there is a need to establish an alternative treatment
method for organ transplantation due to the shortage of donors and viral infections. As an
alternative, Rheinwald and Green et al. established epidermal cell culture technology [1,2]
and successfully transplanted human-cultured skin into severely diseased patients [3]. In
other words, this was the beginning of regenerative medicine. Then, combining the fields of
medicine and engineering, Langer, R., and Vacanti, J.P. proposed “tissue engineering” to re-
generate organs by drawing out the regenerative ability of cells [4]. In “tissue engineering,”
cells, scaffolds, and growth factors play significant roles [5], and cell sheets such as cultured
skin can be created using these key factors. For example, cell monolayer sheets have
been successfully fabricated using thermoresponsive polymers [6] and applied clinically to
myocardial tissues [7]. In addition, focusing on scaffolds, the extracellular matrix (ECM) is
a non-cellular constituent of all tissues and organs [8,9]. The major fibrous proteins were
collagen, elastin, fibronectin, and laminin. Collagen is a major structural component of
basement membranes and tissue scaffold proteins. Therefore, collagen is widely used in
tissue engineering and regenerative medicine to process hydrogels and membrane struc-
tures. In particular, collagen hydrogel membranes (collagen vitrigel), created from collagen
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hydrogels through a vitrification process, are composed of high-density collagen fibers [10]
and are expected to be used as carriers for transplantation. Furthermore, it is necessary to
provide large-volume quality-controlled cell sheets for widespread medical applications.
Here, I introduce the advances in cryopreservation that can provide a stable supply of cell
sheets for regenerative therapy (Figure 1): 1. Targeted autologous or allogeneic cells are
isolated to treat diseases. 2. Cell sheets are prepared and cryopreserved using a hydrogel
membrane. 3. The frozen cell sheets are thawed and transplanted into diseased patients.
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In this review, the essential technologies for cell sheet implantation are described,
including cell sheets, vitrified hydrogel membranes, and their cryopreservation applications
in regenerative medicine.

2. The History of Tissue Culture and Tissue Engineering

Harrison, R.G. (1907) observed the growth of nerve fibers in the embryonic tissue
fragments of frogs removed from the body [11]. This was the beginning of the proof of the
concept of “tissue culture” from animal tissue culture. Tissue culture is used to maintain,
culture, and revive (regenerate) tissues, organs, or cells. The concept of “cell culture,” which
is widely used in the world today, is thought to have started when Rous and Jones (1916)
succeeded in growing and culturing free cells by trypsin treatment of animal tissues [12].
The world’s oldest mouse-derived L cell line [13,14] and human-derived HeLa cell line [15]
were established and cell culture technology has rapidly developed. The tissue culture
method of Enders et al. (1949) proved that polioviruses can be grown in cells derived
from human tissues, including human connective tissue, intestine, liver, and kidneys [16].
Enders, J.F., Weller, T.H., and Robbins, F.C. won the Nobel Prize in Physiology in 1954 for
their “Tissue Culture of Poliovirus”. With the development and production of poliovirus
vaccines [17–19], synthetic culture media such as 199 medium [20], Eagle’s medium [21],
and Dulbecco’s medium [22] have been developed, and stable two-dimensional cultures
have become possible.

In contrast, three-dimensional culture began with van Wezel’s (1967) technique of
agitating cells by attaching them to microcarrier supports [23] and Knazek et al.’s (1972)
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technique of perfusion culture of cells in hollow fiber supports [24], which aimed at
high-density culture. Eventually, not only a three-dimensional environment but also an
environment that more closely mimics the in vivo environment was created by utilizing
the ECM. For example, Kleinman et al. (1986) used a mouse tumor tissue extract (Matrigel)
to create basement membrane-like structures [25]. Bell et al. (1979) used collagen gels
to create artificial dermal tissue [26] and artificial skin tissue [27]. From 1970 to 1990,
culture techniques for tissue and organ regeneration using biomaterials, such as biological
materials and synthetic polymers, spread rapidly. Eventually, Langer and Vacanti (1993)
proposed “tissue engineering” to develop organ and tissue substitutes that enable the
regeneration, maintenance, and repair of vital functions [4].

3. Regenerative Medicine and Cultured Human Skin

Conventional medicine promotes the healing of damaged tissues and organs through
pharmaceutical and surgical treatments.

Regenerative medicine involves the repair and regeneration of lost tissue and organ
functions using patient cells, other cells, or artificial tissue. Specifically, this refers to medical
treatments that regenerate lost functions:

1. Stem cells and other cells are artificially cultured outside the patient’s body.
2. Tissue is artificially constructed from stem cells and other cells outside the

patient’s body.
3. Devices incorporating living cells activate and differentiate intrinsic stem cells with

cell growth differentiation factors.
Regenerative medicine has the potential to provide novel treatment options for pre-

viously untreatable diseases. Cells used in regenerative medicine include somatic cells
(skin cells, muscle cells, etc.), which comprise the body, somatic stem cells, embryonic stem
cells (ES), and induced pluripotent stem (iPS) cells. In the 1970s, epidermal cell culture
technology was established by Rheinwald and Green et al. [1,2]. In 1981, they succeeded in
cultured human skin transplantation for patients with severe diseases, which marked the
beginning of regenerative medicine [3].

The cultured human skin was then used as a cell sheet in which human epidermal
cells were cultured and grown in a medium containing fetal bovine serum, using mouse
3T3 cells (fibroblasts) as a support cell layer (feeder cells). The key cell culture technology
involves the use of feeder cells. The technique is as follows: (1) a co-culture of human
epidermal cells and irradiated mouse 3T3 cells to selectively proliferate human epidermal
cells; (2) irradiation causes 3T3 cells to lose proliferative ability but maintains cell adhesion
and promotes the proliferation of human epidermal cells; and (3) the presence of 3T3
cells suppresses the proliferation of human fibroblasts, which are mixed with each cell.
In the United States, the cultured epidermal autografts (Epicel®, Genzyme Corporation:
Boston, MA, USA, 1987) and the autologous cultured chondrocytes (Carticel®, Genzyme
Corporation: Boston, MA, USA, 1997) received authorization from the Food and Drug
Administration (FDA). About 20 years later, the cultured epidermal autograft (JACE®,
Japan Tissue Engineering Co., Ltd.: Aichi, Japan, 2007) received authorization for Japan’s
first regenerative medical products (cellular and tissue-based products). Currently, tissue-
engineering technology for preparing cells and tissues for transplantation is essential for
cellular and regenerative medicine.

4. Hydrogel and Artificial Cell Sheets

ECM hydrogels (fibrous proteins such as collagen, elastin, fibronectin, and laminin,
and polysaccharides such as hyaluronic acid and proteoglycans), synthetic polymer hydro-
gels, and rigid polymer materials (polystyrene) have been used as scaffold materials for the
preparation of cell sheets such as cultured epidermal autografts [10,25–28]. Okano et al. [6]
used cell sheets cultured on a temperature-responsive polymer that detached in sheet
form upon temperature changes as carriers for transplantation. Medical treatments using
this technology have been developed for several tissues and organs, including cardiomy-
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ocytes [7]. Takezawa et al. developed a cell culture carrier (collagen vitrigel) that closely
resembled the density of collagen fibers in vivo [10] and applied it to drug discovery
research and regenerative medicine [29,30].

4.1. Extracellular Matrix (ECM)

The ECM is a non-cellular constituent of all tissues and organs [8,9]. Major fibrous pro-
teins such as collagen, elastin, fibronectin, and laminin, polysaccharides such as hyaluronic
acid, and proteoglycans are known components of the ECM. These biopolymers form
fibrous or net-like structures, or hydrogels containing many water molecules. ECM serves
as a physical scaffold for cells and provides the signals required for tissue morphogenesis,
differentiation, and homeostasis [9].

4.1.1. Collagen and Gelatin

Collagen is the major protein component of connective tissue and basement mem-
branes and exists in numerous forms (Types I–XVIII) with varying tensile strengths and
tissue distributions [31]. Stiffness, flexibility, and structural changes in many body tissues
are caused by changes in collagen composition, cell restriction, and compartmentalization.
Collagen in vivo consists of rigid triple helical structures of three molecular collagen chains
that aggregate to form nanometer-scale collagen fibrils, forming hierarchically ordered
higher-order structures [32]. Collagen extracted from living organisms is insoluble in
water due to the presence of hydrophobic amino acid residues outside the collagen fibrils.
Atelocollagen, prepared by hydrolyzing collagen by acid treatment, dissolves in an acidic
aqueous solution as the collagen fibrils dissociate, while maintaining the triple-helical
structure. When an acidic solution of atelocollagen is neutralized and maintained at 37 ◦C,
the collagen fibrils aggregate into a network due to hydrophobic interactions to form a hy-
drogel. The resulting collagen hydrogel is widely used as a base material for cell adhesion
and implantation owing to its high biocompatibility and physiological activity [33–36].

Gelatin is a denatured form of collagen, the main component of connective tissues
such as the skin, bones, and tendons. The main chemical component is a linear amino acid
polymer. Gelatin is denatured by (1) acid and heat treatment and (2) alkali treatment. The
alkali treatment method produces more carboxyl groups than the acid and heat treatment
method [33]. When heated, gelatin exists in a sol state (randomly coiled molecular structure).
When the solution is cooled, some gelatin molecules change to their original collagen-like
helical structure (triple-helical structure), forming a network that eventually loses fluidity
and becomes a gel. This gel undergoes a reversible sol-gel structural change upon heating
and cooling. Gelatin hydrogels have high biocompatibility and oxygen permeability.
Nutrients are transported through water diffusion via the hydrogel. Additionally, cells can
be incorporated into gelatin hydrogels. However, owing to their low mechanical strength,
researchers have attempted to improve the strength of these materials [37]. The resulting
gelatin hydrogel, similar to the collagen hydrogel described above, is widely used as a base
material for cell adhesion and regenerative medicine [38].

4.1.2. Elastin

Elastin is a protein of the ECM involved in the elastic recoiling ability. Elasticity is
the property of “elastic fibers” that return to their original state when force is removed. In
addition to its elastic recoil, elastin is biocompatible because it is chemically inert and can be
used as a hydrogel [39,40]. It mainly forms fibrous elastic tissues in the skin, blood vessels,
and ligaments and provides elasticity to tissues [41]. However, biogenic elastin is highly
crosslinked and insoluble. Therefore, it is difficult to obtain elastin as a homogeneous
and easily handled material. Specific amino acid repeat sequences are evident in the
properties of elastin, with Val-Pro-Gly-Val-Gly (VPGVG) being the most abundant in
elastin [42–44]. Elastin-like peptides (ELPs) based on this repeating sequence exhibit a
reversible phase transition called inverse temperature transition (ITT) in water. Monomer
ELP genes are synthesized by ligating double stranded oligonucleotide cassettes or in
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pUC19 [45]. As the temperature changes, the ELP exhibits hydrophobic properties above the
phase transition temperature (Tt) and changes to hydrophilic properties below Tt. Because
of their excellent self-assembly and high biocompatibility, ELPs are expected to be used
in medical engineering applications, such as DDS and ECM scaffold materials. Sugawara-
Narutaki et al. created a novel block ELP by combining two types of sequence motifs
derived from elastin and reported that it self-assembled upon temperature stimulation in
water to form a fiber structure (nanofibers) similarly to elastin derived from organisms [46].
Furthermore, hydrogels were obtained with 0.3 wt % ELP, and uniform nanofibers were
successfully formed. Because elastin is highly hydrophobic, heterogeneous, and prone to
aggregation, it is difficult to create uniform gels, and there are few reported cases [47–49].
In the future, elastin-like hydrogels are expected to be used as carriers for implantation in
cellular and regenerative medicine.

4.1.3. Fibronectin

Fibronectin (FN) is a large glycoprotein and cell-adhesion molecule [50]. Cellular
fibronectin is present in many tissues, including the spleen, lymph nodes, blood vessel
walls, liver, kidney, muscle, skin, brain, and peripheral nerves. The interaction between
FN and cell surface receptors such as integrins promote cell adhesion, shape, migration,
growth, and differentiation in vitro [51]. They have a variety of functions in vivo, including
cell adhesion to the ECM and connective tissue formation and retention. In addition, the
amino acid sequences of FN and vitronectin contain many portions in which arginine
(Arg), glycine (Gly), and aspartic acid (Asp) form a continuous motif that binds to integrin
molecules on various cell membranes and promotes cell adhesion and survival.

Recently, Trujilloa et al. reported the development of FN-based 3D hydrogels of
controlled stiffness and degradability [52]. By incorporating vascular endothelial growth
factor (VEGF) into FN-based 3D hydrogels, it is expected to be a useful implantation carrier
in tissue engineering and regenerative medicine.

4.1.4. Laminin

Laminin is a large protein that constitutes the basement membrane of the ECM [50].
It promotes the establishment and maintenance of multicellular systems and tissues, as
well as cell adhesion, migration, and proliferation [51]. Laminin plays an essential role in
the formation of the basement membrane and conferring cell adhesion. The cell adhesion
activity of laminin, mediated by cell surface integrins, is extremely strong compared with
that of other cell adhesion proteins. Therefore, laminin is attracting attention as a feeder-
free culture substrate for human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) [53]. Human laminin-511 supports the stable culture of hESCs and
hiPSCs [54]. Laminin is an important constituent in neuronal tissue and brain [55]. To
create three-dimensional neuronal models with neurons that are similar to those of living
organisms, it is useful to incorporate laminin into hydrogels. Azide-modified laminin is
conjugated to hyaluronan–poly(ethylene glycol) (HA:PEG) hybrid hydrogels. Encapsulated
human neuronal cells demonstrate high viability and grow into cross-linked hyaluronan–
laminin hydrogels.

4.1.5. Hyaluronan (Hyaluronic Acid)

Hyaluronan (HA) is a polysaccharide consisting of N-acetylglucosamine and D-
glucuronic acid (GlcNAcβ1-4GlcAβ1-3) linked on a linear chain [56]. It is widely distributed
in vivo and plays important roles in the skin, cartilage, and eyes. HA mediates its activity in
cellular signaling, wound repair, morphogenesis, and matrix organization [57–59]. HA has
an extremely high molecular weight, ranging from 100,000 Da in the serum to 8,000,000 Da
in the vitreous of the eye [60], with a minimum molecular weight of 411. As hyaluronan
contains carboxyl and hydroxyl groups, it is easily chemically modified and can be used to
create hydrogels with gelators. As an example, thiol, haloacetate, dihydrazide, aldehyde,
tyramine, and Huisgen cycloaddition are chemically modified with hyaluronic acid. These
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modified HA monomers are used to create HA hydrogels by photopolymerization and
electropolymerization reactions. Radical polymerization has been applied to the formation
of HA hydrogels as an example of photopolymerization. In addition, HA hydrogels are
dissolved by hyaluronidase, which is present in vivo and widely used as a culture substrate,
3D tissues, and carrier for transplantation [61].

4.1.6. Alginic Acid

Alginic acid is a polysaccharide found in brown algae and other algae and is composed
of β-D-mannuronate and α-L-guluronate in a β-1,4 bonded structure [62]. The character-
istic feature of alginic acid is that when a divalent metal cation is added to an aqueous
solution, the alginic acid molecules form an egg-box structure [63], and a hydrogel can be
created [64]. Alginic acid is insoluble in water, but is extracted as a soluble salt, such as
sodium alginate, and is used as a food additive. Alginate is able to form gels independently
of temperature changes [62]. The formation of alginate gels can be achieved by ionic
bonding with cations or acid deposition [65]. In other medical applications, alginate is
used in fibrous gels (surgical threads), alginate salts (wound dressings), drug delivery, and
tissue engineering [66]. Islet transplantation is an effective therapeutic modality to stabilize
glycemic control in type 1 diabetes patients [67]. Islet encapsulation in an alginate hydrogel
can immunosuppress, and maintain long-term patient survival.

4.1.7. Synthetic Polymer

Polyethylene glycol (PEG) is a hydrophilic polymer with high biocompatibility. PEG
has been used as a medical material for a long time. PEG-based materials are the most well-
known DDS carriers made of PEG [68–70]. They can improve blood retention and enhance
drug efficacy, but are not biodegradable or cell-adhesive. PEG is also expected to have
potential as a carrier for transplantation, because it can incorporate bioactive molecules
and other substances into its network to create functionalized hydrogels [71].

Polyvinyl alcohol (PVA) is a polymer obtained from polyvinyl acetate via alcoholysis,
hydrolysis, and aminolysis [33]. An aqueous PVA solution was subjected to repeated freeze-
thaw cycles to crystallize the molecular chains and form hydrogels [72]. PVA hydrogels are
used as biomaterials in artificial cartilage and joints [73].

Polylactic acid (PLA) is a polyester that is used as a medical material for surgical
sutures. PLA has D isomer (poly-D-lactic acid, PDLA), L isomer (poly-L-lactic acid, PLLA),
and racemic forms depending on the structure of the monomer unit, which has a chiral
carbon [74]. PLA synthesis requires control of conditions (temperature, pressure, and pH),
and the use of catalysts [75]. PDLA and PLLA form a stereocomplex and aggregated to
form a gel. PLA is a very safe material for living organisms because it is easily degraded by
hydrolysis, and its degradation product is lactic acid. Therefore, PLA-based materials have
been applied in orthopaedic regenerative engineering [76].

4.2. Thermoresponsive Polymer

Poly-N-isopropyl acrylamide (PNIPAm) is a well-known temperature-responsive
polymer. PNIPAm undergoes a hydration/dehydration transition with a phase transition
temperature of 32 ◦C as a boundary. To utilize the structural change in PNIPAm, a polymer
layer is synthesized by graft polymerization of the N-isopropyl acrylamide monomer
(NIPAm) on the surface of the culture substrate. The PNIPAm, which is strictly controlled
on the surface of the culture substrate, shows hydrophobic properties at 37 ◦C and changes
to hydrophilic properties at 32 ◦C. Cells adhere and proliferate on the surface of the
culture substrate at 37 ◦C, but cells detach from the surface of the culture substrate and
can be recovered at temperatures below 32 ◦C [6]. Tissue engineering using temperature-
responsive polymers can be used to create and recover various cell sheets, including
fibroblasts, epithelial cells, and cardiomyocytes. For example, cell sheets created from
cardiomyocytes beat independently. When cardiomyocyte sheets are stacked on a fibrin
gel, beating can be observed with the naked eye. Furthermore, thicker and more functional
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myocardial tissue was created by adding a vascular network to the cardiomyocyte sheet
and increasing the number of stacked sheets [77]. According to previous reports, the clinical
application of cardiomyocyte sheets has been successful. Cartilage is exhausted owing
to trauma and aging, and many patients experience knee osteoarthritis. To treat these
diseases, laminated autologous cartilage sheets have been created and various cytokines
are expressed on these sheets to support tissue repair and regeneration. Other artificial cell
sheets have been created using temperature-responsive polymers, such as corneal epithelial
sheets [78], oral mucosal epithelial cell sheets [79,80], and periodontal tissue sheets [81],
which are expected to have clinical applications.

4.3. Vitrified Hydrogel Membranes

Vitrification gradually removes free and bound water by drying, thereby converting
the material into one with glass-like properties with excellent strength and transparency [82].
Takezawa et al. produced vitrified collagen hydrogel membranes (collagen vitrigels)
composed of high-density collagen fibers via gelation, vitrification, and rehydration from a
collagen hydrogel composed of conventional low-density collagen fibers [10]. The collagen
vitrigel is a thin sheet with superior strength and transparency ranging from 10–100 µm
in thickness, similar to the connective tissue in vivo. In addition to the ability to culture
heterologous cells on both sides of the collagen vitrigel, they are permeable to proteins
and drugs [29,30,83]. Numerous applications have been reported, including a corneal
microtissue patch test [84]. Carriers such as collagen vitrigels induce bone regeneration by
local and sustained delivery of bone morphogenetic protein-2 [85]. In addition, researchers
have reported its use as an artificial corneal endothelial graft as a cell scaffold [86] and as
an implantable material for the reconstruction of the cornea [87] and trachea [88].

Vitrification and rehydration can convert other vitrified hydrogel membranes into new
stable physical states. However, there are only a few reports on gelatin, a chondroitin sulfate-
polyethylene glycol (CS-PEG) adhesive, a collagen-based membrane (collagen vitrigel, CV)
combination [89], and a bi-layered carboxymethyl cellulose-collagen vitrigel dual-surface
adhesion-prevention membrane [90]. In addition, collagen-elastin (CE) membranes have
been fabricated on polydimethylsiloxane (PDMS), and their Young’s modulus has been
evaluated using atomic force microscopy (AFM) to design precise hydrogel membranes
that mimic the ECM [91]. Precisely designed vitrified hydrogel membranes have new
possibilities and have been developed as carriers for implantation.

5. Artificial Cell Sheets and Cryopreservation
5.1. Cryopreservation of Cellular and Tissue-Based Products and Simple Cell Suspensions

To generalize regenerative and cell medicine, it is necessary to provide therapeutic
cells in large quantities with quality control [92]. Therefore, it is essential to establish a
cryopreservation system that provides a stable cell supply. However, cellular damage can
be triggered by ice crystal formation and dehydration within cells during freezing and thaw-
ing [93–96]. Therefore, to obtain high-quality cells, it is necessary to consider the freezing
technique, composition of the cryopreservation solution, and thawing method [95,97,98].
In 1949, Polge et al. discovered that glycerol exhibits cryoprotective effects on human and
avian sperm [99]. Ten years later, Lovelock et al. found that dimethyl sulfoxide (DMSO)
was superior to glycerol in cell penetration and removal after thawing [100]. Therefore, it is
now widely used as a mainstream cryopreservation solution [101].

Since 1998, the Food and Drug Administration (FDA: Silver Spring, MD, USA) has
updated its Cellular & Gene Therapy Products guidelines [102]. In addition, the Pharmaceu-
ticals and Medical Devices Agency (PMDA: Tokyo, Japan) [103] and European Medicines
Agency (EMA, European Union) [104] updated their guidelines in the 2000s. Many mes-
enchymal stem cell (MSCs) products are available at clinicaltrials.gov [105]. Kymriah
(tisagenlecleucel) and TEMCELL HS Inj. (MSCs) containing 10% to 7.5 vol% DMSO are
used in clinical practice [80]. As these products are prone to side effects when administered
as-is after freeze-thawing, the DMSO concentration should be reduced to 3–4%. Thus,
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the cytotoxicity of DMSO reduces cell survival due to mitochondrial swelling, membrane
potential damage, and the production of reactive oxygen species [106].

In recent years, the shortage of donors in transplantation medicine has become in-
creasingly serious, and it is essential to supply therapeutic cells to patients. Miyamoto et al.
developed a cryopreservation solution for the transplantation of hepatocytes [107,108]
and stem cells [109]. Similar to the cellular- and tissue-based products described above,
we used a cryopreservation solution containing 10% DMSO. Furthermore, cell damage
was reduced by combining it with other cryoprotectants (sericin and maltose). Yamatoya
and Miyamoto et al. also reported that this cryopreservation solution was effective for
differentiated neuronal cells [110].

5.2. Cryopreservation of Tissues and Cell Sheets

Cryopreservation of tissues results in significantly different cooling, warming, and
dehydration responses compared with simple cell suspensions. These differences are due
to differences in tissue structure and significant differences in the freezing and thawing
methods [111]. Medical treatments such as bone and tendon treatments can be successfully
performed without living cell components after freezing [112]. However, many medical
treatments, such as those for the heart, require the maintenance of a live cell component after
freezing. Therefore, freezing and thawing conditions and cryopreservation solutions must
be designed to prevent ice formation inside and outside various tissues. Thus, vitrification
is an effective ice-free cryopreservation technique [113].

A few therapeutic frozen cell sheets have been reported as cellular- and tissue-
based products. To be approved as a cellular- and tissue-based product, frozen cell
sheets must be scientifically evaluated in terms of chemistry, biophysics, toxicology, and
cryobiology [93,111–114]. The critical evaluation criteria were cell viability within the cellu-
lar tissue sheet and the in vivo tissue function. The vitrification of various tissues has been
reported [115–118], with articular cartilage being a good example [112]. However, in slow
freezing, most chondrocytes die by ice formation and the ECM is damaged, which is a sig-
nificant obstacle to clinical application [119,120]. Nevertheless, no difference was observed
between fresh and vitrified cartilage during transplantation, and approximately 85% of the
cellular metabolic activity was maintained [112,121]. Vitrification has also been reported to
be effective in many small tissue structures such as spheroids [122], organoids [123], and
encapsulated cells [124]. Cryopreservation of skin grafts has been used for several years.
Each skin graft is banked in a manner desirable for long-term preservation, improving graft
performance and safety, and reducing risks to the recipient [125].

The preparation and cryopreservation of cell sheets covers a variety of tissues, in-
cluding epithelial sheets [126–130], chondrocyte sheets [131,132], myoblast [133], stem
cell [134–136] and other cell sheets [137–139] (Tables 1 and 2). In cryopreservation of cell
sheets, the basic composition is a freezing solution containing DMSO or EG [129–139].
Rewarming solutions containing sucrose are often used to thaw cryopreserved cell sheets.
Oliva et al. examined vitrification and storage against oral mucosa epithelial cell sheets
(CAOMECS) [129]. CAOMECS were cryopreserved by Vitrification procedures 1 and 2 in
solutions as reported by Vitrification procedure 1 (Sheikhi et al.) [140], and Vitrification pro-
cedure 2 (Marco-Jimenez et al.) [141]. In contrast, Vitrification procedure 3 (Li et al.) [142]
was cryopreserved CAOMECS in bulk. CAOMECS were prepared in transwells and placed
in plastic containers. The plastic containers were placed in a liquid nitrogen freezer. The
CAOMECS were preserved with the vitrification solution in the liquid nitrogen using
Vitrification procedure 1 and 2. The cell sheets broke during the thawing process. In con-
trast, Vitrification procedure 3 was effective dry, in the absence of the vitrification solution,
because the cell sheets were not damaged by the thawing process. Cryopreservation under
liquid nitrogen using the vitrification solution were effective for the chondrocytes [132]
and the myoblast sheets [133]. These cell sheets were placed in a bag held 1 cm above the
surface of liquid nitrogen vapor (approximately −150 ◦C). The vitrified cell sheets can be
stored for a long time and have potential for clinical application. Without vitrification or
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a controlled-rate freezer, MSCs [136] and the fibroblasts sheets [139] can maintain sheet
morphology and function by slow freezing. Miyamoto et al. also succeeded in cryopreserv-
ing cell sheets such as primary rat hepatocytes, mouse embryonic fibroblasts (MEF), and
mouse embryonic stem cells (ESCs) cultured on collagen vitrigel membranes [143]. These
cells were used because cryopreservation of hepatocytes is difficult. Therefore, the recovery
rate of adherent cells is significantly compromised by collection, freezing, thawing, and
reattachment. Similar to the cellular- and tissue-based products described above, we used
a cryopreservation solution containing 10% DMSO. The freezing procedure was performed
in a controlled-rate freezer [108], and the storage temperature was maintained in liquid ni-
trogen. Compared with these cell sheets, the cryopreservation of collagen vitrigel adherent
to MEF and mouse ESCs was more effective than that of primary rat hepatocytes.

Table 1. Preparation of cell sheets.

Cells Origin Species Sheet Preparation In Vivo
Test

Year of
Publication Reference

Epithelial
cells

Oral
mucosa Rabbit

Oral mucosal epithelium cells were
cultured with MMC-treated

NIH/3T3 feeder cells.
YES 2019 [129]

Epithelial
cells

Foreskin
keratinocytes Human Human epithelial cell sheets (ECSs) were

cultured on plastic dishes. YES 2021 [130]

Chondrocytes Knee
cartilage Rabbit

Primary cultured cells derived from
the knee cartilage were plated onto

temperature-responsive culture dishes
(UpCell®, CellSeed).

2020 [132]

Myoblast
cells

Vastus
medialis
muscle

Human

Cell sheets consisting of myoblast cells
were prepared using

temperature-responsive culture dishes
(UpCell®, CellSeed).

YES 2018 [133]

Mesenchymal
stem cells
(MSCs)

The bone
marrow

of femurs
Rat

Cell sheets consisting of mesenchymal
stem cells were prepared using

temperature-responsive culture dishes.
YES 2018 [136]

Fibroblasts Tail skin Mouse Primary fibroblasts were inoculated
on plastic dishes YES 2022 [139]

Hepatocytes Liver Rat Primary hepatocytes were inoculated onto
collagen vitrigel membranes. 2009 [143]

Embryonic
stem cells

(ESCs)

Fertilized
egg Mouse

1st step: Primary mouse embryonic
fibroblasts (MEF feeder cells) were

inoculated onto UV-irradiated
collagen vitrigels.

2nd step: A mouse ES cell culture was
performed with mitomycin C-treated MEF

feeder cell layers.

2009 [143]

Embryonic
fibroblasts

Fetal
tissues Mouse

Primary mouse embryonic fibroblasts
(MEF feeder cells) were inoculated onto

collagen vitrigel membranes.
2009 [143]

Table 2. Freezing and thawing procedure of cell sheets.

Cells Freezing Procedure Thawing Procedure Reference

Epithelial
cells

Vitrification of epithelial cell sheets
Vitrification Procedures (1, and 2) in solutions

Vitrification Procedures (3) in bulk
The plastic containers were placed

in the liquid nitrogen freezer

Stepwise
The cell sheets were thawed in four steps

using the solutions (culture media, culture
media supplemented with 0.2, and 0.1 M

sucrose) at 37 ◦C.

[129]

Epithelial
cells

Programmed freezing
Epithelial cells were cryopreserved for storage

in KGM and 10 µM Y27632 at 4 ◦C.
Or cryochamber (Planer KRYO 10 Series III

Freezer, UK) was run by the pre-set
cooling program.

Rapid thawing
Thawing was carried out rapidly by holding in
air for 1 min to boil off any liquid nitrogen and

swirling in a water bath at 40 ◦C.

[130]
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Table 2. Cont.

Cells Freezing Procedure Thawing Procedure Reference

Chondrocytes

Vitrification of the chondrocyte sheets
The chondrocyte sheets in the circulating
vitrification bag were held 1 cm above the

surface of liquid nitrogen vapor
(approximately −150 ◦C).

Rapid thawing
The circulating vitrification bag was placed on

a heating plate at 45 ◦C.
The gel was placed on top of the cell sheet to

thaw it rapidly.

[132]

Myoblast
cells

Vitrification of the myoblast sheets
The myoblast sheets were detached from the
dish at 22 ◦C. The cell sheets were placed in
thin polyethylene films and held 1 cm above

the surface of liquid nitrogen vapor.

Rapid thawing
Thin polyethylene films was placed on a

heating plate at 37 ◦C.
The gel was placed on top of the cell sheet to

thaw it rapidly.

[133]

Mesenchymal stem
cells (MSCs)

Slow freezing
MSCs sheets were placed directly
into a deep-freezer set at −80 ◦C.

Rapid thawing
MSCs sheets were placed in a 37 ◦C
water bath for rapid thawing until

almost no ice was detectable.

[136]

Fibroblasts

Stepwise
The fibroblasts sheets were placed into
a 3D freezer (Koga Sangyo Co., Ltd.) at

−35 ◦C for 20 min to freeze the cells and then
transferred to a −80 ◦C deep freezer.

Rapid thawing
The fibroblasts sheets were placed in a 37 ◦C
water bath for rapid thawing until almost no

ice was detectable.

[139]

Hepatocytes

Programmed freezing
The hepatocytes sheets were placed in a

controlled rate freezer (Kryo10, Planer) and
frozen at a rate of 1 ◦C/min [108].

Rapid thawing
To thaw the cells, 2 mL of culture medium

warmed to 37 ◦C was added.
[143]

Embryonic
stem cells

(ESCs)

Programmed freezing
The ESCs sheets were placed in a controlled
rate freezer (Kryo10, Planer) and frozen at a

rate of 1 ◦C/min [108].

Rapid thawing
To thaw the cells, 2 mL of culture medium

warmed to 37 ◦C was added.
[143]

Embryonic
fibroblast

Programmed freezing
The embryonic fibroblast sheets were placed in
a controlled rate freezer (Kryo10, Planer) and

frozen at a rate of 1 ◦C/min [108].

Rapid thawing
To thaw the cells, 2 mL of culture medium

warmed to 37 ◦C was added.
[143]

6. Conclusions and Future Perspectives

Applications of various hydrogels will be considered in regenerative and cellular
medicine [144,145]. Various cells have been encapsulated into hydrogels to construct de-
sired tissues and organs. However, it is important to develop cryopreservation technology
to utilize the created tissues and organs more effectively. 3D hydrogel cryopreservation,
using alginic acid, synthetic polymers, and supramolecular gels, has been reported as
effective [146]. Manferdini et al. focused on hydrogels for embedding the MSCs in vitro/ex
vivo studies and reported a systematic review in an in vivo osteoarthritis (OA) model. [147].
The objective is cartilage regeneration in OA using hydrogels. In conclusion, the basic study
results are positive, but cartilage strength and function need to be improved for clinical
application. Next, we will discuss cell sheets from 3D hydrogel.

This review describes cell sheets, vitrified hydrogel membranes, and their cryopreser-
vation applications in regenerative and cellular medicine. Synthetic polymers, thermore-
sponsive polymers, and ECMs such as collagen and gelatin, have been used to fabricate cell
sheets. Numerous regenerative medical products for single-cell transplantation have been
cryopreserved using DMSO. Similarly, cryopreservation of cell sheets is expected to further
promote the medical industry. When using cell-sheet products, the highest priority should
be the therapeutic effect on patients. If there is no difference in quality between frozen and
unfrozen cellular products, such as artificial cell sheets, frozen cellular products may be cho-
sen. In fact, ice-free vitrification cryopreservation methods were effective for the epithelial
constructs (EpiDerm) from MatTek (www.mattek.com, accessed on 6 December 2022) for
the testing of new chemicals and drug screening [148]. The safety and efficacy of cellular-
and tissue-based products, as well as the manufacturing time, process, and cost, must be
considered and judged as a comprehensive medical system. Because various cellular and
tissue-based products (living and non-living cell products) have different uses, selecting the
appropriate manufacturing and storage processes for cellular- and tissue-based products is
essential, considering the adequacy of the facility’s equipment and medical system.
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Abstract: In daily life, people are often receiving minor cuts due to carelessness, leaving wounds
on the skin. If wound healing is interrupted and the healing process does not finish, pathogens
can easily enter wounds and cause infection. Liquid bandages are a fast and convenient way to
help stop the bleeding of superficial wounds. Moreover, antibacterial agents in liquid bandages can
promote wound restoration and fight bacteria. Herein, a poly(vinyl alcohol) (PVA) liquid bandage
incorporating copper iodide nanoparticles (CuI NPs) was developed. CuI NPs were synthesized
through green synthesis using gallic acid (GA) as a reducing and capping agent. The sizes of the CuI
NPs, which were dependent on the concentration of GA, were 41.45, 43.51 and 49.71 nm, with the
concentrations of gallic acid being 0, 2.5 mM and 5.0 mM, respectively. CuI NPs were analyzed using
FTIR, XRD and SEM and tested for peroxidase-like properties and antibacterial activity. Then, PVA
liquid bandages were formulated with different concentrations of stock CuI suspension. The results
revealed that PVA liquid bandages incorporating 0.190% CuI synthesized with 5.0 mM of GA can kill
bacteria within 24 h and have no harmful effects on human fibroblast cells.

Keywords: poly(vinyl alcohol) (PVA); cuprous iodide (CuI); green synthesis; liquid bandage

1. Introduction

Damage to the skin makes the human body vulnerable to pathogenic invasion. Pathogens
colonize their hosts and penetrate deeper tissues. As a result, wound healing can be dis-
rupted and delayed. Therefore, methodical wound dressing to cover wound sites is a tradi-
tional approach to prevent bacterial wound infection. Currently, various cyto-compatible
polymers, especially synthetic polymers, are widely applied for wound bandage formula-
tion and several biomedical applications. Examples of synthetic polymers used for wound
dressing are poly(vinyl alcohol) (PVA), poly(lactic-co-glycolic acid) (PLGA), polylactide
(PLA), polyurethanes (PUs), poly(ethylene oxide) (PEO)/poly(ethylene glycol) (PEG),
poly(hydroxyethyl methacrylate) (PHEMA), and poly(vinyl pyrrolidone) (PVP), due to
their excellent biocompatibility, which makes them non-toxic to human cells. Additionally,
most of these have been synthesized in 3D network hydrogels, which are a main focus of
biomedical research [1,2].

Ideal wound dressings must have an appropriate water vapor transmission rate
(WVTR), capability to provide moisture, suitable temperature and humidity to enhance
wound healing, gaseous permeation, excellent antimicrobial properties, strong mechanical
performance and the capacity to deliver active agents [3]. Poly(vinyl alcohol), a con-
ventional synthetic polymer, has long been used for biomedical applications due to its
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non-toxicity to mammalian cells, biodegradability and biocompatibility. PVA has a large
amount of hydroxyl groups in its structure, which provide a hydrophilic structure and
sufficient swelling capacity, allowing it to absorb exudation to stop bleeding. Poly(vinyl
alcohol) wound dressings, which are also popularly used in commercial products, are
liquid gel bandages with quick film formation to prevent infection. In addition, PVA thin
film is breathable to allow the exchange of gas and moisture in the wound, providing an
optimal environment for wound healing [4,5].

Despite the fact that PVA is widely used for liquid bandages, it does not have inherent
antibacterial activity because of its chemical structure. Therefore, active bacteria-killing
agents play a significant role in PVA wound dressings in the production of alternative
antibacterial bandages. Presently, there is various research reporting on polymeric materials
containing metal nanoparticles to promote the wound healing process. It is widely known
that metal NPs have significant potential as antibiotics [6–8]. Some reports have shown
the strong ability of cyto-compatible polymers to kill bacteria when fabricated with silver
nanoparticles or gold nanoparticles, due to their small surface-area-to-volume ratio [2,9,10].
Copper nanoparticles and copper-based compounds have been employed as practical mate-
rials in human tissues for centuries and have been used in biomedical and pharmaceutical
applications since early 2005 [11]. They have been proven to be toxic to several bacte-
rial strains through various mechanisms, including ROS production, metal ions released
from the metal surface and denaturation of the biomolecules in bacteria [12–14]. Copper
(I) iodide or cuprous iodide has been used as an active agent in wound dressings for its
significant antimicrobial activity compared to other copper (II) or cupric compounds [15].
The reaction kinetics of copper compounds kill bacteria in a manner similar to that of
natural enzymes in the human body, making them more attractive for the development of
nano-enzyme antibacterial systems [16]. However, suitable content and crystallite size of
metal nanoparticles should be considered for these materials to be safely applied to wound
sites. Otherwise, they may be harmful to cell tissue.

Various research has reported on diverse methods of controlling the crystallite size of
synthesized copper iodide, such as the chemical route, co-precipitation and the microwave-
hydrothermal assisted method. However, these syntheses require hazardous raw materials,
complicated synthetic steps and high temperature, and are time consuming, resulting
in high cost and biological harm. Consequently, less toxic processes are essential for
copper iodide synthesis [17]. Green synthesis or biosynthesis is an eco-friendly method
proposed to eliminate toxic and polluting chemical agents, consume less energy and allow
the use of green solvents (water, ethanol, ethyl acetate, etc.) [17]. In addition, in green
synthesis of copper iodide, the size of metal nanoparticles can be controlled by varying the
concentrations of biochemical substances [18]. The usage of green chemical substances to
synthesize copper iodide nanoparticles has become an extensive field, since they provide
much greener and ecologically friendly routes of synthesis. Gallic acid (GA) is a well-known
natural antioxidant derived from several plants, such as berries, fruit and tea. Gallic acid
is a type of phenolic compound that reduces inflammation and oxidative stress damage.
There are several reports on the use of gallic acid as a bio-stabilizer and bio-reducer in
the synthesis of functional nano-enzyme materials [19]. By varying the concentration of
gallic acid, one can characteristically produce a wide range of nanoparticles and control
their size.

In this work, we study the therapeutic effects of antibacterial liquid bandages produced
with gallic acid–copper iodide nanoparticles (GA-CuI NPs) incorporated in poly(vinyl
alcohol) through ultrasonic homogenization. The appropriate content of GA-CuI NPs to
load into PVA liquid bandages was investigated. The physical and chemical properties of
PVA liquid bandages with different concentrations of CuI suspension were characterized
by various methodologies, including FTIR, XRD, FESEM, drying time and water vapor
transmission rate. In addition, the biological properties of synthesized liquid bandages were
tested in vitro for cytotoxicity to human dermal fibroblast cells and antibacterial activity
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against E. coli (Gram-negative) and MRSA (Gram-positive) to confirm their practicality for
use in biomedical applications.

2. Results and Discussion
2.1. Encapsulation and Stabilization of Gallic Acid–Cuprous Iodide Nanoparticles

The synthesis of cuprous iodide (CuI) nanoparticles that is stabilized and reduced
by gallic acid is a simple and convenient approach of green chemistry. Green synthesis
of metallic compounds is rapid and highly effective when using phytochemicals, which
are bioactive molecules from plants (such as gallic acid (GA)), as reducing and stabilizing
agents, because they have abundant hydroxyl groups, phenolic groups and carboxylic
groups, which are beneficial for capping metallic components. Several studies have shown
that gallic acid concentration affects the size of metallic nanoparticles due to its bifunctional
nature, i.e., its enol form and keto form [20–22]. Gallic acid is subjected to a two-electron
oxidation process with two hydroxyl groups, which converts the enol form to the keto
form. This formation of keto(quinone) enhances the interaction with the cuprous iodide
nanoparticles and stabilizes the negative carboxyl group.

2.1.1. X-ray Diffraction (XRD) Analysis

The crystalline structure and phase transition of synthesized CuI NPs and GA-CuI
NPs were investigated using X-ray diffraction (XRD) analysis. Figure 1a shows the XRD
pattern of CuI NPs synthesized without gallic acid. The crystal lattice of CuI is reported to
crystallize in a face-centered cubic (FCC) lattice; the γ phase is shown because it is the most
stable structure at room temperature. The XRD pattern of CuI powder was found to relate
to the database card numbers 01-089-7072 and 01-077-9397. Detailed peaks were noticed
at the 2θ values 25.43◦, 29.42◦, 49.80◦, 52.30◦, 61.20◦, 67.34◦ and 77.12◦, correlating to the
(111), (200), (220), (311), (222), (400), (331), (420) and (422) planes, respectively. These XRD
peaks correspond to CuI synthesized using black soybean [23]. The crystallite size was
calculated using Scherrer’s equation; the average crystallite size was found to be 41.45 nm,
which is in the nano-size range.

t =
Kλ

β cos θ

t = crystallite size;
K = shape factor (0.9);
λ = wavelength of x-ray (0.154 nm);
β = full width at half maximum (FWHM);
θ = diffraction angle.

The crystal structure of cuprous iodide (CuI) synthesized using different concentra-
tions of gallic acid as a stabilizing and reducing agent was also studied by X-ray diffraction
(XRD). The XRD patterns of CuI stabilized with 2.5 and 5.0 mM of gallic acid are illustrated
in Figure 1b,c. The well-defined peaks of both 2.5 GA-CuI and 5.0 GA-CuI correspond to
JCPDS card number 82-2111, space group: F-43 m [24] and database card numbers 01-082-
2111, 01-083-1106 and 01-075-0832, presenting the FCC unit cell. In the case of 2.5 GA-CuI
NPs, peaks were observed at the 2θ values 25.46◦, 29.46◦, 42.20◦, 49.8◦, 61.20◦, 67.38◦ and
77.08◦, corresponding with the (111), (200), (220), (311), (222), (400), (331), (420) and (422)
planes, respectively. The average size of 2.5 GA-CuI NPs is 43.51 nm. XRD peaks of 5.0
GA-CuI NPs were detected at 2θ values 25.42◦, 29.44◦, 42.25◦, 49.83◦, 61.10◦, 67.22◦ and
77.03◦. These peaks were matched with the (111), (200), (220), (311), (222), (400), (331), (420)
and (422) planes, similar to the previous CuI NPs. The mean crystallite size of 5.0 GA-CuI
is 49.71 nm. In addition, some lattice planes of CuI synthesized with different concentration
of GA, especially (220), (311), (222) and (422) planes, demonstrate an insignificant shift. The
5.0 GA-CuI represented by the blue line shows a minor shift to a lower angle compared to
CuI and 2.5 GA-CuI. This result is attributable to the larger crystallite size of 5.0 GA-CuI,
which broadens the lattice planes and causes the lower angle shift. This result matches
earlier research on the different sizes of synthesized gold nanoparticles [25].
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According to the XRD patterns and different crystallite sizes of synthesized CuI NPs
due to varying gallic acid concentration, it is clear that the gallic acid concentration is
essential for controlling the size of these CuI NPs under normal pH conditions (pH~7).
The size of CuI NPs increases with greater concentrations of gallic acid [20,26]. This result
may be attributed to the higher negative charge of gallic acid, which remains on the copper
surface and creates a repulsive force in the copper complex. The presence of this negative
charge is due to the carboxyl group of gallic acid attached to the copper nanoparticle surface,
and it provides stability through the electrostatic repulsion of CuI NPs in the solution.

2.1.2. X-ray Photoelectron Spectroscopy (XPS) Study

The chemical state of synthesized CuI NPs was characterized by XPS analysis, pre-
sented in XPS spectra (Figure 2). The XPS spectra were scanned using adventitious carbon
(C 1 s–284.6 eV) as the reference and used to investigate the exact oxidation state of the
elements composing CuI NPs. Figure 2a shows the XPS peaks of the Cu 2p orbital. It can
be noted that the binding energies around 932 eV and 952.4 eV belong to Cu 2p3/2 and Cu
2p1/2, respectively. Figure 2b illustrates the binding energies at 619.4 eV and 631 eV, which
correspond to the I 3d5/2 and I 3d3/2 orbitals, clearly confirming that I- is a component in
synthesized CuI, 2.5 GA-CuI and 5.0 GA-CuI NPS. The high resolution of the Cu 2p and
I 3d spectra show the creation of CuI synthesized both using GA and without using GA,
as well as only one oxidation for both Cu and I. Additionally, Figure 2c shows core level
spectra for O 1 s orbital peaks in all synthesized CuI NPs, positioned around the 532 eV
binding energy, which is assigned to absorbed H2O and gallic acid [26].

2.1.3. Field Emission Scanning Electron Microscope (FESEM) Analysis of CuI

The morphology of the synthesized CuI crystals was studied using field emission
scanning electron microscopy (FESEM) with a voltage of 2.0 kV. FESEM was performed at
1000× and 10,000×magnification to observe the crystallite shape in various synthesized
condition. The results shown in Figure 3 reveal that when gallic acid is not used as a biosta-
bilizer, a triangular shape of copper iodide nanostructures is typically produced. Using
2.5 mM and 5.0 mM of gallic acid produced γ-CuI nanosheets instead of nanoparticles [27].
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Triangle-like nanosheets of γ-CuI were grown on each other and generated multi-layer
stacks; after gallic acid was added into copper sulfate solution, the copper nanoparticles
were generated as a substrate [28]. When potassium iodide was added to the mixture,
copper iodide nanosheets were grown on copper substrate. Therefore, using gallic acid
as a reducing and stabilizing agent produced triangle-shaped nanosheets. Additionally,
focusing on the 1000× magnification, biosynthesis of copper iodide without gallic acid
provided more agglomeration of particles than when using gallic acid. This result reveals
the important role of gallic acid in particle distribution.
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2.1.4. Fourier Transform Infrared Spectrum (FTIR)

Figure 4 compares the FTIR spectra of copper iodide nanoparticles (CuI NPs) synthe-
sized with different contents of gallic acid. There was only one interesting peak at wave
number 553.76 cm−1 in the spectrum of CuI, related to Cu-I stretching vibrations. The
FTIR spectrum of 2.5 GA-CuI only shows important peaks of CuI formation. In the final
synthesis, the FTIR spectrum of 5.0 GA-CuI shows a broad band around 3322.94 cm−1,
assigned to the inter- or intramolecular hydrogen bond (-OH) stretching vibration in gallic
acid, which serves as a stabilizer and capping agent of 2.5 GA-CuI. The FTIR peaks at
2921.44 and 2852.29 cm−1 represent -CH stretching in gallic acid, while the Cu-I stretching
vibration appears in the FTIR peak at a wave number of 544.78 cm−1.

After comparing the FTIR spectra of all synthesized CuI NPs, it can be seen from
the spectra that gallic acid serves as a biostabilizer and bioreducer in CuI NP synthesis.
Gallic acid at a concentration of 5.0 mM has a greater ability to stabilize CuI than at 2.5 mM,
because the higher concentration of gallic acid disassociate in water. In addition, the FTIR
peak of 5.0 GA-CuI shows a broad band and a high percent of transmittance at the -OH
group. However, 2.5 GA-CuI and CuI NPs did not show any -OH groups in their FTIR
spectra. This result is due to the low concentration of GA, which was used for reducing
copper ions. GA did not play a biostabilizing role in 2.5 GA-CuI but did play a bioreducing
role. Therefore, GA did not attach to CuI and 2.5 GA-CuI, resulting in no -OH groups in
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their FTIR spectra. The FTIR spectra of all CuI NPs were quite different from those of Ann
Candice Fernandez et al. [29], who prepared copper iodide nanoparticles by using cyanidin-
3-diglucoside-5-glucoside from red cabbage extract. Their FTIR results for CuI showed an
obvious peak of cyanidin-3-fdiglucoside-5-glucoside, which was used in CuI stabilization
because cyanidin-3-diglucoside-5-glucoside has a strong hydroxyl group, allowing it to act
as a biostabilizer.
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2.1.5. Zeta Potential Analysis

The physical properties of synthesized nanoparticles in colloidal systems are generally
measured in terms of zeta potential. Zeta potential indicates the dispersion stability and
surface properties of molecules or nanoparticles in a liquid medium. Principally, if the
magnitude of absolute zeta potential (±ve) is high, molecules or nanoparticles will be stable
in a colloidal system because they have high repulsion force, preventing nanoparticles from
aggregating [30]. The zeta potentials of the synthesized CuI NPs in different conditions
are shown in Table 1. CuI NPs prepared using 0, 2.5 and 5.0 mM gallic acid have average
zeta potential values of −13.47, −18.73 and −20.47 mV, respectively. The results show
that synthesizing CuI NPs using a greater content of gallic acid leads to greater zeta
potential due to the bioreducing properties of gallic acid; thus, these CuI NPs have greater
dispersion stability.

Table 1. Zeta potential of synthesized CuI NPs.

Sample Gallic Acid (GA)
Contents (mM) Zeta Potential (mV) Average Value (mV)

CuI 0

−13.3

−13.47−13.6

−13.5

2.5 GA-CuI 2.5

−18.8

−18.73−18.6

−18.8

5.0 GA-CuI 5

−20.7

−20.47−19.8

−20.9

2.1.6. Nanosizer/Dynamic Light Scattering

The nano-size of synthesized CuI NPs was measured by using a nanosizer/dynamic
light scattering, which illustrates the relationship between intensity and size distribution
(nm), as shown in Figure 5. It can be seen from Figure 5a, that the diameter was about
869 nm for CuI NPs synthesized without a biostabilizer. When gallic acid was used to
reduce and stabilize CuI NPs, the size distributions of 2.5 GA-CuI and 5.0 GA-CuI were 2473
and 3062 nm, accordingly, as presented in Figure 5b,c. Both 2.5 GA-CuI and 5.0 GA-CuI had
greater diameters than CuI NPs. This result reveals that green synthesis of CuI NPs provides
electrostatic repulsion from gallic acid molecules, causing larger size distribution [20].

2.1.7. Peroxidase-like Properties of GA-CuI NPs

The therapeutic use of synthesized GA-CuI NPs has been investigated for their
enzyme-like properties, which include peroxidase-like activity. This activity is impor-
tant for the wound healing ability of GA-CuI, because copper nanoparticles function as
redox enzymes due to the increased electron exchange of their atoms [31]. The improved
antibacterial activity of metal nanoparticles were analyzed in terms of their oxidase-like
and peroxidase-like properties, as seen in Equations (1) and (2). When GA-CuI NPs come
in contact with bacteria in the presence of oxygen (O2), antioxidant chemical (AH2) is
oxidized and produces hydrogen peroxide (H2O2). Then, H2O2 is further catalyzed by the
peroxidase-like enzymes of GA-CuI NPs, generating hydroxyl radicals (•OH). Hydroxyl
radicals (•OH) are important molecules for killing bacteria by interacting with the bacterial
cell wall and oxidizing biomolecule. Therefore, the oxidase- and peroxidase-like activity
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of GA-CuI NPs gives them a strong antibacterial capacity through the mechanisms of
hydrogen peroxide and hydroxyl radical production.

AH2 + O2 → A + H2O2 (1)

H2O2
GA − CuI NPs→ 2·OH (2)

Gels 2023, 9, x FOR PEER REVIEW 8 of 24 
 

 

2.1.6. Nanosizer/Dynamic Light Scattering 
The nano-size of synthesized CuI NPs was measured by using a nanosizer/dynamic 

light scattering, which illustrates the relationship between intensity and size distribution 
(nm), as shown in Figure 5. It can be seen from Figure 5a, that the diameter was about 869 
nm for CuI NPs synthesized without a biostabilizer. When gallic acid was used to reduce 
and stabilize CuI NPs, the size distributions of 2.5 GA-CuI and 5.0 GA-CuI were 2473 and 
3062 nm, accordingly, as presented in Figure 5b,c. Both 2.5 GA-CuI and 5.0 GA-CuI had 
greater diameters than CuI NPs. This result reveals that green synthesis of CuI NPs pro-
vides electrostatic repulsion from gallic acid molecules, causing larger size distribution 
[20]. 

 
Figure 5. Size distribution of (a) CuI NPs, (b) 2.5 GA-CuI NPs, and (c) 5.0 GA-CuI NPs determined 
using a nanosizer. 

2.1.7. Peroxidase-like Properties of GA-CuI NPs 
The therapeutic use of synthesized GA-CuI NPs has been investigated for their en-

zyme-like properties, which include peroxidase-like activity. This activity is important for 
the wound healing ability of GA-CuI, because copper nanoparticles function as redox 

Figure 5. Size distribution of (a) CuI NPs, (b) 2.5 GA-CuI NPs, and (c) 5.0 GA-CuI NPs determined
using a nanosizer.

In the investigation of peroxidase-like activity, 3,3′,5,5′-tetramethyl-benzidine (TMB)
was used as a substrate for peroxidase. Notice the color change after treatment with CuI,
2.5 GA-CuI and 5.0 GA-CuI NPs. A UV–Vis spectrometer was employed to observe the
absorbance peaks of oxidized TMB (TMB+). It can be seen from Figure 6 that the absorbance
peaks of TMB treated with CuI, 2.5 GA-CuI and 5.0 GA-CuI were detected around 650 nm.
TMB oxidation peaks appeared after treatment with CuI and 2.5 GA-CuI, while 5.0 GA-CuI
exhibited a weak oxidizing effect on TMB. This may be due to the decreased amount of CuI
when concentrations of gallic acid are increased. Consequently, the capacity of 5.0 GA-CuI
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to oxidize TMB is poor. However, the weight loss of CuI, 2.5 GA-CuI and 5.0 GA-CuI must
be examined to determine the amount of each chemical in the compound.
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Figure 6. UV–Vis absorption spectra of 3,3′,5,5′-tetramethyl-benzidine (TMB) oxidation, treated with
acetate buffer (light blue), CuI (black), 2.5 GA-CuI (red) and 5.0 GA-CuI (green).

2.1.8. Evaluation of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of CuI NPs

The antibacterial activity of synthesized CuI NPs was tested against E. coli (Gram-
negative bacteria) and MRSA (Gram-positive bacteria), as these are the most common
bacterial infections in wounds and the bloodstream. The inhibitory effect of CuI NPs
on bacterial growth was studied with various concentration of CuI NPs, using the broth
serial dilution method to evaluate minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC). Figure 7 illustrates the results of bacterial growth on agar
plates; these E. coli and MRSA were treated with different concentrations of synthesized
CuI NPs. The CuI NPs were diluted to 256, 128, 64, 32, 16, 8, 4, 2, 1 and 0.5 mg/mL,
represented by numbers 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10, respectively. In addition, Figure 7a,b
show bacterial growth after treatment with CuI synthesized without gallic acid. Figure 7c,d
present bacterial growth after treatment with 2.5 GA-CuI. Bacterial growth after treatment
with 5.0 GA-CuI is shown in Figure 7e,f. It can be seen from Table 2, which shows the
MIC and MBC values of different CuI NPs for E. coli and MRSA strains, that CuI at
32 mg/mL completely inhibited both Gram-negative (E. coli) and Gram-positive (MRSA)
bacteria, whereas 2.5 GA-CuI and 5.0 GA-CuI eliminated Gram-negative bacteria (E. coli) at
a higher concentration of 64 mg/mL. Therefore, it can be concluded that CuI has a greater
antibacterial effect than 2.5 GA-CuI and 5.0 GA-CuI, because 2.5 GA-CuI and 5.0 GA-CuI
were composed of gallic acid and copper iodide. The antibacterial mechanism of CuI occurs
through the denaturation of solid-state compounds, which deforms the bacterial cell wall.
Synthesized CuI NPs have a high potential to bind with the thiol group of proteins in
the cell wall, forming peptide/disulfide complexes. This activity can cause cell death, as
illustrated in Figure 8 [32].

The proportion of pure CuI NPs in 2.5 GA-CuI and 5.0 GA-CuI is lower than in CuI,
and CuI is the main bactericidal factor. Additionally, CuI synthesized without GA is smaller
in size than with GA. The bacteria-killing ability of CuI NPs is also dependent on particle
size, as CuI NPs of smaller size have more potential to damage bacterial cells than those of
larger size. This is because smaller CuI NPs have greater ability to enter the cell wall and
create physical attachments deforming it. Therefore, CuI NPs are more efficient at killing
bacteria [16].
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Figure 7. Bacterial growth after treatment with different synthesized CuI NPs for each bacterial
strains: (a) E. coli treated with CuI; (b) MRSA treated with CuI; (c) E. coli treated with 2.5 GA-
CuI; (d) MRSA treated with 2.5 GA-CuI; (e) E. coli treated with 5.0 GA-CuI; (f) MRSA treated with
5.0 GA-CuI.

Table 2. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and
ratio of CuI NPs for each bacterial strain.

CuI
Sample

Gallic Acid
Concentration (mM)

MIC (mg/mL) MBC (mg/mL)

E. coli (−) MRSA (+) E. coli (−) MRSA (+)

CuI 0 8 16 32 32

2.5 GA-CuI 2.5 16 32 64 32

5.0 GA-CuI 5.0 16 32 64 32
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In addition, Gram-negative bacteria (E. coli) are more resistant to CuI NPs than Gram-
positive bacteria (MRSA). This could be because E. coli has a more complex structure
and because the outer membrane of Gram-negative bacteria acts as a barrier, providing
additional protection against CuI NPs.

2.2. PVA/CuI Liquid Bandage Formulation
2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 9 illustrates the FTIR spectra of pure PVA and PVA with different concen-
trations of CuI suspension (0.095% and 0.190%). The characteristic peaks of PVA were
observed at 3268.62, 2940.72, 2911.56, 1653.96, 1414.07, 1328.07, 1236.24, 1090.47, 1039.52
and 842.91 cm−1. These peaks were designated as -OH stretching, asymmetric stretching of
CH2, symmetric stretching of CH2, C=O carbonyl stretching, -CH2 bending, C-H wagging,
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C-OH stretching in alcohol, C-O stretching, C=O stretching and bending of -OH and C-C
stretching, respectively. In the PVA solution with 0.095% CuI, peaks were noticed at wave
numbers 3328.42, 2940.72, 2911.56, 1703.27, 1447.77, 1317.24, 1239.70, 1088.07, 1042.26 and
796.64 cm−1. These peaks were assigned to characteristic PVA peaks with a minor shift,
comparable with pure PVA [33]. Similarly, important peaks of PVA were observed in PVA
with 0.190% CuI. The vibration spectra of the materials are presented in Table 3. The C–H
scissoring vibration mode is predicted at about 1440 cm−1 for pure PVA. In this experiment,
the C–H scissoring vibration was clearly observed only after the addition of CuI NPs to
the PVA solution, which causes a structural deformation of the PVA backbone. In addition,
for pure PVA, the vibration pattern of carbonyl stretching is expected at about 1650 cm−1,
which is the result of residual acetate in the polymerization. The carbonyl (C=O) stretch-
ing vibration was found at 1703.27 cm−1 and 1698.17 cm−1 for PVA/CuI (0.095%) and
PVA/CuI (0.190%), respectively. It is clear that the transmittance of the carbonyl stretching
was increased in PVA with CuI NPs, as they increase the presence of carbonyl moieties. This
is due to the addition of CuI complexes, while polymerizing PVA can cause the breaking
of –H and –OH bonds and, as a result, the formation of more carbonyl double bonds
(C=O). Accordingly, the intensity of the C=O stretching peaks was increased and shifted to
higher wavelengths. Furthermore, the characteristic peak of CuI NPs was not present in
the FTIR spectra of PVA/CuI (0.095%) and PVA/CuI (0.190%) because this characteristic
peak is lower than 525 cm−1, while 525 cm−1 is the minimum wave number for this FTIR
spectroscopy. However, PVA with CuI NPs in its structure can be confirmed from intensity
and shift of the wave numbers.
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Table 3. Wave numbers of FTIR results for PVA and PVA loaded with CuI suspension.

Assignment

Observed Wavelength (cm−1)

Pure PVA PVA/CuI
(0.095%)

PVA/CuI
(0.190%) Reference

OH stretching 3268.62 3328.42 3299.37 [34]

Asymmetric stretching of CH2 2940.72 2940.72 2941.86 [34]

Symmetric stretching of CH2 2911.56 2911.56 - [34]

C=O carbonyl stretching 1653.96 1703.27 1698.17 [34]

CH2 scissoring - 1447.77 1444.98 [34]

CH2 bending 1414.07 1419.38 1414.05 [34]

CH2 wagging 1328.07 1317.24 - [34]

C-OH stretching in alcohol 1236.24 1239.7 1234.42 [34]

C-O stretching 1090.47 1088.07 1090.16 [34]

Stretching of C=O and bending
of OH 1039.52 1042.26 1042.96 [34]

C-C stretching 842.91 796.64 797.43 [34]

2.2.2. Surface Morphology Analysis of Cast PVA Film Using Field Emission Scanning
Electron Microscopy (FESEM)

Figure 10 presents SEM images of the poly(vinyl alcohol) nanocomposite material
after the incorporation of copper iodide nanoparticles (5.0 GA-CuI) in the polymer matrix
prepared by cast film method. The magnification used to study the morphological surface
was 1000×. The surface morphology of PVA film with 0, 0.095% and 0.190% CuI suspension
is shown in Figure 10. Figure 10a shows the smooth surface observed on pure PVA film.
After 0.095% copper iodide nanosheets were loaded onto PVA film, there were multi-sized
granular particles on the surface of the composite. This shows the good distribution of
smaller non-agglomerated particles. Then, more CuI suspension (0.190%) was added to the
PVA solution. The morphology of the surface demonstrated that CuI NPs were excellently
distributed in PVA film. In spite of the high concentration of copper iodide particles,
excellent distribution was achieved due to GA-CuI stability.
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2.2.3. Swelling Behavior of Pure PVA and PVA/CuI Film

The swelling ratio is used to determine the resistance of polymer film when exposed to
high humidity or water in the bloodstream or at the wound site [34]. Tests of the swelling
behavior of PVA film were conducted using gravimetric measurement [35]. The average
thicknesses of pure PVA, PVA/CuI (0.095%) and PVA/CuI (0.190%) were 0.53, 0.59 and
0.60 mm, respectively. All PVA films were immersed in PBS buffer solution at 37 ◦C to
provide a constant pH of 7.2 ± 0.1. After the specific swelling time, each film was removed
from the PBS solution, and surface water was rapidly cleaned using Kimwipes paper. Then,
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each sample was weighed and recorded with an electronic balance. The swelling ratio of
PVA films was calculated.

Figure 11 illustrates the swelling behavior of pure PVA, PVA/CuI (0.095%) and
PVA/CuI (0.190%), shown by the black, red and blue lines, respectively. An increase
in the swelling ratio of all PVA films over time was noticed; the swelling rate considerably
increased at the initial time and then leveled off. The red and blue lines show the incor-
poration of CuI NPs in PVA films, which significantly reduced the swelling behavior. The
swelling ratio decreased with the increasing load of CuI NPs. This is due to the hydrophobic
nature of CuI NPs. The more CuI NPs are loaded in PVA films, the greater the repulsion of
water molecules. Therefore, CuI NPs loaded in PVA liquid bandages enhance resistance to
humidity and blood after they are cast to thin film.
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2.2.4. Drying Time of PVA Liquid Bandages

The drying time of liquid bandage formulations synthesized with different contents
of poly(vinyl alcohol) was tested by applying 0.2 mL of 12%, 13% and 14% PVA liquid
solution on the inside forearm of a volunteer and letting it dry. The drying time and
physical properties of each PVA concentration were recorded after there was no visible
PVA liquid on the skin. The drying time and physical properties of the liquid bandages
are shown in Figure 12. The drying time of 12%, 13% and 14% PVA liquid bandages were
2.5, 4.0 and 6.0 min, respectively. Even though 12% PVA provided the minimum drying
time, the PVA content was not enough for it to spread as a matrix, as shown in Figure 12a.
Additionally, 14% PVA content showed significantly increased drying time due to the
greater amount of PVA, which has high viscosity and requires more time for particles to
coalesce and form a film. Therefore, the most suitable concentration of PVA is 13%.

After the appropriate PVA content was determined, the drying times of different PVA
liquid bandages loaded with CuI suspension were subsequently examined. PVA solution
incorporating different concentrations of CuI suspension (0, 0.095% and 0.190%) were
prepared and drying time was tested. It can be seen from Figure 12b that the drying time
increased with increasing concentrations of CuI suspension, showing that higher contents
of CuI result in longer drying times, because a large amount of CuI NPs provides high
viscosity and a difficult pathway for evaporation of the cosolvent [36].
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2.2.5. Water Vapor Transmission Rate (WVTR)

It is necessary to study the water vapor transmission rate because this property helps
promotes wound healing and contraction of the wound. Bleeding will occur from superficial
wounds. Water is the most important component of blood (90%); therefore, a good water
vapor transmission rate allows blood to exit the wound dressing and enhances wound
drying. The water vapor transmission rate (WVTR) of the PVA samples was tested under
virtual conditions, compared with a centrifuged tube without any cover as a control (+),
as shown in Figure 13. The WVTRs of pure PVA, PVA/CuI (0.095%), PVA/CuI (0.190%)
and a commercial liquid bandage (LB) were 384.33, 333.64, 278.23 and 81.35 g/m2 • day,
respectively. It can be seen that the water vapor transmission rate (WVTR) decreases with
increasing concentrations of CuI due to the decreased diffusion rate of water vapor through
the PVA composite film [37]. Compared with commercial liquid bandage, PVA film has
a higher WVTR. Therefore, PVA film has good ability to allow water to evaporate from
wounds, promoting rapid wound healing [38].

2.2.6. In Vitro Cytotoxicity and Biocompatibility of Liquid Bandage

In vitro cytotoxicity was tested to determine the cytotoxicity of various concentrations
of CuI suspension in PVA liquid bandages. In this method, the ratio of cell viability of
human dermal fibroblasts (HDFa) after 24 h incubation in sample extractions at different
concentrations (2.5, 5 and 10 mg/mL) is measured, and exposure to the various liquid
bandage was used as an indicator of whether these substances can cause damage to human
cells [39]. Figure 14 shows the results, revealing that after HDFa was incubated in sample
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extractions for 24 h, cell viabilities with 2.5, 5 and 10 mg/mL pure PVA were 108.363,
99.7611 and 98.447%, respectively. HDFa incubated in 2.5, 5 and 10 mg/mL PVA/CuI
(0.095%) showed cell viabilities of 98.685, 94.624 and 96.177%, respectively. HDFa incubated
in 2.5, 5 and 10 mg/mL PVA/CuI (0.190%) showed cell viabilities of 94.982, 87.814 and
91.517%. The results reveal that total PVA liquid bandages were non-cytotoxic to HDFa at
the concentrations tested. Nevertheless, the number of dead cells increased with increasing
content of CuI suspension. The increase in cytotoxicity may show that high concentrations
of CuI metallic complexes can cause cell damage. However, PVA liquid bandages with
CuI suspension demonstrated biocompatibility, allowing them to be used for antibacterial
wound dressing.
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2.2.7. Antibacterial Efficacy Testing by Time–Kill Assay

The time–kill assay was employed to test antibacterial efficacy, exploring the rate
of bacterial reduction after being incubated in different concentrations of materials for
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1, 3, 6, 12 and 24 h. In vitro antibacterial tests were conducted against Escherichia coli
(E. coli ATCC25922) and methicillin-resistant Staphylococcus aureus (MRSA), which are
Gram-positive and Gram-negative pathogens, respectively. Figure 15 shows the rate of
bacterial reduction, with the concentration-dependent and time-dependent bactericidal
activities of pure PVA, PVA/CuI (0.095%) and PVA/CuI (0.190%) against E. coli (a) and
MRSA (b).
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Regarding the ability of the materials to kill Gram-negative bacteria (E. coli ATCC2592)
measured in the rate of log CFU reduction and surviving bacteria counted, it can be
observed from Figure 15a that there was a decline in the number of bacterial cells after
treatment with pure PVA, PVA/CuI (0.095%) and PVA/CuI (0.190%). Focusing on the
bactericidal properties of the pure PVA bandage solution, even though there was no CuI
suspension in the PVA solution, a reduction of E. coli was noticed because ethanol was
added into the mixture as a cosolvent with water. Therefore, ethanol can play an important
role in killing bacteria. PVA/CuI (0.095%) and PVA/CuI (0.190%) were able to effectively
kill the bacteria. PVA/CuI (0.190%), in particular, was toxic to E. coli after only 6 h of
incubation due to its high concentration of CuI. PVA/CuI (0.095%) eliminated E. coli after
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treatment for 24 h. The bacterial reduction corresponded to the amount of CuI suspension
in the PVA solution.

Regarding bactericidal properties against MRSA (Figure 15b), the direction of the
log CFU reduction for MRSA was completely different from that for E. coli. PVA solution
without CuI suspension when used in bandages has relatively low capability to inhibit
bacterial growth. However, bacterial cell count was reduced when compared with the
control (-) due to ethanol. When 0.095% and 0.190% CuI was included in the PVA solution,
the trend of cell reduction marginally declined; thus, these materials were not toxic to
MRSA. The difference in bacterial reduction for E. coli and MRSA is related to the differing
bacterial cell structures of Gram-positive and Gram-negative bacteria. The presence of CuI
NPs did not change the viability of MRSA, most likely because of its complex structure.
These bacteria are strongly resistant to antibiotic drugs. Some strains can develop high-level
resistance and pose a serious threat.

The overall results reveal that PVA liquid bandages incorporating CuI suspension can
damage both Gram-positive and Gram-negative bacteria, as can be seen from decline of log
CFU reduction. However, the antibacterial activities of the materials against E. coli were
greater than against MRSA.

3. Conclusions

In conclusion, antibacterial liquid bandages combining the biocompatible polymer
poly(vinyl alcohol) and the antibacterial agent copper iodide, synthesized using gallic acid
as a bioreducer and biostabilizer, were effectively designed and characterized. The XRD
results of CuI synthesized with gallic acid confirm the crystallinity of synthesized CuI in
the γ-CuI phase. As calculated with Scherrer’s equation, the nanoparticle size of copper
iodide increased with increasing concentrations of gallic acid. The stability of synthesized
copper iodide nanoparticles (CuI NPs) was confirmed by zeta potential analysis. This
result agreed with the FTIR spectra of synthesized CuI NPs, which showed that more gallic
acid creates more chelation in CuI NPs, seen in the -OH stretching peak, thus leading to
high particle stability. The curative effects of synthesized CuI loaded in PVA solution to
formulate a liquid bandage were characterized in terms of antibacterial activities against
E. coli and MRSA, and cytotoxicity to human dermal fibroblasts (HDFa). The antibacterial
test (time–kill assay) showed that the synthesized liquid bandages can successfully kill
E. coli within 6 h and cause a reduction in MRSA. In addition, PVA liquid bandages are
non-toxic to HDFa cells with CuI loads of 0.095% and 0.190% w/v.

4. Materials and Methods
4.1. Materials

Gallic acid (GA, 97.5–102.5% titration) with molecular weight of 170.12 g/mol was
purchased from Sigma-Aldrich, St. Louis, MO, USA. PVA with a molecular weight of
89,000–90,000 g/moL, copper sulfate tetrahydrate (CuSO4 • 5H2O) and potassium iodide
(KI) were purchased from Sigma-Aldrich, USA.

4.2. Preparation of Gallic Acid–Cuprous Iodide Nanoparticles

The cuprous iodide nanoparticles stabilized by gallic acid (GA-CuI NPs) were prepared
using different concentrations of gallic acid (0, 2.5 and 5.0 mM). In the case of cuprous
iodide without gallic acid, 1.2400 g. of CuSO4 • 5H2O was dissolved in 50 mL deionized
water in a 100 mL volumetric flask to make 50 mM of copper sulfate solution. Then, 50 mM
of potassium iodide was prepared. Potassium iodide (KI) in the amount of 0.8300 g was
dissolved in 50 mL deionized water in a 100 mL volumetric flask, and the concentration
was adjusted. After, potassium iodide was added drop-wise to the copper sulfate solution
with continuous stirring for 45 min. Then, the solution was centrifuged at 6000 rpm for
20 min, washed with deionized water to remove unreacted substances and centrifuged
again. Finally, the precipitation was collected and dried in an oven at 60 ◦C for 6 h.
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For the varying gallic acid concentrations, 0.0123 and 0.0245 g of gallic acid was dis-
solved in 30 mL deionized water to prepare 2.5 mM and 5.0 mM of gallic acid, respectively.
Then, a constant amount of copper sulfate (50 mM) and potassium iodide (50 mM) were
prepared similarly to the previous step. After, a varying amount of gallic acid (2.5 mM
and 5.0 mM) was added drop-wise to the copper sulfate solution in 250 mL beakers with
constant stirring for 15 min, allowing the gallic acid to stabilize and reduce the Cu2+ to Cu+.
A color change was observed. Each beaker of potassium iodide was added drop-wise to
the mixture and stirred for 45 min. The solution was centrifuged at 6000 rpm for 20 min,
washed by ethanol and deionized water to remove unreacted substances and centrifuged
again. Finally, the precipitation was collected and dried in an oven at 60 ◦C for 6 h.

4.3. Preparation of PVA Antibacterial Liquid Dressing with Additional Gallic Acid–Cuprous Iodide

After the most suitable CuI NP solution was selected, copper iodide was loaded
into the adhesive bandage formulation, in which PVA was used as a film former and
glycerol as a softening agent. This creates a kind of liquid adhesive bandage. Calculated
by weight percentage, 13% w/v of PVA was dissolved in 40% ethanol in water. Then, the
mixture was heated to 75 ◦C, allowing the film former to fully dissolve. After, 6% w/v
of glycerol softening agent was added to the PVA solution under continuous stirring, 0,
0.095% and 0.190% w/v of selected CuI NP antibacterial agent was separately added to the
PVA solution and stirred for 15 min. Finally, the antibacterial PVA liquid bandage solutions
were obtained.

4.4. Crystal Structure of CuI NPs

The crystal structure of the synthesized CuI, 2.5 GA-CuI and 5.0 GA-CuI NPs was
characterized by X-ray diffraction (Rigaku SmartLab X-ray diffractometer), using standard
XRD measurements with a wavelength of 1.54 Å Cu Kα radiation. The X-ray diffractometer
was applied at a voltage of 40 kV and a current of 30 mA. All samples were scanned
with a diffraction angle of 2θ from 20 to 80 degrees, with a scanning rate of 0.02 degrees
per second.

4.5. Characterization of Microstructure and Morphology of Synthesized CuI NPs and PVA
Liquid Bandage

Scanning electron microscopy (SEM; JEOL JSM-6610LV, Oxford X-Max 50, Tokyo,
Japan) was used to investigate the microstructure, morphology and average size of gallic
acid–CuI nanoparticles. Different conditions of CuI synthesis were examined at 500×
magnification at 300 kV. In addition, SEM was used to investigate the morphology of the
pure PVA film surface and PVA with CuI solution. The samples were coated with platinum
using a sputtering device prior to SEM observation.

4.6. Functional Group Determination of CuI NPs and PVA Liquid Bandage

Fourier transform infrared spectroscopy (FTIR; Nicolet iS 5, Massachusetts, United
States) was used to determine the functional group containing gallic acid–CuI NPs. Scans
were conducted from 4000 to 600 cm−1 with the iD1 Transmission module, with the FTIR
spectrum scanned 64 times. For characterization of PVA liquid bandage, the PVA liquid
bandage with and without CuI solution was also analyzed with Fourier transform infrared
spectroscopy (FTIR; Nicolet iS5).

X-ray photoelectron spectroscopy (XPS) analysis (Kratos, Axis ultra DLD, New York,
United States) was employed to investigate the exact chemical state (oxidant state) of the
elements composing the synthesized compounds.

4.7. Size Determination of CuI NPs

A zeta potential analyzer (MALVERN Zetasizer Nano ZSP, Worcestershire, England)
was used to determine the stability and surface properties of CuI nanoparticles synthesized
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with different amounts of gallic acid in deionized water. In addition, a nanosizer was
utilized to measure the size distribution of synthesized CuI NPs.

4.8. Peroxidase-like Activity of CuI NPs

The protocol for measuring peroxidase-like properties was taken from Li Wang
et al. [18] with some modifications. A UV–Vis spectrophotometer was used to deter-
mine the peroxide-like reaction. Additionally, 3,3′,5,5′-tetramethyl-benzidine (TMB) was
used as a substrate to examine the peroxidase-like property of CuI and GA-CuI NPs. An
acetate buffer (pH = 5.5) was used as a control. There were four groups in the peroxidase
test, including TMB + H2O2 + acetate buffer (control), TMB + CuI NPs + H2O2, TMB + 2.5
GA-CuI NPs + H2O2 and TMB + 5.0 GA-CuI NPs + H2O2. The peroxidase-like property
of CuI NPs was investigated at a pH condition of 5.5 in acetate buffer, because these are
the conditions during bacterial infection after a wound has occurred. In detail, TMB was
dissolved in DMSO to prepare 1 mM of TMB solution; then, 150 µg of each sample (CuI,
2.5 GA-CuI and 5.0 GA-CuI NPs) was separately prepared in 1 mL of acetate buffer. Finally,
1 mM of H2O2 was prepared in deionized water. After the required solutions were com-
pletely prepared, 20 µL of TMB, 200 µL of each sample and 180 µL of H2O2 were mixed
together in each group and kept in dark conditions for 10 min. The absorbance of TMB
treated with CS-Cu-GA NCs at 650 nm was measured using a UV–Vis spectrometer.

4.9. Evaluation of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of CuI NPs

The antibacterial activity of gallic acid–CuI NPs against Gram-negative E. coli (ATCC
25922) and Gram-positive methicillin-resistant Staphylococcus aureus (MRSA, ATCC 33591)
was tested by broth dilution method to evaluate minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC). Gram-negative E. coli and Gram-positive
MRSA were separately dispersed in saline solution; the optical density was measured to be
0.5 using a densitometer, resulting in 1.5 × 108 CFU/mL of bacteria. Test tubes containing
1.5 × 108 CFU/mL were diluted by pipetting 100 µL into 3 mL of saline solution; then,
5 × 106 CFU/mL of E. coli and of MRSA was obtained. After the bacterial suspension
was prepared, serial dilution of the copper iodide solution was conducted. An amount of
512 mg of copper iodide was dissolved in 2 mL of DMSO, and 2 mL of MHB was added
to this test tube. Then, serial dilution was conducted 10 times in 24-well plate. Bacterial
suspension of 5 × 106 was transferred to a 24-well plate from column 1 to column 10 and
was incubated in a shaking incubator with overnight cultures of bacteria.

4.10. Physical Properties of PVA Liquid Bandage Formulation

To evaluate the drying time of the PVA formulations on human skin, a test was applied
on the inner side of the forearm. Different PVA formulations were spread on human forearm
and let dry for a period of 1, 2 and 3 min. If there was no liquid visible on the skin, the PVA
film was considered to be dry. The PVA liquid bandage with minimum drying time was
chosen to create a liquid bandage.

Additionally, the water vapor transmission rate describes the amount of water passed
through a unit area of film in a unit time. The water vapor transmission rate was evaluated
to study the water permeability of the films, as this has an effect on skin temperature and
the hydration of the wound. Following Zurdo Schroeder et al. [40], PVA liquid bandages
loaded with different amounts of CuI suspension were cast on glass plates to evaporate the
solvent, forming PVA films. These films were cut into circular samples with diameters of
0.03 m and covered on centrifuge tubes containing 30 mL of distilled water. The tubes were
placed into an incubator with a temperature of 37 ◦C and relative humidity of 52%. Then,
the tubes were weighed at each time point—0, 3, 6 and 24 h—to calculate the water vapor
transmission rate. The weight loss of the glass tubes was determined as ∆m (g), m0 h–m24 h.

132



Gels 2023, 9, 53

The water vapor transmission rate is calculated by the amount of water transmitted through
in PVA film related to surface area A (m2) and time t (day), following the equation below:

Water vapor transmission rate (WVTR) =
∆m (g)

A (m 2) × time (day)

The swelling ratio is usually measured for polymer hydrogel or polymer films to
determine water resistance. The study of swelling behavior was performed referring to J.
Liu et al. [36]. Pure PVA, PVA/CuI (0.095%) and PVA/CuI (0.190%) were cast in glass Petri
dishes to form films. Then, each film was cut into a circular film with a diameter of 12 mm,
and the average thickness was measured. After that, PBS buffer solution was prepared
with sodium chloride, potassium chloride, sodium phosphate dibasic and monopotassium
phosphate to make a buffer solution with pH 7.2 ± 0.1. Each film was weighed before the
swelling test; the weight was determined as m0. Then, the samples were incubated at 37 ◦C.
After the specified time, the samples were removed from PBS, then quickly cleaned with
Kimwipes paper to remove water and weighed with an electronic balance. At time t, the
weight was recorded as mt. All samples were continuously incubated in PBS solution and
weighed at each time point up to 48 h to ensure that equilibrium was reached. The swelling
ratio was calculated by the equation below:

Swelling ratio =
mt −m0

m0
× 100

4.11. In Vitro Indirect Cytotoxic Test of PVA Liquid Bandage Formulations

The indirect cytotoxicity of PVA loaded with CuI suspension was tested following the
ISO10993-5 (biological evaluation of medical devices) standard test using adult human der-
mal fibroblasts (GIBCO, Grand Island, NY, USA). Firstly, the culture medium was prepared
and collected by exposing samples to UV radiation for 30 min for sterilization. Then, the
samples were immersed in DMEM in a 96-well tissue culture polystyrene (TCPS) plate at
0.5, 5 and 10 mg/mL for 1 and 3 days to produce different concentrations of sample extrac-
tions. After, the samples were placed into a 24-well culture plate containing of Dulbecco’s
phosphate-buffered saline modified with Eagle’s medium (Hyclone, Logan, UT, USA), with
the addition of 10% fetal bovine serum (Gibco), 1% L-glutamine (Gibco), 100 µg/mL of
streptomycin, 100 units/mL of penicillin (Gibco) and 5 µg/mL of amphotericin B (Gibco)
for 24 h. Then, 10,000 cells of the human dermal fibroblast (HDFa) cell line were cultured
in the prepared medium in a 96-well plate and incubated overnight in a humidity chamber
with 5% CO2 at 37 ◦C. The number of viable cells were counted using (4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay (USB Corporation, Cleveland, OH,
USA). An absorbance microplate reader (BiotekELx800; Biotek Instruments Inc., Winooski,
VT, USA) was used to determine the optical density (O.D.) at 570 nm of cells. The control
group was 2D cell culture in normal conditions.

4.12. Antibacterial Test by Time–Kill Assay

The antibacterial activities of PVA liquid bandage with different concentration of CuI
suspension were characterized through time–kill assay. It was necessary to determine
the ability of the liquid bandage to kill bacteria in a fixed time. Briefly, the antibacterial
activity of PVA liquid solutions was tested against E. coli (Gram-negative) and MRSA
(Gram-positive) bacteria. The samples included pure PVA solution and PVA liquid ban-
dages with different concentrations of CuI suspension. Firstly, both the E. coli and MRSA
microorganisms were cultured in Mueller Hinton Broth (MHB) at 37 ◦C for 18 h. After, the
bacterial solutions of E. coli and MRSA were adjusted to 0.5 McFarland standard solution
using a densitometer, determined as 1.5 × 108 CFU/mL. Then, the bacterial solutions were
diluted with MHB to 5 × 105 CFU/mL. Each sample contained 3 mL of 5 × 105 CFU/mL
diluted inoculum with continual turbulence at 37 ◦C for 0, 1, 3, 6, 12 and 24 h. At each time,
20 µL of each inoculum was brought out and replaced with normal saline solution. Eventu-
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ally, 5 drops of 10 µL of each serial dilution were dropped on prepared Mueller–Hinton
agar (MHA) in a Petri dish and incubated overnight in an incubator with controlled relative
humidity and temperature of 37 ◦C. The number of growing bacterial colonies at each
time point was counted, averaged and compared with the number of the control culture
by estimating the CFU/mL values. The percentage of bacterial reduction was calculated
following this equation:

Bacterial reduction (%) =
Ncontrol − Nspecimen

Ncontrol
× 100

where Ncontrol is the number of bacterial colonies in the control (CFU/mL); Nspecimen is the
number of bacterial colonies in the specimen (CFU/mL).
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Abstract: The design and synthesis of sol-gel silica-based hybrid materials and composites offer
significant benefits to obtain innovative biomaterials with controlled porosity at the nanostructure
level for applications in bone tissue engineering. In this work, the combination of robocasting with
sol-gel ink of suitable viscosity prepared by mixing tetraethoxysilane (TEOS), gelatin and β-tricalcium
phosphate (β-TCP) allowed for the manufacture of 3D scaffolds consisting of a 3D square mesh
of interpenetrating rods, with macropore size of 354.0 ± 17.0 µm, without the use of chemical
additives at room temperature. The silica/gelatin/β-TCP system underwent irreversible gelation,
and the resulting gels were also used to fabricate different 3D structures by means of an alternative
scaffolding method, involving high-resolution laser micromachining by laser ablation. By this way,
3D scaffolds made of 2 mm thick rectangular prisms presenting a parallel macropore system drilled
through the whole thickness and consisting of laser micromachined holes of 350.8 ± 16.6-micrometer
diameter, whose centers were spaced 1312.0 ± 23.0 µm, were created. Both sol-gel based 3D scaffold
configurations combined compressive strength in the range of 2–3 MPa and the biocompatibility
of the hybrid material. In addition, the observed Si, Ca and P biodegradation provided a suitable
microenvironment with significant focal adhesion development, maturation and also enhanced
in vitro cell growth. In conclusion, this work successfully confirmed the feasibility of both strategies
for the fabrication of new sol-gel-based hybrid scaffolds with osteoconductive properties.

Keywords: 3D scaffold; hybrid; sol-gel ink; robocasting; laser micromachining; osteoblasts; regenera-
tive medicine; bone tissue engineering; cytoskeleton; focal adhesion

1. Introduction

Three-dimensional (3D) porous scaffolds are widely used in various biomedical ap-
plications such as drug delivery [1], cell culture studies [2] and regenerative medicine [3–6].
Therefore, many different scaffold fabrication methods have been explored to produce bio-
materials with the required 3D architecture including not only conventional subtractive ap-
proaches such as solvent-casting [7], particulate-leaching [8] and gas-foaming processes [9]
but also advanced techniques, such as electrospinning [10] and additive manufacturing
(AM) technologies [5,11,12]. Among the various AM procedures, special attention has
been paid to the robocasting of porous scaffolds with customized design for bone tissue
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engineering [13–17]. In general, their architectures mimicking the extracellular matrix
(ECM) of trabecular bone are expected to perform better as bone artificial implants because
their composition can be adjusted by selecting appropriate ink precursors [18]. In this
context, functional requirements such as biocompatibility and bioactivity, that are needed to
accommodate cells and guide their growth can be facilitated in a variety of ways depending
on the preferred precursors [19,20].

First approaches to the robocasting of such 3D structures were devoted to the process-
ing of ceramics, mainly calcium phosphate compounds due to their osteoconductive and
bioactive nature [21,22]. Hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) were
used to prepare aqueous pastes for robocasting [13,14,21–26]. To improve the stabilization
of the ceramic particles in these water-based inks, some dispersant additives such as poly-
acrylate (PAA), polyvinyl alcohol (PVA) and polyethyleneimine (PEI) were used [27,28].
Similarly, dispersant or plastifying agents, such as ethyl cellulose or carboxymethyl cel-
lulose, have been incorporated to enhance the printability [29]. As a consequence, many
of these inks turned out to be unstable, due to pH and chemistry environment variations.
In addition, thermal calcination must be conducted after printing to eliminate undesired
organics, followed by sintering to obtain the final ceramic products. These post-process
heat treatments are usually accompanied by significant shrinkage of the scaffolds.

Gel-embedded suspensions based on physical hydrogels and organogels from natural
biopolymers have been widely reported as suitable solvents in formulating robocasting inks
due to their surfactant properties and easy handling [15]. Pluronic® F127 (SigmaAldrich,
Saint Louis, MO, USA) commercial sol-gel agent and some cellulose-derived compounds,
both exhibiting thermal reversible gelation, are among the most suitable hydrogel com-
pounds utilized in the development of dense ceramic structures by robocasting [20,27,29,30].
Additionally, organogels, whose solidification mechanism depends on the sol-gel transition
through solvent evaporation just after printing, have been widely studied in the formulation
of ceramic pastes for DIW, including alginate [31,32], chitosan [33–35] and gelatin [31,36,37].
Similarly, hybrid organic/inorganic materials [19,38] and polymer/ceramic composite
scaffolds, such as polylactide acid or polycaprolactone with high HA content [33] and chi-
tosan/bioglass [39], were fabricated using robotic-assisted deposition at room temperature
as bone substitutes, providing favorable substrate conditions for osteoconduction.

Additionally, while being less common, an alternative approach based on sol-gel
inorganic polymerization, involving irreversible gelation to determine the printing window,
was proposed as solvent media to develop new sol-gel inks for DIW. However, a stiff gel
was rapidly formed avoiding an effective deposition of the filaments, according to CAD
design [40]. Nevertheless, some different 3D oxide and hybrid organic/inorganic structures
have been developed by robocasting using sol-gel inks based on organometallic and
biopolymer precursors, with critical control of the irreversible gelation process involving
chemical polymerization reactions [41,42]. By this way, silica/chitosan/HA hybrids [42]
and TiO2 3D scaffolds for in vitro cell growth have been obtained [43].

Although, in a bulk monolithic state, similar types of sol-gel hybrid materials (xero-
gels and aerogels) are of particular interest because they have previously demonstrated
both appropriate mechanical and biological properties for tissue engineering applications
without needing to perform further calcination or sintering heat treatments [44,45]. Hence,
the hybridization of silica and biopolymer precursors in the sol state (such as chitosan,
gelatin, etc.), can lead to robocasting inks undergoing irreversible gelation, whose viscosity
and rheological properties can be tuned without intermediation of chemical binders, just
by adding ceramic solid reinforcing phases (e.g., calcium phosphate compounds). By this
way, 3D organic–inorganic hybrid/ceramic composite scaffolds, which cannot be achieved
by either organic polymers or ceramics separately, can be obtained. To our knowledge, the
consideration of whether sol-gel systems exhibiting irreversible gelation can be used to
promote solidification in robocasting, thus facilitating the stabilization of printed structures,
is a subject that has been scarcely investigated, and this work aims to contribute to this re-
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search topic by introducing the first results based on silica/gelatin/β-tricalcium phosphate
(TCP) 3D scaffolds.

Otherwise, an alternative rapid prototyping production of 3D microstructures that
has also been widely used for biomedical applications is surface micromachining by ap-
plying intense ultrashort pulsed laser ablation [46]. It is essentially a technique that has
been used for selective material removal to generate precise biomimetic patterning on
biomaterials [46,47]. Moreover, the creation of surface micro-channels or micro-holes can
be achieved without excessive heating or the appearance of cracks in the annular melt-
ing zone [48]. Recently, functional surfaces from collagen gel [49], biopolymer/ceramic
composite thin films [50] and metals [51] have been modified through femtosecond laser
treatment, leading to 3D structures with potential interest in the improvement of cellular
adhesion and tissue engineering applications [52]. Hydrogel 3D structures for biomedical
applications have been successfully processed via femtosecond laser pulses [53]. However,
although laser-assisted fabrication offers high spatial resolution on surface biomaterial
patterning and cell guidance, it suffers from low processing speed and limited scaffold size
(usually restricted to the millimeter or micrometer scales) [52,54].

In summary, the aim of this work is to introduce two different strategies to easily obtain
3D sol-gel-derived ceramic/biopolymer porous scaffolds. To this end, first, we present
a direct ink writing (DIW) procedure to print 3D porous structures from a suspension
of β-TCP microsized powder (2 µm) in a silica/gelatin hybrid sol. A crosslinking agent,
3-glycidoxypropyltrimethoxysilane (GPTMS), is incorporated into the hybrid for enhancing
the chemical stability and mechanical properties of the resulting hybrid material and for
controlling the degradation rate in aqueous media. As reported in previous results, a similar
silica/gelatin hybrid system in combination with the GPTMS coupling agent presented the
benefit of biocompatibility, as well as chemical and mechanical stability [55,56]. Next, the
ink formulation is optimized to become a paste with adequate viscosity and shear-thinning
behavior so that it can easily flow through the nozzle to form continuous rod-like filaments
under room temperature conditions, while the resulting scaffolds should have the ability
to retain their shapes. The solidification of the printed objects is achieved by irreversible
gelation through acid-catalyzed condensation and polymerization of the hybrid matrix sol,
followed by drying at ambient temperature. Immediately after, the scaffolds are available
for different characterization experiments and cell culture test. Alternatively, the second
method makes use of an ultrafast laser characterized by ultrahigh peak power pulses, to
introduce a spatially patterned macropore system by laser drilling into a silica/gelatin/
β-TCP sol-gel-derived monolith composite. According to the existing literature, although
the technique has been previously utilized for the removal of organically modified silicate
coatings [57], this is the first time that a complete perforation by laser micromachining of
a sol-gel-processed hybrid polymer/ceramic monolith composite, is planned. Both the
hole quality and maximum ablated depth are optimized by controlling the laser machining
parameters for the selected solid target. Likewise, the mechanical behavior of the scaffolds
is studied under uniaxial compression. In addition, this work investigates the textural
properties of the sol-gel biomaterial utilized in scaffolding, as well as its biodegradation in
saline solution and osteoblastic response in vitro in the presence of biomaterials.

2. Results and Discussion
2.1. Synthesis of the Sol-Gel Ink and Fabrication of Scaffolds

In our study, hybrid silica/gelatin matrix sols (SG) were prepared by the sol-gel
method, using TEOS as the silica source under acidic conditions. Hybridization between
the organic and inorganic phases was facilitated by adding GPTMS, an organosilane
crosslinking agent. Gelatin, previously functionalized with GPTMS, is covalently linked to
silica thanks to the condensation reaction of the carboxylic acid groups of gelatin with the
epoxy ring of GPTMS and condensed into the silica network via Si-O-Si covalent bonding
to form hybrid mechanically strong materials [55]. Hybrid sols (SGx) with three different
gelatin contents (x = 20, 40 and 60 wt%) were thus prepared. Total gelation time is a
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critical variable for the solidification process in robocasting [53,58–60]. In the current study,
it decreased with an increase in the gelatin content. Sols containing the highest gelatin
content (SG60) gelled completely after ~5 min at room temperature, while the gelation of
sols with 20 wt% gelatin (SG20) took over 60 min. Furthermore, a gel time of ~30 min was
observed for the SG40 hybrid matrix, which best fits the robocasting process. Subsequently,
to provide appropriate rheological behavior for extrusion to the ink precursor solution,
different amounts of β-TCP microsized powder were added (40, 50 and 60 wt%), and after
several trial experiments, a loading content of 60 wt% was found to be optimal for printing
at room temperature.

The rheological properties of the three resulting homogenized pastes were investigated,
and Figure 1 shows the apparent viscosity as a function of the shear rate immediately after
its preparation. As observed, all of the pastes exhibit a shear-thinning behavior from 0.1
to 100 s−1, mainly for higher solid contents. Similarly, the slight increase in the apparent
viscosity of the 40 wt% sample at 0.3 s−1 shear rate could be attributed to some structural
remodeling in the hybrid sol suspension requiring an extra applied stress before it drops
due to shear-thinning [30]. This considered, the increase in the viscosity with increasing
additions of β-TCP, which can be observed specifically within the 1–100 s−1 shear rate
range, confirms that, as expected, the sol-gel ink with the highest β-TCP content (60 wt%)
was the best option for direct writing.

Figure 1. Apparent viscosity of SG40TCPy (y = 40, 50 and 60 wt% β-TCP) pastes vs shear rate.

By this way, 3D scaffolds with dimensions of 10 × 10 × 5 mm3 named as SG40TCP60-
RC were obtained by the deposition of perpendicular layers of parallel rods with a
610.0 ± 18.0-micrometer diameter in a paraffin bath to reduce non-uniform drying through-
out the printing process.

Alternatively, a bulk monolith was also produced by solvent casting and evaporative
drying using the SG40TCP60 sol-gel paste. After that, it was further subjected to laser
micromachining (LM) by ablation in air, in order to determine the minimum thickness to
achieve a complete perforation of the sample, aiming to create a regular 350-micrometer
diameter macropore system with a rectangular geometry and high accuracy. Some examples
of the fabricated RC and LM scaffolds are shown in Figure 2. Both presented the benefit of
moderate temperature treatment when using these types of biomaterials for biomedical
applications, considering that sterilization treatments involve temperatures lower than
130 ◦C.
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Figure 2. Optical images of 3D macropore structures. (a) SG40TCP60-RC scaffold, manufactured by
robocasting and (b) SG40TCP60-LM, fabricated by laser micromachining (2-millimeter thickness).

The SEM micrographs in Figure 3 show the structure and organization of both RC
and LM scaffolds at low and high resolution. As observed in Figure 3a,b, the cylindrical
cross-sections of the rods remained almost unchanged after extrusion. Therefore, no layer
collapsing was observed, and the RC scaffolds maintained their predesigned 3D structure,
exhibiting an interconnected macroporosity, according to previous investigations [61,62].

Otherwise, the resulting macropore system introduced by laser machining through
a massive SG40TCP60 monolith composite can be seen in Figure 3c,d. Figure 3c shows a
cross-sectional view of the cylindrical holes with 350.8 ± 16.6-micrometer diameter oriented
parallel to the cylinder axes, whose centers are regularly spaced by 1312.0 ± 23.0 µm, created
by laser ablation on a 1 cm2 flat surface of a 2 mm thick rectangular composite specimen.
Moreover, Figure 3d shows the axial-section of the cylinder holes, passing through and
maintaining its diameter along the entire thickness. This procedure is preliminary research
of a deeper investigation in which the progression of the porosity through thicker specimens
as well as its interconnection is under development.

Figure 3e,f provide visual clues about the surface texture of the solid phase. It appears
to consist of agglomerates of ceramic microparticles, embedded by a thin film of silica–
gelatin hybrid polymer wetting the contact surfaces between ceramic particles, presumably
filling and sealing the interparticle pore walls and, therefore, provoking pore blocking
effects in the characteristic micro-mesoporosity of this type of gel. This structure agrees
with the physisorption results.
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which a system of parallel cylindrical pores by the ablation of material was produced. A 
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level. 

Figure 3. Micrographs show upper scaffold surfaces taken by SEM prepared from: (a) robocasting
(RC) and (c) laser micromachining (LM). Images (b,d) were made using a confocal microscope
and correspond, respectively, to cross-sectional areas of rods obtained by robocasting and axial-
section area of the cylindrical pore cavity created by laser ablation (cylindrical surfaces); (e,f) SEM
magnifications of the cylinder rod RC scaffold surface previously shown in Figure 3a.

2.2. Physical and Textural Characterization

RC and LM 3D scaffolds were fabricated displaying negligible volume shrinkage (see
Figure 2) using the same hybrid sol-gel paste composition. Therefore, the macroporous
interconnected structure of the RC scaffold fabricated by the deposition of perpendicular
layers of parallel rods was preserved with minimal deviations from its respective CAD
design. The same observation applies for the LM scaffold under laser processing, for which
a system of parallel cylindrical pores by the ablation of material was produced. A highly
uniform surface microstructure of both RC and LM scaffolds was observed by SEM (see
Figure 3), confirming the homogeneity of the scaffold skeleton at the microstructural level.
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The apparent densities for the RC and LM scaffolds were calculated from geometric
measurements and similar results were observed: 1.00 ± 0.01 g cm−3 for RC scaffolds
and 1.11 ± 0.01 g cm−3 for LM scaffolds. Otherwise, the skeletal density measured by
He pycnometry for an SG40TCP60 cylinder monolith was 1.97 ± 0.31 g cm−3, which
underestimates by 20% the value determined by the rule of mixtures, bearing in mind the
composition of the resulting material: 40 wt% [SiO2 Gelatin (40 wt%)] and 60 wt% β-TCP.
This result revealed the existence of a closed non-connected porosity within the material
in the micro-mesopore range. As a consequence, the total open porosity of the samples
calculated from Equation (1) was 50 ± 5% for the RC scaffolds and 44 ± 4% for the LM
scaffolds.

N2 physisorption experiments revealed some microstructural features of the SG40TCP60
material used for scaffolding. According to IUPAC classification, the sample exhibited re-
versible Type II isotherm, characteristic of macroporous or non-porous solids, as observed in
Figure 4. The corresponding curve shape is attributed to unrestricted monolayer–multilayer
adsorption up to high p/p0, while the thickness of the adsorbed multilayer normally devel-
ops an apparent increase without limit when p/p0 = 1 [63]. This type II N2 isotherm usually
displays a similar form over a wide range of multilayer coverage. However, differences
arising in the curvature can be attributed to a significant overlap of monolayer coverage and
multilayer adsorption, caused by the simultaneous presence of both high- and low-energy
surface sites [64]. As a result, the N2 adsorption process in SG40TCP60 can be described
in terms of the BET parameter C data collected in Table 1. Consequently, higher values of
C (~80–120) reveal that the adsorption process on energetic surfaces is predominant and
the nitrogen monolayer is completed at low p/p0 [63]. By contrast, low-energy adsorbents
exhibit lower C values reflecting an appreciable monolayer–multilayer overlap [64]. These
situations apply in the case of SG40TCP60, with a C value becoming even negative and,
therefore, meaningless, thus invalidating the application of the BET method due to the
difficulty of knowing the specific monolayer capacity. Special attention has been given by
other authors to the preparation of new gels and composites in the silica–gelatin system,
and the mutual interactions of organic and inorganic components on the formation of the
hybrid network have almost been completely elucidated [65]. Research efforts have been
primarily focused on the preparation of highly silica–gelatin porous materials, including
crosslinkers such as GPTMS, mainly by controlling the sol-gel drying post-processing
steps (supercritical drying) [66,67] or by thorough extraction of gelatin with water from
xerogels [68] without using any crosslinker. In all these cases, specific surfaces in the range
of 400–700 m2g−1 were obtained for gelatin content up to 30 wt%. However, by varying
the pH and processing conditions, xerogels with surface areas as low as 4–6 m2g−1 were
obtained, consisting of silica nanoparticles embedded in a gelatin network [68]. The textural
properties measured for the SG40TCP60 material point in this direction, which means that
both ceramic β-TCP microsized and silica nanosized particles are embedded in a gelatin
percolating network.

Table 1. Bulk density and textural data from N2 physisorption experiments for the SG40TCP60
material used in scaffold manufacture by robocasting and laser micromachining.

Sample
Bulk Density,

ρBulk
(g−1 cm−3)

SBET
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Size
(nm) C (BET)

SG40TCP60 1.11 ± 0.01 2.80 ± 1.30 0.03 ± 0.01 13.0 ± 0.1 <0
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Hence, as a general conclusion, it can be stated that regardless of its content, gelatin
drastically alters the microstructure of the SG40TCP60 hybrid sample during drying in
air by sealing the micro-mesopore distribution, thus provoking a severe reduction in the
pore volume and causing the almost total loss of the specific surface area. The results
and descriptions are consistent with the above-mentioned skeletal density measurements
carried out by He pycnometry.

2.3. Mechanical Characterization

Compressive strength, compressive modulus of elasticity and other aspects of the
stress–compression relationship were investigated by the uniaxial compressive stress on
rectangular prisms obtained by robocasting (SG40TCP60-RC). To evaluate the directional
mechanical strength and to determine the effect of structural compaction on its mechanical
anisotropy, the samples were loaded in two different directions (perpendicular and parallel
to the printing plane), as described in Figure 5a. Figure 5b shows the representative nominal
stress–strain curve from the uniaxial compressive test performed on the perpendicular
loading direction. It consisted of a short linear stage (0–22% strain), followed by load
stabilization (2.0 ± 0.3 MPa) until 30% strain, corresponding to the collapse of the printed
layers. Then, as the structure gets more compacted causing the characteristic pile-up of
layers, the stress–strain curve increases progressively even after very large strains (~70%)
until the whole structure is totally destroyed, and maximum load does not correspond
to the compressive strength. This relationship between the stress and strain is related
to the 3D structure of the scaffold, revealing differences in the mechanism of fracture
and properties reported for similar samples [61], underlining the relevance of this new
fabrication procedure. The inset in Figure 5b shows a representative stress–strain curve
registered in the parallel direction, presenting heterogeneous transfer and distribution of
the applied load, attributed to layer debonding due to a weak structural compaction of the
sample. An abrupt brittle failure behavior at about 1.2 ± 0.3 MPa and 6.7% strain reports
the existence of some mechanical anisotropy between the two loading directions.

In order to determine the mechanical behavior of the bulk samples being subjected to
laser ablation (SG40TCP60-LM), additional compressive tests were also performed on the
SG40TCP60 composite cylinder specimens. A representative stress–strain curve is shown in
Figure 5c for test specimens of cylindrical geometry (10-millimeter diameter, 20-millimeter
height), thus implementing the ASTM D7012 standard. Typical elasto-plastic behavior of
sol-gel hybrid matrices reinforced with a high content of solid microparticles is displayed,
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where the relatively low compressive strength is provoked by a weak interfacial interaction
between the matrix and the filler. A maximum stress of 3.30 ± 0.3 MPa was observed at
12% strain while Young’s moduli obtained at the beginning of the curve showed marked
stiffening in comparison with the printed sample. Thus, Young’s moduli of 12.7 ± 5.2 MPa
and 18.0 ± 2.7 MPa were estimated for perpendicular and parallel loading directions of the
printed scaffold, respectively, while 56.3 ± 14.5 MPa was observed for the cylinder monolith
sample. Young’s modulus, as well as compressive strength and maximum compressive
strength results of the different mechanical configurations, is reported in Table 2.
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Figure 5. Stress–strain curves from the uniaxial compression test: (a) load directions; (b) SG40TCP60-
RC scaffold in perpendicular and parallel (inset) load directions to the printing plane; (c) SG40TCP60
composite cylinder specimen.

Table 2. Mechanical properties from the uniaxial compression test of the SG40TCP60-RC scaffold and
SG40TCP60 composite cylinder; mean values ± standard deviation (n = 3 in all cases).

Sample Young’s Modulus, E
(MPa)

Compressive
Strength, σ (MPa)

Maximum
Compressive Strain,

ε (%)

SG40TCP60-RC
(Perpendicular) 12.7 ± 5.2 2.00 ± 0.3 * 30 ± 2.2 *

SG40TCP60-RC
(Parallel) 18.0 ± 2.7 1.00 ± 0.3 5.3 ± 0.1

SG40TCP60
composite cylinder 56.3 ± 14.5 3.3 ± 0.3 15.2 ± 2.6

* Compressive strength and maximum strain in the perpendicular direction of the RC sample were taken upon the
collapse of the layered structures.

The scaffold obtained by laser micromachining (2-millimeter thickness) was not tested
in compression because, according to the ASTM D7012 norm, the specimen must have
a diameter of 1 mm to be tested. Hence, the related circular area does not allow for the
creation of a hole size distribution system large enough to be representative of the laser-
ablated scaffold design (350-micrometer diameter hole, whose centers must be spaced by
1015 µm). Nevertheless, further investigation of the laser processing to progress through
thicker specimens would facilitate the measurement of the compressive strength.

2.4. Degradation Behavior in PBS

As bone regeneration is facilitated by the release of calcium and phosphorus ions that
regulates the activation of osteoblasts and osteoclasts, the study of the biodegradation
rates of these biomaterials is of crucial importance in future clinical applications. Figure 6
shows the dependence of the weight loss of the SG40TCP60 material on the incubation
time for over 9 weeks. It occurs in two stages: a relatively fast first step during the first two
weeks of soaking in PBS, where the scaffold exhibited an approximately 40 wt% weight
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loss and a slower second 10 wt% weight loss that took place during the next two weeks.
Following this, the sample weight remained almost constant over the remaining test period
until reaching the end of the test, in agreement with the results reported for similar hybrid
gelatin-based materials [55,69]. This considered, the pH values were monitored over the
same experimental time point as the weight losses, and they are also shown in Figure 6.
As revealed, only small variations in the pH value were observed after the degradation
process, varying from 7.54 at the starting point of the experiment to 7.18 at the end (week 9)
of the test.
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Figure 6. Weight loss (-�-) of the SG40TCP60 material in PBS and pH evolution (-�-) of the solution
for 9 weeks.

The release profiles of Si, Ca and P from the 3D-printed scaffold soaked into the
PBS buffer solution were evaluated using ICP_MS, and their corresponding results are
presented in Figure 7a–c, respectively. A continuous increase in the Si concentration in
time in the buffer medium was observed, from zero to approximately 23 mg L−1, during
7 days of soaking (Figure 7a). This was attributed to a slow hydrolytic erosion process
of the material in contact with the environment. These things considered, the quantified
Si ion concentration release was three times lower than the Si concentration observed
for other mesoporous silica-based hybrid xerogels made without gelatin using a similar
experimental procedure [70]. The results obtained for both Ca and P release were obtained
by subtracting the initial Ca and P concentrations of PBS [71] [3.23 ± 0.30 mg/L (Ca)
and 273.00 ± 6.00 mg/L (P)] from the ICP_MS measurements in the studied mediums
after different immersion periods. The amount of Ca released is presented in Figure 7b,
exhibiting a slight increase from above 0.8 mg L−1, after 24 h of exposure to PBS, up to
1.3 mg·L−1 at the end of the 7th week. Figure 7c shows the release profile of P, revealing a
high dissolution from 0 to above 34 mg L−1 during the first 24 h, then increasing during the
next 24 h up to 38 mg L−1 and remaining almost constant until reaching above 40 mg L−1

at the conclusion of the test procedure.
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Basically, the Si-released ion concentration found in PBS was in good agreement with 
previous reports from silica–gelatin-similar hybrid materials [55], a result that potentially 
enhances osteogenesis [72]. Otherwise, Ca- and P-released concentrations were found in 
a typical range regulated by the small solubility of β-TCP (0.25 mg/L at 25 °C) [73], known 
well as a resorbable bone repair [6]. 
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Figure 7. Profiles of cumulative ion release of (a) Si; (b) Ca; (c) P from the hydrolytic degradation
of the SG40TCP60 material after immersion in PBS for 1 week. Both free Ca- and P-plotted concen-
trations were obtained by subtracting the initial Ca and P concentrations of PBS from the ICP_MS
measurements after different immersion periods.

Basically, the Si-released ion concentration found in PBS was in good agreement with
previous reports from silica–gelatin-similar hybrid materials [55], a result that potentially
enhances osteogenesis [72]. Otherwise, Ca- and P-released concentrations were found in a
typical range regulated by the small solubility of β-TCP (0.25 mg/L at 25 ◦C) [73], known
well as a resorbable bone repair [6].

2.5. Cell Culture

Culture cells were tested on the SG40TCP60 composite cylinder biomaterial in order
to assess the effect on cell viability, cell–biomaterial interactions and osteoblasts growth
and maturation of the base compound used in scaffold manufacturing. Cell viability at

147



Gels 2022, 8, 634

seeding was up to 98%, and no significant apoptotic phenomena were detected either in
the control or experimental groups. The scaffolds were designed to allow and improve
cellular growth and ideally to favor positive interactions between the cells and materials,
leading to the formation of functional tissue for medical purposes [6,74].

Cell live dead viability assays (live dead®) revealed higher percentages of viable
(green) than dead (red) cells after 48 h (see Figure 8). In the osteoblast population, a
majority of cells migrate towards and then adhere to biomaterial, crowding on top while
a few osteoblasts remained adhered to the well bottom. No significant differences with
positive control were observed either in terms of the cell viability or cell density (see
Figure 9).
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Figure 8. Live/Dead staining of HOB® cells after 48 h in culture. Positive controls for control groups
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Figure 9. (a) Quantitative data for live dead assay after 48 h in culture and cell density for experimen-
tal times of (b) 48 h, (c) 72 h and (d) 1 week. One-way analysis of variance. Statistical significance
p < 0.05.
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2.6. Cell Morphology, Cytoskeletal Organization and Focal Adhesion Distribution

The ideal scaffold properties should allow for an adequate microenvironment for cell
attachment, proliferation and differentiation, but also provide an adequate pathway for the
nutrients to approach the cells. Furthermore, the scaffold properties should guarantee an
optimal mechanical support for the cells, together with an adequate control of the degra-
dation rate and absence of cytotoxicity. As described, live dead assays revealed a careful
cell distribution on top and along the SG40TCP60 material pieces (see Figure 8). It was
confirmed that osteoblasts seeded on the scaffolds presented an initial polarization from the
first 24 h, with subsequent cell adhesion and changes in cell morphology compatible with
osteoblast differentiation [44,74–80]. This was confirmed by changes in shape parameters,
mainly those observed in area, roundness and circularity quantifications (Figure 10).

Figure 10. Quantitative data for shape parameters after 48 h. One-way analysis of variance. Statistical
significance p < 0.05.

Immunolabeling for actin cytoskeleton after 48 h revealed that in comparison to
control cells, osteoblasts elongated in the presence of SG40TCP60, while actin cytoskeleton
developed and small focal adhesions became distributed along the cell (Figure 11). After
72 h in culture and in the presence of SG40TCP60, actin cytoskeleton mainly develops in
the periphery with small focal adhesions and filopodial and lamellipodial emissions, while
some cells elongate and some others grow wider. A remarkable number of stress fibers
arise into a well-developed actin cytoskeleton mostly enhanced in the periphery with focal
adhesions widely distributed, predominantly small-sized and located on the tips of stress
fibers. A progressive approach of osteoblasts to the biomaterial was observed with time,
and the material surface appeared to be covered, while cells contacted to neighbors and to
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the material surface. No stress fibers or polarization were found in the control cells. After 1
week in the culture, filopodial emissions were predominant and mature focal adhesions
on the tips of widely distributed and well-developed stress fibers became evident. The
phase contrast mode reveals that osteoblasts, independent of number or size, delicately
distributed on the biomaterial at any experimental time.
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rately controlled pore size (about 350 μm) with interconnected porous structures and neg-
ligible volume shrinkage were thus obtained. In addition, a novel 3D scaffold consisting 
of parallel regularly spaced cylindrical holes of about 350-micrometer diameter created 
on 2 mm thick SG40TCP60 bulk monoliths was successfully fabricated by laser microm-
achining. The method is being researched as an alternative manufacturing method for 3D 

Figure 11. HOB® Osteoblasts growing in the presence of the SG40TCP60 biomaterial. Images acquired
in the confocal microscope in the fluorescence (upper row) and Nomarski mode (mid row). In red:
actin cytoskeleton immunolabeled with rhodamine phalloidin, in green: vinculin immunolabeling for
focal adhesions and in blue: DAPI-labeled nuclei. Representative images of control groups growing
on glass are shown in the lower row. Scale bar equals 20 µm.

3. Conclusions

A novel biocompatible 3D scaffold was successfully fabricated by robocasting using a
sol-gel paste ink, consisting of 60 wt% β-TCP powder dispersed in a silica/40 wt% gelatin
hybrid matrix (SG40TCP60), undergoing an irreversible gelling process. The printing proce-
dure was performed without needing to incorporate chemical additives, which simplifies,
to a great extent, the overall printing process. Moreover, the technique is adaptable enough
to allow ink formulation from a broad range of materials, just by adjusting its gelation time
and selecting an appropriate rheology of the resulting sol-gel paste because the processing
is performed at room temperature. SG40TCP60 3D scaffolds with accurately controlled pore
size (about 350 µm) with interconnected porous structures and negligible volume shrinkage
were thus obtained. In addition, a novel 3D scaffold consisting of parallel regularly spaced
cylindrical holes of about 350-micrometer diameter created on 2 mm thick SG40TCP60
bulk monoliths was successfully fabricated by laser micromachining. The method is being
researched as an alternative manufacturing method for 3D structures from a variety of
sol-gel materials. The compressive behavior of the laser-assisted scaffold was found to be
in the range of the trabecular bone of similar skeletal density, with significant mechanical
anisotropy in the case of the robocasted scaffold. Moreover, the SG40TCP60 biomaterial
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underwent in vitro biodegradation, and the release of Si, Ca and P ions to the free medium
while its osteoblast response demonstrated that it is composed of a biocompatible material.
In addition, and for clinical use, these scaffolds are easily sterilizable and their 3D architec-
ture facilitates cell attachment, proliferation and initial markers of differentiation such as
morphological changes and stress fiber and focal adhesion development. Further studies
are needed to discern how the surface topography could influence osteoblast response in
the culture for personalized scaffold design.

4. Materials and Methods
4.1. Materials

Tetraethylortosilicate (TEOS, 99%) and hydrochloric acid (HCl) (37%) were purchased
from Alfa Aesar (Haverhill, MA, USA). Gelatin (from porcine skin, Type A, gel strength
300) and 3-glycidoxypropyltrimethoxysilane (GPTMS, >98%) were both purchased from
Sigma Aldrich (St. Louis, MI, USA). Microsized β-tricalcium phosphate (Captal β-TCP, 2.0
µm average particle size) was purchased from Plasma Biotal Ltd. (Buxton, Derbyshire, UK).
Ethanol absolute (99.5%) was purchased from Panreac (Spain). HOB® human osteoblasts,
foetal calf serum and Osteoblast Growing Medium were purchased from Promocell (Heidel-
berg, Germany). PBS, methanol, Triton x-100, bovine serum albumin, paraformaldehyde,
rhodamine phalloidin and monoclonal anti-vinculin FITC conjugate were all acquired from
Sigma, (St Louis, MI, USA) and Hard Set Vectashield with DAPI ® from Vector (Burlingame,
CA, USA).

4.2. Scaffold Fabrication

In Figure 12, a flow chart summarises the process used in the scaffolds fabrication.

4.2.1. Preparation and Characterization of the Silica/Gelatin/β-TCP Sol-Gel Ink for
Robocasting

A gelatin solution in 80 ◦C distilled water (100 mg mL−1) was prepared under vigorous
agitation for 10 min. After cooling at room temperature, functionalization of gelatin was
promoted by reaction with GPTMS to give a molar ratio of 750 with respect to gelatin.
The silica sol was obtained separately by mixing TEOS with a stoichiometric quantity of
acidified water (HCl, 0.1 N) to obtain a transparent silica sol. Next, both gelatin-GPTMS
and TEOS solutions were mixed and homogenized to produce silica/gelatin hybrid sol
matrices, labeled as SGx, with x = 20, 40 and 60 wt% gelatin content. All chemical reactions
were carried out at room conditions with mechanical stirring. The gelation time of SGx
gels decreased from 60 to ~5 min with increasing gelatin content from 20 to 60 wt%,
respectively. Therefore, given that the setting time and rheological properties are critical
for the direct writing process, the SG40 hybrid was considered to exhibit the best value
of gelation time desirable for successful printing (~30 min), while SG20 and SG60 with,
respectively, longer or shorter gelation times were not used in the ink formulation. Next,
three different microsized β-TCP high powder contents (40, 50, 60 wt%) were added to the
selected SG40 hybrid sol, until three different solid suspensions were obtained, named as
SG40TCP40, SG40TCP50 and SG40TCP60, which were placed in a planetary centrifugal
mixer (ARE-250, Thinky Corp., Tokyo, Japan) for 5 min to obtain stable homogeneous solid
suspensions. Next, the rheological characterization of the suspensions was performed at
room temperature, and the best composition for the ink formulation was selected. The
apparent viscosities of the three hybrid pastes prior to aging and gelation were measured
with the Discovery HR10 rheometer (TA instruments, USA), using a cone-plate geometry
and a gap of 50 µm, for shear rates ranging from 1 to 100 s−1 at 25 ◦C. All measurements
were conducted in triplicate.

4.2.2. Fabrication of Silica/Gelatin/β-TCP Hybrid Scaffolds by Robocasting

The optimized ink (SG40/β-TCP 60 wt%, as detailed in Section 2.1) was introduced
into the printing syringe and then placed on the three-axis motion stage of an A3200 robotic
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deposition device (Aerotech/3D inks, Stillwater, OK, USA), which was controlled by a
computer-aided direct-write program (Robocad 3.0, 3-D Inks, Stillwater, OK). Deposition
of the ink was carried out by extrusion of filament rods layer-by-layer at room temperature
with a speed of 20 mm s−1, using a conical nozzle with a tip diameter of 600 µm. The
scaffolds were created from a CAD model using a control software (RoboCAD 4.1, 3D
inks LLC, OK, USA) and consisted of a 10 × 10 mm2 squared base, where the distance
between filaments was 400 µm. The model comprises 5 layers, always rotated 90◦ from the
previous one, with a distance between layers of 480 µm. Deposition was performed in a
paraffin oil bath to prevent non-uniform drying during assembly, while the hybrid paste
underwent chemical polymerization to produce solid composite filament rods. This way,
a 3D scaffold was obtained, as described in Figure 13a. The resulting sample, labeled as
SG40TCP60-RC, was dried in air at room temperature for 24 h and then at 100 ◦C for 48 h to
evaporate organics. Given that the viscosity of the ink increased in time due to the sol-gel
condensation and that gelation is the mechanism associated with the shape retention and
solidification of the 3D-deposited structures, a 30-minute printing window interval, as
found for the SG40 hybrid matrix, was considered long enough to perform the robocasting
procedure.
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Figure 12. Schematic showing the different processing methods used to prepare SG40TCP60 3D
sol-gel-derived scaffolds by robocasting (RC) and laser micromachining (LM). The last-mentioned
scaffold was fabricated by laser irradiation of the corresponding monolith composites, which in turn
were obtained by solvent casting of SG40TCP60 ink, followed by evaporative drying, (y = 60 wt%
represents the β-TCP content for the optimized ink composition according to rheological studies.)

4.2.3. Fabrication of Silica/Gelatin/β-TCP Hybrid Scaffolds by Laser Micromachining

The sol-gel slurry was allowed to polymerize at room temperature in hermetically
closed plastic containers, where gelation took place in about 30 min. The resultant gel was
aged for 1 week and then dried by evaporation at 50 ◦C for another 48 h to obtain the related
SG40TCP60 monolith composite to be used as the solid target for laser irradiation. Next,
laser micromachining of the composite surface was conducted in the lasing processing
laboratory of the Condensed Matter Physics Department of the University of Cadiz by using
a commercial high repetition rate pulsed laser model Carbide CB3-40W of light conversion
(nominal pulse energy beam (Ep) of 38 µJ, changeable pulse width (τp) from 190 fs to 10
ps, an adjustable repetition rate from one single pulse to 1 MHz) equipped with a Carbide
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harmonics module to generate ultrashort laser pulses with variable wavelength in the
range between 1035 nm and 343 nm. This laser system was equipped with galvanometric
mirrors, which allowed the movement of the laser radiation along the surface of the target;
a mechanical Z-axis that allowed the position of the laser beam focus to be modified with
respect to the surface of the sample. This laser device was controlled with a CAD-like LS-
PRO software, which allows a precise control of the laser working parameters. In these laser
micromachining, the laser beam was incident perpendicular to the longitudinal section of a
10.0 mm × 10.0 mm × 2.0 mm composite rectangular prism in order to generate a pattern
of cylinders 350 µm in diameter, whose centers were separated by 1050 µm. To perform
this, the laser working parameters were established at: 343 nm (UV) for the pulse laser
wavelength, 38 µJ for the average laser pulse energy (0.76 W of beam power), 20 kHz for
the pulse repetition rate, 220 fs for the pulse width and 10 mm·s−1 for the scanning speed.
In order to drill through the whole thickness of the rectangular prism, the pattern was
repeated 3 times in the same spot, and then, the Z-axis was lowered 150 µm. A geometrical
model of the perforated monoliths, labeled as SG40TCP60-LM, is shown in Figure 13b.
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Figure 13. Design section views of the scaffold shapes and its corresponding pore structure: (a) layer-
by-layer of the interconnected macroporous pattern planned by using robocasting; (b) arrangement of
the cylindrical holes for a macroporous structure generated by applying laser ablation in a rectangular
prism monolith composite. All dimensions are presented in mm.

4.3. Characterization Techniques

Physical, textural and mechanical properties as well as biodegradation and biological
responses were investigated for the SG40TCP60 composition optimized for extrusion.

The bulk density (ρBulk) was obtained by measuring the dimensions with a sliding
caliper and the mass with a microbalance (precision of ±0.1 mg). In addition, the skeleton
density (ρSkel) of the SG40TCP60 monolith composite was measured using helium pycnom-
etry, according to method described by Weinberger et al. [81], so that the porosity of the
scaffolds (ε) could be estimated from Equation (1). Values were obtained from the average
of three replicates.

ε =

(
1 − ρBulk

ρSkel

)
× 100 (1)

Specific surface area, pore volume and pore size were investigated using nitrogen
physisorption experiments, considering BET and BJH standard models for the analysis. A
Micromeritics ASAP2010 working at 77 K and equipped with a pressure transducer with
resolution of 10−4 mm Hg was used for the analysis.

The mechanical behavior was characterized through uniaxial compression tests in sam-
ples obtained by robocasting (SG40TCP60-RC) using as-printed right-angled prisms with
10 × 10 × 5 mm3 dimensions as test specimens, according to ASTM D7012 standard [82].
Compressive loads were applied in the direction perpendicular and parallel to the printing
plane of the RC samples. The compressive strength and maximum strain were computed
from the maximum stress and deformation before the fracture of the sample, and the
Young’s modulus was obtained from the slope at the beginning of the stress–strain curve.
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For comparison, the compressive behavior of the SG40TCP60 cylinder-shaped monoliths
(18.00-millimeter height and 10-millimeter diameter) was also examined. All the tests were
conducted in air with a Shimadzu AG-I Autograph 5 kN using a load cell of 500 N within a
±1% of the indicated test force at 1/250 load cell rating and a constant crosshead speed of
0.1 mm min−1. For each testing condition, a minimum of 3 samples were examined.

4.4. Biodegradation

The in vitro biodegradation study of the SG40TCP60 material was performed in phos-
phate buffer saline (PBS; pH 7.4), an effective physiological buffer with pH, osmolarity and
ion concentrations similar to human plasma [83–85]. The weight loss of the samples was de-
termined gravimetrically at room temperature, using a microbalance (precision of ±0.1 mg).
The pH time-dependence of the PBS-incubated solution was also monitored using a pH
meter probe (HACH sensIONTM + pH = 3, with pH resolution of 0.01). Basically, printed
samples were cut with a sterile scalpel knife and then immersed in PBS (10 mg mL−1)
under physiological conditions at 37 ◦C. In the next stage, samples were removed from
buffer media weekly and then weighed after wiping off any liquid on the surface. Likewise,
the pH of the incubated solution was recorded. Last, samples were immersed again to
continue with the degradation test in a totally refreshed PBS solution. This procedure was
repeated over 9 weeks of incubation period, and the weight loss time-dependence was
calculated according to Equation (2), as follows:

Weight loss (%) =
(Wi − Wt)

Wi
× 100 (2)

where Wi and Wt are the weights of the samples before and after the degradation experi-
ment, respectively, determined at regular intervals of 1 week.

In addition, to provide a more detailed picture of the biodegradation process, the
concentrations of accumulated of Si, Ca and P ions in the incubated PBS solution were also
measured. The corresponding ion release profile analysis was performed by inductively
coupled plasma mass spectrometry with an ICP-MS mass spectrometer, Series X2, Thermo
Elemental. The ion concentrations were quantified by collecting 4-milliliter aliquots of
the scaffold/PBS-incubated solution (1 mg mL−1), at intervals of 12 h, 24 h, 48 h, 72 h,
120 h and 168 h after starting the experiment and without refreshing solution. The aliquot
parts were filtered with a 0.45-millimeter Millipore membrane filter, subsequently placed
in plastic vials to prevent any type of contamination and stored at 4 ◦C until the ICP-MS
analysis. Weight loss, pH and Si, Ca and P ion-released concentrations were calculated
using the average of all triplicates of the samples.

4.5. Cell Culture

HOB® cells were seeded, under sterile conditions, on the preselected scaffolds. Os-
teoblasts were detached when the optimal confluence was reached, then counted to optimal
cell density and studied for cell viability in an automated Luna® cell counter, Invitrogen.
All experiments were performed with cells under ten population doublings. In order to
achieve optimal sterilization of the biomaterials prior to cell seeding, a clinically standard-
ized autoclave (under European standard DIN EN ISO 13060 recommendations for class B
autoclaves) was employed. Sterilized samples were placed on Mattek® glass bottom wells
in a laminar flow chamber. A drop of 50 µL of cell suspension containing 15,000 HOB®

cells/cm2 was then added to each sample and then kept for 30 min under incubation at
37 ◦C and 5%. Afterwards, wells were filled with supplemented OGM® (final concentration
of 0.1 mL/mL of fetal calf serum). Experiments were performed at 37 ◦C and 5% CO2. The
growth medium was changed every two days. Experimental groups included: SG40TCP60
sample and HOB® cells grown on glass under the conditions before mentioned, used as the
control.
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4.6. Live/Dead Cell Assay

In order to evaluate the viability/cytotoxicity of HOB cells grown on SG40TCP60
sample and also in the controls, live /dead cell assay was performed as follows: after being
incubated for 48 h, the cell/scaffold constructs were twice PBS-rinsed and then exposed to
calcein-AM (0.5 µL/mL) in PBS to display the live cells and then to ethidium homodimer-1
(EthD-1) (2 µL/mL) in PBS to display dead cells, correspondingly. The samples were
then observed in the fluorescence and Nomarski modes of a Leica DMLI LED inverted
microscope.

4.7. Cell Morphology and Spreading

Cell morphology, alignment, distribution and spreading of osteoblasts were daily
assessed after examination with the phase-contrast microscope and at the end of any
experimental period. Furthermore, the Nomarski mode of both fluorescence and confocal
microscopes was combined with the fluorescence mode to assess the simultaneous imaging
of both the material and growing cells.

4.8. Actin Cytoskeletal Organization

Rhodamine-phalloidin and vinculin immunolabeling was performed after incubation
for 48 h, 72 h and 7 days in order to assess cytoskeletal changes and focal adhesion devel-
opment. Briefly, cells were washed with prewarmed PBS, keeping pH to 7.4 and fixing the
constructs with paraformaldehyde (3.7%) at room temperature, and then permeabilized
with 0.1% Triton x-100. After twice washing, preincubation with 1% bovine serum albumin
in PBS for 20 min was performed, prior to cell immunolabeling with rhodamine phalloidin
for 20 min. Then, samples were rinsed twice with prewarmed PBS prior to Vectashield
® mounting. At least five samples were seeded and analyzed per experiment and exper-
imental group: SG40TCP60 sample and control. HOB® cells grown on glass under the
conditions above-mentioned were used in the last case.

4.9. Confocal Examination

An Olympus confocal microscope was employed to assess the surface influence on the
following parameters: cell density, cytoskeletal features and organization, focal adhesion
distribution and changes in cell morphology. A total of 50 cells per sample were analyzed
at least in each group, for a time interval not higher than 5 min to avoid photobleaching
using a pinhole of 1 Airy unit.

4.10. Image Analysis

Sample images were collected as frames obtained at 40x magnification at a resolution
of 1024 × 1024 Image J software (NIH, http://rsb.info.nih.gov/ij, accesed on 9 October
2020) was used for image processing. Shape variables analyzed were: area, roundness,
circularity, perimeter and aspect ratio. A minimum of 40 regions of interest (ROIs) were
measured under the following criteria: clear identification of nucleus, well-defined limits
and absence of intersection with neighboring cells. All experiments were repeated in
triplicates. Data were analyzed with SPSS and expressed as the mean ± standard deviation.
After confirmation of normality and homoscedasticity, a one-way analysis of variance,
Brown–Forsythe and Games-Howell tests were employed to assess the difference between
the mean values. Statistical significance was defined as p < 0.05.
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Abstract: In this work, calcium magnesium silicate ceramics were processed through the sol–gel
method in order to study the crystalline and morphological properties of the resulting materi-
als in correlation with the compositional and thermal parameters. Tetraethyl orthosilicate and
calcium/magnesium nitrates were employed as sources of cations, in ratios specific to diopside,
akermanite and merwinite; they were further subjected to gelation, calcination (600 ◦C) and thermal
treatments at different temperatures (800, 1000 and 1300 ◦C). The properties of the intermediate
and final materials were investigated by thermal analysis, scanning electron microscopy, energy
dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, X-ray diffraction and Rietveld
refinement. Such ceramics represent suitable candidates for tissue engineering applications that
require porosity and bioactivity.

Keywords: silicates; diopside; akermanite; merwinite; sol–gel; tissue engineering

1. Introduction

One of the most recent challenges for researchers in the scientific field is obtaining
new biomaterials for tissue engineering. In this sense, bioceramics based on calcium
magnesium silicates are increasingly studied, following their use in medicine due to
their properties, such as high biocompatibility, bioactivity and biodegradability [1–3],
superior mechanical properties [4–6] and appropriate degradability rate [7–9], being often
compared with calcium silicates (CaSiO3) and calcium phosphates (Ca3(PO4)2) [10]. The
class of calcium silicates also includes the ceramic components of the ternary system
CaO–SiO2–MgO [11–13], such as diopside (CaMgSi2O6), akermanite (Ca2MgSi2O7) and
merwinite (Ca3MgSi2O8). Their multifunctional properties recommend them as candidates
for the development of materials suitable for the treatment of bone tissue injuries, as
well as its regeneration [12–17]; this is due to Ca and Mg ions [1,18] that promote the
process of mineralization through apatite deposition [3,19] and enhance cell proliferation
and differentiation [1,20,21]. Some researchers prepared larnite and rankinite through the
sol–gel combustion method [22], but also monticellite and diopside from eggshell waste via
the combustion route [23], with good results in terms of mechanical strength, bioactivity,
antibacterial activity, as well as cell adhesion, proliferation and differentiation. Sodium
calcium silicate is another bioactive ceramic that was synthesized by the combustion
technique and whose bioactivity was found to be rapid when compared with that of
calcium silicates and calcium magnesium silicates [24].

There are several methods of preparing these silicates, such as sol–gel route [25,26],
solid-state reaction [27–29], co-precipitation approach [10,30], and the spray pyrolysis
technique [31,32], but the most used and the simplest one is the well-known wet-chemistry
protocol that involves the transition from a sol to a gel, subsequently completed by a
thermal treatment [32,33]. Sol–gel is a method that starts by mixing some precursors,
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either salts or alkoxides [34], continues with the pH adjustment and ends up with the
achievement of a homogeneous and stable solution, which will undergo hydrolysis and
gelation processes [7]. Usually, after the maturation stage of the transparent gel, a heating
program is applied, determining the formation of predominantly white powders [35]. The
main advantages of the sol–gel technique are the morphological control and good adhesion
during deposition of thin films [30,33,36], as well as the uniform mixing of the precursors,
which leads to the obtaining of homogeneous products at low temperatures [37] and,
in addition, the powders when processed in such a way can be further sintered at high
temperatures [38].

Recently, it was reported that diopside powder synthesized through the sol–gel
method, followed by calcination at 950 ◦C, consists of particles with sizes ranging be-
tween 22 and 38 nm [39]. In the case of merwinite prepared by the sol–gel technique, at
calcination temperatures of 850 or 1400 ◦C, the particle dimensions were between 25 nm
and 3.5 µm [19,40]. By applying the same approach for akermanite, but with calcination at
1300 ◦C, values belonging to the 5–40 µm range were obtained [41].

Various papers showed that the field is also developing in the direction of doping
these silicates with different types of oxides containing Sr, Zn, Cu, Ti, Zr, etc. metal ions
to give them superior or new properties [8,28,42,43]. It was demonstrated that diopside,
akermanite and merwinite powders can be integrated in composite scaffolds together with
other materials, thus forming biomaterials such as: diopside/PLA [16], diopside/PCL [44],
diopside/graphene [45], diopside/silk [46], akermanite/PLA [47], akermanite/PGLA [14],
merwinite/PLGA [17], merwinite/PCL [48]. Likewise, many studies confirmed the ability
of these three silicates to trigger the formation of a surface bone-like apatite and the high
rate of biodegradability during exposure to biomimetic environments for several days. In
the case of diopside and akermanite, it was observed that apatite crystals increase with
soaking time (from 9 to 28 days) [5,10,49]; the significant increase in the content of Ca, Mg
and Si ions in the simulated body fluid solution after immersion for 28 days indicated that
merwinite can be hydrolyzed fast, providing a connection with the living bone and a high
biodegradability [50].

Considering the great potential of calcium magnesium silicates in the field of medical
applications, especially for the development of bone tissue substitutes or bone defect fillers,
in this study, three different systems were designed starting from the compositions of
diopside, akermanite and merwinite and subsequently produced in the form of thermally
treated ceramic powders. These were characterized from multiple perspectives with
the purpose of understanding the effects of different calcium content, which increases
in the series: diopside < akermanite < merwinite. Both morphology and mineralogical
composition were correlated with the processing parameters.

2. Results and Discussion

According to the definition of the sol–gel method, it implies the primary preparation
of solutions or suspensions that are further processed in order to ensure the hydrolysis and
polycondensation/polymerization of the constituent entities, followed by the occurrence of
bridging oxygens and finally the formation of a three-dimensional structure with increasing
viscosity as the gel ages; the latter is able to embed a large quantity of solvent, which opens
new perspectives towards its subsequent processing. Thus, the gel can be converted into
particles, fibers, film or scaffold. Moreover, the solvent content can be removed in a slow
or fast manner, allowing completely different morphologies to be reached. Overall, the
sol–gel approach ensures the obtaining of oxide powders with complex composition, high
purity, increased homogeneity and last, but not least, small particle size.

2.1. Gels Characterization

In the first part, three gels with compositions specific to Dy, Ak and Mw were obtained.
These were transparent and bulky immediately after gelation, but white, contracted and
cracked after drying. Small amounts of ground gels were subjected to complex thermal
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analysis, the resulting curves being available in Figure 1. Analyzing comparatively the
thermogravimetric behavior (WL), it can be stated that the highest weight loss corresponds
to Mw, namely 66%, followed by Ak with 64% and Dy with 60%. This can be explained
based on the quantity of calcium nitrate added to the precursor solution, which increased in
the series: Dy < Ak < Mw. As well, the mass loss is mainly recorded below the temperature
of 600 ◦C, since the gas-generating components are taken out by volatilization, burning or
decomposition at such temperatures [51]. After this value, the solid-state reactions take
place and the reduction was insignificant (3–5%), which led to the selection of 600 ◦C as
the calcination temperature. Otherwise, the general features revealed by this investigation
technique are quite similar for all three specimens, with small shifts or variations in intensity
that do not change the general appearance.
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Figure 1. Complex thermal analyses of the dry gels corresponding to: diopside (Dy), akermanite
(Ak) and merwinite (Mw) compositions. WL represents weight loss, DrTGA is the derivative
thermogravimetric analysis and DTA stands for differential thermal analysis.

According to the DrTGA curves, there are four weight loss stages, highlighted by the
function minima. Moreover, DTA curves indicate at least three endothermic processes and
an exothermic one below 600 ◦C, if we do not take into account the shoulders or the peaks
with low intensity. The first stage of mass loss occurs between 40 and 170 ◦C, which is
associated with an endothermic process, probably attributed to the removal of residual
solvents or adsorbed water. The second stage of mass loss takes place between 170 and
300 ◦C, which is linked with an endothermic process, mainly the elimination of chemically
bound water (dehydration of recrystallized nitrates and their incipient decomposition). The
third stage of mass loss occurs between 300 and 420 ◦C and is associated with an overlap
of endothermic and exothermic processes, which could indicate the first phase of nitrate
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decomposition and the organic residue burning. The last stage of mass loss takes place
between 420 and 600 ◦C and is linked with an endothermic process, certainly due to the
completion of nitrate decomposition. At higher temperatures, between 600 and 800 ◦C,
several weight variations occur, presumably generated by the accidental carbonation of
some species in the sample with CO2 from the atmosphere, resulting in compounds that
are weakly crystalline and decarbonate in this temperature range [52,53].

Figure 2 shows the SEM images captured on the dry and ground gels with com-
positions specific to Dy, Ak and Mw. Irregularly branched formations with a specific
morphology of polymeric material are visible; these consist of blocks with sizes between 5
and 50 µm. In places, granular entities embedded in a continuous matrix, uniform in size,
can be detected. No important differences are discernible from one specimen to another
because the morphology is induced at this stage by the 3D skeleton built on the oxy-
gen bridges (Si–O–Si) arising after the hydrolysis and polycondensation/polymerization
processes, with Ca and Mg ions trapped in this gel matrix.
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Figure 2. SEM images of the dry gels corresponding to: (a) diopside, (b) akermanite and (c) mer-
winite compositions.

2.2. Ceramics Characterization

In the second part, the gels were calcined at 600 ◦C in order to remove the gas-
generating constituents and possibly attain a preliminary crystallization of the silicate
compounds. Afterward, the calcined powders were subjected to a second thermal treatment
with the aim of studying the phase composition evolution at higher temperatures (800,
1000 and 1300 ◦C) and the implications of different calcium content. The morphology of the
samples with compositions specific to Dy, Ak and Mw is displayed in Figures 3–5. The SEM
images at different magnifications evidence the presence of nanoparticles, which appear in
the form of agglomerates with sizes between 1 and 5 µm in the case of calcination at 600 ◦C;
in the second image in each case, individual particles with quasi-spherical shape, an average
diameter of 25 nm and narrow size distribution can be identified. The temperature increase
to 800 or 1000 ◦C leads to a different microstructure, in which the particles built sponge
structures, having thin walls and encapsulating large pores. The maximum temperature
(1300 ◦C) causes partial sintering of the powder, resulting in consolidated blocks with a
high percentage of open porosity, especially in the case of Mw composition. Otherwise,
the growth of particle/grain dimension with temperature increase is obvious, but also the
distinct aspect of Ak-1300 and Mw-1300 samples: the first one presents well-packed faceted
robust grains, while the second one consists of perfectly joint round grains of different sizes.
Thus, the superior temperature promotes material diffusion and enables the initiation of
sintering with positive repercussions on the mechanical properties of a material that works
under permanent loads.
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at: (a,b) 600 ◦C; (c,d) 1000 ◦C; and (e,f) 1300 ◦C.
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on the sample’s surface before microscopy so that the quality of SEM images is high. The 
powders underwent a thermal treatment, which eliminated the gas-generating compo-
nents, leaving clean EDX spectra; the presence of C and N is noticeable only for the gels 
due to the use of an alkoxide and two nitrate-type precursors. 

Figure 5. SEM images of the ceramics corresponding to merwinite composition, thermally treated at:
(a,b) 600 ◦C; (c,d) 1000 ◦C; and (e,f) 1300 ◦C.

The EDX spectra registered on the gels and powders provide information about the
chemical elements present in each sample. Figure 6 centralizes all the data corresponding
to the compositions of Dy, Ak and Mw. Maxima specific to all elements of interest (Ca,
Mg, Si and O) can be observed, but also differences in intensity, probably related to local
inhomogeneities. The presence of Au is justified by the deposition of a conductive layer
on the sample’s surface before microscopy so that the quality of SEM images is high. The
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powders underwent a thermal treatment, which eliminated the gas-generating components,
leaving clean EDX spectra; the presence of C and N is noticeable only for the gels due to
the use of an alkoxide and two nitrate-type precursors.
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Figure 6. EDX spectra of the dry gels and ceramics corresponding to: (a) diopside; (b) akermanite;
and (c) merwinite compositions.

Figure 7 shows the FTIR spectra obtained on the gels and powders with compositions
of Dy, Ak and Mw. Within the gels, the broad band located at around 3370 cm−1 is
attributed to the stretching vibrations of adsorbed and bound water and OH− groups,
while the narrow one placed at around 1630 cm−1 is assigned to the bending vibrations
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of water. According to the scientific literature, around the values of 1450, 1050, 820 and
740 cm−1, the asymmetric and symmetric stretching, as well as the out-of-plane and in-
plane bending vibrations of C–O bonds from CO3

2− groups, can be observed [33]; these
were generated through the contamination with atmospheric CO2 during synthesis. The
sharp band associated with the symmetric stretching vibrations of NO3

− groups originating
from the nitrate-type precursors introduced into the precursor solution can be found around
1300 cm−1 [33].
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It is well-known that the signals of Si–O bonds can be identified in the range of
800–1100 cm−1. If, in the FTIR spectra of the gel, there are two wide and low bands centred
at around 1080 and 950 cm−1, associated with the stretching vibrations of Si–O–Si bonding,
the situation is different in the FTIR spectra of the thermally treated ceramics: both Si–O–Si
and Si–O bonding are visible, integrated into a complex band with multiple peaks; more
precisely, antisymmetric and symmetric stretching vibrations of Si–O–Si bridging oxygen
bonds in SiO4

4− tetrahedra, as well as Si–O–Ca and Si–O–Mg non-bridging oxygen bonds
overlap and give rise to a broad and jagged band [53,54]. In the case of the signals that
emerged below the value of 600 cm−1, the fingerprints of O–Ca–O and O–Mg–O bonding
can be identified as bending vibrations at 510 and 540 cm−1, respectively; Mg–O contribu-
tion is sometimes integrated into Ca–O contribution or detected as a shoulder [55,56]. The
bands seem to be better defined, with well-separated maxima when it goes from Dy to Ak
and then to Mw, in strong correlation with the particularities of the crystalline structure
and degree of ordering.

The mineralogical composition and type of crystalline structure were investigated
with the help of XRD analysis. The corresponding XRD patterns are shown in Figure 8,
for all three compositions (Dy, Ak and Mw). In the case of Dy, the evolution is obvi-
ous from the gel stage to the powder thermally treated at 1000 ◦C. Thus, the gel con-
tains calcium nitrate (Ca(NO3)2, cubic crystal system, ICDD 00-007-0204) recrystallized
from solution and different types of ordered silicon dioxide (SiO2, tetragonal crystal
system—ICDD 00-081-1666, hexagonal crystal system—ICDD 00-083-2471, etc.), which
turn into a less crystalline mass after calcination at 600 ◦C; the last mainly consists of
a type of diopside (CaMgSi2O6, monoclinic crystal system, ICDD 00-083-1821) and a mix-
ture of dicalcium silicates (Ca2SiO4, monoclinic crystal system—ICDD 00-083-0464 and
orthorhombic crystal system—ICDD 00-083-2457). The heating at 800 ◦C promotes the crys-
tallization of all three calcium magnesium silicates: another type of diopside (CaMgSi2O6,
monoclinic crystal system, ICDD 00-083-1817), akermanite (Ca2MgSi2O7, tetragonal crys-
tal system, ICDD 00-083-1815) and merwinite (Ca3MgSi2O8, monoclinic crystal system,
ICDD 00-074-0382), but also the quantitative growth of dicalcium silicate previously men-
tioned. The temperature of 1000 ◦C seems to be the optimal temperature for the binary
compound (Ca2SiO4) removal, since the associated ceramic presents only diopside, aker-
manite and merwinite, with increased crystallinity, as the high intensity and low width of
the peaks indicate.

Gels 2022, 8, x FOR PEER REVIEW 10 of 16 
 

 

It is well-known that the signals of Si–O bonds can be identified in the range of 800–
1100 cm−1. If, in the FTIR spectra of the gel, there are two wide and low bands centred at 
around 1080 and 950 cm−1, associated with the stretching vibrations of Si–O–Si bonding, 
the situation is different in the FTIR spectra of the thermally treated ceramics: both Si–O–
Si and Si–O bonding are visible, integrated into a complex band with multiple peaks; more 
precisely, antisymmetric and symmetric stretching vibrations of Si–O–Si bridging oxygen 
bonds in SiO44− tetrahedra, as well as Si–O–Ca and Si–O–Mg non-bridging oxygen bonds 
overlap and give rise to a broad and jagged band [53,54]. In the case of the signals that 
emerged below the value of 600 cm−1, the fingerprints of O–Ca–O and O–Mg–O bonding 
can be identified as bending vibrations at 510 and 540 cm−1, respectively; Mg–O contribu-
tion is sometimes integrated into Ca–O contribution or detected as a shoulder [55,56]. The 
bands seem to be better defined, with well-separated maxima when it goes from Dy to Ak 
and then to Mw, in strong correlation with the particularities of the crystalline structure 
and degree of ordering. 

The mineralogical composition and type of crystalline structure were investigated 
with the help of XRD analysis. The corresponding XRD patterns are shown in Figure 8, 
for all three compositions (Dy, Ak and Mw). In the case of Dy, the evolution is obvious 
from the gel stage to the powder thermally treated at 1000 °C. Thus, the gel contains cal-
cium nitrate (Ca(NO3)2, cubic crystal system, ICDD 00-007-0204) recrystallized from solu-
tion and different types of ordered silicon dioxide (SiO2, tetragonal crystal system—ICDD 
00-081-1666, hexagonal crystal system—ICDD 00-083-2471, etc.), which turn into a less 
crystalline mass after calcination at 600 °C; the last mainly consists of a type of diopside 
(CaMgSi2O6, monoclinic crystal system, ICDD 00-083-1821) and a mixture of dicalcium 
silicates (Ca2SiO4, monoclinic crystal system—ICDD 00-083-0464 and orthorhombic crys-
tal system—ICDD 00-083-2457). The heating at 800 °C promotes the crystallization of all 
three calcium magnesium silicates: another type of diopside (CaMgSi2O6, monoclinic crys-
tal system, ICDD 00-083-1817), akermanite (Ca2MgSi2O7, tetragonal crystal system, ICDD 
00-083-1815) and merwinite (Ca3MgSi2O8, monoclinic crystal system, ICDD 00-074-0382), 
but also the quantitative growth of dicalcium silicate previously mentioned. The temper-
ature of 1000 °C seems to be the optimal temperature for the binary compound (Ca2SiO4) 
removal, since the associated ceramic presents only diopside, akermanite and merwinite, 
with increased crystallinity, as the high intensity and low width of the peaks indicate. 

 
Figure 8. Cont.

169



Gels 2022, 8, 574
Gels 2022, 8, x FOR PEER REVIEW 11 of 16 
 

 

 

 

Figure 8. XRD patterns spectra of the dry gels and ceramics corresponding to: (a) diopside; (b) aker-
manite; and (c) merwinite compositions. 

The XRD patterns of the samples with Ak and Mw compositions are quite similar in 
the stages of gel and 600 °C calcinated powders. In both cases, the crystalline phases from 
the gel could not be identified, probably because they are non-stoichiometric compounds. 
Then, the calcined samples exhibit a small crystallinity, conferred by dicalcium silicates 
formerly indicated. Going further, the two systems evolve slightly differently at higher 
temperatures (1000 and 1300 °C). In the case of Ak composition and the 1000 °C tempera-
ture, merwinite, followed by akermanite seem to be the major phases, accompanied by 
diopside and dicalcium silicate as minor phases; at 1300 °C, the same four crystalline com-
pounds are maintained, but akermanite becomes predominant, a fact that was expected 
and desired since this composition was targeted. When it comes to Mw composition, the 
number of phases is reduced to three: akermanite, merwinite and dicalcium silicate; the 
temperature of 1000 °C favors the prevalent crystallization of dicalcium silicate, which 
changes at 1300 °C when merwinite and diopside increase quantitatively. 

Concluding, the temperature increase ensures the rise of crystallinity degree, as well 
as the conversion of the primary or intermediate compounds to the desired ternary 

Figure 8. XRD patterns spectra of the dry gels and ceramics corresponding to: (a) diopside; (b)
akermanite; and (c) merwinite compositions.

The XRD patterns of the samples with Ak and Mw compositions are quite similar in the
stages of gel and 600 ◦C calcinated powders. In both cases, the crystalline phases from the
gel could not be identified, probably because they are non-stoichiometric compounds. Then,
the calcined samples exhibit a small crystallinity, conferred by dicalcium silicates formerly
indicated. Going further, the two systems evolve slightly differently at higher temperatures
(1000 and 1300 ◦C). In the case of Ak composition and the 1000 ◦C temperature, merwinite,
followed by akermanite seem to be the major phases, accompanied by diopside and
dicalcium silicate as minor phases; at 1300 ◦C, the same four crystalline compounds are
maintained, but akermanite becomes predominant, a fact that was expected and desired
since this composition was targeted. When it comes to Mw composition, the number of
phases is reduced to three: akermanite, merwinite and dicalcium silicate; the temperature of
1000 ◦C favors the prevalent crystallization of dicalcium silicate, which changes at 1300 ◦C
when merwinite and diopside increase quantitatively.

Concluding, the temperature increase ensures the rise of crystallinity degree, as well
as the conversion of the primary or intermediate compounds to the desired ternary com-
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pounds (diopside, akermanite and merwinite) through a continuous change of phase ratio.
The general reactions can be summarized as displayed below.

2 × C + S→ C2S (1)

y × C2S + 2 ×M + (4 − y) × S→ 2 × CyMS2 (2)

A more detailed insight into the phase composition of the samples thermally treated at
the highest temperatures (1000 and 1300 ◦C) was possible due to a Rietveld refinement on
the recorded XRD patterns. The values obtained after performing this type of processing
are listed in Table 1. Thus, the numbers confirm the previous statements regarding the
ratios between different crystalline compounds. Indeed, the ceramic corresponding to Dy
composition has diopside as the main ordered phase (almost 60%), followed by merwi-
nite (about 30%) and akermanite (around 10%). All three ternary compounds (diopside,
akermanite and merwinite) are present in fairly equivalent amounts in the sample with
Ak composition. The behavior is completely different for the material corresponding to
Mw composition, namely the quantitative superiority of dicalcium silicate (almost 60%),
compared to merwinite (about 30%) and akermanite (around 10%).

Table 1. Composition of the ceramics corresponding to diopside (Dy); akermanite (Ak); and merwi-
nite (Mw) compositions, thermally treated at the highest temperature (1000 or 1300 ◦C).

Phases/Sample
CMS2 C2MS2 C3MS2 C2S

(wt%)

Dy-1000 59.2 11.4 29.4 -

Ak-1300 25.4 26.5 31.6 16.5

Mw-1300 - 9.6 32.0 58.4

It is obvious that all three oxide systems follow different pathways of crystallization
even though the processing and thermal history are identical, calcium content being the
determining parameter; this will also have important implications in the next stage when
the biomineralization ability of these materials will be investigated.

3. Conclusions

Starting from diopside, akermanite and merwinite compositions and employing the
sol–gel method, crystalline ceramics were obtained after applying thermal treatments at
different temperatures. If the powders calcined at 600 ◦C were in an incipient state of
crystallization, mainly given by the dicalcium silicate binary compound, the materials
thermally treated at higher temperatures (800, 1000 and 1300 ◦C) displayed distinct phase
compositions as a result of multiple and competitive solid-state reactions defined by
specific thermodynamic conditions. Only the sample corresponding to Dy composition
presented diopside as the leading crystalline compound, while Ak composition ended
up as a balanced mixture of diopside, akermanite and merwinite and Mw composition
exhibited a majority of dicalcium silicate.

The approached ceramics contain ternary compounds in the oxide system CaO–MgO–SiO2
and present tremendous potential as biomaterials in the field of hard tissue engineering.
They are well-known as biocompatible and bioactive bioceramics, with some differences
in terms of mineralization kinetics due to the different calcium content. Future research
will be dedicated to the development of calcium magnesium silicate-based scaffolds with
controlled properties, as well as to an extended biological evaluation of all the developed
materials. Such silicate powders can be further processed by 3D printing, but only after
a severe selection of the organic counterpart, necessary for ensuring appropriate rheolog-
ical properties, as well as working parameters, essential for acquiring high-quality 3D
porous materials.
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4. Materials and Methods
4.1. Materials

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99%, Sigma-Aldrich, Burlington, MA,
USA), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 99%, Sigma-Aldrich) and tetraethyl
orthosilicate (Si(OC2H5)4, TEOS, 98%, Sigma-Aldrich) were used as cationic precursors,
while nitric acid (HNO3) had the role of pH regulator.

4.2. Sol–Gel Method

Basically, the necessary amounts of raw materials were determined starting from the
composition of three calcium magnesium silicates, as follows: diopside (CaO·MgO·2SiO2,
CMS2, Dy), akermanite (2CaO·MgO·2SiO2, C2MS2, Ak) and merwinite (3CaO·MgO·2SiO2,
C3MS2, Mw). As a result, three oxide systems having variable content of calcium oxide
(CaO) were established as targeted materials. Going to the experimental part, the measured
volume of TEOS was solubilized in ethanol, the pH stabilized around 2 with HNO3, and the
solution homogenized on a magnetic stirrer for 1 h. The nitrates were dissolved in distilled
water by ultrasonication for 30 min. The two solutions were mixed and homogenized on
a magnetic stirrer for another 1 h. Afterward, the final solution was kept at 60 ◦C, for
12 h, so as to allow the gelation and aging processes to take place, followed by drying at
80 ◦C for another 48 h. The dry gel was mortared and calcined at 600 ◦C so as to ensure
the removal of the unwanted components: solvent molecules, organic fraction and nitrate
groups; the calcination temperature was chosen based on the complex thermal analysis of
all prepared gels (Figure 1). Furthermore, each composition was subjected to secondary
thermal treatments: 800 and 1000 ◦C for Dy, 1000 and 1300 ◦C for Ak and Mw, for 2 h,
with 10 ◦C/min heating rate and equilibrium cooling, resulting in the powders of interest.
It was not possible to apply the same temperature values for all three calcined powders
since Dy has a melting point of about 1390 ◦C, while Ak and Mw melt around 1450 ◦C; this
means that heating up to 1300 ◦C makes Dy prone to melting, being well-known that the
sol–gel method triggers a significant reduction of threshold temperatures (up to 200 ◦C).
As a consequence, 1000 ◦C was maintained as maximum treatment temperature for Dy.

4.3. Materials Characterization

The dry gels were investigated from thermal and morphological points of view. The
complex thermal analysis was recorded from room temperature to 1000 ◦C, with a rate of
5 ◦C/min, in air, on Shimadzu DTG-60 equipment (Shimadzu Corporation, Kyoto, Japan).
The morphology was visualized by scanning electron microscopy (SEM), with a Quanta In-
spect F microscope (FEI Company, Hillsboro, OR, USA) equipped with an energy-dispersive
X-ray spectroscopy (EDX) probe; the operating parameters were: 30 kV accelerating voltage,
10 mm working distance and gold coating by DC magnetron sputtering for 40 s.

The thermally treated ceramics were assessed in terms of composition, structure
and morphology. The elemental composition was determined with the help of the EDX
probe, while the chemical bonds and groups were studied by Fourier transform infrared
(FTIR) spectroscopy, with a Thermo Scientific Nicolet iS50 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), in the attenuated total reflection (ATR) mode; the
working conditions were: 400–4000 cm−1 wavenumber range, 4 cm−1 resolution and
64 scans/sample. The phase composition and crystal structure were revealed by X-ray
diffraction (XRD), with a Shimadzu XRD 6000 diffractometer (Shimadzu Corporation,
Kyoto, Japan), using Ni-filtered Cu Kα radiation (λ = 1.54 Å); the procedure involved:
10–60◦ 2θ range, 2◦/min scan speed, 0.02◦ step size and 0.6 s preset time. To have a
deeper view, a Rietveld refinement in HighScore Plus v3.0e software (Malvern Panalytical,
Royston, UK) was applied for the powders thermally treated at the highest temperatures
(1000 ◦C for Dy, 1300 ◦C for Ak and Mw); a polynomial function was employed for the
background fit, with flat background coefficient, coefficient 1, coefficient 2, coefficient 3
and 1/x, a pseudo-Voigt profile function and Caglioti function for FWHM approximation.
The samples crystallinity was evaluated through the intensity ratio of the diffraction peaks
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and of the sum of all measured intensity, as it is presented in Equation (3), where Inet is
the net intensity (intensity of the crystalline peaks), Itot is the total intensity and Ibgr is the
background intensity (intensity which arises also for completely crystalline sample from
imperfections of the sample).

Crystallinity = 100 × Σ Inet/(Σ Itot − Σ Ibgr) (%) (3)
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Abstract: The aim of the present work was to develop a dual staged drug release of an antibiotic
(clindamycin) and a growth factor: bone morphogenetic protein-2 (BMP-2) from a biodegradable
system consisting of hydrogel and gelatin nanoparticles (GNP). Two-step de-solvation allowed us to
prepare GNPs (~100 nm) as drug carriers. Fluorescein isothiocyanate (FITC)-conjugated protein A
was used as a model substance for BMP-2. A 28-day release experiment was performed to determine
the release kinetics from GNP for both FITC-protein A and BMP-2, and for clindamycin (CLI) from
the hydrogel. The size, structure, and overall morphology of GNP samples (empty, loaded with FITC-
protein A and BMP-2) were examined using an environmental scanning electron microscope (ESEM).
Cell culture assays (Live/dead; cell proliferation; cytotoxicity) were performed with MG-63 cells
and BMP-2-loaded GNPs. Drug release experiments using clindamycin-loaded alginate-di-aldehyde
(ADA) gelatin gels containing the drug-loaded GNPs were performed for 28 days. The resulting
GNPs showed an empty size of 117 ± 29 nm, 176 ± 15 nm and 216 ± 36 nm when containing 2%
FITC-protein A and 1% BMP-2, respectively. No negative effects of BMP-2-loaded GNPs on MG-63
cells were observed in live/dead staining. In the proliferation assay, an increase in cell proliferation
was observed for both GNPs (GNP + BMP-2 and controls). The cytotoxicity assay continuously
showed very low cytotoxicity for GNPs (empty; loaded). Clindamycin release showed a concentration
of 25-fold higher than the minimum inhibitory concentration (MIC) against Staphylococcus aureus
throughout the 28 day period. BMP-2 showed a reduced burst release and a steady release (~2 µg/mL)
over a 28 day period.

Keywords: gelatin nanoparticle; controlled drug release; antibiotics; growth factor; ADA-gelatin

1. Introduction

Bone infections, such as osteomyelitis, often present a challenge in trauma surgery
and orthopaedic settings. The therapy is often lengthy and requires a high degree of
diagnostic and therapeutic experience on the part of the treating physician. Osteomyelitis
is an infection of the bone and surrounding soft tissues. As a rule, the infection is bacterial
in nature, but fungi and viruses can also cause osteomyelitis [1,2]. Osteitis can be divided
into acute post-traumatic, chronic post-traumatic and acute haematogenic osteomyelitis,
the latter being of endogenous origin and rare in adults. Acute haematogenic osteomyelitis
is more common in children and adolescents, with one third of cases occurring in children
under 2 years of age. The germs usually enter the bloodstream through infections in
the nasopharynx and can thus attack the bone from the inner medullary cavity [3]. In
an exogenous infection the germs penetrate via an injury to the exterior of the bone.
Post-traumatic or post-operative infections occur mainly after open fractures and surgical
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interventions such as the insertion of endoprostheses into the body. Open fractures present
an increased risk of developing a bone infection. The risk of post-traumatic infection
can rise to 25% depending on the type of fracture, the amount of bone loss, bacterial
contamination, the degree of soft tissue injury and other injuries, such as damage to local
vasculature [4,5]. Periprosthetic infection is a common complication after implantation of an
endoprosthesis [6]. Due to the increasing age of the population and the growing desire not
to lose mobility even in old age, the number of implantations of such total endoprostheses
(TEP) is rising sharply [7] and thus also the number of postoperative infections. 2019 alone
(as this, COVID-19 related, is the most reliable data of the last years [8]), 243,477 TEPs
were implanted in the hip joint and 193,759 in the knee joint in Germany [9]. In the USA,
498,000 TEPs were implanted in the hip joint and 1,065,000 total knee replacement surgeries
were performed during the same period [10]. Further implantations of such TEPs are
performed on the shoulder, elbow and ankle joint. It is expected that infection will manifest
itself in 17% of the procedures of such TEPs. As a rule, the bacteria usually reach the
surface of the implants during the surgical procedure, although less frequently they may
also stem from endogenous sources [11]. The bacterium Staphylococcus epidermidis, which
is part of the normal skin flora, often colonizes the surface of medical devices such as
catheters and implants with a biofilm [12]. The surface of such implants offers the bacteria
the opportunity to form a biofilm by changing from a planktonic to a sessile form. In
the sessile form the bacteria do not grow at all or grow very slowly and are therefore
not attacked by most antibiotics. The biofilm protects the bacteria from phagocytosis of
the immune cells and represents a diffusion barrier for the antibiotics [13]. Periprosthetic
osteomyelitis develops from a periprosthetic infection in 20% of cases. Depending on the
risk factors present, about 10–30% of acute osteomyelitis develop into chronic forms [14].
Patients with chronic osteomyelitis often have a long history of suffering with frequent
recurrences and sometimes a life-long illness [15]. Frequent hospitalisation and loss of
employment severely restrict the quality of life of patients and the economic impact of
such chronic infections is also severe. The most common pathogen causing osteomyelitis
is Staphylococcus aureus (S. aureus) [16], a gram-positive, spherical bacterium which, like
Staphylococcus epidermidis, is part of the skin and mucous membrane flora and can also
form a biofilm. Besides Escherichia coli (E. coli), S. aureus causes the most common bacterial
infections in humans [17]. In addition to the many resistances to common antibiotics,
the bacterium brings along further “tools” that considerably increase its pathogenicity.
Cell wall-associated proteins such as fibronectin binding proteins and collagen binding
proteins help S. aureus adhere to cells, tissue and foreign bodies. A number of extracellular
enzymes such as hyaluronidases, lipases and plasma coagulases degrade tissue and ensure
its dissemination within the tissue. In addition to osteomyelitis, other enzymes and toxins
can cause many other clinical pictures such as toxic shock syndromes, endocarditis and
sepsis [18]. The current treatment strategy for chronic osteomyelitis includes surgical
removal of the infected area (radical debridement) followed by systemic or local antibiotic
therapy. In order to prevent resistance and to ensure a targeted therapy, it is important
to detect the pathogen and to determine the sensitivity of the bacterium to the respective
antibiotic by means of an antibiogram. The antibiotic used should be bone-compatible
and well tolerated by the patient. However, systemic antibiotic therapy reaches its limits
in case of a bone infection. On the one hand, the biofilm protects the bacteria from the
penetration of antibiotics, on the other hand, the progressing course of the disease often
makes antibiotic therapy ineffective. The progressive inflammation leads to necrotic tissue
and thus to a reduced blood supply. So called sequesters are formed, which as avital bone
tissue create ideal conditions for biofilm colonization [19]. All of these factors ensure that at
the site of the infection no drug levels above the minimum inhibitory concentration (MIC)
can be achieved by systemic antibiotic therapy.

Local antibiotic therapy, on the other hand, has the advantage that higher drug levels
can be achieved at the site of infection, which if administered systemically would lead
to toxic serum levels. Thus, with a suitable choice of active ingredient carrier, the active
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ingredient can be released over a longer period of time, for example over 4 weeks. Sys-
temic side effects can thus be prevented and the concentration of the active substance
at the site of infection is above the MIC for a sufficient amount of time to eliminate all
bacteria, even in deeper areas of the bone. Local drug carriers can be divided into non-
biodegradable and biodegradable systems. The current standard is the implantation of
gentamycin-containing bone cement spheres. These polymethylmethacrylate (PMMA)
spheres (e.g., Septopal®) are strung together in a chain and are not biodegradable. The
PMMA chains are inserted into the bone cavities after debridement and usually remain
there for 7–10 days [20]. After this period, the chain must be removed again and a sec-
ond surgical procedure is performed, which in turn can lead to complications. A further
disadvantage is the incomplete release of the gentamycin from the hydrophobic polymer
matrix [21]. Biodegradable local drug carriers have the advantage that a second operation
is not necessary. Biodegradable collagen fleeces loaded with gentamycin (Septocoll®) or
collagen lyophilisates loaded with teicoplanin (Targobone®) can be used for local antibi-
otic therapy of bone infections [22]. However, a complete release of gentamycin-loaded
collagens was determined after 4 days [23]. A constant release over several weeks however,
is more desirable. Due to the fact that the current therapeutic options for the treatment of
bone infections are still not free of weak points, further research on biodegradable, local
drug carriers with adequate and controllable drug release will be required in the future.

The aim of the present work was to develop a dual, staggered drug release of both
an antibiotic and a growth factor utilizing such a biodegradable system. The lincosamide
clindamycin (CLI) was used as an antibiotic and should be released first to eliminate the
pathogens causing the infection. Subsequently, the growth factor Bone Morphogenetic
Protein 2 (BMP-2) should be released, which promotes the formation of new bone and
cartilage. CLI was to be released uniformly over a period of 4 weeks, so it was placed
in the hydrogel for delayed release. The ADA-GEL was then placed in a microporous
ceramic (β-TCP, as described in earlier studies) that was intended to serve as a drug
delivery device. The hydrogel used in the present study was alginate-dialdehyde (ADA)
combined with gelatin through the formation of Schiff’s bases. The combination of ADA
with gelatin has established itself as particularly suitable, as it shows good stability and
adequate degradation behavior. The prolonged release of clindamycin can be achieved by
the molecules of the antibiotic first diffusing through the gel to the edge of the ceramic and
then gradually being released. The BMP-2 was intended to be released with a delay and
was therefore enclosed in gelatin nanoparticles (GNPs), which in turn were incorporated
into the gel containing CLI. The ceramic was loaded with the CLI-containing ADA-gelatin
gel, which contained gelatin nanoparticles with BMP-2 enclosed, via a vacuum-induced
flow. Initially, a method was developed to produce GNPs in uniform shape and size (having
a diameter of approximately 100 nm) reproducibly by two-step de-solvation [14,22]. In
a further step, these nanoparticles were loaded with proteins. The morphology of GNPs
was studied by means of electron microscopy. Due to the high cost of BMP-2, protein A
coupled with fluorescein isothiocyanate (FITC) was initially used as a model substance.
The release kinetics from the GNPs were determined for both FITC-protein A and BMP-2 in
a 28 day release experiment. The GNPs loaded with FITC-protein A and then in the further
course of the experiments with BMP-2 were placed in ADA gelatin gels, which additionally
contained CLI. The release experiments were performed directly from beads cast from
this ADA gelatin gel containing CLI and FITC-protein A or BMP-2. The quantitative
determination of clindamycin was done by high pressure liquid chromatography (HPLC)
measurements and FITC-protein A levels were determined by fluorimeter and BMP-2
using an ELISA immunoassay. Biocompatibility was investigated by means of cell culture
experiments. A live dead assay was performed on the MG-63 cells cultured with the
GNP beads.
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2. Results
2.1. Manufacturing Process of GNPs

The manufacturing method, in which the second de-solvation was performed at
a pH of 2.5, provided the best results in terms of size and shape (117 ± 29 nm) and
aggregation behavior. GNPs prepared at pH 3 could be resuspended very well but were
more inconsistent in size and shape. Furthermore, the ESEM images also showed structures
that were not of nanoparticulate form (see red arrows in Figure 1). GNPs produced at pH 2
were either too small (less than 100 nm) or the morphology was not spherical (see Figure 1).
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Figure 1. (a) ESEM Images of GNPs at a pH 2.0 which leads to GNPs smaller than 100 nm; (b) pH 2.5
with well-shaped GNPs having a size of 100 nm and (c) pH 3.0 with non-uniform size and shape of
the GNPs, as well as structures not representing GNP (red arrow) Images taken with FEI Quanta
250 FEG at 12 kV acceleration voltage, all samples were sputter coated (JEOL, JFC-1200) with a 25 nm
Gold layer.

The short precipitation time of 5 min after the first de-solvation was decisive for the
success of the GNPs. The longer the wait after the first addition of acetone, the more likely
more LMG precipitated into the HMG precipitate. This led to reticular and needle-like
structures, but not to GNP production.

GNPs with FITC-protein A differed strongly in morphology and size. Hence, the
GNPs of the mixture prepared with 1% FITC-protein A solution were very small (less than
50 nm), whereas those of the 2% mixture were on average about 176 ± 15 nm in size and
were all uniformly spherical (see Figure 2).
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The GNPs loaded with BMP-2 were on average larger at 216 ± 36 nm than those with
FITC-protein A (176 nm). The SEM images in Figure 3 show the formation of aggregates.
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Figure 3. ESEM images of BMP-2 loaded GNP; (a) 1% w/v BMP-2; (b) 2% w/v BMP-2; images
taken with FEI Quanta 250 FEG at 12 kV acceleration voltage, all samples were sputter coated (JEOL,
JFC-1200) with a 25 nm Gold layer.

2.2. Inclusion Capacity

The inclusion capacity (IC) was determined as described in 2.3.2. A 6-point calibration
curve was drawn (R2 = 0.9946) and the amount of FITC-protein A in the supernatant was
determined. The inclusion capacity of the GNPs was 45.98%, with 250 µg FITC-protein A
and 0.625 g GEL. The inclusion capacity of BMP-2 in the GNPs was 99.5% with 1 µg BMP-2
and 0.625 g GEL.

2.3. Biocompatibility
2.3.1. Live Dead Staining

The cell count of MG-63 cells was found to increase continuously over the entire
7 day maintenance period (3, 7 and 10 days). Only isolated dead cells could be observed,
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especially within the first 24 h. Thereafter, only a living cell layer was observed. In Figure 4
the live dead staining of day 3 and day 7 is shown as an exemplar. The live/dead assay
showed an increase in cell number over time. But in addition, the cell number with GNPs
containing BMP2 was significantly lower compared to the “empty” non-loaded GNPs
or control at all three time points (3, 7, 10 days). Nevertheless, a steady increase in the
number of cells can be observed, both for the samples and the controls, while the number of
dead cells remains at about the same level. The comparison of the living cells shows clear
differences between the “empty” GNP, GNP + BMP2 and the controls. The control and
the empty GNPs behaved in the same way, whereas the BMP2 loaded ones showed only
79.6 + 3.2% viable cells after 3 days instead of 99.5% for the controls and 99.9% for the empty
GNPs (see Figure 5). From day 7 all three samples behaved the same way. Furthermore,
agglomerates of GNPs could be detected by their strong fluorescence and subsequent ESEM
investigations (see white arrow in Figures 4b and S1).
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Figure 4. Live/Dead staining of MG-63 cells with GNPs versus MG-63 as control. The agglomerates
of GNPs glowed slightly brighter in fluorescence microscopy (see white arrow); with GNPs after
(a) 3 days; (b) 7 days; (c) control after 3 days; and (d) control after 7 days; green—living cells,
red—dead cells. Images taken with Olympus BX-51 Fluorescence microscope, 5× magnification.

In the early stages of the cell culture experiments we found that the cells preferred
the GNPs with BMP-2 and agglomerated directly onto the GNPs instead of onto the
Thermanox™ cover slips. These were then washed away during the media changes over
the duration of the experiment. This also resulted in a lower number of living cells on the
Thermanox™ cover slip in Figure 5a.
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Figure 5. Overview of (a): live cells in the live/dead assay comparing “empty” GNPs, GNPs + BMP-
2 with control; (b): cytotoxicity of negative control (NC = MG-63 cells), positive control (PC = Triton 
X), MG-63 cells with GNPs and MG-63 cells with GNP + BMP2; (c): Cell proliferation assay (WST-
I). N = 3. 
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N = 3.

2.3.2. Cell Proliferation Assay (WST-I)

In the WST-1 assay an increase in cell proliferation was observed over the duration
of the experiment. In addition, it was observed that MG-63 cells prefered GNPs with
BMP-2 over Thermanox™ cover slips and formed agglomerates with GNP + BMP-2 (see
Supplement Figure S1).

2.3.3. Lactate Dehydrogenase (LDH)

In the cytotoxicity assay, the constant cytotoxicity for the empty GNPs was shown to
be 27.0 ± 0.1% compared to the cytotoxicity of GNPs with BMP-2, which increased after
2 days and reached a value of 60.5 ± 12.6% after 3 days (see Figure 5b).

2.4. Drug Release Experiments

For dual release, clindamycin was released from the ADA-GEL beads and the growth
factor BMP-2 or its model substance FITC conjugated protein A from the GNPs within
the beads.
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2.4.1. Clindamycin Release out of ADA-GEL Beads

Initially only the release of clindamycin will be considered. Figure 6a shows the release
of clindamycin-HCl over a period of 28 days. On the last day, 3.1 ± 1.9 µg/mL of CLI has
been released. This value was clearly above the MIC of 0.06 µg/mL for CLI against Staph.
aureus [24]. In relation to the weighed amount, clindamycin was released with an initial
burst release of 17% on average on the first day. After day 3, the amount released decreased
sharply up to day 28 and was even below 1%. If the cumulative release curve was fitted
according to Ritgers et al. [25] and the diffusion coefficient (n) was calculated, abnormal
release rates were obtained for both the initial range (days 1–3) and the end of the release
(days 6–28) (see supplement Figure S2a).
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Figure 6. Dual release out of ADA-GEL beads containing GNPs.; (a): Clindamycin release over 28 
days, the small figure represents an enlargement of the last release times. (b): FITC conjugated pro-
tein A released out of GNPs within the ADA-GEL beads. (c): BMP-2 release out of GNP within the 
ADA-GEL beads. N = 12. 

Figure 6. Dual release out of ADA-GEL beads containing GNPs.; (a) Clindamycin release over
28 days, the small figure represents an enlargement of the last release times. (b) FITC conjugated
protein A released out of GNPs within the ADA-GEL beads. (c) BMP-2 release out of GNP within the
ADA-GEL beads. N = 12.

2.4.2. FITC-Protein a Release out of GNPs within ADA-GEL Beads

In GNPs, the release of FITC conjugated protein-A was constant over the released
period. A constant 1.98 ± 0.08 µg/mL was released at the measurement points. Look-
ing at the cumulative release, a Fickian diffusion over the whole period (according to
Ritger et al. [25]) with a diffusion coefficient of n = 0.5 was determined (see supplement
Figure S2b). Figure 6b shows the FITC conjugated protein A release out of the GNPs within
the ADA-GEL beads.
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2.4.3. BMP-2 Release out of GNPs within ADA-GEL Beads

Due to the use of GNPs, the expected burst release failed to appear. Instead, the release
took place over the entire 28 days. Figure 6c shows the BMP-2 release out of the GNPs
within the ADA-GEL beads. The cumulative release showed an almost linear course with
similar daily release rates. According to Ritger et al. [25] the diffusion coefficient was 0.96,
which corresponded to an anomalous release (see supplement Figure S2c).

3. Discussion
3.1. Characterization of GNP

According to Hathout and Metwally [26], the double de-solvation method was the best
method to date for the production of GNPs. According to Coester et al. [14], GNPs produced
by this method have a reduced tendency to agglomerate. Nevertheless, the reproducible
production of GNPs was the greatest challenge of this work. Since gelatin was available
as a heterogeneous mixture with different compositions, it was important to develop the
individual production steps in such a way that they can always be carried out consistently.
However, even if two approaches were carried out identically, the individual results often
varied. The step that was least reproducible was the first de-solvation of the gelatin by the
rapid pouring of acetone. This often resulted in chewing gum-like agglutinations of the
gelatin, which, due to entrapped LMG, severely impaired the formation of GNPs. Therefore,
this step was worked out by letting the acetone run in at the edge of the Erlenmeyer flask,
since this was where the best results were achieved and the precipitation was also visually
always uniform. Hamarat Sanlier et al. [13] described similar GNPs, but with a size of
300 nm. In their work they showed a similar distribution and arrangement of GNPs.
Azizian et al. [23] and Modaresifar et al. [27] also described in their work the production
and characterization of nanoparticles and their loading with growth factors such as BSA-
bFGF, but on a chitosan basis. Their particles were 266 ± 5 nm in size. Similar to this
work, they observed an increase in particle size due to loading. The size of the chitosan
nanoparticles increased by 150 nm to 415 ± 9 nm. Feng et al. [28] and Zhai [22] investigated
the influence of the pH value of the gelatin solution on the particle size of the GNPs.
Feng et al. [28] achieved GNPs with a size of 400–450 nm with pH values of 8–11.

3.2. Inclusion Capacity

Azizian et al. [23] reported an inclusion capacity of the BSA or BSA-bFGF used in
their work of 20 ± 1% and 21.3%. The inclusion capacity of the FITC conjugated protein
A used in the present study was about twice as high at 46%. This was due to the fact that
the FITC conjugated protein A of Invitrogen was already dissolved and stabilized with
10 mg/mL BSA. The BMP-2 was obtained as a lyophilized product from SinoBiological
and the solvent was produced by our group without additional protein. The calculated
inclusion capacity of the BMP-2 was 99.5%. Similar results were discussed by Poth et al. [29]
in their work. They spoke of a complete inclusion of BMP-2 in their chitosan nanoparticles,
but unfortunately did not specify an inclusion capacity.

3.3. Biocompatibility

Lee et al. [30] described GNPs in a similar order of magnitude as the ones we used
(~150 nm). In the MTT test, they could not detect any significant toxicity based on the
GNPs alone. However, they adressed a different application, i.e., the transport of siRNA
in which their GNPs were taken up by the cells used. This differed from our study, in
which our GNPs were detectable as agglomerates between the cells. Narayanan et al. [31]
also described GNPs on a similar scale (70–220 nm) to those we used. They investigated
the lymphocyte activation that occurred with any foreign body reaction. With the highest
concentration of GNPs (1 mg/mL), no lymphocyte proliferation and therefore no foreign
body reaction could be detected. The influence of BMP-2 on cells was sufficiently described
in the work of Ribeiro et al. [32]. When looking at the results of cytotoxicity assay, a similar
release pattern between the samples “empty” GNP and GNP + BMP2 was observed. Only
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on the last day of the study GNP + BMP-2 showed increased values compared to the empty
GNPs. In a similar study [33], no negative effects have been observed. However, there
only alginate and gelatin gels were used for the encapsulation of BMP-2. The values for
cytotoxicity were quite high for GNPs with 27% and GNPs with BMP-2 at day 3 with a
value of 60%. However, since there was a steady increase in cell numbers in the proliferation
experiments and a significant increase in cell numbers in the live/dead, we assume that this
is an effect related to the BMP-2 concentration released. It has been sufficiently described
that high concentrations of BMP-2 tend to have a negative effect on cell growth [34]. We
assume exactly such an effect within the first 72 h, but then BMP-2 levels subsequently
returned to normal and led to an increase in cell numbers in the live/dead assay after
7 and 10 days. However, an interaction of GNPs with the cytotoxicity kit used cannot
be completely excluded due to the high baseline values which were even observed for
the unloaded GNPs. Some authors such as Li et al. [35] use only cell proliferation and
live/dead analysis for the detection of cytotoxicity and avoid cytotoxicity investigations
using specific kits. Abdelrady et al. [36] described the same method fabricating GNPs as
in our work. They used GNPs in the same size range as our GNPs, 160 ± 9.78 nm, and
also loaded GNPs with a drug during the 2nd desolvation stage and proved the safety and
biocompatibility of empty GNPs.

Minardi et al. [37] also investigated the controlled release of BMP-2. But they used
microspheres with a size of 23 ± 3 µm. As a proliferation test, they used a MTT assay
where no significant difference between the control and the BMP-2 loaded microspheres
could be detected. Similarly, Kim et al. [38] did not find any negative effects of the BMP-2-
loaded PLGA nanoparticles on the surface of an HA scaffold when using human MSCs.
Tseng et al. [39] used comparable sized GNPs between 180.6 ± 45.7 nm and 230.7 ± 84.6 nm
in their work. The manufacturing process was very similar to ours, including the use of
glutaraldehyde as a crosslinking agent. The Quick WST-1 test showed no significant
difference between the different sizes of GNPs on cell proliferation of human corneal cells.
But the proliferation was measured only at one time point, instead of three different time
points compared to our work. Kuo et al. [40] also used GNPs in a similar size range
(289.7 ± 6.8 nm to 360.0 ± 6.0 nm). They also used a WST-1 assay to determine cell
proliferation. However, this test was only performed at two time points after 1 and 2 days
only. In contrast to the MG-63 cells used by us, A-549 and H292 cell lines were used in
their work.

3.4. Drug Release Experiments

The release experiments from the ADA-GEL beads showed similar results in terms of
the release of CLI to those we have published in the past [41,42]. However, the use of the
ADA-GEL gel resulted in an increase in burst release compared to our previously published
work. By using alginate, the burst release could be reduced to 35% of the clindamycin
amount weighed in. The fact that the ADA-GEL gel structure was different from that
of the pure alginate changed the burst release and the total release. Nevertheless, the
application of the drug release system, in another part of the project, showed very good
antimicrobial efficacy [42]. Sarker et al. [43] also described in their work differences in
the mechanical properties of the ADA-GEL gels compared to pure alginate gels. The
release from the GNP beads showed a continuous release with a reduced burst release,
as we intended. In comparison to other authors like Modaresifar et al. [27], where 75%
of the loaded protein was released within the first 2 h, or Azizian et al. [23], where 80%
of the release was completed after 4 h, we could show a continuous release over 4 weeks
from the ADA-GEL beads with GNPs. However, we used bidest. water for our release
experiments and Modaresifar et al. [27] and Azizian et al. [23] used PBS. In addition, the
way we sampled (complete exchange of liquid) was different from sampling only a limited
volume. Thus, we achieved higher values due to a higher diffusion pressure compared to
authors who used only a part of the volume for the analysis.
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However, the concentrations released were also very low in our work. In the case of
BMP-2, very low concentrations are desirable due to the high potential for side effects [44].
Kim et al. [38] used BMP-2 loaded PLGA nanoparticles at the surface of a HA scaffold for
their experiments. At 544 ± 39 nm the nanoparticles were significantly larger than those
used by us. They were also able to demonstrate a release over 30 days in which 66% of the
BMP-2 was released.

4. Conclusions

In the present work, GNPs were shown to be well suited for the release of BMP-2 or
other large molecules such as FITC-conjugated protein A. A constant release (~2 µg/mL)
corresponding to Fick’s diffusion was shown. In addition, dual release of clindamycin
and BMP-2 from ADA-GEL beads was shown to be possible over an extended period
of time (up to 4 weeks) with antimicrobial effective concentrations (CLI 25-fold above
the MIC). In addition, the tissue compatibility of GNPs was demonstrated using various
biocompatibility tests (L/D, WST-I, LDH) in cell culture with MG-63 cells.

5. Materials and Methods
5.1. Reagents and Materials

Gelatin type A (GEL), 175 Bloom, Alginic Acid for microbiological applications (Art.No.
71238), Ethylen glycol (Art.No. 324558) and Clindamycin-HCl (Art.No. PHR1159) (CLI)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetone, HCl 0.1 M, Acetonitrile
(HPLC grade) and Calcium chloride were obtained from Carl Roth (Karlsruhe, Germany).
FITC conjugated protein A (molar ratio FITC/ protein A = 1.8; 2.5 mg/mL Protein A) was
obtained by Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA) and BMP-2 and the
Human BMP-2 ELISA kit (KIT10426) from Sino Biological (Sino Biological, Inc., Beijing,
China). Glutaraldehyde (GTA) was obtained from EMS (Electron Microscopy Sciences,
Hatfield, PA, USA), gelatin type A 300 Bloom was kindly provided by GELITA (GELITA
AG, Eberbach, Germany). Gelatin and Alginic acid were sterilized by means of a plasma
sterilization process.

5.2. Manufacturing of the Gelatin Nanoparticles (GNPs)

The production of the GNPs was based on the protocol of Coester [14]. For the
precipitation of the GEL, acetone was used according to Zhai [22] to produce GNPs with
a diameter of 100 nm. For the production of GNPs, gelatin type A, 175 g Bloom was
used. GEL was weighed into a 100 mL Erlenmeyer flask (Kern precision balance PCB250-2,
Balingen, Germany) and a 5% aqueous GEL solution was mixed with aqua bidest. (0.625 g
gelatin to 12.5 mL bidest. water). The GEL solution was homogenized on the heated
magnetic stirrer (RCT basic, IKA®-Werke GmbH & CO. KG, Staufen, Germany) for 30 min,
at 50 ◦C and 300 rpm. Parafilm was used to seal the Erlenmeyer flask. The first de-solvation
was performed to separate the low molecular gelatin (LMG) from the high molecular gelatin
(HMG). For this purpose, the temperature was switched off, the thermometer and magnetic
stirring rod were removed and acetone (12.5 mL) was added to the gelatin solution evenly
and rapidly at the slowest possible rate using a 25 mL disposable pipette, with a pipetboy
(Integra Pipetboy 2, INTEGRA Biosciences AG, Zizers, Switzerland). It is important that
the tip of the pipette touches the rim of the Erlenmeyer flask and that acetone flows into
the solution via the inside of the glass flask. If acetone hits the GEL solution from above
or if turbulence occurs in the vessel, flocculation and clumping of the GEL may occur.
However, a uniform hydrogel-like, transparent precipitation of the HMG was desired, as
the precipitated GEL lumps most probably also contained LMG, which could not form
GNP. The Erlenmeyer flask was left standing for exactly 5 min, covered with parafilm.
The supernatant was decanted and carefully rinsed with 1–2 mL bidest. water to remove
any remaining LMG. Thermometer and magnetic stirring fish were replaced in the flask.
HMG was solved in H2O. (12.5 mL) at 40 ◦C, 45 ◦C and 50 ◦C, 500 rpm for 30 min on the
heated magnetic stirrer. With 0.1 M HCl the pH was adjusted to 2, 2.5 and 3 using a pH
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meter (Mettler Toledo Education line EL20, Schwerzenbach, Switzerland). The acetone was
added drop by drop (40 mL) using a 100 mL dropping funnel. The connection between
the dropping funnel and the Erlenmeyer flask was sealed with parafilm to prevent acetone
from escaping. The opening of the funnel was also sealed and only shortly before the
dripping process small openings were cut with a scalpel. If acetone escaped, no GNPs
were produced or a large amount of acetone was needed for the particles to form. During
the addition of acetone, the stirring speed was increased to 650 rpm. The formation of the
nanoparticles can be recognized by the fact that the suspension has a bluish opalescent
(Tyndall effect) and slightly turbid appearance. The nanoparticle suspension was stirred
for another 10 min at 400 rpm, with the heater switched off, after the addition of acetone.
To stabilize the resulting particles, 8% GTA (400 µL) was added. It is important here that
the GTA is added drop by drop and over a period of at least 5 min, otherwise irreversible
aggregation and cross-linking between the GNPs may occur. The nanoparticle suspension
was stirred for 12 h, at room temperature and 350 rpm. The purification was performed
by centrifugation (Avanti JXN-26, Beckman Coulter, Krefeld, Germany) with a fixed angle
rotor (JLA-16.250, Beckman Coulter, Krefeld, Germany). Centrifuged at 15,000× g, 20 ◦C for
15 min, the supernatant was decanted and the pellet was resuspended in H2O by vortexing
(Mini Vortex, Heathrow Scientific, Vernon Hills, IL, USA). The washing step was repeated
twice, this time centrifuging at 16,000× g, 20 ◦C for 10 min. The purified GNP was dried
with a lyophilisator (FreeZone 2.5 plus, Labconco, Kansas City, MO, USA), white powder
was obtained when all of the water was sublimated.

Manufacturing of FITC-Protein A-Loaded GNPs and BMP-2 Loaded GNPs

The FITC-protein A GNPs were prepared as described, the addition of the FITC
conjugated protein A was performed shortly before the second de-solvation step. It is
important to note that FITC is light sensitive, therefore, the addition of the FITC-protein
A was carried out in the absence of light. Concentrations of 1 and 2% v/v FITC-protein
A in the GEL solution were prepared. For the final release experiments, the BMP-2-GNP
(1 and 2% v/v) were prepared as described above, just like the FITC-protein A, the BMP-
2 was added directly before the second de-solvation step. Therefore 0.4 mL the BMP-2
stock solution with 2.5 µg/mL was diluted with 0.6 mL bidest. water to reach a final
concentration of 1 µg/mL. This solution was directly added before the second de-solvation
step to the 125 mL solution (containing 0.625 g GEL).

5.3. Characterization of the GNP
5.3.1. Characterization of GNP by ESEM

Size, structure and overall morphology of the GNP samples (empty, FITC-protein A
and BMP-2 loaded), were examined using ESEM (FEI quanta 250 FEG, FEI, Hilsboro, OR,
USA). The impact of variations in the production method (temperature, pH, stirring speeds
and times of addition of the crosslinker) on the formation of GNPs, size, shape and aggre-
gation were investigated. For this purpose, double-sided adhesive polycarbonate-based
conductive tabs were glued to pin sample plates made of aluminium. The freeze-dried
samples in powder form could thus be fixed on the adhesive surface and were sputtered
with gold before ESEM measurement (JFC-1200 fine coater, Jeol, Freising, Germany) to
increase the conductivity and stability of the samples in high vacuum.

5.3.2. Determination of the Inclusion Capacity

To assess how much protein was actually present in the nanoparticles, the supernatant
obtained after centrifugation was measured with the fluorimeter (Ensight Multimode Plate
Reader, PerkinElmer, Rodgau, Germany). The Kaleido software was used to obtain the
data for quantitative analysis. A calibration curve was generated based on levels within
the supernatant, which could then be used to approximate protein content within the
solvent. Acetone and water in a ratio of 4:1 (v/v), plus a quarter of the amount of GTA
were used. The greatest uncertainty was found for the amount of GTA, since the amount
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of unreacted GTA after the crosslinking process was unknown. The difference between
the amount of FITC-protein A used and the amount in the supernatant was defined as
the amount included in the GNPs. In order to quantify how much BMP-2 was present in
the produced GNPs, the supernatant obtained after the first centrifugation was analyzed
using an ELISA. The evaluation of the color reaction was performed with the UV/Vis
spectrometer (Spectrostar Nano, BMG Labtech, Ortenberg, Germany). A calibration curve
was generated using the BMP-2 standard of the kit. The difference between the amount
of BMP-2 used and the amount in the supernatant was defined as included BMP-2 in
the GNPs.

IC =
m(FITCtotal)− m

(
FITCsupernatant

)

m(FITCtotal)
(1)

IC: Inclusion capacity;
m(FITCsupernatant): Mass of FITC-protein A at supernatant;
m(FITCtotal): Total mass of FITC-protein A.

5.4. Biocompatibility

In order to show that the GNPs were biocompatible with living cells and that after
purification no cytotoxic residues such as acetone or GTA from the production steps were
present, a cell culture experiment was carried out. MG-63 cells (ATCC CRL 1427) were used.
For each sample 50,000 cells were placed in a 12-well plate on glass plates, which were
previously coated with polylysine. The cells were cultivated overnight with Dulbecco’s
Modified Eagle Medium (DMEM F12 containing F12 nutrient and the additions of 1%
penicillin/streptomycin (P/S, Sigma Aldrich (now Merck), Darmstadt, Germany) and
10% fetal bovine serum (FBS, Merck, Darmstadt, Germany) in a New Brunswick Galaxy
170 R incubator (Eppendorf, Hamburg, Germany) at 37 ◦C and a CO2 saturation of 5%.
The next day, a production batch (from originally 1.25 g gelatin) GNP were washed in
1 mL ethanol (60%) to prevent cell culture contamination. The GNP were dissolved in the
culture medium and pipetted to the cells. Nunc™ Thermanox™ Coverslip (Thermo Fisher
Scientific, Waltham, MA, USA) membranes were used as a control. For each time point at
least three samples were used and all experiments were repeated at least three times.

5.4.1. Live/Dead Assay

A total of 3 samples for each day and one blank sample (without GNP) for day 3, 7
and 10 were used for the live/dead assay. For the live/dead assay (L/D), the cells were
stained with Calcein-AM and EthD-III (out of Live/Dead Cell Staining Kit II (PromoCell,
Heidelberg, Germany)) on the respective days and observed under the fluorescence micro-
scope (Olympus BX 51, Olympus, Hamburg, Germany), the evaluation was performed with
the Stream Motion Software Version 1.7.1 from Olympus. Living cells exhibited a green
fluorescence under blue light, and dead cells a red fluorescence. In a further experiment the
influence of the released BMP-2 on the MG-63 cells was investigated. The L/D assay was
repeated with GNPs loaded with BMP-2. This was followed by incubation in the incubator
for the various experiments.

5.4.2. Cell Proliferation Assay

Thermanox™ Coverslip membranes were used as a control. All samples and controls
were equally covered with 50,000 cells in 200 µL. The cells were incubated for 4 h at 37 ◦C
with a CO2 saturation of 5% in the incubator for 3, 7 and 10 days. At the end of this period,
400 µL of the DMEM-F12 complete medium were added to each sample and incubated.
After 24 h at day 0, 100 µL resuspended GNP + BMP2 were added. A medium change
with the DMEM-F12 with the 10% FBS and 1% P/S additives was performed for days
7 and 10. For each WST evaluation the medium was aspirated, and the wells were washed
three times with PBS. The samples and the Thermanox™ Coverslips were then transferred
to a new well, and then 400 µL of the DMEM-F12 phenol red free (Art. No. 11039-021,
Gibco, Grand Island, NE, USA) with the 1% P/S and 1% fetal bovine serum (FBS, Merck,
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Darmstadt, Germany) additives were added to the wells with the sample. 400 µL of the
medium were added to the previously used empty sample wells, Positive Control (C + R),
Empty Control Well (C+), and Blank. The blank contained only the DMEM medium without
phenol red and was measured to account for background absorption. 10% WST reagent
(Art. No. 05015944001, Roche, Basel, Switzerland) was added to the corresponding volume
of medium. Thus, 250 µL WST were added to the sample wells, and 40 µL were added
to the old wells, the blank wells, and the positive control (C + R). This was incubated in
an incubator at 37 ◦C for 2 h. After this time, the liquids were transferred into a 96 well
plate. 100 µL of each solution were added to three separate wells. The absorption was then
measured at 450 nm using a Spectrostar Nano microplate reader (BMG Labtech, Ortenberg,
Germany). In a further experiment the influence of the released BMP-2 on the MG-63 cells
was investigated. The WST-I was repeated with GNPs loaded with BMP-2.

5.4.3. Lactate Dehydrogenase (LDH) Assay

Each experiment assessed three Thermanox™ cover slips, a negative control (cells
only), a positive control (Triton X), and a blank to account for background absorbance
in the ELISA reader. The experiments were repeated at least three times. A 200 µL cell
solution containing 50,000 cells was seeded onto each scaffold, and a 100 µL cell solution
containing 50,000 cells was seeded onto the Thermanox™ cover slips. One well was left
empty for use as a blank. The well plate was placed in an incubator at 37 ◦C with 5% CO2
for 4 h. Following incubation, 400 µL of DMEM-F12 phenol red free with the 1% P/S and
1% FBS additives were added into the sample-wells and control-wells. Since FBS itself
contains LDH, a concentration of 10% in the medium might have triggered background
absorption. Therefore, only a concentration of 1% FBS was added to the medium. For the
positive controls, 1% Triton × 100 (Art. No. X100, Sigma Aldrich, Saint Louis, MO, USA)
was added to the DMEM-F12 medium with 1% P/S and 1% FBS to kill the cells. The LDH
experiments were carried out at 24, 48 and 72 h following seeding and the same procedure
was repeated at each interval: Three 100 µL samples were taken from each well into a
96 well plate. An LDH reagent (100 µL) was added to each well in use, and the plate was
incubated in darkness at room temperature for 30 min. Following incubation, the plate
was placed in a Spectrostar Nano microplate reader (BMG Labtech, Ortenberg, Germany),
and absorbance was measured at a λ of 490 nm with a reference λ of 600 nm. In a further
experiment the influence of the released BMP-2 on the MG-63 cells was investigated. The
LDH was repeated with GNPs loaded with BMP-2.

5.5. ADA-GEL Hydrogel
5.5.1. Preparation of Alginate-di-Aldehyde (ADA)

ADA was produced according to the method developed by Sarker et al. [45]. For
this purpose, sodium alginate was dissolved in ethanol (99.8%) and sodium periodate
dissolved in aqua bidest. was added. For the oxidation reaction, stirring was carried out
for 6 h under exclusion of light (beaker was wrapped with aluminum foil). The reaction
was stopped with ethylene glycol and stirring was continued for 30 min. The ADA was
dialysed for 7 days against aqua bidest. to remove any remaining sodium periodate by
using the dialysis system Spectra/Por (Repligen, Boston, MA, USA) with standard RC
dialysis membranes (6–8 kD MWCO). The bidest. water was changed twice a day. After
dialysis, the ADA was dried in a lyophilisator (FreeZone 2.5, Labconco, Kansas City, MO,
USA) for another seven days.

5.5.2. Crosslinking ADA and GEL

The cross-linking of the aldehyde groups produced by oxidation with the amino
groups of the gelatin always took place shortly before the gel was used and is described in
the following experiments.
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5.6. ADA-GEL Beads with Drugs
5.6.1. ADA-GEL Beads with Clindamycin and FITC-Protein A-Containing GNPs

A 5% w/v ADA solution was prepared by homogenizing freeze-dried ADA with aqua
bidest. water for several hours on a magnetic stirrer in a beaker. Meanwhile, a 5% GEL
solution was prepared from GEL A, 300 g Bloom (GELITA AG, Eberbach, Germany) with
aqua bidest. water at 37 ◦C on the magnetic stirrer. Clindamycin was added to the gelatin
after homogenization to achieve a final concentration in the beads of 50 mg/mL. Since
clindamycin is light sensitive, the beaker was wrapped in aluminum foil. The amount of
FITC-protein A GNPs from 2 production batches of 1.25 g each of initial GEL mass was
added. GNP prepared with 2% FITC-protein A was used. The GNPs were added to the
homogenized ADA. The clindamycin-containing gelatin and the ADA containing GNP
were mixed together (1:1) and carefully dripped with the beaker into a 30 mM calcium
chloride solution [19]. In addition to the active substance containing beads, hydrogel beads
were prepared as blank samples without drugs.

5.6.2. ADA-GEL Beads with CLI and BMP-2 Containing GNP

The beads were prepared with CLI and BMP-2 containing GNPs as described in 2.6.1.
Before adding the gelatin, GNPs with BMP-2 from a batch of 1.25 g of gelatin (twice as much
as described in 2.2) was added to the ADA. After the addition of the gelatin containing
CLI, the mixture was homogenized under light for 30 s. The beads were then prepared by
dropping the ADA-GEL into 30 mM CaCl2 solution.

5.7. Drug Release Experiments

All drug release experiments were performed with a minimum of 10 samples and
repeated at least three times.

5.7.1. Drug Release from ADA-GEL Beads

1 g of the CLI loaded beads were stored, after being weighed with a precision balance
(Secura 125-1CEU, Sartorius, Göttingen, Germany), with 3 mL bidest. water in 5 mL
Eppendorf Tubes, at 37 ◦C for 28 days in an oven (Memmert IN 75, Schwabach, Germany).
After 1, 2, 3, 6, 9, 14, 21 and 28 days, samples were taken and the liquid was completely
removed and replaced by aqua bidest. The obtained liquid was frozen at −20 ◦C until
analysis by HPLC.

5.7.2. Dual Drug Release from ADA-GEL Beads

The dual release (CLI out of the ADA-GEL beads, BMP-2 out of GNPs within the
ADA-GEL beads) was carried out here according to the same principle as described above.
1 g of loaded ADA-GEL beads was placed in a 5 mL Eppendorf tube with 3 mL bidest.
water. The release was tested at 37 ◦C for 28 days. After 1, 2, 3, 6, 9, 14, 21 and 28 days,
samples were taken, the complete liquid was removed once again and replaced by bidest.
water. The samples were frozen at −20 ◦C in the same way as the release tests from the
beads until they were analyzed by HPLC or fluorimeter (FITC-prot A) and ELISA kit
(BMP-2).

5.7.3. Quantitative Analysis

The released clindamycin from the ADA gelatin beads was quantitatively determined
by HPLC. The HPLC System (Shimadzu, Kyoto, Japan) consisting of 2 Nexera XR LC-20AD
pumps and a SIC-30AC autosampler, CTO 20 AC column oven, DGU-20A5R Degasser, SPD-
M20A PDA detector, RF 20A fluorescence detector and a CBM-20A controller. A reversed-
phase column of butyl-modified silica gel was used as a separation column (NUCLEOSIL
300-5 C4, 5 µm, 250 × 4.6 mm, Macherey-Nagel, REF 761989.30, Düren, Germany). An
acetonitrile/sodium hydrogen phosphate solvent with pH of 3.5 at a the ratio 29:71 was
used according to Batzias et al. [46]. Flow rate was 0.66 mL/min at 25 ◦C. Clindamycin
was eluted after 3.5 min and registered by a PDA detector at 193 nm. The released FITC-
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protein A concentration was measured with a fluorimeter (Perkin Elmer EnSight, Waltham,
MA, USA) at 490 nm excitation and 525 nm emission. The determination of the BMP-2
concentration was performed with an ELISA kit from Sino Biological according to their
protocol. The 96 well plate already coated with a BMP-2 antibody by the manufacturer was
first washed 3 times with 200 µL wash buffer. 100 µL of the samples were then pipetted into
the wells and incubated at room temperature for two hours. The washing step was repeated
3 times before 100 µL of the detection antibody against BMP-2 were added conjugated with
horseradish peroxidase. This was incubated for one hour at room temperature. Washing
was repeated 3 times before the dye solution was added. After 20 min 50 µL of the Stop
Solution were added to stop the color reaction. Using a UV/Vis spectrometer (SpectroStar
Nano, BMG Labtech, Ortenberg, Germany), the color reaction was quantitatively evaluated
using a calibration curve (2500 . . . 31.5 pg/mL) at λ = 450 nm.

5.7.4. Kinetics Model

The release kinetics of CLI, FITC, and BMP-2 were fitted to a cumulative diagram
according to the following Ritger [47] exponential relationship:

Mt

M∞
= ktn (2)

where Mt/M∞ = fractional solute release; t = release time; k = a constant; and n = diffusional
exponent characteristic of the release mechanism. In the case of pure Fickian release,
the exponent n has limited values 0.50, 0.45 and 0.43 for release from slabs, cylinders
and spheres.

5.8. Statistical Analysis

Data was expressed as mean values ± standard deviation of the mean and analyzed
by one-way analysis of variance (ANOVA). The level of statistical significance was set at
p < 0.05. For statistical calculations, Origin 2020 Professional SR1 (OriginLab, Northampton,
MA, USA) was used.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/gels8060365/s1. Figure S1: Image (live/dead staining) of agglomerated
GNP-BMP2 with MG-63 cells; Figure S2: Cumulative releases, fit according to Ritger et al. [25];
(a) Clindamycin; (b) Conjugated FITC-protein A, with a diffusion coefficient n = 0.5 for Fickian’
diffusion; (c) BMP-2 in relation to the BMP-2 amount used. According to previous published
work [41], the fitting for the CLI release was split into a beginning part (nB) and final part (nF), both
with anomalous diffusion (nB = 0.35 and nF = 0.01).
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Abstract: Knowledge of the crystallization stability of bioactive glasses (BGs) is a key factor in de-
veloping porous scaffolds for hard tissue engineering. Thus, the crystallization behavior of three
mesoporous bioactive glasses (MBGs) in the 70SiO2-(26-x)CaO-4P2O5-xCeO2 system (x stands for
0, 1 and 5 mol. %, namely MBG(0/1/5)Ce), prepared using the sol–gel method coupled with the
evaporation-induced self-assembly method (EISA), was studied. A thermal analysis of the multiple-
component crystallization exotherms from the DSC scans was performed using the Kissinger method.
The main crystalline phases of Ca5(PO4)2.823(CO3)0.22O, CaSiO3 and CeO2 were confirmed to be
generated by the devitrification of the MBG with 5% CeO2, MBG5Ce. Increasing the ceria content
triggered a reduction in the first crystallization temperature while ceria segregation took place. The
amount of segregated ceria of the annealed MBG5Ce decreased as the annealing temperature in-
creased. The optimum processing temperature range to avoid the crystallization of the MBG(0/1/5)Ce
powders was established.

Keywords: sol–gel processes; spectroscopy; X-ray methods; thermal properties; bioactive glass;
silicate; biomedical applications

1. Introduction

Since their discovery in the late 1960s, bioactive glasses have been intensively studied
due to their excellent bioactive response in hard tissue engineering [1]. However, the main
limitation of the use of bioactive glass (BG) in obtaining porous scaffolds that mimic the
structure of human bones [2] consists of improper mechanical characteristics, especially
brittleness. Additionally, crystallized glass-ceramics show a lower surface reactivity in
physiological solutions as a consequence of the reduction in the surface Si-OH linkages in
comparison with the glassy counterparts [3]. Both brittleness and bioactivity are influenced
by the crystallization (devitrification) behavior of BGs [1]. To overcome the limitation of
BG crystallization during scaffold preparation [2], few solutions are used, e.g., tailoring BG
composition, sol–gel preparation, understanding crystallization behavior and obtaining
polymer-bioactive glass composites. The silica content, type of glass modifier (Na, K,
Ca, Mg and Ba [4]) and doping oxides (ZnO, Ce2O3, Ga2O3, Bi2O3, Nb2O5 [5–8], etc.) are
critical factors determining the ability of BGs to crystallize [9,10]. Although BGs with a silica
content of up to 80% are still bioactive [11], they are denser than the Hench’s 45S5 Bioglass®

with 45% SiO2 [1]. A better workability was reported for alkali-free BGs developing
wollastonite (CaSiO3) during crystallization in comparison with sodium–calcium–silicate
phases, such as combeite (Na2Ca2Si3O9) [12,13]. To inhibit the crystallization of sodium–
calcium–silicate phases in 45S5 while preserving their sintering and fiber-drawing abilities,
magnesium and zinc were partially substituted for calcium [14]. The latter ions enabled the
processing range to be widened, namely, the temperature range within the glass transition
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(Tg) and crystallization onset, Tx. Except for BG formulation, the synthesis method highly
influences the surface area and pore architecture, which are essential for an adequate surface
reactivity in physiological fluids required by scaffolds in bone regeneration [2,15,16]. In
contrast with melt and sol–gel-derived BGs, an enhanced bioactivity of the MBGs obtained
by the sol–gel method coupled with the surfactant method is influenced by their pore
architecture [15–19]. The ability to form ordered mesopores (2–50 nm sized pores) is
mainly affected by the SiO2 content and selected surfactant [15]. The most well known
method for tuning the pore architecture of a BG obtained using sol-gel processing is
the evaporation-induced self-assembly method (EISA) [16,17]. No correlation between
the ordered mesoporosity and devitrification tendency has been previously reported in
the literature.

Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are
useful techniques for studying the crystallization of BGs [1,9], while the kinetic analysis
of the thermal data provides information on the reactivity and stability of BGs. Although
richer silica BGs do not easily crystallize [11,20], the few kinetics reports on crystallization in
BGs are mostly conducted on the 45S5 Bioglass® [1,12,21]. In comparison to richer-silica BGs
1-98(53SiO2-22CaO-6Na2O-11K2O-5MgO-2P2O5-1B2O3, wt.%) and 13-93(53SiO2-20CaO-
6Na2O-12K2O-5MgO-4P2O5, wt. %) with surface nucleation [11], the crystallization of the
45S5 Bioglass® suddenly proceeds from the surface to bulk phase [1]. The kinetics of the
thermally simulated devitrification of BGs and their corresponding energy barrier has been
very often studied by using the Kissinger method for the nth order reactions [22,23].

Since the thermal behavior of MBGs obtained using sol-gel process helps when choos-
ing parameters for fiber and bioactive scaffold preparation, this work presents the non-
isothermal crystallization kinetics of Ce-containing MBGs in the 70SiO2-(26-x)CaO-4P2O5-
xCeO2 system (x stands for 0, 1 and 5 mole %) by using DSC data. The identification of the
crystallization mechanism and crystalline phases was assessed.

2. Results and Discussion
2.1. Phase Evaluation in the G(0/1/5)Ce Gels

The FT-IR spectra of the dried G(0/1/5)Ce gels, which are the un-stabilized MBGs,
as illustrated in Figure 1a and exhibited characteristics of a silicate structure at 473, 825
and 1049 cm−1 due to the rocking, bending and stretching modes of the Si-O-Si bonds that
formed into coalesced silica particles during condensation processes. The band located
at ~570 cm−1 [24] might be assigned to four-fold rings, i.e., Si(OSi)3(OR) (R stands for C2H5
or H) and/or four-fold silanol rings, as well as to the stretching and bending modes of
the P-O bonds. Nitrate ions, depictable by the intense band at 1380 cm−1 and smaller
bands at 822 and 740 cm−1 [25], indicated the non-incorporation of calcium ions into
the silica network [26]. Calcium nitrate, covering silica nanoparticles, was reported to
exist in dried gels of 70S30C (70SiO2-30CaO, mol. %) up to 350 ◦C [26,27]. Hence, the IR
spectra of the dried 70S30C gels resembled those of calcium nitrate, but the 1047 cm−1

band was thinner for the latter compound, and the shoulder at approximately 1080 cm−1

indicates the formation of Si-O-Si [27]. The coexistence of the 1049 and 1079 cm−1 spectral
features is easier to observe for the G5Ce sample in Figure 1a. The O-H presence in H2O
and alcohols [24,28] was indicated by the 1635 and 3423 cm−1 bands. The small band at
approximately 950 cm−1 of the G5Ce spectrum was due to Si-OH linkages [28]. The organic
residue was identified by the C-H stretching modes of the CH2 and CH3 groups at 2938
and 2878 cm−1 [28].

UVRaman spectroscopy, enabling fluorescence avoidance, as well as the selectively
enhanced detection of nitrates [29], was used for the first time, in the present study, to in-
vestigate the surface of the cerium-doped gels in the CaO-SiO2-P2O5 system. The ν1(NO3

−)
band [30] in Figure 1b (inset) was up-shifted for the G(1/5)Ce in comparison with that
for cerium-free gel, which is very likely due to hydrated water and metal cation (calcium
and cerium cations) effects [31]. This behavior confirmed a lack of calcium nitrate incor-
poration, as already depicted by IR, as well as the lack of cerium nitrate, which covers
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the already formed Si(OSi)3(OR) network. Additionally, hydroxyl from molecular H2O
(1600–1650 cm−1 and 3350–3500 cm−1 ranges), organic residue (symmetric and asymmetric
C-H stretching modes of the methylene, CH2, and methyl, CH3, within 2600–3100 cm−1)
and the silicophosphate network of four-fold rings at approximately 490 cm−1 [24,32] are
depicted in Figure 1b. Bands at approximately 1415 and 1460 cm−1 are attributable to
bending vibrations of the CH2 and CH3 groups [32]. The tinny band at 1140 cm−1 indicated
the formation of the Si-O-P bonds [32]. Symmetric vibrations of the P=O [32] were observed
at 1279 cm−1. In order to stabilize these dried gels, namely, to remove the organic and
nitrate residue, their thermal behavior should be assessed.
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2.2. DTA/DTG/TG Analysis of the G(0/1/5)Ce Gels

The DTA/DTG/TG curves of the G(0/1/5)Ce materials are illustrated in Figure 2a,b.
The TG curves in the inset of Figure 2 indicate the lowest thermal stability of the G1Ce
sample up to 160 ◦C, intermediate behavior over the 160–250 ◦C range, while above 250 ◦C,
its stability improved more than the other two gels. Hence, the rate of the mass loss was
not solely dependent on the gel composition for the whole temperature range investigated.
The overall mass loss ranged from 58.39% (G1Ce) to 60.80% (G5Ce). The first stage, at
approximately 70 ◦C, with a mass loss <8wt. %, for all the gels investigated, corresponded
to the physically adsorbed water [33–35] and ethanol [32,36]. The next two stages (Table 1)
record a mass loss of a maximum of 37%, up to 300 ◦C, corresponded to the vaporization o
water and decomposition of organic residue. Chemisorbed water resulted from precursor
condensation was removed at approximately 230 ◦C [13]. The third stage was due to the
alkoxy group decomposition [37,38].

Above 100 ◦C, the weight loss stages were accompanied by two exothermic events
on the corresponding DTA curves (Figure 2b). The second DTA exotherm had left and/or
right sided shoulders due to the complex decomposition process. Ethyl groups of the TEOS
and TEP along with un-hydrolyzed precursor vaporization [32] were responsible for the
first exothermic event at approximately 200 ◦C.
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Table 1. Thermogravimetric decomposition data of the G(0/1/5)Ce gels.

Gel Code Stage No ∆T/◦C Mass/% Assignment Total Loss/%

0Ce 1 25–132 6.30 Physically absorbed
water [34,35]

59.912 132–234 16.16 Chemisorbed water and
organic oxidation [13]3 234–301 18.05

4 301–497 18.93 Pluronic and nitrate
decomposition [26,35]

1Ce 1 25–134 7.14 Physically absorbed water

58.39
2 134–236 16.63 Chemisorbed water and

organic oxidation3 236–298 12.94
4 298–390 13.85 Pluronic and

nitrate decomposition5 390–640 6.96

5Ce 1 25–106 3.39 Physically absorbed water

60.85
2 106–227 20.17 Chemisorbed water and

organic oxidation3 227–293 16.11

4 293–620 20.04 Pluronic and
nitrate decomposition

The deegradation of Pluronic P-123 and nitrate by-products [26] accounted for the
last (fourth and fifth) mass loss stages. The removal of the nitrate byproducts confirmed
incorporation by the diffusion of the calcium [26] and cerium ions into the silica network.
The calcium diffusion process in the 70S30C gels takes place above 400 ◦C. Thus, the thermal
events at 531 and 608 ◦C, of the DTG curve for the G1Ce in Figure 2a, correspond, are
very likely due to loss of the remnant surfactant and nitrates, respectively [26,35]. A tinny
endotherm event at 600 ◦C was present on the DTG curve of the G5Ce (Figure 2a).

According to the thermal features above, the obtained gels were two-step thermally
treated to obtain MBGs. The first step at 300 ◦C (1 h) was required for water and organic
residue removal, while the second one was carried out at 700 ◦C (3 h) when no mass loss
occurred and calcium and cerium incorporation in the phosphosilicate network took place.
To evaluate the stabilization efficiency of the Ce-containing MBGs under discussion, FT-IR
and XRD measurements were carried out. The XRD patterns of the MBG(0/1/5)Ce samples
calcined at 700 ◦C [33] showed the presence of halos specific to the glassy phase.

2.3. Phase Identification in the Devitrified Ce-Containing MBGs

The DSC curves of the stabilized BGs powders, MBG(0/1/5)Ce, collected by heat-
ing with a 10 ◦C/min. rate (Figure 3a), had multiple crystallization exotherms. Thus,
two crystallization effects were recorded for MBG1Ce, while three components were re-
quired for MBG(0/5)Ce (Figure 3b). The peculiar behavior of MBG1Ce regarding higher
pore interconnectivity was determined [33] from the wider hysteresis loop of the nitrogen
adsorption/desorption isotherms of the MBG(0/1/5) samples. Hence, except for MBG
formulation, the textural data can influence thermal behavior. Three exotherms of crystal-
lization were also reported for the 70S26C4P (70SiO2-26CaO-4P2O5, mol. %) BG obtained
using the sol–gel method in the absence of surfactants and stabilized in a single step at
700 ◦C [36]. Decreasing temperature for the first crystallization exotherm in Figure 3a was
noticeable as ceria content increased. Jones et al. [39] reported a crystallization peak at
873 ◦C for β-wollastonite in the foamed and unfoamed monoliths of 70S30C, while Sigueira
and Zanotto [36] found apatite in primary phase crystallizing at 900 ◦C. In the case of the
MBG0Ce powders, the first exotherm of crystallization (onset temperature, Tx, of 863 ◦C
and peak temperature, Tc1,of 878 ◦C) was assignable to an apatite phase (XRD data in
Figure 4a and Table 2), whereas the other two exotherms belonged to wollastonite (β-phase)
and higher temperature wollastonite, pseudowollastonite or α-wollastonite [25]. The crys-
tallization of wollastonite phases was accompanied by the enhancement of mechanical
properties [40].
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Figure 4. XRD patterns of the annealed: (a) MBG0Ce_(878/951/1012) and (b) MBG(0/1/5)_Tc1

samples at first crystallization exotherm.

Table 2. List of thermal treatment holds for 24 h at DSC exotherms of crystallization and correspond-
ing XRD data of MBGs (particle size 75 µm).

MBG Code Tc1 (◦C/Phases) Tc2 (◦C/Phases) Tc3 (◦C/Phases)

0Ce
878/ 951/ 1012/

A (68.01%), W (20.72%) PW (11.27%) A (68.34%), W (10.04%), PW (21.62%) A (70.98), W (17.69%), PW (11.33%)

1Ce
865/ 900/ -

A (90.10%), W (9.90%) A (85.88%), W (15.12%)

5Ce
830/ 876/ 906/

A (38.21%), C (14.10%), PW (47.68) A (54.15%, C (13.41%) A (59.05%), C (7.80%), PW (33.14%)
PW (32.44%)

A = apatite (JCPDS 01-073-1731), W = wollastonite (JCPDS 00-900-8151), PW = pseudowollastonite (JCPDS
01-074-0874), C = ceria (JCPDS 00-043.

The formation of the Ca5(PO4)2.823(CO3).22O (64.45% crystallinity) was noticeable in
the X-ray pattern of the MBG1Ce isothermally treated at 865 ◦C (MBG1Ce_865 in Table 2),
which is similar to the MBG0Ce_878 sample (Figure 4b). Hence, the annealed samples
at the first crystallization effect, MBG(0/1)_Tc1, showed the presence of an apatite phase,
although only amorphous phases were shown prior to thermal treatments (Figure 4b).
Ceria prevailed in the annealed MBG5Ce_Tc1(Figure 4b and Table 2). The annealing
of the MBG(0/1/5)Ce BGs at approximately 870 ◦C (Table 2) induced the formation of
apatite phase.

Crystalline phosphates were observed in the IR spectra of the two annealed BGs with
three crystallization effects, MBGS(0/5)_(Tc1/Tc2/Tc3), as shown in Figure 5, due to its
bands at ~570 and 609 cm−1 as a result of the P-O bending vibrations of the orthophosphate
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PO4
3− groups [39,40]. These bands were used to monitor glass bioactivity [41] since the

other P-O vibrations overlapped with the Si-O vibrations. Only the 565 cm−1 band was
observed for the MBGS1Ce_(Tc1/TC2) in Figure S1. A small band at ~428 cm−1 might
have belonged to Ce-O [42] in MBG5Ce_(830/876). The asymmetric Si-O-Si stretching
mode at ~1092 cm−1 [43], and symmetric stretching and bending bands at 794 cm−1 and
465 cm−1 were also present in the IR spectra of all the thermally treated MBG0Ce as shown
Figure 5a. Moreover, IR bands located at 1018, 937, 903, 720, 684, and 642 cm−1 of the sam-
ples treated at a higher temperature, MBG0Ce_(951/1012), belonged to β-wollastonite [44].
IR data reported for the sol–gel 70S26C4P bioglass annealed at 1000 ◦C [44] revealed the
formation of quartz (798/780 doublet and 697 cm−1). Quartz absence in the XRD pattern
of MBG0Ce_1012 might be due to its low quantity under the XRD detection limit. Barely
perceptible shoulder at 984 cm−1 for the MBG0Ce_1012 sample belonged to pseudowollas-
tonite (PW). This finding, supported by the XRD pattern in Figure 5a, was also reported for
the sintered BG of 58S (58 wt. % SiO2, 33 wt. % CaO and 9 wt. % P2O5) at 1100 ◦C [44].
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Figure 5. FTIR spectra of the annealed (a) MBG0Ce_T and (b) MBG5Ce_T samples at all crystallization
exotherms (* stands for the 984 cm−1 shoulder).

Raman spectroscopy is a powerful technique for studying nucleation and growth in
annealed glasses [45]. Moreover, UV-Raman spectroscopy accesses the surface informa-
tion of BGs. The annealed MBGS5Ce_T samples showed distinct Raman features below
750 cm−1 (Figure 6 and Table S1). Thus, the band at 438 cm−1 of the MBG5Ce_830 is
attributable to rocking modes of the bridging oxygen atoms located perpendicular to the
P–O–P plane and of the F2g modes of CeO2 [46]. More intense bands of defects, D1 and
D2, of the MBG5Ce_(830/876) samples in comparison with commercial ceria were due to
oxygen vacancies associated with Ce3+ and Ce4+ sites [46]. The defect bands were either
thermally and/or dopant activated [46]. The overtones (2LO) of ceria at approximately
1167 cm−1 were also shown for the first exotherm-annealed MBG5Ce_(830/876). The
symmetric stretch of the Q0(P) units (595 cm−1) [8] indicated the formation of a crystalline
phosphate phase in the MBG5Ce_(RT/830/876). The band at 464 cm−1 [47] revealed the
presence of quartz in the MBG5Ce_906 sample. The wollastonite band (Si-O bending [48])
at approximately 635 cm−1 (Si-O-Si bonds [8] in Q2(Si)) supported by XRD and IR data for
the second exotherm-annealed sample MBG5Ce_876. A band at 620 cm−1 was reported [49]
for cerium phosphate. UV-Raman spectra of the annealed MBGS5Ce_T sample showed
the ν1(PO4

3−) band at approximately 950 cm−1, as observed in Figure 6 [24,45]. The same
band could also belong to the Q2(Si) units (SiO4 tetrahedra with two non-bridging oxygen
atoms, NBOs) of the metasilicate chains (Si2O6

2−) [24]. The abundance of the Q2(Si) units
influenced the glass bioactivity. The band at approximately 846 cm−1, which was seen in
all the samples (Figure 6), corresponds to the Q0(Si) units that provided information about
the devitrified glass structure.
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2.4. Crystallization Behavior of the Stabilized Ce-Containing MBGs

To obtain workability information (processing range, Tx-Tg, reactivity, and stability)
of the MBGs kinetic approach of the DSC runs were collected at various rates (Figure 7).
Although glasses can show multiple crystallization exotherms only the first one was used
in the calculation of glass stability defined as the crystallization resistance of glass upon
heating [9]. The most simplified estimation of the glass stability is to obtain the Tx-Tg
quantity from DSC measurements [1], i.e., temperature range where crystallization is
avoided. A value of higher than 100 ◦C of this quantity implies good thermal stability,
which was the case for all MBGs presented here (Figure 7 and Table S2). The lowest Tx-Tg
value was recorded for the MBG5Ce (149 ◦C at 10 K/min.). Other parameters (Hruby,
Weinberg, etc.) for measuring glass stability imply the use of glass melting temperature [9].
However, the measurement of the melting temperature of the broad endothermal DSC
effect is rather inaccurate.
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Figure 7. DSC runs with various heating rates of: (a) MBG0Ce, (b) MBG1Ce and (c) MBG5Ce (A and
W stand for apatite and wollastonite).

Therefore, considering crystallization exotherm dependence on the DSC heating rate,
activation energy (Ea) was derived using the Kissinger equation (Equation (1)) for the first
exothermof crystallization. Plots of [−ln (β/TC1)] as functions of [1000/TC1] for the first
crystallization exotherm of the MBG(0/1/5)Ce samples are presented in Figure 8. The
straight lines used to fit these plots represent Ea/R activation energy for crystallization and
gas constant. The high activation energy of apatite crystallization in MBG(0/1)Ce samples
(Table 3) indicates the good thermal stability of the two samples. Larger Ea1values of the
MBG(0/1)Ce than those reported for coarse and fine apatite particles, 514 and 482 KJ/mol
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K, crystallized in lime- and magnesia- containing silicate glasses [40], indicate a lower
tendency for the crystallization of these MBGs. The Avrami exponent, n, calculated using
Equation (2) indicates the surface crystallization of the ceria (MBG5Ce) and apatite phase
(MBG(0/1)Ce). As well as size, the shapes of the glass particles influence crystallization
kinetics [9]. Thus, the wide FWHM of the first crystallization exotherm (~40 ◦C in Table S2)
for the MBG5Ce might originate from spherical and/or cuboid glass particles, whereas
much narrower MBG(0/1)Ce exotherms (~20 ◦C) can be due to prolate and needle-like
apatite particles [9]. Smaller Ea and Tx-Tg values were obtained for the MBG5Ce compared
with MBG(0/1)Ce samples. Surface area values, SBET, as reported elsewhere [33], decreased
in the same succession as Ea for the first crystallization, namely, MBG0Ce (307 m2/g) >
MBG1Ce(230 m2/g) > MBG5Ce (223 m2/g), and inversely proportional to the increase in
ceria content.
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Figure 8. Linear fit of the Kissinger plots for the first exotherm of crystallization (Tc1) of the
MBG(0/1/5)Ce.

Table 3. Linear fit of the Kissinger plots for the first crystallization exotherms of stabilized
MBG(0/1/5)Ce.

Sample Intercept Slope Ea n R2

MBG0Ce 64.5969 87.8985 ± 5.22 730.82 ± 43.40 1.5979 0.9860
MBG1Ce 64.9096 87.2713 ± 3.23 725.61 ± 26.85 1.8879 0.9959
MBG5Ce −44.7813 62.2325 ± 3.17 517.43 ± 26.35 1.1871 0.9922

Given the distinct thermal behavior and segregation of CeO2 in the MBGS5Ce the
bioactivity study focused on this composition.

2.5. Bioactivity of the MBG5Ce_T

Multiple steps were identified in developing a hydroxy-carbonate apatite (HCA) layer
on the surface of BGs when treated with simulated biological fluid, SBF [1]. This complex
process of obtaining an HCA layer that is well-matched with natural bones and teeth relies
on three stages: leaching, dissolution, and precipitation. The leaching of Ca2+ from BGs and
exchanging with H+ and H3O+ from SBF was followed by the dissolution process when
the breaking the Si-O-Si bonds caused the formation of Si-OH at the surface and as well
as the release of Si(OH)4 into SBF. Superficial Si-OH underwent polycondensation into a
silica gel layer. Glass-released and SBF-originating calcium and phosphate ions migrated to
the silica gel layer and precipitated as an amorphous Ca-P-rich layer which subsequently
crystallized into HCA due to carbonate incorporation. The dissolution process is highly
dependent on glass and/or glass-ceramic composition, structure, and morphology. For
instance, Ce3+ ions released by the glass surface can compete with Ca2+ for phosphate ions
in SBF to form insoluble CePO4 and hence delay HCA formation [50,51].

The surface reactions of the MBG particles can be also monitored using UV-Raman
spectroscopy with a low penetration depth. To assess mineralization ability, SEM, UV-

201



Gels 2022, 8, 344

Raman, and IR investigations were carried out after 14-day immersion of the annealed
MBG5Ce_(RT/830/876) samples in SBF. The FTIR spectrum shown in Figure 9a of the
14-day soaked MBG5Ce_830 in SBF was dominated by the 1060 and 466 cm−1 bands of the
Si-O-Si stretching, and bending modes. The lack of bands at approximately 602 cm−1 for the
MBG5Ce_(830/875)_14 samples showed either that the crystalline phosphate phase existing
in these samples prior to immersion was soluble in SBF or an amorphous phosphate phase
was formed, despite the segregation of CeO2 (see XRD data in Figure 4b and Table 2) in the
MBG5Ce sample, which is known to hinder bioactivity [33,52]. IR and Raman spectra of
the sample without thermal treatment indicated the formation of HCA (intense peak of
PO4

3− and CO3
2− at 954 and 1100 cm−1 [41,51,52] in Figure 9b and 602 cm−1 in Figure 9a)

after 14 days of immersion in SBF (MBG5Ce_RT_14). Instead, the wide band peaking
at approximately 1200 cm−1 (Figure 9b) in the MBG5Ce_(830/876)_14 samples provided
evidence of ceria. Except fluorescence removal, UV-Raman spectroscopy is a very sensitive
technique to identify the defective structure of ceria at a lower penetration depth.
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Figure 9. (a) FT-IR and (b) Raman of the MBG5Ce_(RT/830/875) soaked in SBF for 14.

The silica gel layer obtained in the early stages of the bioglass immersed in SBF [38]
was subsequently penetrated by calcium and phosphate ions and an amorphous calcium
phosphate layer covered the sample surface (Stage 4) [53]. Hydroxyl, phosphate, carbonate
and calcium ions formed an outer hydroxyapatite layer.

Delayed bioactivity was confirmed by IR, UV-Raman and SEM data (Figure 10) col-
lected on the annealed MBG5Ce at the second crystallization event corresponding to
wollastonite crystallization. Shoulders at approximately 642 and 953 cm−1 of the 14-day
soaked MBG5Ce_875 spectrum indicated β-wollastonite phase.
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Figure 10. SEM images of the MBG5Ce sample: (a,b) untreated, and 14-day SBF soaked; (c) MBG5Ce
_830_14 and (d) MBG5Ce _876_14.

The SEM micrograph of the sample without annealing treatment immersed for 14 days
in SBF, MBG5Ce_14, showed the formation of hydroxyapatite. Moreover, its Ca/P ratio
of 1.78 (EDS spectrum illustrated in the inset of Figure 10b) was closer to that of the nat-
ural hydroxyapatite (1.67). Cerium and phosphorous depicted in the inset of Figure 10
confirmed the presence of segregated ceria and apatite phase crystallized at the first crystal-
lization peak of the MBG5Ce_830 prior to immersion in SBF. Tinny needle crystals on the
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surface of theMBG5Ce_830_14 sample might point out incipient apatite phase formation.
Conversely, the MBG5Ce_876_14 micrograph (Figure 10d) is evidence of the prevention of
hydroxyapatite formation in samples containing crystallized wollastonite at the surface.
The highest Ca/P ratio of 3.54 is further proof of this.

Delayed bioactivity was confirmed by IR, UV-Raman and SEM data (Figure 10) col-
lected for the annealed MBG5Ce at the second crystallization event corresponding to
wollastonite crystallization. Shoulders at approximately 642 and 953 cm−1 of the 14-day
immersed MBG5Ce_875 spectrum indicated β-wollastonite phase.

3. Conclusions

Information on the crystallization avoidance, i.e., thermal stability and temperature
processing window (Tx-Tg range) of some cerium-containing MBGs, MBG(0/1/5), was
obtained in this study. Double and triple crystallization events of the DSC curves were
recorded for the MBG(0/1/5)Ce powders. The XRD findings of the annealed samples at
the crystallization peak temperatures revealed the crystallization of apatite, wollastonite,
and ceria phases. The large activation energy (>500 KJ/mol) corresponding to the first
crystallization event, derived by using the Kissinger method, indicated a low crystallization
tendency which is appropriate for the thermal processing of the MBGs. The addition of
5% ceria to the MBGs, MBG5Ce, caused the lowering of the first crystallization exotherm
from 876 ◦C to 830 ◦C and the narrowing of the processing window to ~100 ◦C while ceria
segregation took place. Conversely slower bioactivity was seen for the annealed MBG5Ce
at its first crystallization exotherm. According to these results, the MBG(0/1/5)Ce powders
presented here are suitable for the production of porous biomedical scaffolds. Further
cellular tests are nedeed to investigate the biological response of the annealed MBGs.

4. Materials and Methods
4.1. Materials

Tetraethylorthosilicate (TEOS of >98% from Merck, Darmstadt, Germany), pluronic®

P123 (Sigma-Aldrich, Darmstadt, Germany)), triethylphosphate (TEP of 99% from Aldrich),
calcium nitrate tetrahydrate (99% p.a., Carl Roth, Karlsruhe, Germany) and cerium nitrate
hexahydrate (99%, Aldrich) were the starting materials. Cerium oxide (99.9% from Loba-
Chemie, Mumbai, India) was used for comparison.

4.2. Sol–Gel Preparation Methods

The sol–gel synthesis coupled with the evaporation-induced self-assembly method
(EISA) using Pluronic® P123 as a structure-directing agent was employed to obtain cerium-
doped MBGs in the 70SiO2-(26-x)CaO-4P2O5-xCeO2 system (x stands for 0, 1 and 5 mole %)
as described elsewhere [33]. The obtained dried gels, denominated G(0/1/5)Ce gels
according to the molar percent of CeO2, were two-step thermally treated according to the
thermal effects indicated by the corresponding TG/DTG/DTA curves in Figure 2.

Further, the glass powders were isothermally crystallized separately in a Pt cru-
cible in air at the temperature (T) corresponding the DSC exotherms of crystallization,
MBG(0/1/5)_T for 3h and 24 h, respectively.

4.3. Bioactivity of the Devitrified Glasses

The in vitro bioactivity of the devitrified MBG(0/1/5)_T powders was checked in
simulated body fluid (SBF) for 14 days, as described elsewhere [5].

4.4. Characterization
4.4.1. Thermal Characterization

The thermal behavior of the G(0/1/5)Ce gels was determined through differential
thermal analysis and thermo-gravimetric analysis using Mettler Toledo TGA/SDTA 851e
equipment, in Al2O3 crucibles and in a flowing air atmosphere. The maximum temperature
was set at 1000 ◦C and the heating rate was 10 ◦C/min.
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Thermal stability analysis of the calcined MBGs, MBG(0/1/5)Ce, was performed by
means of a LabSysEvo in a platinum crucible in an argon atmosphere. Approximately
26 mg of grounded glass with a particle size below 75 µm was used for DSC measurement
within 25–1200 ◦C. Crystallization kinetics analysis was conducted with heating rates, β, of
5, 10, 15, 20 and 25 ◦C/min. after appropriate equipment calibration for each rate with In,
Sn, Zn, Al and Ag. The glass transition temperature (Tg) established based on the inflection
point and peak temperature of crystallization (Tp) were determined by using Calisto 1.051
software from the DSC curves of the respective glasses.

The activation energy (Ea) was calculated using the Kissinger equation [22,23] accord-
ing to the DSC data:

ln

(
β

T2
C

)
= constant − Ea

RTC
(1)

where: Tc is crystallization temperature measured at various heating rates, β, and R is the
gas constant. The activation energy, Ea, for crystallization is derived from slope (−Ea/R) of
the straight line of the ln(β/TC

2) versus (1000/TC) representation.
The Avrami exponent (n), an indicator of crystal growth dimensionality, was deter-

mined using Equation (2) proposed by Augis and Bennett [54,55]:

n =
2.5

∆TFWHM

T2
C

Ea
R

(2)

where: ∆TFWHM is the full width at the half maximum of the crystallization exotherm from
the DSC curve.

4.4.2. Structural Characterization

The structures of the G(0/1/5) gels were investigated using IR and UV-Raman spec-
troscopies. Additionally, crystalline phases obtained through isothermal devitrification in
accordance with the DSC exotherms of crystallization were identified by means of X-ray
Diffraction (XRD), IR and UV-Raman spectroscopies. Thus, the XRD patterns of glassy and
devitrified counterparts were recorded using a RigakuUltima IV diffractometer (Rigaku
Corporation, Tokyo, Japan) equipped with CuKα radiation, with 2◦/min and a step size of
0.02◦. Fourier transform infrared (FTIR) spectra of the were recorded without additional
slice preparations, in the 400–4000 cm−1 domain with a sensitivity of 4 cm−1 by using a
Thermo Nicolet 6700 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
UV-Raman spectra of the gels, stabilized and thermally devitrified MBGs were collected
by means of a Labram HR 800 spectrometer (HORIBA FRANCE SAS, Palaiseau, France)
equipped with a UV laser line (325 nm from Kimmon Koha Co., Ltd., Tokyo, Japan), grating
of 2400 lines and a 40x/0.47 NUV objective, assuring a laser spot on the sample smaller
than 1 µm.

The morphology and EDS characterization of the MBGs samples were carried out
by using a FEI Quanta3DFEG (FEI, Brno, Czech Republic) microscope equipped with an
Octane Elect EDS system. Secondary electron images were recorded at an accelerating
voltage of 5 and 10 kV in high-vacuum mode. Samples were recorded without sputter
coating with conductive material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8060344/s1, Figure S1: FT-IR spectra of the MBG1Ce annealed
at 865 and 900 ◦C; Table S1: UV-Raman band positions of the annealed MBG5Ce_T spectra and
assignments within 330–1200 cm−1 spectral range; Table S2: Results (Txand Tc1) of fitted DSC curves
of the MBG(0/1/5Ce).
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Abstract: This study aims to investigate the effect of new natural photosensitizers (PS) (based on
oregano essential oil, curcuma extract, and arnica oil) through in vitro cytotoxicity and biological tests
in rat-induced periodontal disease, treated with photodynamic therapy (aPDT). The cytotoxicity of
PS was performed on human dental pulp mesenchymal stem cells (dMSCs) and human keratinocyte
(HaCaT) cell lines. Periodontal disease was induced by ligation of the first mandibular molar of
25 rats, which were divided into 5 groups: control group, periodontitis group, Curcuma and aPDT-
treated group, oregano and aPDT-treated group, and aPDT group. The animals were euthanized
after 4 weeks of study. Computed tomography imaging has been used to evaluate alveolar bone loss.
Hematological and histological evaluation showed a greater magnitude of the inflammatory response
and severe destruction of the periodontal ligaments in the untreated group.. For the group with the
induced periodontitis and treated with natural photosensitizers, the aPDT improved the results; this
therapy could be an important adjuvant treatment. The obtained results of these preliminary studies
encourage us to continue the research of periodontitis treated with natural photosensitizers activated
by photodynamic therapy.

Keywords: gels; photosensitizers; photodynamic therapy; cytotoxicity; computed tomography

1. Introduction

There are a number of oral diseases that pose a major threat to public health worldwide,
among which periodontal diseases and dental caries are the most invasive and difficult to
treat. The need to develop an alternative prevention treatment with antibacterial agents is
due to the side effects of conventionally used treatments (antibacterial, anti-inflammatory,
or antibiotic drugs) and the increasing bacterial resistance to them. Thus, natural products
and photodynamic therapy has become a topical and important research subject.

Periodontitis is a very common chronic inflammatory disease nowadays. It is caused
by infection with the presence of various types of oral bacteria, the so-called “red com-
plex”, which includes, among others, Porphyromonas gingivalis, Tannerella forsythia,
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Prevotella intermedia as well as other Gram-negative anaerobes wich are organized as
dental biofilm [1–3].

For periodontal disease to occur, bacteria should be able to colonize the subgingival
space and promote the appearance of virulent factors that could eventually affect the host
tissue. There are several studies in the literature that have concluded that microbial etiology
of periodontal disease has been attributed to a varied number of bacteria organized in
biofilm and not just a single microorganism [4–6].

Conventional mechanical debridement (scaling and root planing) can achieve a tem-
porary decrease in the subgingival levels of pathogens. However, organisms cannot be
removed from the majority of periodontal pockets by mechanical therapy alone. In ad-
dition, various systemic and local chemical antimicrobial agents (chlorhexidine, enamel
matrix derivative, and hyaluronic acid) have been introduced for the treatment of peri-
odontitis, which suppress periodontal pathogens with greater efficacy than mechanical
techniques and improve the results of conventional mechanical therapeutic techniques.
Some disadvantages of antimicrobial agents’ usage (such as antibiotics) include antibi-
otic resistance, immune suppression, and other unfavorable reactions. Considering the
complications above, it is necessary to expand research in an attempt to find alternative
antimicrobial techniques, such as natural agents for antimicrobial therapy. One of them
is the use of lasers and photodynamic therapy, which might be effective in eliminating
microbes in local and superficial infections in the presence of natural photosensitizers. The
literature presents many studies regarding antimicrobial photodynamic therapy (aPDT).
Antimicrobial chemotherapy may reduce periodontal pathogens and enhance the results of
conventional mechanical treatment [1,7–10].

Antimicrobial photodynamic therapy is a new and promising alternative that aims to
remove or reduce pathogenic microorganisms, both Gram-positive and Gram-negative bac-
teria, as well as viruses, parasites and fungi. Current research is looking for new approaches
that can be bactericidal but also have advantages over traditional antibiotic therapy. PDT is
a non-thermal photochemical reaction that requires the co-participation of three factors,
namely visible light at an appropriate wavelength, oxygen and a photosensitizer. The
properties of PSs have been studied in the literature, including their affinity for binding
to the bacterial wall and thus efficiently generating reactive oxygen species (ROS) upon
photostimulation. Various studies show that there are different types of ROS generated
during aPDT, among which singlet oxygen (1O2) is considered the most potential, which
means that it is mainly responsible for photo damage and cytotoxic reactions [7,9,11,12].

Turmeric (isolated from Curcuma longa L.), is generally known and used as a spice, but
has also been shown to have therapeutic effects. Among them is worth mentioning the
therapeutic effects in case of liver diseases, wounds and inflamed joints and it’s also known
for its blood purification and its antimicrobial effect. In terms of cytotoxicity, turmeric did
not show toxic effects on cell cultures and animal studies. It has a wide absorption range of
300-500 nm (with maximum absorption at 430 nm) and produces strong phototoxic effects,
thus being a suitable compound for use as PS. Being a fat-soluble material, this PS has
certain restrictions, namely, it requires an oil or other synthetic material to make its water
solubility possible, such as for example arnica oil [13].

Oregano essential oil is a volatile compound in which carvacrol, p-cymene, γ-terpinene,
and α-humulene have been identified. Like other essential oils, it has antimicrobial and
antioxidant properties, and is also able to inhibit the growth of Escherichia coli and Staphy-
lococcus aureus. The compounds mainly responsible for its antioxidant and antibacterial
properties are carvacrol and thymol. Its maximum absorption is at 270 nm [14].

aPDT is a new approach that involves combining a non-toxic PS and a low intensity
visible light source. This method of treatment has been shown to have an important antimi-
crobial effect, so it’s now an alternative for treating biofilm-related diseases. aPDT has been
researched as an alternative and promising method for the eradication of oral pathogenic
bacteria that over time can lead to endodontic disease, periodontitis, periimplantitis and
caries [15–19].
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The novelty of this study is the formulation and characterization of new photosensi-
tizers used in photodynamic therapy, based on natural extracts and investigated through
biological and cytotoxicity tests. The purpose of the study was to obtain new photosensitiz-
ers, using oxygen-enriched water and essential oils, to enhance the biological properties
of photodynamic antimicrobial therapy used in the treatment of experimentally induced
periodontal disease.

2. Results and Discussion
2.1. Cytotoxicity

Data are shown as the percentage of the average proliferation rate compared to the
un-treated control cells. All tests were made three times in exactly the same way and data
are presented in Figure 1. The statistic results presents no significant viability differences
between the control group and that with experimental gels. As can be seen in Figure 1, the
compounds studied had a reduced cytotoxic effect on cell cultures. The most significant
decrease in viability was recorded for turmeric gel in human dental pulp mesenchymal
stem cells (dMSCs). The toxicity results on the human keratinocyte cell lines (HaCaT) of
investigated oregano gel present lower values than curcuma and control gels.

The ANOVA test had a significant interaction between the treated groups (p = 0.40655).
Therefore, viability shows that the experimental gels were well tolerated by human dental
pulp mesenchymal stem cells and human keratinocyte cell lines, with no signs of toxicity
to any of the materials tested.
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Figure 1. Cell viability of photosensitizers on human dental pulp mesenchymal stem cells (dMSCs)
and human keratinocyte cell lines (HaCaT) compared with untreated control. Each bar represents
mean and standard deviation (n = 3).

2.2. Clinical Evaluation

Body weight measurements were assessed in order to correlate the clinical status of
the animal with the pathology induced. Statistical differences were interpreted (before and
after treatment) by using Student t-tests. Even though all groups experienced gain in body
weight, groups treated with photosensitizers and aPDT showed a more significant degree
of weight gain (Table 1).
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Table 1. Mean weight change (standard deviation) and weight variability (g) before and after
treatment.

Body Weight

Crt.
No. Groups Initially (g) Final (g) Weight Gain (%)

1. Control group (M) 452 ± 32.71 551 ± 24.14 21.9
2. Periodontitis group (P) 491.4 ± 25.47 530.2 ± 29.07 7.85
3. Curcuma group (GC) 475.6 ± 10.8 570 ± 14.85 **, ˆˆ 19.84
4. Oregano group (GO) 516 ± 17.92 576.4 ± 26.73 *, ˆˆ 11.70
5. Laser group (L) 438 ± 10.74 513.2 ± 27.39 17.16

(Mean ± SD) (t-tests, n = 5; * p < 0.05, ** p < 0.005). Compared with group M, (ˆˆ p < 0.005).

2.3. Computed Tomography (CT) Analysis

CT images of experimental groups of Wistar rats on the 1st and 21st day of treatment
after the periodontal disease was induced are presented in Figures 2 and 3.
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Figure 2. Comparative analysis of CT images of experimental groups on the first day of treatment:
(A) positive control group; (B) aPDT + curcumin group; (C) aPDT + oregano group; (D) laser therapy
group. The arrow indicates the first molar on the left hemimandible where periodontal disease
was induced.
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Figure 3. Comparative analysis of CT images of experimental groups on 21st day of treatment: (A)
positive control group; (B) aPDT + curcumin group; (C) aPDT + oregano group; (D) laser therapy
group. The arrow indicates the first molar on the left hemimandibula where periodontal disease
was induced.

CT scans showed bone loss at the beginning of the experiment when periodontal
disease was induced. At the end of the treatment, in the group treated with experimental
photosensitizers, an improvement in bone loss and bone density was observed. The
analyzed CT images show that after performing the laser treatment in the presence of
natural photosensitizers (curcuma or oregano), both values of bone density and periodontal
space improved. The groups treated with PS and light showed better results than the group
treated with laser only. This demonstrates the treatment-enhancing effect when a PS is
combined with laser therapy.

211



Gels 2022, 8, 134

2.4. Histological Analysis

Following the histological analysis, the tooth and the periodontal ligament, respec-
tively, and the dental alveolar bone (the dental support device) showed a normal appearance
in the M group (Figure 4).
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Figure 4. Control group: (A) histopathological images from the dental crown and partially from the
dental root area (hematoxylin-eosin); (B,C) higher resolution, 50 µm and 20 µm, of the marked zone
with red.

In the cervical and interdental space, moderate gingival retractions associated with
chronic and superficial focal gingivitis were observed (group P). The superficial area of the
inflammatory outbreak is covered by an abundant serum–leukocyte crust mixed with tissue
and fodder debris. In addition, a moderate-segmental osteoclastic resorption of the alveolar
bone was observed combined with suppurative (moderate) periodontitis extending from
the previously described gingival defect. At the level of the sub-gingival area, abundant
granulation tissue that partially delimits the septic focal point and replaces the dental
ligament focal point was observed (Figure 5).
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Figure 5. Periodontisis group: (A,B) the superficial area of the inflammatory outbreak covered by
tissue and fodder debris; (C) detail of the dental support device, with moderate-segmental osteoclastic
resorption of the alveolar bone and suppurated periodontitis; (hematoxylin–eosin).

In the L group (Figure 6), an important hyperplasia and hyperkeratosis (orthokeratotic)
of the gingival epithelium with the formation of irregular, anatomic epithelial papillae, sepa-
rated by a fibro-vascular inflammatory stroma (primarily neutrophils), moderate-segmental
osteoclastic resorption of the alveolar bone, and suppurated periodontitis was observed.
The inflammatory process was represented by bands and degenerated neutrophils in
mixture with rarely mononuclear cells and reactive fibroblasts.
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Figure 6. Laser group: (A) hyperplasia and marked hyperkeratosis of the gingival epithelium
(hematoxylin–eosin); (B) high resolution, 50 µm, of the marked zone with red from image A; (C) nu-
merous neutrophils with rare mononuclear and reactive fibroblasts.

In the GC group (Figure 7), an important hyperplasia and hyperkeratosis (orthok-
eratosis) in the gingival epithelium was noticed. Therefore, the formation of irregular,
anastomosing epithelial papillae, separated by an abundant (inflammatory granulation
tissue) fibro-vascular inflammatory stroma (primarily neutrophils and macrophages) was
observed. Furthermore, the superficial gingival area presented a focal ulcer (minimal)
covered by a serum cellular crust mixed with cellular debris and fodder. In Figure 7C, a
detailed aspect of inflammatory granulation tissue with abundant neutrophils (viable and
degenerate) mixed with rarely mononuclear cells and reactive fibroblasts were highlighted.
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2.5. Complete Blood Count 

A significant increase in the total WBC count in the P group (11.16 ± 2.06) was ob-

served compared to the M group (8.46 ± 1.13) (Figure 9) (p < 0.05); however, both rec-
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Figure 7. GC group: (A) hyperplasia and marked hyperkeratosis of the gingival epithelium. The
superficial gingival area presents a focal ulcer (minimal), covered by a serocellular crust mixed with
cellular debris and forage (the area demarcated by the rectangle); (B) higher resolution, 50 µm, of
the marked zone with red; (C) detail of inflammatory granulation tissue, with the abundance of
neutrophils (viable and degenerate) in combination with rare mononuclear and reactive fibroblasts.

In the GO group, marked gingival epithelial hyperplasia and hyperkeratosis (orthoker-
atosis) and partial replacement of the dental ligament with partially oriented fibro-vascular
connective tissue was observed (Figure 8).
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2.5. Complete Blood Count

A significant increase in the total WBC count in the P group (11.16 ± 2.06) was observed
compared to the M group (8.46 ± 1.13) (Figure 9) (p < 0.05); however, both recorded values
were within the physiological limits of the species (4–12 × 109/L). At the same time, a
statistically significant decrease (p < 0.05) of the cells mean number (monocytes) in both
P (0.13 ± 0.11) and L groups (0.12 ± 0.10) compared to the M group (0.50 ± 0.28) was
observed (Figure 9). Nevertheless, the values evidenced by monocytes are within the
species’ physical limits (0–0.98 × 109/L).
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Figure 9. Means and standard deviations for all groups and variables without outliers: (a) WBC;
(b) LYM; (c) MID; (d) GRA; (e) RBC; (f) HGB; (g) MVC; (h) MCH; (i) MCHC; (j) PLT. (Physiological
values: WBC: 4–12 × 109/L, LYM: 2–14.1 × 109/L, MID: 0–0.98 × 109/L, GRA: 0.1–5.4 × 109/L, RBC:
9–15 × 1012/L, HGB 90–150 mg/dL, HCT: 24–45%, PLT: 250–750 × 109/L).

Encouraging results was obtained in the treatment of some clinical pathologies using
photodynamic therapy that involve a photochemical reaction between photosensitizer and
laser light [20,21].

The antimicrobial effect of the photodynamic therapy is based on an oxidative explo-
sion due to the light therapy and is based on the deterioration of the cellular structures and
of the biomolecules, making, thus, a nonspecific mechanism. aPDT requires the presence of
three components: (I) a non-toxic dye, the so-called photosensitizer; (II) visible light of a
corresponding wavelength; (III) molecular oxygen. The absorption of light by the PS leads
to a transition to its triple state, through which there are two reaction mechanisms to allow
the PS to regain its baseline state. In the type I mechanism, the charge is transferred to
a substrate or to molecular oxygen generating reactive oxygen species such as hydrogen
peroxide, and oxygen radicals such as superoxide ions or free hydroxyl radicals. In the
type II mechanism, only energy—not charged—is transferred directly to molecular oxygen,
from which simple reactive oxygen (1O2) comes [22–24].
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Therefore, combining photosensitizers with light and molecular oxygen species de-
rived from enhanced water could generate a mechanism of cellular death by provoking
cytotoxicity to bacterial etiological factors, which are implicated in periodontal disease.

Major active ingredients of turmeric include three curcuminoids: curcuma (diferuloyl-
methane, the primary constituent who gives the bright yellow color), desmethoxycurcumin,
and bisdemethoxycurcumin, also a volatile oils (turmerone, atlantone and zingiberone),
sugars, proteins, and resins [25].

The studies demonstrated that curcuma have important antibacterial, antiinflamatory,
antioxidant and anticarcinogenic effects. The anti-infective effects makes curcuma appro-
priate in the wound-healing. Recent studies on the wound-healing properties of curcuma
evidence its ability to increase the granulation tissue formation, collagen deposition, tissue
changing structure, and wound reducing, favoring, in this way, the healing process [26–30].

Two of the major bioactive constituents, turmerone and atlantone, are presented in
turmeric. Curcuma is a hydrophobic photosensitizer that is soluble in dimethyl sulfoxide
(DMSO), acetone, ethanol, and oils; therefore, it was decided to add arnica oil to the
curcuma-based gel.

Combined with the natural compounds isolated from Arnica Montana oil, a medicinal
plant widely used as an herbal remedy containing terpenoids, sesquiterpene lactones,
flavonoids, and tannins with anti-inflammatory, antifungal, antimicrobial, and antibiotic
properties [31], this could provide a potential mechanism of action highlighting the benefits
of our implemented therapy [32].

Essential oils of oregano (Origanum vulgare) are widely recognized for their antimi-
crobial activity, as well as their antiviral and antifungal properties. It is one of the most used
aromatic plants, whose essential oils are particularly rich in mono- and sesquiterpenes [33].
In vitro studies of experimental gels with essential oils show anticariogenic and antibiofilm
activities [34].

Nevertheless, recent investigations have demonstrated that these compounds are also
potent antioxidant and anti-inflammatory agents. Carvacrol (CV), the main compound
found in essential oils of oregano, is a phenolic monoterpenoid, which possesses a wide
range of bioactive properties [35] and has been isolated within our experimental compound.
These properties of oregano essential oils are a potential interest to the food, cosmetic, and
pharmaceutical industries [36].

According to the literature, curcumin used as photosensitizer activated by blue light
in the aPDT procedure has the potential for reducing the bacterial count in periodontal
infection. Etemadi et al. states that several researchers have shown that curcuma as a
photosensitizer activated by a blue wavelength is effective in the elimination of the various
bacterial species involved in periodontal disease [33].

Belinello-Souza et al. found that to the treated animals with aPDT compared with
scaling and root planning (SRP) group, the bone gain was approximately 30%, following
7 days after periodontal intervention. [37].

Pre-clinical study on animal models offer important information regarding the treat-
ment methods in investigating the pathogenesis of periodontal disease. In addition to
the immunological and microbiological characteristics of rats, the histological features of
periodontal collagen fibrils, alveolar bone, cellular cement, connective tissue, junctional
epithelium, oral gingival epithelium, and sulcular epithelium are similar to human peri-
odontal tissues [14,38]. This model cannot completely represent all aspects of periodontitis
in humans, but is considered an effective method for the exploration of its mechanisms [39],
which is why this experimental protocol was chosen.

According to the IACUC standards, body weight is considered an indicator of the
health and well-being of laboratory animals. This demonstrates that dental therapy with
our materials tested in combination with photodynamic therapy does not negatively affect
food intake, apprehension, and mastication. The animals in the treated groups (GO, GC, L)
gained approximately 80 g of weight during the 4-week period, whereas those untreated
gained only 40 g. Thus, this indicates a variable period of caloric restriction most likely
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induced by the pain caused by the periodontal disease, as well as dental and gingival
mobility and bleeding [40]. According to Toth et al., weight gain is a positive indicator for
animal welfare [41].

A complete blood count may reveal general pathological conditions of the body as
evidenced by anemia, systemic infections, or blood neoplasm. This is also performed for
monitoring a disease or a medical treatment [42].

At the end of the experiment, all values recorded in hematological analysis were
within the physiological range of species [43]. This indicates the lack of an inflammatory
or infectious chronic systemic process. After 4 weeks, an inflammatory reaction due
to periodontitis or local treatment cannot be observed. The lack of adverse systemic
hematological reactions is correlated with the clinical symptoms of the rats, having a good
maintenance status. Different studies have investigated the effect of aPDT treatment on
reducing the inflammation in the gingival tissue of Wistar rats with periodontal disease
induced using ligature. Carvalho et al. observed the benefits of aPDT in periodontal
disease, due to their immune modulator response in reducing the inflammatory effect and
obtaining a resorption of bone tissue [44].

Histopathological analysis in this study demonstrated a greater magnitude of inflam-
matory response and severe destruction of periodontal ligaments in rats who did not
receive treatment after ligation removal. It became obvious that ligation was effective in
developing experimental periodontal disease. Our experimental protocol is reminiscent of
that of Graves et al., which observed that the ligation favors bacterial plaque accumulation,
epithelial ulceration, and periodontal tissue invasion by bacteria [45,46].

In the periodontitis group, bone loss due to the osteoclastic activity conferred by the
local infections and inflammatory processes was observed. The same bone resorption, but
on a smaller scale, was observed in the laser-treated group.

Remarkably, no bone resorption and minimal inflammatory local reactions were
observed in the two experimental photosensitizers groups. However, it is worth mentioning
that oregano-based treatment (protocol) has the most beneficial impact based on its capacity
to provoke regeneration and the total absence of inflammation.

Knowledge about macro- and micro-structural characteristics of bone tissue may im-
prove the ability to estimate in vivo its quality and quantity. For this purpose, computed
tomography (CT) imaging techniques are appropriate and enable assessing the micro-
architecture of bone with 2D and 3D quantitative evaluation [47]. CT investigation allows
us to quantify different bone parameters, such as geometry, mass, and mineral density,
simultaneously. The limitations of the study are: a lack of tests for the group with induced
periodontal disease treated only with PS, without light therapy; MTT assay without photo-
toxicity on the cell lines, and the use of the same laser wavelength for curcuma and oregano,
even if oregano absorbs on 370 nm and curcuma on 440 nm.

3. Conclusions

This study demonstrates that aPDT was an effective adjuvant treatment of induced
periodontal disease in groups treated with natural photosensitizers based on oregano essen-
tial oil and curcuma extract. Histopathological analysis suggested the anti-inflammatory
effect of aPDT in the presence of natural PS tested in this study.

Periodontal defects in rat mandibles were displayed using CT and compared with
histological specimens. The results of histological and computed tomography analyses
sustain that the bone loss at the alveolar level obtained through the induced periodontitis,
was improved at the end of the treatment.

The cytotoxic effect of new photosensitizers on dental pulp mesenchymal stem cells
(dMSCs) and human keratinocyte (HaCaT) in vitro was observed.

In this study, we evidenced the adjuvant effect of natural photosensitizers, based on
curcuma extract and oregano essential oil, on induced periodontal disease. The obtained
results of these preliminary studies encourage us to continue the research of periodontitis
treated with natural photosensitizers activated by photodynamic therapy.
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4. Materials and Methods

Newly developed gels based on natural compounds were used as photosensitizers in
the aPDT experimental protocol. Natural revealers contain nanocapsules, which include an
organic phase based on the essential oil of oregano (Young Living Europe B.V., Groningen,
The Netherlands) and curcuma extract with arnica oil, having the active ingredient wrapped
in a thin film of polycaprolactone. This technique ensures the controlled release of the
active substance through the diffusion phenomenon.

The gels were prepared according to the following proportions: glycerol (Sigma–
Aldrich Inc., St. Louis, MO, USA) in a weight ratio of 1:1, 60 mL Kaqun® water (KAQUN
Distribution Kft., Nagytarcsa, Hungary), and 0.015% salicylic acid solution. The gels
formed were divided into equal parts, in which oregano essential oil (20–50 µg/g according
to GSMS analysis) and curcuma extract (70 µg/g according to HPLC Chromatography)
were added.

The cytotoxicity assay of oregano essential oil and curcuma extract were performed
using human dental pulp mesenchymal stem cells (dMSCs) and human keratinocyte
HaCaT cell lines. The cells were cultured according to standard conditions. The po-
tential cytotoxicity of the essential oils was assessed with (4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. In order to obtain cell suspensions, the cells
were treated with 0.25% trypsin-EDTA, and after centrifugation (1500 rpm for 5 min),
1 × 104 cells/well were seeded on 96-well plates in 200 µL complete culture medium. After
24 h, 0.1 g from each product was tested using a hanging cell culture insert with a pore size
of 0.4 µm. Control samples were represented by untreated cells. Each experimental condi-
tion was performed in triplicate. Cell proliferation analysis was performed after 24 h. After
24 h, the medium was removed and 100 µL of 1 mg/mL MTT solution (Sigma–Aldrich,
St. Louis, MO, USA) was added. After 3 h of incubation at 37 ◦C in dark, the MTT solution
was removed from each well and 150 µL of DMSO (dimethyl sulfoxide) solution (Fluka,
Buchs, Switzerland) was added. Spectrophotometric readings at 450 nm were performed
with a BioTek Synergy 2 microplate reader (Winooski, VT, USA).

The cell viability of each medium was calculated using the following formula:

% Viability =

(
Absorbance of samples
Absorbance of control

)
× 100 (1)

4.1. Statistical Analysis

The statistical analysis was completed with one-way ANOVA and Tukey Test, using
GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, CA, USA). The
data obtained were presented as the mean of OD540 triplicate measurements ± standard
deviation (SD), and a p value less than 0.05 was considered statistically significant.

4.2. Pre-Clinical Study

This study was performed on 25 adult male Wistar rats (14 months of age) that weighed
420–530 g. Animals were housed in the Establishment for Breeding and Use of Laboratory
Animals of USAMV (Cluj-Napoca, Romania) in standard conditions, temperature 22–23 ◦C,
humidity 55%, and 12-h light/dark cycle. The rats were kept in plastic cages with free
access to standard rodent granular food (Cantacuzino Institute, Bucharest, Romania) and
water ad libitum. The rats were allowed to acclimate to the laboratory environment for a
period of 3 weeks. All procedures that involved the use of laboratory animals followed the
European guidelines and rules 337, as established by the EU Directive 2010/63/EU and
the Romanian law 43/2014 and were preformed by an experienced practitioner. The study
protocol was approved by the Research Ethics Committee of the University of Agricultural
Sciences and Veterinary Medicine Cluj-Napoca, Romania, and they were authorized by the
State Veterinary Authority (aut. No. 52/30.03.2017).
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4.3. Experimental Design

In order to investigate the natural photosensitizers, an experimental periodontal
disease was induced [48,49]. For all procedures, the rats were anaesthetized with ketamine
(60 mg/kg) and xylazine (6 mg/kg), which were administered via intramuscular injection,
according to Flecknell et al. [50]. Access to the oral cavity was achieved with a retractor that
provided constant opening of the mouth and that held away the cheeks and the tongue.
The left-mandibular first molar from each rat, in all surgical groups, was selected to receive
a cotton 4.0 ligature in a submarginal position to induce experimental periodontitis. The
ligatures were removed after 7 days (Figure 10). Postoperatively, all animals received
subcutaneous injections with tramadol (10 mg/bw) in order to achieve the analgesic effect.

Animals were randomly assigned to 5 groups. The groups (n = 5) were assigned
according to the following treatments applied locally: group 1 was left without surgical
intervention representing the control group (M, n = 5); group 2 (P, n = 5) received surgical
intervention and was left untreated; group 3 (GC, n = 5) was treated with a curcuma
photosensitizer and aPDT; group 4 (GO, n = 5) was treated with oregano photosensitizer
and aPDT, and group 5 (L, n = 5) was treated with laser only.
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Figure 10. (A). The treatment regimen followed in the periodontal disease induced in rats; (B) (a,b)
different stages during aPDT procedure; (c) oregano and curcuma-based gels used in the study.

Treatment was carried out with the use of low-intensity laser SiroLaser Blue (Sirona,
64625 Bensheim, Deutschland) at a wavelength of 445 nm and 200 mW, continuous wave
(CW), contact mode, power density 400 mW/cm2, using a periodontal tip with 320 µm
diameter, attached to the hand piece. In the GC and GO groups, the PS was instilled
into the subgingival area with a blunt needle in apical-coronal direction. After 60 s, the
PS was rinsed with 1 mL of Kaqun® water (Harghita, Romania) using a graded syringe.
Then in GC, GO and L groups, the laser beams were directed into the pockets for 40 s.
Irradiation was maintained for 10 s in 4 equidistant sites (2 vestibular and 2 buccal sites).
The procedures were repeated one week apart for 4 weeks (Figure 10A).

All treatments were applied locally following the procedure derived from the standard
human treatment and were carried out by a specialist (Figure 10B).

The animals were closely monitored for the entire length of the study, focusing on
infection prevention and analgesic therapy. At the end of the experimental study, blood
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samples were collected so that hematological and biochemical parameters could be deter-
mined. Additionally, body weight was closely monitored. The animals were euthanatized
after 4 weeks of study by prolonged narcosis followed by cervical dislocation. Then, the
left mandible was harvested from each rat for histological analysis.

4.4. Computed Tomography (CT) Analysis

In order to assess the induced periodontal disease and the effect of the applied treat-
ment, bone density was followed on CT images as well as the size of the periodontal space
at the treated hemiarchy compared to the opposite hemiarchy. Siemens Somatom Scope
(Siemens Medical Solutions USA, Inc., Malvern, PA, USA) at 130 kV and 50 mAs was
applied for CT analysis. Three-dimensional (3D) volume viewing and analysis software
(RadiAnt Dicom Viewer, Poznań, Poland) were used to visualize and quantify the data
obtained. Also a standardized gray-scale value was used to visualize and analyze the min-
eralized tissues. The mandibles were scanned after the first and last treatment session, on
day 0 and day 21, respectively. Bone density was followed on the CT images, as well as the
size of the periodontal space at the treated hemiarchy compared to the opposite hemiarchy.

4.5. Complete Blood Count and Biochemistry

Complete blood count was determined using the automatic Abacus Junior Vet hema-
tology counter. From the blood tests were determined: white blood cell (WBC), lymphocyte
(LYM), minimum inhibitory dilution (MID), granulocytes (GRA), red blood cell (RBC),
hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC), and platelet (PLT).

4.6. Histological Analysis

For the histological examination, bone samples from the mandibular lesion site were
harvested. For decalcification, after fixation, the mandibula of the animals were kept in a
mix of 8% formic and 8% clorhidric acid for 24 h and embedded in paraffin. The samples
were fixed in 10% buffered neutral formalin, embedded in paraffin. The sections were
made with a high-precision microtome Leica RM 2125 RT, at 5-µm thick, and stained by
the hematoxylin–eosin method (HE). The slides were examined under a BX51 Olympus
microscope, and images were taken with an Olympus UC 30 digital camera and processed
using Olympus Basic Stream software. Sections were examined by an independent observer
blinded to the experimental protocol.

4.7. Statistical Analysis of the Data

The Student t-test, Origine Pro 8 SRO (Origine Lab Corporation 2007, Northampton
MA 01060, USA) was performed for the statistical analysis of the findings in this study.
An analysis of variance was performed to determine whether there were significant differ-
ences between the different test conditions. The significance was evaluated at the level of
p ≤ 0.05.
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Abstract: Divalent trace metals (TM), especially copper (Cu), cobalt (Co) and zinc (Zn), are recog-
nized as essential microelements for tissue homeostasis and regeneration. To achieve a balance
between therapeutic activity and safety of administered TMs, effective gel formulations of TMs
with elucidated regenerative mechanisms are required. We studied in vitro and in vivo effects of
biodegradable macroporous cryogels doped with Cu, Co or Zn in a controllable manner. The extra-
cellular ROS generation by metal dopants was assessed and compared with the intracellular effect
of soluble TMs. The stimulating ability of TMs in the cryogels for cell proliferation, differentiation
and cytokine/growth factor biosynthesis was characterized using HSF and HUVEC primary human
cells. Multiple responses of host tissues to the TM-doped cryogels upon subcutaneous implantation
were characterized taking into account the rate of biodegradation, production of HIF-1α/matrix
metalloproteinases and the appearance of immune cells. Cu and Zn dopants did not disturb the intact
skin organization while inducing specific stimulating effects on different skin structures, including
vasculature, whereas Co dopant caused a significant reorganization of skin layers, the appearance of
multinucleated giant cells, along with intense angiogenesis in the dermis. The results specify and
compare the prooxidant and regenerative potential of Cu, Co and Zn-doped biodegradable cryogels
and are of particular interest for the development of advanced bioinductive hydrogel materials for
controlling angiogenesis and soft tissue growth.

Keywords: trace metals; cryogels; reactive oxygen species; tissue regeneration; skin; angiogenesis;
immune cells

1. Introduction

Treatment of severe organ/tissue injuries generally requires the replacement of a
post-traumatic defect with a scaffold such as an autologous/decellularized graft or prefer-
ably biomimetic biodegradable material capable of supporting cell growth and functional
activity while overcoming the limitations of donor grafts mostly related to their scarcity and
host immunogenic responses [1]. Although a number of biomimetic scaffolds composed
of synthetic or/and naturally occurring biopolymers have been proposed, these materials
by themselves are not able to provide sufficient regenerative responses without special
bioactivation [2].

Transplanted cells such as mesenchymal stem cells from different sources [3], skin
fibroblasts [4], neural cells [5], as well as related products (e.g., platelets [6] and extracellular
vesicles [7]), were proved to enhance tissue regeneration activity of biomaterials. However,
these biological products unavoidably feature typical limitations of donor tissues, primarily,
low availability, variability of characteristics, and health risks. Given that the regenerative
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potential of the transplanted cells is mainly attributed to secreted signaling molecules,
recombinant growth factors can be used instead to improve tissue-replacing scaffolds [8],
although this is complicated by the increased manufacturing cost of pure growth factors and
their deactivation upon immobilization and storage. Therefore, more stable, reproducible
and available active components of biomaterials are still demanded in tissue engineering
and regeneration applications.

Trace metals (TM) are essential bioactive microelements involved in the maintenance
and regulation of cell metabolism, the functioning of the immune system, turnover and the
regeneration of soft and hard tissues. Since TM deficiency accompanies many degenera-
tive and traumatic diseases, their local administration in combination with biomaterials
represents a promising therapeutic strategy [9,10]. The regenerative activities of such TMs
(primarily, divalent ions of Co, Cu, Zn, Mn, and Fe metals) were established mainly for solid
osteoinductive materials based on inorganic scaffolds doped with metal ions or nanoparti-
cles. For instance, collagen scaffolds functionalized with Cu-eluting bioactive glass particles
possessed profound in vitro angiogenic activity toward rMSCs and HUVECs as well as
antibacterial and osteogenic effects in vivo [11]. Implanted Co-containing borosilicate glass-
based scaffolds remarkably enhanced bone regeneration and the vascularized network of
the calvarial defective site in rats [12]. Likewise, Zn incorporation into Ca-silicate-based
cements increased the osteostimulative activity of the composite material in a maxillofacial
bone defect model in rabbits [13].

Hydrogels have been considered among the most promising materials for tissue
repair, showing successful results in pre-clinical trials owing to their appropriate physic-
ochemical and hydration properties similar to those of soft body tissues [14,15]. Earlier,
gelatin methacrylate hydrogels embedded with Cu nanoparticles supported the attachment
and proliferation of 3T3 fibroblasts and inhibited bacterial growth in vitro, in addition to
promoting effective wound closure in mice without inflammatory response [16]. Zn cross-
linked alginate-polyacrylamide hydrogel supported increased vascular growth, collagen
deposition, granulation tissue formation and wound healing along with reduced inflam-
mation [17]. The co-encapsulation of Co and Ca ions within gauze-alginate composite
hydrogel resulted in enhanced local VEGF and TGF-β1 protein expression and accelerated
wound healing in a mouse bacteria-infected wound model [18]. We have shown recently
that macroporous hydrogels prepared by the cryogelation technique, namely, cryogels
composed both of bio- and synthetic polymers, represent a promising type of scaffold for
bulk bioactivation with TMs in a controllable and stable manner [19,20]. The advanced
porous structure of cryogels ensures enhanced mammalian cell infiltration and activity of
the incorporated metal dopant within the scaffold [19–21]. The increased healing of an
excisional skin defect treated with the Zn-doped gelatin cryogel [19] as well as enhanced
in vitro angiogenic responses of poly(2-hydroxyethyl methacrylate) cryogels modified with
Cu2+ (via complexation with GHK peptide) [20] were demonstrated.

Further clarification of mechanisms of local regenerative and adverse effects of TM-
containing hydrogels is demanded. These effects are often controversial, depending on
biomaterial formulations, which may, for instance, show both prooxidant [22–24] and
antioxidant [25,26] activities for the same TMs. Our previous studies prove cryogels as a
relevant platform both for the examination of therapeutic effects of the TM compounds and
for the development of advanced bioinductive materials [19,20].

In this work, we conducted a comparative investigation of regenerative activities
of biodegradable gelatin cryogel doped with Zn, Cu or Co divalent metals as one of the
most therapeutically relevant TMs [10]. Considering that TMs can participate in non-
enzymatic redox-reactions, such as the Fenton-type generation of reactive oxygen species
(ROS) involved in cell signaling [27–29], the TM-doped cryogels were assessed in relation
to redox-modulating and cytokine-regulating in vitro activities of the metal dopants. To
charactrize in vivo regenerative activities of the TM-doped cryogels, a subcutaneous im-
plantation model with a comprehensive histological evaluation was optimized, considering
the relevance of this model for understanding fundamental effects of biomaterials on host
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tissue responses related to cellularization, angiogenesis, and inflammation [30–32]. Thus,
specific localized effects of the cryogel-formulated TMs on different skin structures and
underlying tissues were studied and compared.

2. Materials and Methods
2.1. Materials

Bovine skin gelatin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT reagent), 4′,6-diamidino-2-phenylindole (DAPI), phenazine methosulfate (PMS),
and Triton X-100 and 2′,7′-dichlorofluorescin diacetate (DCFDA) were purchased from
Sigma-Aldrich. Monochlorobimane (MCB) was purchased from ThermoFisher Scientific.
CuSO4·5H2O, ZnCl2, CoCl2·6H2O, glutaric dialdehyde (GDA), and cresyl violet acetate
were obtained from Acros Organics. Citrus pectin (classic CM 201) was obtained from
Herbstreith&Fox.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS reagent) was purchased from Promega. Phalloidin CruzFluor™ 647 conjugate,
anti-VEGF (C-1) mouse monoclonal, anti-ICAM-2 (S-16) goat polyclonal, anti-MMP-3 goat
monoclonal and anti MMP-3 goat monoclonal antibodies were purchased from Santa Cruz
Biotechnology. Anti-HIF-1a mouse monoclonal antibody, donkey anti-mouse IgG (H + L)
highly cross-adsorbed secondary antibody, Alexa Fluor 647, and donkey anti-goat IgG
(H + L) cross-adsorbed secondary antibody, Alexa Fluor 555, were obtained from Ther-
moFisher Scientific. Anti-CD31 (PECAM-1) rabbit monoclonal antibody was obtained from
Abcam. Hematoxylin and Eosin, and Giemsa staining were purchased from BioVitrum
(Russia). Cell culture media and reagents were purchased from Paneco (Russia).

2.2. Preparation and Characterization of Cryogels

Cryogels were prepared from bovine skin gelatin using cryotropic gelation method as
previously described [19] with some modifications. Briefly, the reaction mixture contained
gelatin (2.5 wt%), pectin (ca. 0.1 wt%) and TM (0.04–1 mM) in aqueous solution. The
gelation was initiated by adding 0.25 wt% GDA to the solution upon stirring followed
by its pouring into a glass Petri dish and cooling at a temperature of −12 ◦C for 4 h in a
thermostat and then at −18 ◦C for additional 24 h in a freezer. The resultant ~3 mm thick
cryogel sheet was thawed at room temperature, washed and stored in 25% ethanol solution
in the fridge.

Rheological properties of the cryogels were analyzed using MCR 302 rotational
rheometer (Anton Paar) at 25 ◦C. The strain sweep and frequency sweep tests were per-
formed by applying 0.01–100% strain amplitude (ω = 10 rad s−1) and 0.01–100 rad s−1

angular frequencies (γ = 1%), respectively. The storage (G′) and loss (G′ ′) modulus of the
materials were presented as a function of strain and frequency. Frequency dependences
of G′ and G′ ′ were detected within linear viscoelastic region (LVR). Porous structure of
the cryogels was analyzed using laser scanning confocal microscopy (LSCM) using LSM
780 microscope (Carl Zeiss) equipped with argon laser excitation (488 nm). Zeiss ZEN
black software was used for acquisition. Pore size of the cryogels was evaluated using
ImageJ software (NIH, USA).

2.3. Cell Maintenance and Seeding

NIH 3T3 mouse embryonic fibroblasts (ATCC) and primary human skin fibroblasts
(HSFs) isolated as described earlier [33] were grown in α-MEM supplemented with 10%
FBS, penicillin (100 U/mL)/streptomycin (100 µg/mL) and L-glutamine (2 mM). Freshly
isolated human umbilical vein endothelial cells (HUVECs) were kindly provided by Dr.
Ilnur Salafutdinov (Kazan Federal University). HUVECs were grown in RPMI 1640 sup-
plemented with 20% FBS, penicillin (100 U/mL)/streptomycin (100 µg/mL), L-glutamine
(2 mM), sodium pyruvate (2 mM), heparin (100 µg/mL), and 30 µg/mL endothelial cell
growth supplements (ECGS). The cells were cultured in a temperature- and humidity-
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controlled incubator at 37 ◦C. The culture medium was refreshed every 2 days. Primary
cells (HSFs and HUVECs) were studied between passages 3 and 6.

Prior to cell seeding, round cryogel sheets (14 mm in diameter) were incubated in
penicillin (2.5 kU/mL)/streptomycin (2.5 mg/mL) antibiotic mixture for 1 h, rinsed with
HBSS and equilibrated in the culture medium. Cells were seeded onto the cryogel surface
using top seeding method in 24-well plate at a density of 4.88 × 104 cells/cm2 of cryogel
area and incubated for 1.5 h under standard culture conditions to allow for cell attachment.

2.4. Cell Detection in Cryogels

The cryogels with cultured cells were collected at day 3, transferred into new wells
containing 0.5 mL MTS/PMS reagents in fresh culture medium to assess cell metabolic
activity [34]. After incubation for 1.5 h under standard culture conditions (37 ◦C, 5%
CO2), the absorbance was determined at 490 nm on an Infinite M200 PRO microplate
analyzer (Tecan).

For bright-field microscopy analysis, the cryogels with cultured HUVECs were fixed
with 4% p-formaldehyde for 2.5 h and gently washed with PBS. The fixed cells were
subsequently stained with cresyl violet (0.1% w/v in ultrapure water) for 5 min and
visualized using AxioObserver Z1 microscope (Carl Zeiss).

2.5. Immunocytochemistry

The fixed cryogel matrices were incubated in 0.1% Triton X-100 in PBS for 15 min for
cell membrane permeabilization and washed three times with PBS. Non-specific binding
sites in the materials were blocked using 1.5% bovine serum albumin (BSA) for 30 min at
room temperature. The matrices were subsequently incubated with primary antibodies
(1:500 in 1.5% BSA/PBS) against VEGF or ICAM-2 overnight at 4 ◦C followed by incuba-
tion with Alexa Fluor 647-conjugated donkey anti-mouse or Alexa Fluor 555-conjugated
donkey anti-goat secondary antibodies (1:350 in 1.5% BSA/PBS) for 45 min at room tem-
perature. Following washing with PBS, the cell nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI). For cytoskeleton visualization, F-actin was labeled using phalloidin
CruzFluor™ 647 conjugate in 1% BSA for 30 min. LSCM images were acquired on an LSM
780 microscope.

2.6. Detection of ROS and Glutathione

To assess extracellular ROS-generating ability of the TM-doped cryogels, the materials
in a 24-well plate were incubated with H2O2 (21.5 mM) in PBS for 60 min in the presence of
5 µM DCFDA. The probe fluorescence (λex/λem = 490/526) in the solution was monitored
during the reaction using an Infinite M200 PRO microplate analyzer.

Intracellular effects of dissolved TMs on both ROS and reduced glutathione levels were
additionally studied. 3T3 cells were seeded in 96-well plate at a density of 2 × 104 cells
per well and grown overnight. The cells were exposed to dissolved CuSO4, ZnCl2 or
CoCl2 at a concentration of 1 or 10 µM in HBSS for 60 min in CO2 incubator. Subsequently,
the treated cells were stained with 20 µM DCFDA fluorescent probe for 40 min or with
5 µM monochlorobimane probe for 60 min to assess intracellular ROS and reduced glu-
tathione, respectively. The cellular fluorescence of DCFDA (λex/λem = 490/526) and MCB
(λex/λem = 380/480) was detected. The data are presented as mean ± SD.

2.7. Multiplexed Fluorescent Bead-Based Immunoassay

Top seeded HSFs were grown within non-doped and metal-doped cryogels as men-
tioned above in 2.3. At 24 h post-seeding, the conditioned culture medium containing cell
secretion was collected and immediately frozen at –80 ◦C. The analysis of secreted levels
of cytokines was performed using xMAP Luminex technology on a Bio-Plex MAGPIX
analyzer (BioRad, USA) according to the manufacturer’s recommendations. A commer-
cially available MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel
(HCYTMAG-60K-PX41) was used to quantitatively measure cytokine/chemokine levels.
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Standard reference curve was used to determine the concentration of analytes in each
sample according to their fluorescence intensities. Background levels of analytes in cell-free
culture medium were subtracted. Bio-Plex Manager 4.1 software (Bio-Rad Laboratories)
was used to analyze the data.

2.8. In Vivo Study
2.8.1. Animals

Wistar male rats (340 ± 38 g) were purchased from Vivarium of Academy of Medical
and Technical Sciences (Russia). Animal care was performed according to European
regulations on the protection of experimental animals (Directive 2010/63/UE) and Russian
regulations (No. 742 from 13.11.1984, Ministry of Education and Science). The rats were
divided into four groups and were kept in plastic cages under controlled conditions (at a
temperature of 20 ± 3 ◦C and a humidity of 65 ± 10%) with running water and complete
feed. The in vivo study was approved by the Institutional Ethical Review Board of the
Kazan Federal University.

2.8.2. Subcutaneous Implantation Model

The animals were anesthetized using tiletamine-zolazepam-xylazine (30/20/10 mg/kg,
respectively) administered via IP injection. The upper back skin was shaved and disin-
fected with 70% ethanol solution. Two symmetrical full-thickness skin incisions were made
horizontally with a width of 1.5 cm using fine scalpel. A subcutaneous pocket with about
1.5 cm long from the lower incision border was created on each side by detaching the skin
from the underlaying tissues employing anatomical forceps (Figure 7). The incision was
disinfected with 0.05% chlorhexidine solution and washed with sterile isotonic solution.
The cryogel sheets were cut into 1 × 1 cm square pieces, additionally decontaminated with
penicillin (5 kU/mL)/streptomycin (5 mg/mL) solution and equilibrated with excess of
sterile isotonic solution. The studied materials were aseptically implanted into subcuta-
neous pockets so that the control (non-doped) and metal-doped cryogels (TM concentration
= 0.2 mM) were alternately placed at the right and left sides of an animal. The procedure
allowed us to decrease the number of animals per group to n = 6. No manifestations of
pain, infection or any worsening of animal behavior were observed during the experiment.

2.9. Histological Evaluation

On days 5 and 10 post-implantation, the animals were sacrificed using tiletamine-
zolazepam-xylazine anesthesia and by applying incremental concentration of CO2. The
treated skin with implanted material was surgically excised, then subsequently fixed in
4% neutral buffered formalin solution in PBS at room temperature for 48 h, washed with
distilled water, dehydrated in a graded series of ethanol solutions (50, 70, 90, 96, 99.8%) and
cleared in xylene. The explants were embedded in paraffin blocks and cut on a microtome
HM 355S (Thermo Fisher Scientific) into 10–14 µm sections. The tissue sections were stained
with Giemsa, hematoxylin and eosin (H&E) or Picrosirius red and analyzed by bright-field
and polarized light microscopy on an Axio Observer Z1 microscope (Carl Zeiss).

For immunohistochemical analysis, glass slide-adhered tissue sections were permeabi-
lized using 0.1% Triton X-100 in PBS for 30 min, thoroughly washed with PBS, and blocked
with 1.5% BSA. The sections were subsequently incubated with primary antibodies (diluted
1:300 in 1.5% BSA/PBS) against CD-31 (PECAM-1), HIF-1α, MMP-2 or MMP-3 overnight
at 4 ◦C followed by incubation with proper Alexa Fluor 488-conjugated donkey anti-goat
and Alexa Fluor 647-conjugated donkey anti-mouse secondary antibodies (1:350 in 1.5%
BSA/PBS), for 45 min at room temperature. DAPI was used to stain cell nuclei. LSCM
images were acquired on an LSM 780 microscope.
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2.10. Statistical Analysis

Data were presented as mean ± SD. Statistical significance was determined by one-
way analysis of variance (ANOVA) followed by Tukey’s Multiple Comparison post-test
(* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Characterization of Cryogels

Cryogels were made by the cryotropic gelation of bovine gelatin cross-linked with
glutaraldehyde. Co2+, Cu2+ and Zn2+ (further designated as Co, Cu and Zn) in the form
of water-soluble salts were incorporated into the cryogel material during gelation. The
addition of pectin to the gelatin cryogel has been used to facilitate the capture of metal
ions by introducing additional anionic groups, such as galacturonic acid, into the polymer
network. The metal content in the cryogels linearly depended on the concentration of TMs
in the gel-forming solution from 0.04 to 5 mM; the TM-doped cryogels were designated by
these concentrations. For the upper 1 mM concentration used in this study, the TM content
in cryogels was previously shown to amount to ca. 3 × 103 ppm (Zn, Cu) and 1 × 103 ppm
(Co) [19].

According to LSCM analysis, the TM-doped cryogels preserved an interconnected
porous structure (Figure 1A), typical of cryogel scaffolds, with somewhat larger pores at
the upper surface, commonly used for cell culture [34]. Non-doped cryogels possessed
macropores with a calculated mean pore size of 80 ± 13 µm, which moderately decreased
by 1.2–1.4 times in the TM-doped materials. According to rheological data, all cryogels
displayed a linear viscoelastic region for a shear strain amplitude of γ ≤ 6% (Figure 1B).
Both storage (G′) and loss (G”) modulus relatively weakly depended on angular frequency,
whereas G′ greatly prevailed over G” (Figure 1B), indicating a well-structured hydrogel
network with dominant elastic behavior. The incorporated TMs increased the G′/G” ratio
by 1.3–1.9-fold, with a relatively lower effect of Co, thus demonstrating that the metal
component contributes to the elasticity and mechanical strength of the materials. The
modulation of pore size and viscoelastic behavior of cryogels by the introduced TMs is
explained by additional cross-linking of macromers (gelatin and pectin molecules) by
the metal ions presumably involving not only ionic but also coordination bonding with
biopolymer ligand groups.

3.2. Behavior of Fibroblasts in Metal-Doped Cryogels
3.2.1. Effect of Cryogel Composition on Cell Proliferation

Mouse embryonic fibroblasts (3T3 cells) were seeded on the top surface of cryogels and
allowed to grow for 72 h followed by cell detection using the MTS proliferation assay [34].
At a concentration of 0.04 and 0.2 mM, the introduced TMs did not inhibit cell proliferation,
whereas 1 mM Co and Zn, unlike 1 mM Cu, caused a moderate inhibitory effect of up
to 24% (Figure 2A). When supplemented into the culture medium, soluble TMs had IC50
values of 170 ± 9 µM (Zn), 250 ± 17 µM (Co), and 407 ± 20 µM (Cu) (72 h). Assuming
most of the amount of TMs in gelling solution to be attached to the cryogel [19], the above
data together suggest that the entrapped metals are not readily released into the medium
remaining less available and less cytotoxic toward the cells than dissolved metals. In total,
0.2 mM of Cu and 0.2 mM of Zn were found to noticeably stimulate cell proliferation,
respectively, by 30 and 10% (Figure 2A); this intermediate concentration was, therefore,
selected for further study and comparison of regenerative effects of the TM-doped cryogels.

Similar to 3T3 cells, human skin fibroblasts (HSFs) proliferated more rapidly in the
cryogels with 0.2 mM Zn (by 29%) or Cu (by 40%) (p < 0.05), unlike Co (Figure 2B). Fur-
thermore, binary TM compositions exhibited quite different effects on HSF behavior. In
particular, Zn/Cu did provide additive stimulation of cell growth compared to the in-
dividual metals, whereas the stimulating effect was partially preserved for Zn/Co and
disappeared for Cu/Co system (Figure 2B). Considering that such a mitogenic activity
could be associated with Fenton-like reactions of TMs [29], the ability of cryogels to gen-
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erate ROS in the reaction with hydrogen peroxide (H2O2) was analyzed with the aid of
a DCFDA probe (Figure 3). The results show that the cryogel-formulated metal dopants
are capable of reacting with H2O2, where Co and Cu, unlike Zn, effectively generate ROS
(Co > Cu) in agreement with earlier observation for these TMs’ behavior in solution [35].
When introduced together, Co and Cu showed additive prooxidant activity, whereas the
individual activity of Co or Cu was profoundly inhibited in the presence of Zn co-dopant,
reflecting its antioxidant/anticorrosive effect toward the metals with variable valency [28].
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proliferation, whereas 1 mM Co and Zn, unlike 1 mM Cu, caused a moderate inhibitory 
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Figure 1. (A) LSCM images of non-doped (Ctrl) and TM-doped cryogel sheets (top surface) visualized
by autofluorescence upon argon laser excitation (488 nm). (B) Strain amplitude sweep test (angular
frequencyω = 10 rad s−1) and frequency sweep test (strain deformation δ = 1%) data for the cryogels.
TM-doped cryogels (1 mM) were analyzed.

3.2.2. Cytokine and Growth Factor Profile

The effect of metal dopants on the production of cytokines and growth factors by
HSFs in the cryogels was assessed (Figure 4A). The secretion of FGF-2, VEGF, IL-6, and IL-8
tightly involved in paracrine stimulation of angiogenesis [26] was profoundly stimulated
(by 1.2–5.6 times relative to the non-doped cryogel) generally as follows: Zn < Co < Cu
(Figure 4B). Monocyte chemoattractant proteins (MCP-1, MIP-1b) were also overproduced
in the presence of TMs. In comparison with Cu and Co, Zn weakly affected the level
of pro-inflammatory cytokines IL-6/IL-8, whereas it greatly increased the level of MCPs
comparably with Cu and Co. The TMs induced the overproduction of EGF and PDGF-AA,
similar to other pleiotropic growth factors, namely, FGF-2 and VEGF (by 1.9–3.2 times).
Exceptions were that Co and Zn exhibited a lack of effect, respectively, in the case of EGF
and VEGF (Figure 4B). The results demonstrate a strong ability of the cryogel-formulated
TMs to increase key signaling molecules involved in regeneration-related processes.
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altered to spindle-shaped cells with developed extensions. Specifically, in the Cu-doped 
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3.3. Behavior of HUVECs in Metal-Doped Cryogels
3.3.1. Proliferation and Spreading

Human umbilical vein endothelial cells (HUVECs) were used as reference endothelial
cells (EC) to compare angiogenic properties of the TM-doped cryogels. The metal dopants
(0.2 mM) did not cause any inhibition of HUVEC proliferation, similar to that observed
for HSFs, confirming the cytocompatibility of the materials for primary human cells.
Furthermore, HUVECs proliferated much faster in the presence of TMs by a factor of ca.
1.3 (Zn), 1.5 (Co) and 1.9 (Cu) compared to the control cryogel (Figure 5A). In comparison
with HSFs, HUVECs were characterized by higher sensitivity to Cu and Co, whereas Zn
almost abolished the stimulating effect of Cu and Co in binary compositions (Figure 5A),
presumably in relation to the ROS-modulating activity of the TMs (Figure 3).
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Figure 5. (A) Effect of metal dopants (0.2 mM) on proliferation of HUVECs cultured in TM-doped
cryogels (MTS assay, 72 h). The data are presented as mean ± SD (n = 3, * p < 0.05, *** p < 0.001).
(B) Corresponding bright-field microscopy images of HUVECs stained with cresyl violet in metal-free
(Ctrl) and TM-doped cryogels.

In addition, HUVECs were visualized within the semi-transparent cryogels after
cell staining with cresyl violet (Figure 5B). The calculated cell number per 1 mm2 of the
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analyzed surface was as follows: 47 ± 8 (Ctrl), 53 ± 6 (Zn), 102 ± 16 (Cu) and 73 ± 11 (Co),
supporting the fact that the corresponding MTS signals (Figure 4A) reflected the cell density
in the matrix rather than the change in metabolic activity. Furthermore, HUVECs were
well adhered and spread on the surface of all cryogels and their morphology was altered
to spindle-shaped cells with developed extensions. Specifically, in the Cu-doped cryogel,
up to 41% of the cells adopted more elongated morphology with at least three sprouts; the
adjacent cells showed a tendency to migrate and connect to each other, which is attributed
to the induction of tubulogenesis.

3.3.2. Angiogenic Differentiation

The markers of HUVEC differentiation in the TM-doped cryogels were detected by
LSCM. In the presence of TMs, phalloidin CruzFluor™ 647-stained cells showed profound
morphological changes with reorganization of actin cytoskeleton (Figure 6A).

In the Cu-doped cryogel, the cells were characterized by increased spreading with ca. 2.2-
fold bigger area than control cells (mean cell area detected was 5807 ± 506 and 2595 ± 468 µm2,
respectively). According to immunofluorescence analysis, the expression of VEGF and
ICAM-2 factors, which regulate EC viability, migration and microvasculature formation [36],
was increased by the metal dopants as follows: Zn < Co < Cu, approximately 1.6–2.9-fold for
VEGF and 2.6–5-fold for ICAM-2 (Figure 6B,C). This further suggests profound angiogenic
activity of the TMs, especially Cu, under experimental conditions.

3.4. Effects of Metal-Doped Cryogels upon Subcutaneous Implantation
3.4.1. In Vivo Model Overview

Based on previous surgical procedures [30–32], subcutaneous implantation model in
Wistar rats was optimized to assess well-defined effects of the cryogel-formulated TMs.
Two subcutaneous square pockets (1.5 × 1.5 cm) were formed at the upper dorsal surface
by means of incision at the lower side of the outlined square zone followed by the skin
detachment from underlying tissues (Figure 7). Square cryogel sheets (1 × 1 cm) were
aseptically inserted into the formed pockets followed by skin suturing. In comparison
with skin excision, the model allows for informative analysis of localized effects of the
materials on intact host tissues upon biodegradation and release of TMs. Furthermore, early-
stage host tissue responses to the TM-doped cryogels at days 5 and 10 after implantation
were selected to better compare regeneration and inflammation-related processes. The
main skin layers and appendages from the subcutaneous muscle to the epidermis were
histologically examined (Figure 7). The analysis of non-doped and TM-doped materials
in the same animal enabled improved assessment of specific activities of TMs, as immune
and regenerative responses in rats are intrinsically variable [37], allowing one to reduce the
number of animals in each group.

3.4.2. Biodegradation of Cryogels

Lateral sections of the skin in contact with the cryogel were stained with Giemsa or
Hematoxylin-eosin; the former stain was selected for histological differentiation between
the main skin structures designated as numbers from 1 to 6 (Figure 8). Biodegradation
of the implanted cryogels was analyzed by quantifying their residual area (Figure 8, 1).
The detected amount of the non-doped cryogel was reduced by ca. 38% from day 5 to day
10 post-implantation, suggesting initial resorption kinetics of the material. The components
Zn and, to a lesser extent, Cu increased the rate of degradation of the cryogel, whereas Co
had a relatively weak effect on the process. When the Zn dopant was used, ca. 80% of the
cryogel implant was degraded at day 5, whereas comparable degradation was achieved for
Cu at day 10 (Figure 8B, 1). The acceleration of the biodegradation of Zn- and Cu-doped
materials could be attributed to the TM-mediated increase in the catalytic activity of matrix
metalloproteinases (MMP) [38].
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Immunofluorescence detection of VEGF. (C) Immunofluorescence detection of ICAM-2. Cell nuclei 

were stained with DAPI (blue). (D) Relative density of VEGF and ICAM-2 expression per field of 

view (mean ± SD, * p < 0.05, *** p < 0.001). 
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Figure 6. LSCM images of HUVECs grown in TM-doped cryogels (0.2 mM) at day 3 post-seeding.
(A) Cells stained with phalloidin CruzFluor™ 647 conjugate for F-actin (red). (B) Immunofluorescence
detection of VEGF. (C) Immunofluorescence detection of ICAM-2. Cell nuclei were stained with
DAPI (blue). (D) Relative density of VEGF and ICAM-2 expression per field of view (mean ± SD,
* p < 0.05, *** p < 0.001).
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Figure 7. Schematic representation of implantation of cryogel sheets (1 × 1 cm) into subcutaneous
pockets (1.5 × 1.5 cm, dotted line) in rats and main skin structures subjected to histological analysis.
See Section 2.8.2 for details.

3.4.3. Subcutaneous Muscle and Adipose Tissue

The subcutaneous muscle (SM) and adipose are well-vascularized tissues that host
different specialized and multipotent cells and play important roles in cell recruiting,
nutrition, biosynthesis of extracellular matrix (ECM) and angiogenesis [39,40]. At day 5, the
Zn dopant induced a profound 1.7-fold increase in the thickness of SM (Figure 8, 2), which
is in immediate contact with the cryogel, whereas this parameter was weakly affected by
Cu and showed a tendency to decrease in the presence of Co. At day 10, the stimulating
effect of Zn on SM decreased, probably in relation to rapid resorption of the Zn-doped
cryogel, whereas Cu exhibited comparable stimulation to Zn at day 5. Furthermore, in the
presence of Zn and Cu dopants, SM was reorganized so that round rolled muscle structures
became unrolled; the latter SM configuration favors cell migration and proliferation upon
skin regeneration [40]. Furthermore, SM was greatly disrupted and mostly replaced
by an amorphous connective tissue when the Co-doped cryogel was applied (day 10),
complicating corresponding analysis (Figure 8B, 2).

Adipose tissue (Figure 8, 3) detected as hollow reticular areas (corresponding to
washed-out lipid contents of adipocytes) [41] was also enlarged and deeply penetrated into
the dermis in the presence of Zn and Cu components, respectively, by ca. 1.5 times (day 5)
and over 1.7 times (day 10), compared to the control (non-doped cryogel). This effect of
TMs was observed along with morphological change of some adipocytes from round- to
ellipsoid-shaped cells. In great contrast to Cu and Zn, Co generally disrupted the adipose
structures by day 10 (Figure 8B, 3).

3.4.4. Vascular System

In comparison with the control material, the Zn- and Cu-doped cryogels did not
significantly change the distribution pattern of vascular structures (Figure 8A), which were
predominantly localized in adipose and SM tissues, though causing noticeable expansion
of these structures (Figure 8B, 4). At day 5, the skin vascularization assessed by the relative
area of the vasculature was increased by the Zn and Cu dopants (Cu > Zn), whereas at
day 10 this effect was shown to be dissipated for Zn and maintained for Cu, presumably
reflecting resorption properties of the corresponding materials (Zn > Cu). Co, though
disintegrating intact SM and adipose layers, at day 10 induced a profound formation
of many relatively small vessels in different skin layers, including upper dermis tissues
(Figure 8A), which is not typical for intact rat skin. The results suggest all the metal dopants
as angiogenic factors as follows: Co ≥ Cu > Zn. This assumes excessive activity of the Co
component (also noting decreased degradation of the Co-doped cryogel).

234



Gels 2022, 8, 118

Gels 2022, 8, x FOR PEER REVIEW 14 of 29 
 

 

 

Gels 2022, 8, x FOR PEER REVIEW 15 of 29 
 

 

B 
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Figure 8. (A) Bright-field microscopy images of Giemsa-stained cross-sections of skin explants
contacted with subcutaneously implanted TM-doped cryogels. (B) Mean morphometric parameters
of the treated skin (designated as numbers from 1 to 6) per cross-section (mean ± SD, * p < 0.05).

3.4.5. Dermis

The Cu dopant caused a noticeable thickening of the dermal layer (Figure 8B, 5) by
1.3 and 1.7 times for days 5 and 10, respectively, attributed to extracellular matrix (ECM)
overgrowth as a result of Cu-mediated tissue-vascularization. The Zn and Co dopants
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insignificantly impacted this parameter (Figure 8). Furthermore, the relative area of mature
collagen in the dermis was quantified using polarization microscopy with Picrosirius red
(Figure S4), which stains mature (type I) and immature (type III) collagens in yellow-red and
green colors, respectively [42]. The parameter increased as follows: Co ≤ Ctrl < Zn < Cu,
as if the Zn and Cu dopants enhanced collagen maturation by ca. 1.3 and 1.6 times,
respectively. These data show the increased growth-promoting effect of Cu over Zn toward
the dermis. Co, weakly affecting the thickness and collagenization of the dermis, prompted
certain disorganization of its intact fibrillar structure, though to a lesser extent than that
observed for SM and adipose tissues (Figure 8A), suggesting a specific distance-dependent
disturbing effects of the Co dopant on surrounding tissues.

3.4.6. Hair Follicles and Epidermis

At day 5, the Cu-doped cryogel induced a noticeable increase in the number of hair
follicles (6) in the dermis, which was 5-fold higher than in the control group, whereas the
Zn-doped cryogel approached comparable effect at day 10 (Figure 8A). Most follicles in the
Cu and Zn groups contained dermal papillary cells and had defined intensively stained
outer covering, which is characteristic of the anagen phase [43,44]. The results show that
the Cu and Zn dopants have folliculogenic activity (Cu > Zn), and the effect of Zn seems to
be delayed, taking into account the rapid resorption of the corresponding matrix. The Co
dopant demonstrated a lack of significant stimulation of folliculogenesis.

The skin treated with both the Cu- and Zn-doped cryogels was characterized by a
well-structured epidermis, similar to that of the control group but with a somewhat more
developed stratum spinosum layer and increased keratinization (Figure S3). In addition,
the Cu dopant noticeably promoted epithelial invagination (Figure S3), which is involved
in re-epithelization and folliculogenesis [45]. Under the same conditions, the Co-doped
cryogel here and there disturbed the epidermis structure (Figure S3) presumably in relation
to the disorganization of underlying skin layers.

3.4.7. Immune Cells Appearance

The TM-doped cryogels differently affected the appearance of immune cells with
distinct morphological features [46] throughout the whole skin. In particular, large inten-
sively stained cells were attributed to mononuclear macrophages having smoothly shaped
elongated or roundish morphology with their interior predominantly occupied by a large
nucleus (Figure 9, MM) and dendritic cells, which are irregularly shaped due to noticeable
cytoplasmic extensions (Figure 9, DC). Furthermore, multinucleated giant cells usually
formed as a result of macrophages fusion appeared as huge elongated cells with multiple
nuclei [47] (Figure 9, GC).

Upon treatment with the non-doped and Zn-doped cryogels, mononuclear macrophages
prevailed over dendritic cells, though the latter material significantly increased overall
immune cell number at day 5 (Figure 9). Unlike the above materials, the Cu-doped cryogel
(days 5 and 10) and the Co-doped cryogel (day 5) induced a predominant appearance
of dendritic cells over macrophages. Furthermore, the Cu group was characterized by a
somewhat decreased number of immune cells compared to the Zn and Co groups. The Co
dopant in a specific manner resulted in the appearance of numerous giant cells in the dermis
at day 10. The provided histological data (Figures 8 and 9) were additionally supported
by the corresponding analysis of H&E-stained skin sections (Figure S2). In particular, the
latter analysis of the Co group revealed that giant cells are closely located to small capillary
structures filled with erythrocytes attributed to newly forming vessels (Figure 9, H&E).

3.4.8. Immunohistochemical Analysis

Additional immunohistochemical analysis of the treated skin (Figure 10 and Figure S5)
showed that all TM-doped cryogels increased the number of CD31-positive cells attributed
to ECs by a maximal factor of 3.8 (Cu) and 1.9 (Zn) observed at day 5 and 2.9 (Co, day 10)
(Figure 10B). These data are consistent with the angiogenic activity of the metal dopants
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in vivo according to the histological analysis (Figure 8 and Figures S2–S4). Furthermore,
the TMs differently affected the production of HIF-1α as follows: Ctrl ≤ Zn < Cu < Co.
These data show the ability of prooxidant Co and Cu dopants to induce a hypoxia-like
state in the surrounding tissues, which apparently underlies their enhanced angiogenic
effects, whereas the Zn component somewhat increased the appearance of ECs and vascular
structures without a significant overproduction of HIF-1α.
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(MM), dendritic cells (DC), and multinucleated giant cells (GC) were identified. H&E-stained section
was additionally shown in right image of lower panel.

237



Gels 2022, 8, 118

Gels 2022, 8, x FOR PEER REVIEW 16 of 29 
 

 

angiogenic effects, whereas the Zn component somewhat increased the appearance of ECs 

and vascular structures without a significant overproduction of HIF-1α. 

A CD31 HIF-1α Merge 
C

tr
l 

   

Z
n

 

   

C
u

 

   

C
o

 

   

Gels 2022, 8, x FOR PEER REVIEW 17 of 29 
 

 

B

 
 

Figure 10. (A) Immunofluorescent analysis of cross-sections of skin explants contacted with 

subcutaneously implanted TM-doped cryogels. Simultaneous CD31 Alexa Fluor 488 (green), HIF-

1α Alexa Fluor 647 (red) and DAPI staining was performed. (B) Mean number of CD31-positive 

cells (left) and relative density of HIF-1α expression (right) per field of view (mean ± SD, * p < 0.05). 

Furthermore, the Zn- and Cu-doped cryogels were found to significantly increase the 

dermal level of MMP-2 and MPP-3 involved in the degradation of ECM proteins, the 

release of ECM-bound growth factors, angiogenesis and tissue remodeling. Similarly, 

MMP-9 level was elevated in the presence of these materials (data not shown). The effect 

of metal dopants decreased at day 10 over day 5, as more clearly observed for the rapidly 

degrading Zn-doped material (Figure S6). The Co-doped cryogel generally did not 

increase the content of MMPs compared to the control material (Figure S6A,B); however, 

at day 10, there were distinct structures with highly expressed MMP-2 in the Co group 

(Figure S6C) attributed to the areas containing giant cells and newly formed capillaries 

(Figure 9). 

4. Discussion 

The cross-linked gelatin cryogel was used as a biodegradable hydrogel scaffold both 

to examine regenerative activities of incorporated TMs and to develop improved 

bioinductive materials. As previously shown, different TMs can be stably incorporated 

into the cryogel [19], presumably involving complex formation with collagen polypeptide 

groups in accordance with the earlier observation [48]. The advanced macroporous 

structure of the cryogels favors their bulk interactions with gases, nutrients and living 

cells, allowing one to assess regenerative factors in three-dimensional tissue-mimicking 

conditions [2,34]. 

Cu, Co, and Zn were studied here as recognized components of solid osteogenic 

materials [11–13,49]; however, therapeutic effects of these TMs in cryogel scaffolds toward 

soft tissues have not been compared to date. The composition of TM-containing cryogels 

was optimized so that the metal dopants did not show a cytotoxic effect, while they were 

able to stimulate the proliferative and functional activity of mammalian cells (Figure 2). 

The corresponding effective concentrations of the incorporated TMs lay within the range 

of up to 1 mM, which moderately affected the structure of cryogels (Figure 1). In 

particular, the metal dopants comparably increased the elastic over viscous behavior of 

the cryogels up to ca. 2 times (Figure 1B), attributed to additional TM-mediated cross-

linking. These data suggest that the incorporated TMs participate in forming a polymer 

network of the materials and that the stiffness of the TM-doped cryogels should fit with 

different soft tissues and support cell–matrix interactions [50]. 

Earlier, the macroporous structure of cryogels allowed us to monitor bulk affinity 

interactions of the materials with fluorescently labeled peptide ligands [34]. Similarly, the 

Figure 10. (A) Immunofluorescent analysis of cross-sections of skin explants contacted with subcuta-
neously implanted TM-doped cryogels. Simultaneous CD31 Alexa Fluor 488 (green), HIF-1α Alexa
Fluor 647 (red) and DAPI staining was performed. (B) Mean number of CD31-positive cells (left) and
relative density of HIF-1α expression (right) per field of view (mean ± SD, * p < 0.05).
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Furthermore, the Zn- and Cu-doped cryogels were found to significantly increase
the dermal level of MMP-2 and MPP-3 involved in the degradation of ECM proteins, the
release of ECM-bound growth factors, angiogenesis and tissue remodeling. Similarly,
MMP-9 level was elevated in the presence of these materials (data not shown). The effect
of metal dopants decreased at day 10 over day 5, as more clearly observed for the rapidly
degrading Zn-doped material (Figure S6). The Co-doped cryogel generally did not increase
the content of MMPs compared to the control material (Figure S6A,B); however, at day 10,
there were distinct structures with highly expressed MMP-2 in the Co group (Figure S6C)
attributed to the areas containing giant cells and newly formed capillaries (Figure 9).

4. Discussion

The cross-linked gelatin cryogel was used as a biodegradable hydrogel scaffold both
to examine regenerative activities of incorporated TMs and to develop improved bioin-
ductive materials. As previously shown, different TMs can be stably incorporated into the
cryogel [19], presumably involving complex formation with collagen polypeptide groups
in accordance with the earlier observation [48]. The advanced macroporous structure of
the cryogels favors their bulk interactions with gases, nutrients and living cells, allowing
one to assess regenerative factors in three-dimensional tissue-mimicking conditions [2,34].

Cu, Co, and Zn were studied here as recognized components of solid osteogenic
materials [11–13,49]; however, therapeutic effects of these TMs in cryogel scaffolds toward
soft tissues have not been compared to date. The composition of TM-containing cryogels
was optimized so that the metal dopants did not show a cytotoxic effect, while they were
able to stimulate the proliferative and functional activity of mammalian cells (Figure 2).
The corresponding effective concentrations of the incorporated TMs lay within the range of
up to 1 mM, which moderately affected the structure of cryogels (Figure 1). In particular,
the metal dopants comparably increased the elastic over viscous behavior of the cryogels
up to ca. 2 times (Figure 1B), attributed to additional TM-mediated cross-linking. These
data suggest that the incorporated TMs participate in forming a polymer network of the
materials and that the stiffness of the TM-doped cryogels should fit with different soft
tissues and support cell–matrix interactions [50].

Earlier, the macroporous structure of cryogels allowed us to monitor bulk affinity
interactions of the materials with fluorescently labeled peptide ligands [34]. Similarly,
the interaction of H2O2 with TM-doped cryogels was assessed using an ROS-sensitive
DCFDA probe, considering H2O2 as both an extracellular and intracellular precursor
of ROS generated in Fenton-like reactions [29,51]. The hydroxyl radical is particularly
recognized as a secondary messenger involved in cell redox regulation via oxidizing thiols
and activating transcriptional factors such as HIF-1α [52]. The ROS-generating ability of
the Co and Cu dopants revealed in the presence of H2O2 (Figure 3) should reflect hypoxia-
mimicking and concomitant angiogenic properties of these TMs [22,24,29]. H2O2 is known
to be released to the site of tissue injury (for example, in association with NADPH oxidase
or dual oxidase activities), playing an important regulatory role in the healing process as
well as a potential pathological role [53,54]. Therefore, the Co- and Cu-doped cryogels
upon tissue implantation are expected to promote the extracellular activity of H2O2 in
contrast to the Zn-doped cryogel.

In comparison with the above reactions (Figure 3), the soluble TMs showed a dif-
ferent ROS-generating profile in 3T3 fibroblasts exposed to 1 or 10 µM compounds in
antioxidant-free HBSS (Figure S7). Soluble Cu and, to a lesser extent, Zn, in contrast to
Co, were found to induce some ROS overproduction accompanied by a weak decrease
in glutathione level in cells. Together, these data support variable condition-dependent
ROS-modulating activities of the TMs. The results, in particular, suggest that soluble Zn
is also able to increase ROS formation in the fibroblasts, though weaker than soluble Cu
(Figure S7), regardless of the ability of Zn co-dopant to inhibit the Fenton-like activity of
the Co- and Cu-doped cryogels (Figure 3). The intracellular redox effect of Zn ions can be
associated with their interaction with multiple thiol groups of Zn-binding cysteine-rich
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proteins, particularly metallothionein [55], activation of ROS-producing mitochondrial
lipoamide dehydrogenase (LADH) as well as the inhibition of LADH thiol oxidoreduc-
tase [56]. Such prooxidant activity is controlled by MTF-1 transcriptional factor activated
by increased Zn concentrations, leading to the overexpression of metallothionein and Zn
efflux transporters [55,57,58].

The lack of the ROS-generating effect of soluble Co on 3T3 cells (Figure S7) could be
explained by the decreased physiological requirement and cellular uptake of this TM in
fibroblasts, noting that in cancerous cells the TM readily caused oxidative stress under sim-
ilar conditions [59]. Unlike soluble Co, nano- and microparticles of this TM were shown to
induce oxidative stress in 3T3 cells probably due to the internalization of the particulate for-
mulations by endocytosis and phagocytosis [60]. Interestingly, the proliferation-stimulating
effect of the TM-doped cryogels on the fibroblast cells (Figure 2) is in accordance with
prooxidant cellular effects of the soluble TMs (Figure S7), suggesting that the former effect
involves intracellular uptake of the metal ions released from the materials. Together, our
results demonstrate that the studied TMs possess multifaceted ROS-modulating activities
depending on the conditions. Variable prooxidant effects of Cu and Co, both extracellular
and intracellular, could be particularly expected, whereas Zn is expected to have dual
prooxidant/antioxidant effects.

Among the metal dopants, Cu exhibited the highest stimulation of proliferation of
all studied cells (3T3 fibroblasts, HSFs, HUVECs) with as high as 2-fold stimulation for
HUVECs (Figures 2 and 5). The Co dopant was almost inactive toward 3T3 cells and
HSFs, whereas it significantly increased the proliferation of HUVECs, suggesting increased
sensitivity of these ECs to the TMs compared to other types of cells in accordance with
reported effects of the GHK-Cu complex [20] and metal chelators [61].

Based on the above results, the mitogenic activity of the TM-doped cryogels could be
explained by the activation of ROS-mediated signaling pathways in the cells [52]. Such an
effect seems to require an appropriate cell-specific level of overproduced ROS, presumably
achieved in both fibroblasts (Figure 2) and HUVECs (Figure 5) grown in the Cu- and Zn-
doped cryogels. This level should be essential for the stimulation of regenerative processes,
particularly angiogenesis [62]. Excessive ROS levels can decrease cell viability and lead
to sustained secretion of pro-inflammatory cytokines and endothelial permeability [63].
Therefore, double composition of prooxidant TMs, namely, Cu and Co, demonstrated lower
or lack of stimulation toward HUVECs/HSFs compared to Cu alone (Figures 2B and 5A)
attributed to excessive generation of cellular ROS. Moreover, the Zn co-dopant abolished
stimulation of HUVECs in the Cu- and Co-doped cryogels (Figure 5A) and decreased it
for HSFs in the Cu-doped cryogel (Figure 2B). This is attributed to the prevention of ROS
production by the Zn co-dopant presumably via the inhibition of the Fenton-like reaction
catalyzed by Cu and Co [52] and/or the possible reversal of HIF1-α upregulation induced
by the latter TMs [64].

The mitogenic activity of the metal dopants was accompanied by the angiogenic
differentiation of HUVECs in the presence of Cu and Co viewed through the morphological
rearrangement and overexpression of VEGF and ICAM-2 (Figures 5B and 6). Furthermore,
all the TM dopants induced the overexpression of a series of cytokines and growth factors
by HSFs (Figure 4), including VEGF, FGF-2 and PDGF, the potent regulators of functional
activity of ECs and blood vessels [65]. Moreover, the enhanced release of MCP-1 by the Zn
and Cu dopant (Figure 4) may be essential for the recruitment of monocytes/macrophages
involved in tissue repair and angiogenesis [66,67]. Of note, the aforementioned cytokines
and growth factors can be produced and secreted by ECs, playing important roles in the
autocrine regulation and recruitment of other cells to support neovascularization [20]. Thus,
our results show that the incorporated TMs allow for the effective induction of pleiotropic
growth factors and cytokines in the cryogel-grown cells. Such an activation of cryogels
with TMs provides a promising alternative to the immobilization of low-stable recombinant
polypeptides such as VEGF [68] and FGF-2 [69], solely or in combination [70], in order to
improve regenerative and angiogenic properties of polymeric scaffolds.
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The subcutaneous evaluation allows one to understand regenerative or toxicological
mechanisms of (bio)materials at molecular, cellular and tissue levels [30–32,71,72], and
these are relevant not only for skin but for other organs and tissues. The potential of
subcutaneous implantation for the analysis of TM-containing bioactive hydrogels is poorly
investigated, apart from a few reports [73,74] not dealing with TM comparison. Such a
model was optimized here to establish specific localized effects of macroporous cryogel-
formulated TMs on various intact skin tissues and appendages (Figure 7).

The degradation rate of implanted TM-doped cryogels was in the order: Zn > Cu >
Co ≥ Ctrl (Figure 8, 1). The profound promoting effect of the Zn dopant is apparently
associated with this TM activity as a key cofactor of different MMPs, including MMP-1,
MMP-3, MMP-8, MMP-13, MMP-2, and MMP-9 [75]. The peptidase activity of MMP-1 and
MMP-9 can be also promoted by Cu [38] in accordance with some lesser effect of the latter
dopant. Some delayed effect of the Co dopant at day 10 (Figure 8, 1) may be attributed to
the induction of MMP-1 and MMP-2 expression under oxidative stress conditions [76,77].
Immunofluorescence analysis confirmed a significant increase in the expression of MMP-
2 and MMP-3 (as well as MMP-9) in the dermis in the presence of Zn- and Cu-doped
cryogels, which, however, had a comparable effect with each other (Figure S6). Therefore,
the increased resorption of the former material should be due to the overexpression of
MMPs and/or a higher contribution to specific peptidase activity by Zn ions as compared
to Cu ions.

The Cu dopant induced a significant thickening of the dermal layer along with an
increase in the number of hair follicles recognized as an important source of stem and
progenitor cells for skin repair (Figure 8). These data confirm the positive role of this metal
in tissue renewal and remodeling in concordance with the reported ability of peptide-
complexed Cu (AHK-Cu) [78] and Cu-doped bioactive glass [79] to promote the formation
and growth of hair follicles. Such an effect could be mediated by the stimulation of
angiogenesis facilitating the migration of follicle progenitor cells to the dermis [79]. A
folliculogenic activity of the Zn-doped cryogel detected at day 10 is in agreement with the
recently reported effect of a Zn-containing chitosan-PEG hydrogel in a full-thickness skin
defect model in mice [80].

Stimulation of collagen deposition by the Cu and Zn dopants may be associated with
effective vascularization or increased collagen stabilization by lysyl oxidase in the presence
of Cu [81] as well as with early Zn-mediated attraction of fibroblasts that produce collagen,
among other ECM components [80]. Considering some disorganization of skin layers by the
Co dopant (Figure 8), its effect on skin functioning is assumed to be negative, presumably
due to excessive oxidative stress. It has been previously shown that the use of the Co
component at an increased concentration in hydrogels reduces cytocompatibility, collagen
deposition and slows down wound closure and re-epithelization [18].

The established ability of metal dopants to increase tissue vascularization (Figures 8
and 10B) is well explained by the generation of ROS (Figure 3 and Figure S7) in combination
with the increased tissue level of ROS-sensitive HIF-1α (Figure 10B). It was reported
that the modification of mesoporous bioactive glasses by Co [22] and Cu [24] promoted
neovascularization by inducing hypoxic cascade and the expression of HIF-1α in human
bone marrow stromal cells, yet the induction of HIF-1α was not investigated in vivo.
Moreover, the incorporation of Co in a gauze calcium alginate hydrogel was shown to
stabilize HIF-1α expression, stimulate angiogenesis and accelerate full-thickness skin
wound healing in mice [18]. HIF-1α is a major transcription regulator of VEGF [18,82],
which is consistent with a considerable boost in VEGF secretion by fibroblasts (Figure 4)
and expression by HUVECs (Figure 6) cultured in Cu- and Co-doped cryogels. In addition,
metal-induced VEGF and FGF-2 (Figure 4) are known to stimulate the production of MMPs
that degrade basement membrane and ECM, allowing ECs to migrate and form sprouts [70].

The results suggest that the prooxidant activity of the TMs may occur via both extra-
cellular and intracellular reactions. The antioxidant effect of the Zn co-dopant upon the
induced ROS production (Figure 3) presumably was not manifested under experimental
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conditions in vivo, since the TM was found to cause a weak increase in HIF-1α level and
some angiogenic response, which were inferior to the effect of Cu and Co. Other Zn for-
mulations, namely, zinc oxide (ZnO) and zinc peroxide (ZnO2) nanoparticles, embedded
into a cross-linked polymeric hydrogel promoted angiogenesis via the generation of ROS,
in particular, the onsite production of H2O2 [83]. The Cu-doped cryogel provided a more
physiological vascularization with a predominant hypodermic localization, whereas the
Co-doped material, disturbing hypodermic tissues, caused the redistribution of newly
formed vessel structures into the dermis. Such a distinct vascularization pattern, however,
may result from the degree of prooxidant activity of the TMs (Co > Cu).

Consistent with these results, microvessel growth in the skin was earlier stimulated by
Cu-containing hyaluronic acid hydrogel [73] and borate glass microfibers [84]. However, no
mechanisms of Cu-mediated angiogenic activity and its comparison with other TMs were
provided in these studies. According to the density of CD31-positive cells (Figure 10B),
the Cu-doped cryogel should have better angiogenic potential than other proposed Cu-
containing materials [73,79,84]. Furthermore, Co-containing collagen/alginate-based hy-
drogel was earlier demonstrated to exhibit an angiogenic effect on rat mesenchymal stem
cells accompanied by the expression of CD31 and VEGF. However, this activity was not
significantly affected by the Co component in vivo [85]. Likewise, implanted Co-doped
sol-gel bioactive glasses promoted the appearance of blood vessel structures; however,
angiogenic effects were not assessed quantitatively [86].

The angiogenic effect of the Zn-doped cryogel without a significant induction of HIF-
1α (Figures 8 and 10B) could result from the activation of other pathway(s) implicating
increased FGF-2 production (Figure 4), faster material degradation by MMPs promoting
cell infiltration, and from the attraction of mononuclear cells (Figure 9). It is noteworthy
that the in vivo effects of the Zn-doped cryogel generally decreased on day 10 compared to
day 5. This suggests a transient activity of TM-doped cryogels presumably associated with
the release of metal ions during degradation so that it disappears after resorption of the
material. This also confirms the importance of assessing the effects of TM-doped cryogels
in the early stages post-implantation.

In the presence of implanted Zn-doped cryogel, recruitment of mononuclear cells was
observed (Figure 9). This process is known to be mediated by MCP-1 chemokine [87], which
was stimulated by the material in vitro (Figure 4). It was reported the role of Zn in stimulat-
ing the infiltration of monocytes into the damaged tissues, where they can differentiate into
macrophages [87], and regulating the transition of macrophages from pro-inflammatory to
immune-regulatory tissue repair phenotypes [88]. Recruited macrophages can contribute
to the angiogenic process via the degradation of ECM leading to EC migration, the release
of angiogenic cytokines, and vessel wall formation by differentiating into ECs [66,67]. The
incorporation of Zn into the hydroxyapatite-collagen scaffold promoted osteogenesis and
angiogenesis by activating the p38 MAPK signaling pathway in the monocytes, further
contributing to the release of TGF-β, VEGF, and PDGF, which stimulate the recruitment
of BMSCs and ECs to the injury site [89]. The regulatory roles of Zn on immune system
homeostasis have been reviewed [90]. These particularly involve a balance between nor-
mal immune response and potential tissue damage in relation with Zn distribution in the
extracellular and intracellular compartments.

The detected overall number of immune cells in the case of Cu-doped cryogels was
lower compared to the other implanted gels (Figure 9), which indicates that the host
immune response to this material occurred smoothly. On day 10 post-implantation, the
Co dopant caused the formation of multinucleated giant cells surrounding vascularization
zones in dermis (Figure 9), in concordance with the reported enhanced angiogenesis by
these VEGF-expressing cells within the implantation bed [47]. Subcutaneously implanted
Co-containing bioactive glasses presented a significantly increased number of cell nuclei,
morphologically resembling the detected giant cells [86]. This was attributed to the HIF-1α-
mediated recruitment of proinflammatory cells and coordination of regeneration processes
by the material [86]. Given that lymphocytes are essential for giant cell formation [91], it
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could be assumed that Co may trigger an adaptive immune response, the mechanism of
which should be studied elsewhere.

5. Conclusions

This study proves biodegradable cryogels as advanced hydrogel scaffolds both to clar-
ify the regeneration-related effects of incorporated TMs in vitro and in vivo and to develop
improved biomaterials activated with Cu, Co, Zn or their compositions. Since these effects
are assumed to be associated with ROS generation, the ROS-modulating activity of the TMs
was characterized. The results suggest Cu and Co as well as their binary compositions as
probable extracellular Fenton-like prooxidants, which are antagonized by Zn. All the TMs
are capable of intracellular ROS generation to different extents and depending on cellular
uptake. The ROS-modulating activities of the TMs and compositions were consistent with
the proliferation rate of mammalian cells, the production of regeneration-related cytokines
and growth factors by HSFs and the angiogenic differentiation of HUVECs in the cryogels
in vitro. The subcutaneous implantation model was optimized to elucidate and compare
host tissue effects of TMs containing cryogels. Biodegradation of the materials was pro-
moted mainly by the Zn and Cu dopants, which also induced the overexpression of matrix
metalloproteinases, the stimulation of collagen deposition and hair follicle growth. All
the TMs, especially Cu and Co, increased the level of ROS-sensitive markers and vascu-
larization, where more physiological vasculature pattern was observed in the case of Cu
compared to Co. The latter dopant, unlike Cu and Zn, caused an obvious disturbance in
the organization of skin layers along with the appearance of multinucleated giant cells
attributed to the excessive prooxidant effect. The results contribute to the understanding of
regenerative and adverse activities of hydrogel-formulated TMs and provide the basis for
tissue engineering and regeneration applications of TM-containing cryogels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8020118/s1, Figure S1: (A) LSCM images of dual TM-doped
cryogel sheets (top surface) visualized by autofluorescence upon argon laser excitation (488 nm).
(B) Frequency sweep test (strain deformation δ = 1%) data for the cryogels. Figure S2: Representa-
tive bright-field microscopy images of H&E-stained cross-sections of skin explants contacted with
subcutaneously implanted TM-doped cryogels. Figure S3: Visualization of epidermis of treated
skin according to H&E staining. (A) Representative bright-field microscopy images for non-doped
and TM-doped cryogels. (B) Localized area with dermatitis manifestations caused by Co-doped
cryogel. Figure S4: (A) Representative polarization microscopy images of Picrosirius red-stained
cross-sections of skin explants (dermal area) contacted with subcutaneously implanted TM-doped
cryogels. (B) Relative area of mature collagen per field of view. Figure S5: Immunofluorescent analy-
sis of cross-sections of skin explants contacted with subcutaneously implanted TM-doped cryogels at
day 5 (Zn and Cu) and day 10 (Ctrl and Co). Simultaneous CD31 CruzFluor™ 488 (green), HIF-1α
Alexa Fluor 647 (red) and DAPI staining was performed. Figure S6: (A) Immunofluorescent analysis
of cross-sections of skin explants contacted with subcutaneously implanted TM-doped cryogels
(MMP-2 Alexa Fluor 488 (green) and MMP-3 Alexa Fluor 647 (red)). (B,C) Relative MMP levels in the
dermis per field of view. (D) The area with localized giant cells (MMP-2, Co-doped cryogel). Figure
S7: Effect of dissolved metals on relative levels of (A) ROS and (B) glutathione in 3T3 fibroblasts
according to DCFDA (λex/λem = 490/526) and monochlorobimane (λex/λem = 380/480) fluorescence.
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Abstract: In recent years, the rising number of bone diseases which affect millions of people world-
wide has led to an increased demand for materials with restoring and augmentation properties
that can be used in therapies for bone pathologies. In this work, PMMA- MBG composite scaf-
folds containing ceria (0, 1, 3 mol%) were obtained by the phase separation method. The obtained
composite scaffolds were characterized by X-ray diffraction, infrared spectroscopy, and scanning
electron microscopy. UV–Vis measurement and EDX analysis confirmed the presence of cerium ions
in the composite scaffolds. Evaluation of the in-vitro biocompatibility using MTT assay showed that
composite scaffold containing 1 mol% of ceria presented higher viability than control cells (100%) for
concentrations ranging between 5 and 50% after 96 h of incubation.

Keywords: biocompatibility; ceria; polymer-bioglass scaffolds

1. Introduction

Developments in tissue engineering have raised significantly the potential for treat-
ing bone defects caused by trauma, tissue resection, congenital anomalies, cancer, and
osteoporosis [1]. Recently, scaffolds manufactured from natural or synthetic materials that
provide structural support allowing cell proliferation upon transplantation, have become
one of the important elements for regenerative medicine [2]. Moreover, the synthetic
scaffolds can overcome limitations in current treatments associated with autologous bone
grafting such as immunological rejection, the possibility of transmitting infectious diseases
and low tissue availability [3,4]. Various types of scaffolds have been produced, but the
main challenge facing us today is the selection of appropriate materials for scaffold manu-
facturing. To obtain scaffolds with the best properties, different types of materials have
been used, such as natural or synthetic polymers, bioglasses, ceramics, metals, composites,
and hydrogels. In addition, mechanical properties, biocompatibility, bioactivity, surface
properties and biodegradability are essential in regenerative medicine applications and
need to be considered when designing a scaffold [5].

Polymer/bioglass composite synthesis and development have played a key role in
the advancement of biomedical technologies, including tissue engineering. The poly-
mer/bioglass composite scaffolds combine two types of materials e.g., polymers and
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bio-glass to overcome their disadvantages and eventually produce a scaffold with superior
properties [6].

Bioglasses used in synthetic scaffolds preparation for bone regeneration are attractive
materials due to their ability to induce in-vitro hydroxyapatite mineralization and have
excellent cytocompatibility [7]. Furthermore, bioglasses can be doped with different
functional elements to enhance their biological properties [7,8].

To date, polymers have been the material of choice in the field of tissue engineering.
PMMA acrylic bone cement has been widely used to repair or replace joints [9] and is used
in a variety of medicinal and dentistry applications [10–13]. Polymers are extensively used
in in-vivo and in-vitro biomedical applications due to their aesthetic, injecting molding
ability [14]. Furthermore, PMMA is non-toxic, offers good compressive resistance and
shows good versatile processing capabilities.

Several preparation techniques such as freeze-drying [15], phase separation [5], solvent
casting [16], and matrix-assisted pulsed laser [17] methods have been used to produce
scaffold-based polymer matrixes with adequate properties for bone tissue engineering.
Among them, the phase separation method is an easy and simple way to obtain scaffolds
that mimic bone morphology. Dhinasekaran D. et al. [5] obtained scaffolds by a phase
separation method, with adequate properties of a bone grafting material starting from
Bioglass 45S5 and PMMA using different solvents (ethanol, acetone, and chloroform).
Studies regarding preparation PMMA-MBG scaffolds by phase separation method with
the aid of nonionic surfactant Pluronic P123 are less frequently reported in the literature.
Han X. et al. [18] obtained 3D Ti-doped meso-macroporous bioglass/PMMA scaffolds
using Pluronic P123 and PMMA colloidal crystals by steam acid techniques. These scaffolds
exhibit good antimicrobial properties and biocompatibility.

This study researches PMMA- Ce doped MBG composite scaffolds using the phase
separation method. The influence of cerium addition on the biocompatibility of the ob-
tained scaffolds using mouse fibroblast cells (NCTC clone L929) was investigated. In our
previous study [8] good biocompatibility was obtained for Ce doped mesoporous bio-
glasses based on 70SiO2–26CaO–4P2O5 system prepared by sol-gel method in the presence
of surfactant Pluronic P123.

Among the therapeutic elements being more recently included in research studies
is cerium. It has received particular interest due to its antibacterial, anti-inflammatory,
pro-osteogenesis, and pro-angiogenesis properties due to the oxidation state transition
Ce4+ and Ce3+ during redox reactions in physiological fluids with the formation of free
radicals [19]. In addition, compressive strength and bioactivity of the obtained composite
scaffolds were also studied.

2. Results and Discussion
2.1. FTIR

FTIR analysis was used to obtain information regarding chemical bonds. All of the
prepared scaffolds (Figure 1) show the absorption bands at 2992, 2952 cm−1 assigned to
C–H stretching vibrations related to the polymer matrix. The presence of hydrocarbon
is indicated by the band at 1434 cm−1 due to the CH asymmetric bending vibration of
CH2 [20]. Furthermore, the band at 1734 cm−1 correspond to the stretching vibration of
the carbonyl (C=O) group while the band at 1638 cm−1 is due to C=C stretching vibration.
The narrow and sharp band at 1384 cm−1 is attributed to the presence of NO3− group. The
absorption band at 3430 cm−1 corresponds to –OH stretching vibration (water or ethanol),
while the band at 1638 cm−1 can be attributed to the interlayer stretching and bending
vibration of molecular water [21].
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Figure 1. FTIR spectra of S0Ce-S3Ce composite scaffolds.

The absorption bands located at 1074 cm−1 can be ascribed to Si–O–Si asymmetric
stretching vibration and are due to the vibrations of the non-bridging Si–O bonds in the
structural units Q3 which are tetrahedral [SiO4], with one non-bridging oxygen atom and
three bridging oxygen atoms. It can be noticed that the band located at 1074 cm−1 slightly
intensifies with the increase of cerium concentration, suggesting the depolymerization of
Si–O network to units with less bridging oxygen and cerium acting as a network modifier
in glass [22,23]. The bands situated at 750 and 435 cm−1 are due to Si–O–Si symmetric
stretching of bridging oxygen and Si–O bending vibration, respectively. The presence of
silanol is indicated with the band at 960 cm−1 due to Si-O stretching vibration on the silanol
group [24]. The absorption bands at 850 and 570 cm−1 are related to the P–O vibrations.

The results indicate that in the bioglass solution under investigation, almost all of
the alkoxy groups are hydrolyzed into silanol groups. According to [5], the addition
of a hydrolyzed silica to the polymerized PMMA solution using ethanol and water as
solvents can induce the phase separation which may be considered as (i) formation of
glass network in the solution containing organic polymers; (ii) parallel growth of the
bioglass network and the PMMA polymer; (iii) simultaneous growth of a bioglass–PMMA
interconnected polymer network; (iv) and development of a bioglass–PMMA network
connected by covalent bonds.

2.2. Thermal Analysis

In order to examine the thermal stability, thermal analyses were carried out on PMMA-
MBGs composite scaffolds as well as on pristine PMMA for comparison. The thermal
gravimetric analysis (TG) and differential thermal analysis (DTA) data obtained from
pristine PMMA and dried composite scaffolds are shown in Figure 2a,b. Both the pristine
PMMA and the composite scaffolds underwent only single step degradation. The thermal
decomposition for pure PMMA was completed around 400 ◦C. The onset of decomposition
temperature decreased in the composite scaffolds, indicating the effect of cerium addition
on the course of PMMA thermal degradation. No other effects were observed on the
DTA curves.

250



Gels 2021, 7, 180Gels 2021, 7, x FOR PEER REVIEW 4 of 14 
 

 

 
Figure 2. TG/DTA analyses of the pristine PMMA and PMMA-MBGs composite scaffolds: (a) TG 
analysis; (b) DTA analysis. 

2.3. UV-Vis 
UV-Vis analysis (Figure 3) was performed to obtain information regarding the oxi-

dation state of cerium in the PMMA-MBGs composite scaffolds. 

 
Figure 3. UV-Vis spectra of PMMA-MBGs composite scaffolds in direct comparison with pristine 
PMMA absorption spectrum. 

Likewise, spectra of the S0Ce and cerium doped composites scaffolds show an ab-
sorption band at about 229 nm attributed to PMMA. According to Aziz et al. [25] in the 
UV region, a sharp absorption edge of about 270 nm due to electronic transitions n ® σ * 
occurs. Recently, Matamoros-Ambrocio et al. [26], observed that for PMMA microspheres 
in powdered form, synthesized under different conditions, all spectra in the UV region 
(200–400 nm) show a pronounced absorbance edge. On the other hand, in the Vis region 
(400–800 nm), the absorption is small and almost constant. This band is attenuated with 
the incorporation of cerium which can be associated with the band-gap absorption of CeO2 

and hypochromic shifted with the absorption intensity linearly decreasing from S0Ce to 
S3Ce. It is known that significant changes in the absorption spectra of Ce4+ due to the com-
position of glass occur, the molar extinction coefficient of Ce4+ being 5 to 10 times stronger 
than that of Ce3+ [27]. Moreover, Ce4+ produces a very strong and broad charge transfer 
band around 250 nm, with the intensity, half-width, and position of the absorption wave-
length changing significantly with glass composition [27]. Therefore, the hypochromic 
shift observed (S0Ce ® S1Ce ® S3Ce) which linearly decreases with the absorption intensity 
may be due to the incomplete inner electronic shell of Ce4+, as the scaffolds composite 
changed. Also, the charge transfer from O2− to Ce4+ is taken into consideration. In the 
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2.3. UV-Vis

UV-Vis analysis (Figure 3) was performed to obtain information regarding the oxida-
tion state of cerium in the PMMA-MBGs composite scaffolds.
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Figure 3. UV-Vis spectra of PMMA-MBGs composite scaffolds in direct comparison with pristine
PMMA absorption spectrum.

Likewise, spectra of the S0Ce and cerium doped composites scaffolds show an ab-
sorption band at about 229 nm attributed to PMMA. According to Aziz et al. [25] in the
UV region, a sharp absorption edge of about 270 nm due to electronic transitions n ® σ *
occurs. Recently, Matamoros-Ambrocio et al. [26], observed that for PMMA microspheres
in powdered form, synthesized under different conditions, all spectra in the UV region
(200–400 nm) show a pronounced absorbance edge. On the other hand, in the Vis region
(400–800 nm), the absorption is small and almost constant. This band is attenuated with the
incorporation of cerium which can be associated with the band-gap absorption of CeO2 and
hypochromic shifted with the absorption intensity linearly decreasing from S0Ce to S3Ce. It
is known that significant changes in the absorption spectra of Ce4+ due to the composition
of glass occur, the molar extinction coefficient of Ce4+ being 5 to 10 times stronger than
that of Ce3+ [27]. Moreover, Ce4+ produces a very strong and broad charge transfer band
around 250 nm, with the intensity, half-width, and position of the absorption wavelength
changing significantly with glass composition [27]. Therefore, the hypochromic shift ob-
served (S0Ce ® S1Ce ® S3Ce) which linearly decreases with the absorption intensity may
be due to the incomplete inner electronic shell of Ce4+, as the scaffolds composite changed.
Also, the charge transfer from O2− to Ce4+ is taken into consideration. In the specific
absorption spectra of Ce3+, within the 250–350 nm range, two well-structured absorption
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bands appear at about 270/285 nm [28]. According with Paul et al., Ce3+ in glass produces
a number of absorption bands in the UV region corresponding to the f ® d transitions [27].
Generally, Ce4+ is the stable valence in the cerium oxide due to its electronic configuration
with the loss of a single electron in the 4f orbital of the Ce3+ ions [28]. The data from
the literature reports the preparation of ceria-based oxides based on evaporation induces
the self-assembly method using Pluronic P123 and ethanol as template removal, instead
of the more common removal method (e.g., calcinations) [29]. Thus, the different type
of spectrum pattern with the strong bleaching of the absorption band in the 270–280 nm
region of S1Ce and S3Ce compared with S0Ce absorption band in this region, may be due
to the fact that, by cerium doping of the composites’ scaffolds, a large accumulation of
Ce3+ defects occurs. In this context, and based on the fact that cerium absorption overlaps
with PMMA-MBG’s contribution, decomposition of the cerium (Ce4+/Ce3+) absorption
band into the sample with Gaussian bands was performed (Figure 4). We conclude that, as
composite scaffolds are doped with cerium, the concentration of Ce4+ increases while the
concentration of Ce3+ decreases (Table 1). Moreover, the difference observed compared to
that of pristine PMMA absorption may be due to porosity, defects, and oxygen vacancies
in the PMMA structure of the scaffolds.
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composite scaffold; (b) S1Ce composite scaffold; (c) S3Ce composite scaffold.

Table 1. Percentage of Ce4+/Ce3+ in PMMA-MBGs composite scaffolds calculated from the fitting of
Gaussians in the UV region, with the corresponding positions indicated in parentheses.

Sample PMMA-MBGs Ce4+ Ce3+

S0Ce

13.40% (210.22 nm) - -

51.70% (229.11 nm) - -

5.29% (240.87 nm) - -

3.42% (273.69 nm) - -

12.10% (284.78 nm) - -

12.18% (300.97 nm) - -

1.91% (312.31 nm) - -

S1Ce

- 7.72% (212.77 nm) 4.59% (269.00 nm)

72.26% (227.75 nm) - 4.34% (283.48 nm)

7.43% (300.10 nm) 3.66% (239.49 nm) -

S3Ce

- 5.26% (214.19 nm) 3.80% (267.74 nm)

65.32% (220.75 nm) - 1.00% (279.62 nm)

- 24.62% (234.34 nm) -
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2.4. Morphology and Mechanical Properties Evaluation

The morphology of the composite scaffolds surface and qualitative compositional
analyses were evaluated by SEM. The SEM micrographs taken from the surface area of
S0Ce-S3Ce samples are presented in Figure 5. Irregular micro-pores (less than 50 µm) were
observed for S0Ce composite scaffold. It can be observed that the size and distribution of
pores varies within different surface regions examined and increases in the cerium contain-
ing composite scaffolds. The size of the irregular pores was estimated to be in the range of
100 µm and 300 µm for S1Ce and S3 Ce composite scaffolds, respectively (Figure 5c,e). The
formed pores can lead to some porosity which is one of the most important characteristics
of the materials for tissue engineering applications. They also have an important role in
bone regeneration and cell migration. The obtained composite scaffolds have a porosity
between 41% and 47% (Figure 6). Depending on porosity, bone tissue can be classified in
two categories: cortical bone (also known as dense bone) with a porosity of 5% to 15% and
trabecular (cancellouse) bone with a porosity from 40% to 95% [30].
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The results are in accordance with the data from the literature for materials with poten-
tial applications in tissue engineering (e.g., porosity in the range of 40–90%) [31]. In general,
a pore size above 100 µm is required to promote the osteogenesis and angiogenesis [32].
Studies also report that a pore size under 100 µm plays a significant role in inducing the
osteoinduction [33].

As can be observed in Figure 6, porosity and compressive strength are strongly
correlated. The lowest compressive strength coefficient of 20 MPa is obtained for the S3Ce
sample while the highest compressive strength value is found at 24.5 MPa for the S1Ce
sample. The decrease of compressive strength coefficient with the increase of ceria content
was reported by Zhou et al. [34]. An increase of the compressive strength of foamed
glass-ceramics for a 2.5 wt% CeO2 addition was observed. Further increases of CeO2
content determine the decrease of the compressive strength. The higher content of Ce4+

as was revealed by UV-Vis analysis can lead to aggregation effect and consequently to
distortion of the glass matrix. The data from the literature reported that the compressive
strength of bioactive glass scaffolds ranges from 0.2 to 150 MPa depending on the scaffold’s
composition, microstructure, and preparation method [35,36]. It is known that while
the compressive strength of human cortical bone ranges between 90 and 209 MPa, the
strength of cancellous bone is between 1.5 and 45 MPa [37]. Hence, the obtained values of
compressive strength in the present study classify the scaffold as being a material that has
promising mechanical behavior for application as a substitute of cancellous bone.

2.5. In Vitro Bioactivity Assessment

The XRD patterns of PMMA-MBGs composite scaffold before and after immersion
in SBF are depicted in Figure 7. The XRD patterns of the sample before immersion in SBF
show broad diffraction lines of PMMA at 2θ 13.21◦ along with low intensity diffraction
lines at 23.54◦ and 41.47◦ [38]. No diffraction lines corresponding to SiO2 or cerium oxides
were observed.
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After five days of immersion, XRD patterns of the S0Ce and the S1Ce samples re-
veal the beginning of hydroxyapatite (HAP) crystallization at 2θ around 31◦ (overlap-
ping of (211), (112) and (300) reflection planes) in agreement with data from JCPDS card
no. 101-1242. The overlapping of (211), (112) and (300) reflection planes is a characteristic
of low crystalline HAP. Similar XRD patterns for PMMA-45S5 bioglass composites were
obtained by [5] after 28 days of immersion in SBF.

Additionally, the formation of HAP layer on the surface of the composite scaffolds was
also monitored by Fourier transforms infrared spectroscopic technique. Figure 8 shows the
FTIR spectra of the obtained scaffolds immersed for five days in SBF solution. The charac-
teristic absorption bands for phosphate group are observed at 552 and 602 cm−1 which are
assigned to P–O bending vibration (ν4). The vibration band at 475 cm−1 corresponds to the
PO4

−3 bending vibration (ν2) [39]. The bands, assigned to P–O bending vibration modes
of the orthophosphate PO4

−3 group, are generally used to monitor the bioactivity [40].

Gels 2021, 7, x FOR PEER REVIEW 8 of 14 
 

 

2.5. In Vitro Bioactivity Assessment 
The XRD patterns of PMMA-MBGs composite scaffold before and after immersion 

in SBF are depicted in Figure 7. The XRD patterns of the sample before immersion in SBF 
show broad diffraction lines of PMMA at 2θ 13.21° along with low intensity diffraction 
lines at 23.54° and 41.47° [38]. No diffraction lines corresponding to SiO2 or cerium oxides 
were observed. 

After five days of immersion, XRD patterns of the S0Ce and the S1Ce samples reveal 
the beginning of hydroxyapatite (HAP) crystallization at 2θ around 31° (overlapping of 
(211), (112) and (300) reflection planes) in agreement with data from JCPDS card no. 101-
1242. The overlapping of (211), (112) and (300) reflection planes is a characteristic of low 
crystalline HAP. Similar XRD patterns for PMMA-45S5 bioglass composites were ob-
tained by [5] after 28 days of immersion in SBF. 

Figure 7. XRD patterns of S0Ce-S3Ce composite scaffolds (a) before immersion in SBF and (b) after 
immersion in SBF for five days. 

Additionally, the formation of HAP layer on the surface of the composite scaffolds was 
also monitored by Fourier transforms infrared spectroscopic technique. Figure 8 shows the 
FTIR spectra of the obtained scaffolds immersed for five days in SBF solution. The charac-
teristic absorption bands for phosphate group are observed at 552 and 602 cm−1 which are 
assigned to P–O bending vibration (ν4). The vibration band at 475 cm−1 corresponds to the 
PO4−3 bending vibration (ν2) [39]. The bands, assigned to P–O bending vibration modes of 
the orthophosphate PO4−3 group, are generally used to monitor the bioactivity [40]. 

 
Figure 8. FTIR spectra of the PMMA-MBGs composite scaffolds immersed for five days in SBF solution. Figure 8. FTIR spectra of the PMMA-MBGs composite scaffolds immersed for five days in

SBF solution.

The surface of the S1Ce and S3Ce composite scaffolds after immersion in SBF for 5
five was also examined by SEM. As can be observed in Figure 9, the surface of samples is
covered by fine particles confirming the beginning of HAP crystallization (as was revealed
by XRD measurements).
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All tested samples show no cell cytotoxic activity in the concentration range between
5% and 75%, as seen in Figure 9. For all of the composite scaffolds produced during the
investigation, the cell viability was above 80% (non-cytotoxic) for the aforementioned
concentration range with exposure times of 96 h. At concentrations ranging between 5 and
50%, the S1Ce composite scaffold presented higher cell viability than control cells (100%)
after 96 h of incubation. Good cell viability (84.73%) at a concentration of 100% was obtained
for the MBGs containing 1% mole ceria in our previous study [8]. For the S0Ce composite
scaffold, the cell viability was higher than control cells within concentrations ranging from
5 to 75% (Figure 10b). At 100% concentration, cell viability decreased drastically by up to
40% for the S0Ce after 96 h of incubation. The lowest cell viability after 96 h of incubation
was observed for the S3Ce composite scaffold. This result can be explained based on the
Ce4+/Ce3+ ratio. Naganuma et al. [41] reported that cell proliferation and adhesion in
cerium-doped materials are influenced by the oxidation state of cerium (Ce3+ vs. Ce4+):
Ce3+ ions inhibit cell proliferation and Ce4+ ions promote cell proliferation. In addition, the
size and shape of CeO2 can influence its cytotoxicity with smaller sized CeO2 exhibiting
higher toxicity [42].
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3. Conclusions

PMMA-Ce doped MBG composite scaffolds with promising potential for application
in tissue engineering were prepared by phase separation method by combining MBGs with
addition of 0, 1, and 3 mol% ceria and PMMA.

UV-Vis measurements confirm both Ce3+ and Ce4+ oxidation states.
The compressive strength of the obtained composite scaffolds varies between

20–24.5 MPa that classify them as promising materials for application as a substitute of
cancellous bone.

An in vitro biocompatibility evaluation determined using MTT assay indicated that
all tested samples showed no cell cytotoxic activity on L929 cells in the concentration range
of 5–75% after 96 h of incubation. Between concentration ranges of 5% and 50%, the S0Ce
and S1Ce samples exhibited higher cell viability than control cells (100%).

XRD, FTIR, and SEM analyses confirmed the beginning of the hydroxyapatite layer
crystallization over the sample surfaces after incubation in SBF for 5 days.

Based on the promising results, the PMMA-MBGs composite scaffolds investigated in
the present study show potential for bone regeneration applications.

4. Materials and Methods
4.1. Reagents

This study used the following reagents: tetraethylorthosilicate (TEOS) (98%, Sigma-
Aldrich, Darmstadt Germany), triethylphosphate (TEP) (99% Sigma-Aldrich, Darmstadt,
Germany), calcium nitrate tetrahydrated (Ca(NO3)2·4H2O) (99% Sigma-Aldrich, Darm-
stadt, Germany) and cerium(III) nitrate hexahydrate (99% Sigma-Aldrich, Darmstadt,
Germany) as silica, phosphate-, calcium- and cerium-oxide precursors, respectively, hy-
drochloric acid (HCl) (Sigma-Aldrich, Darmstadt, Germany) as a catalyst, PEG-PPG-PEG,
called Pluronic® P123 (Sigma-Aldrich, Darmstadt, Germany) as structure directing agent
and poly methyl methacrylate (Alfa Aesar, Ward Hill, MA, USA).

4.2. Preparation of MBG Solution

The bio-glass precursor sol was directly used to obtain the scaffolds. In brief, Ce-doped
mesoporous bioglasses in the 70SiO2-(26-x) CaO-4P2O5-xCeO2 system (where x stands for
0, 1, 3 mol%) were synthesized using the procedure described in paper [8]. Pluronic P123
was used as a structure directing agent.

4.3. Preparation of the Polymer-MBG Scaffolds

PMMA-MBG scaffolds were prepared by the phase separation method following
the procedure described in [5]. PMMA (15%) with a molecular weight of 550,000 and a
density of 1.18 g cm3 was dissolved in an ethanol and water mix. Equal volumes of the
MBG solution and the polymer/water/ethanol mixture were mixed to obtain the scaffold
materials. Ethanol and water were mixed in the ratio 4:1 and preheated to 60 ◦C before
adding PMMA. Subsequently, the obtained scaffolds were washed with ethanol to remove
the Pluronic P123 structure directing agent and dried in the oven at 60 ◦C. The obtained
scaffolds were labeled as follows: S0Ce, S1Ce, and S3Ce. The preparation chart is presented
in Figure 11.
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4.4. Composite Scaffolds Characterization

Powdered X-ray patterns of the scaffolds were recorded using a RigakuUltima IV
diffractometer in parallel beam geometry equipped with CuKα radiation (wavelength
1.5406 Å) in 2θ range between 10 to 70 with a speed of 2◦/min and a step size of 0.02◦.
PDXL software (Version 1.8) from Rigaku, connected to ICDD database was used for
phase identification.

Fourier transform infrared (FTIR) spectroscopy was performed with a Nicolet Spec-
trometer 6700 FTIR, within 400–4000 cm−1 range, in transmittance mode.

The thermal behavior of the obtained MBG-composite scffolds was determined by
thermal gravimetric analysis and differential thermal analysis (TG/DTA) using a Mettler
TOLEDO TGA/SDTA 851e equipment in flowing air atmosphere using alumina crucible.
The maximum temperature was set at 1000 ◦C and the heating rate was 10 ◦C/min

The absorption measurements were recorded with a Perkin Elmer Lambda 35 Spec-
trometer with integrating sphere in 900–200 nm range using: data interval, 1 nm; scan
speed, 60 nm/min; slit, 4 nm; sample holder at 8◦ wedge and a certified reflectance stan-
dard. To estimate the cerium concentration into scaffolds, a least-squares iterative curve
fitting was performed with Gaussian bands using the peak fit analysis program (Sea-Solve,
Framingham, MA, USA). The areas of all bands assigned to a given concentration were
summed up and divided by the total area in order to obtain the contribution of cerium
(Ce4+/Ce3+).

The morphology of the composite scaffolds was investigated by scanning electron
microscopy using a microscope; Quanta FEI 200 model coupled with energy dispersive
X-ray (EDX) analysis.

The compressive strength of the composite scaffolds was evaluated using a portable
Schmidt hammer. The rebound number can be converted to uniaxial compressive strength
(UCS-MPa) that, according to Wang R. and Yuan Z. [43] can be correlated to a qualitative
evaluation of sample hardness.

The porosity of the samples was determined using Archimedes method. The porosity
was calculated using Equation (1).

Porosity, % =
(m1 − m0)

δV0
× 100 (1)

where: m0 and m1 indicate the weight of the scaffold before and after immersing, re-
spectively, V0 is the scaffold volume before immersing, and δ is the liquid density. The
experiment was performed in triplicate.

In vitro bioactivity of the composite scaffolds was assessed by immersing the samples
in the simulated body fluid (SBF) as proposed by Kokubo et al. [44] at 37 ◦C for five days
Once removed from the incubation solution, the samples were washed with deionized
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water and dried at 70 ◦C for 24 h. The presence of newly formed hydroxyapatite on the
surface of composites was further examined by XRD analysis.

In vitro evaluation of cell viability was performed using the MTT assay protocol, as
described in [45]. To summarize, after both 48 h and 96 h of cultivation in the presence
of the scaffolds, the cells were rinsed with phosphate buffered saline solution (PBS), pH
7.4, and incubated with an MTT working solution (0.25 mg/mL) for 3 h at 37 ◦C to obtain
crystallized formazan. Afterwards, the medium was removed and isopropyl alcohol
was added to each well. After incubation at room temperature for 15 min under gently
stirring, the optical density of the solution was determined at 570 nm using a Tecan Sunrise
microplate reader (Tecan, Austria). The amount of converted dye directly correlates to the
number of metabolically active cells. Cell viability was expressed as a percentage of the
control cells (cells incubated without sample) considered being as 100% viable. The tests
were performed in triplicate.
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