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Abstract: Bone fracture healing involves complex physiological processes that require biological
events that are well coordinated. In recent decades, the process of fracture healing has been upheld
through various treatments, including bone implants and bio-adhesive utilization. Bio-adhesion can
be interpreted as the process in which synthetic or natural materials adhere to body surfaces. Bio-
based adhesives have superiority in many value-added applications because of their biocompatibility,
biodegradability, and large molecular weight. The increased variety and utilization of bio-based
materials with strong adhesion characteristics provide new possibilities in the field of orthopedics in
terms of using bio-based adhesives with excellent resorbability, biocompatibility, ease of use, and low
immunoreactivity. The aim of this review is to provide comprehensive information and evaluation of
the various types of bio-based adhesives used clinically with a specific focus on their application in
orthopedics. The main properties of bio-based adhesives, their benefits, and challenges compared
with the traditional bio-based materials in orthopedics, as well as the future perspectives in the field,
have also been outlined and discussed.

Keywords: adhesion; bio-based adhesives; bio-polymers; ceramics; orthopedic; biomaterials

1. Introduction
1.1. Bone Fracture Healing

Bone fracture healing involves complex physiological processes that require biological
events that are well coordinated. The knowledge of this process has significantly increased
since the expansion of comprehension of the various factors and biological pathways in-
volved. In the near future, advanced developments in bone fracture healing are expected.
It is already known that numerous bone diseases can lead to secondary trauma, aging,
and metabolic disorders, but a new treatment protocol can solve these problems effectively.
Bone fracture healing can be distinguished into direct (primary) and indirect (secondary)
healing according to histological perspective. When inflexible internal fixation anatomi-
cally diminishes the fracture sections, subsequently, it can lead to direct fracture healing
and reducing inter-fragmentary strain. A direct endeavor by the cortex to establish new
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Haversian systems by shaping different remodeling aggregations known as cutting cones is
involved in this process; the purpose of this process is to reestablish mechanical continuity.
The osteoblasts that are required for bone remodeling are differentiated from osteoprogen-
itor cells that are produced by vascular endothelial cells and perivascular mesenchymal
cells. During this process, there are no periosteal or only a few reactions recorded (there is
no callus formation) [1,2].

Usually, bone fracture healing is conducted by indirect fracture healing. This pro-
cess involves callus formation that is produced by the combination of intra-membranous
and endochondral ossification. Micro-motion can upgrade this process, which is also
hindered by rigid fixation. New bone tissue can be formed straightforwardly through
intra-membranous ossification without forming cartilage from committed osteoprogenitor
cells in the first place and mesenchymal cells which, not yet differentiated, dwell within the
periosteum arranged away from the fracture location. Callus formation is produced from
this process, which is known as a hard callus. In this process of bone fracture healing, bone
marrow is contributed to bone healing at the early phase of bone healing where endothelial
cells are changed into polymorphic cells which have an osteoblastic phenotype. After that,
the process is continued by recruitment, proliferation, and differentiation of mesenchymal
cells into cartilage, which gets to be calcified and eventually replaced by bone. This process
is known as endochondral ossification. The bone healing process requires a few stages,
i.e., an initial stage of hematoma formation and inflammation, subsequent angiogene-
sis and formation of cartilage, cartilage calcification, cartilage removal, bone formation,
and ultimately bone remodeling. In this type of fracture, healing the adjacent periosteum
and the external soft tissues forms an early callus as a bridge, known as soft callus, and the
fracture fragments in the location will stabilized by this callus. The ongoing investigations
aimed at better understanding of bone regeneration have provided advanced knowledge
of the cellular and molecular processes that oversee these occasions [1–5]. The process
of fracture healing is upheld through various treatments, including bone implants and
bio-adhesive utilization.

1.2. Bio-Adhesion and Bio-Based Adhesives

Bio-adhesion can be interpreted as the process in which synthetic or natural materials
adhere to body surfaces. Bio-based adhesives have found increased utilization in a wide va-
riety of value-added applications due to their sustainability, renewability, biocompatibility,
biodegradability, and large molecular weight [6,7]. Bio-adhesion has been extensively used
in various biomedical applications, such as orthopedics, orthodontics, surgery, drug admin-
istration systems, etc. [8–10]. The constituent utilized for bio-adhesives can be derived from
natural resources or be synthesized. In its application, the bio-adhesive must have some
capability including the reduction of surgery time, seals strengthening, ease to remove
materials, user friendly, enhanced quality of sealing air leaks, etc. Bio-based adhesives, used
in biomedical applications, should meet certain criteria such as excellent biocompatibility,
resorbability, ease of handling, good strength with effectiveness in biological conditions,
and typically low immunogenicity [11]. Bio-based adhesives have found increased applica-
tion in surgery as sealants and hemostats. Bio-based adhesives have an objective to bond
the tissues during the healing period of injuries and maintain a strategic distance from
the foreign body reaction at the injury location. In addition, bio-based adhesives ought to
work at a particular site and progress along with the healing process with the most extreme
safety, i.e., they should not impair the surrounding tissues. The challenging assessment of
bio-adhesion is in the wet surfaces, but marine organisms like mussels, fungi, and other
bacteria have provided a natural solution to this problem. The bio-based adhesive proteins
produced by marine mussels provided them with the ability to adhere to extremely wet
surfaces. The adhesive proteins produced by mussels, called mussel foot prints (MFP),
are characterized by excellent adhesion characteristics. The MFP is mainly consisted of 3,
4 Dihydroxyphenylalanine (DOPA), derived from tyrocine. The binding and solidifying
properties of MFP obtained from catechol side chain of DOPA are cross-linked with the
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surface of the substrate by chemical reactions. The MFP inspired the development of novel
bio-based adhesives materials to fulfill the demands of satisfactory adhesive ability to wet
surfaces by utilizing the advantages provided by adhesive proteins [11–13].

The inspiration for developing sustainable bio-based adhesives are based on plants
and animals that have inherent bio-adhesion to substrates and tissues. Character sim-
ilarity with nature is the main factor for the efficient utilization of high-performance,
bio-based adhesives in various applications. Bio-based adhesives based on proteins or
polysaccharides can imitate the process of blood coagulation. Typical examples of protein-
based bio-based adhesives are fibrin sealants, gelatin, and collagen, while examples of
polysaccharide-based bio-adhesives include alginate, chondroitin, and chitosan [14–16].
In addition, bio-adhesion construct can be utilized for drug delivery system (DDS) via drug
carriers into specific sites [17,18]. Bio-based adhesives can also be utilized to hold mucous
or epithelial tissues. Bio-based adhesives that adhere to mucosal tissue surfaces are called
mucoadhesives. Mucoadhesives are characterized by easy administration and enhanced
adhesion which provides extended contact time and active agent protection, resulting in
better patient adherence to the treatment. Ocular cavities, rectal, vaginal, oesophageal,
oral, and nasal bio-based adhesives are typical examples of tissue location that provide
muco-adhesion [12,19,20].

In spite of the various advantages of the bio-adhesion, it also can cause adverse effect
such as bio-fouling. Bacterial bio-film can cause an infection or inflammation like cystic
fibrosis and endocarditis that is more often to have prominent resistance against antibiotics.
It is considered that there are over 500 type of bacteria which can be found on teeth and
gums [12,19,21,22]. The aim of this review is to provide comprehensive information and
critical evaluation on the various types of bio-based adhesives used clinically with a specific
focus on their application in orthopedics. The main properties of bio-based adhesives, their
benefits and challenges compared with the traditional bio-based materials in orthopedics,
as well as the future perspectives in the field, have also been outlined and discussed.

2. Sources and Types of Bio-Based Adhesives

Bio-based adhesives can be classified into internal and external ones in accordance
with their function and application conditions. Internal bio-based adhesives are largely
used in intracorporal conditions with direct contact to organs, tissues, and body fluids.
Internal bio-based adhesives have two specific characteristics, i.e., the bio-based adhesives
should be able to dissolve in a liquid solution without adding the organic solvent to the
primary constituents. Moreover, the primary constituents of bio-based adhesives must
be capable to conduct cross linkage. Internal bio-based adhesives are developed to be
in contact with internal organs and fluids frequently, so bio-based adhesive must have
minimum toxic content along with aqueous solutions. Bio-based adhesives have special
characteristics that can set up their adhesive function as it were when it is conducting
cross-linking with the substrate in a wet environment just like the internal organs that
have liquid circulation with rich blood supply. Toxicities due to long-term application and
adverse effects may happen in the patient’s body, in case the bio-based adhesives applied
inside the body are unable to dissolve and degrade in body fluids which are excrete by ex-
cretion system. In general, external bio-based adhesives are applied in topical medications,
e.g., epidermal grafting and wound closure [11,19,23,24].

Cyanoacrylate-based tissue adhesive is the most broadly utilized type of external
bio-based adhesive. The application of this material can be found at wound dressings
treatment, plastic surgeries, and skin transplantations. Some examples of cyanoacrylate-
based bio-adhesive are Trufill n-BCA and Dermabond. USA Food and Drug Association
(FDA) have approved these types of bio-based adhesives. Cyanoacrylates are distinguished
by points of interest, such as their short time for bio-adhesion and improved bonding
strength. Nevertheless, in application at tropical zones formaldehyde and respective alkyl
compound of cyanoacrylates can be harmful to the human body. This toxic component can
also act as carcinogenic agent that can cause tumor or cancer if used for long time period
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separated from the common complications like necrosis, thrombo-embolic, and septic
complications. Cyanoacrylates could see expanded utilization in numerous applications in
case the optimum brittleness and adhesion strength of the material can be optimized by
adjusting the length of alkyl groups [25].

Other common synthetic polymers, used in bone adhesive applications are polyurethanes,
poly(methyl methacrylate)s (PMMAs) (Figure 1), and polycyanoacrylates. Polyurethanes
can be synthesized from polyisocyanates and polyols using ultraviolet light orcatalyst.
Shifting the orientation of the molecule, chemical groups, cross-linking, and crystallinity
of polyurethanes makes this material degrade optimally when utilized as bio-adhesive.
If the composition of the molecule, degree of cross-linking, and stiffness of polyurethanes
are tuned, these polymers can show diverse properties, suitable for a wide variety of appli-
cations, such as bio-based adhesives, wound dressing treatment, tube of catheter, and bone
fillers. Since polyurethanes have been widely utilized as bio-based adhesives for soft tissue
and sealants, they have found a recent application as bone adhesives. The mechanism
that occurs when these polymers physically adhere to bone is through hydrogen bonding,
but also through chemical process that involve the arrangement of urea bonds through
reaction of the amine at mineralized collagenous extracellular matrix of bone with carba-
mate group of polyurethanes. In any case, the biomedical environment stability of this
material in long-term utilization is still questionable, whereas degradation of this polymer
through hydrolysis and enzymatic process is reported by several studies concluding that
the degradation caused by in vivo utilization is negligible [26].

Figure 1. Formation of a polymer chain of PMMA cement. Reused from an Open Access article [27].

Kryptonite is a polyurethane-based polymer used as bone adhesive. Recent studied
have reported its successful functional adherence to bone tissue in order to get vertebral
augmentation, cranial reconstruction, and sterna closure. Kryptonite covers calcium car-
bonate powder, castor oil-based polyol, and a reactive isocyanate. However, for utilization
as bone cement the formulation of this polymer still should be optimized. In addition,
a novel adhesive which has foam-like form consisted of 4,4-methylene diphenyl diiso-
cyanate (MDI)M which was polyurethane-based polymer, a polycaprolactone-based polyol
with biodegradable properties and hydroxyapatite particles reinforcement was developed
in order to achieve applications of bone-to-bone bonding. Based on the mechanical testing,
it can be concluded that a four-fold improved adhesion yields a better result compared to
conventional PMMA cement. However, this four-fold improved bio-adhesion is still not
considered adequate to attain optimal bone healing since bio-adhesion of PMMA adhesives
to bone tissue is slightly low. The cytocompatibility of this adhesive is firstly assessed
in vitro which affirmed the good result. At that point, the healing of broken frog hind limb
tarsus bone was conducted as the in vivo response. The tissue immunological response
of the adhesive material is found based on histological results that comparable to control
specimens of bone tissue. However, the estimate impediments of the animal species hold
the appropriate evaluation of adhesive to bone bonding strength. In this manner, in order
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to convincingly as certain the biocompatibility of this material, long-termin vivo studies
are required [26].

Actually, PMMA cements show weak bio-adhesion to bone in damp conditions be-
cause of hydrophobic properties of this material. Mechanical interlocks with the porous
bone are formed when PPMA adhesive is placed. In common, PMMA is encapsulated
by fibrous instead of hard tissue, but unfavorable tissue reactions have been reported for
bio-adhesives from PMMA-based. In spite of the fact mutagenesis has been reported in
bacteria related to utilization of PMMA but carcinogenesis still unknown to be associated
with these biomaterials. During application of the PMMA, heat can be released to the
surrounding bone tissue caused by an exothermic polymerization reaction that eventually
might lead to thermal necrosis. Numerous endeavors have been reported to improve the
adhesion of PMMAs to bone, such as bone pre-treatment, intermediate bonding agent
application, and PMMA cement chemical modification [11,23,28,29].

In the first place, cyanoacrylates were developed for household, automotive, and con-
struction industries. Dermabond®, Indermil®, Glubran®, and Histoacryl® are examples of
cyanoacrylate-based soft tissue bio-based adhesives that are already commercially available.
Although this biomaterial has been utilized in clinics as bone glue, cyanoacrylates have
not been purposed particularly for application as bone bio-based adhesive. Cyacrin was a
cyanoacrylate adhesive, used for the first time in 1963 for bone adhesive, but this material
was characterized by high infection rate, no adhesion after the placement, formation of
fistula, and several local reactions. Furthermore, Biobond is an ethyl cyanoacrylate which,
mixed with polyisocyanate and nitrile rubber, yields better initial results based on in vivo
testing. Carcinogenicity is associated with cyanoacrylates that have short alkyl chains due
to the releasing of formaldehyde and cyanoacetate caused by erosion of the polymers that
happen through hydrolysis reaction. Because of that, American Food and Drug Admin-
istration banned methyl cyanoacrylate-based adhesives for human use. Cyanoacrylates
that have longer alkyl chain showed a gentler reaction in bone tissue based on further stud-
ies, due to steric hindrance and hydrophobicity that makes this material degrade slower.
A cyanoacrylate-based adhesive called butyl 2-cyanoacrylate, known as Histoacryl® is
already recognized for utilization in surgery to conduct wound closure because of its
biocompatibility. Besides, several potential bone adhesives for fractures healing are also
tested, such as butyl, isobutyl and octyl 2-cyanoacrylates. However, inadequate bonding
strength for stabilization at fracture location after six weeks, cytotoxicity, and inflammatory
responses in undiluted form are reported in some cases, although cytotoxicity was appro-
priate when diluted with culture medium for ten times. For general, cyanoacrylates-based
bio-based adhesives need more biocompatibility studies in order to better determine their
utilization as bone adhesives [11,25,28,30].

There are numerous natural polymers that function as bone bio-based adhesives,
mostly polymers consisted of animal-inspired bio-based adhesives, such as frog, sandcas-
tle, mussel, polysaccharides, and fibrin glue [31–38]. The most broadly utilized material
for soft tissue bio-based adhesives, sealants, and hemostatic agents is fibrin. Fibrin is a
fibrous non-globular protein involved in the blood clotting mechanism. However, there are
numerous factors that affect the fibrin gel architecture, such as thrombin and fibrinogen
concentration, temperature of preparation process, pH, ionic strength, and concentration of
calcium ion can affect the materials mechanical properties. The gel mechanical strength will
be affected by the presence of Factor XIII covalently cross-linking with the polymer chains.
Moreover, the adhesive strength of the fibrin-based adhesive can be affected by water,
fat, and collagen contents. However, the adhesive strength of fibrin-based bio-adhesive
against bone tissue is still low when compared to synthetic bio-adhesives (0.17 MPa), which
can also be assumed due to the poor cohesive strength of the fibrin itself, although the
fibrin-based bio-adhesive adhere to bone tissues through the formation of covalent bonds
between carboxylic acid groups within the collagenous matrix of bone tissue with amino
groups of fibrin or fibronectin. Based on the excellent biocompatibility, biodegradability,
and cost-effectiveness, fibrin-based bio-adhesive prove to be more superior to synthetic
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bio-adhesives such as cyanoacrylates. Therefore, these materials proved to be extensively
utilized in orthopedic surgery. Currently, the fibrin-based adhesives are utilized for treat-
ment to osteochondral defects. Accelerated revascularization of the osteochondral fragment
can be achieved by using fibrin sealant in a thin layer form, this process also confidently
followed by union and healing of bone fracture [11,39–41].

There are several important groups of polysaccharides utilized as soft tissue adhesives
and hemostatic materials, such as chitin, chitosan, dextran or chondroitin. These materials
yield biocompatible and biodegradable adhesives that are composed of natural sugar build-
ing blocks that are easy to prepare and apply [21,42–45]. A study reported the successful
developed of novel biocompatible and degradable biopolymers based on a two-component
bio-adhesive system (chitosan and starch). Based on biomechanical studies, it is known
that these bio-adhesive polymers have better strength of bio-adhesion when compared
to fibrin glue, but they also have a poorer strength of bio-adhesion than cyanoacrylates
on bovine cortical bone specimens. Excellent biocompatibility was also demonstrated in
in vitro cell testing, so this bio-based adhesive can be a promising candidate for clinical
utilization [21,42,46–48].

A cellulose polysaccharides-based scaffold with good mechanical properties and
suitability for load-bearing bone healing applications has been reported. Plant cell walls
have a linear polysaccharide of D-glucose units linked by β(1→4) glycosidic bonds that are
called cellulose. These materials have a particular strength and provide water-insoluble
properties despite their hydrophilic nature because of the highly cohesive hydrogen-bonded
structure that composed the cellulose fibers. The character of the cellulose made the
scaffolds provide a good compressive strength, which is similar to the mid-range of human
trabecular bone. Esterification reaction between the carboxylic acid groups within the bone
tissue organic matrix and hydroxyl groups within cellulose was the main mechanism that
provides the bio-adhesion of this material. However, in 24 h this adhesive exhibited a
weight loss about 10–15% because of degradation under in vitro conditions. In order to
decrease the degradation of this scaffold, its chemical structure should be modified for
better tissue engineering applications [7,11,23,46,49].

In order to anchor themselves to in water or wet environment, saltwater animals,
as well as marine worms, limpets, mussels, and oysters, produce bio-based adhesive
proteins. In an environment that has various levels of salinity and humidity there is an or-
ganism like Mytlius edulis (blue mussel) that has the capability to adhere itself to a substrate,
either inorganic or organic. Furthermore, a non-sticky material such as polytetrafluoroethy-
lene (PTFE) can also adhere to this organism. However, there are some technical difficulties
due to extraction and high production cost that hold this bio-adhesive to utilize widely in
many practical applications. Moreover, large exogenous proteins produced from mussel
adhesive utilization can trigger an allergic reaction based on in vivo examination. Because
of that, there are many bio-mimetic polymers that have been developed in order to assess
the characters and examine the constituents that provide mussels with substantial adhesive
capability. Based on the research, it is known that a high concentration of compound at
the interface of adhesive substrate of mussels endow this animal with strong adhesive
ability. This compound belongs to the so called DOPA groups. Furthermore, it was found
that Fe(DOPA)3 was formed from cross-linking reaction between high concentration iron
on mussel adhesive with cathecolic hydroxyl group of DOPA. The concentration of iron
in mussel bio-adhesives is actually higher (100,000 times) than its concentration in the
peripheral water. Ultimately, the bonding between protein and protein or bonding of
protein and surface for adhesion actually occurs when iron induces the oxidation of DOPA
to produce an organic radical [10–12,50,51].

Because bone is made up of both organic and inorganic components, the type of
bio-adhesion that bone has, either to organic or inorganic chemicals, has become the
most important factor to take into account in the process of developing bone bio-based
adhesives. Because the carboxylic acid and the hydroxyl groups from the catechol of
DOPA can establish ionic bonding with calcium, there is a presumption that DOPA could
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adhere to bone tissue. The process of in vivo maturation of new bones takes place when
DOPA stimulates the formation of bone tissue. Additionally, the newly growing bones
have a density that is comparable to that of normal bone, as well as in vitro osteogenic
differentiation of osteoblast cells. The creation of adhesives modeled after mussels is
also being carried out by mixing DOPA, also known as 3,4-dihydroxyphenethylamine
(dopamine), with synthetic polymers and hydrogels such as PEG, Pluronic®, and PMMA
co-polymers recently. Because of the development that was carried out, a wide variety of
tissue bio-based adhesives and hydrogels are now manufactured. However, their potential
use as bone bio-based adhesives has been the subject of intensive research [13,47,52–56].

Phragmatopoma calafornica is another marine animal that has inspired researchers in
developing bio-based adhesives. This animal produces a bio-based adhesive, commonly
known as sandcastle glue. This bio-based adhesive is made of polyphenolic proteins
that function as shield for the animal by pasting sea shell, sand, and grains together.
These proteins are oppositely charged polyelectrolytes which coagulate due to pH changes.
The protein produced by this animal can be a promising bone bio-based adhesive material
since the presence of phosphate and amine side groups. The Australian frog Notaden bennetti
is known to secrete a protein-based material which can produce a sticky elastic hydrogel
rapidly. This protein is considered as frog glue. It is known that there are proteins (55–60%
of dry weight) rich in glycine (15–16 mol %), proline (8–9 mol %), glutamic acid/glutamine
(14–15 mol %), and 4-hydroxyproline (4–5 mol %) which compose this frog glue. Research
indicated that this frog glue can solidify spontaneously and function well as a bio-based
adhesive in wet environments by creating a proteinaceous pressure-sensitive adhesive.
This frog glue can conduct covalent bonding with amines which consist in collagen matrix
of bone because the main proteins contain carboxylic acid groups. It is reported that the
glue performed significantly better than fibrin glues, although this bio-based adhesive did
not perform better as cyanoacrylate in a repair model of ovine meniscal cartilage. This frog
glue also enhanced bone-tendon fixation in an ovine model of rotator cuff repair. However,
further research must be performed to examine its utilization as a bio-based adhesive
for orthopedic applications; even this material has a good in vivo biocompatibility and
resorbability. Overall, the distinctive characters of the frog bio-adhesive suggest that a
bio-mimetic co-polymer can have a substantial potency for utilization as bone bio-based
adhesive [11,12,19,49,53,56–58].

Another material that can be considered for utilization as a bio-based adhesive is from
the ceramics group. It is already know that there are various ceramics materials that can be
utilize in orthopedic application including calcium phosphate and hydroxyapatite [59–61].
Hydroxyapatite can actually be synthesized chemically from the precipitate of calcium and
phosphate. However, this material can also be synthesized from natural resources included
clam shells, egg shells, or animal bones like bovine bone [62–68]. Hydroxyapatite was cho-
sen as bio-based adhesive material in orthopedic application because of its biocompatibility
and bio-activity, since hydroxyapatite is actually a natural matrix of human bone which
constructs the bone tissue along with protein and other organic compound [69–73].

Hydroxyapatite has been used widely for numerous applications in orthopedics, such
as metal implants coating, bone graft, bone cement, bone adhesive, and bone scaffold.
There are many studies that have been conducted in order to examine the ability of hy-
droxyapatite to perform a good bone healing either as used as implants coating, bone graft,
bone cement, bone adhesive, or bone scaffold. The result of these study demonstrated
that hydroxyapatite can enhance the adhesive bonding (osseointegration) between metal
implant and bone tissue. As bone graft and bone cement, hydroxyapatite also shows a
good result. Furthermore, as a scaffold, hydroxyapatite demonstrated a good performance
since this material can promote new bone remodeling without any serious negative effect.
Ultimately, hydroxyapatite can be a good candidate as bone bio-adhesive for utilization
in orthopedic applications [69,71,74–83]. Summarized information on different bio-based
adhesive materials, preparation, and applications is given in Table 1.
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Table 1. Summary of Bio-Adhesive Source, Materials, Preparation, and Applications.

No. Materials Mechanical Properties Preparation Applications Reference

1.

1. Dopamine methacrylamide
(DMA)

2. Methacrylic anhydride
(MPC)

1. Surface Roughness (Ra) =
14.5 nm

2. Shear strength 54.6 MPa
Polymerization

1. Implant
coating

2. Self-
lubrication

[84]

2.

1. Hidroksiapatit (HA)
2. Polyvinyl

Alcohol/K-carrageenan
(PVACar)

1. Cumulative Release (CR) 200%
in 200 h (pH 7.4) and 60% in
250 h (pH 3.0)

Polymerization Bone Scaffold [85]

3.

1. Poly(dopamine) (DP)
2. Nitrodopamine (NDP)
3. Titanium oxide nanotubes

(NT-TiO2/Ti)

1. Surface Roughness 128 nm
(Poly(dopamine)) and 220 nm
(Nitrodopamine)

2. Surface Energy 56.98 mJ/mm2

(Poly(dopamine) and
69.05 mJ/mm2 (Nitrodopamine)

3. Bending resistance 8.64 MPa
(Poly(dopamine)) and 5.32 MPa
(Nitrodopamine)

Polymerization Implant Coating [86]

4.

1. Albumin/genipinbioglue
2. Bovine serum albumin

(BSA)
3. Genipin (GP)

1. Adhesion strength 0.98 N Polymerization Tissue glue [87]

5. 1. Chitosan

1. Tensile bond strength up to
0.024 ± 0.0036 MPa

2. Shear bond strength up to
0.031 ± 0.0069 MPa

3. Fracture toughness of
2.38 ± 0.54 J/m2

Cross-linking Bone glue [88]

6.

1. Chitosan-graft-polypeptide
2. N-carboxyanhydrides

(NCAs)—3,4-di-
hydroxyphenylalanine-N-
carboxyanhydride
(DOPA-NCA)

3. Cysteine-NCA (Cys-NCA)
4. Aginine-NCA (Arg-NCA)

1. Lap-shear adhesion strength
195.97 ± 21.1 kPa and
3080 ± 320 kPa

2. Tensile adhesion strength 642.70
± 61.1 kPa

Ring opening
polymerization Bone glue [89]

7. 1. Chitosan

1. Tensile strength 0.082 ± 0.03
MPa

2. Elasticity 19.42 ± 6.9%
elongation

Cross-linking Bone Glue [90]

8.

1. Tris(trimethylsiloxy)silyl
(M3T)

2. Trimethoxysilane propyl
methacrylate (TMOSPMA)

3. Propyl methacrylate (PMA)
4. Terpolymer (M3T-co-PMA-

co-TMOSPMA)

1. Water Contact Angle
98 +/− 0.4◦

2. Pencil hardness B
Polymerization Anti-bacterial

implant coating [91]

9.

1. Tantalum
2. Magnesium
3. Polydopamine

(Ta-PDA-Mg)

1. Compression strength
116.46 ± 1.01 MPa

2. Elastic modulus 4.85 ± 0.11 GPa
3D Printing Scaffold and

drug release [92]
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Table 1. Cont.

No. Materials Mechanical Properties Preparation Applications Reference

10.
1. Polydimethylsiloxane and

poly(ether) ether ketone
(PDMS-PEEK)

1. Elastic modulus 3.68 MPa
2. Ultimate tensile

strength1.57 MPa
3. Elongation at break180.74%

Polymerization

1.
Orthodontic
prosthetic

2. Artificial
vein

3. Cartilage
Scaffold

[93]

11. 1. Sodium alginate hydrogel 1. Elastic modulus4–21 kPa Cross-linking Tissue
engineering [94]

12.

1. Visible-light-acti- vated
naturally derived polymer
(gelatin)

2. Antimicrobial peptide
(AMP)

1. Adhesive strength55.3 G 6.7 kPa
2. Lap shear strength 60 kPa
3. Burst pressure37.7 G 6.5 kPa

Cross-linking Scaffold for teeth [95]

13. 1. Poly(2-oxazoline) 1. Tensile strength 1–4 MPa
2. Tensile Modulus 20–80 MPa Polymerization Bone implant [96]

14.

1. Poly(octamethylene
maleate (anhydride) citrate)
(POMaC)

2. Poly(ethylene glycol)
diacrylate (PEGDA)

1. Young’s modulus
1.22 ± 0.01 MPa

2. Tensile strength
0.163 ± 0.010 MPa

3. Elongation 15.44 ± 0.05
4. adhesive strengths 190 g.cm−2

1. 3D
Printing

2.
Polymerization

Scaffold [97]

15.

1. Soybean
2. Porcine Bone
3. Xanthan Gum
4. Calcium Chloride
5. Phosphate buffer saline

(PBS)
6. Ethyl ether

1. Adhesion strength 361 kPa Polymerization Bone adhesive [98]

16.

1. Bovine serum albumin
(BSA)

2. Electro-oxidized
alginate-dopa

3. Polyacrylic acid (PAA)

1. Shear strength on vessel 80 kPa,
stomach 30 kPa, liver 30 kPa,
intestine 32 kPa, and heart
40 kPa.

2. Adhesion strength on vessel
0.25 MPa, stomach 0.13 MPa,
liver 0.15 MPa, intestine
0.1 MPa, and heart 0.15 MPa

Cross-linking

1. Closing
wound in
surgeries

2. Fixing im-
plantable
devices

3.
Haemostasis

[99]

17.

1. Hydrogel system
(MGC-g-CD-ic-TCS)
composedbytriclosan
(TCS)-complexed
beta-cyclodextrin
(β-CD)-conjugated
methacrylated glycol
chitosan (MGC)

1. Lap shear strength 40 kPa
Photo-cross-
linking via
Visible Light
Irradiation

Tissue
bio-adhesive and
anti-bacterial

[100]

18.
1. TiO2 nanotube (TNT)
2. Icariin (Ica)
3. Polydopamine (DP)

1. Surface roughness159 nm
2. Surface Energy59.27 mJ/m2

Electrochemical
Anodization

Bone implant
osseointegration [101]
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Table 1. Cont.

No. Materials Mechanical Properties Preparation Applications Reference

19.
1. Sulfate-Catechol

Biopolymer
1. Compresive strength

7.8 ± 1.0 kPa
Carbodiimide coupling
reaction

Soft tissue
engineering [102]

20.

1. Bio-adhesive
polysaccharide-based
hydrogels

2. Carboxymethyl chitosan
3. Modified sodium alginate
4. Tannic acid

1. Adhesion strength
162.6 kPa

1. Dynamic covalent
bonds

2. Photo-triggered
covalent bonds

3. Hydrogen bonds
4. Multi-cross-linking

1. Wound healing
2. Hemostatic
3. Anti-bacterial

[103]

21.
1. Polymerization N-acryloyl

aspartic acid (PAASP)
1. Adhesion

strength120 kPa Polymerization
1. Tissue and

organ repair
2. Wound healing

[104]

22.
1. Nitrodopamine (NDP)
2. Poly-Dopamine (DP)

1. Surface roughness
220 ± 9 nm

2. Surface energy
56.98 mJ/m2

3. Elongation 60 N
4. Adhesive strength

8.64 MPa

Melt grafting Implant Coating [86]

23.

1. Polycaprolactane (PCL,
Mw 45,000)

2. Beta-tricalcium phosphate
(βTCP)

1. Shear
strength157.6 ± 25.1 kDa Cross-linking Bone scaffold [105]

24.

1. Multifunctional injectable
temperature-sensitive
gelatin-based adhesive
double-network hydrogel
(DNGel)

1. Adhesive strength
3.75 MPa

1. Cross-linking
2. Facile dual-syringe

methodology
Wound healing [106]

25.

1. PMMA
2. CaP
3. BG
4. Collagen
5. ECM
6. BcP
7. Alginate
8. Chitosan
9. HA

1. Compressive strength
15 MPa

1. Polimerization
2. Cross-linking
3. 3D Printing

1. Bone Adhesive
2. Bone Scaffold
3. Bone Graft
4. Bone Cement

[107]

26.
1. Isocyanate-terminated

urethane methacrylate
precursors (UMP)

1. Tensile strength
34 ± 4 MPa Polymerization Orthodontic [108]

27.

1. Polycatechol (PC)
2. Pyrocatechol (PC), lithium

chloride (LiCl), sodium
chloride (NaCl), potassium
chloride (KCl),
tetramethylammonium
chloride (NMe4Cl),
potassium nitrate (KNO3)
and N, N-bis(2-
hydroxyethyl) glycine
(bicine)

1. Adhesion Fad/R ~ 27.36
mN/m Polymerization

1. Implant
coating

2. Tissue
engineering

[56]
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Table 1. Cont.

No. Materials Mechanical Properties Preparation Applications Reference

28.
1. Poly(γ-glutamicacid)

(γ-PGA)-dopamine (PGADA)
1. Adhesive strength

260 kPa Cross-linking Tissue adhesive [109]

29.

1. Dopamine modified chondroitin
sulfate (CSD)

2. N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide
hydrochloride/N-
hydroxysuccinimide(EDC/NHS)

1. Lap shear strength
163.3 ± 9.1 kPa Coupling reaction

1. Bone graft
2. Implant

coating
[110]

30. 1. Semiflexible biopolymers (modeling) 1. Adhesive strength
range (εA ≥ 2.5 kBT)

1. Cross-
linking

1. Tissue
engineering [111]

31.
1. Ethylene propylene diene monomer

rubber (EPDM)
1. Tensile strength

378 ± 17 MPa Polymerization Tissue engineering [112]

32.
1. Dopamine-conjugated

dialdehyde−HA (DAHA) hydrogels
1. Adhesive strength of

90.0 ± 6.7 kPa Cross-linking Wound healing [55]

33.
1. Silk fibroin (SF)
2. Poly(ethylene glycol) (PEG)

1. Tensile strength
503.32 ? 16.54 kPa Cross-linking Wound healing [113]

34.

1. 3,4-dihydroxyphenyalanine (DOPA)
2. dopamine (DA)
3. 3,4-dihydroxybenzaldehyde(DBA)
4. 3-(3,4-dihydroxyphenyl) propionic

acid (DPPA)

1. Adhesive strength
57 kPa

1.
Polymerization

2. Cross-
linking

Tissue adhesive [52]

35.
1. IPAM
2. BPAM
3. SAM

1. Adhesive strength
5.7 kPa

Genetic
engineering Tissue adhesive [51]

36. 1. P-D-C/A/W hydrogel 1. Adhesive strength
5.5 kPa Cross-linking

1. Biomedicine
2. Flexible

electronic
[114]

37.
1. Novel gelatin-based hydrogel system

crosslinked using a carbodiimide
2. Chlorhexidine (CHX)

1. Burst strength (sealing
ability) 233–357 mmHg

2. Tensile modulus
47–69 kPa

3. Compressive modulus
58–104 kPa

4. Tensile strain 42–113%

Cross-linking

1. Local
treatment for
periodontal
infections

[115]

38. 1. Chitosan-based Adhesive

1. Tensile strength
0.024 ± 0.0036 MPa,

2. Shear strength
0.031 ± 0.0069 MPa

3. Fracture toughness
2.38 ± 0.54 J/m2

Cross-linking Bone Bio-Adhesive [88]

39. 1. Catechol-conjugated chitosan (CCs) 1. Adhesive shear
strength64.8 ± 5.7 kPa

1. Chemical
Conjugation

2. Chemical
Oxidation

Surgical Adhesive [54]
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Table 1. Cont.

No. Materials Mechanical Properties Preparation Applications Reference

40.

1. 3,4-dihydroxyphenyl propionic
acid (DPA)

2. Dopamine (DA)
3. Chitosan (CS)
4. y-polyglutamic acid yPGA)

1. Adhesive
strength150 kPa Cross-linking

1. Bone
adhe-
sive

2.
Wound
heal-
ing

[53]

41.

1. 3,4-dihydroxyphenylalanine
(DOPA)

2. l-3,4-dihydroxyphenylalanine
methyl ester (l-DOPAME)

3. Candida antartica fraction B
(CAL-B) lipase

1. Covalent adhesion
100% after 90 min

1. Direct conjugation of DOPA
at the C-terminus on the
surface of the protein

2. Protein conjugation with
tailor-made glycopolymers
(DOPA-hyaluronic acid (HA)
polymers) at the N-terminus

Tissue
adhesive [47]

42. 1. Polypetide-based adhesive

1. Covalent
cross-linked
adhesives 110 mN
with F·w-1 = 22
N·m-1

1. Recombinant protein fusion
2. DOPA modified polymers or

peptide
3. Polymerization
4. Cross-linking

1. Tissue
adhe-
sive

[49]

43.

1. Coldwater fish skin “type A”
gelatin (G7041)

2. Alginic acid sodium salt (A1112)
3. Crosslinking agent: N-(3-dimethy

laminopropyl)-N-
ethylcarbodiimide hydrochloride
(EDC, E7750)

4. Fillers: Sodium montmorillonite
(Cloisite Na+)

5. Kaolin (K1512)
6. Cellulose fibers TECHNOCEL®

300 (fiber length 500 µm)

1. Bonding strength
400 and 485 KPa

2. Burst strength
605 and 562

3. Tensile strength 90
kPa

4. Young’s Modulus
150 kPa

Cross-linking Wound
healing [116]

44.
1. PEGDMA
2. Poly(ethylene glycol)

1. Adhesion strength
150 kPa Cross-linking Tissue

engineering [117]

45.

1. Magnesium oxide (MgO)
2. Poly(ethylene

glycol)-block-poly(propylene
glycol)-block-poly(ethylene
glycol) (PEG-PPG-PEG,
Pluronic® L-31)

3. Dopamine

1. Tensile
strength ≤ 4.5 MPa

2. Adhesion strength
125 kPa

Cross-linking Tissue
engineering [118]

46.

1. Acrylamide
2. Acrylic acid
3. N, N’-Methylenebis (acrylamide)
4. 3-(trimethoxysilyl) propyl

methacrylate (TMSPMA, Aladdin,
S111153)

5. Hydrogel ini- tiators include
α-Ketoglutaric acid (Aladdin,
K105571) and α, α’-
Azodiisobutyramidinedihydrochloride
(V50, ShangHaiD&B Biological
Science and Technology Co. Ltd.,
Shanghai, China)

1. Work of debonding
129 J/m2 Cross-linking Tissue

engineering [119]
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Table 1. Cont.

No. Materials Mechanical Properties Preparation Applications Reference

47.
1. Polycaprolactane (PCL, Mw 45,000),

and beta-tricalcium phosphate (βTCP)
1. Shear strength

157.6 kDa ± 25.1 3D printing

1. Scaffold
2. Tissue

engineer-
ing

[105]

48.

1. Cellulose-reinforced catechol-modified
polyacrylic acid-Zn2+

2. PAA, N,N0- dicyclohexylcarbodiimide (DCC)
and sodium tetraborate (Na2B4O7)

3. Cellulose fibers
4. Dopamine hydrochloride (DOPA HCl),

N-hydroxysuccinimide (NHS)and zinc
chloride (ZnCl2)

5. Cellulose nanocrystals
6. Polyvinyl alcohol glue, polyurethane glue, epoxy

glue and cyanoacrylate glue

1. Bonding strength
10 MPa

Amidation
reaction

Implant
coating [120]

49.

1. (L)-Lactic acid, anhydrous glycerol,
and methacrylic anhydride

2. p-Toluenesulfonic acid (≥99.0%; Merck)
3. Toluene (≥99.8%; Merck)
4. 2-Hydroxyethylmethacrylate (HEMA)
5. MMA (≥99.0%, Merck)
6. Benzoylperoxide (BP) (A75%; Merck)
7. ASA and N,N,N′,N′- tetramethylethylenediamine

1.
Thermal−mechanical
properties (LSS:
8.62 MPa, Tdeg:
370 ◦C)

Condensation
reaction of
glycerin
and LA

Biomedical
application [121]

50.

1. PEG crosslinked by trilysine amine
2. Polyethylene glycol (PEG)—polyethylenimi ne

(PEI) copolymer
3. Polyurethane polymer

1. Ultimate Tensile
Strength
21.6 ± 8.4 MPa

2. Elastic Modulus
83.3 ± 34.9 MPa

Cross-linking Spinal sealant [30]

51.
1. Dopamine (DA)
2. Sodium carboxymethyl cellulose (CMC)
3. Catechol-modified CMC–DA

1. Adhesion strength
11.37 ± 2.62 kPa

1.
Carbodiimide
chem-
istry
method

2. Cross-
linking

Wound healing [46]

52.
1. Chitosan
2. Protocatechuic acid (PCA)

1. Adhesion strength of
4.56 ± 0.54 MPa

Michael-type
addition Bio-glue [58]

53.
1. Poly (ethylene glycol) (PEG) based sealants
2. Albumin and glutaraldehyde

1. Adhesion strength
0.31 MPa Cross-linking

1. Sealing
graft

2. Bone
graft

[50]

54.
1. TGI/HA-CS (tilapia type I gelatin/hyaluronic

acid-chondroitin sulfate)

1. Compressive
strength
11.34 ± 1.18 MPa

Cross-linking temporomandibular
joint disc [122]

55. 1. CAG@PLys@PDA-Cu2+

1. Tensile stress 5.5 MPa
(Strain 400%)

2. Tensile zzzstrangth
5.3 MPa

3. Young′s Modulus
1 Mpa

step-wise
modifi- cation
of parallel-
microgroove-
patterned

Endothelial
healing [123]



Designs 2022, 6, 96 14 of 24

3. Preparation of Bio-Based Adhesives

Based on the numerous studies that have been conducted in order to examine the bio-
adhesive synthesis and preparation, it can be concluded that there are two major process
used to produce a bio-adhesive, i.e., polymerization and cross-linking [12,21,23,28,124–126].
The cross-linking process usually utilizes some type of bonding that can happen in the
reaction, including hydrogen bonding, ionic bonding, host–guest interaction, hydrophobic
bonds, imine bonds, disulfide bond, Acylhydrazone bonds, Diels-Alder reaction, boronate
bonds, and oxime bonds [125]. In orthopedic surgery and orthodontics, poly(methyl
methacrylate)s (PMMA) has been widely used. The polymerization of methyl methacrylate
(MMA) via a free radical process utilizing an azo compound or peroxide as an initiator is a
method to produce PMMA. Commercially, polymerization can be conducted, i.e., in bulk,
solution, suspension, or emulsion. A viscous paste will be formed after blending these
constituents which solidify via monomer radicals or anionic polymerization [11,26].

Alkyl 2-cyanoacrylates are now the most researched and most widely used group
of bone adhesives. By altering the length of the alkyl chain, it is possible to produce a
wide range of different 2-cyanoacrylates esters. The structure of poly (alkyl cyanoacrylate)
(PACA), which was investigated for potential use in bone bio-based adhesives, is presented
in Figure 2 [127]. The polymerization process can be carried out at room temperature
without the need of a heating step, the addition of a catalyst, or the application of pressure
thanks to the profound reactivity of these materials. The reaction that must take place in
order to generate these materials begins with the anionic polymerization of the monomers,
which is triggered by water. The acrylate bond can be broken by a nucleophilic attack
carried out by weak bases such as water or amines. In order to accomplish bio-adhesion to
bone, an electron-withdrawing nitrile group polarizes the acrylate bond. Because of this,
the acrylate bond is susceptible to nucleophilic attack by weak bases, such as the amines
that are found in the collagenous matrix of bone tissues. Increasing the length of the alkyl
chain can, in general, result in greater polymerization rates, stronger bonding strengths in
bone tissues, and can form more flexible chains [25].

Figure 2. Structure of Poly (alkyl cyanoacrylate) (PACA). Reused from an open access article [127].

Mixing a solution that contains a fibrinogen source (from plasma, platelet-rich plasma),
or heterologous/autologous cryoprecipitate) and factor XIII with another separate solution
consisting of thrombin source (bovine, human, or recombinant), anti-fibrinolytic agent,
and calcium to prevent rapid fibrinolysis is the most common method that is used to
produce fibrin-based adhesive systems. When brought together, these substances cause the
formation of a clot that is devoid of cells. During this process, thrombin cleaves fibrinogen,



Designs 2022, 6, 96 15 of 24

which results in the production of soluble fibrin monomers. These monomers then self-
assemble into loosely aggregated fibrils via hydrogen bonding, and then into a more robust
cross-linked fibrin polymer via covalent bonding. Thrombin also activates factor XIII,
which, in the presence of calcium, provides for the formation of covalent bonds between
fibrin polymer chains. However, a considerable amount of preparation is required before
employing this adhesive made from biomaterials [11,39].

Starch was oxidized with periodic acid in order to produce aldehyde side groups, and
chitosan was used as the amino-group carrier throughout this process. In the bio-based
adhesives system, amino groups that are present in the surrounding tissues will react with
aldehyde groups in a manner analogous to that of chitosan. After being mixed together in
water, the two components produce a Schiff’s base, which results in a covalent cross-linking
that allows for a strong adhesion to tissue. This is accomplished by the production of
covalent bonds. The bio-based glue had the potential to form bonds with any other exposed
amino groups, such as those that are present in shattered bone for example. In addition,
increasing the bio-adhesion strength to bone can be accomplished by conjugating starch or
dextran compounds with 3,4-dihydroxy—phenylalanine (DOPA) [21,42,46–48]. A study
reported that free radical copolymerization of monoacryloxyethyl phosphate (MAEP),
dopamine methacrylate (DMA), and acrylamide (Aam) are used to produce bio-mimetic
adhesive complex. This bio-based adhesive has the capability to bond wet bones together
either in vitro and in vivo, demonstrating suitability for utilizing in the reconstruction of
craniofacial fractures, and showed good degradability and osteoconductivity [11].

Biocompatible in situ-gelling Schiff’s base reaction and ionic interactions was con-
ducted to produce carboxymethyl cellulose (CMC)-glycol chitosan (GC) hydrogel, a po-
tential three-dimensional (3D) printing biomaterial ink for tissue engineering applications,
the probable reaction is shown at Figure 3 [15]. A successful strategy to address cell-
behavior on biomaterials was also presented by the plasma enhanced–chemical vapor
deposition (PE-CVD) of polyethylene oxide-like (PEO)-like coatings [128]. Moreover,
Tris(trimethylsiloxy)silyl (M3T) containing methacrylate copolymers with low surface
energy were designed and synthesized [91].

Figure 3. Probable mechanism of gel formation using Schiff’s base reaction method. Reused/adapted
with permission from Ref. [15]. 2020, Elsevier, License Number 5401720806257.
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Chitosan thiomer derivatives are utilized in order to produce a novel three-dimensional
(3D) scaffold with potential soft tissue repair applications. A covalent coupling reac-
tion was conducted to synthesize amino acid-grafted chitosan (cysteine, CHICys) and
N-acylated chitosan (11- mercaptoundecanoic acid, CHIMerc) derivatives, and hydrogel
scaffolds were produced by freeze-drying process. They were comprehensively character-
ized by swelling and degradation behaviors, NMR, FTIR, and Raman spectroscopy, SEM,
and X-ray microcomputed tomography [14]. A series of chitosan-graft- polypeptides were
synthesized by ring-opening polymerization of three N-carboxyanhydrides (NCAs)—3,4-di-
hydroxyphenylalanine-N-carboxyanhydride (DOPA-NCA), cysteine-NCA (Cys-NCA) and
arginine-NCA (Arg- NCA)—using partial-NH2-protected chitosan as an initiator since
inspired by the mussel foot protein and chitosan-based macromolecular adhesives. Based
on the result, these copolymers demonstrated good biodegradability and low cytotoxicity
for application in orthopedic implant and scaffold [89].

A research also reported utilizing the 3,4-dihydroxyphenylalanine (DOPA), l-3,4-
dihydroxyphenylalanine methyl ester (l-DOPAME), and Candida antartica fraction B (CAL-
B) lipase in order to produce bio-based tissue adhesive by conducting direct conjugation
of DOPA at the C-terminus on the surface of the protein and protein conjugation with
tailor-made glycopolymers (DOPA-hyaluronic acid (HA) polymers) at the N-terminus [47].
The above are some examples of preparation process of bio-based adhesive production.

4. Characterization of Bio-Adhesives
4.1. In Vitro Methods
4.1.1. Shear Strength Measurement

The strength of bio-adhesion is commonly characterized by using mechanical testing,
including crack growth assessment, peel test, and shear strength test. In the case of
mucoadhesive assessment, shear strength measurements are commonly utilized to measure
the forces within the mucus layer that slides each other in a parallel direction to the contact
plane. Another method that can be utilized to measure the mucoadhesive strength is the
flow channel method. The method assesses the shear strength by measuring the force
needed to get the particle of adhesive from the mucin gel surface using forced humid
air via flow cell. Furthermore, in order to assess the development of crack yielding from
the dental implant, the bending tests were also conducted in the application of bio-based
adhesive in orthodontic. The cracks are usually produced as a result of polymerization
due to the shrinkage of the composite materials used in the implant. Characterization and
interpretation of the bending test results is conducted using Griffith’s energy balance model.
For example, the teeth elastic energy (usually the average elastic energy of tooth and the
dental implant material) and the crack surface energy is set up using this balancing model.
The experimental crack development assessment will decide the strain energy release rate
or the stress intensity while the Poisson’s ration and modulus of the implant material will
calculate the fracture energy [9,11,12,19,23].

4.1.2. Peel Strength Evaluation

Fractographic techniques, e.g., transmission electron microscopy (TEM) or scanning
electron microscopy (SEM), are used in order to assess the quality of the dental implants-
surface after performing the tensile test. American Standards for Testing and Materials
(ASTM) with various tests are conducted on the interface of adhesion and the substrates.
In order to obtain better shear strength, peel strength, and adhesion failure temperature,
a pressure-sensitive adhesive (PSA) is formed as a composite material by supplementing it
with montmorillonite, an organo-clay based element [14].

4.1.3. Flow through Experiment and Plate Method

The flow through channel method, which is the macro-scale measure of flow rate that
can yield the depletion of bio-adhesive coated over the substrate sphere, is conducted to
measure the mucoadhesion of DDS. The biophysical assessment method is conducted to
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measure the fluctuation in sedimentation coefficient that emerges due to the molecular
weight change through an analytical centrifuge. The Wilhelm plate method is used for sur-
face tension evaluation by utilizing natural or synthetic mucus rather than a conventional
water medium. This method is known for use as macro-scale bio-adhesion assessment
method. This method is conducted by coating a plate with any polymer material before the
changes in interfacial properties and the bio-adhesion property are measured with respect
to time [11,19].

4.2. Ex Vitro Methods
4.2.1. Adhesion Weight Method

A specific test method is developed in order to determine the weight of adherent
particles that emerged in the interior mucous layers of guinea pig digestive tract due to the
ion exchange. The particle size effect and adhesion charge after 5 min of time with the pig’s
digestive tract was determined using this method. Based on the result it is recommended
that the weight of the digestive tract increased due to bio-adhesion. However, when a
larger change within the biological tissue emerged due to regeneration or degeneration
of the digestive tract tissues, this method will posture a diminished reproducibility of the
data [11,19].

4.2.2. Fluorescent Probe Methods

Fluorescent probe methods could determine the relationship between the polymer
molecules and epithelial cell membranes. The formulation of an orally utilized bio-
based adhesive polymer can actually be improved by knowing its structural requirements.
The investigated bio-based adhesives can be tagged on to the cell membrane which consists
of proteins and the lipid bi-layer membranes and the variations in fluorescent spectrum
are noted. Excimer and monomer bands are two different Pyrene bands shown by these
materials, and environmental viscosity will administer the ratio of these bands. Because of
that, by assessing the bands ratio, the viscosity changes can be noted. Based on this result,
it can be concluded that the adhesion strength is directly related to the viscosity change.
The bond between polymer and protein membrane can be observed using a quantitative
method (fluorescence depolarization), while the interactions of soluble polymers can be
compared with that of peel of the cell [11,19].

5. Challenges

Based on the findings, presented in numerous research articles, it can be seen that
bio-based adhesives have demonstrated their superiority in various medical applications.
At present, the application of bio-based adhesives in the medical sector, including orthope-
dics, is an area of great scientific interest due to the recent advances in their formulations.

Bio-based adhesives consist of synthetic materials and natural materials. A number
of studies have shown that synthetic materials have advantages from several aspects,
especially with regards to mechanical properties [129]. Synthetic materials have adhesive
strength, shear strength, and tensile strength which are much higher than natural materials,
but these synthetic materials have major weaknesses in terms of biocompatibility and
cytotoxicity, as it is known that synthetic materials have elements that are toxic to the
human body. Meanwhile, natural materials have advantages in terms of biocompatibility
and cytotoxicity because they are acceptable for use in the human body, but these materials
still have weaknesses in terms of mechanical properties. Several studies have shown
that the adhesive strength produced from bio-based adhesives derived from natural raw
materials is still very low and is only sufficient to meet the need for adhesives for soft
tissue or surgical sutures. Therefore, it is necessary to conduct future research to optimize
the material properties of bio-based adhesives in order to obtain materials that have both
satisfactory mechanical properties and good biocompatibility properties.

Bio-based adhesives for orthopedic applications, which are produced from utilization
of natural resource polymers, are less studied. The main challenge in using bio-based
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adhesives for orthopedic applications is meeting the stringent requirements for high bond
strength in a demanding clinical environment [116]. Markedly, bio-based adhesives have
better biodegradability and biocompatibility properties, although bio-based adhesives from
synthetic or chemical preparation have higher adhesion strength to bone. Polymers known
as hydrogels are more suitable to be used in bio-based adhesive applications for soft tissue
than bio-based adhesives for bone adhesive due to the low cohesive strength produced
by these materials. A more rational design should be executed to develop bio-based
adhesive materials with particular bonding strength to bone tissue. Bone type, age of the
patients, fracture location, samples storage, and treatment can affect the physicochemical
properties of bone, so a particular method is required to characterize the properties of
bio-based bone adhesives. Various distinctive assessment methods have been conducted,
including the foremost common butt tensile strength tests, which compromise coordinate
comparison between various tests. In this respect, the establishment of standardized and
reproducible assessment protocols for the adhesion strength of bio-based adhesives to bone
is of utmost importance.

Another obstacle in this field is lowering the cost of bio-based adhesive materials [117].
Several researchers have emphasized the growing need to convert available agricultural
wastes into biocompatible and biodegradable products [118,119]. Nonetheless, research on
the subject is still lacking, necessitating ongoing investigations.

6. Future Perspectives

Polymers with biodegradability properties, prepared using synthetic or chemical
methods, can be designed by tuning the chemical groups, the degree of cross-linking,
viscosity, and surface tension. They represent a promising approach for bone fracture
healing. The chemical composition of bone must be the main consideration for future
bone adhesive design. A matrix consisting of organic collagen (≈30 wt.%), reinforced by
nanocrystals of calcium phosphate mineral (≈70 wt.%), is the main constituent of bone
tissue. Biodegradable polymers, such as PEG or alginate, can be outlined to connect
firmly to bone tissue through functionalization with the addition of chemical groups,
which have high bonding strength with bone components. N-hydroxysuccinimide esters
(NHS esters) are known to build solid covalent amide bonds with primary amines found
within the collagenous extracellular bone matrix. On the other hand, a few functional
groups are known to bind to Ca2+ as present within the mineral phase of bone tissue,
i.e., hydroxyapatite. Bisphosphonates (BP) are anti-osteoporotic particles that are known
for their uncommonly strong affinity for hydroxyapatite. Moreover, in this manner, BP-
functionalized polymers might strongly adhere to bone by forming ionic bonds between
pendant BP groups and Ca2+. Organic compounds, consisting of carboxyl groups with
strong adhesion for Ca2+, generally include proteins, sequences of peptide, amino acids in
single form, and carboxyl groups, such as sulfate groups, hydroxyl, and catechol. Moreover,
the adhesion to bone can be improved by expanding the amount of functional (side) groups
with high affinity to bone in the polymer.

The use of bio-based adhesives can reduce the complicated invasive techniques cur-
rently used in orthopedics, which in turn will result in improved patient treatment protocols
and quality of life. It can be expected that, in the future, the bio-based bone adhesive materi-
als with more judicious design will permit bone fracture fixation utilizing internal fixation.

Future research should be focused on comprehensive studies of the suitability of
various bio-based adhesives for bone tissue scaffolds, development of innovative injectable
adhesives for fracture treatment, and mechanical testing of bio-based adhesives intended
for orthopedic applications. The existing studies in the field remain rather limited, and
the results will be of great importance for the development of bio-based adhesives for
orthopedic applications with optimal performance.
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