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Abstract

Oral diseases have emerged as one of the leading public health challenges globally. Although the existing clinical
modalities for restoration of dental tissue loss and craniomaxillofacial injuries can achieve satisfactory therapeutic
results, they cannot fully restore the original complex anatomical structure and physiological function of the tissue.
3D printing of biological tissues has gained growing interest in the field of oral medicine with the ability to control
the bioink component and printing structure for spatially heterogeneous repairing constructs, holding enormous
promise for the precise treatment of oral disease. Particularly, collagen-based materials have been recognized

as promising biogenic bioinks for the regeneration of several tissues with high cell-activating and biocompatible
properties. In this review, we summarize 3D printing methods for collagen-based biomaterials and their mechanisms.
Additionally, we highlight the animal sources of collagen and their characteristics, as well as the methods of col-
lagen extraction. Furthermore, this review provides an overview of the 3D bioprinting technology for the regenera-
tion of the pulpal nerve and blood vessels, cartilage, and periodontal tissue. We envision that this technique opens
up immense opportunities over the conventional ones, with high replicability and customized function, which can
ultimately promote effective oral tissue regeneration.
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1 Introduction
Oral health is important to the overall health and well-
being of the public. According to the Global Burden
of Disease (GBD) 2015 study, nearly 3.5 billion peo-
ple worldwide have suffered from pain and discomfort
associated with oral disease [1], including dental caries,
periodontal disease, craniomaxillofacial tissues damage,
etc. For example, dental caries, the most prevalent one,
caused by an ecological disorder of the dental biofilm
adhering to the surface of tooth enamel [2], can spread
to the pulp and cause infection, resulting in severe pain
[3]. Periodontal disease is a long-term inflammatory dis-
ease that affect tissues surrounding and supporting the
teeth, usually caused by trauma or bacterial infection.
The injury of periodontal tissues (e.g., gums, periodontal
ligaments, dental bone, alveolar bone and other support-
ing periodontal connective tissues) is a hallmark of these
diseases [4—6]. The ultimate goal of oral treatment is to
regenerate the original structure and performance of the
periodontal complex [7]. However, it is still challenging
to realize the recovery of these tissue injuries. Although
the existing clinical modalities have shown promising
therapeutic efficacy in the restoration of dental tissue loss
and craniomaxillofacial injuries, they still cannot restore
the original complex anatomical structure and physiolog-
ical function of the tissue.

Three-dimensional (3D) bioprinting has attracted
immense interest in the field of biomedical engineer-
ing due to the desire for precision and customization in
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tissue regeneration. This technique, first used by Charles
Hull in 1986, employed layered light-cured materials to
form a 3D structure in sequence [8]. Specifically, a digi-
tal model file is used as the basis for constructing an
object in progressive layers utilizing a bondable mate-
rial master such as powdered metal or plastic. It can
directly produce components of virtually any shapes on
the basis of the computer graphics data, eliminating the
need for complicate processing, significantly shortening
product development cycles, lowering production costs,
and enhancing product functions [9]. Over the past dec-
ade, 3D bioprinting technology has been widely applied
in medical fields including regeneration medicine [10],
anatomical model construction [11], pharmaceutical for-
mulations [12, 13]. As a result of this technology’s poten-
tial to build 3D bionic functional tissues, it has gradually
been applied to the field of dentistry to precisely target
oral tissue regeneration and repair of craniomaxillofacial
injuries. Dental surgery has evolved from a conventional,
purely empirical approach to digitalization and precision
owing to the usage of 3D printing technologies.

The first case of a large periodontal osseous defect
being treated in a human using 3D-printed technol-
ogy was reported by Rasperini et al. [14]. A bioresorb-
able patient-specific polymer scaffold was designed with
signaling growth factor and the treated area underwent
good recovery for 12 months during the therapy. This
work revealed that 3D-printed image-based scaffolds
provide the potential for reconstruction of oral tissues.
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Fig. 1 A Collagen amino acid chain. B 3D bioprinting of collagen-based materials for oral medicine

Employing 3D bioprinting to create scaffolds, tissue ana-
logs, and organs is an innovative solution that can help
dentists overcome some of the most pressing problems
today [15]. Some scholars have demonstrated that the
application of 3D printing technology improves opera-
tional accuracy by 36.23% and shortens the operational
time by 17.63% [16, 17]. For example, the construction
of 3D printed scaffolds that allow cell attachment, migra-
tion, and proliferation, has been exploited, particularly
for the regeneration of complex anatomical structure
(e.g., pulpodentinal complex, periodontal tissue com-
plexes) [18-20]. The development of 3D printing tech-
nology has catalyzed significant advances in the field of
regenerative dentistry.

Collagen is a main component of the extracellular
matrix, and therefore has widespread use for tissue engi-
neering. It has also been extensively tested in dental
regeneration studies due to its structural and chemical
similarity to the main structural proteins comprising the
extracellular matrix of oral tissues [21]. This superfam-
ily of proteins is featured by the repeating amino acid

motifs (Gly-X-Y) in each chain, in which X represents
two amino acids (e.g., proline or hydroxyproline) and Y
refers to any amino acids (Fig. 1A). The collagen molecule
is comprised of a triple helical region where three amino
acid chains self-aggregate to form a right-handed helix
structure, and two nonhelical regions at either end of the
helix, which define the structural element of all collagens
[22, 23]. The triple helix possesses the glycine in the inte-
rior of the helix, while X and Y are exposed to the exterior
[14]. The arginine-glycine-aspartate sequence in colla-
gen can interact with cells, and the resulting 3D collagen
scaffolds can promote cell adhesion, proliferation, and
differentiation [24]. Particularly, cells can uptake these
degraded collagen scaffolds, which further facilitate the
development of new tissue [25]. However, pure collagen
lacks certain mechanical properties and degrades rapidly
when used as tissue scaffolds in living organisms. To this
end, collagen is often engineered with other materials to
create reliable constructs with desirable functions.

In this review, we summarize 3D printing tech-
niques for collagen-based biomaterials and their design
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rationales for oral medicine. These techniques offer
advantages over the conventional ones, and demonstrate
the competence to create reproducible, bespoke, and
functionalized structures that can effectively facilitate
the regeneration of different tissues. The animal sources
of collagen and extraction strategies for collagen is also
compared. We further highlight advances in 3D bioprint-
ing collagen-based materials used in oral medicine, with
a particular emphasis on the pulpal nerve and blood ves-
sels, cartilage, and periodontal tissue. Finally, we outline
the challenges that must be overcome to translate 3D
bioprinting technology in clinic medicine (Fig. 1B). We
envision the combination of collagen and 3D printing
technology will create spatially functional materials to
drive the advance of oral medicine.

2 Extraction methods for collagen

Collagen is a natural high molecular protein and an
important renewable resource, which is commonly
found in the skin, cartilage, and other connective tissues
of animals, and makes up 25-30% of all biological pro-
teins [26-28]. Collagen possesses outstanding biological
properties (e.g., low immunogenicity and high biodegra-
dability) and physical characteristics (e.g., high flexibility,
strong mechanical strength, stable structural stability,
and satisfactory permeability) [29-31]. Thus, it has an
irreplaceable role in many fields, such as biomedicine
(e.g., hemostasis [32], antibacterial [33], tissue engineer-
ing [34], drug release [35, 36]), food [37, 38], cosmet-
ics [39-41] and engineering applications [42-46]. With
increasing interest and demand of collagen, collagen
sources and extraction methods are extensively explored.
The common methods of collagen extraction are alkali
extraction [47], acid extraction [48], hot water extraction
[49], enzyme extraction [50] and other extraction meth-
ods [51], which will be briefly introduced below.

2.1 Collagen sources from animals

Collagen sources can be obtained from animal sources,
human tissues, and recombinant genetic techniques
(Fig. 2). For animal sources, bovine, porcine [52], rat (e.g.,
tail tendon [53]), and marine animals (e.g., fish [54]) are
the most used species. Specifically, cowhide has roughly
30% protein content, and collagen is mainly present in the
inner corium layer [55]. Collagen is also the main protein
(over 90%) in bovine bone, which has a good capacity to
scavenge free radicals and inhibit the oxidation of poly-
unsaturated fatty acids in cells [56]. The structure of pig
skin is more similar to that of human skin tissue [57], and
thus is beneficial for human absorption, which is often
processed into moisturizing dressings for cosmetic pur-
poses. Rat tail tendon (RTT) is one of the most common
sources of type I collagen used by researchers, leading to
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Fig. 2 Diverse sources of collagen

various protocols for type I collagen isolation and char-
acterization. RTT contains 90-95% type I collagen by
weight, and the high percentage of collagen ensures a
high yield after isolation [58]. These sources are cheap
and easily available, but they frequently develop aller-
gies and misfolds, causing several diseases such as bovine
spongiform encephalopathy [59]. To this end, type I col-
lagen derived from marine sources has gained attention
over the past decade, and has shown advantages such
as the reduced risk of disease transmission. However,
marine collagen including those from fish skin, bone
and fins denatures has a more variable composition and
a lower denaturation temperature (~27 °C) in compari-
son to mammalian collagen (~40 °C), which may limit its
usage in biomedical applications [60].

2.2 Alkali extraction

The alkali extraction method uses alkaline compounds
(e.g., NaOH, Na,COs) to destabilize the amino acids con-
taining hydroxyl and hydrophobic groups in collagen. The
operation of alkali extraction is simple (e.g., soaking, rins-
ing, suspending, heating, and centrifuging in alkali), but
the molecular mass of obtained collagen is relatively low
and the yield of collagen is poor. Prolonged extraction
will lead to the destruction of the three-stranded helix
structure, cleaved amide bonds, and oxidized amino acids
(e.g., cysteine, serine, threonine and tyrosine containing
sulfur and hydroxyl groups). Particularly, this extraction
method may produce D-type amino acids that are can-
cerigenic and mutagenic. Therefore, in order to extract
native collagen with high content, the alkali extraction is
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Table 1 Comparison of different extraction methods
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Methods Resources Conditions Yields/% Pros Cons
Alkali extraction Tendon of Yezo sika deer 0.1 M NaCH, 48 h 418 Simple operation Toxic p-amino acids may be
[62] produced; difficult control
on reaction
Squid skins [63] pH 11.5 NaOH solution, 90

24h

Acid extraction Sailfish skin [64]

Tissue of Chinese soft-
shelled turtle [65] 48 h

Fish skin [66]
Asian bullfrog skin [67]

Hot water extraction

Enzyme extraction 1-3% pepsin

Porcine tissues [68]
Channel catfish skin [69]

1% pepsin
Other extraction

pH 24

Cartilage of Siberian stur-
geon [70]

Chicken sternal cartilage
(71] 20-25 kHz

Bovine tendon [72]

0.5 M acetic acid, 4°C,72h 5.76

150-250 °C, 350-3900 kPa

Homogenization 7000 rpm,
5 min; pepsin 23.6 KU/g,

0.5 M acetic acid, 1% por-
cine pepsin, 4 °C, 72 h

Ultrasonic irradiation 120

Preserved collagen
structure

Lower extraction rate;
equipment corrosion;
heavy pollution

0.5 M acetic acid, 1:10 (w/v), 1.0

4.8-7.0 Easy, non-toxic Strict temperature control
22.6-28.3 High extraction efficiency,  Strict process requirements
environmental friendly
41-47
64.19 High extraction rate, fast Complex steps
process
41.82

Sonication 950W, frequency 85

88

W, 40 kHz, 0.5 M acetic acid,

pepsin

commonly employed as a pretreatment and combination
method with other extraction methods. Jaziri et al. [61]
successfully extracted collagen from lizard fish skin by
soaking the skin in 0.1 M NaOH solution with continu-
ous stirring for 6 h to remove non-collagenous proteins
and pigments, and then followed with an acid method.
Nagai et al. [62] obtained the collagen by extracting small
pieces of leafy Tibetan plum deer tendon in 0.1 M NaOH
and then precipitate the collagen in 0.05 M Tris—HCI (pH
7.5) containing 2.2 M NacCl (Table 1).

2.3 Acid extraction

The acid extraction method mainly uses low-concen-
tration collagen, because ions in medium will interfere
with its intermolecular ionic bonds, causing the break-
age of ionic and Schiff bonds. Five types of acids com-
monly used are acetic acid, hydrochloric acid, oxalic acid,
citric acid and lactic acid [73]. For example, Abbas et al.
extracted collagen from catfish skin, fins, head, bones and
muscles using acetic acid [74]. Sylvia et al. [67] extracted
collagen from Asian bullfrog skin using acetic acid and
studied the effect of acid concentration on the yields
and properties of the obtained collagen. They found that
the optimum collagen yield and properties (e.g., ther-
mal transition stability and a-amino acid content) were
obtained at an acetic acid concentration of 0.75 M and
a skin/acid solution ratio of 1:15 (w/v). Besides, Jaziri

et al. extracted collagen from lizard fish skin using acetic
acid, lactic acid, and citric acid [48]. The results showed
that all extracted collagen was classified as type I colla-
gen with the presence of « chains (al and a2). The yield
of collagen extracted using acetic acid (1.8 mg/g) was
higher than that of lactic acid (1.6 mg/g) and citric acid
(1.3 mg/g). To avoid the destruction of collagen peptide,
the acid extraction method requires strict control of con-
centration, hydrolysis temperature and time. Moreover,
it requires acid-resistant equipment, leading to the high
cost of production (Table 1).

2.4 Hot water extraction

The hot water extraction process can hydrolyze col-
lagen into peptides by disrupting the hydrophobic and
hydrogen bonding between the amino acids of collagen
via heating. Wu et al. [75] evaluated the hydrothermal
stability of cross-linked collagen using a microthermal
bench method under glycerol-water conditions. This
method has strict temperature requirements, and the
collagen loses its bioactivity once the extraction tem-
perature is high. The degree of protein hydrolysis, the
yield of collagen peptides, and the amount of free amino
acids increased as the temperature rose to 150-190 °C. In
contrast, the protein was severely hydrolyzed into small
molecular peptides and amino acids at 190-240 °C [76].
To optimize the hot water extraction, Park et al. [66]
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studied the critical roles of temperature (150-250 °C) and
self-generated pressure (350—-3900 kPa) of the hydrother-
mal hydrolytic process of collagen. The results showed
that the extraction of collagen peptides using hydrother-
mal method at 190 °C (1100 kPa) was 56.9%. This method
for the extraction of collagen peptides is environmentally
friendly and effective, with the significant advantages of
being non-toxic and safe (Table 1).

2.5 Enzyme extraction

Enzymatic extraction is a method to obtain enzymatically
soluble collagen by cleaving the covalent bonds between
lysine or hydroxylysine on the terminal peptide chains of
collagen in acid conditions. Without affecting the triple
helix structure, it degrades the peptide bonds in the non-
helical region of collagen and generates unfolded pep-
tide chains [77]. This method can maintain the excellent
physical and biochemical properties of collagen. In gen-
eral, the frequently used proteases are divided into three
main categories: animal proteases, plant proteases and
microbial proteases. The commonly used enzymes for
enzymatic hydrolysis of collagen are pepsin, pancreatic
protease, papain, ficin. Many factors have been reported
to affect the enzyme extraction, such as temperature, pH
value, reaction time, enzyme concentration, and the ratio
of enzyme to substrate concentration. Lee [78], Mathew
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[79] and Chen [50] used pepsin to extract collagen from
human perinephric adipose tissue, hyaline nasal cartilage
of Fortuna and scales of grass carp, respectively. In con-
trast, Felim et al. [80] extracted collagen from jellyfish
using papain.

2.6 Other extraction methods

In order to obtain collagen with a high extraction rate,
fast extraction speed and good structural integrity, sev-
eral complex extraction methods have been developed.
The common ones include enzyme and enzyme complex
method, acid and enzyme complex method, ultrasonic-
assisted method. Shaik et al. [81] sonicated the stingray
skin samples by an ultrasound (20 kHz and 500 W) for
0.5 h. The resultant extracts were further purified by
centrifugation (6500g for 15 min) at 4 °C, and the super-
natant was re-extracted by 0.5 M acetic acid, resulting
in a collagen extraction yield of 42.34+0.62%. Another
classic example is the complex extraction method for
bovine achilles tendon. To obtain alkaline insoluble col-
lagen, pepsin and acetic acid were added for enzymatic
digestion and the treated solution showed high viscos-
ity. The collagen was then purified by salinization and
dialysis. Collagen containing approximately 30% [-chain
was obtained [82]. Tan et al. [69] extracted collagen from
catfish skin with the aid of homogenization and the final
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extrusion-based bioprinter. D Laser-assisted bioprinting. E Stereo lithography appearance (SLA) and digital light processing (DLP) bioprinting
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extraction rate was 64.19%. Luo et al. [70] obtained col-
lagen from Siberian sturgeon gristle using the combina-
tion of acetic acid and pepsin. The results revealed that
the extraction rate of acid-soluble collagen was 27.13%,
and the extraction rate of the combination method with
enzyme was 41.82%.

3 3D printing methods for collagen-based
biomaterials

Bioprinting technologies can be largely classified into
three categories according to their fundamental printing
principles (Fig. 3) [83], including inkjet-based bioprinting
[84], pressure-assisted bioprinting [85], and light-assisted
bioprinting [86]. Bioinks based on collagen have shown
good printability using a range of different 3D printing
techniques and they can be formulated as low viscosity
fluids that can be extruded through a small nozzle [87].
This allows for the precise control of the placement and
shape of the printed material in inkjet-based bioprint-
ing. In light-assisted printing, the bioink, which can be
utilized to produce high-resolution structures, is solidi-
fied selectively using a laser beam. This method allows for
precise control of the printed material and can be used
to create structures with high mechanical strength. How-
ever, it is worth noting that the printability of collagen-
based bioinks depends on the formulation of the bioink,
including its viscosity, gelation time and temperature, as
well as the characteristics of the particular printing tech-
nique being employed [88].

The 3D printed cell-free scaffold can control both its
internal pores and external shape to attract endogenous
stem cells by creating a microenvironment favorable for
cell growth and releasing bioactive molecules; or by inoc-
ulating cells directly onto the scaffold, which provides
an ideal 3D space for cell adhesion, proliferation, and
differentiation [88]. Since there are no living cells inside
the scaffold, the scaffold material may be more carefully
chosen and altered for improved function. In order to
print biomimetic structures resembling organic and inor-
ganic components of natural bone tissue, Kajave et al.
[89] combined bioactive glass and methacrylatylated col-
lagen and then demonstrated their effects on the preser-
vation of human mesenchymal stem cell viability and the
enhancement of alkaline phosphatase activity. Cell-laden
bioprinting is the process of wrapping live cells in appro-
priate biomaterials to form a bio-ink to build the three-
dimensional structure of the desired tissue or organ and
the distribution of cells inside it in a 3D printed man-
ner that can directly feed the cells to the specified site in
the body. Muthusamy et al. [90] printed a three-dimen-
sional stable structure of endothelial cells sandwiched
between fibroblast layers after adding xanthan gum to
type I collagen as a bioink for encapsulating cells. They
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experimentally demonstrated that an interconnected
capillary-like network could be formed in this structure,
and the ability of this scaffold to produce blood vessels
has potential applications in 3D bioprinting of various
tissues and organs.

3.1 Inkjet-based bioprinting

Inkjet-based bioprinting is a type of 3D printing tech-
nique derived from the conventional desktop inkjet
printing. It is a non-contact approach for producing 3D
printed objects by depositing ink droplets on successive
layers for biomanufacturing. The drop-on-demand inkjet
printing can be classified according to the mechanism of
how the droplets are ejected. For example, the thermal
approach demonstrates a mechanism by which the liq-
uid that is transformed into vapor after being released
from the chamber through the print hole. Alternatively,
the acoustic method utilizes a mechanical impulse to
alter the shape of the piezoelectric crystal behind the
print head to produce droplets for inkjet printing [91]
(Fig. 3A).

To create well-structured 3D printed structures, inkjet
printing enables the deposition of small-volume droplets
containing cells or proteins at specific spatial locations
[92]. Notably, it enables the highly precise location of
cells and biological components in the both two-dimen-
sional (2D) and 3D architecture for tissue engineering
and many other applications [93] (Table 2). The technique
also offers the benefits of high throughput and digital
control. However, it suffers from the inherent limitation
of the printing head to provide a continuous flow [90].
Additionally, printing cells in high densities is restricted
by cell settlement or agglomeration due to the small ori-
fice of the nozzles, which may also result in clogged print
nozzles [94]. For instance, printing high-viscosity hydro-
gels, such as those commonly used for cartilage tissue
engineering, can be challenging due to the limitations in
droplet formation and printhead clogging. As a result,
only lower concentrations of droplets can be printed, and
bioinks must exhibit low viscosity (<10 mPa s) and cell
density (<10° cells/mL) [95], which results in the poor
mechanical properties of the printed structures.

3.2 Extrusion-based bioprinting

Extrusion-based bioprinting can produce personalized
scaffolds with a certain mechanical strength by utilizing
pneumatic pressure or mechanical force to drive the bio-
ink out of the nozzle using a piston or screw [96] (Fig. 3B,
C). For example, cell-laden hydrogels or cell spheroids are
deposited onto the substrate by pneumatic or motorized
plungers to create a custom three-dimensional design
[12]. The primary advantage of this method is its capacity
to be scaled up due to the continuous flow of bioink and
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Table 2 Pros and cons of different 3D printing techniques
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Printing techniques Resolution Pros Cons
Inkjet-based bioprinting About 100 um  Low cost; high print speed; High cell Low cell viscosity and density; Easily clogged nozzles; Unre-
survival rate (80-90%) liable cell encapsulation
Extrusion-based bioprinting  >100 um Ability to print high cell densities models  Limited resolution; Low print speed; Low probability cell
viability
Light-assisted bioprinting 10-50 um High resolution, good cell viability (>95%) High cost, less efficient

the high deposition rates [97] (Table 2). Moreover, the
high viscosity and high cell concentration of the bioink is
comparable to natural tissues. It is notable that the shear
stress, which is dependent on the nozzle diameter, might
affect cell viability [98]. Therefore, one of the key issues is
to maintain cell viability and print speed while reducing
pressure or nozzle size.

Montalbano et al. [99] developed a multiphase bio-
material ink suitable for extrusion printing, which com-
bines type I collagen with nano-hydroxyapatite and
mesoporous bioactive glass particles. When the mul-
tiphase system at 10 °C was subjected to increasing shear
rate, the viscosity values decreasing from approximately
206.7-0.17 Pa s. This is particularly advantageous for
materials intended for 3D printing, as it allows for proper
extrusion. Lee et al. [100] designed a novel extrusion-
based bioprinting method that can be used to prepare
microfluidic channels of collagen-based biomaterials for
organ-on-a-chip. Collagen hydrogels with a thickness of
400 um were printed in pre-designed fluidic channels
(1.5 mmXx 1.5 mm X 15 mm) for diverse organ-on-a-chip
systems and liver microarrays. The bioprinting with cell-
laden hydrogel bioink successfully positioned different
cell types and collagen-based biologic materials at the
desired locations, eliminating the process of cell inocu-
lation. It also exhibited improved printing accuracy and
reduced protein absorption. The method is easy and
versatile for organ-on-a-chip production, which makes
it possible to mimic an organ completely such as oral
tissues.

3.3 Light-assisted bioprinting

Odde et al. [101] first introduced a laser-guided direct
writing for 2D cell patterning processing. This laser-
assisted printing is able to print moderately viscous bio-
logical materials while avoiding direct contact between
the printhead and the bio-ink, which causes negligible
mechanical stress to the cells and maintains high cell
viability [102] (usually higher than 95% [103]). More
common light-assisted bioprinting involves several tech-
niques including laser-induced forward transfer (LIFT),
stereo lithography appearance (SLA), and digital light
processing (DLP).

LIFT can take place from liquid or solid phases [104].
In a typical scenario, a drop of bioink is moved from
bioink-coated donor layer onto a receiver, when a laser
is absorbed by a laser energy absorbing layer (e.g., a thin
layer of gold) (Fig. 3D) [105]. The high lateral resolu-
tion is only defined by the laser spot size. For example,
after the laser is emitted by the laser pulse generator, the
laser energy absorbing layer harvests the laser and gen-
erates localized heating [106]. The bioink attached to
the downward side of the absorbing layer is then evapo-
rated by the heat to form a high-pressure bubble, which
is eventually deposited on the receiving substrate, form-
ing the programed pattern. In contrast, SLA and DLP are
relatively new printing methods (Fig. 3E). SLA employs
point or line scan of laser to induce the polymerization
of photopolymers, which form a complex 3D construct
from a photopolymer bath. Different from the SLA, the
laser of DLP bioprinting is modulated by a digital micro-
mirror device (DMD). DMD contains several hundred
thousand microscopic mirrors arranged in array and
can project images onto the photopolymer bath, which
is more efficient than SLA. Overall, all of them fabricate
scaffolds with high structural fidelity, good cell viabil-
ity and intricate geometric characteristics (Table 2). Wu
et al. [107] developed a novel collagen-based bioink suit-
able for DLP 3D bioprinting. Collagen methacrylate was
first synthesized and the degree of substitution was suc-
cessfully increased by raising the pH value during the
synthesis. Then, lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate and procyanidins (PA) were introduced into
the bioink as UV photoinitiators and crosslinkers to pro-
vide fast light-curing capability, which turns into a stable
hydrogel after 30 s of UV irradiation. For example, the
hydrogel containing 40 pg/mL PA had the highest final
storage modulus (14,862 Pa) after 150 s of UV irradiation
at 10 mW cm~2, which was 10 times higher than that of
the hydrogel without PA.

4 Application of 3D bioprinting collagen in oral
medicine

4.1 Pulpal nerve and vascular regeneration

Conventional root canal treatment weakens the affected

tooth by removing the nerves and blood vessels from

the pulp, causing loss of sensation and a lack of nutrient
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supply to the tooth. In such context, the restoration of
dentin and the recovery of nutrition supplied to nerves
and blood vessels are the essential factors for pulp regen-
eration [108].

Collagen is a common substance for nerve regenera-
tion [109, 110]. Lee et al. [111] developed a straightfor-
ward cell printing method to form neural cell patterns
in multilayered collagen hydrogel. In this design, col-
lagen layers were first printed to provide a scaffold for
the cells. Then, rat embryonic neurons and astrocytes
were deposited on top of the existing layers. 3D cellular
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hydrogel complexes were synthesized by repeating this
process. This work testified the capacity of microvalve
printing to build various cellular patterns in a single
unit. Moreover, the partially hydrolyzed products of
collagen (i.e., gelatin) can gel in the presence of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS). The cross-linked gel shows
improved physical, chemical and handling properties
[112]. In this case, living cells from various tissues were
added to bioprinted composite gelatin hydrogels to pro-
mote the fabrication of cell-laden functional materials
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for biomimetic artificial structures. Li et al. [113] built a
3D microenvironment for rat Schwann cell (SC) in vitro
using a customized alginate—gelatin hydrogel. The
results showed that rat Schwann cells in the bioprinted
scaffolds showed higher viability and more prolifera-
tive than the cells in 2D culture dishes. Meanwhile, the
amount of nerve growth factor released by rat Schwann
cell RSC96s in the scaffold was also higher than that of
the cells in culture dishes after 2 weeks of cultivation
(Fig. 4A). HE stained images further showed the growth
of RSC96 cells in the printed alginate-gelatin hydrogels
during the experiment (Fig. 4B, C).

The performance of 3D printed structures varies with
the design and composition. For example, printed nerve
conduits should exhibit distinct properties in terms of
permeability, flexibility, degradability, and nerve regen-
eration. Dixon [118] and Yu et al. [119] reviewed the
existing design for conduit, including material selection,
cell and protein inclusion, and their mechanical proper-
ties. Ideally, supporting cells (e.g., SCs, macrophages,
and replacement cells), supplementary biomolecules
(e.g., neurotrophic factors and matrix proteins) and
architectures (e.g., tubular lumen) can be strategically
integrated to mimic the arrangement of a nerve, which
provides physical and biological properties. It is notable
that peripheral nerves are not fully reinnervated when
the injury gap is wide. To overcome these challenges,
Liu et al. [114] developed a multi-nozzle additive-lathe
bioprinting technique to manufacture a two-layer nerve
conduit (Fig. 4D). The nerve conduit consists of an outer
layer based on GelMA/poly (ethylene glycol) diacrylate
(PEGDA) and an inner layer based on gelatin meth-
acrylate (GelMA). The porosity and average pore size of
the outer layer were 29.78+3.94% and 14.94+2.84 pm,
while those of the inner layer were 53.31+11.51% and
41.27+8.08 um. This hierarchical structure enabled a
high water content of the inner layer and better cell via-
bility. In addition, the interior and exterior layers were
smoothly connected, which is crucial for improving the
mechanical strength of the nerve conduit.

The poor electrical conductivity of the current 3D
bioprinted scaffolds impedes the bioelectrical signal
transmission between cells, restricting the therapeu-
tic efficacy for nerve tissue repair [119, 120]. To this
end, Song et al. [115] developed a 3D bioprinted elec-
troconductive hydrogel scaffold (GPP) composed of
neural stem cell (NSC), GelMA, PEGDA, and poly(3,4-
ethylene dioxythiophene) (PEDOT). The scaffold has
moderate mechanical strength and good electrical con-
ductivity, which substantially enhances the exchange of
bioelectrical signals among neurons. Compared with
pristine GeIMA/PEGDA hydrogel (GP), PEDOT was
introduced as conductive polymers. Additionally, the
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GPP scaffold can be modified with tannic acid (TA), gen-
erating a new type of electroconductive hydrogel (i.e.,
GPP-TA). According to the results of the quantitative
analysis, it was found that the proportion of neuron-spe-
cific Tuj-1 positive cells in the 3D GPP-TA scaffold was
49.3 +7.8%, significantly higher than that of GPP scaffold
(24.1£5.6%) and GP scaffold (37.1 +4.1%). These results
provide strong evidence that electron propagation in the
scaffold can be facilitated by modulating the components
of the 3D GPP-TA scaffold, thereby enhancing nerve
regeneration. (Fig. 4E). The fluorescence images showed
that all three hydrogels had a high survival rate in 1-day
culture (Fig. 4F). For better biocompatibility of scaffolds
to NSCs and oligodendrocytes (OLG), Liu et al. [121]
developed a scaffold based on sodium alginate/gelatin
printing that was incorporated with neural stem cells and
oligodendrocytes. These cells were involved in myelin
formation of neuronal cell axons. This scaffold enhances
spinal cord repair after injury, and are effective vehicles
for cell transplantation for spinal cord injury. Live/dead
cell staining showed good viability of NSCs and OLGs
in the scaffold. The average cell survival rate was about
83% after 3 days and dropped to 76% after 5 days. A large
number of surviving NSCs and OLGs could be observed
in the hydrogel. Notably, OLGs are particularly sensitive
to the acute injury environment in the scenario of spinal
cord injury. Apoptosis of OLGs begins hours after injury
and lasts for several weeks, particularly detrimental to
demyelination. These results demonstrated the superior
biocompatibility of the 3D bioprinted sodium alginate/
gelatin scaffold, indicating the great promise for regen-
eration of functional vascular and neural tissues.

In addition to the exploration of printed pulpal nerves,
researchers have also expanded the application of bio-
printing to blood vessels. Adequate vascular supply is
essential for tissue survival in the field of dental regen-
eration [122]. It is usually improved by adding stem cells
or appropriate angiogenic growth factors. Preliminary
results showed that the cell survival rate of dental pulp
stem cells (DPSCs) embedded in 3D printed alginate-
gelatin hydrogels can achieve 87% [123]. Duarte Campos
et al. [124] put forward a novel ex vivo strategy to apply
cell-loaded bioinks on dental defects by means of a hand-
held drop-on-demand bioprinter. The bioinks consisted
of agarose and collagen type I, and the seed cells included
dental pulp cells (hDPCs) and human primary umbilical
vein endothelial cells (HUVECs). Vascularization was
observed both in cell-loaded bioinks cultivating in 3D
discs and in the case of bovine teeth after 2 weeks, which
demonstrated that this in situ bioprinting expanded the
toolbox for the treatment of root canal-forming vessels
in teeth. Hilkens et al. [116] constructed a complex den-
tin/pulp-like tissue with a vascular system by 3D printing
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using DPSC to compare their regenerative potential and
confirm their previously established paracrine angiogenic
properties. Angiogenic properties of in-scaffold DPSC
were assessed by enzyme-linked immunosorbent assay
against vascular endothelial growth factor (VEGF). After
14 days of culture, the medium of the constructs con-
tained high amounts of VEGE, which further increased
after 28 days of culture. The tissue color and the appar-
ent vascularity differed between the experimental groups.
(Fig. 4G). Although the constructs containing DPSC and/
or SCAP did not show higher rates of vascularization
compared to control constructs, these results proved that
3D printing of capillaries is feasible. Duarte Campos et al.
[117] used a hand-held bioprinter to print cell-loaded
bioink directly onto human isolated teeth (Fig. 4H).
The bioink consisted of agarose and type I collagen, and
the seeded cells included dental pulp cells and human
umbilical vein endothelial cells. Both of the seeded cells
were observed to form blood vessels after culture (Fig. 4
I), indicating that handheld bioprinting may encour-
age in situ blood vessel formation and thus pulp regen-
eration. To our knowledge, the use of 3D bioprinting for
pulp regeneration are still lacking in the literature.

4.2 Cartilage regeneration

Cartilage tissues in the craniofacial region mainly include
temporomandibular joint (TMJ) discs, auricular carti-
lage, and nasal cartilage. The main chemical components
of cartilage are water, collagen and proteoglycan [125].
Highly organized cartilage with fine structure fulfills
specific functions such as bearing mechanical loads, dis-
tributing pressure and reducing friction [91]. Bioinks for
cartilage reconstruction should be able to mimic three-
dimensional structures with mechanically anisotropic,
nonlinear, and viscoelastic behavior of native cartilage
[126].

One of the first studies using pure collagen bioinks
for cartilage bioprinting was conducted in 2016 [127].
This research was designed to establish a method for 3D
bioprinting with high-density collagen hydrogels and
investigate the properties of the printed constructs (e.g.,
cell viability, structural fidelity, mechanical strength)
(Fig. 5A). These constructs are mechanically stable and
capable of supporting cell growth. The data showed that
heated substrate greatly improved the geometric preci-
sion of the printed products. For example, when using
17.5 mg/mL collagen, the structural fidelity of the prod-
ucts increased from 66 to 79% upon heating condition.
Regarding stiffness, a gradient from 12.5 to 17.5 mg/mL
led to the change of 130% in stiffness. This study implies
the advantages of the thermal deposition of printable
collagen formulations in improving geometric accuracy.
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Yang et al. [128] appraised three different combinations
including alginate (SA), alginate/agarose (SA/AG), and
alginate/collagen (SA/COL) for 3D bioprinting. The
results suggested that the scaffolds of SA/AG and SA/
COL bioinks exhibited higher compressive modulus and
tensile strength compared to SA alone. Compared to SA,
the compressive modulus increased by nearly 2.38 times
and 1.87 times, and their tensile strength increased by
124.5% and 162.1%, respectively. In addition, the SA/AG
constructs presented more cell adhesion to the scaffold
compared to SA alone printing. However, the cell sur-
vival rate was higher for SA/COL bioconfluent compared
to SA/AG and SA. The chondrocyte phenotype was well
maintained when cells were imprinted onto the SA/COL.

3D printing is able to mimic the extracellular matrix
nanofiber structures and biological environment.
According to a report by Nguyen et al. [132], multilay-
ered collagen/y-polyglutamic acid/hydroxyapatite (Col/
y-PGA/HA) composite scaffolds were synthesized by
3D printing technology. HA/y-PGA formed the bottom
layer and Col/y-PGA formed the layers from second to
fourth. Rat bone marrow mesenchymal stem cells (rBM-
SCs) and human adipose-derived stem cells (hADSCs)
were cultivated on the 3D constructs and their activities
were also evaluated including cell adhesion, proliferation,
and differentiation. Moreover, animal experiments (e.g.,
rat and nude mice models) were further conducted. The
obtained scaffold exhibited good mechanical properties
and biocompatibility, and facilitated the upregulation
of osteochondrogenesis in both cell and animal experi-
ments, which demonstrated its potential of osteochon-
dral regeneration. Fahimipour et al. [129] developed
another platform for osteogenic differentiation of hDPCS
based on the systematic properties of hybrid scaffolds
(Fig. 5B). In contrast to 3D printed beta-tricalcium phos-
phate (B-TCP) scaffolds, the hybrid scaffolds made from
B-TCP/collagen provided improved proliferation and
alkaline phosphatase (ALP) activity of hDPCs. In addi-
tion, the binding of TCP to the collagen matrix was found
to enhance ALP activity (Fig. 5C, D). After 3 weeks, DPCs
were more proliferative on B-TCP/Col-TCP than on the
B-TCP/Col (Fig. 5E, F). Figure 5G showed an increased
cell attachment and proliferation on 3D printed B-TCP
scaffold.

3D printing has also been employed to engineer scaf-
folds and regenerate multi-tissue interfaces for tem-
poromandibular joint repair. Helgeland et al. [130]
fabricated a scaffold printed with porcine gelatin type
A and the printed structures were then cross-linked
using a 1% (w/v) dynein solution at room temperature
for 48 h. The cross-linked samples showed a compres-
sive Young’s modulus of 4.52+1.51 MPa, after immer-
sion in PBS the Young’s modulus of the cross-linked
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Fig.5 A Confocal reflectance images of the fibrocartilage cell loaded scaffolds at different concentrations (12.5, 15.0 and 17.5 mg/mL) of collagen.
Reprinted with permission from Reference [127]. B Collagenous matrix supported by a 3D-printed scaffold for osteogenic differentiation of dental
pulp cells. C Comparison of the viability of DPCs on different 3D-printed scaffolds (3-TCP, 3-TCP/Col and B-TCP/Col-TCP scaffolds) during 3 weeks.

D ALP activity of DPCs cultured on different 3D-printed B-TCP scaffolds after 1, 2, and 3 weeks. E The growth of DPCs on B-TCP/Col and F 3-TCP/
Col-TCP scaffolds after 3 weeks of culture. G SEM images of DPCs on 3D printed B-TCP scaffolds and B-TCP/Col-TCP scaffolds after 3 weeks. Reprinted
with permission from Reference [129]. H After 21 days, Alcian blue and immunofluorescence staining. Green (SOX9 and COL1). Blue (DAPI). Alcian
blue staining shows the glycosaminoglycan (GAG) content on the scaffold filaments. Reprinted with permission from Reference [130]. I Cell seeding
efficiency and proliferation of rBMSC on printed scaffolds (n=8). *p < 0.05; **p <0.01. Reprinted with permission from Reference [131]

samples decreased significantly to 191+ 0.01 kPa. Scaf-
folds on human bone marrow-derived mesenchymal
stem cells (hBMSC) for chondrogenic differentiation
were compared to cell precipitation and spheroids
with a cell inoculation efficiency of 3.7+3.4% after
57 h. All groups exhibited increased expression of all
genes from day 4 to day 21. Pellets, spheroids and scaf-
fold sections were stained for Alcian blue after 9 days
(Fig. 5H). The results indicate that 3D printed gelatin-
dye wood scaffolds supported the viability, attachment

and cartilage differentiation of hBMSCs. To improve
the physical properties of 3D printed gelatin scaffolds
for cartilage regeneration, Helgeland et al. [131] further
explored the structure and properties of scaffolds after
dual cross-linking by dehydrogenation heat (DHT) and
ribose glycation, to study the response of rat bone mar-
row-derived mesenchymal stem cells (rBMSC) inocu-
lated onto experimental scaffolds. Cell attachment,
viability, proliferation, and chondrogenic differentiation
were evaluated in this process. The results showed that
the seeding efficiency of the dual cross-linked scaffolds
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was lower than that of the DHT group by 40%. At Day
4 and 7, dual-crosslinked scaffolds had higher DNA
amounts compared to other groups. The cell prolif-
eration on it was also higher (Fig. 5 I). The degree of
crosslinking was 14.5% +1.9% for DHT, 31.8 +5.6% for
ribose and 44.4 + 8.5% for double cross-linked samples.
The double crosslinked motifs demonstrated the high-
est gene expression level after 21 days. Research shows
that the manufactured scaffold allows for the growth
of bone and cartilage, particularly forming a dynamic
mineralized interface tissue between the cartilage and
subchondral bone. These studies validate the imple-
mentation of 3D bioprinting technique in cartilage
regeneration.

4.3 Periodontal tissue regeneration

Periodontal diseases are one of the most common infec-
tious diseases worldwide, which cause the damage of per-
iodontal support tissues, tooth loss, and even mastication
dysfunction, thereby significantly affecting quality of life
for patients [133]. The aim of periodontal treatment is to
control the infection and re-establish periodontal tissue
lost. Regeneration periodontal surgery is one of the first
tissue engineering methods applied in the medical pro-
fession [134]. Challenges still remain in regenerating the
periodontal complex, including the alveolar bone, peri-
odontal ligament (PDL), and cementum [5]. The PDL is a
soft, dense connective tissue consisting of dense collagen
fibers (type I and type III) arranged in organized orien-
tations [135]. The fibers of the periodontal ligament are
arranged perpendicular to the dental bed and the alveo-
lar bone, which connect the cementum to the alveolar
bone [136]. For example, the ends of the ligament (i.e.,
Sharpey fibers) which are attached to the cementum play
essential roles in stabilizing the tooth roots, transmit-
ting occlusal forces and proprioceptive information, and
ensuring nerve sensitivity [137]. Traditional periodontal
treatments have been established to rebuild these den-
tal structures by surgical or non-surgical strategy, but
the initial function of the periodontal tissues remains
poor [138]. Recently, 3D bioprinting techniques have
been applied to the field of periodontal regeneration to
develop layered scaffolds that can mimic the properties
and structural configuration of the periodontium, which
consists of soft tissue (e.g., gingiva, periodontal ligament)
and hard tissue (e.g., bone, cementum).

The fabrication of biomaterials that can mimic an
appropriate biological microenvironment remains diffi-
culty in periodontal treatment [139]. Elango et al. [139]
presented the use of a 3D biomaterial matrix fabricated
with collagen, sodium alginate and titanium oxide (TiO,)
to generate an in vivo microenvironment, which allowed
human periodontal ligament fibroblasts (HPLF) for

Page 13 of 19

osteogenesis. The effect of 3D substrates on osteogenic
differentiation enhanced osteocalcin secretion levels in
HPLF cells compared to 2D cell cultures. The stiffness,
shrinkage coefficient, water binding capacity, swelling
rate and porosity of the collagen-based 3D (CB3D) matrix
were determined to be 10.32+1.78 MPa, 69.80 +3.65%,
534+27.6%, 159.06+10.35% and 87.61+8.21%, respec-
tively, which are applicable in periodontal applications.
After staining the minerals accumulated by differenti-
ated HPLF cells using alizarin red stain, positive controls
and cells cultured in this matrix showed high intensity
mineral staining, indicating that HPLF cells cultured in
this collagen-based matrix have the ability of osteogenic
differentiation (Fig. 6A). In contrast to the control and
positive control groups, differentiated HPLF cells also
exhibited increased quantities of collagen, osteocalcin,
and Runx2 protein (p <0.05) (Fig. 6B, C). The stiffness and
porosity of these manufactured 3D structures modulated
the desirable biological microenvironment and molecular
interface for promoting periodontal tissue regeneration.
The ideal restoration of PDL microarchitecture ben-
efits from the use of biomimetic scaffolds that direct PDL
development. Lin et al. [142] developed a biomimetic col-
lagen-based waveform microfibrils by an extrusion-based
bioprinter, which promoted the growth of PDL cells. A
bioreactor based on laminar flow was employed to mimic
the shear stress in the fluids. PDL cells were inoculated
onto their corresponding microfibrils for 1-4 h in the
present of suitable fluidic shear stress (0 or 6 dynes/cm?),
while their viability, morphology, growth patterns and
the level of gene expression were monitored. The results
revealed that the 3D printed collagen-based waveform
microfibrils were able to withstand shear loading. Par-
ticularly, the viability of PDL cells was maintained and
they showed the potential to facilitate the enhanced tissue
regeneration. To achieve complete tissue regeneration,
materials with multifunctional and layered structures are
important. Lee et al. [20] designed a heterogeneous scaf-
fold with a delicate structure and biochemical gradient.
This scaffold consists of three different components in
correspondence with the morphological characteristics
of periodontal complexity, including cementum, peri-
odontal ligament and alveolar bone. Each layer had a dis-
tinct structure with different apertures (i.e., 100, 600 and
300 um). The cementum, periodontium and bone areas
were arranged in a hierarchical structure. These param-
eters were selected based on physiological microbiologi-
cal characteristics, which were in accordance with recent
soft and hard tissue regeneration studies [143, 144]. Liu
et al. [140] fabricated a silk fibroin/collagen/hydroxyapa-
tite (SCH) scaffold by cryogenic 3D printing and loaded
it with recombinant human erythropoietin (rh-EPO) for
the reconstruction of alveolar bone defects (Fig. 6D).
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Also, they verified the bone repair ability of the scaf- that the SCH scaffold loaded with rh-EPO (E-SCH) bet-
fold by co-culture with cells and implantation in a rab-  ter promoted the repair and regeneration of mandibular
bit mandibular bone defect model (Fig. 6E). It was found  defects (Fig. 6F, G). The examination of the bone volume
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fraction (BV/TV) at 12 weeks of implantation showed
that the E-SCH group (46.695+5.620%) was consider-
ably greater than the control group (39.063+2.413%)
compared to the SCH group (24.040 +4.126%). Another
study [141] showed the group treated with 3D printed
membranes had improved new bone formation (Fig. 6H).
Bone cement formation was also faster in the membrane
groups compared to the control group, although there
was no significant difference between the three mem-
brane groups using Botiss Jason membrane (Botiss Bio-
materials GmbH, Germany), Smartbrane membrane
(Regedent, Switzerland) and 3D-printed membrane
(Fig. 6 I). Periodontal regeneration using the three-phase
scaffolds is relatively unexplored in clinical implementa-
tion, because the complicate spatial-temporal outcomes
of periodontal regeneration. For example, the production
and incorporation of the cement layer on the dentin sur-
face of the root is the biggest challenge.

5 Conclusion remarks and perspectives

In conclusion, 3D printing is a versatile and precise fab-
rication technique that can create cost-effective and cus-
tomized constructs with various biomaterials for oral
medicine. We overviewed a variety of printable mate-
rials and recent advances in this field. Collagen-based
bioinks can be used to print wound dressings that mimic
the skin’s natural extracellular matrix to promote rapid
wound healing. 3D structures can also be printed to rep-
licate the natural extracellular matrix of specific tissues,
such as cartilage, bone and blood vessels. It is also possi-
ble to print 3D structures for use as drug delivery systems
and adapt the composition of collagen-based bioinks to
time-release drug delivery.

Although great progress has been made in recent
years, the current 3D printed collagen scaffolds for oral
medicine have some drawbacks. Collagen scaffolds used
in 3D bioprinting for oral medicine often lack sufficient
mechanical strength. This can result in the scaffolds
being unable to withstand the forces exerted within the
oral cavity, leading to deformation or failure. Current 3D
bioprinting techniques struggle to reproduce the intri-
cate structural complexity required for oral tissues, as the
oral cavity consists of multiple specialized tissues, such
as teeth, gums, and salivary glands, with unique architec-
tures and functionalities. It often falls short in replicating
these complex structures accurately. To optimize the bio-
materials for 3D bioprinting in oral medicine, researchers
can incorporate other biomaterials, such as bioceramics
or synthetic polymers, into collagen scaffolds to enhance
their mechanical strength. We envision that mimicking
the original tissue (both internal structure and exterior
shape) and emerging biomaterials with reliable proper-
ties and low costs will further push this technology to the
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forefront of oral medicine. As a concluding remark, 3D
bioprinting of collagen-based materials is a promising
tool in oral medicine.
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