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Abstract

Background Bioprinting is one of the most rapidly developing fields in medicine. Plastic and reconstructive surgery will be
affected enormously by bioprinting, due to its original purpose of restoring injured or lost tissue. This article in particular
has the purpose to analyze the current state of bioprinted tissues as well as research engagement for its application in plastic
and reconstructive surgery.

Material and methods A systematic search for the time span between 2000 and 2022 was performed on EMBASE, Pub-
Med, Scopus, and Web of Science databases according to the PRISMA Guidelines. Criteria for the selection of publications
were in vitro, animal in vivo, and human in vivo studies where three-dimensional bioprinting of tissue was performed. We
extracted data such as (a) author’s country of origin, (b) in vitro study, (c) animal in vivo study, and (d) human in vivo study
and categorized the publications by topics such as (1) neural tissue, (2) vascularization, (3) skin, (4) cartilage, (5) bone, and
(6) muscle. Additionally, recent discoveries of in vivo animal trials were summarized.

Results Out of a pool of 1.629 articles, only 29 publications met our criteria. Of these publications, 97% were published by
university institutions. Publications from China (28%, n=8), the USA (28%, n=_8), and Germany (10%, n=3) led the pub-
lication list on 3D bioprinting. Concerning the publications, 45% (n=13) were in vitro studies, 52% (n=15) in vivo studies
on animal models, and 3% (n=1) pilot clinical studies on humans as reported by Zhou et al. (EBioMedicine 28: 287-302,
2018). Regarding the classification of topics, our study revealed that publications were mainly in the field of 3D printing of
cartilage (n=13, 39%), skin (n=7, 21%), bone (n=6, 18%), and vascularization (n=5, 15%).

Conclusions To this date, it has not been yet possible to bioprint whole tissue systems. However, the progress in three-
dimensional bioprinting is rapid. There are still some challenges, which need to be overcome regarding cell survival before
and during the printing process, continuation of architecture of bioprinted multilinear cells, and long-term stabilization and
survival of complex tissues.

Level of evidence: Not ratable.
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which can cause a challenge within the bioprinting process
and design of the tissue. Cartilage tissue, for example, does
not contain vascular or nervous systems, which is beneficial
in bioprinting [3].

With rapid technological development, bioprinting expe-
rienced a revolution from being a futuristic vision to becom-
ing an available approach within the medical field [4, 5].
There are many different possibilities for the clinical utiliza-
tion of tissues produced by bioprinting [6]. The demand has
risen rapidly over the past few years, especially in plastic and
reconstructive surgery. One of the main reasons for this is
the lack of donor organs/tissues in many countries across the
world. Nevertheless, there is still a big debate about whether
it is even possible to bioprint functioning and transplantable
organs. Another important use for bioprinted, functional tis-
sues will be the testing and evolving of new drugs [7]. There
are a lot of potential advantages in this field such as reducing
the number of laboratory animal testing and performing tests
directly on targeted, three-dimensional tissue models result-
ing in better and more accurate conclusions.

Preoperative 3D imaging plays a crucial role in the field
of plastic surgery, particularly in the context of utilizing 3D
bioprinting for procedures such as breast reconstruction.
The integration of 3D imaging technology allows surgeons
to plan and execute surgeries with greater precision, ulti-
mately leading to more valuable and effective outcomes.
When it comes to breast reconstruction, 3D imaging pro-
vides a comprehensive and detailed view of the patient’s
anatomy. It allows surgeons to capture accurate measure-
ments, identify asymmetries, and assess the unique char-
acteristics of the patient’s breast tissue. This information
is essential for creating personalized surgical plans and
achieving natural-looking results. One of the main advan-
tages of preoperative 3D imaging is its ability to facilitate
the development of 3D artificial tissues using bioprinting
techniques. By scanning the patient’s breast area, the imag-
ing technology generates a digital 3D model that serves as
a blueprint for the creation of custom implants or tissue
scaffolds. These 3D models can be manipulated and modi-
fied to match the patient’s desired aesthetic outcome and
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address any specific anatomical considerations. Addition-
ally, 3D imaging enables surgeons to simulate and visualize
the surgical procedure before it is performed. By virtually
manipulating the 3D model, surgeons can test different
approaches, evaluate potential outcomes, and optimize the
surgical plan. This allows for better communication and col-
laboration among the surgical team, ensuring that all stake-
holders have a clear understanding of the intended surgical
goals. The integration of 3D bioprinting with preoperative
3D imaging offers several benefits for both the surgeon and
the patient. By using 3D artificial tissues, surgeons can cre-
ate personalized implants or scaffolds that closely match the
patient’s anatomy, leading to improved aesthetics and func-
tionality. The ability to plan and simulate surgeries using
3D imaging reduces the risk of complications and allows
for more predictable outcomes. Furthermore, this approach
enables a more efficient use of surgical resources and may
shorten the overall surgical time [8—10].

The medical specialty of plastic and reconstructive sur-
gery is already important for further development of bio-
printing of human tissues and will be even more so in the
future [11]. The main reason is the purpose of plastic and
reconstructive surgery, to restore and reconstruct the human
body [12-14]. Especially in burn surgery, bioprinted skin
can offer a huge benefit [15]. In cases of severe burn injuries,
a lack of donor skin is a challenge to overcome. The primary
aim of bioprinting in these cases will be the replacement of
skin grafts with a satisfactory amount of bioprinted skin.

Current bioprinting technologies can be divided into dif-
ferent techniques. The most common ones are droplet-based
(DBB), extrusion-based (EBB), and laser-based bioprinting
(LBB) [16] (Fig. 1).

Droplet-based bioprinting was originally developed using
inkjet printers. Cells and biomaterials are put into shape in
form of droplets. The moving head is therefore able to form
a specific three-dimensional structure. As shown in Fig. 1,
different techniques of ejection have been developed. Ther-
mal or heater-based printers form a vapor bubble, which
eventually collapses and provides pressure, thus ejecting the
bioink containing cells and biomaterials.

c Laser-based

Laser
pulse

Energy-absorbing layer
———

Donor slide

Fig. 1 3D bioprinting techniques. a Droplet-based bioprinting (DBB). b Extrusion-based bioprinting (EBB). ¢ Laser-based bioprinting
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Piezoelectric-based printers form an acoustic wave after
voltage is applied. This results in forming many droplets of
bioink, which are dropped on the substrate. Today droplet-
based printers are mainly used to form small scaffolds. To
increase the printing speed, inkjet printers with multiple
heads have been developed. Another recent innovation was
the development of microvascular multinozzle printheads.

In extrusion bioprinting, the bioink is extruded consist-
ently from a valve, in form of a filament. This process is
driven by pneumatic, piston or screw-like forces [17]. Extru-
sion bioprinting stipulates different properties from the
bioink. It needs to be fluid enough to be extruded through
the nozzle, while stable enough to keep its shape during the
printing process. Extrusion or micro-extrusion bioprinting
is able to form a high viscous cell substrate. Though a dis-
advantage is the relatively low resolution compared to either
droplet-based or laser-based bioprinting.

Laser-based bioprinting uses a laser to eject droplets onto
a receiver substrate. The donor layer is supported by a “rib-
bon” which absorbs the energy from the laser pulse. The
laser generates energy, ejecting a droplet from a donor layer
onto the receiving substrate. There is no nozzle system in
LBB, a construction detail that eliminates clogging, which
happens in droplet-based and extrusion-based bioprinting.
Therefore, LBB offers the opportunity to print high-viscose
bioinks. However, the cell viability is lower due to cell death
by laser-energy [18].

The bioink in the process consists of biomaterial and liv-
ing cells. The synchronized deposition of said bioink gener-
ates the 3D constructs of tissue. Bioinks are able to meet the
requirements of living cells before, during, and even after
the printing process. Cells need sufficient oxygen supply and
nutrition (proteins, lipids, and carbohydrates etc.), as well as
vitamins and minerals which may be able to diffuse through
the bioink. Another challenge is creating enough space for
cell migration, proliferation, and creation of extracellular
matrix.

This article has the purpose to analyze the current state of
research concerning bioprinted tissues and research engage-
ment for application in plastic and reconstructive surgery.
Additionally, recent discoveries of in vivo animal trials were
summarized.

Material and methods

A systematic search for the time span between 2000 and
2022 was performed on EMBASE, Pubmed, Scopus, and
Web of Science databases according to the PRISMA guide-
lines. Inclusion criteria for the selection of publications were
in vitro, animal in vivo, and human in vivo studies where
three-dimensional bioprinting of tissue was used for plastic
and reconstructive surgery purposes.

We extracted data such as (a) author’s country of origin,
(b) in vitro, (c¢) animal in vivo, and (d) human in vivo study
and sorted the publications by topics, such as (1) nerve tis-
sue, (2) vascularization, (3) skin, (4) cartilage, (5) bone, and
(6) muscle. All publications regarding 3D bioprinting for
plastic and reconstructive surgery purposes were classified
in abovementioned topics and recent discoveries of in vivo
animal trials were summarized. A descriptive statistical
analysis was conducted.

An ethics vote was not necessary for the conduct of
the study.

Results

Out of 1.629 articles, only 29 publications met our criteria
and were therefore included in our study. Of these publi-
cations, 97% came from university institutions. Research
from China (28%, n=8), the USA (28%, n=_8), and Germany
(10%, n=3) led the publications on bioprinting. Of the pub-
lications, 45% (n=13) were in vitro studies, 52% (n=15)
in vivo studies on animal models, and 3% (n=1) pilot clinical
studies on humans [19]. Regarding the classification of top-
ics, our study revealed that the publications were mainly in
the field of three-dimensional bioprinting of cartilage (n=13,
39%). Figure 2 shows the distribution of other topics such
as skin (n=7, 21%), bone (n=6, 18%), and vascularization
(n=5, 15%).

For plastic and reconstructive surgery, many tissues are
of great importance. The following section introduces and
critically reviews skin, muscle, cartilage, bone, vascular,
neural, and adipose tissues, in terms of the most advanced
in vivo studies.

Skin tissue The human skin consists of three layers (epi-
dermis, dermis, hypodermis). The epidermis consists of
keratinocytes, melanocytes, Langerhans’ cells, and Mer-
kel’s cells. The dermis houses sweat glands, hair, hair fol-
licles, muscles, sensory neurons, and blood vessels. Cubo
et al. showed in 2016 [20] in vitro and in vivo use of bio-
printed skin. They were able to design human, bi-layered
skin using bioinks containing human plasma as well as pri-
mary human fibroblasts (hFBs) and keratinocytes (hKCs)
that were obtained from skin biopsies. The approach of this
group was the printing of two layers, with the lower one
made of fibrin and hFBs, while the upper layer was made
mostly from keratinocytes. After the bioprinting process,
the assays were grafted onto nude immunodeficient mice.
Full-thickness circular wounds of 12 mm in diameter were
produced by means of a punch biopsy on the dorsum of each
mouse. A circular sample of the same diameter was obtained
by the same biopsy from the printed skin substitutes and
placed on the generated wounds and covered by the skin
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Fig.2 Regarding the classification of topics, the study revealed that publications were mainly in the field of cartilage (n=13, 39%). Further top-
ics were skin (n=7, 21%), bone (n=6, 18%), and vascularization (n=5, 15%)

which previously has been removed from these mice, devi-
talized by three cycles of freezing and thawing. The devi-
talized skin was kept in place with the help of sutures. The
grafts were analyzed 8 weeks after this procedure took place.
The histological analysis proved the similarity of the printed
and grafted skin compared to the original human skin. After
a more detailed examination, using immunofluorescence, a
proliferative basal membrane has been identified. The cor-
rect formation of the dermo-epidermal junction of the skin
was confirmed by labeling with an antibody against human
collagen VII, which is very important for the stability of
human skin. Adding the fact of the short printing time of
only 35 min, this method shows the possibility of bioprinting
skin for therapeutic or industrial purposes in an automatized
manner.

The laboratory of the Wake Forest Institute also works
on bioprinted skin tissue. They published an article about
their research regarding in situ bioprinting in 2019 [21]. In
their study, keratinocytes and fibroblasts have been printed
directly into a dermal defect zone in athymic mice. Their
results showed improved healing with bioprinted wound
coverage compared to untreated mice with the same dermal
defect zone. This study has shown the possibility to treat
dermal defects directly with an inkjet printer. They com-
pared the results to cell spraying techniques, which bring a
mixture of cells in an unsorted manner into the wound. The
bioprinting approach carries the fibroblasts and keratino-
cytes in a layer-by-layer manner into the wound area, match-
ing the structure of human skin.

The laboratory of the Wake Forest Institute published
another trial in 2020. Contrary to their previous trial, which
contained often only a few different cell components, six
different human cell types were used to recreate the specific
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skin layers: epidermis—human keratinocytes and human
dark-melanocytes (ratio—9:1); dermis—human dermal
fibroblasts, human follicle dermal papilla cells, and human
dermal microvascular endothelial cells (HDMECS; ratio
6:1:1); and hypodermis human preadipocytes. All cells were
derived from humans, isolated and cultured. Using an extru-
sion-based bioprinting system, they developed themselves.
Three layers of a cell-laden fibrin bioink to form a 3 X 3-cm-
wide skin graft were printed. First, a bottom hypodermal
layer, containing the preadipocytes, was printed. It was fol-
lowed by a second dermal layer, containing human dermal
fibroblast, human follicle dermal papilla cells, and human
dermal microvascular endothelial cells. On top, an epider-
mal layer, containing human keratinocytes and human dark-
melanocytes, was created. A surgically established wound
defect in athymic mice was covered with the bioprinted skin.
The results were evaluated after 21 days using histological,
immunofluorescence, and electronic microscopy. This study
showed bioprinted skin being able to function as an epider-
mal wall and inducing regrowth of a normal collagen ECM
architecture. The cells in the bioprinted tissue laid down a
healthy, basket-woven collagen network, proofed by Picro-
sirius red collagen fiber image analysis. Overall, this study is
the first one to promote collagen remodeling in a bioprinted
construct. An increased epidermal coverage (proofed via
histological staining) compared to untreated wounds was
found. The authors stated, the approach could be improved
to include additional cell types. The included melanocytes
did not lead to significant pigmentation after 21 days. There
were also no human hair follicles shown on day 21.

The authors limited their trial as it featured only one time
point. Earlier time points might be of interest in terms of
acute immune response and early wound epithelization.
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A longtime point might be of interest regarding scars and
wound contractions [12]. Yanez et al. bioprinted a bi-layered
tissue construct containing neonatal human dermal fibro-
blasts (NHDF), human dermal microvascular endothelial
cells (HDMECS), and neo-natal human epidermal keratino-
cytes (NHEK). A solution of NHDFs and collagen was
pipetted onto a glass slide, working as a dermal layer. For
the printing process, HDMECs were mixed with a throm-
bin solution. The epidermal layer was created by pipetting
a NHEK-collagen solution. The mice underwent surgery
in which a skin defect on their back was established. The
results showed a lesser wound contraction of up to 17%
using the bioprinted constructs compared to natural wound
healing capacities. The histological results showed a bi-
layered construct close to natural human skin. Immunofluo-
rescence showed the presence of bioprinted human cells
4 weeks post-implantation. The authors state that adding
endothelial cells to the bioprinted constructs would be the
first possible improvement [22].

Abaci et al. [23] published an article in 2018, where they
added human hair follicles into human skin constructs. The
in vivo line of their trial involved human skin constructs
seeded with hair follicles. The first step was the forma-
tion of a dermal layer using mostly fibroblasts. The printed
construct contained microwells. They then seeded dermal
papilla cells at the bottom and human keratinocytes on top.
To form hair follicles, keratinocytes were treated with Lef-
1, which promotes the differentiation into hair follicle cells.
They were able to seed the hair follicles within the human
skin construct with a density of 255/cm?, which comes very
close to hair density on the human scalp. To secure vas-
cularization of the construct, the dermis was treated with
human umbilical vein endothelial cells, together with the
dermal fibroblasts. They were afterwards transplanted onto
nude mice. After 4 weeks, substantial hair growth from the
grafts could be observed. Immunofluorescence using K71
(inner root sheath markers) and VCAN (versican) showed
human nuclei in the hair follicles. PCR revealed that the
growing hair was built from human cells. The authors state,
their method has the advantage of planned formation of hair
follicles due to the use of Lef-1, while other trials had to wait
for spontaneous formation of hair follicles. Their ability to
vascularize the hair follicles is a huge step forward regarding
the possible treatment of severe skin loss. The authors state,
their ability to create up to 15 million units of dermal papilla
cells from a very small donor site (0.5 cm?) results in more
than 5000 hair follicles, making it very feasible and efficient
in hair restoration therapy.

Muscle tissue The defining attribute of muscle tissue is
the ability to contract and consequently perform a specific
motion. For this function, the cells need to be connected in
a certain way to work as a functional syncytium. Due to their

high demand for energy, the myocytes necessarily need a
sufficient blood supply. In reconstructive surgery, muscles
are often used to close devastating wounds due to cancer,
trauma, or infection [24, 25]. Sadly, utilizing muscles in
surgical preparations for the human body are challenging to
harvest. Therefore, bioprinted muscle tissue will have a huge
impact in the field ofreconstructive surgery [26].

The Wake Forest Institute printed muscle tissue with the
size of 15 mm X 5 mm X 1 mm from mouse myoblasts.
The printed structures contained muscle fiber-like bundles
with approximately 400-pym width. After 7 days, the struc-
tures were implanted onto nude rats. The peroneal nerve
was embedded within the implanted structure to promote
integration and innervation. After 2 weeks, the structures
showed acetylcholine receptors, as well as vascularization
tested by electromyography. The muscle action potential was
tested and proved the response of the implanted structures
to electrical stimulation [21]. The same group kept working
on their principles in a new trial. The purpose of this new
trial was to investigate, whether critical muscle loss could
be restored by printed muscle tissue. The printed muscle tis-
sue construct was composed of human primary muscle pro-
genitor cells (hMPCs), which were biopsied from humans.
The printing process included three components: the bioink
containing the hMPCs, the sacrificial acellular bioink, and
the supporting PCL pillar. Nonetheless, establishing vascu-
lar structures has not been possible to gain. To overcome
the abovementioned problem, microchannels were created
every 200 pum to ensure nutrition and oxygen supply. To
test the printed muscle constructs under in vivo conditions,
implantation in athymic mice followed. A defect zone of
30-40% of the size of the tibialis anterior muscle in combi-
nation with ablation of extensor digitorum longus (EDL) and
extensor hallucis longus (EHL) muscles was created by sur-
gery. These defects generate irreversible deficiencies, if stay
untreated. The in vivo functional analysis was performed by
measuring tetanic muscle force of the muscle with peroneal
nerve stimulation. The bioprinted implant showed not only
the maintenance of its original muscle volume during the
8-week period, but also a significant increase of the tetanic
muscle force and tibialis anterior muscle weight. Overall,
the in vivo study showed an 82% recovery of the initial #ibi-
alis anterior muscle’s function 8 weeks after implantation.
The histological results showed vascularization and neural
integration in the bioprinted constructs. These results show
that 3D bioprinted muscle constructions can develop func-
tionality by integration within the host’s vascular and nerv-
ous systems following implantation in the TA muscle defect.
These 3D bioprinted skeletal muscles present a possible
therapeutic approach for devastating muscle defect injuries.

Cartilage tissue Defects of cartilage are observed in several
diseases such as arthrosis, rheumatism, and injuries. The
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current therapeutic approaches are not fully satisfying in
many cases, which makes bioprinting of cartilage very inter-
esting not only for researchers but also for clinicians. Due to
the histological structure of cartilage, a major challenge of
bioprinting can be avoided. Cartilage tissue is neither vas-
cularized nor innervated. The nutrition of the chondrocytes
is provided via diffusion from adjacent tissues. This might
be a reason why 3D printing of cartilage seems to be more
advanced compared to other tissues. Nevertheless, there are
still essential differences between bioprinted and native car-
tilage. Human cartilage can be histologically divided into
hyaline cartilage, elastic cartilage, and fibrocartilage. Hya-
line cartilage is mostly found in areas with high pressure
such as joints, whereas elastic cartilage is found, e.g., in the
Auricula Auris, Epiglottis, and Ligamenta flava. Fibrocarti-
lage is found in spinal discs and menisci.

When transplanting cartilage for the reconstruction of
organs, such as the ears or noses, it is necessary to ensure
the diffusion of nutrients from the adjacent skin into the
transplanted cartilage. This could be achieved by preform-
ing grafts that already combine these two tissues. Apelgren
et al. [27] achieved this by implanting cartilage grafts cov-
ered with full-thickness skin into nude mice. They used a
combination of human bone marrow-derived mesenchymal
stem cells (hBM-MSCs) and human nasal chondrocytes
(hNCs) in combination with a cellulose/alginate bioink
as cartilage. Via an extrusion printing process, they built
10x10x1.2-mm-wide grids, which were implanted into sub-
cutaneous tissue in nude mice subsequently. After a healing
period of 45 days, the subcutaneous pockets were opened
again and full-thickness skin grafts from donor mice were
added onto the cartilage grids. After another 60 days, half of
the mice were euthanized, and the grafts were explanted. In
the other group, the most upper layer of the skin pocket was
removed and the surrounding skin was sutured to the full-
thickness skin graft. After another 75 days, this group was
euthanized as well and the preformed grafts were removed
and fixated. No transplant failure was noted in neither of the
groups. The histological observation showed a good incor-
poration of the implants without any sign of necrosis or
detachment. However, lymphocytic invasion was observed.
All in all, this study showed 3D printed cartilage tissue cov-
ered with skin being able to perform as a graft in situ. These
constructs could be a possible treatment for defects of ears
or noses. Diffusion of nutrients and oxygen, as well as cell
proliferation, can even be enhanced by integrating micro-
channels or nanotubes into the scaffolds.

Kang et al. [28] printed a CT-based model of a human
auricle with rabbit ear chondrocytes embedded in composite
hydrogel consisting of gelatin and fibrinogen. After printing
the ear-shaped constructs, the cell viability was as high as
91% on day 1. Some of the constructs were provided with
microchannels. The microchannel-containing constructs
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showed enhanced tissue formation and more viable cartilagi-
nous matrix compared to the constructs without microchan-
nels. The ear constructs were also tested in vivo by implan-
tation onto athymic mice. They were retrieved after 1 and
2 months, respectively. Histological observation revealed
the new formed cartilage to be similar to native cartilage,
with a glycosaminoglycan content reaching 20% of the GAG
content in native ears. This trial proves the benefits of micro-
channels for the nutrition of printed cartilage tissue. How-
ever, it did not feature hyaline cartilage. According to the
high prevalence of especially age-related joint dysfunctions,
therapies for reconstruction of hyaline cartilage might even
have the highest clinical relevance compared to other carti-
lage tissues. This might be the reason, why many researchers
focus on hyaline cartilage.

Similarly, Shim et al. [29] printed osteochondral con-
structs using human turbinate-derived mesenchymal stromal
cells (hnTMSCs) that were isolated from three young male
patients. The printing process started with the creation of
a biodegradable PCL framework. The bioprinted construct
was about 5-mm high and had a diameter of 5 mm. To reach
the most realistic situation, the cylinder was divided into
two distinct layers. The lower one was supposed to func-
tion as the subchondral layer and therefore a bioink con-
taining hTMSCs, atelocollagen, and the osteogenetic factor
rhBMP-2 was used. The structure was printed into the PCL
framework until a height of 4 mm was reached. The superfi-
cial cartilage was printed using a bioink containing hTMSCs
and chondrogenic factor TGF-. This procedure shows the
possibility to bioprint two-layered tissue consisting of bone
and cartilage as found in joints.

For the in vivo trial, adult New Zealand rabbits were used.
Therefore, a full-thickness osteochondral defect (5 mm in
diameter and 5 mm in depth) penetrating the subchondral
bone plate was created in the femoro-patellar groove. The
bioprinted constructs were then implanted into the defect
zone. After 8 weeks, the rabbits were euthanized and the
constructs investigated. The defect was fully covered with
neo-tissue. Additionally, the newly generated tissue exhib-
ited a smooth surface, and the cartilage-like neo-tissue was
lighter in color than the adjacent native cartilage. The his-
tological and immunofluorescent evaluation also showed a
good integration and viability.

All these results show very promising attempts of osteo-
chondral rehabilitation but so far have all been tested on
small animals only. Human articular cartilage is constantly
exposed to pressure that is much higher than in mice, rab-
bits, or rats. This is why big animal trials may better mimic
the actual circumstances in human joints. Unfortunately, big
animal trials show less optimistic data. A group in Utre-
cht [30] conducted a big animal trial on Shetland ponies.
Since mammalian cartilage consists of different zones, they
compared the performance of a zonal-formed bioprinted
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cartilage construct with a non-zonal one. They surgically
established a cartilage defect in the stifle joint of the ponies.
Afterwards, they implanted a PCL bone anchor, whose fib-
ers protruded into the artificial cartilage zone on top of the
anchor. The cartilage consisted of two zones. These two
zones were bioprinted in a thiolene cross-linkable hyalu-
ronic acid/poly(glycidol) hybrid hydrogel (HA-SH/P(AGE-
co-G)). The top zone contained articular cartilage progenitor
cells (ACPCs) and the bottom zone contained mesenchymal
stromal cells (MSCs). The defects of the control group were
homogeneously filled with MSCs on top of the bone anchor.
After a healing period of 6 months, the implanted constructs
were investigated histologically. In both groups, no signifi-
cant production of cartilage-like tissue has been found. How-
ever, the zonal constructs were stiffer and could withstand
more pressure (147.5 + 40.7 kPa) than the control group
(96.9 + 33.0 kPa, p < 0.05). Even though the difference
between these two groups is significant, native cartilage tis-
sue of the same animals ranged at 495.9 + 174.0 kPa. Thus,
the functional outcome of the printed constructs is by far not
as high as the native tissue. Within this approach, many fac-
tors could relate to less quality of bioprinted constructs on
which the loss of implanted cells and the early degradation
of hydrogel could have the biggest impact.

Bone tissue Bone tissue builds the very framework of the
human body. The main function of bones is to protect the
organs, produce blood cells, and store minerals. It is also
essential for body movement. Bones come in many different
shapes and sizes, which depend on their specific localiza-
tion and function.. The regeneration of bone tissue with the
support of 3D printed scaffolds has already found its way
into treatment. The advantage of personalized prosthesis
lies within the possibility to match the scaffold or prosthesis
individually to the patient.

Another approach is the adjustment of scaffold porosity,
such as three-dimensional printing enables to. Therefore,
implants with variable mechanical properties can be brought
into different regions of the body matching the respective
requirements. Today’s approach features living cells, induc-
ing migration, and proliferation of osteoblasts [31]. The
Wake Forest Institute published an in vivo trial using human
amniotic fluid-derived stem cells (hAFSCs) to rise up to
osteogenic lineages. They were mixed with PCL (support-
ing polycaptrolactone polymer)/TCP (tricalcium phosphate).
The printed constructs were implanted into a calvarial bone
defect region of Sprague Dawley rats. They were analyzed
5 months later. The histological observation showed newly
formed and vascularized bone tissue throughout the implants
including the central region. No necrosis was shown in the
constructs. In a control group of rats, which only received
the cell-free scaffolds fibrotic tissue, ingrowth was observed
and limited new bone formation was found in regions close

to the periphery only. The authors state that they did not
observe any immune response from the host, as well as the
need for longer trials to observe the regeneration of bio-
printed constructs [32].

Adipose tissue The most important attribute of adipose tis-
sue is its ability to store high amounts of lipids. The regula-
tion of this function underlies complex hormonal mecha-
nisms, which makes it difficult to bioprint a tissue that
functions as its natural counterpart.

For bioprinting adipose tissue, human adipose-derived
stem cells (hASCs) were utilized to create a bioink. The
printed adipose tissue was used in an in vivo trial [33]. In
this trial, they implanted the printed constructs with a size
of 10 X 5 mm subcutaneously into nude mice. After 2 weeks
of vascularization, a type IV collagenous structure was his-
tologically detectable, demonstrating a successful tissue
remodeling.

Neural/nervous tissue To our knowledge, there are no trials
regarding in vivo experiments with bioprinted neural tis-
sue. However, research focuses on scaffold printing, helping
damaged peripheral nerves to regrow and heal.

Discussion

Currently, bioprinting of whole tissue systems or even organs
is still not possible. The translation of recent advances of
animal in vivo studies to human in vivo experiments is still
in development. However, the progress in bioprinting is
growing rapidly. There are still some challenges to over-
come. For bioprinting, the cells need to stay alive before and
during the printing process, which demonstrates the impor-
tance of bioink’s utilization. Even after printing, a challenge
will be to keep different types of cells, like specific tissue
cells, cells from the vascular system or the connective tissue
all at their wanted location and also ensuring their survival.
All these different cells might have different requirements
concerning the bioink. One general challenge is to obtain the
highest possible biomimicry in bioprinted constructs. The
term biomimicry means the imitation of nature in bioengi-
neering. Due to the challenge of replicating the tissue on a
microscale basis, researchers have found the utilization of
growth factors to induce vascularization and innervation of
the bioprinted construct.

Skin tissue Regarding the development of bioprinted skin
tissue, there are different approaches regarding skin’s for-
mation. Most of them use a combination of keratinocytes
and fibroblasts, mimicking an epidermal (keratinocytes) and
dermal (fibroblasts) layer. All studies relied on integration of
vessels after implantation. All trials showed the formation
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of human-like skin regarding the layered structure. All tri-
als lack a sufficient longtime evaluation of the bioprinted
constructs, regarding scarring and wound contraction, as
an early investigation of the acute immune response after
implantation.

In general, mouse or rat models would need to be trans-
ferred into porcine models in order to investigate their
immune responses after implantation or in situ bioprinting.
The trial by Jorgensen et al. included additional melanocytes
and human hair follicles to fibroblasts and keratinocytes.
However, the results showed no integration of these cell
types regarding their function. The construction of bi-lay-
ered skin in the form of epidermis and dermis seems to work
reliably and is assessed by many research groups. Contrarily,
very promising results were achieved by Abaci et al. with
forming vascularized hair follicles, using the combination of
human umbilical vascular endothelial cells. However, small
animal models sometimes differ from big animal models;
therefore, the promising results should be taken carefully.
The need for big animal models and finally human trials is
clearly visible. The future possibilities of bioprinted skin
constructs will affect burn treatment hugely and better the
quality of life of burn victims or general victims of major
skin loss [22].

Muscle tissue The Wake Forrest Institute is very advanced
in bioprinting methods; their constructs integrate very well
into the host system. The myofiber-like structure of the bio-
printed constructs seems to be working well, resulting in a
restoration of muscle force. The measurement was done via
peroneal nerve stimulation, which showed a significantly
higher restoration compared to the control group.

Other measurements, like the gait pattern, were not
observed in this study. They might be of higher impor-
tance in future approaches. In this trial, they showed
vascular and neural integration. In the future, bioprinted
autologous muscle tissues need to be investigated regard-
ing host response, inflammatory response, and the regen-
eration processes generally, since immunocompromised
animals were used in this trial.

In general, the bioprinting process of major muscle
volume requires a vascular integration as early as in the
bioprinting process, as well as a neural network. There-
fore, neural components like neural cells, neurotrophins,
or neurotransmitters might be advantageous to establish
faster muscle recovery. Nonetheless, the bioprinted con-
struct showed a similar structure to native muscles in form
of multilayered myofiber bundles, leading a very promising
path into the future. After implantation, vascularization,
and innervation of the muscle construct, no major longtime
loss of muscle recovery suppose be expected. Limitations
regarding this approach that need to be overcome include
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among others increasing the possible size to restore larger
muscle losses in the human body.

Cartilage tissue The natural characteristics of mammalian
cartilage, such as the lack of vascularization and innerva-
tion, make this tissue feasible for bioprinting approaches.
The bioprinting process does not have to account vessels or
nerves, which in general is one of the biggest challenges of
this technology.

Nevertheless, the printed cartilage has to be embedded in
an environment that ensures the diffusion of nutrients and
oxygen into the cartilage. Therefore, it might be necessary
to perform constructs that already combine cartilage and the
nutrient providing tissue as Apelgren et al. [27] have shown.
Doing so, organs like external ears or noses could already
be reconstructed. The patient could come for an outpatient
appointment, in which scanning of the contralateral auricle,
harvesting of autologous cells, mixing with bioink, print-
ing, and then bioincubating the construct subcutaneously
on the forearm or on the abdomen could be conducted. The
second visit could include the surgery and transplantation of
the construct with its vessels (for example, radial artery and
vein after initial implantation into the forearm) to the defect
site with microsurgical anastomosis to the regional ves-
sels. Therefore the possibility of bioprinting constructs for
reconstruction of tissue defects is already given. This exam-
ple may also work as an inspiration for future approaches
regarding other tissues. It was also shown that the micro-
structure of the extracellular matrix/bioink can affect the
rate of viable chondrocytes. The integration of microchan-
nels, for instance, seems to lead to a better diffusion situ-
ation although the formation of microchannels cannot be
found in natural cartilage tissue. Thus, they might have some
disadvantages, like less stability and withhold against high
pressures.

In hyaline cartilage, which occurs in joints, the functional
units between cartilage and bone tissue are very important
and need to be considered in the bioprinting process. These
functional units need to withstand high pressures while the
joint moves. The trial of Shim et al. showed the possibil-
ity of restoring a combined cartilage/bone defect without a
significant host immune response in rabbits. However, a big
animal trial by Mancini et al. showed fewer positive data.
Experiments with big animals might be more realistic, since
the forces in their joints are closer to those in human joints.
The trials also show the treatment of a man-made estab-
lished defect with a bioprinted construct of the same size.
This is not the case in clinical situations and therefore needs
to be addressed in the future [33].

Bone tissue Bone tissue has been the focus of research
for a very long time, mostly done by orthopedic surgeons.
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Currently, the approach of coated scaffolds, which induce
the migration and proliferation of cells, is explored in human
trials in cases of devastating bone loss. Bioprinting of bone
tissue will become a very interesting approach not only for
plastic and reconstructive surgeons. In cases of an urgently
needed stabilization of bone structures, e.g., after spinal
injuries, the implantation of viable bone might increase the
chances of a positive outcome.

The Wake Forest Institute, once again, successfully
implanted bioprinted bone tissue into Sprague Dawley rats.
The migration of vascular systems into the bioprinted con-
structs shows the acceptance by the host. This capacity will
be essential in future approaches of bigger constructs. The
next steps might be the implementation of bioprinted tis-
sue into bone defects in more intensively utilized regions
like the femoral bone. For this to happen, the next achieve-
ments in the bioprinting process of bone tissue should be the
implementation of an already established vascular system,
as the maximum distance nutrition distance is about 200
pm [34]. In general, the trial showed the formation of vas-
cularization and therefore has the potential to form tissue
with clinically relevant size after improvement. Eventually,
trials on humans might offer the chance to move the borders
of modern medicine.

Adipose tissue The results of the study published by Pati
et al. [32] are very promising for plastic and reconstruc-
tive surgery as well as breast surgery. The cure of breast
cancer is one of the great challenges of modern medicine.
In the future, the bioprinting of adipose tissue in combina-
tion with a nipple/areola complex will enable to restore the
psychosexual well-being of the former cancer patient. The
next steps will be the formation of bigger adipose constructs
and an implemented vascular system in combination with a
defined artery and vein of the construct, but this will not be
possible in the too distant future. With these conditions, the
establishment of a “breast flap” can start in an animal trial
and move on to human trials eventually.

Neural tissue The development of functional bioprinted
neural tissue is still a huge effort. Today, the best way of
nerval transplantation is surgery by a skilled surgeon. In
many cases of free flaps, the neural innervation will be lost
after the transfer. Future work will focus on the possible
bioprinting of neural tissue, mostly already embedded in
other tissues, like muscle for motoric nerves or skin for
sensitive nerves.

In all bioprinted tissue constructs, the vascularization
to ensure its oxygenation and nutrition [35] is a biological
challenge. The combination of specific tissue cells with con-
necting cells or stabilization factors, like collagen, will be
of great challenge to ensure the stability and durability of
the printed tissue. However, it can be part of specific bioinks

or even printed cells might be able to produce specific tis-
sue proteins, if needed. Some introduced trials showed the
possibility of bioprinting tissues combined with specific
growth-factors [23]. This enables the bioprinted construct
to form a vascularization of its own. This approach seems
to be very promising, but might be limited to skin tissue, or
smaller constructs in other tissues. The innervation or neu-
ral integration of bioprinted constructs is of high relevance
[36]. This is crucial for muscle tissue in order to restore its
original function; additionally, it plays a considerable role
in skin tissue. To our knowledge, there are no trials yet that
tried to induce neural integration with growth factors or stem
cells and growth factors. Another requirement is that of the
hardware, which requests a lot of work from the 3D printers.

At first, the cell resolution needs to be optimized with a
lower cell spacing than 100 pm. The printing speed and the
scalability will be of great challenge in the future as well.
The combination of high-speed printing and high resolution
will result in higher shear forces. In order to reduce shear
forces, the printing speed has to decrease, which brings the
challenge of possible cell death within the printing process
of higher volumes needed in clinical use. Another big chal-
lenge will be faced on the regulatory level. As mentioned
above, stem cells are often used within the bioprinting pro-
cess. In Europe, the use of stem cells is highly restricted
by organs of state for ethical reasons. There is a big safety
concern regarding the use of autologous stem cells. It has to
be ensured that the manipulation of cells will not result in
devolution, for example, a tumor.

This process might be referred to as 4D bioprinting. This
term means the use of stimuli-responsive materials to bio-
print constructs [37]. Some of the introduced trials used stem
cells or growth factors to change the bioprinted construct
within the process. This offers huge possibilities and enables
to achieve a better biomimicry. Also, the growing importance
of 4D printing in plastic surgery and future perspective take
an important role. 4D printing is an emerging technology that
has the potential to revolutionize various fields, including
plastic surgery. Unlike traditional 3D printing, which involves
creating static three-dimensional objects, 4D printing adds
an additional dimension of time, allowing printed objects to
change shape or function over time in response to external
stimuli. This dynamic nature of 4D printing opens up new
possibilities in the field of plastic surgery. In plastic surgery,
the goal is to restore or enhance both the form and function
of various body parts. 4D printing offers several advantages
in achieving these goals. One of the key applications of 4D
printing in plastic surgery is the development of dynamic
implants. These implants can be designed to respond to the
body’s natural movements or physiological changes. For
example, in breast reconstruction, 4D-printed implants can
mimic the behavior of natural breast tissue, expanding and
contracting in response to body movements. This leads to
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more natural-looking and functional results. Another area
where 4D printing holds promise is in the creation of tissue
scaffolds for tissue engineering and regenerative medicine.
These scaffolds can be printed using bioactive materials and
designed to gradually degrade or change shape over time,
promoting the regeneration of damaged or lost tissue. For
instance, in facial reconstruction, 4D-printed scaffolds can
be used to support the growth and regeneration of new tis-
sue, enabling the restoration of facial features with improved
aesthetics and functionality. Furthermore, 4D printing allows
for the integration of smart materials and stimuli-responsive
components into surgical implants or devices. These materi-
als can be designed to respond to specific triggers such as
temperature, pH, or light, enabling controlled and targeted
drug delivery, wound healing, or tissue regeneration. Such
advancements have the potential to enhance the outcomes
of plastic surgery procedures and improve patient recovery.
Looking to the future, 4D printing in plastic surgery holds
exciting prospects. Researchers are exploring the use of
advanced biomaterials and bioinks that can closely mimic
the properties of natural tissues, providing better biocom-
patibility and integration with the body. They are also work-
ing on developing more sophisticated printing techniques,
including multimaterial and multiaxis printing, to create
complex structures and functional gradients. In addition, the
integration of 4D printing with other technologies such as 3D
bioprinting, stem cell research, and tissue engineering holds
great promise. By combining these approaches, it may be
possible to create patient-specific 4D bioprinted tissues and
organs, allowing for complex reconstructions or replacements
in plastic surgery. However, it is important to note that 4D
printing in plastic surgery is still in its early stages, and there
are challenges to overcome. These include the development
of suitable materials with appropriate mechanical properties,
biocompatibility, and long-term stability. There is also a need
for further research to understand the long-term effects and
safety of 4D-printed implants and tissues [38].

In general, the possible response to certain stimuli has to
be achieved in bioprinted constructs; otherwise, they would
not fulfill their purpose. An example would be the innerva-
tion and response of muscle tissue to stimuli.

If in the future, whole organs can be printed, the implan-
tation and transplantation guidelines might need to be
updated and be adjusted to the new field of bioprinting.
The ethical aspects for the translation of in vitro studies and
animal in vivo studies in human application need special
consideration. International guidelines must be drawn up to
regulate the use of bioprinting in medicine [39].
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