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Abstract
Autologous nerve grafting is the gold standard method for peripheral nerve injury with defects. Artificial nerve conduits 
have been developed to prevent morbidity at the harvest site. However, the artificial conduit regeneration capacity is not 
sufficient. A Bio 3D printer is technology that creates three-dimensional tissue using only cells. Using this technology, a 
three-dimensional nerve conduit (Bio 3D nerve conduit) was created from several cell spheroids. We reported the first appli-
cation of the Bio 3D nerve conduit for peripheral nerve injury. A Bio 3D nerve conduit that was created from several cells 
promotes peripheral nerve regeneration. The Bio 3D nerve conduit may be useful clinically to treat peripheral nerve defects.
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Introduction

Direct nerve suture is performed if possible to treat periph-
eral nerve laceration. If direct sutures are not possible due 
to a nerve defect, an autologous nerve graft is generally 
performed to bridge this defect. Autologous nerve seg-
ments include Schwann cells, fibroblasts, macrophages, 
and extracellular matrix, which are essential for peripheral 
nerve regeneration. Therefore, autologous nerve grafting is 
recognized as the gold standard for peripheral nerve injury 

with defects [1]. Autologous nerve segments are harvested 
from the sural nerve or the medial antebrachial cutaneous 
nerve, leading to donor site morbidity such as loss of feeling 
and a painful nerve stump in the leg or arm. To prevent these 
donor site morbidities, artificial nerve conduits have been 
developed to bridge nerve defects. Artificial nerve conduits 
are composed of absorbable artificial materials such as colla-
gen, polyglycolic acid, polylactic acid, or polylactic-co-gly-
colic acid [1]. Artificial nerve conduits contain only extra-
cellular matrix without cellular elements such as Schwann 
cells. Therefore, nerve regeneration through artificial nerve 
conduits is not as good as regeneration using an autologous 
nerve segment. Several basic studies were conducted to add 
cellular elements such as Schwann cells and mesenchymal 
stem cells to the artificial conduits, and the added cellu-
lar elements resulted in somewhat better nerve regenera-
tion [2–10]. However, the survival rate of the added cells is 
poor, which means that this technique is difficult to use clini-
cally [11, 12]. The problem is how to add cells effectively to 
peripheral nerve-injured areas. Thus, we focused on Bio 3D 
printing technology that can produce a three-dimensional 
tissue structure using only cells [13].
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Bio 3D printing

When cells are cultured, a large number of cells spontane-
ously aggregate, which is called a spheroid. Bio 3D printers 
(Regenova, Cyfuse, Tokyo) shape these spheroids three-
dimensionally by placing them onto thin needles accord-
ing to a pre-designed three-dimensional data (Fig. 1). This 
method is called the Kenzan method [13]. Approximately 
1 week after 3D printing, adjacent spheroids were fused 
to construct a single tubular shape in the Kenzan, and the 
Kenzan was removed. Next, the conduit was transferred 
to an intravenous catheter, and the spheroids were then 
cultured in a perfusion bioreactor to promote self-organ-
ization of the living cells until the desired tissue function 
and strength were achieved (https:// www. cyfus ebio. com/ 
produ ct/ regen ova). This finished three-dimensional tissue 
consists of only cells, with no artificial scaffold. The tubu-
lar design allows large tissues to mature while supplying 
oxygen and nutrients to the inside of the structure. It is 
also possible to combine several types of cells to create a 
three-dimensional tissue. It can be applied to various cells 
and can be applied to various three-dimensional organs. 
An advantage of this system is that the structure (e.g., size, 
shape, and length) can be designed according to the clinical 
application using a computer-controlled system. Another 
advantage is that the constructed tissue does not contain 
foreign materials, which may induce foreign body reac-
tions, infection, or allergy. Additionally, the strength of the 
structure can be controlled by the duration of cell culture. 
Bio 3D printing technology has been used for blood ves-
sels, cartilage, bone, and trachea [14–16]. The structure is 

strong enough that suturing can be performed using 10–0 
nylon.

Bio 3D nerve conduit

A three-dimensional nerve conduit (Bio 3D nerve conduit; 
length, 8 mm and diameter, 3 mm) was fabricated from 
human fibroblasts using a Bio 3D printer [17]. A 5-mm 
nerve defect was created at the right mid-thigh level of the 
sciatic nerve in immunodeficient rats, and the nerve gap was 
bridged using 8-mm Bio 3D nerve conduits. Nerve regen-
eration was evaluated kinematically, electrophysiologically, 
histologically, and morphologically 8 weeks after surgery. 
In the control group, a silicone tube was used to bridge the 
nerve gap. In rats, walking kinematic analysis 8 weeks after 
surgery showed that the angle of the toes to the metatar-
sal bone at the end of the swing phase in the right hind 
limb was significantly improved compared with the control 
group. In the toe-spread test, which evaluates the recovery of 
muscle strength in the foot, there was a significant improve-
ment compared with the control group. Electrophysiologi-
cal examination showed that the compound muscle action 
potential in the pedal adductor muscle was significantly 
higher than that in the control group. The nerve gap was 
bridged successfully in all rats, and Bio 3D nerve conduit 
degradation was confirmed macroscopically 8 weeks after 
surgery. No neuroma formation was observed. However, in 
the control group, a small amount of regenerated nerve was 
observed, and one rat showed no evidence of neural tissue 
formation. Histologically and morphologically, good axonal 

Fig. 1  Bio 3D printer. The 
method is called the KENZAN 
method (https:// en. cyfus ebio. 
com/ produ ct/ regen ova/)

https://www.cyfusebio.com/product/regenova
https://www.cyfusebio.com/product/regenova
https://en.cyfusebio.com/product/regenova/
https://en.cyfusebio.com/product/regenova/
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regeneration was observed. Significantly more myelinated 
nerve axons were observed compared with the control group. 
The tibialis anterior wet muscle weight was significantly 
higher compared with the control group. Immunohistologi-
cal staining showed abundant S-100-positive cells compared 
with the control group, which indicated that Schwann cell 
expression was promoted by the Bio 3D nerve conduit. Bet-
ter nerve regeneration using Bio 3D nerve conduits than that 
in the control group was confirmed.

Schwann cells, macrophages, and fibroblasts are required 
for nerve regeneration, and fibroblasts in particular promote 
Schwann cell migration (Fig. 2) [18, 19]. Additionally, fibro-
blasts are easy to culture and proliferate well in vitro, and 
good mechanical strength of the Bio 3D nerve conduit is 
relatively easy to obtain.

This study is the first to demonstrate the efficacy of a 
completely biological, tissue-engineered, scaffold-free Bio 
3D nerve conduit on peripheral nerve regeneration (Table 1). 
This technology may be useful for several neurological dis-
orders, including brachial plexus injuries and severe trauma, 
in which nerve sources are needed for nerve grafts to treat 
peripheral nerve defects.

Mechanism of nerve regeneration 
through Bio 3D nerve conduit

Bio 3D nerve conduit development from normal human der-
mal fibroblasts and peripheral nerve regeneration through 
the Bio 3D nerve conduit have been previously described 
[17]. In this section, the regenerative mechanism of periph-
eral nerves using a Bio 3D nerve conduit in a rat sciatic 
nerve defect model will be described [20]. Human fibro-
blasts were labeled using PKH26, and Bio 3D nerve con-
duits were fabricated from the labeled fibroblasts. Bio 3D 
nerve conduits were transplanted into immunodeficient 
rats with a 5-mm-long sciatic nerve defect in the same 
manner as described above, and cell tracked analysis was 
performed. The PKH26-labeled cells transplanted into the 
regenerative nerve remained, and the cells survived in the 
regenerative nerve in a tube-like structure. Most regener-
ated axons were located within the stable tube-like cell 
structure. Some PKH26-labeled cells were positive for 
S-100, and they differentiated into Schwann-like cells. The 
proportion of PKH26 and S-100-positive cells to PKH26-
positive cells was 40.76 ± 6.21%. This was consistent with 
previous results, showing that fibroblasts that were induced 

Fig. 2  The process of regenera-
tion of nerve injury by Bio 3D 
nerve conduit. A The nerve gap 
is bridged with Bio 3D nerve 
conduits. B Induction of angio-
genesis (long arrows) occurs 
from both of the nerve stumps. 
C Schwann cells (✹) migrate 
from both of the nerve stumps 
with support of the transplanted 
fibroblasts. D Nerve axons (long 
arrows) extend from proximal 
nerve stumps

Table 1  Summary of the studies 
using Bio nerve conduits

Cells Recipient Nerve model Nerve gap Observa-
tion period 
(week)

References

1 Human dermal fibroblasts Rat Sciatic nerve 5 mm 8 [17]
2 Human dermal fibroblasts Rat Sciatic nerve 5 mm 8 [20]
3 Human dermal fibroblasts Rat Sciatic nerve 5 mm 24 [22]
4 Human dermal fibroblasts Rat Sciatic nerve 10 mm 8 [23]
5 Canine dermal fibroblasts Canine Ulnar nerve 5 mm 10 [24]
6 Bone marrow stromal cells Rat Sciatic nerve 5 mm 8 [25]
7 Human-induced pluripotent stem 

cell-derived mesenchymal stem 
cells

Rat Sciatic nerve 5 mm 8 [29]
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differentiated into Schwann cells in vitro [21]. Modified 
Masson’s trichrome staining of the Bio 3D nerve conduit 
revealed the formation of a prominent extracellular matrix 
in between the cells, which appeared to connect and spread 
into the spaces among the cells to maintain the tube-like 
structure. The Bio 3D nerve conduit cell administration 
method and tube-like structure are both considered to be 
stable. Macroscopic observation revealed the induction of 
angiogenesis in the resected regenerated nerve, which is 
characterized by an increase in the number of blood vessels. 
A RECA-1-positive, blood vessel-like construction in both 
longitudinal and transverse sections was observed, which 
revealed the vascularity of the regenerated nerve through 
Bio 3D nerve conduits (Fig. 2). Cell viability in the Bio 
3D nerve conduit immediately before transplantation and 
1 week after transplantation was evaluated using the LIVE/
DEAD cell viability assay. LIVE/DEAD staining showed 
88.56 ± 1.70% live cells in the transverse sections immedi-
ately before transplantation and 87.58 ± 9.11% live cells in 
the transverse sections 1 week after surgery. This indicates 
that the cell survival rate in the Bio 3D nerve conduit was 
high immediately before transplantation and 1 week after 
transplantation.

The tube-like distribution of human dermal fibroblasts 
comprising the Bio 3D nerve conduit was stable even 
8 weeks after surgery because of the extensive extracellular 
matrix formation. It is essential for the material that bridges 
the defect between the peripheral nerve stumps to maintain 
the luminal structure that provides a place for nerve regen-
eration and prevents scar formation. It is also essential to 
allow blood flow and permeability for growth factors, neu-
rotrophic factors, and cytokines. The extracellular matrix 
also contributed to cell survival. Human dermal fibroblasts 
induced Schwann cell proliferation and differentiation into 
functional Schwann-like cells for axonal elongation. Most of 
the regenerated axons penetrated the stable tube-like struc-
ture. High levels of angiogenesis were observed throughout 
the regeneration process. Extracellular matrix formation, 
increased cell viability, and the differentiation of human der-
mal fibroblasts into Schwann-like cells during the regenera-
tive process promoted peripheral nerve regeneration using 
a Bio 3D nerve conduit.

Long‑term outcome of nerve regeneration 
using the Bio 3D nerve conduit

Evaluation of the regenerated nerve through the Bio 3D 
nerve conduit 8 weeks after transplantation was described 
above. The 8-week period is relatively short to evaluate 
nerve regeneration, and the long-term safety and nerve 
regeneration of the Bio 3D nerve conduit must be investi-
gated [22]. Bio 3D nerve conduits are fabricated similarly 

from human dermal fibroblasts using a Bio 3D printer and 
transplanted into a 5-mm nerve defect at the mid-thigh level 
of the right sciatic nerve in an immunodeficient rat. Nerve 
regeneration was evaluated 24 weeks after surgery. The con-
trol group had a silicone tube that bridged the nerve gap. In 
the toe-spread test, significant improvement 24 weeks after 
surgery was observed compared with the control group, 
which was similar to that of the autologous nerve transplan-
tation group. In the rat walking kinematic analysis 24 weeks 
after surgery, the angle of the toes compared to the meta-
tarsal bone at the end of the swing phase in the right hind 
limb and the ratio of the number of steps taken with the 
lower limb dragging without lifting to the total number of 
steps were significantly improved compared with the control 
group and were similar to the autologous nerve graft group. 
In the electrophysiological study, the value of the compound 
muscle action potential in the Bio 3D nerve conduit group 
was similar to that in the autologous nerve graft group. For 
the tibialis anterior muscle weight, the value was signifi-
cantly higher in the Bio 3D nerve conduit group than that 
in the control group, and it was almost the same as that in 
the autologous nerve graft group. Macroscopic observation 
of the regenerated nerve after 24 weeks showed that thick 
nerve tissue, and no tumor formation including neuromas, 
was observed in any of the rats. However, in the control 
group, all regenerated nerves were thinner than the normal 
sciatic nerves. Morphologically, the number of myelinated 
nerve axons, mean myelin nerve axon diameter, mean myelin 
thickness, and G-ratio were significantly better than those 
of the control group, and there was no significant difference 
compared to the autologous nerve graft group. Immunohis-
tochemical examination showed S-100 and NF-200 expres-
sion in the middle portion of the regenerated nerve, which 
revealed the existence of Schwann cells and neural fibers at 
the defect sites between the proximal and distal stumps of 
the dissected sciatic nerves that were bridged by the Bio 3D 
nerve conduits.

The number of regenerated axons in the Bio 3D nerve 
conduit group was significantly larger than that of the con-
trol group, and the myelinated axon diameter, myelin thick-
ness, and G-ratio also showed significantly greater results in 
the Bio 3D nerve conduit group compared with the control 
group. These outcomes were not significantly different than 
those of the autologous nerve graft group. This means that 
maturation and myelination of the regenerated nerves in 
the Bio 3D nerve conduit group showed more progression 
than those in the control group and were similar to those in 
the autologous nerve graft group over the long-term period 
of 24 weeks. These results are consistent with those of the 
wet muscle weight of the tibialis anterior muscle and the 
muscles used in the walking kinematic analysis. Thus, tar-
get muscle atrophy was prevented because of sciatic nerve 
regeneration and re-innervation into the target muscle. The 
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three-dimensional nerve conduit showed good nerve regen-
eration, which was comparable to that of autologous nerve 
transplantation, and the regenerated nerve between 8 and 
24 weeks was considered to be mature.

Nerve regeneration through the Bio 3D 
nerve conduit with a longer nerve gap

We performed Bio 3D nerve conduit transplantation into a 
longer nerve defect [23]. A 12-mm Bio 3D nerve conduit 
was fabricated from human dermal fibroblasts and trans-
planted into a 10-mm right sciatic nerve defect in immu-
nodeficient rats. Nerve regeneration was evaluated 8 weeks 
after surgery. A silicone tube was used to bridge the nerve 
gap in the control group. Nerve regeneration was confirmed 
in all rats with a transplanted Bio 3D nerve conduit 8 weeks 
after transplantation. Some of the rats in the control group 
showed no nerve continuity. An electrophysiological exam-
ination showed that the nerve conduction velocity of the 
regenerated sciatic nerve and the compound muscle action 
potential in the pedal adductor muscle were significantly 
higher than those in the control group. In the morphologi-
cal study, the number of myelinated axons, the mean diam-
eter of myelinated axons, and mean myelin thickness in the 
regenerative nerve were significantly higher than those in the 
control group. There was no significant difference between 
the Bio 3D nerve conduit group and the autologous nerve 
graft group.

Similar to previous reports in 5-mm defect models, 
transplantation of the Bio 3D nerve conduit achieved good 
nerve regeneration even in the 10-mm defect model. Bio 3D 
nerve conduits were cultured in a perfusion culture system 
for several weeks after being molded into a tubular shape. 
This extended culturing promoted the production of colla-
gen matrix and other extracellular matrix components. This 
extracellular matrix formation and maturation contributed 
to the Bio 3D nerve conduits obtaining adequate mechani-
cal strength to endure surgical handling and compressive 
forces from surrounding tissues after transplantation. All 
Bio 3D nerve conduits successfully bridged the nerve gap 
with regenerated axons, which suggests that the strength of 
these conduits is sufficient to maintain their shape and cen-
tral lumen throughout the nerve regeneration period. The 
Bio 3D nerve conduit successfully bridged a 10-mm sciatic 
nerve defect, and this nerve regeneration was promoted by 
the Bio 3D nerve conduit even in the 10-mm nerve defect 
model.

Nerve regeneration through a Bio 3D nerve conduit 
with larger diameter

Large-diameter Bio 3D nerve conduit transplantation was 
also evaluated [24]. Dermal fibroblasts were isolated and 
cultured from canine inguinal-region skin to fabricate a 
Bio 3D nerve conduit with a 5-mm diameter for 8 weeks. 
The ulnar nerve in the forelimb was exposed under general 
anesthesia and cut to create a 5-mm inter-stump gap. An 
8-mm autologous Bio 3D nerve conduit was transplanted to 
bridge the created ulnar nerve gap. Ten weeks after surgery, 
nerve regeneration was evaluated. The pinprick test was per-
formed to evaluate sensory recovery. A pinching stimulus 
was applied from the tip of the fifth digit to the ulnar side 
of the wrist using standardized forceps. All affected fore-
arms subjected to this test showed a withdrawal response 
due to the stimulus at the tip of the fifth digit. The com-
pound muscle action potentials of the hypothenar muscles 
were detected at 10 weeks after surgery. The motor nerve 
conduction velocity was also calculated through the re-
innervated ulnar nerve. The ulnar nerves were successfully 
bridged using the Bio 3D nerve conduit in all canines. The 
hypothenar muscle mean wet weight indicated that there was 
little muscle atrophy in Bio 3D nerve conduit group because 
of early re-innervation. Immunohistochemical examination 
showed NF-200 and S-100 expression in a transverse section 
of the middle portion of the Bio 3D nerve conduit, and this 
indicates the existence of neurofilaments, Schwann cells, 
and nerve regeneration throughout the Bio 3D nerve conduit. 
Histological evaluation showed that transverse sections of 
both the middle and distal portions of the regenerated nerves 
contained many well-myelinated axons in the Bio 3D nerve 
conduit group. No adverse events were observed.

This study involved a larger animal and used each ani-
mal’s cells to generate that animal’s conduit. The efficacy 
of the Bio 3D nerve conduit was demonstrated and a pro-
tocol was established for its use in peripheral nerve regen-
eration for future clinical application. Proof-of-concept for 
a biological scaffold-free conduit transplantation treatment 
composed of autologous dermal fibroblasts was confirmed 
as a preclinical study. Bio 3D nerve conduits were biologi-
cal tissues that were fabricated from autologous cells, so 
that they would be compatible with surrounding tissues and 
reduce the risk of foreign body reaction, infection, local 
fibrosis, and allergy by foreign materials. Bio 3D nerve con-
duits can be applied in clinical settings, and this technology 
is expected to resolve several problems in peripheral nerve 
injury treatment, including cases with trauma or nerve sac-
rifice during tumor resection.
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Bio 3D nerve conduit created from bone 
marrow mesenchymal stem cells

Because Bio 3D printing technology can produce three-
dimensional tissue in any cell type, a Bio 3D nerve conduit 
was fabricated from bone marrow mesenchymal stem cells 
(BMSCs) [25]. Primary bone marrow mesenchymal stem 
cells were isolated from femur bone marrow of Lewis rats, 
and 8-mm long Bio 3D nerve conduits with a 2-mm internal 
diameter were fabricated from those cells using a Bio 3D 
printer. Bio 3D conduits were transplanted into other Lewis 
rats to bridge a 5-mm right sciatic nerve gap. A silicone 
tube was used to bridge the gap in the control group. Nerve 
regeneration was evaluated 8 weeks after transplantation in 
all rats that received a Bio 3D nerve conduit transplant. In 
the rat walking kinematic analysis, the angle of the toes to 
the metatarsal bone at the end of the swing phase in the right 
hind limb in Bio 3D nerve conduit rats was significantly 
larger than that in the control group. The compound muscle 
action potentials in the pedal adductor muscle amplitude 
were significantly larger in the Bio 3D nerve conduit group 
compared to the control group. Macroscopic observation in 
the Bio 3D nerve conduit group confirmed nerve regenera-
tion, and no neuroma formation was found. However, thin 
regenerated nerves were observed in the control group. The 
wet muscle weight was significantly higher in the Bio 3D 
nerve conduit group than that in the control group, which 
indicated that the re-innervated muscles showed less mus-
cle atrophy in the Bio 3D nerve conduit group than that 
in the control groups. The histological study revealed sig-
nificantly more myelinated axons in transverse sections of 
the regenerated nerves in the Bio 3D nerve conduit group 
than in the control group. Myelin thickness was also sig-
nificantly greater in the Bio 3D nerve conduit group than 
in the control group. In the immunohistochemical study, 
both S-100 and NF-200-positive cells were abundant in the 
Bio 3D nerve conduit group, which showed the existence of 
Schwann cells and neural fibers in regenerated nerves using 
the Bio 3D nerve conduit conduits. PKH26-labeled bone 
marrow mesenchymal stem cells were transplanted. Eight 
weeks after transplantation, some of the PKH26-positive 
cells also expressed the Schwann cell markers S-100, p75-
NTR, and GFAP.

BMSCs differentiate into Schwann cell-like cells both 
in vitro and in vivo [4, 6, 26–28]. In the current study, it 
was confirmed that transplanted BMSCs differentiated into 
Schwann cell-like cells. The regenerated nerves included 
both differentiated Schwann cell-like cells and migrated 
Schwann cells from the nerve stumps. The Bio 3D nerve 
conduit group had more S-100-positive cells in the trans-
verse and longitudinal sections, indicating the existence of 
more functional Schwann cells, which led to better nerve 

regeneration in this group than in the control group. The 
Bio 3D nerve conduit can be prepared using bone marrow 
mesenchymal stem cells, and this Bio 3D nerve conduit can 
efficiently support regeneration using bone marrow mesen-
chymal stem cells, which then successfully differentiate into 
Schwann cell-like cells. The Bio 3D nerve conduit derived 
from bone marrow mesenchymal stem cells promotes 
peripheral nerve regeneration and should be considered as 
a treatment option for peripheral nerve surgery.

Bio 3D nerve conduit created 
from human‑induced pluripotent stem 
cell‑derived mesenchymal stem cells

Because mesenchymal stem cells promote nerve regenera-
tion, the Bio 3D nerve conduit was also fabricated from 
human-induced pluripotent stem (iPS) cell-derived mes-
enchymal stem cells (iMSC) [29]. iMSCs induced differ-
entiation of mesenchymal stem cells from iPS cells. The 
8-mm long Bio 3D nerve conduits were fabricated from 
xeno-free iMSCs. The 5-mm gap in the sciatic nerve in 
immunodeficient rats was bridged using the Bio 3D nerve 
conduit in same manner as described above. A silicone 
tube was used to bridge the 5-mm nerve gap in the control 
group. Nerve regeneration was evaluated in all rats that 
underwent Bio 3D nerve conduit transplantation 8 weeks 
after transplantation. Macroscopic observation revealed 
that the nerve gap was successfully bridged in the Bio 3D 
nerve conduit group, and neovascularization was markedly 
observed in the superficial layer of the Bio 3D nerve con-
duit. However, only a thin regenerated nerve was observed 
in the control group. The pinprick test was performed to 
evaluate sensory recovery. All rats in the Bio 3D nerve 
conduit group revealed a withdrawal response in response 
to the toe-pinching stimulus. In the control group, almost 
all of the rats revealed a withdrawal response only to a 
pinching stimulus on the dorsum of the foot. This indi-
cates that the Bio 3D nerve conduit group exhibited more 
functional recovery of the sensory nerve. The toe-spread 
test was performed to evaluate motor recovery. Almost 
all of the rats in the Bio 3D nerve conduit group showed 
toe abduction with extension, indicating that the Bio 3D 
nerve conduit group exhibited more functional recovery 
of the motor nerve compared to rats in the control group. 
In the rat walking kinematic analysis, the Bio 3D nerve 
conduit group showed a significantly greater angle of the 
toes to the metatarsal bone at the end of the swing phase 
in the right lower limb compared to the control group. 
In the electrophysiological study of the pedal adductor 
muscle amplitude, the Bio 3D nerve conduit group exhib-
ited significantly greater compound muscle action poten-
tials than that in the control group. The tibialis anterior 



295Journal of Artificial Organs (2022) 25:289–297 

1 3

muscle wet weight was significantly greater in the Bio 3D 
nerve conduit group than the control group, indicating that 
the target muscle was re-innervated in the early stage of 
recovery in the Bio 3D nerve conduit group. Morphologi-
cal analysis of the regenerated nerve showed that the Bio 
3D nerve conduit group exhibited many well-myelinated 
axons compared to the control group. Significantly more 
myelinated axons and a significantly larger myelinated 
axon diameter were detected in the Bio 3D nerve conduit 
group compared to the control group. Global gene expres-
sion profiles revealed iMSCs in Bio 3D nerve conduit-
generating step including a large subset of upregulated 
neurogenesis and angiogenesis-related genes in the Gene 
Ontology categories.

The benefits of iMSCs on tissue regeneration have been 
associated with the ability to produce a broad variety of 
cytokines and paracrine factors. Newly formed blood ves-
sels within the nerve gap play a key role in providing a scaf-
fold for Schwann to cross the nerve gap, thereby offering a 
more conductive environment for axonal regrowth. Thus, 
the Bio 3D nerve conduit composed of xeno-free human 
iMSCs contributes to peripheral nerve regeneration. If the 
role of iPS cells in regenerative medicine is established by 
HLA type in the future, Bio 3D nerve conduits for each 
HLA type could be prepared and stocked in advance. Thus, 
Bio 3D nerve conduits could be available to transplant for 
peripheral nerve injuries during the acute phase in the field 
of emergency medical care. Additionally, using an iPS strain 
with the HLA knocked out suggests that this strain could be 
used universally.

Investigator‑initiated clinical trial

We have started the investigator-initiated clinical trial of the 
Bio 3D nerve conduit transplantation fabricated using the 
Bio 3D printer for traumatic peripheral nerve defect in the 
hand. The Bio 3D nerve conduit transplantation fabricated 
using the Bio 3D printer for clinical use. It is conducted 
mainly by Department of Orthopaedic Surgery, Kyoto Uni-
versity, with the support of Institute for Advancement of 
Clinical and Translational Science (iACT) and Center for 
Research and Application of Cellular Therapy (C-RACT), 
Kyoto University Hospital. The clinical Bio 3D printer 
(Cyfuse, Tokyo) was installed in Center for Cell and 
Molecular Therapy (CCMT) in C-RACT to create the Bio 
3D nerve conduit. Inclusion criteria is patients aged 20 to 
60 years who are traumatic peripheral nerve defects distal 
to the wrist within 6 months of the injury. Skin is harvested 
from the patient's inguinal region 6 weeks before the trans-
plantation, fibroblasts are expanded and cultured by CCMT 
in C-RACT, and a Bio 3D nerve conduit is fabricated by a 

clinical Bio 3D printer. The 3D nerve conduit is transplanted 
into the nerve defect 6 weeks after the skin harvest.

Conclusion

Cells play a key role in regenerative medicine. We focused 
on the Bio 3D printer to efficiently use cells in peripheral 
nerve regeneration. This technology prints cell spheroids 
on Kenzan on the basis of three-dimensional data to fab-
ricate three-dimensional tissue that only consists of cells. 
We confirmed peripheral nerve regeneration using Bio 3D 
nerve conduits that were fabricated from various cells using 
a Bio 3D printer. The Bio 3D nerve conduit derived from 
several cell types promotes peripheral nerve regeneration 
and should be considered as a treatment option for peripheral 
nerve surgery.
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