
NEURAL REGENERATION RESEARCH 
April 2017,Volume 12,Issue 4 www.nrronline.org

614

RESEARCH ARTICLE

Magnetic resonance imaging-three-dimensional 
printing technology fabricates customized scaffolds 
for brain tissue engineering 

*Correspondence to:
Ming-liang Zhao, M.D. or 
Xiao-hong Li, M.D., 
physolar@sohu.com or
lixiaohong12@hotmail.com.

#These authors contributed 
equally to this study.

orcid: 
0000-0001-8745-140X
(Xiao-hong Li)

doi: 10.4103/1673-5374.205101

Accepted: 2017-03-27

Feng Fu1, 2, #, Zhe Qin3, #, Chao Xu1, 2, Xu-yi Chen1, 2, Rui-xin Li4, Li-na Wang1, 2, Ding-wei Peng1, 2, Hong-tao Sun1, 2, Yue Tu1, 2, Chong Chen1, 2, 
Sai Zhang1, 2, Ming-liang Zhao1, 2, *, Xiao-hong Li1, 2, *

1 Institute of Traumatic Brain Injury and Neurology, Pingjin Hospital, Logistics University of Chinese People’s Armed Police Forces, Tianjin, China
2 Key Laboratory of Neurotrauma Repair of Tianjin, Tianjin, China
3 Pingjin Hospital, Logistics University of Chinese People’s Armed Police Forces, Tianjin, China 
4 Institute of Medical Equipment, The Academy of Military Medical Sciences, Tianjin, China
  
How to cite this article: Fu F, Qin Z, Xu C, Chen XY, Li RX, Wang LN, Peng DW, Sun HT, Tu Y, Chen C, Zhang S, Zhao ML, Li XH (2017) 
Magnetic resonance imaging-three-dimensional printing technology fabricates customized scaffolds for brain tissue engineering. Neural Regen 
Res 12(4):614-622.
Open access statement: This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial- 
ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and 
the new creations are licensed under the identical terms.
Funding: This work was supported by the National Natural Science Foundation of China, No. 81301050, 81401067, 81271392, 81471275, 
81541034; the Natural Science Foundation of Tianjin City of China, No. 14JCQNJC10200, 15JCQNJC11100, 16JCYBJC27600. 

Abstract
Conventional fabrication methods lack the ability to control both macro- and micro-structures of generated scaffolds. Three-dimensional 
printing is a solid free-form fabrication method that provides novel ways to create customized scaffolds with high precision and accuracy. 
In this study, an electrically controlled cortical impactor was used to induce randomized brain tissue defects. The overall shape of scaffolds 
was designed using rat-specific anatomical data obtained from magnetic resonance imaging, and the internal structure was created by com-
puter-aided design. As the result of limitations arising from insufficient resolution of the manufacturing process, we magnified the size of 
the cavity model prototype five-fold to successfully fabricate customized collagen-chitosan scaffolds using three-dimensional printing. Re-
sults demonstrated that scaffolds have three-dimensional porous structures, high porosity, highly specific surface areas, pore connectivity 
and good internal characteristics. Neural stem cells co-cultured with scaffolds showed good viability, indicating good biocompatibility and 
biodegradability. This technique may be a promising new strategy for regenerating complex damaged brain tissues, and helps pave the way 
toward personalized medicine.

Key Words: nerve regeneration; three-dimensional printing; traumatic brain injury; tissue engineering; scaffolds; magnetic resonance imaging; 
collagen; chitosan; mimics; neural regeneration 
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Introduction
Traumatic brain injury (TBI) is a major source of morbidity 
and mortality that significantly impacts the overall quality 
of life of patients around the world (Haghbayan et al., 2016; 
Villapol, 2016). The pathophysiology of TBI is complex, in 
part because of nerve tissue loss resulting from primary and 
secondary injuries (Ray et al., 2002; Bramlett and Dietrich, 
2015). As key factors for nerve regeneration, biological scaf-
folds can provide physical support to bridge the gap between 
tissues, and promote new tissue formation (Johnson et al., 
2015; Lee et al., 2017). While the favorable effect of tradi-
tional scaffolds in repairing nerve injuries has been proven 
(Guan et al., 2013; Tian et al., 2015; Duan et al., 2016), in-
trinsic limitations remain including precise control of the 
external shape and internal architecture of scaffolds. 

Therefore, newly developed three-dimensional printing 
(3DP) techniques may offer a novel strategy for future ther-
apeutic brain tissue regeneration (Suri et al., 2011; Hsieh et 
al., 2015). In recent years, 3DP technologies have been used 
in various medical fields (Chimene et al., 2016; Patra and 
Young, 2016). Additional studies have reported relatively ac-
curate printing of standardized scaffolds using 3DP (Huang 
et al., 2012; Shi et al., 2012; Álvarez et al., 2014; Yang and 
Li, 2016). Cylindrical scaffolds with axial microgrooves and 
orthogonally intersecting channels from a 3D printer can 
benefit brain tissue regeneration, as channels and micro-
grooves can be oriented toward the desired direction of cel-
lular migration and neuronal alignment (Wong et al., 2008). 
A subsequent systematic investigation revealed that the 3D 
constructs with anisotropic structures could be organized 
to produce the best possible outcome (Wüst et al., 2015). 
Although, it should be noted that these experimental models 
reflect a relatively uncommon injury in the clinical setting 
(Turtzo et al., 2013; Bramlett and Dietrich, 2015). Fortunate-
ly, technological developments combining imaging and 3DP 
make it possible to create complex, anatomically customized, 
high-fidelity scaffolds (Mitsouras et al., 2015; Marro et al., 
2016). The key is the ability to precisely control structural 
and material properties in 3D based on high-definition im-
aging data, such as computed tomography, magnetic reso-
nance imaging (MRI), and/or various ultrasonic apparatuses 
providing patient-specific anatomical information (Zhang 
and Zhang, 2015; Crozier et al., 2016). For use in tissue re-
generation, one-stop manufacturing from medical imaging 
to 3DP technology allows for fabrication of customized scaf-
folds for brain tissue engineering (Radenkovic et al., 2016). 

Two primary limitations remain for state-of-the-art scaf-
folds fabricated for brain tissue repair. First, standardized 
TBI modeling, by conventional methods such as blunt cut-
ting (Huang et al., 2012) or frostbite (Yasuda et al., 2009), 
often result in regular acute cavities, which exhibit vastly 
different pathophysiological processes than injury in TBI 
patients. Second, unification of scaffold manufacturing as, 
traditionally, mold scaffolds have had a fixed shape before 
transplantation (Huang et al., 2014), making it difficult to 
adapt to individual cavity differences in patients with TBI. 
As such, this study addresses the necessity for a convenient 

and rapid method to obtain irregular cavity models after 
TBI, including improved 3DP joint imaging technology to 
produce complex 3D scaffolds and testing of scaffold bioac-
tivity/regenerative potential for future therapeutic strategies.

Materials and Methods
Ethics statement and animals
All animal procedures were approved by the Animal Ethics 
Committee of the Medical College of Chinese Armed Police 
Forces (approval No. 20160420) and conducted in accor-
dance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Precautions were taken 
to minimize suffering and number of animals used in each 
experiment. 

Adult male Sprague-Dawley rats (n = 22; mean body 
weight 300 ± 10 g, specific-pathogen free) aged 3–6 months 
and pregnant (day 14) rats (n = 2) were obtained from the 
Laboratory Animal Center of The Academy of Military 
Medical Sciences (animal license No. SCXK-2012-0004, 
Beijing, China). All animals were housed under a 12-hour 
light/dark cycle at 22–25°C in cages, and allowed free ac-
cess to food and water. Ten male rats were subjected to TBI 
modeling and MRI scans (model group), with five used 
for histological observation (slice group). Twelve male rats 
were used for scaffold degradation experiments (degradation 
group). Two pregnant rats were used for neural stem cell 
(NSC) extraction. 

TBI model establishment
Adult rats (n = 10) were anesthetized with isoflurane (4%) 
in oxygen (0.8 L/min), placed in a stereotaxic frame, and 
prepped in a sterile fashion. After scalp incision, a 6-mm 
craniotomy was performed over the right motor cortex (2.0 
mm posterior of bregma and the lateral edge adjacent to 
the right lateral side) (Kharatishvili et al., 2009) using a mi-
cromotor drill with a dental bit (SUESHIN, Seoul, Korea). 
TBI was produced by the electrically controlled cortical im-
pactor (Custom & Design Company, Richmond, VA, USA), 
as previously described (Dixon et al., 1991), impacting the 
right (ipsilateral) cortex with an aluminum impactor tip (5 
mm) at an impact velocity of 5 m/s, a depth of 3 mm, and 
a dwell time of 200 m/s. After carefully probing the dam-
aged area of the brain, the hematoma was totally removed. 
During the surgical procedure, core body temperature of 
the rats was monitored continuously and maintained at 
37°C.

MRI imaging data acquisition
In vivo MRI of the brain was performed using a 3.0 T MRI 
scanner (Siemens Trio Tim, Berlin and Munich, Germany) 
48 hours after TBI. Model rats were anesthetized by iso-
flurane and kept warm with a circulating water pad. Con-
ventional T-1 3D images were acquired with the following 
parameters: repetition time = 1,600 ms, echo time = 3.52 
ms, slice thickness = 3 mm, matrix: 192 × 186. Conventional 
T-2 3D images were acquired with the following parameters: 
repetition time = 1,000 ms, echo time = 146 ms, slice thick-
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ness = 2 mm, matrix: 256 × 128. Data were recorded in the 
digital imaging and communications in medicine (DICOM) 
format.

MRI-based 3D data processing and customized cavity-
scaffold design
The cavity-scaffold design considers a combination of spe-
cific anatomical shape and optimized internal architecture. 
Design of the cavity anatomical shape commences with im-
port of the DICOM MRI file into Mimics 16.0 (Materialise, 
Leuven, Belgium) for digital processing. The scope of the 
cavity is first determined by positioning and the navigation 
functions unit. Cavity structures are then segmented using 
a combination of automatic and semiautomatic intensity 
thresholding, a growing dynamic region, and a crop mask 
tool. To reconstruct the entire cavity structure, the left (nor-
mal) side of the brain is mirrored to the right (lesion) side 
as a template for digital editing. Next, the fine details of seg-
mentation are addressed by one-by-one manual contouring 
of the tri-planer views (i.e., axial, coronal, and sagittal). The 
segmented cavity is then converted to a meshed, smoothed 
and remeshed model using Meshmixer v10.9 software (Au-
todesk, San Rafael, USA) and saved as a Stereo Lithography 
file for prototyping. Finally, Solidworks 2014 software (Das-
sault Systemes, Willis, France) was used to create orthogo-
nally intersecting channels inside the scaffold model.

Comparison of histological samples and reconstruction 
model 
For histological studies, the day after TBI establishment, five 
TBI model rats were intraperitoneally anesthetized with 4% 
chloral hydrate and perfused transcardially with normal sa-
line followed by 4% paraformaldehyde. Following complete 
perfusion, brains were extracted and fixed in fresh 4% para-
formaldehyde for 12 hours. Each whole brain specimen was 
photographed and compared with the reconstructed model 
of the brain. The dentate gyrus was selected for coronal 
serial sections, stained for toluidine blue, and observed by 
bright-field microscopy using an Olympus BX51 microscope 
(Olympus Corp, Tokyo, Japan).  

Scaffold fabrication
A 3D-BioplotterTM system (Regenovo, Hangzhou, China) was 
employed for printing scaffolds. The system integrates a per-
sonal computer, an x–y–z motion nozzle, and platform with 
temperature controllers (Figure 1A). The computer was used 
for loading of the scaffold model, planning of manufacturing 
paths, and motion control of the nozzle. For biocompatibil-
ity and biodegradability, collagen-chitosan was selected as 
the fabrication material. Chitosan (448877-250G medium 
molecular weight; Lot#STBF3507V, Cas Number: 9012-76-
4; Mw = 1,526.454 g/mol; 200–800 cP, DDA 75–85%; Sig-
ma-Aldrich, St. Louis, MO, USA) was dissolved in a 1% (v/v) 
ethylic acid solution via agitation, and collagen (Tianjin ShiJi 
KangTai Biomedical Engineering Co., Ltd., Tianjin, China) 
was swelled in acetic acid solution, and then mixed with chi-
tosan solution (Zeng et al., 2014). In this work, collagen was 

blended at 3:1, 2:1, and 1:1 ratios with chitosan to explore 
optimal 3DP molding parameters. Finally, we chose a ratio 
of 1:1, which is sufficient to match the printing conditions. 
The computer automatically sends commands to the nozzle 
for pressure and temperature control units so that each layer 
of the sieved gelatin powder was spread, and the binder was 
printed selectively to form a 2D pattern. This process was 
repeated layer by layer to form the designed shape and inner 
structures of the scaffold. As the scaffold was too small, when 
the filament was superimposed, the material did not have 
sufficient time to mold to the frame structure and fused to-
gether immediately. Upon attempting to integrate the model 
into a larger cube to increase cooling time, we encountered 
great difficult in separating the scaffolds from the cube after 
formation. Thus, we magnified the size of the cavity model 
from the prototype by five-fold for 3DP. Next, scaffolds were 
placed into Petri dishes, vacuum freeze-dried for 24 hours, 
and soaked in a 1% NaOH solution for 24 hours. Finally, 
scaffolds were repeatedly rinsed in deionized water and ster-
ilized by cobalt-60 irradiation. 

Performance of collagen-chitosan scaffolds
The compression modulus and strengths of the scaffolds 
were evaluated using an Instron 5865 (Instron, Norwood, 
MA, USA). The load was 0.1 kN, the sinusoidal waveform 
was 5 Hz, and the maximum compressive strain was 10% 
(Monsell et al., 2014). 

NSCs from 14-day-old embryonic Sprague-Dawley rat 
brains were isolated as previously described (Jiao et al., 
2011). We examined the growth and morphology of NSCs 
on the collagen-chitosan scaffold with an inverted phase 
contrast microscope (Nikon, Tokyo, Japan). The microcos-
mic morphology of cell-scaffold constructs was observed by 
scanning electron microscopy (QUANTA 200/FEI, Hills-
boro, OR, USA). 

Cell proliferation on scaffolds was assessed using a 
Cell Counting Kit-8 assay (CCK-8) (Guan et al., 2015). 
Briefly, NSCs were seeded onto scaffolds (scaffold group) 
and complete DMEM (control group) at a density of 3 × 
103 cells per well. Twenty microliters of CCK-8 reagents 
(Dojindo, Kumamoto, Japan) were added to each well 
and incubated at 37 °C for 3 hours at 1, 3, 5, 7, and 9 days, 
respectively. The absorbance at 450 nm was determined 
using a microplate reader (Thermo Fisher, MA, USA) for 
intergroup comparison. 

In addition, to evaluate the degradation rate of scaffolds 
in vivo, scaffolds (3 mm × 3 mm) were implanted into the 
brain tissues of Sprague-Dawley rats (n = 12), as previously 
described (Wong et al., 2008). Scaffolds were harvested from 
three rats at 1, 3, 6, 9 and 12 weeks after implantation. The 
weight of each scaffold was recorded before (m1) and after 
(m2) implantation, and the degradation rate was calculated 
using the following formula: (m1 – m2)/m1 × 100%.

Statistical analysis
Data, expressed as the mean ± SD, were analyzed using SPSS 
21.0 (IBM, Armonk, NY, USA) software. Statistical analysis 
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of results was performed using one-way analysis of variance. 
Tests were conducted with a confidence interval of 95% (P < 
0.05).

Results
Macroarchitecture of cavity scaffolds designed using 
rat-specific anatomical data
One day after surgery, a cortically localized region of low sig-
nal intensity was observed on coronal T2-weighted rat brain 
MRIs (Figure 2a–c). This region was consistent with the TBI 
injury site. Therefore, MRI scans could yield extremely de-
tailed images of damaged brain areas in vivo and provide data 
for 3D reconstruction. Next, we modeled these digital images 
by utilizing Mimics software to create a brain cavity anatom-
ical shape. Figure 2a–c exhibits a three-axial MRI image of a 
rat head in the Mimics software interface and the cavity mod-
el constructed by additional software processing. Following 
removal of the surrounding bone tissue, information for all 
soft tissue of the selected brain was obtained by adjusting the 
gray-value threshold to the minimum. As a result, informa-
tion about the cavity body was completely preserved without 
extra information or background (Figure 2d). 

Congruence between models obtained from histological 
and 3D reconstruction methods
Figure 3A shows brain tissue with traditional pathology 
methods (gross morphology). Figure 3B shows the same 
brain tissue with 3D reconstruction by Mimics (reconstruc-
tion model). The merged image shown in Figure 3C demon-
strates striking consistencies between these two models. 
Furthermore, a cross-section of the cavity model (Figure 
3D, E) compared favorably with brain tissue sections stained 
with toluidine blue (Figure 3F), indicating the accuracy and 
reliability of our method. 

Optimization and microarchitecture of the cavity-scaffold 
design
To optimize the model, state-of-the-art software (Mesh-
mixer) was used to fit triangle meshes. Figure 4A shows 
the raw model prior to cleaning has inclusions. Figure 4B 
shows a smoothed model following cleaning and polishing. 
Additionally, the model is shown before (Figure 4C) and 
after (Figure 4D) remeshing. Finally, an individual cavi-
ty-scaffold model with a 3D orthogonal periodic porous 
architecture was designed by computer-aided design (CAD) 
(Figure 5A). The cavity model was then rotated 360º in a 
transparent mode to observe and generate a 3D incision 
(Figure 5B). The size of the cavity scaffold was scaled up 
from the prototype (Figure 5C) by five-fold (Figure 5D) 
for 3DP.

Collagen-chitosan scaffold fabricated by 3DP
The 3DP scaffold revealed an external shape matching the 
brain cavity design (Figure 1B–E; front view, left view, right 
view and back view), with a predefined internal architecture 
(Figure 1F, G). Scanning electron microscopy images of 

scaffolds revealed that the morphology of each layer was well 
preserved, and pores were clearly identifiable.

Performance of the collagen-chitosan scaffold
Mechanical parameters of the collagen-chitosan scaffold in-
dicated compression displacement of 0.29316 ± 0.00573 mm, 
compression stress of 0.00476 ± 0.00023 MPa, and a modu-
lus of elasticity of 15.27274 ± 3.20038 kPa. 

Co-culture of NSCs and scaffold was observed by optical 
microscopy. NSC clusters dispersed within the scaffold layer 
and formed a multi-level connection (Figure 6A). Neurites 
extending from cell bodies into the scaffold could be ob-
served at different layers (Figure 6B). Proliferation of NSCs 
on scaffolds and in culture medium (control), as measured 
in terms of absorbance, is shown in Figure 6C. There was 
no significant difference between the two groups (P > 0.05). 
Scanning electron microscopy images of NSCs cultured for 7 
days on the surface of a scaffold are presented in Figure 6D, 
E. NSC bodies appear to be fully embedded within the scaf-
folds, where they intimately interact with the surrounding 
scaffold by forming neurites (Figure 6D). Scaffolds undergo 
faster degradation during the initial stage, after which the 
rate of degradation slowed (Figure 6F). After 12 weeks of 
degradation within the brain, 90% of the original weight had 
been lost. 

Discussion
In this study, we simulated real TBI using an electrically con-
trolled cortical impactor approach to induce a randomized 
brain tissue defect model. We successfully merged digital 
scanning technology with a 3DP technique to fabricate cus-
tomized scaffolds mimicking a rat brain cavity. Briefly, we 
modeled digital MRI images using Mimics software to create 
the anatomical shape of the brain cavity. Along with shape, 
the optimized internal architecture of the model was also 
designed using CAD. The biocompatibility of scaffolds was 
demonstrated using NSCs, the most commonly used cell 
source for nerve tissue engineering. As a result, we demon-
strated the potential of this technique as a novel strategy to 
regenerate damaged complex brain tissues, paving the way 
toward personalized medicine. 

A large mass lesion forming within the highly complex 
nervous system after severe TBI is a frequent and devas-
tating medical problem (Chimene et al., 2016). For tissue 
engineering, scaffolds are critical to provide both physical 
connections for injured tissue and biochemical cues to direct 
cell behavior (Leung et al., 2012). Perhaps the best example 
includes use of polymer scaffolds alone to treat brain defects, 
with results demonstrating beneficial effects on the progres-
sion of defect size in a rat model of TBI (Wong et al., 2007). 

Scaffolds have been developed to reconstitute damaged 
brain areas using 3DP techniques. During their processes, in 
general, defect size was standardized to the same size as the 
implant using identical trephines and forceps (Wüst et al., 
2015). However, the complex reality of anatomical defects 
observed during brain trauma results in pathophysiological 
heterogeneity and variability in the location, size, and shape 
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of injuries (Wong et al., 2008; Bramlett and Dietrich, 2015). 
Only an accurately fabricated scaffold fits into the defect ap-
propriately and reduces the probability of subsequent move-
ment, dislodgement and extrusion (Maravelakis et al., 2008). 
Even a small malposition during transplantation of scaffolds 
into the brain can have potentially devastating consequences 
(Klein et al., 2013). Therefore, 3DP is the optimal solution 
to solve this critical issue for thick and complex tissue fabri-
cation, as 3D tissues with complex structures can be printed 
layer-by-layer based on scanned computed tomography 
or MRI images (Mitsouras et al., 2015; Crozier et al., 2016; 
Marro et al., 2016). This additive process prints the object 
one layer at a time by extruding materials through a nozzle, 
while moving around a build plate, which provides unique 
ways to manufacture accurate scaffolds compared with con-
ventional fabrication techniques (Ventola, 2014; Chia and 
Wu, 2015). 

Our study demonstrated the feasibility of fabricating cus-
tomized scaffolds based on imaging data and 3DP. During 
scaffold fabrication, we overcame two major challenges. 
First, materials used to support the cavity scaffold should be 
biocompatible and show plasticity. Collagen is widely used 
for wound healing and tissue regeneration, but its mechan-
ical properties are poor (Mahmoud and Salama, 2016). The 
incorporation of chitosan into a collagen scaffold improves 
its biomechanical properties (Yan et al., 2015). We con-
firmed a mass ratio of 50/50 collagen/chitosan for balancing 

Figure 1 Regenovo 3D-BioplotterTM system and 
three dimensional printing (3DP) scaffold. 
(A) Regenovo 3D-BioplotterTM system. (B–D) 3DP 
scaffold with an external shape matching the brain 
cavity design (front view, left view and right view) 
and predefined internal architecture (E). Scanning 
electron microscopy images of the scaffold showing 
top (F) and cross-sectional (G) views. Scale bars: 1 
mm.

Figure 2 Macroarchitecture of cavity 
scaffolds designed using rat-specific
anatomical data.
(a–c) Three-axial (i.e., axial, coronal, and 
sagittal) magnetic resonance imaging im-
ages of a rat head in the Mimics software 
interface. Yellow area indicates the cavity 
body. A: Anterior; P: posterior; T: top; 
B: bottom; R: right; L: left. (d) The cavity 
body was completely preserved without 
extra information or background. 

Figure 3 Congruence between models obtained from histological 
and three-dimensional reconstruction methods.
Brain tissue shown with traditional pathology methods (A) three-di-
mensional reconstruction via Mimics (B) for the same rat brain; 
merged image of the two brain models (C). Comparison of several 
cross sections of the brain cavity by Meshmixer software (D–E) and 
toluidine blue staining (F). Arrows indicate damaged areas.
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Figure 4 Split-based method of cavity model imaging by Meshmixer software. 
(A) Raw model prior to cleaning; (B) smoothed model following cleaning and polishing; cavity model before (C) and after remeshing (D).

Figure 5 3D orthogonal periodic porous architecture of the cavity scaffold model designed by CAD. 
(A) An individual cavity scaffold model with 3D orthogonal periodic porous architecture characterized by CAD. (B) The cavity model was ob-
served in 360° and 3D incision was generated. The size of the cavity scaffold was scaled up from the prototype (C) to five-fold (D) for 3D printing. 
CAD: Computer-aided design; 3D: three-dimensional. 

Figure 6 Biocompatibility of 
collagen-chitosan (CG-CS) composite 
scaffolds. 
(A) Co-culture of neural stem cells (NSCs) 
and scaffolds was observed by optical 
microscopy. (B) Neurites extending from 
cell bodies to the scaffold can be observed. 
Arrows in A and B indicate NSCs. (C) 
Proliferation of NSCs on collagen-chi-
tosan composite scaffolds and culture 
medium (control) over time as detected 
by Cell Counting Kit-8 staining. (D) Elec-
tron microscopy shows NSCs adhered to 
the scaffold surface and infiltrated into 
inner pores. (E) Higher magnification of 
the rectangular area in D. Scale bars: 200 
µm in A and B, 50 µm in D, 10 µm in E. 
(F) Percentage of scaffold biodegradation 
increased gradually with time. d: Day(s); 
w: week(s). 
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degradation and printing characteristics in this study. The 
second problem is how to fabricate these small scaffolds 
with complex geometries and interconnected porous struc-
tures. We tested an indirect stereolithography approach 
wherein a positive replica of the desired shape was printed 
using a photopolymer, and the final scaffold was directly 
produced from the printed mold. Although this method 
can form the outer contour of small scaffolds, it cannot 
control internal scaffold structure. Thus, we attempted to 
directly print scaffolds by sequential fiber deposition using 
a 3D-Bioplotter™ system. Liquid material pushed from the 
nozzle to the platform needs some time to freeze the mold-
ing. Moreover, this method requires 2 days to manufacture 
scaffolds and additional time to accommodate lag between 
trauma and scaffold implantation. To reduce scaffold man-

ufacturing time in a feasible manner, direct-write bioprint-
ing appears to a promising method (Ahu et al., 2016; Man-
drycky et al., 2016; Park et al., 2017). With this technology, 
it is possible to instantly print and transplant on the day of 
surgery to eliminate lag-time between trauma and scaffold 
implantation. 

In this study, we successfully designed and fabricated cus-
tomized cavity scaffolds using a technique integrating 3DP 
and imaging. To a certain extent, this emerging technolo-
gy may overcome the shortcomings of former brain tissue 
scaffolds. Design of bionic brain scaffolds has the following 
characteristics. First, radiographic images can be convert-
ed to 3DP files to create complex, customized anatomical 
structures. Recently, several methods have been utilized to 
generate 3D object renderings, including computed tomog-
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raphy, laser scanning, and MRI, to provide representation 
of what is inside the body (Kikinis and Pieper, 2011; Xu et 
al., 2014). Additionally, this allows for quick production 
of custom scaffolds to repair lesions with various shapes 
(Lee et al., 2013; Jardini et al., 2014; Otto et al., 2015). Such 
scaffolds can be accurately matched with each defect and 
possess many advantages compared with standard scaffolds 
containing several regular channels used in earlier research. 
However, as previously mentioned, TBI-induced brain tissue 
defects/cavities change over time, and the most appropriate 
model design and timing of scaffold implantation require 
further study. Furthermore, the neurosurgeon could analyze 
each patient’s defect, as well as other characteristics, such as 
age, race, or gender, to determine an optimal scaffold form. 
A neurosurgeon or tissue engineer could then print person-
alized implantable scaffolds via an automated 3DP system. 

Another beneficial feature offered by this technology is the 
ability to accurately control the internal structure of scaf-
folds. In this study, orthogonally interconnected channels, 
which have been proven to enhance cell viability and prolif-
eration (Domingos et al., 2013), were created in the cavity 
model using CAD software. Porosity and pore size, as well 
as open porous and interconnected networks, have direct 
implications on cell biological behavior (Wüst et al., 2015). 
The use of CAD is an attempt to closely mimic the complex-
ities of the extracellular matrix by providing infiltrating or 
embedded cells with an environment similar to that of native 
brain tissue (Moroni et al., 2008). In view of this, orthogo-
nally interconnected channels alone are not sufficient; more 
complex structures need incorporation into bionic scaffolds 
to highly simulate the extracellular matrix.

An additional strength of 3DP technology is the ability to 
freely select an appropriate “biological ink” (i.e., material). 
Currently, the state of 3DP technology for tissue regenera-
tion is severely limited by the imbalance between printable 
materials and high-precision printing. While industrial 3DP 
methods, such as stereolithography, have achieved high res-
olution in the last few years, there are a limited number of 
biodegradable, biocompatible materials (Patra and Young, 
2016). In contrast, key advantages of biological 3DP in-
clude material flexibility and room temperature processing, 
but the primary disadvantage is low resolution (Patra and 
Young, 2016). In this study, a 3D-BioplotterTM system, based 
on extrusion of a viscous liquid material from a pressurized 
syringe onto a platform, was employed in printing scaffolds. 
Based on the previous experimental work of our laboratory, 
we decided to magnify the size of the cavity model from the 
prototype five-fold for 3DP. In addition to size, performance 
of the material for printing is important. It is a core princi-
ple of 3DP to identify materials capable of supporting the 
scaffold that also demonstrate biocompatibility and plastici-
ty. Although materials encountered by neural cells in their 
native niche (such as laminin or hyaluronic acid) play a key 
role in replacing extracellular matrix (Ajioka et al., 2014; 
Duan et al., 2016), they are not suitable for printing. Mean-
while, natural biological materials, such as chitosan (Zhang 
et al., 2006) and collagen (Eagle et al., 1995) have been 

shown to possess excellent biocompatibility, low antigenicity, 
stable physical and chemical characteristics, and abundance 
in mammals. However, the primary limitation of collagen 
is its low mechanical strength and the rapid rate at which it 
degrades. Combining collagen with chitosan yields scaffolds 
with increased mechanical stability and appropriate degra-
dation rates because of an ionic complex formed between 
positively charged chitosan and negatively charged collagen 
(Lee et al., 2004). In this work, collagen was blended at a 1:1 
ratio with chitosan to produce a material strong enough to 
accommodate scaffold-printing conditions and overcome 
challenges related to printing precision and compatibility of 
materials.

Although the elastic modulus of collagen-chitosan (1:1) 
scaffolds used in this experiment is greater than brain tissue 
(Engler et al., 2006), the majority of NSCs adhered to scaf-
folds, spread, and exhibited survival and differentiation abil-
ity. More work examining mechanisms related to this phe-
nomenon is clearly needed. It is important to also note that 
mechanical match between brain tissue and implants can 
positively impact the ability of the implant to enhance neural 
regeneration (Ventola, 2014). According to this and previous 
reports, reducing stiffness can result from changing ratios 
of materials and/or print parameters. With the upgrade of 
3DP, we expected to be able to use a reduced proportion of 
chitosan (primary contributor to stiffness). Domingos et al. 
(2013) first investigated the influence of pore size and shape 
on mechanical and biological performance. Results of me-
chanical performance tests suggested weak scaffold stiffness 
with increasing porosity and number of deposition angles 
(from 0°/90° to 0°/45°/90°/135°) (Domingos et al., 2013). 
This research clearly demonstrated that mimicking brain 
elasticity could benefit from specifically designed architec-
tures with tailored mechanical properties. Thus, the reality of 
an ideal printed neural restoration scaffold is still some way 
off. Although this magnified scaffold was not implanted into 
the rat brain defect to verify its effect on brain tissue regen-
eration, in vitro experiments confirmed good biocompatibil-
ity. To examine the function of brain tissue reconstruction 
in vivo, this technique could be applied to prototype scaffold 
implants for larger animal models. In addition, further study 
of materials utilized for 3DP must consider the biodegrad-
ability, porosity, strength, and location of brain tissue appli-
cation to increase nerve regeneration.

This study elucidated techniques for the fabrication of 
custom scaffolds with specific external contours and orthog-
onally interconnected channels using a technique combining 
3DP technology and MRI imaging. Generated scaffolds were 
found to be cytocompatible and biocompatible, thus offering 
great potential as bridges for brain tissue repair. We were 
unable to achieve scaffolds prototyping because the brain of 
the rodent model was too small and the bioprinting machine 
was not accurate enough. However, we provided a proof-of-
concept illustration that an imaging-coupled 3D printing 
process can facilitate customized biomimetic scaffolds for 
neuroregeneration in previously inaccessible ways. Further 
investigation of this type of scaffold is needed, including 
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identification of the most suitable materials and internal 
architecture for inducing differentiation of nerve cells in 
vitro and promoting functional tissue regeneration in vivo. 
In addition, the best time-point for scaffold design after TBI 
and appropriate clinical applications must be investigated. 
Regardless, it is conceivable that this technique may be a 
promising new strategy for regeneration of damaged com-
plex brain tissues, thus paving the way toward personalized 
medicine.
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