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Three-Dimensional Bioprinting and Electrospinning of
Cellulose Nanocrystal/Polycaprolactone for Tracheal
Scaffolds
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Three-dimensional printing (3DP) has high flexibility and controllability,
and has attracted extensive attention in the biomedical field. However, the
scaffolds prepared only by 3D bioprinting have poor mechanical
properties, and they cannot effectively carry the required drugs. At the
same time, compared with the size of cells, the pore size of 3D printed
scaffolds is relatively large, and the efficiency of cell inoculation and tissue
formation are still limited by the pore resolution of scaffolds. Therefore, a
new method of forming 3D printing trachea composites is proposed. When
combined, 3D bioprinting and electrospinning (ESP) can overcome the
issues associated with scaffolds prepared by 3D bioprinting alone.
Nanofibers create a suitable environment for cell growth. In terms of
material use, Polycaprolactone (PCL) is commonly used as an ideal
material source for 3D printing, but its biomechanical properties are
insufficient. Cellulose nanocrystals (CNC) can effectively improve the
properties of polymers such as PCL. Therefore, the inner layer of the
scaffold used in tracheal surgery is created from PCL/CNC composite by
3D bioprinting, and the outer nano-cellulose film is deposited on the inner
surface by electrospinning. Mechanical properties and cell
adhesion/growth of scaffolds prepared by 3D bioprinting combined with
electrospinning were found to be superior to those of scaffolds prepared
by 3D bioprinting.
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INTRODUCTION

Accidental injuries, industrial accidents, cancer, idiopathic diseases, congenital
anomalies, and medical diseases can damage trachea tissue (Li et al. 2017; Huang et al.
2021). In this context, rapid reconstruction of a patient’s airway is important in clinical
practice (Kennedy et al. 2021). When a trachea stenosis lesion occurs, the surgeon removes
the diseased stenotic segment of the trachea and pulls down the remaining proximal and
distal segments to secure the anastomosis. However, this procedure is not possible if the
tracheal segment is > 5 cm. Therefore, tissue engineering methods are needed (De Wit et
al. 2021). Implantable decellularised tracheal matrices have been developed from human
donor tissue to address the above problems. However, the number of cases treated in this
way is limited, the cost is high, and the preparation of decellularised trachea matrix is time-
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consuming (Li et al. 2017; Jung et al. 2020). In addition, post-implantation interventions
such as multiple scaffold placements and bronchoscopy are required to prevent restenosis.
Clinical use of tracheal scaffolds may be hampered by the long lead time resulting from
the need for immediate airway replacement (Rowbotham et al. 2020; Tokunaga Kentaro et
al. 2022). Also, decellularised tracheal matrices do not match the size and mechanical
properties of individual patents’ airways. Tissue-engineered scaffolds have good
biocompatibility, biodegradability, and mechanical properties (Safari et al. 2022).
Although various scaffolds have been developed with stem cells, they require in vitro
preculture, in vivo ectopic implantation, and in situ transplantation, which hampers their
widespread adoption. Regenerative therapy using a tracheal scaffold often fails because of
restenosis (Huang et al. 2018; Lee et al. 2021). The trachea is a complex, multi-layered
structure comprising a pseudo composite ciliated columnar epithelium, submucosa, a
mature cartilage ring, and an outer membrane. Previous studies focused on structures that
mimic cartilage regeneration of the trachea (Zang et al. 2012; Krishnan et al. 2020; Wang
et al. 2021). However, without early regeneration of the inner respiratory epithelium,
restenosis has resulted in failure of trachea tissue engineering.

3DP is a promising approach for engineering biomaterial scaffolds characterized
by custom-shaped and fully interconnected networks of pores (Deshmane et al. 2021). It is
often used in designing and fabricating hard tissue scaffolds such as bones (Griffin et al.
2020). 3D bio-printing has received much attention in the biomedical field in recent years
due to its many potentially useful applications (Kelder et al.2018). It has obvious
advantages of high flexibility and controllability which, compared with other traditional
methods, are unparalleled. However, the scaffold prepared only through 3D bio-printing
has a poor mechanical property, and it cannot effectively carry the required drug and
provide a good micro-environment for cells’ growth. Electrospinning technology and
fused deposition molding technology based on 3D printing are of interest to the medical
community (Yuan et al. 2022; Yang et al. 2020). Electrospinning is capable of producing
submicron and nanoscale fibres. From a structural point of view, nanofibres are similar to
the cytoplasmic matrix, and thus they can directly influence cellular behaviour. However,
if only electrospinning is used, it is difficult to control the scaffold structure and the scaffold
will have inadequate mechanical properties (Chen et al. 2011; Kumar et al. 2012).
Therefore, combining 3D bioprinting extrusion with electrospinning to produce tissue-
engineered scaffolds has been proposed. Martins et al. (2009) suggested scaffold
fabrication by melt extrusion on a 3D printer, and that electrostatically spinning a nanofibre
layer between the two layers of the scaffold structure could hamper bone scaffold
production using only 3D printing or electrospinning. Centola et al. (2010) used
electrospinning and fused deposition to produce a tissue-engineered vascular scaffold that
did not induce endothelial differentiation or thrombosis. Liu et al. (2012) developed the
3D bioprinting composite moulding technique. After forming several macro scaffold
structural layers, the electrospinning fibrous layers are compounded. This allows
generation of internal pores and complex contours, ensuring excellent mechanical
properties. Also, the micro- and nano-structures of the scaffold surface layer can be
modified to optimise cell growth and adhesion. Liu et al. (2014) used a combination of
electrospinning and 3D printing to control scaffolds with different pore architectures
formed by fibre spacing. In this study, a combination of 3D printing extrusion and
electrospinning was used to create a scaffold with the required mechanical properties and
structure, which promoted cell growth adhesion, infiltration, and proliferation. This method
can also be applied to methods such as nerve tissue engineering and bone tissue
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regeneration. The composite moulding method employed in the present work holds much
promise for tissue-defect repair.

EXPERIMENTAL

Test Materials and Instruments

The 3D printer used in the present study was Bio-Architect-Pro, which is
manufactured by Hangzhou Regenovo Biotechnology Co., Ltd. (Hangzhou, China).
The nanocellulose (CNC) was extracted from the stem of humulus (HJS), a kind of
grass taken from the wild (Yangzhou, China). Polycaprolactone (PCL, relative
molecular mass 120000, BR) was purchased from Shen Zhen Guanghua Weiye Co.,
Ltd. (Shenzhen, China). Dichloromethane (DCM, AR) and sulphuric acid (AR) were
obtained from Tianjin Comeo Co., Ltd. (Tianjin, China).

Preparation of Cellulose Nanocrystals
Oxidised cellulose nanocrystals were obtained from HJS as follows:

(1) Grinding of HJS powder: HJS was washed with distilled water, dried in an oven for
12 h, crushed with a grinder, passed through a 40- to 60-mesh sieve, and dried in an oven
for 4 h.

(2) Purification of plant fibres: Plant fibres were subjected to benzyl alcohol extraction,
alkali treatment, and acid treatment to completely remove lignin and hemicellulose and
obtain high-purity cellulose nanocrystals. HJS powder was dried, and 2 to 3 g was wrapped
in filter paper and subjected to benzyl alcohol extraction in a clean Soxhlet extractor for
6 h. The powder was added to a constant-temperature (75 °C) shaking water bath. Lignin
was removed by adding sodium chlorite solution (pH 5) and glacial acetic acid, and the
powder was boiled in 4% sodium hydroxide with magnetic stirring for 2 h at 80 °C to
remove hemicellulose.

(3) Collection of cellulose nanocrystals: purified HIJS was added to sulphuric acid solution
(mass fraction 60%) at a mass ratio of 1:1.15. The oxidation reaction was terminated by
stirring and shaking in a water bath at 60 °C for 2 h and adding deionised water. Then
centrifugate the obtained solution at a speed of 4000 r/min for 15 min to remove the
supernatant. Centrifugation was repeated 3 to 4 times until no sediment was formed. The
suspension was dialyzed with a dialysis bag for 48 h, with a change of the water every 24
h. The pH was cycled to reach 7, to obtain a cellulose nanocrystal suspension. Finally, the
suspension was spray-dried, yielding CNC powder.

TEM of Cellulose Nanocrystals

The CNC solution was dropped onto the copper mesh for drying. The dried CNC
particles were imaged with transmission electron microscope (TEM, Tecnai 12, Philips
Co., Ltd., Amsterdam, Netherlands) using an acceleration voltage of 15 kV. The next step
was to select 100 representative CNC particles in TEM photos and process them with
image processing software image J (National Institute of health, USA) to calculate the
diameter and length of nanocellulose.
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Preparation of 3D-printing Biomaterials

Five equal masses of PCL particles were dissolved in a solvent of
m(DMF):m(DCM) (30:70), left to stand at room temperature, dispersed in an ultrasonic
bath (40 kHz) for 10 min, and mixed with CNC powder with magnetic stirring for 24 h.
CNC powder was mixed with PCL (mass ratios 0, 1%, 3%, 5%, and 7%) and labelled CNC-
X/PCL (where X = the amount of CNC added). The synthesised composites were poured
into a mould (25 x 15 mm) preheated at 100 °C, placed in an oven for 18 h, and volatilised
and dried at room temperature for 24 h to produce a film of approximately 0.8 mm
thickness. CNC was used in amounts equivalent to approximately 0%, 1%, 3%, 5% and
7% of the mass of the PCL particles (Table 1).

Table 1. Chemical Compositions

Specimen Specific Gravity of Dry CNC (%) Weight of PCL (%)
PCL 0 100

CNC-1/PCL 1 99

CNC-3/PCL 3 97

CNC-5/PCL 5 95

CNC-7/PCL 7 93

Characterisation of CNC/PCL
Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR, 670-ir 670-ir+610-ir, Varian Co.,
Ltd., Palo Alto, CA, USA) was used to test the functional group changes of the samples.
The scanning range is 400 to 4000 cmt, and the resolution is 4 cm™.

DSC

Differential scanning calorimetry (DSC) was performed using a DSC 2010 TA
instrument (Newcastle, DE, USA). Samples were heated from —10 °C to 200 °C with a 10
°C/min heating rate under 25 mL/min nitrogen atmosphere. Samples were kept for 5 min
at 200 °C to remove thermal memory. Samples were then cooled to 0 °C with 10 °C/min
cooling rate.

X-ray diffraction (XRD)

X-ray diffractometry was used to evaluate the effect of CNC on PCL crystals. The
test was carried out in reflection mode with a scanning angle of 5 to 40° (26), and the
crystallinity of the fibre structure was examined at a rate of 2°/min. The relative
crystallinity of CNC was calculated by the following Eq. 1 (Nolin et al. 2022):

Cr = [Ac + Ad] x 100% )

where Aa and Cr are the total peak area covering the amorphous diffraction peak and relative
crystallinity, respectively, and Ac is the sum of the areas of the crystalline diffraction peaks.

Cell culture and seeding

All animal surgeries and handling were performed in accordance with the “Guide
for the Care and Use of Laboratory Animals™ Eighth Edition formulated by the National
Academy of Sciences Act of 2011 following ethical approval from the Ethics Committee
of Medical College of Yangzhou University.
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At present, the most commonly used marrow derived mesenchymal stem cells
(MSCs) are murine cells. In separate work, SPF grade 3-to 4-week old SD rats were killed
by neck amputation and soaked in 75% alcohol for 5 min. Under sterile conditions, the
bilateral femurs of rats were separated, and the muscle tissue attached to them was
completely removed. The epiphysis at both ends was removed. The bone marrow cavity
was repeatedly rinsed with I-dmem mesenchymal stem cell culture medium containing
10% fetal bovine serum. The cells were collected, centrifuged at 1100 r/min for 5 min, and
the supernatant and fat layer were discarded. Then, it was inoculated into culture flasks at
a density of 2x10° cells/cm? and cultured in an incubator. After 48 hours of culture, the
solution was changed for the first time, and then every 3 days. The morphology and growth
of cells were observed every day. 3DP scaffolds, both with and without ESP collagen film,
were cut into 1 x 1 cm? sheets and washed twice in the PBS. The MSCs were resuspended
in culture medium at 1 x 108 /mL and uniformly seeded onto these scaffolds; 10 mL of
culture medium was gently added after the scaffolds were placed in a 37 °C incubator for
4 h. The medium was replaced every 2 days. The incubation of the cell-loaded scaffolds
depended on further cellular experiments.

Apoptosis assay

The Hoechst 33342/propidium iodide (PI) double staining method was used to stain
nuclei of normal and apoptotic cells. MSCs were incubated in 24-well plates for 48 h in
impregnation medium, washed twice in phosphate-buffered saline (PBS) (pH 7.4), and
stained with Hoechst 33342 (10 ng/mL) and PI (10 ng/mL) for 20 min at 4°C, while being
protected from light.

Preparation of Tracheal Scaffolds

A novel bilayer tubular scaffold was fabricated as an artificial trachea, consisting
of a fibrous membrane of electrospun composites (outer layer) and a 3D bioprinted scaffold
(inner layer). By inoculating mesenchymal stem cells (MSCs) into the outer layer, the
tissue-engineered trachea was epithelialised and chondrogenic, preventing scaffold
collapse (Wang et al. 2019). The epithelial cells not only remove secretions and inhaled
particles, but they also activate and adsorb inflammatory cells. The outer nanofibre
structure acts as a mucosal layer, facilitating cell growth (Fig. 1). The inner layer provides
mechanical strength and elasticity, acting as a framework for the trachea. MSCs in the inner
and outer layers promote regeneration of cartilage and epithelial tissue (Smith et al. 2020;
He et al. 2021).

Fig. 1. Schematic of the combination of 3D printing and electrospinning
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Three-dimensional printing of the scaffold inner layer

The inner layer of the tracheal scaffold provides mechanical support, and the flat
scaffold could be rolled into a cylinder. According to the characteristics of the tracheal
scaffold and the different diameters required by different tracheas, a sliding button type
tracheal scaffold was designed. A layer of outer frame was printed on the leftmost end of
the scaffold to clamp the sliding teeth, and a layer of sliding teeth was printed on the upper
and lower ends of the stent to be fixed through the outer frame. After printing, the tail end
of the scaffold was curled through the outer frame of the scaffold. According to the needs
of different tracheal diameters, cylindrical scaffold structures of various sizes can be
formed. The thickness of the bracket is generally printed as 0.3 to 0.4 mm, and the structure
of the slide button type tracheal bracket is shown in Fig. 2. This structure not only is able
to avoid the loss of mechanical properties caused by plastic deformation of polymer
materials, but also it can reduce the acute elastic retraction of scaffolds in theory. The
scaffold inner layer was prepared as follows. A computer was used to create a concave
hexagonal filling model. The flat scaffold was rolled (Fig. 3), and a suitable forming path
was generated. CNC/PCL composites with good mechanical properties were selected. A
slip-fastened planar scaffold 3D was bioprinted in a layer-by-layer manner (Fig. 4a) to
prepare a trachea with a concave hexagonal pore structure for the cylindrical tube wall. The
scaffold was autoclaved and prepared as shown in Fig. 4b.
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Fig. 2. Structure of a sliding pipe scaffold Fig. 3. Model of the concave hexagonal porous trachea
scaffold
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Fig. 4. (a) Concave hexagonal printed scaffold; (b) cylindrical trachea scaffold

Electrospinning liquid

PCL pellets were dissolved in m (DMF):m(DCM) (30:70) at a mass fraction of 8%.
Lyophilised CNC was added to the PCL solution and stirred continuously at room
temperature for 48 h. Similarly, CNC was loaded at 0%, 1%, 3%, and 5% of the mass of
PCL.
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Fabrication of scaffold outer layers by electrospinning

The CNC-3/PCL solution was injected into a 5mL (23 G, 0.5") syringe and
electrospun on a rotating stainless-steel mandrel (diameter 20 mm) with 30 cm separating
the needle tip and rotating collector. The voltage applied to the needle was 7 kV and the
negative high voltage was 3 kV. The push rate was 0.6 mL/h. A metal rod receiver 20 mm
in diameter was used, with a rotation time of 8 h. Tubular nanofibres (scaffold outer layer;
length = 100 mm, thickness = ~30 um) were prepared on the surface of the rotating
mandrel. The CNC/PCL nanofibres were dried overnight in a vacuum oven (40 °C) to
eliminate residual solvents (Fig. 5).

Fig. 5. Preparation of the outer layer by electrospinning

Scaffold Performance Testing
Mechanical properties

The compressive and tensile strength were evaluated using a self-developed
automatic tensile tester. The tracheal scaffold formed by 3D printing and electrospinning
is marked as scaffold I, and the scaffold produced by 3D printing only is marked as scaffold
I1. Both printing methods used CNC-3/PCL composite materials. The scaffold tensile
strength refers to the resistance of the scaffold to longitudinal external compression, and
the compressive strength reflects the maximum resistance in the transverse direction. Ten
specimens of each of two types of scaffolds were prepared, and mean values were
calculated. For tensile strength testing, each specimen was placed on both ends of the
fixture and tested at a constant speed of 0.1 mm/s at room temperature until the material
was pulled. For the scaffold, the tensile mechanism was replaced with an upper platen
mechanism and the specimen was placed in the centre of the lower platen. An initial load
of 0.1 N was applied at 0.1 mm/s at room temperature. The load force was recorded when
the tube diameter was compressed to 50%.

Scanning electron microscopy (SEM)

Scaffold microstructure was assessed using a scanning electron microscope (S-
4800; Hitachi, Tokyo, Japan). Specimens were frozen in liquid nitrogen. Two jigs were
used to expose the cross-section before observation.

Biocompatibility testing

The 3D-printed scaffold, biocomposite scaffold, and control were soaked in PBS
containing double antibodies for 1 h, UV-irradiated for 1 h, and incubated in a water bath
at 70 °C for 1 h. Next, 3 mL of complete culture medium was added and incubated at 37
°C for 24 h. Based on their ability to differentiate into multiple lineages, MSCs (2.5 x 10°
per well) were incubated in 96-well plates in a CO2 incubator for 5 days. The optical
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density (OD) at 450 nm was measured by enzyme-linked immunoassay on days 1, 3, and
5. Finally, MSC morphology was visualised by field-emission scanning electron
microscopy.

RESULTS AND DISCUSSION

CNC Characterisation

In the field of composites, when CNC is used as reinforcement, a high aspect ratio
will be more conducive to improve the mechanical properties of composites. Therefore, a
high aspect ratio is an important index to measure the properties of nano cellulose.
According to the TEM photos separated from HJS, the average length of CNC was 359.68
* 98.46 nm, the average diameter was 11.24 + 5.11nm, and the average aspect ratio was
32.00 £ 10.8. Therefore, CNC separated from HJS had good application value (Fig. 6).

200 nm

Fig. 6. TEM image of CNCs

Fourier-Transform Infrared (FTIR) Analysis

FTIR analysis was used to study PCL- and CNC/PCL-reinforced nanofiber
composites (Fig. 7). As the CNC content of PCL increased, the peak at around 3300 cm™*
(telescopic vibrational peak of O-H groups (Alemdar and Sain 2008) increased in size. The
strong absorbance peaks at 3000 to 2850 cm™ corresponded to C-H bond stretching
vibrations (Sun et al. 2011). The absorbance peak of C=0 stretching vibrations was located
at 1731 cm™. Bands in the range 1500 to 1250 cm™* are affected by the C-H bending
vibrations (CH2 bending rings at 1468 and 1365 cm ™, and C-C and C-O stretching at 1294
cm1). The absorbance peaks at 1057 and 1170 cm™* represent the C-H stretching vibration
absorption peak of the glycosidic bond and cellulose C-O stretching vibration, respectively.
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Fig. 7. FTIR analysis of CNC/PCL

There is a close association between the peak at 750 cm™ and O-H stretching
vibration, while the main vibrational absorption peaks of PCL without the addition of CNC
are those of CHz and C=0. The increase in intensity of the hydroxyl absorption peak with
increasing CNC content was not significant, particularly at 3%. The absence of new
absorption peaks on composites also indicates that CNC and PCL were physically mixed,
and that CNC had been successfully incorporated into the PCL nanofibres.

Thermal Stability

The thermal stabilities of CNC/PCL composites were investigated by DSC (Fig. 8).
The material melting temperature (Tm) and enthalpy of melting (AHm) are shown in Table
2. AHm reflects the melting heat and, indirectly, the crystallinity of the material. CNC led
to more efficient PCL crystallisation at higher temperatures. This suggests that CNC acts
as a nucleating agent for the crystallisation of PCL (Voronova et al. 2022). The melting
enthalpy of composites showed a trend of increasing and then decreasing as the loading of
CNC increased, similar to the trend of crystallinity. This shows that trace amounts of CNC
within the PCL can be used as a nucleating agent. The DSC curves for pure PCL materials
are consistent with the trends of CNC-1/PCL, CNC-3/PCL and CNC-5/PCL composites.
Thus, there was only a physical reaction between CNC and PCL; no chemical reaction took

place. Therefore, no additional energy was needed to break the chemical bonds between
them.
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Fig. 8. DSC analysis of pure PCL and CNC/PCL nanocomposites

Table 2. Tm and AHm Values

Specimen Tm (°C) AHm (J.g71)
PCL 58.92 54.2415
CNC-1/PCL 58.51 55.7982
CNC-3/PCL 58.23 56.2901
CNC-5/PCL 57.89 54.8577
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Crystallinity

The results of XRD analysis of the crystalline structure of cellulose are shown in
Table 3, and the crystal structures are illustrated in Fig. 9. The diffraction intensity of CNC
was weaker than that of PCL. The crystal azimuth of PCL and its composites was almost
in the same direction. PCL showed two peaks (near 22° and 24°) at 26. The crystalline
diffraction intensities of the composites at the two main diffraction peaks (110) and (200)
were higher than those of pure PCL, indicating the formation of a semi-crystalline polymer
during preparation (Agarwal et al. 2010; Hivechi et al. 2018; Rashtchian et al. 2020). The
crystallinity of the composites increased with CNC content up to 5%, and it tended to
decrease at higher CNC contents. This was because a small amount of CNC promoted the
nucleation of PCL, thereby increasing crystallinity. When present in larger amounts, CNC
agglomerates, which prevents an orderly arrangement of PCL and restricts the movement
of PCL chains (Prado and Spinacé 2019), thus decreasing composite crystallinity. The Hm
and Xc values increased and then decreased with the addition of increasing amounts of CNC
(Table 3).

PCL
CNC-1/PCL

(110)

CNC-3/PCL
CNEC-S/PCL

Intensity (a.u.)

20 (degree)
Fig. 9. XRD analyses of pure PCL and CNC/PCL

Table 3. Crystallinity of PCL and CNC/PCL Composites

Specimen Crystallinity Xc (%)
PCL 63.58
CNC-1/PCL 65.77
CNC-3/PCL 71.39
CNC-5/PCL 70.78
Apoptosis

The PCL, CNC-3/PCL, and control groups had large numbers of live cells and few
dead cells, indicating good biocompatibility (Fig. 10). The apoptosis rate was
approximately 3.91 + 0.03% in the PCL group, 3.98 £ 0.04% in the CNC-3/PCL group,
and 2.27 = 0.03% in the control group; there was no significant group difference.
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50 pm

Fig. 10. Live(a, a’, a”)and dead cells (b, b’, b”)inthe PCL group (a, b, c), CNC-3/PCL group
(a’, b’, ¢’) and control group (a”, b”, c”)

Mechanical Properties

Under the same biological composite material, the mechanical properties of the
Scaffold I with electrospinning and 3D printing technology were compared with that of the
Scaffold Il with 3D printing technology only. The tensile strength (maximum stress until
fracture (Han et al. 2013)) of type | and Il scaffolds was 19.5 + 1.2 and 17.8 + 1.5 MPa,
respectively (Table 4). The radial strength of type I and Il scaffolds was 128 + 11.8 and
121 £ 12.9 kPa, respectively. Therefore, it can be judged that the radial strength of both
types of scaffold is sufficient for clinical use (typical requirement, 80 to 120 kPa) (Table
4).

Table 4. Mechanical Properties of the Tracheal Scaffolds

Parameter Scaffold | Scaffold Il
Thickness (mm) 0.404 0.410

Tensile strength (MPa) 19.5+£1.2 17.8£1.5

Radial strength (kPa) 128+11.8 121+12.9

SEM Analysis

The scaffold outer layer consisted of uniformly distributed high-quality CNC/PCL
fibres of uniform diameter, which were suitable for cell growth (Fig. 11). The composite
scaffold consisted of a two-layer structure, with an inner layer approximately 0.4 mm thick
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(measured using a micrometre; accuracy = = 0.01 mm) and an outer layer approximately
0.05 mm thick (Fig. 10).

Fig. 11. SEM of the outer layer of the tracheal scaffold and cross-sections of the inner and outer
layers of the tracheal scaffold

Scaffold Biocompatibility

The absorbance values of all wells increased over time (Fig. 12), indicating active
cell proliferation on the scaffolds. One-way ANOVA showed that cells on the
electrospinning combined with 3D printing scaffold proliferated more rapidly than those
on the 3D-printed scaffold (p < 0.05), and that the proliferation rate on the former increased
with time. Therefore, the novel tracheal scaffold had good biocompatibility.
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Fig. 12. Scaffold cytotoxicity

CONCLUSIONS

1. The cellulose nanocrystals (CNCs) were isolated from humulus stem (HJS) by sulfuric
acid hydrolysis. The CNC was used as nano reinforcement to prepare CNC/poly(capro
lactone) (PCL) composite biomaterials for biological 3D printing trachea scaffold. The
average length of CNC was about 360 nm, the average diameter was approximately
11.2 nm, and the average aspect ratio was about 32. Its high aspect ratio and
crystallinity make it an excellent choice for composite reinforcement.
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2. PCL/CNC physical properties, thermal properties, crystallization behavior and
biocompatibility were evaluated. It was found that CNC effectively acted as a
nucleating agent. The higher the CNC content, the higher the pore density, which can
play an enhancing role. The solid samples with higher CNC content exhibited better
mechanical properties, which reached the maximum at 5% CNC content. The
crystallinity was maximized when the content reached 3%. In addition, the
biocompatibility of CNC/PCL nanocomposites was tested by culturing mesenchymal
stem cells (MSCs). The results showed that the nanocomposites were suitable for cell
growth and CNC helped to improve the biocompatibility of nanocomposites.

3. This study presents a novel method of creating tracheal scaffolds with enhanced
mechanical properties and cell adsorption. The surface of the scaffold is covered by an
electrospun fibre membrane. The mechanical properties and stability of the new
tracheal scaffold were superior to those of a 3D-printed tracheal scaffold. These
findings indicated that biological composites can be promising biomaterials for injury-
repair of tracheal injury and a hybrid process (an electrospinning based rapid-
prototyping method) to fabricate biological composite scaffolds. These can be an
improvement relative to conventional 3D printing technology and provide new
possibilities.
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