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Abstract: A novel method called tip-viscid electrohydrodynamic jet printing (TVE]), which produces
a viscous needle tip jet, was presented to fabricate a 3D composite osteochondral scaffold with
controllability of fiber size and space to promote cartilage regeneration. The tip-viscid process,
by harnessing the combined effects of thermal, flow, and electric fields, was first systematically
investigated by simulation analysis. The influences of process parameters on printing modes and
resolutions were investigated to quantitatively guide the fabrication of various structures. 3D
architectures with high aspect ratio and good interlaminar bonding were printed, thanks to the
stable fine jet and its predictable viscosity. 3D composite osteochondral scaffolds with controllability
of architectural features were fabricated, facilitating ingrowth of cells, and eventually inducing
homogeneous cell proliferation. The scaffold’s properties, which included chemical composition,
wettability, and durability, were also investigated. Feasibility of the 3D scaffold for cartilage tissue
regeneration was also proven by in vitro cellular activities.

Keywords: 3D printing; electrohydrodynamic jet; thermal field; fluid viscosity; osteochondral scaffold

1. Introduction

Cartilage is an essential tissue in humans and animals, playing an important role in the
structure and function of the ear, nose, and interosseous joint [1]. However, it is difficult for
the cartilage to repair itself when damaged, due to the lack of nerve, lymphatic, and blood
supply [2—4]. Cartilage tissue can suffer from many kinds of injuries and the repairing
process involves a complex therapeutic pathology [5]. Repairing the cartilage to restore
its normal tissue and function is challenging for medical workers. It has been reported
that tissue engineering researches based on in-vitro cell culture has found significance in
exploring the inducement of damaged cartilage and implanting chondrocytes [6-8]. In the
two-dimensional (2D) cell culture technique, cells grow on a flat substrate, such as dishes
or plates [9-11]. However, these methods are no longer sufficient in many cases. Most cells
reside in complex three-dimensional (3D) microenvironments, where complex factors, such
as cell-extracellular matrix (ECM) interaction, cell-cell interaction, biochemical factors, and
shear stress are induced by fluid flow [12,13]. It has been demonstrated that cells behave
more natively when cultured in 3D environments [14]. Thus, tissue engineering scaffold is
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becoming an ideal medium for 3D cell culture [15-17]. 3D tissue engineering of scaffold
has been verified as an effective approach for tissue regeneration [18].

A variety of technological approaches have been used to construct bioengineered 3D
culturing scaffolds [19]. Conventional fabrication technologies, such as solvent casting [20],
phase separation [21] and freeze-drying [22], lack capabilities to precisely control scaffold
characteristics, such as porosity and pore size. A printing technology that could properly
control a scaffold’s structural features has been proposed [23-25]. Unlike conventional man-
ufacturing methods, printing makes it possible to rapidly fabricate complex 3D structures
on demand, those without dyes and with simple processes [26-28]. Extrusion printing can
pattern biomaterials in the form of printable inks. The biomaterial fiber is extruded through
a needle and deposited onto a print surface. This “pushing” printing technique is simple
and of low cost [29,30]. Several 3D printing methods utilize this approach, including direct
ink writing (DIW) [31] and fused deposition modelling (FDM) [32]. The attainable printing
resolution mainly relies on the needle inner size. Thus, the major drawback of these ex-
trusion printing technologies is its large fiber size, when compared to the scale of living
cartilage cells [33,34]. The printed scaffolds are limited in regard to cellular attachment and
tissue formation because of insufficient micro/nanostructured contact inducement.

Electrohydrodynamic jet printing (E-Jet) with the application of electrohydrodynami-
cally induced flow forms a jet, which is based on a “pulling” force rather than a “pushing”
force, showing a distinct advantage of high resolution [35,36]. In contrast to DIW and
FDM, whose printed fiber diameter is close to needle inner size, E-Jet printing can obtain a
much smaller fiber. It can also be controlled to achieve the desired fiber diameter, ranging
from nanoscale to microscale, by properly choosing process parameters like flow rate,
applied voltage, and printing height, among others [37]. This provides an innovative way
to fabricate scaffolds, in which its fibers are close to the scale of living cells.

In recent explorations, melt-based E-jet printing method was proposed to fabricate a
3D scaffold. A heating module, such as a medium circulating heating module or a resistive
heating module, is required to melt the solid biopolymers into printable melts [38]. The
feature sizes of melt-based E-jet printed fibers are normally between sub-microns and tens
of microns, close to cell size, and offer a desired approach to mimic the 3D microstructure
of native ECM. The melt-based E-jet printing method was employed to manufacture a
lattice or tubular 3D biopolymer scaffold with microscale fibers [39]. Previous studies have
demonstrated that the viscosity of melted biopolymer ink has a significant effect on the
scaffold morphology [34]. This phenomenon illustrates that it is difficult to fabricate a
composite biopolymer scaffold with various biopolymers or functional particles due to
the existing differences in glass conversion temperature. Another important fabricating
form is the solution-based E-Jet printing process. Instead of melting a biopolymer as the
high viscous printable ink, solution-based E-Jet printing employs a low viscous solution to
fabricate a biopolymer scaffold, enabling easy incorporation of various biomaterials into
the printed scaffold [40]. However, one of the major challenges for solution-based E-Jet
printing is to achieve rapid evaporation of the solvent to prevent the printed fiber from
collapsing. It is also hard to construct high aspect ratio structures as it is possible for the
low viscosity solution to flow on the substrate.

To address these challenges, a modified TVE] printing method was presented to print
a low viscosity PCL/PVP ink in a highly tip-viscid jetting form to fabricate a composite os-
teochondral scaffold by harnessing the combined effects of thermal, flow, and electric fields.
Theoretical and experimental results showed that a single microneedle could produce high
viscosity ink with local biopolymer concentration much higher than its initial state on
exposure to thermal effects, and various printing modes and structure resolutions can be
controlled flexibly by adjusting the rate of solvent evaporation. To rationally select parame-
ters for this novel printing strategy, the influences of printing parameters were investigated
to quantitatively guide ink viscosity, jetting stability, and printed resolution. By selecting
optimal processing parameters, the capability of adjusting jetting size in reproducible and
predictable viscosity further enabled us to build architectures with varying aspect ratio and
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desired interlaminar bonding. Control of the process could provide controllability of fiber
size and space during fabrication of the composite osteochondral scaffold, which facilitated
ingrowth of cells, eventually inducing homogeneous cell proliferation in whole composite
scaffold. In order to overcome the hydrophobic intrinsic property of PCL, hydrophilic PVP
was added to fabricate the osteochondral scaffold. The various physical properties of the
scaffold, including composite component, wettability, and durability in water were studied.
To show feasibility as a scaffold for cartilage tissue regeneration, the fabricated scaffolds
were studied in in vitro cellular activities, including cell proliferation and activities using
Murine MC3T3-E1 Subclonel4 cartilage cells.

2. Materials and Methods
2.1. Printing Set-Up

Figure 1a shows a schematic illustration of the TVE] experimental set-up. A quartz
needle (New Objective, Inc., Littleton, MA, USA) was fixed on an aluminum conductive
fixture and connected to a glass syringe (Hamilton, Reno, NV, USA) through a metallic
hose to supply the prepared PCL/PVP composite ink. The syringe was fixed to a syringe
pump (Harvard Apparatus, Holliston, MA, USA). A high voltage power supply (Tianjin
Dong Wen High Voltage Power Supply Co., Ltd., Tianjin, China) was connected to the
aluminum conductive fixture. A thermal platform was placed on the movement stage. The
resistance heaters in the thermal platform were employed to provide steady temperature.
A temperature-controller was used to adjust the temperature. A camera (Point Grey,
Richmond, Canada) was employed to observe jetting status.

a . b Solvent evaporation
Syringe pump

Viscositylincreasing

i

2

@ Acetic acid AN PVP
@ Ethanol /\\/ PCL

Figure 1. (a) Schematic diagram showing the TVE] printing process; (b) local biopolymer concentra-
tion and tip viscosity increasing during printing.

2.2. PCL/PVP Composite Ink Composition and Preparation

PCL particles, PVP powder, and acetic acid, and Triton X-100 were purchased from
Yuanye Bio-Technology Co., Ltd. (Shanghai, China), Aladdin Industrial Corporation
(Shanghai, China), and Adamas Reagent Co., Ltd. (Shanghai, China). PEG, ethanol, and
Triton X-100 were purchased from Kemiou Chemical Reagent Co., Ltd. (China). 9.1 wt.%
of PCL particle (Mw = 800,000) was dissolved in acetic acid. The PCL ink was obtained
after the PCL particles completely dissolved. For preparation of PVP ink, 11.7 wt.% of PVP
powder (Mw = 1,300,000) was dissolved in ethanol. Then 0.4 wt.% of PEG and 1.7 wt.% of
Triton X-100 were orderly added to the solution. The PVP ink was then obtained. The two
inks were mixed at room temperature to obtain printable PCL/PVP composite ink.

2.3. Evaluation of Composite Ink

Surface tension, an important parameter for TVE] printing, was measured using an
automatic surface tensiometer. The maximum measurement value was 1-500 mN m ! and
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resolution was 0.01 mN m~! (K100C, Kruess Scientific Instrument, Hamburg, Germany).
The mean value of surface tension was calculated after being tested 10 times.

2.4. 3D Printing Procedure

The prepared PCL/PVP composite ink was loaded on to a syringe. A syringe pump
pushed the ink into a quartz needle at a constant flow rate using hydrodynamic force.
This process was done for 3 min to remove air bubbles in the needle. Subsequently, the
thermal platform started to work, retaining a certain temperature around the needle. Local
biopolymer concentration occurred at the needle tip and the ink viscosity increased due to
solvent evaporation (acetic acid, ethanol) under a thermal effect (Figure 1b). An electric
shearing force provided by the high voltage power supply acted on the high viscosity
ink. A fine jet was formed at the needle tip by harnessing the combined effects of thermal,
flow, and electric fields. Printing paths of the PCL/PVP composite osteochondral scaffold
were designed by LabVIEW procedure. Jetting behaviors were observed in real-time using
a camera.

2.5. Theoretical Analysis of the Tip-Viscid E-Jet Printing Process

During the TVE] printing, the thermal convection in the PCL/PVP composite at the
needle tip can be expressed by the following equation [41]:

where p is the density (kg m~2), G, is the specific heat capacity (J (kg-K) 1), u is the velocity
vector (m s~ 1), T is the absolute temperature (K), g is the heat flux by conduction (W m~2),
Q contains heat sources other than viscous dissipation (W m~3), Qp is the work done by
pressure changes.

The fluids above the thermal platform, including the PCL/PVP composite and air, are
a continuous medium. Thus, Fourier’s law of thermal convection, which is proportional to
the temperature gradient, can be expressed by an equation:

g=—kVT @)

where k is the thermal conductivity (W (m-K)~1).

d
Qp = apT(a—f +u-Vp) 3)
_ _lop
ap = —Eﬁ 4)
Qua =T:Vp (5)

where a), is the coefficient of thermal expansion (1 K1), p is the pressure (Pa), T is the
viscous stress tensor (Pa).

The PCL/PVP composite and air are based on the laws of conservation of momen-
tum, mass, and energy. The conservation of mass in those fluids can be expressed by a
continuity equation:

dp _
3 + V(ou) =0 (6)

The conservation of momentum can be expressed by a vector equation:

ou

s +po(u-Vu=V(—pl+7)+F (7)
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The conservation of energy, formulated in terms of temperature, can be expressed by
an equation:

oT - ) Top| ,dp
Pcp(§+(”'V)T)—*(V'4)+T'5* 0T P(ng(u'V)P)ﬂLQ ®)
S = %(Vu—i— (Vu)T) ©9)
T =2uS — %u(Vu)I (10)

where u is the velocity vector (m s, p is pressure (Pa), T is the viscous stress tensor (Pa),
F is the volume force vector (N m9), q is the heat flux vector (W m*Z), S is the strain-rate
tensor.

2.6. Cell Culture

The 12th generation of Murine MC3T3-E1 Subclonel4 cells were cultured in a DMEM
(Hyclone, Logan, UT, USA) medium with 10% fetal bovine serum (FBS, MINHAI, Shen-
zhen, China), 100 units mL~1 penicillin and 100 pg mL 1 streptomycin (Hyclone, Logan,
UT, USA) at 37 °C. Prior to cell seeding, the osteochondral scaffolds were sterilized in
75% alcohol (4 h). And osteochondral scaffolds were air dried. 20 pL cell suspensions with
density of 5 x 10° cell mL~! were drop-seeded on two sides of osteochondral scaffold. The
fresh medium was added after incubated at 37 °C for 1 h and 5 v/v% CO, atmosphere.
And the fresh medium was changed termly according to cell culture plan.

2.7. Cell Viability

Dead/live staining was performed to evaluate cell viability and attachment after cell
seeding 1, 2, 3 days, respectively. The characterizations of the cell-scaffold were treated with
Calcein-AM, propidium iodide (PI), and Hochest 33,258 staining solution for 30 min. Cell
viability on the PCL/PVP composite scaffolds were observed randomly by a fluorescence
microscope. Cell viabilities were estimated after culturing for 1, 2, 3 days, respectively.
The cells on scaffolds were observed by field emission scanning electron microscopy. For
SEM, the cell-scaffold construct was fixed using glutaraldehyde and dehydrated using
an aqueous solution containing 50, 70, 90, and 100% ethanol concentration. Data were
presented as mean =+ standard deviations.

3. Results and Discussion
3.1. Evaluation of the Printable PCL/PVP Composite Ink

The novel TVE] printing method presented in this study was developed to fabricate
composite osteochondral scaffolds under the combined effects of thermal, flow, and electric
fields. Low viscous ink undergoes solvent evaporation at the needle tip under effects
of a thermal field. As the solvent evaporates during printing, the diameter of the fiber
decreases and its viscosity gradually increases with time due to a local higher biopolymer
concentration (see Figure 1b). This viscosity gradient enables the creation of high-resolution
2D patterning and a high aspect ratio 3D structure with desired interlaminar bonding by
changing the temperature of the thermal field. After most of the solvent evaporates, the
rigidity of the jetted fiber changes from fluid-like to solid-like, promoting the structure
feature retention of the deposited 3D structures, especially for 3D hierarchical composite
osteochondral scaffolds.

Figure 2a,b show the images of the prepared PCL ink and the PVP ink. The two inks
maintained stable dispersion conditions and were highly transparent. They were mixed in
a certain proportion to produce the composite PCL/PVP ink. The surface tension of the
composite ink was measured multiple times at 20 °C. As shown in Figure 2c, the mean
surface tension was 23.5 mN m~!. This indicated that the applied voltage threshold of the
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printing PCL/PVP ink was small because a low surface tension solution only required a
small electric field force (F,) to induce a jet [42,43].

24.0
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23.84
9574
23.64
2351
23.41
9334
P804
23.14

A A E el et i e e e e e
ol Gk o i eg g ey gl

Time (s)

Surface tensions (mN m™)

Figure 2. (a) The PCL ink; (b) The PVP ink; (c) The measured surface tensions of the composite ink.

3.2. The Process of Tip-Viscid Jetting

A theoretical model was developed in COMSOL software to analyze the solvent
evaporation and ink viscosity generated in the TVE] printing process. According to
the proportion of the PCL/PVP composite ink, the solvent content was calculated to be
15 mol L™!, and the temperature was set at 55 °C. Figure 3a,b show the change of solvent
content in the TVE] printing model. As the time increased, the solvent content at the needle
tip decreased accordingly. Most of the ethanol and acetic acid is evaporated at 55 °C and
the ink viscosity further increased at the needle tip, resulting in a high viscous state, which
was beneficial in maintaining a stable continuous fine jet.
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20 °C | 55 °C

Figure 3. The process of tip-viscid. (a) The simulation results of the solvent content at 55 °C (unit,
mol L~1); (b) The solvent content in the jet; (c) The ink climbed along the needle without a thermal
effect (at 20 °C); (d) The ink transformed into a high viscous sphere with a thermal field (at 55 °C),
suspending at the needle tip.

The solvent content at the cross-section profile of the needle tip was obtained from
Figure 3a,b. The final solvent content was found to be 3 mol L™}, which was four times
lower than the initial content of 15 mol L™!. Ink behavior at the needle tip with and without
thermal effects was observed. As shown in Figure 3c, the low viscosity ink climbed along
the needle because of capillarity (see yellow frame) without thermal effects. When subject
to thermal effects (temperature of 55 °C), the composite ink transformed into a highly
viscous sphere, suspended at the needle tip (Figure 3d). This novel tip-viscid process in
E-Jet printing not only produces a stable and fine jet (sub-micrometer), but also avoids
clogging because it only occurs at the needle tip.

Figure 4a shows the morphologies of the simulated TVE] printing while the tempera-
ture, applied voltages, and flow rate were 55 °C, 800 V, and 6 X 1071 m3 g1 respectively.
The red region shows the PCL/PVP composite ink defined as the liquid phase, and the
blue region the air phase. The mobile ions in the high viscosity PCL/PVP composite ink
were supplied by a high potential and accumulated persistently, and this process lead to
an intense F. on the pendant viscous sphere. The TVE] printing technology utilized F. to
induce high viscosity PCL/PVP composite ink, forming a stable and fine jet at the needle
tip, while the electrostatic stresses overcame the surface tension. Figure 4b shows the jet
speed (§)) in the printing process, and it could be concluded that S; reached the maximum
with the formation of the jet. In this study, the initial S; was set at 0.05 mm s~1, and the
final S; was able to reach 5 mm s~! and hit the substrate quickly. This was because the
F, lead to the accumulation of mobile ions in the high viscosity composite ink to regions
near the surface of the pendant viscous meniscus. As the PCL/PVP composite ink was
continuously supplied, the pressure and speed of ink inside the needle were maintained.
The effect of tangential F, was enhanced, and the fiber diameter decreased with continuous
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voltage. Figure 4c shows the experimental evolution process of the viscous jet, which was
consistent with the simulation.

Figure 4. The formation of a viscous jet. (a) The simulation results of the viscous jet (0 us, 2 us, 4 ps,
6 us and 8 s, respectively); (b) Jet speed, 2 us, 4 us, 6 us, and 8 us, respectively (unit, mm s_l);
(c) The experimental process of the viscous jet (scale, 100 um).

3.3. Diverse Modes and Resolutions in TVE] Printing

As shown in Figure 5a, the new TVE] printing method can produce droplets, contin-
uous and discontinuous fibers far finer than the needle’s inner size; furthermore, a thin
film, 2D complex patterns (e.g., square, spiral, pentacle), and 3D architectures could be
fabricated. In order to control various printing modes, parameter matching for each mode
needs to be quantitatively identified. As illustrated in Figure 5b, the low viscosity droplets
eject from the needle tip and overlap each other when printing at 20 °C, resulting in thin
films. Increasing temperature, wide lines, and fiber appeared in turn. The transition pro-
cess during different printing modes could be continuous, enabling fabrication of various
non-linear structures and fiber diameters in a controllable manner. Figure 5c shows the
effect of applied voltage on fiber size. It can be seen that finer fiber can be obtained when a
higher voltage is applied. The tangential F. on the cone surface improved as the applied
voltage increased; Sj toward the substrate was faster, resulting in a shorter and thinner jet.
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Figure 5. Diverse modes and resolution in TVE] printing by varying selections of printing parameters.
(a) Jet behaviors under different temperatures; (b) Diverse modes under different temperatures;
(c,d) The printed resolution under different applied voltages and flow rates; (e) Diverse modes under
different S;,. (all scale, 200 um).

Figure 5d shows that the effect of flow rate on fiber size was obvious. The increase in
flow rate caused the increase in flow rate output, resulting in large size fiber. It was also
found that the speed of movement stage (S,;) had a significant influence on the printing
mode and fiber size. When S, was much lower than the S;, TVE] was unable to print linear
and aligned microstructures, even if the movement stage was moving linearly (see first
two in Figure 5e). The swelling and meandering characteristic resulted from the speed
difference between S; and Sy,. S; was 5 mm s~1, while the applied voltage and flow rate
were constant (see simulation results in Figure 4b). When §; (5 mm s 1) exceeded S,, (0.2,
1 mm s~!), a large amount of viscous composite ink would be printed onto the substrate,
resulting in printing characteristic of swelling and meandering. The fiber diameter and
their spacing could be tuned by S;,. When S; was close to S, (5 mm s~1), the printed fiber
became straight due to the effect of the mechanical drawing force induced by moving.
Linear arrays of microscale fibers with quantitative spacing were fabricated to demonstrate
the relationship between S, and the printed feature. When S; was far less than S, (15,
40 mm s~ 1), an unstable jet and discontinuous printed lines appeared, even if the spacing
was uniform. This was because the volume of the remaining viscous composite ink in
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the needle was insufficient to maintain stable jet formation when a larger S, was selected.
It was also observed that a cavity usually appeared inside the needle, which also could
interrupt the continuous jetting. It can be concluded that the optimized S, was close to S;
in the TVE] printing process.

3.4. Printing of 3D Structures and Composite Scaffolds

The capability of adjusting fiber size in reproducible and predictable viscosity is
important to print 3D architectures with varying aspect ratio and desired interlaminar
bonding. As shown in Figure 6, 3D structures could be printed by overlaying printing fibers
repetitively; and the height of the structure could be controlled by the number of overlaid
printing sequences without any significant change in lateral dimensions. Compared to
traditional melt E-Jet printing, which was prone to crack and interlaminar defects, the
3D structures prepared by TVE] printing technology has a smooth interface, thanks to
the flexible adjustable ink viscosity. Figure 6a presents the fabricating process of 3D
perpendicular walls under 10, 20, and 30 layers, respectively. As demonstrated in Figure
6b, fibers with uniform size and appropriate viscosity were stacked layer by layer; and
fibers with certain viscosity bonded to each other, showing good interlaminar combination.
Figure 6b shows the 3D profile of the perpendicular walls. When 30 layers were printed,
interlamination of the perpendicular wall was found to be completely overlapped and the
aspect ratio was about 23. Figure 6¢ shows the fabricating process of the 3D spiral structure
in continuous printing sequences. The diameter of inside circle was about 400 um. After
printing 20 layers, the height of the 3D spiral structure was 210 pm (Figure 6d). During the
printing in Figure 6, the temperature, applied voltage, flow rate, and S, were 55 °C, 800 V,
7 x 107 m3 57!, and 2 mm s~!, respectively. This successful fabrication of various 3D
structures proved that the new TVE] technology has the ability to construct microstructures
with high aspect ratio and great interlaminar bonding.

Figure 6. TVE] printing of 3D structures with varying aspect ratio and desired interlaminar bonding.
(a) The printing process of perpendicular walls with 10, 20, and 30 layers and its interlaminar bonding;
(b) 3D profile of the perpendicular walls (unit, um); (c) Fabricating process of a 3D spiral structure in
continuous printing sequences; (d) 3D profile of a spiral structure (unit, um).

In Figure 7a—d, the composite osteochondral scaffolds (four layers) printed at various
temperatures are shown. Other printing parameters, including applied voltage, flow rate,
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and S, were set at 900 V, 4 x 10~ m3 s7!, and 8 mm s, respectively. When printing
at room temperature (20 °C), a unique structure consisting of wide lines and macropores
was fabricated. This might be considered as preparation of a thick film containing many
macropores. Although four layers were printed, with a low printing temperature and a
low viscosity cone at the needle tip, a unique hierarchical structure was not attained (35 °C,
45 °C, Figure 7b,c). This result was consistent with the conclusion in Figure 5b. At a higher
printing temperature (55 °C, Figure 7d), continuous and fine fibers were obtained, and
hierarchical osteochondral scaffolds was obtained easily due to the significantly stable
jetting behavior and faster solidification of the landing fiber. The influence of printing
layers on the structural characteristics of fabricated composite osteochondral scaffolds is
described in Figure 7e-h. A 2D grid structure was fabricated on printing only one layer
(Video S1). The 3D hierarchical composite osteochondral scaffolds were easier to fabricate,
while porous characteristics were obtained with increase in printed layers (Video S2).

Increasing temperature

® 2 layers © 3lay © 4 layers
\ T ; > ) N PP

Hierarchical structure 3Dporous scaffold

Increasing layer

Figure 7. SEM images of TVE] printed composite osteochondral scaffolds. (a—d) Printing a four-layer scaffold at different
temperatures; (e-h) Printed scaffolds with a different layer at 55 °C.

3.5. Property of the Printed Scaffold

The novel TVE] printing technology involved multi-field coupling processes, and the
printable PCL/PVP composite ink was subjected to high temperature and high applied
voltage at the nanoliter volume level. In order to verify that the PCL and PVP were
well-preserved in the composite osteochondral scaffold, Fourier transform infrared (FTIR)
spectra were performed (Figure 8a). Figure 8b (gray line) shows the PCL scaffold spectrum.
The stretching vibration at 1702 cm ! demonstrated a peak of C=0; the stretching vibration
at 1408 cm~! and 1286 cm ™! exhibited CH, bending modes and COO- vibrations [44].
Figure 8b (blue line) shows the PVP scaffold spectrum. The C=0 stretching vibrations were
at 1663 cm~!. CH, bending modes was observed at 1378 cm~! and an intense sharp peak
of C-N vibrations were exhibited at 1045 cm~! [45]. A dominant peak of the PCL scaffold
and PVP scaffold obviously existed in the PCL/PVP composite scaffold (red line). The FTIR
spectra results illustrated that a chemical bonding or physical interaction almost never
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happened during printing of the PCL/PVP composite scaffold, though strong multi-field
coupling processes existed in the TVE] printing technology.

a0 b

PCL+PVP

1045

879
7 _1087 1378 1663
/ /

|
| | PVP
|

I ' | , I " | I " I Y T L
1000 2000 3000 4000 900 1200 1500 1800
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Top layer

! —_—
IRl FTIM Bottom layer

Figure 8. (a,b) FTIR spectra and its characteristic peaks. (¢,d) Soaking scaffold in deionized water
for 3 days; (e-h) Contact angle measurements of the composite scaffold with 1, 2, 3, and 4 layers,
respectively.

Wettability is one of the crucial factors influencing cell attachment to scaffolds [46].
PCL has been proved to be a biocompatible polymer suitable for many tissue engineering
applications. However, its hydrophobic intrinsic property is a hindering factor to some
extent. Accordingly, fabrication of a composite osteochondral scaffold comprising of
PCL and PVP could be a reliable strategy to overcome this constraint. There was one key
point—PVP is hydrophilic and durability of the PCL/PVP composite scaffold in cell culture
medium is crucial. In order to verify this problem, the PCL/PVP composite scaffold was
soaked in deionized water for three days and its structural features observed. As shown in
Figure 8c,d, the overall shape of the scaffold and its fibers could be kept stable, in both top
and bottom layers. The surface roughness of the fibers in the composite scaffold increased,
thank to PVP dissolving partially. Contact angle (CA) was measured to evaluate the surface
wettability of the composite scaffold with different layers (Figure 8e-h). The CA of the
PCL/PVP composite osteochondral scaffolds, from 1 to 4 layers, were 32.3°, 28.4°, 24.6°,
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and 21.7°, respectively. On printing more layers, the composite osteochondral scaffold
became more hydrophilic.

3.6. Cell Morphology on the Scaffolds

Figure 9 shows the evaluation results of cartilage cells” activity and distribution on the
printed osteochondral scaffolds after different days of cell culture. Dead /live staining of
the 3D microtissue of cells grown on the printed scaffold was conducted for 1, 2, and 3 days
of culture. Live cells, dead cells, and cell nuclei were stained with Calcein-AM, PI, and
Hoechst 33258. The LSCM fluorescent images are shown in Figure 9a,b, exhibiting that the
cells well attached and proliferated on the printed osteochondral scaffolds. The cell density
in the composite scaffold for three-day culture (Figure 9b, Video S4) was apparently higher
than that of two days (Figure 9a, Video S3). The 3D view in Figure 9a,b and Videos S3 and
S4 proved that the cells were totally attached to the osteochondral scaffolds and the cells’
ingrowth height was about 25 um.
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Q

Day 3

(4]

100 | : I 1

300+

IN)

o

=]
1

Cell viability (%)

Normalized cell density
=)
o
h

o
}

05 1.0 1,5 2.0 25 3.0
Time (day) Time (day)

Figure 9. Characterization of cartilage cells on the printed PCL/PVP composite osteochondral
scaffolds. (a,b) The LSCM fluorescent images, scale bars, 400 um; (c,d) SEM observations of cell
morphology; (e) Cell viability; (f) Normalized cells densities. ** indicate statistical significance of
p<0.01 (n=4).
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As shown in Figure 9¢,d, cartilage cells attached well on the surface of the printed
PCL/PVP composite osteochondral scaffolds. The surface of the scaffolds was covered
with cells after three-day culture (Figure 9c). As shown in Figure 9e, the cell viabilities were
about 84%, 88%, and 91% after cell culture of 1, 2, and 3 days, respectively. An increase in
cell viability was found in the composite scaffold with more culture time. The normalized
cartilage cells’ densities were measured termly (Figure 9f). It was indicated that cell growth
was significantly enhance with increase in days of cell culture. After three days of culture,
the cells were about four times as dense as when just seeded. These results indicate that
the printed composite osteochondral scaffold has great biocompatibility and feasibility for
cartilage tissue regeneration.

4. Conclusions

A PCL/PVP composite osteochondral scaffold was fabricated by a novel TVE] printing
method that produced a viscous tip jet after local biopolymer concentration under the
combined effects of thermal, flow, and electric fields. This modified printing method
showed that ink viscosity was much higher than its initial state on exposure to thermal
effects. In addition, various printing modes and resolutions were obtained by adjusting
the rate of solvent evaporation. The influence of printing parameters was investigated
to quantitatively guide the fabrication of various structures. 3D architectures with high
aspect ratio and well interlaminar bonding were printed by selecting optimal processing
parameters. The composite osteochondral scaffold with controllability of fiber size and
space was fabricated, facilitating ingrowth of cells, and eventually inducing homogeneous
cell proliferation in the entire scaffold. Hydrophilic PVP ink was added to PCL ink to
fabricate the osteochondral scaffold to reduce the hydrophobic intrinsic property of PCL.
Various physical properties of the scaffold (component, wettability, and durability) were
studied. Furthermore, nanoscale pores exposed on the printed fibers could point towards
meaningful enhancement of in vitro cellular responses. To show feasibility of the scaffold
for cartilage tissue regeneration, the fabricated scaffold was investigated in in vitro cellular
activities, including cell proliferation. Based on the results, we can state that this novel
TVE] printing technology can successfully fabricate composite osteochondral scaffolds,
which could serve as a tissue regeneration medium biomaterial of immense potential for
cartilage tissue repair.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11102694/s1, Video S1: Printing of composite osteochondral scaffold with one layer,
Video S2: Printing of multi-layers composite scaffold, Video S3: The cartilage cell on printed scaffold
after two days of cell culture, Video S4: The cartilage cell on printed scaffold after three days of
cell culture.
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