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ABSTRACT: Bioengineered scaffolds satisfying both the physiological 3P seff-searching paths of autopilot jet

and anatomical considerations could potentially repair partially Y e
damaged tissues to whole organs. Although three-dimensional (3D)
printing has become a popular approach in making 3D topographic
scaffolds, electrospinning stands out from all other techniques for A
2
3 1
4.

-+
fabricating extracellular matrix mimicking fibrous scaffolds. However, 1

its complex charge-influenced jet—field interactions and the associated

random motion were hardly overcome for almost a century, thus .

preventing it from being a viable technique for 3D topographic scaffold

construction. Herein, we constructed, for the first time, geometrically —

challenging 3D fibrous scaffolds using biodegradable poly(&-caprolac- e view L 19 side view
tone), mimicking human-organ-scale face, female breast, nipple, and =
vascular graft, with exceptional shape memory and free-standing
features by a novel field self-searching process of autopilot polymer jet, essentially resembling the silkworm-like cocoon spinning.
With a simple electrospinning setup and innovative writing strategies supported by simulation, we successfully overcame the intricate
jet—field interactions while preserving high-fidelity template topographies, via excellent target recognition, with pattern features
ranging from 100’s ym to 10’s cm. A 3D cell culture study ensured the anatomical compatibility of the so-made 3D scaffolds. Our
approach brings the century-old electrospinning to the new list of viable 3D scaffold constructing techniques, which goes beyond
applications in tissue engineering.

1,2,3,4: temporal jet paths Freestanding 3D replicas
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B INTRODUCTION moderate biodegradability.'®'” These approaches may have
Construction of three-dimensional (3D) scaffolds is important constructed scaffolds of shapes mimicking in part or the organ
for various applications from nano- to macrc_)scale;F4 notable size; however, they become solid as they cure to yield
examplgs include functional DNA origami,” artificial human mechanically inflexible and nonstretchable structures that
organs,’ 3D-printed houses, and so on.” Among these, poorly match the physiological conditions of the human

biomedical applications have attracted intensive attention in
recent decades, as genetics and exogenous factors, such as
aging, diseases, and injury affecting the human body, highly
demand clinical repairs to restore the functions and

body.””*" The computer-controlled motion produced micro-
architectures mostly limited to tessellated grid-like patterns and
failed to facilitate 3D cell network formation and vasculariza-

morphologies of the damaged tissues or organS.S_lo An ideal tion as in native tissues, a necessary feature to carry out the
engineered construct should resemble the native extracellular essential biophysical and biochemical functions.'®**~*° Be-
matrix (ECM), which is an intricate 3D network composed of sides, the so-made scaffolds impose high shear stress on cells
collagen fibrils and other biomolecules that mainly provide while occupying a larger area and mass but accommodate

physical and mechanical strength to the tissue and is
responsible for diverse biological functions."'™"* Currently,
molten extrusion-based 3D printing is the only available
technique to produce 3D structures with high fidelity and
reproducibility for biomedical applications.”'>™"” In 3D
bioprinting, cell and biomaterials are laid in the hydrogel
(bioink) form along with the molten synthetic polymer, for
example, the FDA-approved poly(é-caprolactone) (PCL),
primarily used for its exceptional mechanical properties and

lesser cell density, and their poor biodegradability (small
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Figure 1. Comparative study of 2D pattern writing resolution by RJ and AJ electrospinning and the associated scaffold replicas. (a) RJ and AJ fiber
deposition processes on a “metal grid rack” template, with the yellow dotted lines encompassing the RJ traveling range in air from the needle tip
and the “armed jet path” (M1 mode) of the AJ (red arrow). (b) Digital image showing the AJ pattern writing on the “1-2—3” templates. (c)
“Reindeer” template with zoomed-in detail of the black dashed box, and the AJ- and the RJ-fabricated replicas taken in a standing position, and their
magnified images (from the associated dashed areas, respectively) of both the top and bottom surfaces. (d) AJ- and the RJ-generated patterns on a

“Merry Christmas” template.

surface to volume ratio) affects the tissue regeneration and
ECM remodeling within these scaffolds.”">**’

Contrary to the sophisticated 3D printing techniques, the
cost-effective electrospinning technique produces mechanically
flexible fibrous scaffolds effortlessly from a wide range of
synthetic and natural polymers and biomaterials that maximally
imitate ECM, attributed to the Coulomb force and polymer-
instability-driven random jets motion, resulting in nano- to
micron-sized fiber diameters (high surface-to-volume
ratio).”*7** However, it was found unfavorable in constructing
3D topographic scaffolds mainly for its poor controllability
over the jet path, which is complex and multifactorial, and the
lack of adequate structural integrity.”*™** Altogether, these
factors reduced the effectiveness of the strategies em-
ployed,”*” including technically improved second-generation
electrospinning, that is, near-field electrospinning,41_45 and
constrained this technique to only flat (2D) scaffold
construction.

Recently, we revealed a novel “autopilot polymer jet” (AJ)
electrospinning, in which the AJ may take two distinctive
modes in fabricating highly controllable layered-like but
“featureless” scaffolds via self-switching of the armed jet
motion (M1) and singlet whipping motion (M2) due to the
influence of predeposited polymer charge retention or
dissipation, respectively.® To go beyond previous studies
(including ours), here, we demonstrate, for the first time, its
writing capability for any challenging 3D topographic scaffolds
by introducing innovative strategies, which will be elaborated
on in later sections, to make the polymer jet not only self-
switch between the M1/M2 modes but also capable of self-
searching minimal/optimal field lines (target specificity)
adaptive to any complex 3D templates, unattainable by
conventional multijet electrospinning (hereafter, referred to
as random jets or RJ). The M1 mode may be further
elaborated by following a simplified picture using the principle
of electrostatics assisted with simulation (Figure S1), which

will help understand the peculiar jet self-searching process on
3D topographies featured in this study. First, the positively
charged polymer single jet was driven from the needle tip to
the grounded collector along the shortest path where the
electric fields are the highest; hence, the fiber was deposited
around the center of a planar collector (Figure S1a). The prior
deposited fiber, being nonconductive but retaining positive
charges before dissipating to the collector, becomes a higher
potential area versus the rest of the grounded collector to the
incoming polymer jet. Once it formed a locally dense mesh, it
repelled the late-coming jet through Coulomb repulsion by
pushing it away from the fiber predeposited central region and
formed a deflected armed jet (M1 mode) (Figure S1b,c) in
depositing fiber now at the periphery (ground) of the central
mesh, roughly concentrically extending the size of the mesh
planarly or spherically in a 3D fashion if the collector bears a
spherical symmetry, as shown later in Figure 4a. However, the
potential of the predeposited fibers was constantly modulated,
and hence the Coulombic force, with the changing amount of
the collected fibers over time and the simultaneous but gradual
charge dissipation. Therefore, the charge density in the
polymer jet became excessive, which kicked in the mechanical
instability by transforming the M1 mode into the whipping
motion (M2, not illustrated in the simulation) by more jet
stretching/thinning; thus, the surface charge density became
lower, that is, minimization of the potential difference in the
predeposited fibers while keeping the mass flow conserved. As
a result, M2 deposited incoming fibers on the top of the
predeposited fibers, with most charge being dissipated. The jet
transformed back to MI, as the whipping jet was eventually
guided toward the low potential area (peripheral) of the
collector due to the same argument above. The whole
autopilot process of switching between the M1 and M2
modes, correspondingly increasing the mesh size and thickness,
repeats itself indefinitely. Comparative studies are presented
wherever possible to discern the conventional wisdom of
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Figure 2. Demonstration of the self-searching process of AJ for 3D scaffold construction. (a) Comparing the fiber deposition of RJ and AJ on a
180°-inversely positioned conducting plate. Magnified image showing the RJ forming fiber bridges on the acrylic/collector template while highly
bending (i.e, self-searching) AJ depositing fiber only on the downward facing conducting plate. The yellow arrow indicates the direction of the
incoming polymer jet from the needle tip. Green and double-blue arrows indicate the position of the conducting plate and acrylic plate,
respectively. (b) COMSOL-computed 2D electric potential (left) and field lines (right) between the needle tip (source) and the 180°-inverted
stainless-steel conductor as a collector (ground). (c) Images of various armed and coiled jet-bending paths indicating the 3D self-searching process
of AJ on coating the A-shape template, shown in the front- and side-view, captured by a high-speed camera (Video S4). (d) Front-, top-, and tilted-
view images showing the AJ-produced replica of the A-shape template achieved by combining the self-searching process and novel writing

strategies.

strategies by investigating pattern writing resolution, target
recognition, replication efficiency, and the structural resiliency
(shape memory) in constructing scaffolds of different geo-
metries for potential tissue engineering (TE) applications.

B RESULTS AND DISCUSSION

2D Pattern Writing. In this study, two different
concentrations of PCL solutions (15.78 and 15%) were
prepared by dissolving in chloroform (CF)/diethyl ether
(DEE) and hexafluoroisopropanol (HFIP), respectively, and
were used to generate the (single jet) AJ and (multijet) RJ
under the two different optimized electrospinning conditions
in the same electrospinning setup. The distinct pattern
replication of the AJ on various 2D planar templates is
shown first before the 3D scaffold construction to better
differentiate it from the conventional RJ process. Figure la
compares the way fiber deposition is done by both AJ and R]
on a “metal-grid” template shown along with their respective
replicas. The RJ splits into multijet, commonly known as jet-
branching, due to electrostatic repulsion between them, causing
it to spray fibers randomly over a large area (several cms) on
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the template (Video S1). Parallel electric field lines oriented
these fibers in a perpendicular direction to the grids, so they
covered the gaps completely, as demonstrated in both
theoretical’’ and experimental studies.*® The AJ, however,
deposited fiber as it walked on the grids specifically (Video
S2). The central path of the AJ from the needle tip remained
virtually nondeviated or much less deviated, where only the jet
segments closer to the template got deviated (M1), and with
that, it extended the fiber deposition in a circular path
peripherally rather than doodling over the template. Sub-
sequently, only a few fibers were seen between the gaps
(Figure S2). Figure 1b shows the fiber deposition by AJ on the
“1-2—-3” templates, of which their wall thickness is 1 mm,
demonstrating its fine resolution and high target specificity. In
addition, a reindeer template, as shown in Figure lc, was
chosen for showing their vertical (or z-axis) writing resolution
down to a few hundred microns (Figure S3), in which only the
AJ-developed replica carried the topographic details identical
to the template with a convex top surface and concave base
layer. In contrast, the RJ connected the tiny bumps with fibers
horizontally, as evidenced from its flat bottom morphology,
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Figure 3. Demonstration of the self-searching process of AJ coupled with different writing strategies for complex 3D scaffold construction. (a) Face
mask template with anatomical landmarks is marked by numbers: (1) nose, (2) forehead, (3) chin, (4) cheeks, (5) lip edges, (6) eye sockets, and
the RJ-produced replica (front- and side-view) images. Red dotted circles and yellow arrows indicate the slant paths. (b) Sequential images (from
left to right) showing the AJ writing area of the “face” scaffold with time. (c) Side- and top-view of the AJ-written replica in (b). (d) Star-shaped

replica (front and side views).

similar to its grid template replication (as it got dominated by
the field interactions among the bumps), due to its random
path and hence the poor resolution. Figure 1d shows the AJ
also being able to replicate larger structures of a “Merry
Christmas” template with high fidelity.

3D Scaffold Construction. In general, the polymer jet
ejecting from the needle tip is shown to be electrostatically
attracted to deposit fiber randomly by either a single or
multijet on the surface of a collector facing the needle tip
(source) (0° or no deflection). On the contrary, the novel self-
searching AJ electrospinning process can be elaborated here by
a simple experiment design, having a conducting collector
facing downward (180° to the front of the needle tip) with the
top side stuck to a thick acrylic plate (facing the needle), to
study the jet paths of RJ and AJ when reaching the conducting
side (Figure 2a). During RJ electrospinning, the multijet
sprayed fibers randomly in the air, and shortly, it was unable to
establish a stable “Taylor cone” at the needle tip, thereby only
dispensing the polymer droplets, indicating the screening of
Coulomb attraction by the insulating acrylic plate. Astonish-
ingly, AJ was unaffected, and the jet was seen stretching and
bending 180° inversely toward the collector, bypassing the
insulating acrylic by following the shortest electric field lines
(Figure 2ab), a feature of the self-searching process, and
depositing fibers continuously through the MI1/M2 jet-
switching (Video S3). In comparison with RJ, AJ experienced
a stronger Coulomb force toward the conducting side, which is
accountable for its high target specificity as it carries a larger
amount of charges due to the nonbranched single jet with a
larger diameter, and therefore, the smaller surface area that
reduced the amount of solvent evaporation during its flight in
air. On the other hand, the optimal viscoelasticity of AJ,
determined by the viscosity of the polymer solution and the
applied voltage at the needle tip in stretching the solution into
the jet, was attributed to the unique 3D jet bending under the
electric field (Figure 2b). Evidently, this self-searching process
and the 3D adaptation of AJ are the main writing strategies
adopted for any challenging 3D templates, as shown in Figure
2b as an example of template “A.” The AJ deposited fibers on
both outer and inner sides of the top (0°), front (90°), and
180°-inverted sides of a standing “A” through various self-
searching 3D jet bending paths (Figure 2c and Video $4),
including coiled-jet bending (appears much like M2, but it is
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the extensive bending form of the M1, distinguishable by its
peripheral fiber deposition), and the maximum jet coverage
was achieved on the inner facing sides (Figure 2d, showed by
an arrow in the tilted view), when the template was placed in a
tilted position on the collector, indicating our writing strategy
adopted for complex 3D topography.

Now, we show an even more challenging human-organ-scale
3D template “face,” as the topography across the face template
is highly nonuniform, and its anatomical landmarks, including
nose, forehead, chin, cheeks, lip edges, and eye sockets,
represent different heights and curvatures with respect to a
planar collector, thus generating feature-dependent field
intensity (Figure 3a). Figure 3a (middle) shows the front
view of the RJ-developed replica of the face mask. The RJ
spreads fibers over an area wide enough to cover one-third of
the mask area in a random manner, correspondingly covering
the eye openings and failing to deposit fiber on the sites of two
intersecting planes, that is, the proximity of the saddle points of
a face mask, and instead, they are connected by slopes
(indicated by dotted circles and arrows). Also, it piled up fibers
at the nose due to its height and high curvature, where the field
intensity is high, as shown in the side view. Though the
nonconformal deposition also occurred in the AJ case to a
lower degree, novel writing strategies accompanying the self-
searching process may be implemented to overcome this issue,
as stated in the following. The fibers were first deposited only
at the nose, and the jet oscillation between the nose and the
forehead was observed after the nose tip was covered with
fibers, thus connecting them horizontally. These fiber bridges
obstruct the AJ from reaching the surfaces beneath the bridges.
Similarly, other landmarks were connected by fiber bridges
with time, which prevented the AJ from coating fibers on the
lower points or surfaces between these features. This issue of
nonconformal deposition may be best illustrated with a
mirrored L-shaped collector. AJ initially deposited fiber on
the top edge of the vertical surface, which is the closest to the
source from atop, and then the jet oscillated between the
vertical and horizontal surfaces, which are bridged by fibers
(hypotenuse side of the template) similar to the scenario
between the nose and the forehead due to the equal magnitude
of the electric field after shielding as a result of the
predeposited fibers on the vertical plane validated by
simulation (Figure S4 and Video SS). Apparently, the self-
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Figure 4. AJ-constructed 3D scaffolds and the associated physical characteristics. (a) Time-lapse images showing the fiber deposition area by AJ on
the aluminum foil wrapped round-bottom flask and the pole-supported replica. (b) AJ-produced a breast-mimicking replica (aluminum-foil-covered
NO9S mask by 3M as a template), female breast nipple adjacent to its silicone nipple template (before coating with conductive spray), and vascular
graft replica with a cross-sectional view. (c) Tilted-view of the AJ- and RJ-fabricated replicas without the template support. (d) SEM image of the
base layer of the AJ-produced scaffold with buckled fiber morphology. (e) Pore size distribution of the AJ-produced scaffold. (f) Stress versus strain
curve of the AJ-produced scaffold, indicating the unique progressive extensibility upon stretching.

searching of AJ may not follow a unique path for complex 3D
templates since the equivalent paths of the shortest field lines
may be implying the need for coupling novel writing strategies
to overcome this issue.

We solved this issue by placing the template farther (a few
cms away) from the source with its mirrored L-shaped base
side facing toward the source (Figure SS and Video S6) to
create asymmetric field paths. AJ experienced stronger
Coulomb attraction toward the horizontal plane than the
vertical plane as the field intensity becomes weaker with
distance away from the source. The AJ taking the M1 mode
expanded the fiber deposition area gradually on the horizontal
plane from the left to right direction. The fibers covering the
horizontal surface, together with the Coulomb repulsion from
the deposited fiber, became a high potential zone for AJ
(Figure S5d). This distinct potential difference introduced here
as a writing strategy is to break the symmetry (equivalence
path) of the field lines, thus avoiding the jet oscillation;
therefore, both planes were covered from left to right (Figure
S5f). Figure 3b shows the process of a 3D face mask writing
following this strategy to achieve a conformally complete
replica and relatively even thickness (Figure 3c). Alternatively,
this suggests that selectively insulating the sides of a collector
could resolve the jet oscillation issue to further simplify the
construction process with the aid of electrical field stimulation.
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In another strategy, as the robustness of AJ was demonstrated
with both horizontal and vertical electrospinning setups in our
earlier study for the layered-like structures,”® the template was
tilted in the z-axis (topside down) (Figure S6) to guide the jet
path to write on the mirrored L-shaped side (mimicking the
nostril to the upper lip) with higher accuracy. When coating on
a 3D star-shaped template (~1 cm in height), the template
rotated clockwise (or counterclockwise) after each V groove
was coated to avoid unfavorable jet oscillations between the
“V”s (Figure 3d). These strategies showcase leniency of AJ in
placement of the template and the importance of its distance,
facing direction, and angle on the stage for effective writing of
challenging 3D topographies, especially while replicating the
outside-facing geometries forming acute angles (below 90°).
For instance, the inverted “V” grooves in the star and A-shaped
template have angles below 90°, but that obviously did not
affect the jet path as they were inside-facing in the same way as
an inverted L-shaped collector. The RJ process cannot achieve
3D scaffold writing due to the lack of joint merits of the AJ
process discussed above.

Since several parts/organs of humans, for example, breasts,
have less complex 3D geometries, that is, without competing
for symmetric field lines from multiple local extrusions of the
template, replication of those templates requires only the
intrinsic  self-searching or self-fulfilled process of AJ. To
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Figure S. In vitro 3D cell culture on AJ-produced scaffolds and cell—scaffold interactions. (a) 3D cell culture of mouse embryonic fibroblasts on the
replica “A” (left) and CMFDA live cell images scanned area indicated by a dotted circle (top side, T) and an arrow (vertical side, V) show cell
attachment and proliferation into both surfaces of the replica. (b) Left, middle, and right images show the immunostaining of F-actin, nucleus, and
their superimposed image, respectively. The presence of electrospun fibers (nonfluorescent) is shown in white arrows. (c) 3D cell penetration
depth profile analysis of the fibroblast-seeded AJ-produced scaffold. Confocal fluorescence microscopy shows the depth profile of fibroblast cell
penetration (z-depth), which goes deeper than 250 ym (limit by the confocal microscopy) into the scaffold. (d) Sirius red staining image shows the
secretion of the ECM by fibroblasts and their cell nuclei along with the nonfluorescent electrospun fibers. (e) SEM image of the ECM-covered
electrospun scaffold morphology with tiny rounded residual minerals/salts, indicated by white arrows, formed by the ECM and culture medium.

demonstrate that, we used a round-bottom flask wrapped in
aluminum foil positioned upside-down as a template (Figure
4a). RJ laid fiber on the same spot, that is, the pole, throughout
the process, so it piled up fibers (Figure S7), but the AJ
covered all sides of the sphere from up to down with time,
similar to a silkworm cocoon construction (Video S7) without
the need of artificially implemented writing strategies.
Likewise, shapes mimicking the female breast [aluminum-
foil-covered N9S (3M) mask as a template], the nipple and
vascular graft of human-scale, and many other 3D shapes were
constructed using this “hassle-free process” (Figure 4b and S8).

Characteristics of the AJ-Produced Scaffolds. The real
success of our approach in achieving 3D scaffolds goes beyond

the conformal fiber deposition on the template by including
structural integrity, shape memory, easy separation from the
templates, and other aspects that fit TE applications. All the 2D
and 3D replicas developed by AJ were smooth, spongy, and
free-standing, and their surface morphology/patterns stood
firmly, for instance, the 3D face replica (Figure 4c) and the
reindeer replica (Figure lc), even after removal from their
respective templates. The following explains the reasons for
this. During electrospinning, the high-velocity AJ exerts an axial
compression force upon impinging the template and causing it
to experience bending in lateral deflection, and as a result, it
deposits micron-sized fibers (diameter: 11.5 + 0.8 ym; n = 15)
with buckled morphology (Figure 4d). AJ strikes the template
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with higher momentum (larger mass per unit length) versus R],
which helps flatten the semisolid fibers (Figure S9a, indicated
by green arrows); thus, it is well conformed with the template’s
surface to acquire its topographic surface texture. Conse-
quently, the buckled fibers with overlapping junctions fused as
drying to retain the shape permanently and increase the
bonding strength as well (Figure S9b, indicated by red arrows).
The AJ-written replica of the round-bottom flask may be
removed and put back into the template easily, owing to the
elastic energy stored in the buckled coils that hold the
structure by providing exceptional structural resilience (Figure
4a and Video S8), indicating the shape memory of the AJ
scaffolds, which would be advantageous when used in
physiological conditions. On the contrary, the RJ-produced
replicas made up of nanodiameter fibers (diameter: 0.95 + 0.1
um; n = 15) (Figure S9¢) were thin and delicate with uneven
thickness and lost their mechanical integrity after separation
from their templates (Figures 1b and 4c).

In view of constructing organs having thick walls and solid
textures, the thickness of the scaffold was increased up to ~2
mm (Figure $9d), and it can be increased further by extending
the fiber deposition time. The porosity result (Figure 4e)
indicates that the as-spun thicker scaffold possesses gradient
porosity with a wide range of pore size distribution from 10.1
to 61.5 um, which allows higher cell penetration and in situ
growth without compromising the mechanical strength
described below. The tensile strength analysis of the AJ-
produced scaffold showed two necking patterns observed at a
strain value of ~584 and 698% in the strain—stress curve
(Figure 4f), attributed to the progressive unwinding of buckled
coils in the base layer upon stretching. Subsequently, the
highest ultimate tensile strength of 1.5 MPa occurred at a high
strain value of 957%, and Young’s modulus was calculated to
be 8.15 MPa, explicitly demonstrating its excellent mechanical
stability. A Mullen study was carried out to determine the
effect of the pressure generated in the body on the scaffold,
that is, physical deformation when implanted. The burst
pressure result shows that the mesh can withstand pressures up
to 38 mmHg, which is at least 8 times higher than the
intraabdominal pressure in a normal adult (~0—$ mmHg).49
Owing to its highly stretchable nature, the scaffold was seen
stretching (expanding) dramatically during the test rather than
bursting and exceeding the instrument’s maximum limit, only
contracting back to restore its original shape partially after the
test (Figure S10a). Additionally, a ball-burst strength study was
carried out to determine the bursting strength (maximum
force) of the scaffolds, which showed a maximum force of
18.36 Ibs. To investigate the robustness of the mesh, a 9.0 Ibs.
weight loaded vertically on the 10 cm diameter scaffold was
clipped to the container placed on the orbital shaker rotating at
25 rpm for 30 days. No protrusion was observed after 30 days
(Figure S10b). Being porous and mechanically flexible and
robust, the AJ-produced scaffolds could significantly reduce the
shear-stress generated around them in the host, which greatly
reduces the chances of chronic inflammation followed by
excessive fibrosis leading to permanent scar tissue formation
and other related adverse consequences.””

When implanted, it is of utmost importance that the scaffold
mimics both the physiological and local anatomical conditions
and, at the same time, it should be robust enough to maintain
the structural integrity under the physical stress generated in
the body.”"™* Extensive cell culture studies were carried out
on various polymeric electrospun scaffolds by various groups in

the past. However, the majority of those studies were limited
to merely demonstrating the cell attachment and growth only
on delicate, plain sheet-like cell-impermeable 2D meshes spun
by conventional multijet R electrospinning.’*>* These major
drawbacks forbade the electrospinning technique from reach-
ing the next step toward achieving the scaffolds for clinical use
for almost two decades. However, the physical and mechanical
characteristics results in our study show the excellent
robustness and shape memory of the 3D scaffolds along with
the anatomical resemblance promising to be a translational
approach. While our previous study demonstrated its
physiological compatibility, here, an in vitro 3D cell culture
was carried out to verify its anatomical compatibility via
multidirectional cell proliferation supported with character-
izations of cellular and extracellular compositions on AJ-
produced 3D scaftolds by seeding mouse embryonic fibroblasts
(3T3) on the top and vertical surface of the A-shaped replica
in a tilted position (Figure Sa). Live cell imaging (CMFDA
dye) conducted on day 7 showed cell attachment and
proliferation on both sides (Figure Sa, middle and right
images), which was unaffected by the 3D geometry of the
scaffold. The presence of both elongated mature cells and
rounded shape daughter cells also indicates an active cell
division in the scaffold. Figure Sb shows the immunofluor-
escence staining images of actin filaments (F-actin) in the
plasma membrane and the nucleus of cells. The phalloidin
staining shows abundant F-actin expression, which is
responsible for cell contraction and migration, and their
different orientations reveal 3D cell assembly in the scaffold.
The observation of cell nuclei in different sizes from a few
microns to 10’s of microns in the DAPI staining image
supports the results deduced from the live cell imaging. The
3D depth profile shows the cell penetration deeper than 250
um into the scaffolds (Figure Sc), reaching the z-depth analysis
limit set by the nontransparent nature of PCL fibers. The open
and interconnected pores and surface pores on the individual
fibers help the cells migrate into the scaffold. While the
CMFDA and immunofluorescence imaging show the cells
morphology, the picrosirius red staining image allows to
visualize the collagen expression in ECM secreted by the
fibroblast cells, visible in dark pink color, covering more than
90% of surface area (Figure 5d). The hematoxylin nucleus
staining also shows the colocalization of the cells in the ECM.
Finally, scanning electron microscopy (SEM) image analysis
was conducted to investigate the ECM-fiber integration by
visualizing the surface morphology. Figure Se shows that the
cells filled the pores (gaps between the fibers) with their
matrices and also covered the solvent-induced surface
nanopores on the fibers that entirely covered the scaffold
surface (the area in the image) with tissue sheets. Overall, the
cell culture results indicate that AJ-produced scaffolds are cell-
permeable with deep penetration that allow excellent cell
attachment, proliferation, and migration, and so they facilitate
excellent ECM remodeling and 3D cell network formation as
in native ECM, thus promising their usage in TE applications.

B CONCLUSIONS

In summary, the AJ self-searching writing 3D scaffolds reported
in this study indicate a distinct feature occurring only on 3D
templates by following the unique motion of 3D self-searching
bending paths, which goes beyond M1-M2 switching, thus
marking an important paradigm shift that comes as a long-
awaited breakthrough in advancing state of the art in the
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century-old electrospinning technique. The self-searching
feature of AJ surprisingly follows a simple electrostatics
principle, analogous to a water stream finding its way through
a complex landscape driven by gravity, by orchestrating
complicated jet—field interactions, which are persisting issues
of the conventional single- and multijet electrospinning in
constructing any 3D scaffolds. However, novel writing
strategies need to be implemented to overcome the challenges
of the field-equivalent multiple extrusions of complex 3D
templates, such as the human face. The characterizations
performed in this study insinuate that anatomical compatibility
was added without compromising the mechanical integrity and
physiological compatibility, thus making it deemed for
translational applications. The findings presented in this
study provide ground for all possible TE applications to be
explored by the community using AJ electrospinning from
smooth (e.g, skin) to hard (eg, bone) tissues, reconstructive
surgeries, and artificial organ applications. We have also
identified a few immediate applications to explore using the AJ-
electrospun scaffolds in the near future, but those works are
beyond the scope of the current study. Just to name a few
applications here that are currently under investigation: (i) the
robust 2D replicas of the metal grid rack or diamond-patterned
template type inspire us to use them as a bioresorbable pelvic
organ prolapse mesh, replacing the controversial permanent
polypropylene meshes; (i) the ability of AJ to transfer
minuscule details, demonstrated here with a reindeer template,
promises replica fabrication with high fidelity, and the excellent
shape memory appears to be an ideal candidate for artificial
organ construction and reconstructive surgery, notably the face
and breast; (iii) having prepared 3D electrospun scaffolds as a
base/contour, feeding a tissue-specific mixture of cell-laden
natural biopolymers, for example, hydrogel, into/onto the
scaffold may take one step ahead closer toward achieving 3D
tissue repairing/regeneration. A simple and flexible setup of the
AJ system along with the modular approach, if assisted with
automation, may be implemented to assemble individual parts
for sophisticated or hierarchical structures, with features
superior to 3D printing for commercializable TE applications.

B EXPERIMENTAL SECTION

Materials. PCL (mw 80,000 kD), CF, DEE, HFIP, direct red 80,
picric acid, and Harris’s hematoxylin used in this study were
purchased from Sigma-Aldrich, USA.

Solution Preparation and Electrospinning. Two different
concentrations of PCL solutions (15.78 and 15%) were prepared by
dissolving in CF/DEE (volume ratio of 9:1; surface tension of CF and
DEE is 26.67 mN/m and 0.2 mN/m at 25 °C) and HFIP (surface
tension: 16.14 mN/m at 25 °C), respectively. The 15.78% PCL
solution was electrospun to generate AJ based on the preoptimized
condition as mentioned in our previous study.*® In brief, a 22G blunt
needle attached to a 15.78% PCL-solution-filled 10 mL syringe was
loaded in a syringe pump (Harvard Apparatus, USA) and set to
dispense the solution at a rate of 3 mL/h. A 10 kV voltage (Glassman
High Voltage, USA) was supplied to cross the needle (positive) and
the grounding collector (template), which was placed at a 14 cm
distance from the needle tip. The 15% PCL solution was electrospun
under the same condition to generate random multijet (R]), except
the template was placed at a 10 cm distance from the needle in order
to obtain bead-less fibers. All the experiments were carried out based
on the above-mentioned conditions unless otherwise stated. The
electrospinning process was recorded using a high-speed camera
(Phantom Miro 3, Vision Research, NJ, USA) at 100 frames/s. The
silicone breast nipple was coated with Graphite 33 spray (Kontakt
Chemie, Belgium) to turn it into an electrically conductive surface,

while all other templates in this study were wrapped with aluminum
foil except the mirrored L-shaped conductor (stainless-steel).

Electric Field Simulation. 2D electrostatic potential and field
distribution around the model geometry were simulated using
COMSOL Multiphysics software. The geometry of the needle
(source) and the collector and their separating distances, applied
voltage, and permittivity were established according to the
experimental conditions. The materials assigned to the boundary,
needle, collector, and collected fibers were air, stainless steel,
aluminum, and polyethylene (instead of PCL, as it was not found
in the COMSOL material library), respectively. The collector was
grounded, and the potential on the polyethylene fibers on the
collector was set as 1000 and 2000 V for small (2 cm width) and large
(4 cm width) fiber meshes, respectively.

Physical Characterization of the Scaffolds. In almost all of the
cases, 3D replicas were easily removable from their respective
templates from their sides/edges as they do not stick to the templates
after the electrospinning process. Fiber morphology of both AJ- and
RJ-produced scaffolds was characterized using high-resolution field-
emission scanning electron microscopy (FESEM) (JEOL JSM-7900F,
Japan) at an accelerating voltage of S kV. The fiber samples were
sputter coated (JEOL JFC-1200 Fine Coater, Japan) with platinum to
convert into the conducting surface prior to imaging under SEM. The
mean fiber diameter of samples (n = 15) was measured using Image]J
software (NIH, USA). The cross-section of scaffolds was analyzed
under an Olympus light microscope, USA. The pore size and pore size
distribution in the scaffolds were determined by the wet/dry curve
liquid displacing mechanism using a PMI capillary porometer.
Mechanical strength analysis was carried out with a tensile tester
(Instron, USA). The rectangular strips (n = 3) of mesh, 4 X 1 cm,
were placed between the grips, and a load of 1 kN was applied to
stretch the mesh at a speed of 10 mm/min. Strain—stress values and
Young’s modulus were automatically calculated in Instron software.
The bursting strength of the scaffolds was analyzed using a low-
pressure digital bursting strength tester (QC-116D, Cometech, TW).
The 10 X 10 cm fibrous mesh was tightly clamped with a rubber film.
The rubber film swells for the applied hydraulic pressure (95 + 5 mL/
min) in order to detect the maximum pressure strength of the
scaffolds. The ball burst strength tester (ISO 9073-5, Cometech, TW)
was used to measure the maximum force sustainable by the scaffolds.
The 2.5 cm diameter ball head penetrates through the 10 X 10 cm
scaffold at a speed of 100 mm/min, which draws the force—
displacement curve.

Scaffold Preparation for the In Vitro Cell Culture Study. The
replica of “A” and a few other 15 mm circle scaffolds were subjected
to oxygen plasma (Harris Plasma cleaner, USA) treatment at 500
mbar for 60 s to turn it hydrophilic for in vitro cell culture study and
sterilized under UV light for 4 h, followed by soaking in a 10 cm Petri
dish supplemented with complete Dulbecco’s modified Eagle’s
medium (DMEM) (10% fetal bovine serum, 1% PS), and then
placed in an incubator maintaining 5% CO, at 37 °C overnight prior
to cell seeding.

In Vitro Study. A liquid nitrogen-frozen vial containing mouse
embryonic fibroblasts (3T3) was thawed, and cells were seeded in a
10 cm Petri dish supplemented with complete DMEM and then
placed in an incubator. The cells were trypsinized and centrifuged
after reaching 70% confluency. The supernatant was discarded, and
the cell pellet was disbursed in 1 mL of complete medium. A
hemocytometer was used to count the cells by optical microscopy. 10°
cells were seeded on two sides (top and vertical sides) of the replica
“A” for live cell image analysis. The scaffolds subjected to other
imaging studies were cut into 15 mm diameter circular shapes, and the
same quantity of cells was seeded. The culture medium was
replenished with fresh medium every alternative day. All the staining
and imaging studies were conducted after 7 days of cell culture, and all
the scaffolds were fixed with 4% formaldehyde in phosphate-buffered
saline (PBS) solution, except for the live cell imaging study.

Green CMFDA (5-Chloromethylfluorescein Diacetate) Imag-
ing Study. After 7 days of cell culture, portions of the replica seeded
with cells were separated using a surgical blade and washed with PBS,
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and 180 uL of pure DMEM medium was added to it, followed by the
addition of 20 yL of green CMFDA dye (25 uM) (S uL of CMFDA +
995 uL of pure media) (Thermo Fisher Scientific, USA). The Petri
dishes were incubated for 2 h. Then, the medium was removed, and
the complete medium was added and incubated overnight. The next
day, the medium was removed and washed with PBS for 5 min, then
200 pL of serum-free media was added, and cells were observed under
Zeiss Inverted confocal plus super-resolution microscope (LSM 780
plus ELYRA) at 492 nm excitation.

Immunostaining Study. Rhodamine phalloidin and DAPI
reagents from Thermo Fisher Scientific were used to stain the actin
filaments and nucleus of the fibroblasts. The staining protocols are as
follows: in brief, the scaffolds seeded with fibroblasts were fixed with
4% formaldehyde in PBS for 4 h. The scaffolds were washed with PBS
after every step throughout the protocol. The scaffolds were soaked
with 0.1% Triton X-100 in PBS solution for 5 min, and then 1%
bovine serum albumin in PBS was added to the scaffold. After 30 min
incubation, 10 yL of Rhodamine phalloidin (20 M) stock solution
was diluted into 200 uL of PBS and incubated at room temperature
for 20 min. The scaffolds were then incubated with 200 uL of nucleus
staining reagent, that is, DAPI solution (300 nM) for S min, followed
by PBS wash. Finally, they were air dried and mounted in the
ProLong Gold antifade mountant on coverslips and visualized under
the confocal microscope (LSM 780 plus ELYRA) at 540 (phalloidin)
and 358 nm (DAPI) excitation.

Sirius Red Staining. The cell nucleus and collagen in the ECM
were stained with hematoxylin and Direct Red 80 (Sirius red) azo
dye, respectively. The formaldehyde-fixed scaffolds were washed with
PBS after every incubation step in the following protocol. 200 uL of
hematoxylin was added to the coverslips and incubated for 1 h. Then,
250 uL of 0.1% sirius red solution (in saturated picric acid) was added
and incubated for 1 h. Finally, the scaffolds were washed with three
changes of 100% ethanol and observed under a Leica upright
microscope (DM2500M).

FESEM Analysis of Cell-Scaffold Morphology. The scaffolds
saved for SEM image analysis were washed with different
concentrations of ethanol from low to high (30, 50, 7S, 90, and
100%) to dehydrate the cells. Finally, 200 uL of HMDS solution was
added to the scaffolds and placed under a laminar flow hood overnight
to allow it to evaporate. The dry scaffolds were then sputter coated
with gold and scanned under the FESEM at an accelerating voltage of
S kv.
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