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Tissue engineering recovers an original function of tissue by replacing the damaged part with a new tissue or organ regenerated
using various engineering technologies. This technology uses a scaffold to support three-dimensional (3D) tissue formation.
Conventional scaffold fabrication methods do not control the architecture, pore shape, porosity, or interconnectivity of the
scaffold, so it has limited ability to stimulate cell growth and to generate new tissue. 3D printing technologies may overcome
these disadvantages of traditional fabrication methods. These technologies use computers to assist in design and fabrication, so
the 3D scaffolds can be fabricated as designed and standardized. Particularly, because nanofabrication technology based on two-
photon absorption (2PA) and on controlled electrospinning can generate structures with submicron resolution, these methods
have been evaluated in various areas of tissue engineering. Recent combinations of 3D nanoprinting technologies with methods
from molecular biology and cell dynamics have suggested new possibilities for improved tissue regeneration. If the interaction
between cells and scaffold system with biomolecules can be understood and controlled and if an optimal 3D environment for tissue
regeneration can be realized, 3D nanoprinting will become an important tool in tissue engineering.

1. Introduction

Tissue engineering recovers an original function of tissue by
replacing the damaged part with a new tissue or organ that
has been regenerated using various engineering technologies.
Tissue engineering is composed of three essential compo-
nents: cell, biomolecules, and scaffold. Scaffolds supply an
artificial structure that can support three-dimensional (3D)
tissue formation. Cells seeded into the scaffold proliferate and
differentiate, and biomolecules in the culture medium accel-
erate these processes. When the three components are suit-
ably combined, a tissue is regenerated successfully. To achieve
the tissue regeneration, scaffolds should be biocompatible
andmust have adequate pore size, high interconnectivity, and
appropriate mechanical properties. Biodegradability should
also be considered, because scaffolds should preferably be
absorbed by the body, thereby eliminating the need for
surgical removal.

Initially, most scaffolds were fabricated by traditional
methods [1–13] such as gas foaming, freeze-drying,

particulate leaching, phase separation/inversion, and fiber
bonding. However, because those methods do not control
the architecture, pore shape, porosity, or interconnectivity
of the scaffold, they did not adequately stimulate cell growth
and tissue generation.

3D printing technology using computer-aided design
(CAD) and computer-aided manufacturing (CAM) may
overcome these disadvantages. Because these methods use
computer software to design and fabricate the scaffolds, their
internal architectures such as the pore size, pore shape, poros-
ity, and the interconnectivity of the scaffolds can be freely
controlled. In addition, computer-aided 3D printing can pro-
duce reproducible constructs, so it enables standardization
of scaffolds. This standardization eliminates variability of
the inner architecture among scaffolds, so it improves the
repeatability and reliability of experiments. These technolo-
gies can also fabricate customized scaffolds for patients.

Various 3D printing technologies [14–28] including stere-
olithography, deposition modeling, inkjet printing, selective
laser sintering, and electrospinning technology have been
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developed. Those technologies have been widely used in
studies of regeneration of tissues such as bone, cartilage,
ligament, muscle, skin, and neurons and of organs such as
trachea, liver, kidney, and heart. 2PP and electrospinning
can fabricate constructs to submicron precision. Therefore,
this review will provide the present condition of scaffold
fabrication using these 3D printing technologies.

2. 3D Nanoprinting for Tissue Engineering

2.1. Two-Photon Absorption (2PA) Based 3D Printing. Stere-
olithography (SL) was developed independently by Kodama
[35] and Nakai and Marutani [36] in the 1980s. 3D Systems
Inc. sold a commercialized SL system for the first time.
SL uses an ultraviolet (UV) laser beam to irradiate the
surface of a liquid photopolymer, causing it to solidify. Many
scanned UV laser lines are overlapped on the surface to
solidify a specified cross-sectional area; many such cross-
sectional areas are accumulated step by step to form the
desired 3D shape. Microstereolithography (MSTL) uses the
same fabrication mechanism as SL but uses optical com-
ponents to reduce the diameter of the laser beam to a few
micrometers [37]. The laser beam is passed through a beam
expander and focusing lens (Figure 1(a)) and then solidifies
a very small area of the liquid photopolymer surface. MSTL
enables fabrication of 3D freeform structures at micrometer
scales.

Two-photon polymerization (2PP) is a laser-based 3D
printing technique that uses two-photon absorption (2PA)
[38, 39]. 2PA can be used to induce laser-based erosion by
photoreaction of an irradiated material and ablation by an
intense laser. In 2PP, a laser is used to trigger a chemical reac-
tion that causes polymerization of a photosensitive material,
as in SL and MSTL. However, unlike the single-photon poly-
merization process of SL and MSTL, 2PP allowed electron
transitions over excited energy levels for the polymerization
process, when an atom absorbs two photons simultaneously
(∼femtosecond level) (Figure 1(b)). For instance, when a
specific photoinitiator that reacts at wavelength 𝜆 = 400 nm
simultaneously absorbs two photons with 𝜆 = 800 nm, their
energies add up to equal the energy of one photon with
𝜆 = 400 nm and thus initiate the polymerization process.
Photopolymerization that is triggered by nonlinear excitation
happens at the focal point, but other regions are not affected
by the laser energy. This phenomenon has the potential
to reduce solidification resolution to below the diffraction
limit of the applied light. In addition, the movement of
the laser focal point and solidification inside the liquid
photopolymer guarantee the fabrication of a 3D product.
Therefore, 2PP currently has the highest resolution of all 3D
printing techniques.

By combining CAD and CAM, the inner architecture
of the structure can be precisely controlled. As a result of
these features, 2PP offers great potential for the fabrication
of appropriate scaffolds for tissue engineering. In addition,
development of photodegradable polymer has enabled a two-
photon erosion process, and modulation of a two-photon
pulse laser has produced an ablation technique with submi-
cron resolution.

2.1.1. Two-Photon Polymerization Technology for Tissue Engi-
neering. By exploiting the high resolution of 2PP, many re-
searchers have focused on the realization of 3D environments
for cell adhesion and proliferation. Mostly, this research
concentrated on methods to fabricate the 3D scaffold,
which is an essential environment to regenerate damaged
tissue.

Koroleva et al. [40] used a combination of 2PP andmicro-
molding to fabricate 3D fibrin scaffolds with tightly control-
lable pore sizes and interconnections. The authors used 2PP
to fabricate master structures and then used two-step replica-
tion process to regenerate.The fabricated fibrin scaffolds were
highly porous andwell interconnected. Culture of endothelial
cells in the scaffolds resulted in directed lining and spreading
of cells within a replicated pore network, whereas endothelial
cells encapsulated in fibrin gel blocks showed chaotic and
irregular distributions. These results demonstrated that the
combination of 2PP and micromolding technique can supply
complex 3D structures for tissue engineering.

Koroleva et al. [41] used 2PP to produce well-defined
macroscopic scaffolds for engineering of neural tissue. Their
scaffolds can be replicated by soft lithography, so production
speed is relatively fast. Photo-cross-linkable poly(lactic
acid) (PLA) was used to produce scaffolds by 2PP and soft
lithography. PLA 3D scaffolds sustained a high degree (99%)
of Schwann cell purity and provided a suitable substrate to
support Schwann cell adhesion. Most of the Schwann cells
in the scaffolds showed alignment of actin filaments and
formation of focal contacts. These photo-cross-linked PLA
scaffolds successfully support the growth of primary Schwann
cells.

Claeyssens et al. [29] fabricated microstructures using
2PP process and the biodegradable copolymer poly(𝜀-capro-
lactone-co-trimethylenecarbonate)-b-poly(ethylene glycol)-
b-poly(𝜀-caprolactone-co-trimethylene-carbonate) with 4,4-
bis(diethylamino)benzophenone as the photoinitiator. The
minimum line width of structures was 4𝜇m, and the fab-
ricated structure showed a fully interconnected 3D shape
(Figure 2). Initial cytotoxicity was not detected, and cell
proliferation speed was moderate. These proliferation results
demonstrated that this material can be applied to the scaffold
for tissue engineering.

Correa et al. [42] used 2PP to fabricate microstructures
that contained chitosan, which is a biodegradable and bio-
compatible polymer that has applications in blood coagu-
lation, soft tissue, and bone regeneration. Chitosan could pro-
vide microstructures with appealing properties for medical
applications. The chitosan did not react chemically with the
matrix resin and therefore retains its characteristics after the
fabrication process.

Kufelt et al. [43] fabricated the 3D hydrogel microenvi-
ronments with predefined geometry and porosity using 2PP
and chitosan.They explored a new synthesis of water-soluble
photosensitive chitosan and the fabrication of well-defined
microstructures from the generated materials. To modulate
the mechanical and biochemical properties of the material,
chitosan was combined and cross-linked with synthetic
poly(ethylene glycol) diacrylate. For a biological adaption to
the in vivo situation, chitosan was covalently cross-linked
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Figure 1: (a) Fundamental principle of MSTL technology. (b) Comparison between single-photon polymerization and two-photon
polymerization.
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Figure 2: 3D structure fabricated using two-photon polymerization. (a) Top view, (b) side view, (c) detail, and (d) large cylindrical structures
(figures were reproduced from [29] with permission of ACS Publications).
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with a photosensitive modified vascular endothelial growth
factor (VEGF). Performed in vitro studies revealed that
modified chitosan is biocompatible and VEGF enhanced
CH bioactivity. Furthermore, a 3D chitosan scaffold was
successfully seeded with cells. From the study, the established
chitosan showed a potential for future applications in tissue
engineering.

Cha et al. [44] used 2PP to incorporate micropatterns on
the scaffold.They fabricated 3D scaffoldswithmicropillar and
microridge patterns on each layer and observed the effects
of the patterns on cellular behaviors including adhesion,
proliferation, and osteogenic differentiation. Preosteoblasts
adhered significantly better to scaffolds with micropatterns
than to a scaffold without a pattern. The expression results
of osteogenic markers including ALP and Runx2 showed the
superiority of scaffolds that had micropillar and microridge
patterns. Thus, use of a femtosecond laser to print micropat-
terns on 3D scaffolds may be a useful method to encourage
tissue regeneration.

Marino et al. [45] fabricated a trabecula-like structure,
which was named “Osteoprint” that resembles the typi-
cal microenvironment of trabecular bone cells using two-
photon polymerization process. Starting from microtomog-
raphy images of the trabecular bone, they prepared several
Osteoprints through two-photon polymerization and tested
the behavior of SaOS-2 bone-like cells cultured on their
structures. They found that Osteoprints deeply affect cellular
behavior, determining an exit from the cell cycle and an
enhancement of osteogenic differentiation. And they also
found an upregulation of the genes involved in SaOS-2 cell
maturation and an increase in hydroxyapatite production
and accumulation upon SaOS-2 culture on the Osteoprints.
Their finding showed the new perspectives in “bioinspired”
approaches for tissue engineering and regenerative medicine.

Doraiswamy et al. [46] fabricated three-dimensional
microstructured medical devices by 2PP of Ormocer org-
anic–inorganic hybrid materials. Neuroblast-like cells and
epithelial-like cells showed good viability of fabricated
Ormocer. Microneedle arrays with unique geometries and
Lego-like interlocking tissue engineering scaffoldswere fabri-
cated using 2PP. These results showed that 2PP can create
biomedical microdevices with a larger range of sizes and
shapes than can reactive ion etching, surface/bulk micro-
machining, injection molding, polysilicon micromolding, or
other conventional microfabrication techniques.

In most biological studies, cell movement is a subject
of ongoing study. Especially in cancer biology, the under-
standing of the cell migration is very important to estimate
and forecast cancer metastasis. However, most related studies
have been conducted in standard two-dimensional (2D)
environments such as plastic plates coated with extracellular
matrix, or glass tissue culture plates. Study of realistic cellular
motion and migration requires an effective 3D biomimetic
environment. Use of 2PP to fabricate such an environment
with high resolution has been the subject of several studies.

Otuka et al. [47] used 2PP to fabricate microenvironment
for in situ monitoring of cell growth and movement. They
fabricated a microenvironment that was doped at specific site
with ciprofloxacin (an antibiotic that is used in the treatment

of diseases caused by E. coli) and that included micro-
fences that can trap bacteria. Development of E. coli was
inhibited near sites that were doped with ciprofloxacin,
and the microfence traps increased the density of E. coli
near them. These microenvironments showed potential as a
platform for drug delivery system by promoting or inhibiting
the growth of bacteria.

Zhang et al. [30] used poly(ethylene glycol) diacrylate
(PEDGA) biomaterial to fabricate suspended web struc-
tures that exhibit positive or negative Poisson’s ratio (NPR).
The authors observed cellular responses involved in tuning
Poisson’s ratio in biological scaffolds and developed high-
resolution NPR webs that demonstrated biaxial behavior
during expansion or contraction as one or more cells applied
local forces and moved the structures. The NPR structures
fostered unusual cell division, and cells migrated toward
regions that were stiffer than average (Figure 3). This 2PP
process demonstrated that Poisson’s ratio of photo-cross-
linkable biomaterials can be tuned; this approach has poten-
tial applications in mechanobiology.

Raimondi et al. [48] applied femtosecond laser 2PP to fab-
ricate 3Dmicroscaffolds, or “niches,” using a hybrid organic-
inorganic photoresist. They developed two niche heights, 20
and 80–100 𝜇m, and four lattice pore dimensions (10, 20,
and 30 𝜇m and graded) and they prepared primary rat mes-
enchymal stem cells (MSCs) to study cell viability, migration,
and proliferation in the niches. MSCs preferentially stayed
on/in the structures once they ran into them through random
migration from the surrounding flat surface, invaded those
with a lattice pore dimension greater than 10𝜇m, and adhered
to the internal lattice while the cell nuclei acquired a roundish
morphology. In the niches, the highest MSC density was
found in those areas where proliferation was observed. The
microgeometry inducing the highest cell density was 20 𝜇m
high with graded pores, in which cell invasion was favored
in the central region of large porosity and cell adhesion was
favored in the lateral regions of high scaffold surface density.
Their result showed the crucial role played by the niche 3D
geometry on MSC colonization in culture.

Jeon et al. [49] also used 2PP to fabricate patterns with
various height and high aspect ratios (∼10) and then used
them in studies of cell guidance. They seeded fibroblasts
on orthogonal mesh patterns (8 𝜇m and 4 𝜇m height, 5 𝜇m
and 5.5 𝜇m height, and 5 𝜇m and 6 𝜇m height) and on
parallel line patterns with different heights (1.5, 0.8, and
0.5 𝜇m). The seeded fibroblasts received different contact
strengths depending on the wall height. A threshold of
approximately 1 𝜇m in height influenced cell alignment both
on mesh and on line patterns. This technology may be used
in design ofmicrodevices for controlling cell behavior and for
investigating cell signal transduction.

Drug delivery is administration of pharmaceutical mate-
rials to achieve a therapeutic effect in living creatures. A
drug delivery system (DDS) supplies a predetermined drug
releasing profile which ensures an optimal absorption of the
drug to improve its safety and efficacy. 3D microscale or
nanoscale systems [50–55] made from various biomaterials
may have applications [56–62] in DDSs, and 2PP has been
evaluated as a tool for development of DDSs.
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Figure 3: (a–c) Immunostaining of 10T1/2 cells for adhesion (nucleus, actin, and focal adhesions) and proliferation (EdU). (d) Schematic
illustration showing cell in telophase: the cleavage furrow ingresses, compresses the midzone, and creates an intercellular bridge containing
a microtubule midbody. In normal cell division, the bridge is resolved creating two daughter cells. The NPR structure induces aberrant
cell-division response: (e–h) Abnormal cell division initiates and results in the formation of a long structure. Black arrow indicates persistent
midbody connection. (i–m)Multiple sites of symmetric as well as asymmetric furrow formation during cell division on the NPRwebs (dotted
white arrows) (figures were reproduced from [30] with permission of John Wiley and Sons).

Chan et al. [63] used 2PP to deposit complex protein
microstructures with submicrometer features and control-
lability. In bovine serum albumin (BSA) protein solution,
the method produced 2D line voxels with lateral fabri-
cation resolution of 200 nm and elliptical 3D spot voxels
with dimensions of 400 nm (lateral) and 1.5 𝜇m (axial). The
authors fabricated BSA-based micropillar arrays and used
them as platforms for cell niche studies. A study using
fibroblasts showed good cell attachment and growth and
good expression of adhesionmolecules without the need for a
matrix coating.This work presented a useful method to engi-
neer protein microstructures with submicrometer topologi-
cal features tomimic the nativematrix niche.These structures
have applications in cell-matrix interaction studies.

Turunen et al. [64] studied using picosecond and femto-
second lasers to induce photo-cross-linking of proteinmicro-
structures. The capability of a picosecond laser (Nd:YAG) to
induce protein crosslinking by a multiphoton excitation was
evaluated by fabricating 2D and 3Dmicrostructures of bovine
serum albumin (BSA), biotinylated bovine serum albumin
(bBSA), and avidin. The authors fabricated sub-micrometer-
scale and micrometer-scale structures from several different
protein compositions and photosensitizers by varying the
average laser power and scanning speed and then compared
the surface topography and resolution of the resulting protein

patterns to those of protein patterns fabricated using a
femtosecond Ti:Sapphire laser. The study demonstrated that
a low-cost Nd:YAG microlaser can be used for direct laser
writing of protein microstructures.

Farsari et al. [65, 66] functionalized the surface of 3D
structures fabricated using three-photon polymerization and
then immobilized photosensitive biotin on the structure
surface. The existence and distribution of biotin were mea-
sured using fluorescence microscopy and a surface acoustic
sensor technique to detect the presence of avidin. The same
research group has studied the immobilization of peptides.
Themethods developed by this group can be used to fabricate
scaffolds for cell growth and tissue engineering.

Gittard et al. [67] fabricated microneedles with antimi-
crobial function for transdermal delivery of protein- and
nucleic acid-based drugs. Existing microneedle-generated
pores may allow microorganisms to penetrate the stratum
corneum layer of the epidermis and infection. Therefore, the
authors used 2PP, micromolding, and pulsed laser deposition
to fabricate microneedles that had antimicrobial functional-
ity. The authors fabricated needles from Ormocer and either
coated them with silver or left them bare. The silver-coated
Ormocer microneedles showed antibacterial properties but
did not inhibit growth of human keratinocytes. This result
showed that use of silver coating is an effective approach for
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creatingmicroneedles that have antimicrobial characteristics.
In a follow-up study, the authors fabricated microneedle
arrays that contain Polyethylene Glycol-Gentamicin Sulfate,
which inhibited growth of Staphylococcus aureus bacteria
[68].

2.1.2. Two-Photon Erosion Technology for Tissue Engineering.
Photodegradation is the alteration of a molecule by infrared,
visible, or ultraviolet radiation. Two-photon excitation using
a pulsed laser induces degradation within hydrogels over
multiple length scales by cleaving components within the
cross-linked biomaterial.Thismethod achieves submicrome-
ter resolution and can erode the focal volume within the bulk
material; these traits have been exploited to develop platforms
for various in vitro studies.

Lee et al. [69] suggested amicropatterning technique that
uses two-photon-induced erosion (2PIE) to control the 3D
arrangement of biomolecules and cells at the micrometer
scale. The authors fabricated a 3D micropattern of cell adhe-
sive ligand (Arg-Gly-Asp-Ser: RGDS) in collagenase-sensi-
tive poly(ethylene glycol-co-peptide) diacrylate hydrogels
to guide cell migration along predefined 3D pathways and
human dermal fibroblasts encapsulated within the micropat-
terned collagenase-sensitive hydrogels were located in the
center of the hydrogel construct. After preparation of the
3D pathway, cells migrated along predefined 3D RGDS path-
ways. Their result showed the possibility of guiding tissue
regeneration by using 3D scaffoldswith highly definedmicro-
scale geometry.

Kloxin et al. [70] synthesized photodegradable poly(eth-
ylene glycol) based hydrogel, which has physical and biolog-
ical properties that can be modulated in the presence of cells
by ultraviolet, visible, and two-photon irradiation. 3D chan-
nels thatwere fabricated using 2PIEwithin a hydrogel allowed
migration of hydrogel-encapsulated cells, and variation of
the gel composition induced chondrogenic differentiation of
encapsulated stem cells. These photodegradable hydrogels
showed promise as in vitro 3D cell culture platforms in which
an interaction between cells andmaterials is elucidated by the
processing information of cells.Thesemethodsmay be useful
in applications such as drug-delivery vehicles and tissue-
engineering systems.

Tibbitt et al. [31] presented a PEG-based hydrogel in
which the geometry and context of the extracellular environ-
ment were controlled by 2PIE (Figure 4). They characterized
the 2PIE process and demonstrated its efficacy in cell culture.
To erode a gel completely, they selected 2PIE parameters in
the presence of cells and then erodedmicroscale structures on
and in the gel to confirm the patterning resolution.They used
2PIE to erode thematerial at the cell-gel interface and remove
cell adhesion sites selectively. Finally, they monitored the
stem cell response by detachment between cells and softmat-
erials.This technique allows users tomanipulate precisely the
context and geometry of a cell’s underlying microenviron-
ment.

2.1.3. Two-Photon Ablation Technology for Tissue Engineering.
Two-photon lithography (2PL) can provide high-resolution
material processing without requiring a chemical developer

or a photomask [71, 72]. Intense pulses of femtosecond laser
can cause nonlinear absorption processes (e.g., multiphoton-
initiated avalanche ionization) that can damage transparent
dielectrics [73]. However, heat exchange is limited during
femtosecond pulsed laser irradiation, so thermal stress and
collateral damage are minimized. Thus this laser can achieve
submicrometer resolution when ablating biomaterials.

Jeon et al. [32] used a two-photon laser to write nanoscale
chemical patterns on thin polymer film. Poly(ethylene glycol)
methacrylate (PEG-MA) layers were prepared on quartz
substrates, and then nonlinear absorbance of pairs of photons
from femtosecond laser was used to ablate the underly-
ing substrate. Single-shot ablation allowed the patterning
of nanoscale features without a damage of the substrate
(Figure 5). The diameter of the laser spot was 0.86 𝜇m at
1/e2 width, and the exposed feature size on the substrate was
∼80 nm in that condition. Fabricated patterns could control
the adhesion and migration of 3T3 fibroblasts, so this study
demonstrated the use of two-photon ablation technology to
realize a microenvironment.

2.2. 3D Printing Based on Controlled Electrospinning. Elec-
trospinning is a versatile 3D printing technique that uses
a biopolymer; the method was first proposed in 1934 [26].
Electrospinning is based on the creation of fibers by ejecting
an electrically charged viscoelastic polymer solution onto a
collector.The travel pathway of the charged polymer solution
is guided by a strong electric field that is generated by a
high voltage between a polymer solution outlet and the
collector guide [27]. By the control of solution conditions
(pH, concentration, and solvent), device conditions (dis-
tance between tip and plate, strength of electric field, and
dimensions of nozzle), and collection methods (plate versus
rotating mandrel and speed of collection), this technique
can produce ultrafine fibers with a wide range of diameters
from several micrometers to a few nanometers. However,
electrospun nanofibers undergo a whipping motion, so an
electrospun product is normally a nonwoven mat of ran-
domly oriented fibers. This characteristic has limited the use
of this method to fabricate patient-customized architectures
for use in tissue regeneration. However, various techniques
to align and position the nanofibers have been developed,
so the electrospinning technology has been utilized in tissue
engineering and regenerative medicine area.

2.2.1. 2D Pattern FabricationUsing Controlled Electrospinning.
Research on the morphology of nanofibrous structures has
mainly focused onnanofiber alignment [33, 74–77].However,
although achieving alignment of the nanofiber was a sig-
nificant breakthrough that allowed deposition of structured
nanofiber mats, the precision of alignment is still limited by
difficulties in controlling the geometric features of the elec-
trospun mats and in introducing geometrical functionalities.
Therefore, newmethods, such as direct nanofiber patterning,
a prepatterned conductive collector, have been studied.

Bellan and Craighead [78] used electric fields to confine
and steer an electrospunpolymer jet for controlled deposition
of functional materials and used an electrode between the
electrospinning tip and grounded sample to suppress the
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Figure 4: Feature formation to control ECM context and geometry. (a) Defined features can be patterned at the surface or within PEGdiPDA
hydrogels by rastering the focal point of a two-photon laser scanning microscope (LSM, Zeiss LSM 710) through specific geometries using
region of interest software. (b) Surface feature formation can be performed on size scales relevant to the cell (∼1 to 100mm) and spatially
confined to desired regions to disrupt adhesion at the front or back side of adhered cells (purple oval and yellow circle) or to disrupt adhesion
at individual filopodia (red triangle). To demonstrate this strategy, feature formation was performed in the absence of cells on the order of
microns (red triangle) to 100mm (purple oval) and was monitored with confocal microscopy (3D renderings of fluorescent confocal stacks
and the corresponding cross sections, green and blue lines). (c) Features were also patterned within the bulk of PEGdiPDA hydrogels to
motivate the utility of this approach for directing encapsulated cells ((c)(i)) to migrate down specific channels ((c)(ii)) or for defining the
geometry of the cell niche ((c)(iii)). 20mm and 30mmwide channels were patterned into PEGdiPDA gels ((c)(ii)) for representative channel
formation, and a 45mm wide square cylinder was patterned into a gel ((c)(iii)) as a representative change to the geometry of the cell niche.
Scale bars represent 20mm, except as noted (figures were reproduced from [31] with permission of Royal Society of Chemistry).

chaotic whippingmode, thereby reducing the diameter of the
characteristic spot. By modifying the electrode setup, they
deposited isolated electrospun fibers in controlled positions
and terminated electrospun fibers quickly. Their results will
allow the increase in the complexity of the geometries that
can be fabricated using electrospun nanofibers.

Dalton et al. [79] used melt electrospinning and demon-
strated that simple nanofibrous patterns with line widths as
small as 500𝜇m can be fabricated by increasing the tip-
to-collector distance and reducing the speed of the plate

collector. Electrospun fibers collected in focused spots were
used in the patterning and drawing of a cell adhesive scaffold.
Aligned electrospun fiber lines of 200–400 𝜇m width could
be applied continuously or discretely onto a slidemounted on
an 𝑥-𝑦 stage. This direct electrospinning writing technique
will provide scaffold-building devices suitable for tissue
engineering applications.

Zhang and Chang [80] used electroconductive collectors
to fabricate poly(lactic acid) (PLA) electrospun mats with
different patterned structures (Figure 6). To control the
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Figure 5: (a) Schematic of laser ablation. Polymer is grown from surface-bound ATRP initiator and ablated by a 100 fs, 400 nm laser pulse.
(b) QCM-Dmeasurement of polymer thickness. A measurement result indicates linear growth of the living radical polymerization, ensuring
the smooth, uniform films necessary for consistent laser ablation. (c) AFM image of 250 nm dot pattern in 20 nm film (scale bar is 1 𝜇m)
(figures were reproduced from [32] with permission of ACS Publications).

patterns and architectures and the parameters that affect the
formation of the patterns of the fibrous materials, the authors
designed an electroconductive template. They demonstrated
that protrusions on collectors are an important feature that
may induce structures in the electrospunmat and that woven
constructs can be fabricated by time-dependent control of
the protrusion arrangement of the collector. These effects of
protrusion arrangement and designed patterns have potential
for use in supplying fibrous mats for biomedical applications.

Kharaziha et al. [81] fabricated elastomeric biodegradable
poly(glycerol sebacate) (PGS):gelatin aligned nanofibrous
scaffolds with various chemical composition, stiffness, and
anisotropy. They incorporated PGS to create nanofibrous
scaffolds that mimic the architecture of the left ventricular
myocardium. They studied attachment, proliferation, align-
ment, and differentiation of neonatal rat cardiac fibroblast
cells. They also studied protein expression and contractile
function of cardiomyocytes on PGS:gelatin scaffolds. An

aligned nanofibrous scaffold with 33wt% PGS enhanced the
cellular alignment of cardiomyocytes and elicited optimal
synchronous contractions of them.These results suggest that
the electrospun PGS:gelatin scaffold with an alignment had
an important influence on the organization, phenotype, and
contraction of cardiac cells and can be used in engineering of
cardiac tissue.

2.2.2. 3D Scaffold Fabrication Using Controlled Electrospin-
ning. Despite numerous benefits of electrospinning tech-
nology, it cannot easily fabricate macroscopically porous
3D nanofibrous scaffolds, due to their entangled fibers and
densely packed membranous structure [82]. Although elec-
trospun scaffolds provide favorable cellular interaction due to
internal architectures, as in native tissue, cellular migration
within 3D electrospun scaffolds has been limited because of
their inherently small pore sizes. Furthermore, the porosity of
these scaffolds cannot be controlled. To solve these problems,
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some new approaches have been developed that control the
electrode position to produce advanced electrospun 3D scaf-
folds.

Lee et al. [83] developed direct-write electrospinning
(DWES) with improved focusing and scanning functionali-
ties to generate nanofibrous mats. The authors demonstrated
that DWES could control the geometry and dimensions of
nanofibrous patterns and mats. Fabricated nanofibrous mats
were used as patterns for cell alignment. 3D nanofibrous scaf-
folds with regular pores were developed by stacking the nano-
fibrous mats into a 3D structure [83, 84]. After preparing the
3D nanofibrous structures, they compared the cellular inter-
actions induced byDWES, conventional electrospinning, and
salt leaching technique. Cell migration to the inner space
was better in the DWES scaffold than in the scaffold pro-
duced using conventional electrospinning. Scaffolds fabri-
cated using DWES will eventually improve cellular migration
into the core and aid in 3D tissue formation.

Teo et al. [33] controlled the motion of the electrospin-
ning jet by use of knife edges to control the electrostatic
field forces. The authors used polycaprolactone (PCL) as a
biodegradable base material and fabricated tubular scaffolds
with diagonally aligned fibers to be collected on a rotating
tube.The tubular scaffold was formedwith uniform thickness
and possessed superior mechanical strength without any line
of weakness. This technique may be used in development of
strong tubular structures as blood vessel scaffolds.

Vaz et al. [85] used sequential multilayering electrospin-
ning (ME)with a rotatingmandrel-type collector to develop a
scaffold that mimics both morphology andmechanical prop-
erties of a blood vessel. A bilayered tubular scaffold was com-
posed of an outer layer composed of well-oriented stiff PLA
fibers and an inner region composed of randomly oriented
pliable PLA/PCL fibers.The degree of fiber orientation in the
two layers was controlled by adjusting the rotation speed of

the collector. Their scaffolds showed 10% elastic strain. They
improved the attachment and proliferation of 3T3 mouse
fibroblasts and human venous myofibroblasts. These results
suggest that electrospun PLA/PCL bilayered tubular scaf-
folds with appropriate characteristics may be useful to guide
regeneration of blood vessels.

Ignatova et al. [86] fabricated biocomponent nanofi-
brous mats by electrospinning mixed solutions of chitosan
(Ch) or quaternized chitosan (Qch) and poly[(L-lactide)-co-
(D,L-lactide)] (PLA). Cross-linked electrospun Ch/PLA and
QCh/PLA mats inhibited growth of the S. aureus and E. coli
more effectively than did solvent-cast film fabricated using
the same materials. The reason for the difference was that
Ch and QCh that were incorporated into electrospun mats
decreased the ability of the bacteria to adhere to them.These
hybrid nanofibrous mats may be useful in wound-healing
applications.

Kim and Park [87] fabricated biodegradable polymeric
nanocylinders by degradation of electrospun nanofibers. To
make nanocylinders, nanofiber aggregates were uniformly
dispersed in aqueous solution by aminolytic degradation
of long electrospun fibers for reassembly of the fibers with
controllable orientation and architecture. From transverse
fragmentation of semicrystalline poly(L-lactic acid) (PLA)
nanofibers, cylindrical and biodegradable nanomaterials
with various aspect ratios were prepared. This approach
showed the fabrication of ECM-mimicking nanofilaments
which could potentially be assembled into highly ordered
structures.

Zhang and Chang [34] suggested a static method to
fabricate 3D fibrous tubes composed of ultrafine electrospun
fibers (Figure 7).They used a 3D collecting template based on
manipulation of electric fields and forces to fabricate 3D
architecture. This technique can fabricate micro- and macro-
tubes with multiple micropatterns, multiple interconnected
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of panel (e) (scale bar = 200 𝜇m) (figures were reproduced from [34] with permission of ACS Publications).

tubes, and many tubes with the same or different sizes, struc-
ture, shapes, and patterns. The authors investigated para-
meters that can affect the order degree of patterns. This tech-
nique to control the patterned architecture hasmany biomed-
ical and industrial applications.

Aligned nanofibrous scaffolds fabricated using electro-
spinning can affect cell and matrix organization. However,
their widespread application has been impeded by the poor
cell infiltration due to the tight packing of the fibers.
Therefore, Baker et al. [88] suggested tunable composite
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nanofibrous scaffolds with water-soluble sacrificial fibers.
Composites were composed of two fibers: slow-degrading
poly(𝜀-caprolactone) (PCL) and water-soluble poly(ethylene
oxide) (PEO), which is removed to increase the internal
pore size in the fabricated 3D scaffold. PEO was sponta-
neously degraded by hydration, thereby leaving large pores
that facilitated cellular infiltration. Although more than half
of the initial fibers were removed, the remaining scaffold
induced sufficient cell alignment and formation of a highly
organized extracellular matrix at several length scales, and
3D cartilage tissue (>1mm thick) was formed at 12 weeks
after implantation. This technique can be used to support
regeneration of load-bearing fibrous tissues.

3. Summary

This review has described 3D printing technologies with
nanometer resolution for use in tissue engineering. 3D print-
ing technologies have great advantages over traditional scaf-
fold fabrication methods in the control of porosity, pore size,
and interconnectivity. 3Dprintingmethods can fabricate a 3D
scaffold as designed, so they can be used to standardize 3D
scaffolds. Among various 3D printing methods, two-photon
laser-based nanofabrication and controlled electrospinning
have received attention in various areas of tissue engineering
due to their abilities to fabricate structures with high surface-
to-volume ratio and highly interconnected porous architec-
ture at submicrometer resolution. Use of these methods has
yielded precise 3D scaffolds that mimic the organization of
the extracellular matrix, and their characteristics have helped
to study unknown cellular behaviors including adhesion,
proliferation, and differentiation. The scaffolds have been
used in studies of molecular biology and cell dynamics, so
new possibilities for the improvement of tissue regeneration
have been suggested. Future development of 3D nanoscaf-
folds should focus on increasing the precision of scaffold
fabrication systems, on identifying new biomaterials, and on
the role of biomolecules in cell behaviors such as adhesion,
proliferation, and differentiation. Given the concentration
on these topics, 3D nanoprinting technologies will become
important tools in tissue engineering in the near future.High-
resolution 3D biomimetic environments will become useful
substrates in the search formechanisms of vital phenomenon.
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