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INTRODUCTION TO BIOPRINTING

Bioprinting is an emerging field in biotechnology that
modifies existing printing and fabrication technologies for
biomedical engineering applications. Analogous to printer
inks, transferable biomaterials include biomolecules (e.g.,
proteins, enzymes, antibodies), cells (e.g., bacteria, stem
cells, mammalian cells), and tissue scaffolding materials
(e.g., metallic alloys, biodegradable polymers, ceramics).
Receiving substrates, from hard silicon-based and metal-
lic surfaces to soft biopolymer and gelatinous surfaces,
are utilized as functional or inert supports for bioma-
terials deposition. The integration and/or modification
of existing printing technologies to biomedical engineer-
ing research will improve applications in tissue engi-
neering constructs, drug-delivery, analytical and diag-
nostic tools, disease modeling, self-assembling materi-
als, and mechano-surgical implants. Bioprinting requires
additional biological considerations that set the technolo-
gies apart from nonbiological printing processes. Retaining
bioconstruct structure integrity and function is imperative
to effective production and scale-up. These biological con-
siderations include, but are not limited to, types of cells,
electrochemiophysiological behaviors, scaffolding material
properties, buffer and matrix media, and protein structure
and kinetics.

The mechanisms of printing and fabrication are cate-
gorized into four groups: (i) patterning, (ii) inkjet-based
printing, (iii) laser deposition, and (iv) nanobioprinting.
Bioprinting and fabrication techniques may be classified
as direct-contact, direct-write (DW) or resist-write.
Direct-contact writing is analogous to stamping, in
which biomaterials are transferred, from topographically
patterned surfaces laden with the species of interest,
to a receiving substrate by physical planar contact.
For example, the topographical plateaus of molded
‘‘stamps,’’ cast in microprinting techniques replicate
the positive image at imprint. Biomaterials in the
negative space of the stamp do not make contact with
the substrate surface and thus are not transferred. DW
bioprinting is the controlled and localized unit-delivery of
biomaterials to create self-assembled constructs as
specified by computer aided design (CAD) protocols.
For example, inkjet-based bioprinting delivers volu-
metric equivalent droplets of cell suspension, actuated
by piezo-pressure pulses on the syringe cartridge.
Resist-write involves remote pattern formation through
selective polymerization of media in which biomaterials
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are suspended, thereby entrapping and immobilizing
desired species on the substrate platform. For example,
nanoscale 2D patterns can be created on receiving sub-
strates with spin-coated photosensitive polymer solutions
by controlled electron beam polymerization. Selection of
direct-contact, DW, or resist-write printing depends on
the spatial and temporal scale of the construct, sensitivity
of the biomaterial species to printing mechanisms, and
desired resolution of print.

Bioprinting technologies will ultimately contribute to
advancements in commercial production of biomedical
devices, rapid prototyping of multicomponent bioma-
terial layers with CAD, and progression towards 3D
tissue constructs for future autologous organ surgical
implantation.

MICROPRINTING APPLICATIONS

Microprinting technologies such as laser-induced forward
transfers and soft lithography have proven useful for
the deposition of passive conformal components in the
printed circuit board industry. Subsequently, these
microprinting techniques have been adapted to address
acellular biomedical applications, such as biosensors,
biological microelectromechanical systems (bio-MEMS),
lab-on-a-chip devices, and microfluidic devices.

The performance of biosensors and bio-MEMS require
patterned, high resolution monolayers of functional
cellular-based, protein-based, bio-metallic, or polymer-
based biomaterials. For example, the sensitivity and
effectiveness of biodevices depend on the density of
exposed active sites on the electrode units. Surface
biofouling, due to nonspecific binding of undesirable
materials, decreases the number of active sites available
and thus impairs the performance of the biomedical
device. In addition, printing of the active sites on
lab-on-a-chip devices requires position-specific dispensing
of proteins and biomolecule components. Microprinting
technologies provide solutions by controlling topograph-
ical biomaterial deposition and strategically adding
preventative antibiofouling films (1,2).

The miniaturization of drug discovery routines, chem-
ical compound screenings, laboratory diagnostic tools,
immuno arrays, and pharmacology tests has led to numer-
ous developments in lab-on-a-chip technologies. Advance-
ments in the sub-microliter-volume delivery of bioma-
terials for miniaturized, analytical biomedical devices
increase the cost-effective production and use of such
devices. The scale-down of biochemical tests allows for
small volumes of reagents to be used, thereby conserv-
ing critical samples and costly reagents (3). Current DW
techniques are capable of transferring droplets volumes
on the pico- and femto-liter scale (4,5). The continued
development and application of microprinting technologies
will lead to improvements in microfabrication streamlin-
ing and optimized performance of biomedical devices.
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TISSUE ENGINEERING APPLICATIONS

Tissue engineering is the application of developmental
biology principles for the engineering of biomaterials and
cells for functional tissue unit repair, improvement, or
replacement (6,7). Traditional tissue engineering tech-
niques employ two-step procedures that involve the con-
struction of porous scaffolds and subsequent manual seed-
ing of cells onto the biodegradable scaffolds. The scaffolds
serve as temporary constructs for cell attachment and
directional monolayer growth. Supplemental treatments,
such as the addition of biochemical growth factors, biome-
chanical manipulation, and suspension in bioreactors are
utilized to customize cell growth, proliferation, and differ-
entiation in loaded scaffolds (8). However, the robustness
of this ‘‘top–down’’ approach to tissue engineering is crit-
ically limited by imprecise manual seeding, and poor
nutrient diffusion for cell proliferation and directional
growth. Because of these limitations, the structural and
functional complexities of top-down tissue constructs are
severely restricted. Bioprinting may provide a solution
to overcoming the constraints and shortcomings of the
two-step, top-down approach to tissue engineering.

Bioprinting offers a method for printing monolayers of
directly placed cells, biomolecules, and scaffold from their
basic elements of construction in a one-step, bottom-up
approach. Cells, biomolecules, and scaffolding materials
are deposited in a brick-and-mortar fashion as opposed
to traditional scaffold-seeding techniques. Printing tech-
nology scaling-up techniques, repeatable high-resolution
deposition, and automated patterning facilitates the direct
control of cellular placement and their immediate environ-
ments. Virtually unlimited and fine-tuned permutations of
construct patterns are feasible (9,10). Current bioprinting
technologies proficiently create both 2D monolayer and 3D
multiple monolayer cellular constructs with intricate pat-
terns to mimic natural in vivo tissue-layer organization.
For example, pulsed laser based transfers and inkjet-based
printers have exhibited CAD control in high resolution spa-
tial arrangements of deposition spots for specific cell–cell
and cell–matrix environments (11,12). As advances in
techniques for cells seeding make headway, a future trend
in bioprinting of tissue constructs becomes the integration
of vascular networks. In particular, once the construct
approaches 1 mm in thickness, vascularization is needed
for viability (nutrient delivery and waste removal), and
this increases the difficulty for construct fabrication.

Printing technologies for tissue engineering applica-
tions can potentially facilitate the fabrication of func-
tional biological constructs by simultaneously pattern-
ing, depositing, dispensing, or transferring living cells
or chemical biomolecules with tissue scaffolding mate-
rials. Localized deposition of nutrient-laden scaffolding
solutions and formation of in vitro vascular geometries
in the construct provides potential solutions to amelio-
rate the lack of vascularized scaffolds in traditional tissue
engineering techniques. For example, work by Norette et
al. has led to developments in self-assembling discrete
units to form primitive vascular constructs (13). Addi-
tional promising aspects of bioprinting include recognition
algorithms for discriminatory and automated placements

of multiple cell types for co-culture applications. Eventu-
ally, the integration of vascular printing, automated cell
seeding, and CAD patterning can translate cell-integrated
constructs to living systems. In future clinical settings,
patients in need of organ or tissue transplants may have
the option of using their own (autologous) cells to grow
healthy, patient-specific, engineered tissue to be surgically
implanted to restore, maintain, or replace the damaged
organ or tissue.

CURRENT METHODS

Patterning

Patterning is the immobilization and deposition of bio-
materials by direct-contact placement of photomasks and
molds onto target substrates to create microscale and
nanoscale monolayer constructs. In theory, reiterations
of the direct-contact procedures, with different patterns
onto a single substrate surface, results in monolayer
composition heterogeneity and the layering of patterned
substrates produces constructs with 3D morphology (14).
Patterning technologies may see use in tissue engineering
and widespread application in microfluidic devices.

Photolithography creates patterns on target substrates
covered by a spin-coated layer of photosensitive hydrogel
(Fig.1) A light-blocking photomask is placed directly on
top of the hydrogel, and patterns are etched into the
positive photoresist hydrogel layer by ultraviolet (UV)
light treatment. De-polymerization of the hydrogel by
UV light subjects the unmasked domains for ejection
by a subsequent wash step. Thus, empty channels and
wells are created at areas of de-polymerized hydrogel.
Biomaterial can then be introduced and allowed to adhere
to the retained hydrogel layer matching the photomask
negative profile. Once the biomaterial-hydrogel layer
is hard-baked, repeat photo-etching with additional
hydrogel layers and original or new photomasks may
be applicable (15). Fabrication of photomasks varies

Figure 1. Schematic of photolithography.
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depending on the application, the hydrogel surface
with which it contacts, and intensity of UV lighting.
Photomasks are typically photoresist silicon-based
wafers with laser-etched patterns. Photocleaveable
hydrogel materials must be compatible with introduced
biomaterials, readily degrade under UV light, and protect
the underlying biomaterials once hard-baked. Typical
materials include poly(N-isopropylacrylamide) (PIPAAm)
copolymers and poly(ethyleneglycol) (PEG) (16).

Photolithographic methods are well-established for
electronic thin films and have proven useful in biomedical
devices, such as sensors, actuators, and analytical devices.
However, achieving resolutions below several hundred
nanometers is still a challenge due to the diffraction limit
of light. The use of UV lighting for curing of hydrogels
also makes photolithography a poorly suited method
for transferring cells for 3D cellular constructs, as the
UV treatment disrupts cell integrity and undercuts
the underlying layers while etching, thereby causing
undesired dimensional deformation. In addition, only one
cell type can be used per hydrogel layer as control of
multicellular attachment factors for specific placement on
hydrogels patterns has not yet been successful (17).

A derivative technique of photolithography,
microlithography utilizes negative photoresist hydrogels
to create patterns. Exposure to UV lighting cures
hydrogels by photopolymerization, and areas covered by
the photomask are subject to the wash step. Ultimately,
introduced biomaterials only adhere to the areas
stenciled by the photomask (18–20). Another spin-off
of photolithography is the technique of photo-stenciling
of microgel blocks. This technique mass-produces har-
vestable, cell-laden micro-sized hydrogel building blocks
for mesoscopic assembly (21,22). Another derivative of
photolithography is the stop-flow interference lithography
technique used to generate biomaterial-laden micro
hydrogel beads for direct assembly into a pattern (23).

Soft lithography offers a pattern-writing technique that
eliminates both the cytotoxicity associated with photore-
sists and the need for direct UV light curing of photo-
sensitive scaffolding material (Fig. 2). As a result, soft
lithography is much better suited for patterning living
cells than photolithography. The technique utilizes a fabri-
cated master dye to cast elastomeric molds which are then
used to cast secondary scaffold patterns. The elastomeric
molds are typically constructed of poly(dimethylsiloxane)
(PDMS), whereas the subsequent scaffolds are composed
of sol-gel materials, generally poly(DL-lactide-co-glycolide)
(PLGA), that become gel-like upon transient dry-heat cur-
ing. PLGA solutions may be loaded with biomolecules and
cells to pattern constructs with biological function (24).
In soft lithography, photoresist silicon-wafer master dyes
are microfabricated with CAD-generated photomasks and
cured by UV lighting. PDMS is then applied on the dye
and baked to form the negative mold. The hardened PDMS
mold is then used to cast PLGA scaffolds by one of the three
methods: (i) micromolding, (ii) microfluidic molding, or (iii)
spin-coating.

Micromolding is the direct pouring of PLGA solution
onto the mold and subsequent peeling off of the scaffold
after baking to produce stand-alone monolayer constructs.

Figure 2. Schematic of soft lithography.

Microfluidic molding inverts the PDMS mold on a planar
surface with a film of PLGA solution and generates the
original master dye pattern by applying negative pressure
to draw PLGA into the mold before baking. Spin-coating
is similar to micromolding, except that the baking step
is replaced by a spinning step to drive water out of the
PLGA solution. 3D bioconstructs are successfully created
using soft lithography through layer-by-layer stacking of
patterns (9,25). The resolution in soft lithography molds
depends on the complexity of the master dye pattern, the
accessibility of mold crevices, to loading of materials, and
the materials’ affinity to the mold or dye surfaces. The
integrity of the patterns at the PDMS mold casting, or
PLGA peeling steps can be compromised by a number of
factors including master dye patterns that are too intri-
cate, poor loading technique, bubble formation, and too
great an affinity to molds. Current patterns have lateral
line resolutions of <1 μm (9).

Microcontact printing (μCP), a derivative of soft lithog-
raphy, is a well-established technique for direct-contact
cellular, biomolecule, and subcellular, transfers (Fig. 3).
Like soft lithography, a heat-cured PDMS mold is gen-
erated from a photopatternable silicon-wafer master dye.
However, in μCP, the PDMS mold becomes an inter-
mediary elastomeric ‘‘stamp’’ that is ‘‘inked’’ with solu-
tions containing cells or other biomaterials. Although the
entire surface of the stamp is inked, only the areas
in which the PDMS stamp relief comes into contact
with a planar receiving substrate will be transferred,
thereby generating the desired 2D pattern. Thus, bio-
materials attached to the negative space of the stamp
are not deposited onto the substrate. μCP has been able
to achieve nanoscale patterning resolution by imprinting
elastomeric stamps on thin-resistance surfaces (nanoim-
printing lithography) (20).
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Figure 3. Schematic of microcontact printing.

The thermal stability of the PDMS stamp, pressure and
proximal distance at contact area, surface wetting proper-
ties of the substrate, and level of sagging of biomaterial
solution between PDMS stamp relief points determine
the lateral resolution of ink transfer (26). For example,
thermally unstable stamps, overexertion at relief points,
strong substrate surface affinity for the materials of inter-
est, and high incidences of sagging all can generate
over-blotted patterns and disrupt deposited biomaterial
integrity. μCP achieves patterns at the micron and sub-
micron level of 50 nm–100 μm. Because of the low
cost and reproducibility of μCP, it has shown promise
to become a viable industrial technique for transferring
mammalian cells (27), cellular co-cultures (28), copolymer
sheets (29), proteins and antibodies (30), DNA (31), and
other biomolecules (32) for biomedical applications. μCP
constructs have seen use in microfluidic devices, bioana-
lytic devices, and biochips (20).

Thermal stenciling is a patterning technique that uti-
lizes thermosensitive polymer solution, typically PEG or
PIPAAm, to direct heterogeneous cell placements on cell
sheets for surgical grafting applications (33–36). In vivo,
living tissues rarely consist of solely one cell type, but
rather are comprised of diverse cell types with specific
arrangements to allow the tissue or organ to carry out mul-
tiple functions. Thermal-stenciling attempts to emulate
the cellular heterogeneity of tissues, in vitro, by using an
external stimulus, temperature, to control the topography,
placement, and differentiation of cells on sheet constructs.
Similar to photolithography, temperature regulation on

the polymer solution-lined substrate is modulated by ther-
momask and electron beam irradiation treatment.

Selection of the tissue culture cells is critical, as cells
must not adhere to hydrated, hydrophilic substrate sur-
faces when the polymer solution is at room temperature,
yet should adhere to hydrophobic platforms created by
polymerization of PEG or PIPAAm at the internal body
temperature of 37◦C. The temperature-dependent phys-
iochemical properties of polymer solutions have allowed
for both monoculture constructs and co-culture sheet to
be created. In co-cultured sheets, the selection pattern for
one cell type is generated via electronic beam irradiation
and the subsequent cell type adheres to the remain-
ing negative surfaces (30). Micron-level and nanoscale
(37) resolution of thermal stenciling depends on both
the thermomask pattern, and de-hydrated polymerized
surface affinity for cell membranes. Larger cuts in the
pattern and greater hydrophobic affinity create larger
deposition areas. Large-scale production of cell sheets is
not yet feasible as multiple treatments of the substrate
would disrupt the previously attached cells’ integrity, and
large overhead costs would diminish the benefits of ther-
mal stenciling.

Inkjet-Based Printing

The trend towards specific and heterogeneous prototype
printing of 3D biological structures has led to integration of
inkjet printing technologies to multiple biomedical appli-
cations (Fig. 4). By taking advantage of built-in printer
CAD, inkjet-based bioprinters have been adapted to DW
cells for tissue engineering constructs. The printing mech-
anism is noncontacting and dispenses drop-wise suspen-
sions onto target surfaces. Exerting piezo-pressure at the
head of loaded syringe cartridges dispenses a correspond-
ing volumetric amount of suspended cells or biomaterials
of interest. The energy from the rapid pressure pulse
(microseconds) is transformed into kinetic energy to pro-
pel the droplet, and the remaining energy transferred
as dissipated heat that warms the droplet 4–10◦C above
ambient temperature. Droplet volumes are typically in the
picoliter scale (9).

Many physical and biological constraints must be con-
sidered in inkjet-based bioprinting. The fluidic proper-
ties and composition in which cells are suspended plays
a critical role in cell survival post-transfer. Reported
cell suspension compositions include minimal essential

Figure 4. Schematic of inkjet-based printing.
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media (MEM), collagen, and hydrogel mixtures. Physi-
cally, shearing damage can occur at the syringe nozzle
and heat damage may occur at sites of pulse pressure
actuation and drop dispensing. Adjusting to improve one
parameter may adversely affect the others. For instance,
increasing the viscosity by increasing the amount of thick-
ening agents in the suspension may cushion the negative
effects transfer impact, but requires more actuating pres-
sure (increased shearing) to propel the droplet (38,39). In
addition, because the cells in the cartridges are in suspen-
sion, specific quantities of cell per deposition volume are
reliant on statistical probability of cell allocation. Thus,
cell type, cell density, nozzle geometry, buffer media fluid
properties, and droplet volume become critical parameters
to ensure the appropriate statistical probability of viable
cell placement on the substrate surface (40,41).

The CAD ability and dispensing modules of inkjet-based
printers proves versatile over many physical parameters
of tissue constructs. Inkjet-based bioprinters demonstrate
the ability to incorporate vascular networks by printing
cells in channel-like arrangements that allow for ease
of nutrient and waste diffusion. Drop-on-demand con-
trol of 2D layer fabrication is further enhanced by the
capability of utilizing multiple syringe cartridges for the
adjacent placement of independent cellular loads to com-
prise a ‘‘pixel.’’ The multiple syringe arrangement has
two applications: simultaneous integration of co-cultures,
and streamlined 3D construct formation. Printing of cel-
lular layers may be alternated with hydrogel platform
layers to achieve multilayered 3D constructs. This tech-
nique has demonstrated the ability to print vascular
tubes with mammalian cells (2,42,43), neural stem cells
(36), mouse adult stem cells (44), myocardiac cells (37),
and constructs for bio-MEMS (45). As such, inkjet-based
bioprinting shows promise for future organ printing appli-
cations, as the fabrication of tissue constructs require
automated dispensing mechanism for rapid prototyping,
high level of control for the inclusion of vascularization pat-
terns, and the capacity to administer independent cellular
inputs simultaneously (9,35,46).

Laser Deposition

Laser deposition techniques have long been established to
transfer inorganic materials in the semiconductor, elec-
tronic, and thin film industries. Materials of interest
are suspended in liquid media, which are then vapor-
ized or polymerized under laser treatments. Modifications
to orifice-free laser processing techniques have revolution-
ized the laser-aided transfer of sensitive biomaterials, such
as ceramics, biopolymer scaffolding materials, functional
proteins, and living cells. Current methodologies have
benefits realized in many areas of microstructured biode-
vices such as biochip arrays, biosensors, bioanalyzers,
and thin films applications such as instrument biocom-
patible coatings, anti-inflammatory implant coatings, and
antibiofouling coatings (47). Developments in laser pro-
cessing techniques for biomedical applications have led to
faster print rates for thin film deposition, greater print
resolution—down to the picoliter level, and automated
depositions of multiple biomaterials for next-generation

biodevices (48). More recently, laser deposition of neural,
stem, and mammalian cells have been achieved en route
to tissue construct fabrication. The innovation of laser pro-
cessing in tissue fabrication features CAD and control in
single-cell and discriminatory-cell deposition.

Two-photon induced polymerization (2PP) is an optical,
stereolithographic technique that utilizes the simultane-
ous temporal and spatial nonlinear adsorption of pho-
tons of different wavelengths to induce photosensitive
monomers to their excited energy state for polymerization.
The excitation state, or virtual state, is initiated by fem-
tosecond pulsed laser incident and a corresponding focal
volume of photopolymerized matrix is formed. By guiding
the tightly bound focal infrared laser in 3D translations,
3D resist-write constructs are fabricated from the trans-
parent monomer resins. After a wash step, unpolymerized
monomers are solvated and removed, leaving behind a
3D construct for downstream applications such as selec-
tive cell adhesion with attachment factors. Typically, resin
mixtures consist of inorganic and organic biomaterials for
control of duraplastic properties.

Factors to consider for optimal two-photon induced
polymerization processing include optical and physical
properties of photosensitive materials of construction,
preparation of resins, control of focal laser, patterning
mechanism, and post-processing chemical and mechanical
integrity. The most critical of these factors are the prop-
erties of two-photon adsorption materials. Polymerization
of liquid-state resins depends on the probability of excita-
tion of molecules by simultaneous two-photon absorption,
which varies quadratically with the incidence of light.
Selections for biomaterials utilizable for 2PP applications
are limited by their ability to efficiently absorb energy
beams above polymerization threshold. There exists a
paucity of light-sensitive materials able to initiate poly-
merization chain reactions. As a result, a number of
current investigations are seeking to determine or cre-
ate new materials to fill this need. In addition, changes
in composition of sample-laden two-photon absorption
materials may lead to reabsorption of structures and
requires extensive fine-tuning. Photosensitive biochemi-
cals include Ormocer® modified ceramics, Chromophore,
acrylate-based materials, and epoxy (49–54).

Laser-induced forward transfer (LIFT) utilizes high
power, femtosecond laser pulses to directly write and
physically transfer biomaterials from a source platform
onto a receiving substrate, under vacuum. An excimer
laser is used to create DW CAD patterns on the receiv-
ing substrate. The platform on which source biomaterials
are positioned prior to transfer is a transparent quartz
‘‘ribbon’’. Materials of interest are suspended in media
that readily vaporize under laser treatments. The kinetic
energy as a result of the expansion of the vapor plume
at the quartz/suspension interface ejects the biomaterials
onto a receiving substrate. A layer of metal is sandwiched
between the underside of the ribbon and the biomate-
rials resin to protect the biomaterials from potentially
damaging effects of the high-power laser pulses (55).

LIFT technologies have several severe limitations: (i)
heat generated by high energy laser at the point of ablation
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on ribbon-matrix interface causes local boiling of the sus-
pension which may cause heat damage to biomaterials, (ii)
the biomechanical deceleration of materials upon impact
of biomaterials on the receiving substrate is two orders
of magnitude that of centrifugal g required to disrupt
cell membranes, (iii) the cost-effectiveness of LIFT tech-
niques is still beyond industrial feasibility for large-scale
production of biomaterial rapid prototypes (56).

A slight alteration to LIFT is the absorbing film–
assisted laser-induced forward transfer (AFA-LIFT) in
which a thick sacrificial matrix layer takes the place of
the metal coating on the underside of the disk. Similar to
LIFT, biomaterials are suspended in a gel-like suspension
before laser-induced transfer. It is important that biomate-
rials, proteins and cells in particular, are transferred with
absorbent films to absorb the shock of impact, prevent dry-
ing out, and control spatial splattering during ejection (57).
LIFT techniques have been used for biosensor and
bio-MEMS fabrication (58) and AFA-LIFT has shown the
ability to transfer living organisms such as fungi cells (59).

Matrix-assisted pulsed laser evaporation (MAPLE)
operates on similar principles to those of LIFT, except
that MAPLE transfers biomaterials using low power
pulsed lasers. The low fluence laser requires a volatile
matrix, generally Matrigel, to assist in the ejection of
material of interest. MAPLE is used in uniform layer
applications. A derivative of MAPLE is matrix-assisted
pulsed laser evaporation direct-write (MAPLE DW),
which is schematically similar to AFA-LIFT (60–62).
In MAPLE DW, the ribbon is coated on the underside
with biomaterials to be transferred, and transfer occurs
on vaporization of the matrix at the ribbon–matrix
interface (Fig. 5). Localized matrix evaporation generates
a sufficient plume for the transfer spot to be propelled
and fall onto a receiving substrate under the influence
of kinetic energy and its own weight. MAPLE DW has
the CAD ability to control x, y, z translation of substrate
platform for 3D constructs. Because MAPLE DW has
a CCD (charge-coupled device) camera placed directly
above the ribbon, real-time vision allows for selective
cell transfer and achieves single-cell resolution for DW
(63–66). MAPLE and MAPLE DW have limitations
similar to that of LIFT and AFA-LIFT technologies.

Nanobioprinting

In recent years, the push for submicron constructs
for biomedical applications has led to the adaptation
of nanoscale printing technologies to biomaterials,
specifically subcellular materials. Successful modification
of atomic force microscope (AFM) probes, for additive
nanoscale printing of biomolecules in high resolution appli-
cations has led to new and on-going developments in the
field of nanobioprinting for the biosensor industry (67,68).

Dip pen nanolithography (DPN) is an additive DW
technique developed in the nanoelectronic printing indus-
try that resembles writing with ultrasharp quill pen
(Fig. 6). The writing tips are solid, conical AFM probe tips
coated with suspended molecule ‘‘ink.’’ Concerted, multiple
probes have been developed for larger surface area print-
ing processes. The ‘‘papers’’ in this printing technique are

gold-coated, or silicon-based, receiving substrates (69,70).
DPN has lateral resolution on the order of <100 nm
and a demonstrated ability to successfully direct-deliver
proteins, phospholipids, and DNA (65,71,72). Vertical,
near-contact of the probe focal tip and receiving substrate
forms an ink-meniscus which mediates molecule delivery.
The mechanism by which molecules are deposited depends
on capillary transport dynamics and the electrostatic inter-
actions between the molecules and the receiving surface
coating (73). To prepare for writing, probe tips are loaded
with molecules either by dipping the vertex into solution
or evaporation of the source. Patterns of larger surface
areas require reloading of molecular ink.

Critical factors of biomolecule and inorganic particle
delivery depend on properties of wetting surfaces,
molecule adsorption and desorption kinetics, and
liquid-air-surface interface dynamics. Surfaces on the
probe and receiving platform must be chemically inert to
the deposited molecules, yet allow for stable anchoring
by chemisorption to form self-assembly monolayers. In
addition, surfaces should readily be wetted for efficient
and topographically uniform delivery of molecules at
specified printing areas. The hydro-thermodynamic
attributes of molecules affect loading of the probe as well
as transport properties in the writing step. Control of
relative humidity plays a critical role in modulating the
capillary transfer at the water-air-surface interfaces.
The DPN technique is ideally suited for small volume
deliveries in biochip array applications, as it cannot
produce long, contiguous lines (61,62,65,74). Factors
that affect the resolution of constructs produced with
DPN are grain size of the receiving substrate, level of
chemisorption of molecules on surface, and tip dwelling
time. Rough substrate surface, high chemisorption, and

Figure 5. Schematic of matrix-assisted pulsed laser evaporation
direct-write.
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Figure 6. Schematic of dip pen nanolithography.
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Figure 7. Schematic of nanoscale dispensing.

long tip dwelling time contribute to laterally large and
dense deposits (62,65). Like inkjet-based bioprinters, the
uniform dispensing of biomaterials is dependent on the
spatial probability of particles in suspension on the AFM
tip. Limited loading capacities of AFM tips are constantly
subjected to refill steps to DW large surface areas.

Nanoscale dispensing (NADIS) is a modification of DPN
to overcome the problematic and inconsistent replenishing
of molecule coatings on the AFM tip that disturbs the writ-
ing process (Fig. 7). NADIS delivers molecule solutions via
double-sheet cantilever probes, with an embedded reser-
voir and internal microchannels, leading to an integral
volcanic pore-AFM tip fitted at the free end. By design, the
conical emboss on the top sheet of the cantilever becomes
the core AFM tip, and the funnel-shaped punch-out of
the bottom sheet becomes a shell to assist in the annular
dispensing of molecule solution. The built-in and annu-
lar AFM tip-volcanic apex design allows for a molecular
transfer technique similar to that of DPN, but without the
complications of reloading the AFM tip. Capillary action
during transfer drives the flow of solution with the bio-
chemicals of interest, from the remote reservoir to volcanic
aperture at atmospheric conditions. At the dispensing tip,
the force of capillary flow becomes equilibrated with sur-
face tension at the air-liquid interface (66). Material flow
is regained upon suitable aperture positioning above the
Au-surface of the receiving substrate so that it forms a
liquid bridge for deposition.

As in DPN, control of humidity and materials of
construction are critical factors that affect the contact

angle of the liquid bridge and, thereby, the rate of
materials transport (75). The cantilever probe may
either have hydrophilic coatings resulting in suboptimal
out-flow, or hydrophobic coatings resulting in out-flow at
the aperture tip. The cantilever probe composition most
generally reported is silicon based. As an advancement
in nanoscale printing, NADIS reports performance of
<100 nm line-write resolution (76). This NADIS DW reso-
lution depends on the aperture diameter, tip dwelling time,
and surface affinity for the materials of interest. Larger
annular spacing at the aperture, longer tip dwelling time,
and greater chemisorption at the surface-solution interface
all act to reduce NADIS resolution. In addition, priming of
the tip is required for uniform delivery of materials, from
contact point to end of the write path. NADIS has been
shown to effectively deliver protein (77) and micelles (78).

CONCLUSION

Challenges in biomedical engineering applications, such
as functional engineered tissue construct production and
accurate bioanalytical device production, have given rise to
a niche of technological developments collectively termed
bioprinting. In tissue culture, the growth, proliferation,
and differentiation of the printed cells are highly sensitive
to the chemical-mechanical environments in which the
cells reside. Similarly, the performance of bioanalytical
devices depends on the chemical-mechanical parameters
on sensing and actuating surfaces. The demand for metric
transfers of fragile biomaterials in research and indus-
try has led to high resolution and versatile solutions.
In addition, the finite and bottom-up paradigm intro-
duced by bioprinters has led the way to controllability
and repeatability in biomedical engineering applications.
As the advancement of bioprinter capability continues to
expand, dual trends in rapid prototyping have emerged:
(i) precise small-scale constructs and (ii) large-scale and
repeatable scale-ups.

Current and emerging technologies of bioprinting
are categorized into four areas: patterning, inkjet-based
printing, laser deposition, or nanobioprinting. Each class
of bioprinters has its own strengths and weaknesses.
Patterning allows for fast and replicable constructs, but
the availability of compatible materials is limited. Inkjet
printing is accurate for cell suspension deposition, but
the printing mechanism can be damaging to cells, and
cellular placement is not directly controlled, but governed
by probability. Laser deposition offers high resolution
printing, but is only applicable on a relatively small
scale. Nanoscale printing provides solutions for printing
submicron biomaterials, but economical processes remain
a significant challenge. The overall benefits of bioprinting
are based on principles of controllability, automated depo-
sition, CAD construction, bottom-up writing approach,
and rapid prototyping to address the many challenges in
biomedical engineering applications.
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