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Abstract

Laser-based direct writing of materials has undergone significant development in recent years. The
ability to modify a variety of materials at small length scales and using short production times
provides laser direct writing with unique capabilities for fabrication of medical devices. In many
laser-based rapid prototyping methods, microscale and submicroscale structuring of materials is
controlled by computer-generated models. Various laser-based direct write methods, including
selective laser sintering/melting, laser machining, matrix-assisted pulsed-laser evaporation direct
write, stereolithography and two-photon polymerization, are described. Their use in fabrication of
microstructured and nanostructured medical devices is discussed. Laser direct writing may be used
for processing a wide variety of advanced medical devices, including patient-specific prostheses,
drug delivery devices, biosensors, stents and tissue-engineering scaffolds.
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Laser-based fabrication technologies have recently been used to prepare medical devices
with microscale and submicroscale features [1,2]. Lasers exhibit several properties that are
advantageous for fabrication of medical devices. For example, it is desirable to incorporate
biological molecules (e.g., proteins) and cells into materials used in medical devices,
including scaffolds for tissue engineering and drug-delivery devices [3,4]. Nanostructured
materials may be used to guide the attachment of individual biological molecules with better
control, selectivity and sensitivity than conventional microstructured materials. For example,
nanostuctured materials may be able to interact with proteins in a manner that does not alter
their biological properties [5].

Processes such as fused deposition modeling and wet etching are not suitable for fabricating
medical devices containing biological molecules, since biological molecules can be
irreversibly damaged by high temperatures and highly acidic or basic pH environments.
Laser direct write techniques are commonly used for fabricating medical devices since they
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do not require harsh chemicals or heating of material. Lasers have been used in the
production of a variety of medical devices, including stents, prostheses, medical sensors,
drug-delivery devices and tissue-engineering scaffolds. Medical devices and laser-based
techniques used to create them will be discussed in this review.

Lasers provide spatially coherent energy, which can be readily focused in order to process
materials at the microscale and the sub-microscale [6]. Emission wavelengths vary greatly,
depending on the mechanism used for photon generation. Excimer lasers (e.g., ArF, KrF and
XeF lasers) and metal vapor lasers (e.g., HeCd lasers) generally operate at UV wavelengths.
Numerous solid-state lasers operate over a wide range from UV to infrared. CO» lasers
operate at infrared wavelengths [6]. Lasers can either operate in continuous wave or pulsed
modes. In continuous wave mode, the energy output is constant over time. Pulsed operation
enables higher energies to be emitted over short pulses [6]. When pulses are extremely short,
as is the case with ultra-short pulse lasers (e.g., Ti:sapphire lasers) that operate in the
femtosecond range, nonlinear optical processes such as two-photon absorption can take
place [7]. The phenomenon of two-photon absorption allows femtosecond lasers to perform
microscale processes and nanoscale processes that are not possible with other types of
lasers. For example, femtosecond laser—material interaction is utilized in a direct write
technique known as two-photon polymerization (2PP). For additional information on various
types of laser systems, the text Introduction to Laser Technology by Hitz, Ewing and Hecht
is suggested [6].

In laser direct writing, 2D and 3D structures are prepared by directing a laser beam in a
desired pattern over a region of a surface. Writing is controlled by translating the laser,
translating the target or rotating the target. With three axes of translation and three axes of
rotation, up to six degrees of freedom may be achieved. Direct write rapid prototyping
exhibits many attributes that are appealing for use in medical device fabrication. One
advantage of laser direct writing techniques over other manufacturing techniques, such as
molding, is that devices with complex interior geometries can be fabricated in order to
precisely meet the needs of a given application. The geometry of a given structure may be
determined by an input stereolithography (SLA) file, which can be easily manipulated using
standard computer-aided design (CAD) software [8]. Modifications to the geometry of the
structure can be readily performed. Over the past two decades, technologies for producing
CAD models based on computed tomography (CT), MRI and other medical imaging
techniques have been developed [9-14]. Patient-specific medical devices and prostheses
may be prepared using CAD models derived from patient data. These patient-specific
prostheses may possess suitable features, including geometry, size and weight for a given
patient and a given medical condition. Features may be incorporated into customized
prostheses in order to promote tissue ingrowth or other types of cell-prosthesis interaction.
In addition, a surgeon can use rapid prototyping in order to fabricate an exact replica of a
given patient's anatomical features to aid him or her in surgical preparation and training.

Interaction between the near-surface region of a solid material and either a continuous wave
laser beam or a pulsed laser beam involves electronic excitation and electronic de-excitation
[15-17]. The most important parameter for understanding laser—material interaction is the
laser wavelength; the laser wavelength determines the extent of absorption and scattering of
laser radiation in the material [16]. For example, laser ablation involves absorption of the
laser radiation by the material, which results in conversion of optical energy to heat within a
relatively small volume. Parameters of importance for pulsed lasers are the pulse duration
(duration of laser emission), the repetition rate, the duration of laser exposure (time the laser
is emitting radiation), the pulse energy (amount of energy in one laser pulse), the numerical
aperture, the average power (total energy per unit time), the peak power (pulse energy
divided by pulse duration) and the fluence (amount of energy delivered to sample surface
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per unit area). The parameters of importance for continuous-wave lasers are the power (total
energy per unit time), the irradiance (power per unit area), the numerical aperture and the
duration of laser exposure (time the laser is emitting radiation).

Absorption of photons can lead to excitation of electrons in atoms and molecules of the
target material. In ablation, energy transfer leads to nearly instantaneous release of the target
material, either by thermal vaporization or by photochemical interactions [7]. At lower
energies, the bonds remain intact and energy is converted into heat [18]. In this case,
localized heating of the target material results in sintering or melting. On the other hand,
photopolymerization takes place when photoinitiator molecules absorb photons and form
radicalized molecules; these radicals can initiate polymerization reactions [19]. Numerous
laser direct write techniques have been developed, which utilize these laser—target
interactions. A summary of the laser-based direct write techniques is provided in Table 1.
Commonly used laser-based direct write techniques include selective laser sintering (SLS),
laser ablation machining, matrix-assisted pulsed-laser evaporation direct write (MAPLE
DW), SLA and 2PP.

Selective laser sintering/melting

Powder-based direct write techniques involve selective melting of powders or granules in a
powder bed using a high-power laser. For example, in selective laser sintering or melting, a
laser is used to heat a powder to a temperature at which the particles either sinter together or
melt together, respectively [18]. Prior to laser exposure, the precursor material is commonly
annealed to a temperature close to its melting point; only a small increase in temperature is
required to cause localized melting or sintering. Since this technique is thermally activated,
lasers with greater thermal effects, such as continuous wave lasers (e.g., CO, lasers) [20]
and long pulse lasers [21], are commonly used. Sintering/melting only occurs in a localized
region due to the fact that a focused laser beam is used to heat the powder. A three-
dimensional structure is fabricated by moving a height-adjustable table, which contains the
powder bed. After sintering of a layer has taken place, a fresh layer of powder is applied to
the top surface of the structure; this process is repeated until the device is complete. The
processing environment is commonly filled with an inert gas in order to minimize oxidation
of the powder. Once fabrication is complete, the unsintered/unmelted powder is removed by
breaking out methods, such as manual removal, brushing and powder blasting [22]. The
technique may be used to fabricate 3D structures with complex features such as overhangs
and undercuts. A diagram of the SLS/selective laser melting (SLM) process is provided in
Figure 1A.

Structures with 50-um features are commonly prepared using conventional selective laser
sintering/melting methods [23]. Exner et al. recently described a process known as laser
micro-sintering for processing metallic (e.g., copper, molybdenum and silver) and ceramic
(e.g., alumina and silica) powders [24]. This process involved the use of a g-switched solid-
state laser (pulse ~200 ns), which provided high fluence, rapid heating and rapid cooling of
material. Metal powders, including copper, molybdenum and silver, were sintered under air
without oxidation; the absence of oxidation was attributed to vigorous expansion of the gas
and/or the plasma plume. Micro laser sintering using a precursor material containing sub-1
um grains in an oxygen-free atmosphere provided a sinter layer thickness of 1 um and a
structural resolution of 20 um. Micro laser sintering using a precursor material containing 10
um grains in an oxygen-free atmosphere provided a sinter layer thickness of 10 um and a
structural resolution of 55-60 um. Regenfuss et al. used a g-switched solid-state laser and a
ring rake for processing of submicrometer powders, including Al,O3 and SiC; they obtained
resolution and surface roughness values more than one order of magnitude better than those
achieved by conventional selective laser sintering technologies [25].
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Although SLS/SLM is compatible with various materials, the precursor material must be in
powder form [21-23,26-31]. A benefit of SLS/SLM is that support structures are not needed
for parts with overhangs, since the unaltered powder acts as a support [32]. It is important to
note that SLS/SLM not only provides models for examination, but also functional prototypes
for testing. It is also important to note that SLS/SLM is the only laser direct write process
that is currently available for producing metallic medical devices and prostheses.
Dimensional differences between SLS models fabricated from CT data and master structures
were recently shown to be 1.79% [33]. Kaim et al. recently compared CT data, the resulting
SLS model and CT data of the SLS model [34]. The differences between these three data
sets were shown to be statistically insignificant (the likelihood of this finding by chance
alone is less than 5%), indicating that the limiting factor in CT-based SLS is the resolution
of the scanning technique and not the resolution of the fabrication technique. Further
corroborating this observation, dimensional errors in CT measurements have been reported
to be as high as 2.16% [35]. With the ability to accurately fabricate structures based on CT
data, SLS/SLM can be used to produce patient-specific prostheses and other medical
devices. Recent studies have demonstrated that nasal and maxillary prosthetics fabricated
using SLS/SLM may be implanted into the human body [36,37]. In addition, SLS enabled
tissue-engineering scaffolds with 50 um features to be fabricated. Lohfeld et al. and
Williams et al. have demonstrated the use of SLS in tissue engineering [37,38]. Using
micro-CT (uCT) and SLS, Partee et al. fabricated structures for use as tissue-engineering
scaffolds [39]. Porcine and human condyles were modified to produce models that replicated
the geometries of natural bone porous frameworks. These models were subsequently used to
create tissue-engineering scaffolds by SLS of polycaprolactone (Figure 1B). In vivo studies
of tissue-engineering scaffolds prepared using SLS have recently been reported;
radiographic studies by Kanczler et al. demonstrated that SLS-fabricated polylactic acid
scaffolds supported regrowth and bridging of bone gaps in mice [40].

Recent research efforts have focused on performing SLS/SLM with nontoxic biocompatible
materials that are used in artificial tissues and medical prostheses. Several materials,
including bioactive ceramics, natural materials, thermoplastic polymers, polymer-coated
metals and metals have been processed by means of selective laser sintering [21,23,26-31].
Salmoria et al. prepared biodegradable starch—cellulose and cellulose acetate scaffolds using
selective laser sintering; these scaffolds have potential applications in drug delivery and in
bone replacement [41]. SLS/SLM may also be utilized for processing biomedical ceramics,
including alumina-zirconium, alumina-silica and PLGA-hydroxyapatite composites, and
bioactive glasses [27-31]. Shishkovsky et al. processed porous structures using mixtures of
aluminum, alumina and/or zirconia powders; these materials are commonly used in medical
tools [42]. Zhang et al. examined processing of hydroxyapatite-reinforced polyamide and
polyethylene composites by means of selective laser sintering [43]. These composites were
shown to support normal metabolism and growth of primary human osteoblast cells.
Composites containing higher amounts of hydroxyapatite exhibited increased rates of
alkaline phosphatase activity, osteocalcin production and cell proliferation. von Wilmowsky
et al. incorporated nanosized carbon black, b-tricalcium phosphate or bioactive glass 45S5
within polyetheretherketone; cell proliferation on selective laser sintering-processed
materials was examined using human osteoblasts [44]. The polyetheretherketone—bioactive
glass composites were shown to possess the highest rates of cell proliferation. Hao et al.
prepared single-layer and multilayer block specimens with composites of high-density
polyethylene reinforced with hydroxyapatite by means of selective laser sintering; these
materials have possible uses in tissue scaffolds and customized implants [45]. They
suggested that the presence of hydroxyapatite particles on the surfaces of the specimens may
serve to impart bioactive properties; bioactive properties include enhanced ingrowth of bone
into the scaffold, as well as increased formation of bone in the region surrounding the
scaffold. Shishkovsky et al. examined layer-by-layer synthesis of porous titanium and
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nitinol structures using selective laser sintering/melting [46]. Nitinol is a nickel-titanium
alloy that exhibits corrosion resistance, superelasticity and shape memory properties;
applications for this alloy include use in stents, craniofacial implants and orthodontic
devices [46-48]. SLS/SLM was also used for processing titanium—hydroxyapatite and
nitinol-hydroxyapatite composites. Shishkovsky et al. evaluated the growth of primary
cultures of dermal fibroblasts and mesenchymal stromal human cells on these structures; no
cytotoxicity was observed. In addition, the histocompatibility of titanium and nitinol
implants was demonstrated using a murine model. Tan et al. demonstrated that SLS may be
utilized with several classes of biomedical polymers, including polyetheretherketone,
poly(vinyl alcohol), polycaprolactone and poly(.-lactic acid) [26]. For example, Rimell and
Marquis prepared solid linear continuous structures using ultra-high molecular weight
polyethylene [49]. In recent work, Schmidt et al. created structures with porosities between
0 and 15% out of polyetheretherketone, a semi-crystalline, nonresorbable, corrosion-
resistant, thermoplastic polymer that is commonly used in medical implants [50].

The use of SLS/SLM in biomedical applications is limited by several factors. For example,
many feedstock materials are heated to temperatures higher than 37°C in order to enable
sintering or melting; this requirement eliminates the possibility of incorporating biological
materials (e.g., proteins, nucleic acids or living cells) within materials during SLS/SLM
processing. On the other hand, several studies have demonstrated that cells can be seeded on
materials after SLS/SLM processing [42—44]. Materials processed by SLS generally exhibit
high porosities and significant surface roughness, and often have inferior mechanical
properties as compared with the bulk material [18,21]. Since SLM involves complete
melting of the feedstock material, materials processed using SLM exhibit mechanical
properties that are more similar to those of the bulk material [18].

Laser machining

In laser machining, small amounts of material are removed from bulk material by laser
ablation. Ablation occurs in the region of photon absorption where fluence is sufficiently
great to enable bonds to be broken; the resolution of this process is dependent on the spot
size of the laser [51]. The laser energy may be focused using optics in order to decrease the
spot size and consequently increase the fluence. By controlling the location of laser—target
interaction, small amounts of material are removed from the bulk material and a structure
with the desired shape is produced. It is important to note that the target material must
absorb energy at the given laser wavelength in order for ablation to occur. In addition,
materials that exhibit poor absorption may require additional energy in order to obtain
ablation [51]. Since most materials absorb ultraviolet energy, ultraviolet lasers are
commonly used. Due to their higher energy densities and smaller spot sizes, pulsed lasers
(e.g., excimer lasers) are frequently used for laser machining. Continuous wave lasers
(minimum spot size ~50 um) are used for situations in which high throughput is of greater
concern than precision [52,53]. In laser machining, device fabrication is performed by
incremental removal of material using a laser. As such, laser machining is limited to ‘line-
of-sight” operations; ablation cannot take place at locations where the laser path is
obstructed. This constraint limits the geometries that can be fabricated by laser machining;
structures with overhangs or interior geometries generally cannot be produced using this
process. It should be noted that micromachining of structures with interior geometries may
be performed with a femtosecond laser. Ablation of optically transparent materials with
ultra-short pulse lasers occurs at the focal point; as such, structures with interior geometries
may be created [1].

Ablation can occur either by thermal or photochemical mechanisms [7]. In thermal ablation,
the energy transfer from the laser beam results in rapid heating and vaporization of the target
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material [7]. Thermal ablation is often observed with continuous wave lasers; however, it
may also be observed with long pulse lasers [53]. Due to the fact that it is associated with
higher processing temperatures and larger heat-affected zones, the thermal ablation
mechanism is not commonly used for fabrication of medical devices. Photochemical
ablation is more commonly used for fabrication of medical devices. When the transferred
energy is greater than the bonding energies of the molecules in the target material, photon
absorption breaks bonds in the target material. As a result, the material vaporizes with
minimal thermal effects [54]. Target materials with high absorption coefficients and low
thermal conductivities exhibit better photochemical ablation efficiency rates, since the
transfer of laser energy to electron excitation is more efficient [53]. High energies and short
pulse durations are desirable laser properties; on the other hand, long pulse durations
increase thermal effects. If insufficient laser energy is present, the excited electrons will
return to their resting state, resulting in fluorescence; this phenomenon is utilized in medical
imaging techniques such as confocal fluorescence microscopy and Forster resonance energy
transfer microscopy [51]. Femtosecond lasers may be used for two-photon absorption; this
nonlinear laser—material process involves simultaneous absorption of two photons by a
material [55]. Two-photon absorption is influenced by several parameters, including laser
wavelength, pulse duration, exposure time, repetition rate, numerical aperture of the optics
and material properties (e.g., bandgap).

Two-photon absorption may be used for ablation of materials that exhibit poor absorption,
such as fused quartz and various glasses [56]. In addition, thermal effects are less
pronounced, since energy transfer is confined to a small volume in the vicinity of the laser
focus. [7]. Sub-microscale features may be achieved when machining with femtosecond
lasers [1,54,56,57].

During machining with long pulses, ablation of material in the liquid phase can occur; this
process results in an irregular etch area [7]. Thermal effects are a significant concern in laser
machining of materials; melting, cracking, spallation and burr formation may take place
[53]. The ablated material in liquid or vapor form may flow away from the laser—material
interaction site in a mushroom-shaped plume [58]. Redeposition (the settling of ablated
material on the surface) and recasting of material may also take place [58]. These processes
are undesirable, since the redeposited material often exhibits a different surface morphology
to the unaltered material. Redeposition is commonly observed in ablation of metals [59].
Laser machining under vacuum is one technique that can be used to reduce the redeposition
process [60].

Laser machining is commonly used for fabrication of medical devices with microscale
features, including vascular stents [61]. Laser machining has been used to fabricate stents
using a number of metals, including stainless steel, tantalum, platinum alloys, niobium
alloys and cobalt alloys [61]. Self-expanding stents made from shape memory materials
(e.g., nickel-titanium alloy) may also be fabricated using laser machining [62]. Machining
of stents using lasers involves minimal heating of the stent or alteration of overall stent
geometry [62]. In addition, micromachining may be used to fabricate stents from polymeric
materials, including resorbable polyesters and other resorbable polymers; pharmacologic
agents may be released when the resorbable polymers degrade within the body [54,63,64].
The minimization of thermal effects is a significant consideration for laser processing of
polymers and other temperature-sensitive materials. Images of stents prepared by laser
micromachining are shown in Figures 2A & 2B. Figure 2A contains a scanning electron
micrograph of a stent that was machined using a CO», laser; indiscrete edges, melting and
other thermal effects suggestive of large heat-affected zones are observed. Melted features,
burrs, cracks and other defects created during the laser micromachining process may lead to
stent failure [53]. By comparison, a stent prepared by femtosecond ablation (Figure 2B)
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demonstrates smooth, discrete edges. Materials processed using ultra-short pulse lasers show
fewer thermal effects; for example, an absence of burrs was noted in microscale features
processed using a femtosecond laser [63]. Unlike some laser processes that have taken
considerable time for translation into clinical use, femtosecond laser machining of stents has
been rapidly commercialized.

Laser machining of biocompatible materials has also been used to create scaffolds for tissue
engineering. For example, ablation can be used to fabricate scaffolds for tissue engineering
with controlled pore size and porosity. Machining can also be used to control cell orientation
and location; for example, lasers may be used to fabricate channels in which cells are
subsequently seeded [65]. Duncan et al. demonstrated the use of laser machining to examine
the effects of surface micro-topography on cells [66]. A KrF excimer laser was used to make
channels in poly(ethylene terephtalate) with various widths, spacings and depths. Their
study found that micro-topography affects the orientation and adhesion of human umbilical
endothelial cells. Orientation of human aortic vascular smooth muscle cells was also shown
to be modified by laser-machined grooves on silicon substrates [53]. In a recent study by
Patz et al., an ArF laser was used to micromachine 60-400 um diameter channels into 2%
agarose surfaces; the surfaces of the channels were subsequently lined with basement
membrane matrix solution [67]. They demonstrated differential adherence of C2C12
myoblast-like cells on these structures; the cells aligned parallel to the 60-150 um channels.
Live/dead assays showed that cell size, cell number, as well as number of nuclei per cell,
increased over 72 h. Moreover, some of the myoblast-like cells fused into multinucleated
myotube structures. Doraiswamy et al. performed a similar study involving B35 neuroblast-
like cells [68]. The neuroblast-like cells proliferated and formed bundles after 72 h.
Electrospun polymers are being considered for use as scaffolds for tissue engineering; laser
micromachining may be used in order to improve proliferation of cells within interior
regions of these materials [65]. Choi et al. demonstrated that femtosecond laser
micromachining may be used for microscale structuring of electrospun polycaprolactone
nanofiber meshes [69]. They demonstrated that femtosecond laser ablation provided more
uniform patterns than g-switched nanosecond laser ablation. Melting of fibers was observed
along the edges of grooves; these features were attributed to laser fluences that were lower
than the ablation threshold. Laser micromachining may also be used to pattern channels in
microfluidic devices. For example, laser-micromachined transparent materials may be
incorporated within optical microfluidic sensors in lab-on-chip devices [70,71]. Optical
waveguides may allow fluorescence measurements to be obtained within microfluidic
devices such as microscale cell sorting devices [70]. Recent work by Ke et al. and Kim et al.
demonstrated the use of femtosecond lasers for producing microfluidic devices; for example,
channels with sub-micrometer diameters were fabricated [1,2]. In addition, they
demonstrated that femtosecond lasers may be used to fabricate interior channels within
microfluidic devices. A nanoscale channel laser machined on the interior of a glass substrate
using a femtosecond laser is shown in Figure 2C. These microscale cell culture devices may
be used for performing controlled experiments on viable cells in an aqueous environment
[72,73]. Recent laser machining studies have involved efforts to lower the cost and improve
the rate at which laser micromachining is performed. For example, use of short picosecond
lasers for laser micromachining is being examined; these devices provide more rapid
machining speeds and lower costs than femtosecond lasers [74]. Ancona et al. demonstrated
that relatively inexpensive 100-ps microchip laser fiber systems can be used to machine
metals such as copper, carbon steel and stainless steel; a thin layer of melted material was
observed on the picosecond-laser micromachined structures [75].
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MAPLE DW

In MAPLE DW, laser ablation is used to transfer material from one substrate to another. The
MAPLE DW system, illustrated in Figure 3A, consists of a laser source, a ribbon, a matrix
containing the material to be patterned and a substrate. The matrix is spin-coated onto the
optically transparent ribbon, which is typically fabricated out of quartz. A nanosecond
excimer laser beam passes through the optically transparent ribbon and ablates the matrix.
Upon ablation, the material contained in the matrix is transferred from the ribbon to the
substrate.

Matrix-assisted pulsed-laser evaporation direct write was originally designed by the US
Naval Research Laboratory for fabrication of electronic devices [76,77]. They subsequently
demonstrated that the MAPLE DW process could be used for patterning biological
materials, including proteins and cells [78,79]. Laser-based techniques such as MAPLE DW
provide several advantages over conventional solvent-based techniques, including inkjet
printing and Langmuir-Blodgett dip coating. For example, processing of 3D structures using
conventional solvent-based techniques is difficult, since dissolution of previously deposited
layers may occur during each processing step. Advantages of MAPLE DW include:
enhanced biological material-substrate adhesion; deposition can be performed under
ambient conditions; the matrix allows the amount of MAPLE DW-patterned material to be
quantitatively determined; and multilayered structures can be prepared using multiple quartz
disks. For example, patterns of viable Escherichia coli were deposited on glass, nutrient agar
and silicon substrates using MAPLE DW. Laser—material interaction or shear forces during
the MAPLE DW process did not alter E. coli growth; green fluorescent protein expression
studies demonstrated that the MAPLE DW-processed cells remained viable. The features
obtained in the MAPLE DW-transferred patterns are dependent on several parameters,
including the matrix material and laser spot size. If relatively large structures (e.g., cells) are
being patterned, the feature size is limited by the dimensions of the transferred material. 10-
um features have been achieved for MAPLE DW patterning of proteins; in this case, the
dimensions of the transferred biological material do not provide a limiting factor with regard
to feature size [80,81].

The matrix can contain either one or two layers. In the one-layer system, the matrix is a
suspension containing the biological material and at least one optically absorbing material.
When the absorbing material evaporates during ablation, the biological material is
transferred to the substrate. One-layer matrices have been used to create microscale patterns
of proteins, bacteria and eukaryotic cells [78-80,82]. Viable cells and many biological
molecules may be damaged by UV light-material interaction involving a single matrix layer
[80]. In the two-layer approach, a release layer containing an absorbing triazene polymer is
placed inbetween the ribbon and the biological material. Ablation of the release layer results
in transfer of the biological material to the substrate; laser interaction with biological
materials within the matrix is minimized. For example, Doraiswamy et al. utilized a two-
layer system to fabricate mesoscopic patterns of B35 neuroblasts [83]. An image of
neuroblast-like cells deposited using the two-layer approach is presented in Figure 3C. Their
results suggest that use of the absorbing polymer release layer may enable transfer of viable
cells at low laser fluences.

Matrix-assisted pulsed-laser evaporation direct write may be used to create 2D and 3D cell
patterns for tissue engineering, drug discovery and other biomedical applications. Patz et al.
used MAPLE DW to pattern B35 neuroblast-like cells onto and within polymerized
extracellular matrix substrates [84]. They fabricated three-dimensional patterns of B35
neuroblast-like cells by varying transfer energy and extracellular matrix solidification.
Quartz disks were utilized for attenuating the laser beam without significantly altering the
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laser spot size. 2D and 3D arrays of neuroblast-like cells were created within an extracellular
matrix substrate. Neuroblast-like cells were initially deposited using a fluence that enabled
deep penetration of the extracellular matrix substrate. Neuroblast-like cell arrays were
subsequently deposited directly above the initial cell layer by attenuating the laser beam and
lowering the laser fluence. In their study, neuroblast-like cells were transferred to depths of
up to 75 um by varying the fluence emitted from the ArF nanosecond excimer laser source.
Confocal microscopy studies demonstrated that MAPLE DW-processed B35 cells extended
their axons outward, made axonal connections and formed a three-dimensional neural
network within the substrate. Terminal deoxynucleotidy! transferase biotin-dUTP nick-end
labeling studies demonstrated that 3% of MAPLE DW-processed B35 cells underwent
apoptosis. These results suggest that MAPLE DW may be used for layer-by-layer patterning
of cells. Doraiswamy et al. demonstrated that MAPLE DW may be used to process
microscale patterns of bioceramics, including zirconia and hydroxyapatite; patterns of
hydroxyapatite on borosilicate glass deposited by means of MAPLE DW are shown in
Figure 3B. They also performed co-deposition of hydroxyapatite, MG 63 osteoblast-like
cells and extracellular matrix using MAPLE DW [85]. They demonstrated that the MG 63
osteoblast-like cells remained viable when code-posited with hydroxyapatite and
extracellular matrix. Entire viable tissue samples have also been processed using MAPLE
DW. For example, Wu et al. fabricated tissue microarrays using donor prostate tissue and a
gelatin release layer [80]. Several challenges need to be overcome in order to expand the use
of MAPLE DW for biomedical applications. For example, materials may fragment during
MAPLE DW processing [80]. Several parameters, including ribbon—substrate distance, laser
energy, spot size, release layer material and matrix composition, influence MAPLE DW-
processed cell viability, MAPLE DW processing efficiency, minimum feature size and other
outcomes [80].

Stereolithography

Stereolithography (also commonly known as stereolithography apparatus) relies on the
release of free radical molecules upon interaction of photoinitiator molecules with UV light.
This process may be used to initiate polymerization of a resin-containing precursor and
photoinitiator molecules; resins containing acrylate, epoxy, urethane acrylate or vinyl ether
functional groups are typically used [86].

Ultraviolet light is guided over a vat containing the resin in the geometry of the desired
pattern. Excitation of photoinitiator molecules, formation of reactive species, generation of
free radicals, and polymerization of the resin occurs in the region of laser-resin interaction.
Polymerization may occur up to a few micrometers below the surface [19,87]. After a given
layer is selectively solidified, the structure is submerged within the resin vat by a depth that
is equivalent to the thickness of the polymerized layer. The structure is then recoated with
unpolymerized resin in order to enable processing of a subsequent layer. The ultraviolet
light exhibits a depth of penetration that exceeds the layer thickness; as a result, overcuring
of the previously solidified material and adhesion between layers are obtained. Movement of
the Z-height stage controls exposure of the laser to the resin vat. X- and Y-stage movements
enable selective solidification of material in a given Z-plane. After fabrication of the desired
three-dimensional structure, it is placed in a developing solution that washes away the
unpolymerized resin. A post-curing step, which involves exposure to high-intensity UV light
for up to 2 h, is performed in order to fully polymerize the material. This process increases
the hardness and reduces the toxicity of the material, which is correlated with the presence
of residual monomers and oligomers. Post-curing may be used to polymerize entrapped
liquid resin; this mechanism enables rapid processing of thick structures [32].
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Since photoinitiator molecules interact with ultraviolet light containing relatively low
energies, continuous wave lasers are typically used; these devices enable structures to be
fabricated with accelerated fabrication times and reduced costs. Systems containing less
expensive UV light lamps instead of lasers, in which the light is guided by mirrors or fiber
optic devices, have also been developed. For example, Gittard et al. used a 1280x1024 pixel
Direct Light Projection (DLP) SLA system to fabricate scaphoid and lunate bone prostheses
in a layer-by-layer manner (build layer = 50 um) out of a photoreactive acrylate polymer
[88]. Fabrication of the bone prostheses was guided using 3D models, which were prepared
from patient computer tomography data. SLA is a widely used laser-based rapid prototyping
technology, since it can be performed using low-cost equipment and with relatively rapid
fabrication times. Structures with feature sizes of 1.2 um have been reported; however, most
commercial systems provide structures with feature sizes greater than 50 um [19].

Stereolithography of biodegradable polymers for use as tissue-engineering scaffolds has
been described in recent studies [4,89]. For example, Lee et al. fabricated three-dimensional
scaffolds for tissue engineering containing poly(lactic-co-glycolic acid) microspheres, which
incorporated the growth factor bone morphogenetic protein 2 [4]. SLA was used to create
scaffolds that contained well-connected and regular pores. Polymer—ceramic composite
scaffolds have been created using poly(propylene fumarate)/diethyl fumarate and
hydroxyapatite; these materials demonstrated better cell proliferation properties than
poly(propylene fumarate)/diethyl fumarate scaffolds [90]. An image of a poly(propylene
fumarate)/diethyl fumarate—hydroxyapatite composite scaffold is shown in Figure 4A. SLA
does not involve high processing temperatures; therefore, biological materials such as
proteins, antimicrobial agents and viable cells may be directly incorporated within structures
during the SLA process. This capability is beneficial for tissue engineering and drug
discovery applications, in which seeding of cells or biological materials on materials may
enable the development of more functional devices. Arcaute et al. demonstrated that
poly(ethylene glycol)-dimethacrylate may be fabricated into complex structures, including
structures with internal channels, using SLA; the layer thickness was shown to be related to
energy dosage, poly(ethylene) glycol concentration and photoinitiator concentration [91].
They incorporated dermal fibroblasts within poly(ethylene glycol) that was processed using
SLA, and demonstrated cell viability of at least 87%. It should be noted that UV light,
monomers, oligomers or photoinitiator molecules may cause damage to deoxyribonucleic
acid molecules, cell components or biological materials; these concerns must be addressed
before incorporation of cells during the SLA process is translated into clinical use.

It should be noted that SLA-processed materials may undergo distortion and shrinkage. In
addition, many SLA-compatible resins exhibit high thermal coefficients of expansion, and as
such are unsuitable for use as moulds. To overcome limitations with regard to materials
selection, master structures may be fabricated out of SLA-compatible materials; end
structures may subsequently be fabricated out of other materials by means of molding.
Several clinically implanted prostheses have been prepared using SLA-molding techniques,
including auricular, maxillofacial and cranial prostheses [92—99]. An example of a cranial
prosthesis fabricated using this technique is shown in Figure 4B. It should be noted that
fabrication of structures by the SLA-molding process eliminates two advantages provided by
SLA: the ability to minimize fabrication times by directly fabricating functional prostheses
and the ability to fabricate prostheses with complex interior geometries. For example, Wurm
et al. demonstrated that SLA and molding may be used to fabricate cranial implants out of a
biocompatible, high-strength carbon fiber-reinforced polymer; these implants may be used
for treatment of extensive cranial damage [97]. In their clinical studies, excellent intra-
operative correspondence between the implant geometry and the patient anatomy was
obtained. Follow-up after an extended period of time (mean time = 3.6 years) revealed good
reconstruction of the bony defect, with only a few adverse events, including infection,
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allergy and hematoma. To the authors' knowledge, laser direct write SLA has not been used
for direct fabrication of an implantable prosthesis at this time. Additional studies are needed
in order to develop SLA-compatible materials that are suitable for long-tem implantation.
Lee et al. examined the use of custom-made poly(methylmethacrylate) cranial prostheses for
treatment of large (>100 cm?) cranial defects; these prostheses were fabricated using a CAD/
computer-aided manufacturing process. Their work suggested that CAD/computer-aided
manufacturing-fabricated poly(methylmethacrylate) prostheses are an appropriate treatment
modality for patients who have no autogenous bone available for treatment [97,98].

Two-photon polymerization

Similar to SLA, 2PP utilizes excitation of photoinitiator molecules to induce chemical
reactions between photoinitiator molecules and monomers within a transparent resin. Unlike
conventional SLA, which uses single-photon absorption for excitation of photoinitiator
molecules, 2PP uses two-photon absorption for excitation of photoinitiator molecules. Near
simultaneous absorption of two photons creates a virtual state for several femtoseconds; this
type of electronic excitation is similar to excitation by a single photon that possesses a much
higher energy [100,101]. This two-photon absorption process exhibits a nonlinear
(quadratic) relationship with the incident irradiance. Polymerization occurs in locations
where energies exceed the excitation threshold of the photoinitiator [102]. Negligible
absorption occurs except in the immediate vicinity of the focal volume. The nonlinearity of
two-photon absorption enables excitation of photoinitiator molecules and solidification of
material to occur within the diffraction limit [102]. 2PP can achieve significantly higher
resolutions than other direct write techniques; structures with minimum feature sizes of 100
nm have previously been achieved [102].

A 2PP system consists of a femtosecond laser, a microscope objective and a translational
stage (Figure 5A). A femtosecond laser is utilized for achieving two-photon absorption.
Standard microscope objectives are used to focus the laser; altering the numerical aperture
of the focusing optics can be used to scale the feature size [103]. It is important to note that
the voxel size (and hence the feature size of the polymerized structure) is dependent on the
energy distribution, which in turn is controlled by the focusing optics [102]. Since sub-
micrometer feature sizes are not necessary for all medical devices, direct writing of large
structures using small voxels is often both unnecessary and time-consuming. The ability to
process structures with a large range of feature sizes enables both production time and cost
to be minimized. 2PP involves either moving the resin with respect to a fixed focal point or
moving the focal point within the resin. For example, movement of the resin with respect to
the laser beam is commonly accomplished using galvano-mirrors, which scan the beam in
the X- and Y-directions, and a piezoelectric stage, which moves the resin in the Z- direction
[104,105]. Galvano-mirrors offer more rapid processing times than translational stages
[103]. Recent studies have described 2PP using galvano-mirrors with a resolution of
approximately 1.2 nm per step, and piezeoelectric stages with a resolution of 0.1 nm
[104,105].

Two-photon polymerization provides several advantages over conventional processes for
scalable fabrication of small-scale medical devices. Many materials processed using 2PP are
widely available and are inexpensive. In addition, many materials are transparent to near-
infrared wavelength light, which is commonly used in 2PP [87]. The 2PP process can be set
up in a conventional environment that does not contain cleanroom facilities or other
specialized equipment [103]. Other techniques that are able to produce structures with
similar feature sizes, such as deep reactive ion etching and lithography, electroplating and
molding, require dedicated cleanroom-based facilities [106]. This is an important benefit,
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since fabrication of a device for clinical use can be performed in close proximity to an
operating room or another clinical site.

Many medical applications of 2PP have involved fabrication of structures out of
photocurable polymers, as well as organically modified ceramic (Ormocer®) materials.
Ormocer materials include urethane- and thioether (meth)-acrylate alkoxysilanes. The
inorganic components form inorganic Si—-O-Si networks by means of hydrolysis and
condensation; these networks serve to limit shrinkage of the material. The interactions
between the inorganic and the organic networks in Ormocer® materials provide these
materials with chemical stability as well as thermal stability. A variety of 3D
microstructured medical devices, including microneedles, small prostheses and scaffolds for
tissue engineering, may be fabricated by 2PP. For example, microneedles have been
fabricated using 2PP [101,107-109]. These devices, which exhibit lancet, thorn or
hypodermic needle shapes, contain at least one dimension that is less than 1 mm in length.
By reducing device dimensions and minimizing interaction with dermal nerve endings, pain
to the patient and damage at the injection site may be reduced [110,111]. Solid microneedles
may be utilized in a similar manner to conventional transdermal patches. Hollow
microneedles may enable diffusion- or pressure-driven delivery of pharmacologic agents
through the needle bore to be adjusted over time. An example of an Ormocer microneedle
fabricated by 2PP is provided in Figure 5B. Ovsianikov et al. fabricated arrays of in-plane
and out-of-plane hollow microneedles with lengths of 800 um, microneedle base diameters
between 150 um and 300 um and various aspect ratios [109]. Compression load studies
demonstrated that the microneedle arrays penetrated cadaveric porcine adipose tissue
without fracture. Human epidermal keratinocyte viability on the Ormocer surfaces created
using 2PP was similar to that on control surfaces.

Small bone prostheses are another class of medical devices that have also been fabricated
using 2PP. Ovsianikov et al. demonstrated fabrication of total ossicular replacement
prostheses [103]. Total ossicular replacement prostheses prepared using conventional
materials (e.g., Teflon®, titanium and Ceravital®) have demonstrated migration, perforation
of the tympanic membrane, difficulty in shaping the prostheses and reactivity with the
surrounding tissues. An Ormocer prosthesis was inserted and removed from the intended site
of use in a frozen human head without fracture. Prosthesis dimensions can readily be
manipulated to conform to patient anatomy [103]. Tissue-engineering scaffolds with unique
geometries have also been created using 2PP [112-115]. For example, Doraiswamy et al.
fabricated Lego®-like interlocking scaffolds using 2PP; attachment of B35 neuroblast-like
cells was observed on the raised portions of these structures [101]. A tissue-engineering
scaffold containing several pore sizes is shown in Figure 5C. Scaffolds containing several
pore sizes may exhibit dissimilar transport rates for cells, nutrients, waste molecules, growth
factors and other biological molecules [110]. For example, migration of cells may be
limited, while transport of biological molecules may be enabled in these structures. This
principle was recently demonstrated by Tayalia et al.; scaffolds were fabricated with pore
sizes ranging from 12 to 110 um. Cells were able to penetrate scaffolds with larger pores,
but were not able to penetrate scaffolds with smaller pores [113]. 2PP has been used to
process scaffolds out of several materials, including Ormocer, poly(ethylene glycol)
diacrylate, triacrylate and polycaprolactone-based tri-block copolymers
[100,101,110,113,114]. Unlike other laser direct write methods, 2PP may also be used to
fabricate structures with submicrometer features (e.g., structures on the same length scale as
subcellular organelles).
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Key issues

»  Thermal effects are of concern for laser-based processes, such as selective laser
sintering/melting and laser machining. Thermal effects such as melting, burr
formation and cracking may limit the function of laser-fabricated structures.

» Resolution tolerances must be optimized in order to maximize efficiency.
Structures with larger features may exhibit inferior performance; however,
fabrication of structures with smaller features involves longer fabrication times
and higher fabrication costs.

e There are currently a limited number of materials that are compatible with each
laser direct write technique. The development of novel organic and inorganic
precursor materials will enable wider use of laser direct write technologies.

»  The effects of laser—biological material interaction (e.g., heat, UV light—
biological material interaction, photoinitiator-biological material interaction)
must be more fully evaluated.

» Degradation of laser direct write-processed materials has not been fully
evaluated. Studies are needed to examine biological, chemical, corrosion and
mechanical properties of the resins, breakdown products and diluents used in
laser direct write techniques.

Expert commentary

Over the past decade, significant advances have taken place in the field of laser direct
writing. For example, two direct write processes, MAPLE DW and 2PP have been
developed over the past decade. Other techniques have benefited from decreases in
minimum feature size and improvements in materials selection. Laser direct write
techniques have recently been used for fabrication of prostheses, scaffolds for tissue
engineering and other advanced medical devices. Reductions in the minimal feature sizes
offered by various laser direct write techniques will expand the number of potential medical
applications. In addition, laser direct write technologies will benefit from a wider selection
of materials. The development of laser direct write-compatible materials with improved
biological, chemical, corrosion and mechanical properties will enable laser direct write
technologies to be used in a greater number of medical applications.

Five-year view

Proof-of-concept studies have been completed for many laser direct write technologies.
Over the next several years, detailed in vitro, in vivo and clinical studies of patient-specific
prostheses and other medical devices will be completed. Ultra-short pulse lasers will likely
see more frequent use in laser direct writing due to their ability to fabricate devices with
smaller features and devices with interior geometries. Advances in tissue engineering and in
medical devices could result from the development of structures with both microscale and
submicroscale features. In the near future, significant advances in microstructured and
nanostructured medical devices will take place as a result of improvements in laser devices,
computational methods and biomaterials.
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Figure 1. Selective laser sintering process

(A) Schematic of selective laser sintering process. (B) Poly(caprolactone) tissue-engineering
scaffold in the shape of a human condyle; this structure was fabricated using selective laser
sintering.

(A) Reprinted from [21] with permission from Elsevier © 1999.

(B) Reprinted from [39] with permission from ASME.
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Figure 2. Laser machining process

(A) Poly(.-lactide) stent machined using a continuous wave CO, laser. (B) Poly(.-lactide)
stent machined using a femtosecond laser. (C) Glass microfluidic device containing a nano-
scale channel machined on the interior of the structure using a femtosecond laser.

(A) Reprinted from [64] with permission from ASME.

(B) Reprinted from [55] with kind permission of Springer, Science+Business Media © 1999.
(C) Reprinted with permission from [1]. © 2005 American Chemical Society.
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Figure 3. Matrix-assisted pulsed-laser evaporation direct write process

(A) Schematic of the matrix-assisted pulsed-laser evaporation direct write process. (B)
Patterns of hydroxyapatite on borosilicate glass deposited by matrix-assisted pulsed-laser
evaporation direct write. (C) Line of B35 neuroblast cells deposited by matrix-assisted
pulsed-laser evaporation direct write.

(A) Reprinted from [3], with permission from Elsevier © 2008.

(B) Reprinted from [85] with permission from John Wiley and Sons.

(C) Reprinted from [83] with permission from Elsevier © 2006.

Expert Rev Med Devices. Author manuscript; available in PMC 2011 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gittard and Narayan Page 23

S500pm 15 50 SEI

Figure 4. Stereolithography process

(A) Composite PPF/DEF-hydroxyapatite tissue-engineering scaffold fabricated by
stereolithography. (B) Reconstruction of a human skull defect produced by
stereolithography of an epoxy thermosetting polymer. The model was then used to mold a
hydroxyapatite prosthesis.

(A) Reprinted from [90] with permission from Elsevier © 2009.

(B) Reprinted from [99] with kind permission of Springer © 2007.
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Figure 5. Two-photon polymerization process

(A) Schematic of a two-photon polymerization system. (B) Ormocer® microneedle
fabricated by two-photon polymerization. (C) Micrometer-scale Ormocer® tissue-
engineering scaffold with varying pore sizes on different axes.

ADM: Acousto—optical modulator; CCD: Charge coupled device; TiSa: Titanium sapphire.
(A) & (B) Reprinted from [101] with permission from Elsevier © 2006.

(C) Reprinted from [110] with permission from Elsevier © 2007.
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