of biomaterials

coming years.

Introduction
Light amplification by stimulated emission of radiation (laser) has
been used in medical applications, including manipulation of
human tissues as well as processing of medical device materials,
for more than 50 years. In 1960, Maiman first demonstrated
the operation of what was then known as an optical maser
(microwave amplification by stimulated emission of radiation);
stimulated optical emission at a wavelength of 694 nm from
chromium in corundum (ruby) was observed.! Shortly thereafter,
Javan et al. described discharge of near-infrared light from a
helium-neon gaseous mixture; Johnson demonstrated contin-
uous operation of a CaWO,:Nd** laser; Bennett et al. showed
continuous oscillation from noble gas (e.g., Ne-O and Ar-O)
mixtures; and Patel developed the carbon dioxide laser.>
Physicians and surgeons rapidly recognized the utility of lasers,
since xenon arc-based photocoagulation of ophthalmic lesions
had been developed in the previous decade.®’ For example,
Zaret et al. utilized a pulsed ruby laser to generate thermal
injury in pigmented ocular tissues; retina and iris lesions were
demonstrated in a rabbit model.” Goldman and Rockwell noted
the utility of lasers for delivering light to confined regions on the
order of a few micrometers.!® They described use of the laser for
microscale surgical procedures involving tissues and cells; for
example, laser spectroscopy of skin was used to determine the
presence of calcium. It should be noted that many early studies
indicated the destructive nature of laser energy on biological
tissues.® For example, Klein et al. used a ruby laser to treat
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melanoma lesions in mice and noted severe lesions in tissues
that were located deeper than the laser irradiation sites.!!
Laser light is obtained by providing energy to a lasing
medium, which results in an increase in the number of atoms in
an excited state.®* When atoms fall in energy in response to pho-
ton irradiation, photons with identical energies that are in phase
with the first photon are produced. Important laser properties
for both laser-biological tissue interaction and laser-biomedical
material interaction include beam density, exposure time, power
output, and wavelength.® Many of the medical uses of lasers do
not utilize the monochromatic nature of laser energy, but instead
involve localized tissue heating and cutting.”* Advantages of
laser-based tissue cutting approaches include minimal tissue
trauma and touch-free tissue cutting.® For example, continu-
ous wave lasers (e.g., carbon dioxide lasers) and optimized
delivery platforms enable accurate cutting and vaporization of
biological tissues; in addition, carbon dioxide lasers provide
hemostasis during tissue cutting.® Takac et al. noted that laser
surgery offers better visualization and is associated with mini-
mal postoperative swelling.!* Uses of the carbon dioxide laser
include removal of tissue, sealing of small blood vessels, sealing
of lymphatic vessels, and sealing of nerve endings. Applications
of the argon ion laser include blood vessel coagulation for
diabetic retinal damage and treatment of a variety of lesions,
including telangiectasias, hemangiomas, tumors, and gastroin-
testinal bleeding ulcers. Neodymium-YAG (Nd doped yttrium
aluminium garnet) lasers are used to treat tumors and stenotic
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(blocked) tissue. Other medical uses of Nd: YAG lasers include
photocoagulation for control of bleeding as well as photoactiva-
tion of pharmacologic agents.®

Edwards et al. described medical applications of free-electron
lasers, which use light emitted by accelerated electrons. Infrared
light emission from these lasers may be used for human neuro-
surgery, including treatment of metastatic brain tumors and
ophthalmic surgery.'> ! They noted that use of a free-electron
laser with 6.45 pm emission for tissue ablation was correlated
with minimal or undetectable collateral tissue damage. This
wavelength is associated with brittle fracture at the commence-
ment of explosive vaporization, mitigating damage to collateral
tissues. Femtosecond pulsed lasers are currently used for LASIK
(cornea refractive surgery); in this procedure, the laser is used to
ablate a portion of tissue known as a lenticule from the cornea.?
In addition, it is being considered for treatment of presbyopia
(age-related vision changes) and for use in keratoplasty (cornea
plastic surgery). Femtosecond laser surgeries involve two dif-
ferent modes.?! Processing at low irradiance involves direct
multiphoton interactions and free electron-induced chemical
processes; at high irradiance, thermoelastic stresses may play
significant roles. Bashford described another use of lasers in
medical therapy. In this approach, which is known as laser
therapy, low intensity laser energy can be used to alter cellular
function. This type of laser-tissue interaction may be used to
treat neurological tissue, musculoskeletal tissue, and other
soft tissues.?

Laser processing of biomaterials

Efforts to examine laser-material interaction for biomedical
device applications have largely paralleled efforts to examine
laser-tissue interaction for clinical medical applications. Some
of the earliest applications of lasers for processing synthetic
biomaterials involved assessment of laser welding as an alterna-
tive to conventional investment soldering. As noted by Eliades
et al., the conventional mechanism for joining the brace and
wing components of dental brackets involves the use of brazing
alloys, which may contain small amounts of toxic cadmium.?
Gordon and Smith described laser welding of removable par-
tial prostheses and fixed partial prostheses that were made
out of a gold alloy.** They noted that this approach provides
good aesthetic properties, which is an important consideration
for structures used in the front of the mouth. Yamagishi et al.
demonstrated laser welding of titanium plates with a Nd:YAG
laser. Using three-point bending studies, they demonstrated
a correlation between processing atmosphere, laser intensity,
and weld bending strength.?® Sjogren et al. noted that laser
welding may be used for fusion of components in jaw bone—
anchored bridges, crown units, and bridge units, enabling the
development of all-titanium structures.?® Bertrand et al. noted
other advantages of laser welding, including the ability to join
all types of metallic materials and to join metallic materials in
proximity to polymeric or ceramic materials.”” In addition, the
joints of laser-welded parts exhibit high strengths, which are
consistent with those of the substrate material.
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Amanat et al. described the use of laser welding for creating
a hermetic seal involving thermoplastic polymeric materials
used in medical devices.?® This technique involves melting of
a polymer, which is oriented in a butt-joint or lap-joint config-
uration. In a lap-joint configuration, absorption of laser energy
takes place at the interface between a non-absorbing (trans-
parent) layer and an absorbing (non-transparent) layer. This
approach has been demonstrated with polyetheretherketone-
polyetheretherketone, poly(methyl methacrylate)-poly(methyl
methacrylate), and fluorinated ethylene propylene-titanium
joints. In a butt-joint configuration, the laser melts both sur-
faces before they are placed in contact; this approach has been
demonstrated using polyethylene and polypropylene joints.
Infrared light-absorbing pigments (e.g., Irodin or Lumogen) or
colorless infrared light-absorbing dyes (e.g., Clearweld) may
be used with laser transparent materials. Advantages of this
approach include low residual stresses and localized heating;
disadvantages include high capital costs and thickness limita-
tions. Mian et al. used transmission laser welding of titanium
coated glass-polyimide joints to demonstrate that optical fiber
laser-welded joints provided stronger bonds than diode laser-
welded joints.? In a recent study, Mian et al. showed that laser-
welded, titanium coated, glass-polyimide microjoints lost 28%
of joint strength after incubating with rat brain tissue for 10 days.*
Their work indicates that additional efforts are needed for use
of polymer laser welding in medical implants.

Laser-based machining of dental implants has been con-
sidered by several investigators. For example, Minamizato
described the use of a Nd:YAG laser for machining several
tunnels with identical diameters in zirconia blades that are used
as implant roots.*’ Kasemo and Gold noted the use of laser
machining for creating controlled structures, including over
1 um pits, on implant surfaces.** They noted that a computer-
generated diffractive component known as a kinoform can be
used to prepare multiple parallel beams for rapidly patterning
the surface of an implant. These topographical attributes may
be used to alter the activity and morphology of cells at the
tissue-implant interface.

Argon-ion lasers have been used to polymerize photocurable
acrylate-based polymers, which are used in tooth-mimicking
restorations.*® Argon-ion lasers are associated with higher
energies and shorter exposure times than other curing mecha-
nisms; however, they are not commonly used at this time due
to their high cost.

Several investigators have considered the use of lasers for
modifying the surfaces of implants. For example, coatings
of ceramic materials, including calcium phosphate, may be
deposited on the surfaces of implant materials (e.g., metallic
dental implants) using pulsed laser deposition.* In this pro-
cess, laser pulses evaporate a solid target and form a vapor
plume. The plume consists of evaporated and particulate
materials, which subsequently condense on the surface of the
substrate.*>7 Films grown using pulsed laser deposition are
typically 0.05-5 pum in thickness.?” The parameters that deter-
mine the properties of pulsed laser deposition-grown materials
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include laser-dependent parameters (e.g., wavelength and pulse
length) and target-dependent parameters (e.g., morphology,
melting point, and optical reflectivity). However, macroscale
particles and droplets may also attach to the coating surface.*
Droplet formation, also known as splashing, may be mini-
mized through use of high-density targets and melt-quenched
amorphous targets.’ Trradiation of a target at high energies is
associated with vapor breakdown as well as plasma forma-
tion.*® Infrared laser ablation and ultraviolet laser ablation are
associated with inverse Bremsstrahlung (photon absorption
by free electrons) and direct photon ionization, respectively.
Advantages of pulsed laser deposition include growth of a wide
variety of materials; growth of metastable phases of materials;
transfer of material in a stoichiometric manner from the target
to the substrate; precise control over film thickness, chemistry,
and morphology; growth of composite materials through facile
target manipulation; and formation of materials from ablated
material-reactive gas chemical reactions.***” In addition, pulsed
laser deposition may be used to create films out of materials
with high melting points.*® It should be noted that pulsed laser
deposition is a line-of-sight process that does not uniformly
coat surfaces with high aspect ratios or complex geometries.*’

Pulsed laser deposition is commonly used to deposit
hydroxyapatite coatings on metallic substrates; these structures
exhibit the mechanical properties of the metallic substrate and
the biological properties of the bioactive ceramic coating.*
Hydroxyapatite is commonly considered for use in dental and
orthopedic prostheses due to the fact that human bone consists
of collagen fibers and nanoscale biological apatite crystals.*
Growth of high crystallinity, high purity hydroxyapatite coatings
may be achieved using atmospheres containing 0.5 mbar water
vapor. Hydroxyapatite coatings containing biologically relevant
dopants may also be prepared using pulsed laser deposition. For
example, Mihailescu et al. used krypton fluoride excimer pulsed
laser deposition to deposit crystalline manganese-doped car-
bonated hydroxyapatite coatings on titanium surfaces.* In vitro
studies involving fibroblasts and osteoblasts indicated excellent
adherence and biocompatibility of this material. Sygnatowicz
et al. and Jelinek et al. created silver-doped hydroxyapatite
coatings using pulsed laser deposition; Jelinek et al. showed
that films with a silver concentration greater than 1.2 at.% pro-
vided the best activity against Escherichia coli.***' In recent
work, Mroz et al. grew magnesium-modified hydroxyapatite on
nitrited Ti-6Al-4V substrates using pulsed laser deposition and
showed that magnesium-doped hydroxyapatite provided better
osteoblast adhesion than undoped hydroxyapatite.*?

Pulsed laser deposition may also be used to grow other
medically relevant coatings on metallic implant materials (e.g.,
cobalt-chromium alloys and titanium alloys) and on polymeric
implant materials (e.g., polyurethane and polyethylene).* For
example, Evans et al. noted that diamond-like carbon, a dense
amorphous hydrocarbon, that was grown from a saddle-field
cold cathode ion source allowed cell growth of baby hamster
kidney cells.” They also noted that diamond-like carbon exhibits
corrosion resistance and wear resistance. Franks showed that
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diamond-like carbon grown from a saddle-field source exhib-
ited good adhesion to titanium and polyurethane, as well as
compatibility with fibroblast cells and macrophage cells.*
Narayan et al. used pulsed laser deposition involving a graphite
target and a KrF laser to grow hydrogen-free diamond-like
carbon coatings on Ti-6Al1-4V alloy.* The coatings were noted
to be smooth and amorphous. In subsequent work, Morrison
et al. described incorporation of silver and platinum nanoparticles
within diamond-like carbon matrices by means of a multicom-
ponent target pulsed laser deposition approach.* These mate-
rials exhibited passive behavior at open-circuit potentials and
low corrosion rates in phosphate-buffered saline electrolyte. In
an in vitro study, the metal-doped films were shown to exhibit
antimicrobial activity against Staphylococcus bacteria.

A technique that is similar to pulsed laser deposition, known
as matrix-assisted pulsed-laser evaporation (MAPLE), has been
used to deposit organic coatings for implantable medical device
applications.?’ In this technique, an ultraviolet excimer (e.g.,
a krypton fluoride laser or an argon fluoride laser) is used for
ablation of a frozen solution containing whole molecules of the
organic material in a volatile solvent. Due to high absorption of
laser energy by the solvent, ablation of a thin layer of the target
material occurs. Due to their low sticking coefficients, the
solvent molecules do not deposit on the substrate. Instead, the
organic molecules deposit on the substrate and form a coating.
This approach provides excellent control over film roughness
and film thickness. For example, Bubb et al. showed that poly-
ethylene glycol coatings deposited using MAPLE exhibited the
same chemical structure as the starting material.*® In subsequent
work, Cristescu et al. created films containing poly(1,3-bis-
(p-carboxyphenoxy propane)-co-sebacic anhydride) and gen-
tamicin using MAPLE.* In vitro studies confirmed the activity
of the gentamicin-doped films against Escherichia coli and
Staphylococcus aureus. These coatings may be used to prevent
infection of medical implants and indwelling catheters. Malone
et al. described use of MAPLE for depositing polymer-drug
coatings on the surfaces of balloon catheters and stents that are
used for angioplasty of the coronary arteries.>

Efforts involving laser-based melting of biomaterials
have also been evaluated. For example, Kurella and Dahotre
reviewed the use of laser surface engineering for melting, heat-
ing, or ablating the surfaces of implant materials.*> They noted
that one benefit of laser surface engineering over competing
techniques is that laser-based techniques can be rapidly per-
formed,; in addition, these techniques do not require a vacuum or
use of organic solvents. Carbon dioxide, excimer, and Nd:YAG
laser micromachining may be used to create surface textures
with micrometer-scale or sub-micrometer-scale features.*
Carbon dioxide lasers may be used for texturing of metallic and
ceramic (e.g., zirconia) surfaces. Gyorgy et al. demonstrated
melting of titanium without vaporization using a Nd:YAG
laser; this process was used to form microscale patterns such
as wave-like structures.’! Excimer lasers are particularly
useful for micromachining of polymeric materials due to the
low degree of thermal effects.
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Paital and Dahotre described use of direct laser melting for
creating calcium phosphate coatings; this processing involves
(a) mixing calcium phosphate powder with a water-based
organic solvent, (b) spraying the resulting solution with a spray
gun, (c¢) drying in air, and (d) scanning the treated surface with
a laser beam.” Both continuous wave and pulsed lasers have
been used with this laser melting approach. Recent efforts by
Engelman et al. have sought to incorporate laser-based inter-
ference patterning with laser melting in order to obtain textured
surfaces and other microscale features.

Laser-based prototyping methods

Laser-based rapid prototyping methods, including selective
laser melting, selective laser sintering, and laser-engineered
net shaping, have been used for additive manufacturing of
a variety of dental and orthopedic implants from computer-
aided design data. Murr et al. as well as Vandenbroucke and
Kruth have described the use of selective laser melting to
create metallic structures for biomedical applications.>** For
example, Vandenbroucke and Kruth described use of selec-
tive laser melting for implant manufacturing.>® This technique
involves selective melting of vertically stacked powder
layers using a diode-pumped Nd:YAG laser in order to create
three-dimensional structures with an accuracy below 40 pm.
A Ti-6Al1-4V alloy framework to support tooth implants for use
in an edentulous (toothless) patient was demonstrated using
this approach. Advantages of selective laser melting are that it
provides accurate implant-framework fitting, and it requires less
labor than conventional methods. Murr et al. examined process-
ing of the Ti-6Al1-4V alloy using selective laser melting; this
approach may be used to create customized implants from three-
dimensional imaging data (e.g., computed tomography data).**
They fabricated structures that were comparable in shape to
implant precursors; these structures exhibited mechanical
properties similar to or superior to those of cast or wrought
Ti-6Al1-4V alloy. Hagedorn et al. recently considered the use
of selective laser melting for creating structures with complex
shapes and nearly 100% densities out of alumina-zirconia pow-
der. By pre-heating to 1600°C, crack formation due to thermal
stresses was avoided.’” A dental restoration bridge was created
using this approach. A desktop device for selective laser melting
of dental prostheses (e.g., crowns and bridges) is commercially
available.*® This device, known as the Realizer, provides cobalt-
chromium and gold-based alloy structures with ~30 pm layer
thicknesses. In another study, Shishkovsky et al. described
use of selective laser sintering/melting to fabricate implants
for craniofacial applications out of Nitinol, a superelastic/
shape-memory material, or titanium.> A Nitinol structure with
a tooth-like shape and porous morphology was demonstrated
using this approach. An in vivo study involving laboratory rats
showed an absence of corrosion or adverse tissue response.
Rimell and Marquis considered use of selective laser sinter-
ing for processing ultrahigh molecular weight polyethylene.
However, the laser-processed material exhibited several unde-
sirable attributes, including shrinkage, porosity, and chemical
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degradation (e.g., cross-linking, chain scission, and oxidation).*
Palcic et al. and Ram et al. described the use of laser-engineering
net shaping for creating implants out of titanium alloy and
cobalt—chromium-molybdenum alloy, respectively.®'

Ultrafast laser pulses

Nayak and Gupta described use of ultrafast laser pulses for cre-
ating self-organized structures that contain conical microscale
and nanoscale features out of aluminum, copper, titanium, and
stainless steel; these structures may be used to obtain enhanced
cell proliferation.®® In addition, they used a direct laser process
to create arrays of nano/micropores in titanium foil. In subse-
quent work, Bush et al. used a single-step titanium:sapphire
laser-based process to create textured, hierarchical features on
titanium sheets.** Micrometer scale peaks and troughs as well
as sub-micrometer scale and nanometer scale features were cre-
ated using this approach. The hydrophilic nature of the treated
surface was retained over time; no measurable contact angle
was noted for the laser-treated material after several weeks in
a normal atmosphere. During in vitro studies, attachment of
bone marrow stromal cells, including cellular bridge formation,
as well as proliferation of human mesenchymal stem cells at
early time points, were noted. A mixed cell population from
human bone marrow was grown on these materials. Differen-
tiation of the osteoprogenitor cells, as evidenced by alkaline
phosphatase and osteocalcin gene expression, was associated
with osteogenic activity (i.e., bone formation or bone repair).

Neural implants

Laser processing of biomaterials for neural implants has
also been considered. For example, Rosen et al. described
laser drilling of holes in silicon chips for capturing nerve cell
fibers, which are known as axons; potential applications of
these devices include use as a prosthesis-nerve interface and
as a nerve graft. During in vivo testing, these nerves remained
viable in two primates for more than three months as well as in
four rats for between six months and one year. These devices
have potential use in nerve repair devices, nerve grafts, and
prosthesis-nerve interfaces. Dupas-Bruzek et al. used a KrF
excimer laser and a frequency-quadrupled Nd:YAG laser for
surface modification of poly(dimethylsiloxane) (PDMS).% They
demonstrated that the laser processing conditions (e.g., the
pulse duration) and the laser type determine the ablation depth,
the chemical composition, and the surface morphology. An
autocatalytic platinum bath was subsequently used for selective
platinum metallization of the laser-irradiated contacts and tracks.
These materials have potential use in electrodes for stimulation
of the optic nerve in visually impaired individuals.®” Lacour et al.
described fabrication of stretchable electronics on elastomeric
substrates for use in medical prosthesis-tissue interfaces that
are mechanically and electrically matched.®® They deposited
an array of 200 pm x 200 pm diamond-like carbon islands
on a masked PDMS substrate using pulsed laser deposition.
They subjected the substrate to uniaxial stretching; at a strain
0f 25%, the diamond-like carbon islands stayed attached to the
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PDMS substrate and strained up to 5%. In addition, a row of
11 diamond-like carbon islands that had been connected with
gold stretchable metallization was shown to retain end-to-end
electrical conduction when subjected to 20% tensile strain.

Ophthalmic implants

Lasers may be used for in situ manipulation of biomaterials
during ophthalmic surgery. For example, Chirila et al. noted
that acrylic polymers may undergo undesirable degradation
processes, including toxic monomer release, after interaction
with short pulse lasers.® They discussed the effect of pulsed laser
irradiation on poly(methylmethacrylate) (PMMA) and poly(2-
hydroxyethyl methacrylate) (PHEMA), which are used in
intraocular lens implants. In an experimental study, Chirilia
et al. showed that Q-switched Nd: YAG laser-irradiated PMMA did
not exhibit a detectable increase in methyl methacrylate monomer
content.” In addition, laser interaction with PHEMA did not
result in residual 2-hydroxyethyl methacrylate. In subsequent
work, Newland et al. exposed several polymers used in intraocular
lenses, including acrylic, silicone, and PMMA, to Nd: YAG laser
energy.”' Silicone was shown to exhibit the lowest threshold
for laser-induced damage; higher laser damage thresholds were
observed for acrylic and PMMA. Thompson et al. noted that laser
welding may be used during an ophthalmic surgery known as
synthetic epikeratoplasty for attaching a synthetic lenticule to
the cornea in order to correct refractive errors.”

Laser fabrication of cardiovascular devices

Laser fabrication of cardiovascular devices, particularly endo-
vascular stents for treatment of coronary artery disease, has
become a focus of academic and industrial efforts over the
past decade. For example, manufacturing of endovascular stents
made from Nitinol involves laser machining of tubes or sheets
that are subsequently rolled into tubes.” Shabalovskaya et al.
and Cui et al. noted that laser surface melting may be used to
refine and homogenize the surface microstructure of Nitinol.””*
The laser-melted surfaces exhibited significantly improved cor-
rosion resistance, as evidenced by a decrease in nickel release
and an increase in breakdown potential. Higher
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laser to machine cobalt-chromium tubes for cardiovascular
stents.”” An acousto-optic device was used to obtain a focus
diameter on the order of 35 um and minimal thermally induced
deformation. In a subsequent study, a similar approach was used
to machine 316 LWM stainless steel tubes.” Extremely fine
holes were prepared using this system and a piercing approach;
in addition, a reduction in the heat affected zone was observed.

Laser processing of polymeric stents has also been con-
sidered. For example, Lootz et al. considered machining of
polyhydroxybutyrate stents with a carbon dioxide laser.” In
particular, they examined embrittlement of these stents after
carbon dioxide laser machining. Changes in molecular weight
and changes in plasticizer (triethylcitrate) content were noted,
which were correlated with the distance from the laser cut site. In
an in vitro study, L929 mouse fibroblasts were shown to prefer-
entially grow on the laser-machined material. Grabow et al. used
a carbon dioxide laser to machine pure poly(L-lactide) (PLLA)
as well as PLLA containing various amounts of triethylcitrate.*
The laser affected cut edge contained relatively amorphous
material; 0-15% crystallinity was observed in this region. In
subsequent work, Grabow et al. created a balloon-expandable
slotted tube stent out of a polymer blend material containing
PLLA and poly(4-hydroxybutyrate).®! Balloon-expandable slotted
tube stents were fabricated from polymer tubes using a carbon
dioxide laser plotter. Scanning electron microscopy revealed
that the laser cut material contained melted strut edges; these
features are associated with reduced crack initiation (Figure 1).

Recent efforts have involved use of ultrafast lasers for stent
processing. For example, Mielke et al. used an ultrafast laser to
machine Nitinol, polytetrafluoroethylene, and a biodegradable
polymer stent material; no observable heat affected zone was
noted for the laser-machined Nitinol stent.*> Muhammad et al.
described a wet cutting approach for improving the properties
of laser-processed stent materials.®® They demonstrated wet
cutting of 316 L stainless steel tubes using a pulsed fiber laser
while water flowed within the tubes. This wet cutting process
was associated with an absence of back wall damage, a smaller
heat affected zone, less dross, and lower surface roughness.

amounts of titanium and titanium oxide were
noted on the laser surface-melted material than
on the mechanically polished material; this
composition was associated with a reduction
ofnickel ion release and an enhancement of cor-
rosion resistance. Kathuria described machin-
ing a 316 L stainless steel hollow tube using a
short pulse Nd-YAG laser in order to obtain
a cardiovascular stent; small-scale features,
including slits with widths of 0.05-0.1 mm and
pitch values better than 0.2 mm, were prepared
using this approach.”® This work suggests that
a reduction in the heat affected zone, which is
associated with embrittlement, may be obtained
with higher pulse repetition rates and shorter

Figure 1. Electron micrographs of an expanded stent specimen at (a) 20x and (b) 150x
magnification. The images show in detail the melted strut edges caused by CO, laser
cutting and the integrity of the strut deformation zones after stent expansion. Reprinted
with permission from Reference 81. ©2007, Springer.

pulses. Sudheer et al. used a pulsed Nd:YAG
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Figure 2. Thermal discoloration in stent cutting before removing the excess material: (a)
dry cutting and (b) wet cutting. Reprinted with permission from Reference 83. ©2010, Elsevier.

of commercial materials. Popovici et al. used
carbon dioxide laser pyrolysis to create iron/iron
oxide core-shell nanoparticles from Fe(CO);
vapor within a C,H, carrier.®® The mean sizes
of the particles were estimated to be 15 nm.
X-ray diffraction indicated that the material had
a spinel structure. Nanoparticles dispersed in a
light hydrocarbon, petroleum were shown to be
well separated; small aggregates or single particles
were noted. Large particle aggregates were
trapped with a toluene bubbler that was located in
front of the collection filter. These materials may
find use as contrast agents for magnetic resonance
imaging of patients. Asahi et al. described laser

As shown in Figure 2, dry stent cutting was associated with
thermal discoloration indicative of embrittlement; on the other
hand, water cutting was not associated with these changes. It
should be noted that laser-machined stents are currently in clinical
use; for example, laser-machined 316 L stainless steel balloon-
expandable stents containing sirolimus have been used for
clinical treatment of patients.’* Another commercially available
stent is made out of WE43 absorbable magnesium alloy; this
device, which contains noose-shaped and unbowed cross-link
geometries, is laser sculptured from a single tube of material.*®

Laser-fabricated nanoscale materials

Laser-fabricated nanoscale materials have been considered for
use in medical devices and other medical applications. For
example, Tavakoli et al. reviewed the use of laser pyrolysis
of organometallic precursors for biomaterial applications.*
This technique relies on interactions between gaseous species
and photons from a carbon dioxide laser. They noted that this
approach may be used to prepare a variety of 2-20 nm particles,
including cementite-containing iron-carbon nanostructures,
a-iron oxide nanoparticles, and y-iron oxide nanoparticles,
with controllable size distributions. This technique has not
been translated to commercial use, since it is burdened by
high energy consumption as well as low production rates.
Veintemillas-Verdaguer et al. performed continuous laser pyrolysis
of Fe(CO); vapor in order to create 5 nm y-Fe,O; nanopar-
ticles.’” These particles were dispersed in a dextran-containing
strong alkaline solution in order to create magnetic dispersions
for use in magnetic resonance imaging. Particle-aggregates were
formed in these dispersions that exhibited a hydrodynamic diameter
of'42 nm determined using photon correlation spectroscopy and
a diameter of 25 nm determined using transmission electron
microscopy; as noted by Veintemillas-Verdaguer et al., a particle
size smaller than 200 nm is desirable from a toxicity perspective.
During an in vivo study, the dispersions were intravenously
administered to mice, and a blood clearance half-life of 7 +/— 1
minutes was observed. In addition, enhancement of magnetic
resonance image contrast after administration of the dispersion
was noted. The biokinetic profiles and "H NMR relaxation times
of'the laser pyrolysis-produced dispersions were similar to those
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ablation of organic microcrystalline powders in
water to form nanocolloids.® Processing of various nanoparticles
in this manner was demonstrated, including the anticancer drug
7-ethyl-10-hydroxycamptothencin and the fullerene C60, which
is being considered for use in photodynamic therapy.

Singh recently reviewed the use of zinc oxide nanostructures
for biomedical applications, noting that zinc oxide is useful for
biomedical sensors (e.g., glucose oxidase-based sensors) since
it exhibits rapid electron transfer behavior.” In addition, it can
be used for modifying and immobilizing biological molecules.
Okada et al. fabricated ~120 nm ZnO nanorods using a catalyst-
free nanoparticle assisted pulsed laser deposition approach.”!
Optical pumping of the ZnO nanorods at 388 nm was used to
obtain stimulated emission. In subsequent work, Okada et al.
used laser ablation in a high-temperature argon background gas
to prepare ZnO nanorod structures with unusual geometries,
including nanowire pig-tailed ZnO nanorods and ZnO nano-
cones.”” More recently, Okada and Suehiro used nanoparticle-
assisted deposition to create ZnO nanowires with lengths up to
5 pm and diameters between 50 nm and 150 nm; the photolumi-
nescent behavior of these materials was confirmed by excitation
with a Nd:YAG laser.”® In addition, stimulated emission under
optical pumping was demonstrated. Potential applications of
nanostructured zinc oxide include use in ethanol, hydrogen,
oxygen, and pH sensors.”

Two photon polymerization

As previously noted, ultrafast lasers provide unique capabilities
for processing biomaterials. Itoh et al. noted that ultrafast lasers
can provide extremely high energy densities within small
volumes, leading to complex, nonlinear, and localized inter-
actions that are referred to as nonlinear focal-point optics.” At
lower energies, nonlinear focal-point optics is used in optical
microscopy. For example, it can provide three-dimensional
imaging capabilities without laser scanning optics. At higher
energies, nonlinear focal-point optics enable manipulation of
cells, intracellular particles, and intracellular organelles. At
even higher energies, nonlinear focal-point optics are utilized
for selective photopolymerization or machining of material.
Two photon polymerization, a liquid-based rapid prototyping
technology based on this approach, has been utilized for the
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fabrication of small-scale three-dimensional medical devices
out of several types of photosensitive materials, including
epoxy oligomer-containing commercial photoresist (SU-8),
acrylate-based polymers, organically modified ceramic mate-
rials, titanium-containing sol gel composite materials, and
zirconium oxide-based hybrid materials.”* Nearly simulta-
neous absorption of two 800 nm photons from a femtosecond
titanium:sapphire laser by the photoinitiator induces an elec-
tronic excitation analogous to excitation by the ultraviolet light
region of the electromagnetic spectrum.!*!°! Photoinitiator
molecules that are sensitive to 390 nm radiation are therefore
commonly used for two photon polymerization. Chemical reac-
tions between photoinitiator molecules and monomers lead to
polymerization of a volume of material, which is known as a
voxel. Layer-by-layer processing of three-dimensional structures
is commonly achieved by moving the laser focus on a two-
dimensional scanning path; beam translation is performed along
the z-axis. Soft lithography methods, such as replica molding,
microtransfer molding, microcontact molding, and microcon-
tact printing, may be used for high fidelity replication of two
photon polymerization-fabricated structures.!?>-1%

Small-scale medical implants and prostheses have been created
using two photon polymerization. For example, Ovsianikov
et al. prepared ossicular replacement prostheses, which serve
as replacements for the middle ear bones, out of organically
modified ceramic material using two photon polymerization.'®
The head of the two photon polymerization-fabricated pros-
thesis contained five conical structures, which may serve to
enhance cell attachment and minimize prosthesis migration.
The prosthesis was implanted and subsequently removed from
an implantation site in a frozen human head without fractur-
ing. Schizas et al. utilized two photon polymerization to create
micro-valves out of a zirconium-containing sol gel.' The two
photon polymerization-fabricated structure exhibited a check
valve design and contained a mobile piston rod within a valve
body. The features in this structure correspond with the anatomic
features of small veins that prevent blood flow reversal. Scanning
electron microscopy data indicated that the valve components
were successfully fabricated; in addition, mechanical actuation
of the piston rod with a needle was demonstrated.

Microneedle fabrication

Two photon polymerization and other laser processes have
been used to prepare transdermal medical devices known as
microneedles. Microneedles are small-scale hypodermic needle-,
thorn-, or lancet-shaped structures exhibiting one dimension
below 500 pum in length. These devices are used to create
pores in the 15 pum thick stratum corneum layer of the skin,
enabling transdermal delivery of pharmacologic agents and
vaccines. Microneedles with complex shapes, including in-plane
hollow microneedles, out-of-plane hollow microneedles, and
mosquito fascicle-shaped microneedles, have been created out
of organically modified ceramic materials using two photon
polymerization.!”' These studies showed that microneedle
design may be rapidly tailored for specific medical applications
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using two photon polymerization. In another study, hollow
microneedles with 500—700 um heights were created out of an
acrylate-based polymer using two photon polymerization.'!°
Figure 3 shows scanning electron microscopy images of
an individual microneedle within a 3 x 3 microneedle array.
The base diameter and length of the microneedles in the array
were 212 +/— 3 um and 508 +/— 33 um, respectively. It should
be noted that both the microneedle and the microneedle base
shown in these images were fabricated using two photon polym-
erization. These devices were used to create pores in the stratum
corneum layer of cadaveric porcine skin that allowed delivery
of carboxyl quantum dots to the deep epidermis and the der-
mis within 15 minutes. On the other hand, topically applied
carboxyl quantum dots remained on the topmost 50 um of
the skin and demonstrated poor penetration. In recent work,

100 pm

Figure 3. Scanning electron microscopy images of an acrylate-
based polymer hollow microneedle produced using two photon

polymerization. (a) Image of an individual microneedle obtained

at a 45 degree tilt. (b) Image of an individual microneedle obtained
at a 0 degree tilt. Dimensions are shown as average +/- standard

deviation. Reprinted with permission from Reference 110. ©2011,
Royal Society of Chemistry.
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a two-photon polymerization process involving multiple foci
was used to prepare an array of microneedles out of organically
modified ceramic material.!'" Using this approach, multiple
beams were obtained from a single laser with a computer-
prepared hologram. A structure containing 36 microneedles
was created using a three-by-three array in which each unit
contained four microneedles. This multiple foci approach pro-
vides more rapid processing rates and may facilitate translation
of two photon polymerization technology to commercial use.

Other laser-based approaches have been used to prepare
microneedles. For example, Martanto et al. created 1 mm long solid
microneedle arrays containing 105 microneedles from SS304
stainless steel sheets by ablating the trace of the microneedle
geometry and manually bending the microneedles out of the
plane of the sheet; electropolishing was subsequently used to
reduce microneedle thickness.!? In subsequent work, Gill and
Prausnitz used a similar approach to create in-plane and out-of-
plane microneedle arrays.''® Davis et al. created 500 um long
hollow metal microneedles from polyethylene terephthalate
molds; these molds contained holes that were drilled using a
248 nm ultraviolet laser.'* Molds containing straight-walled
holes were used to create cylindrical tubes; molds containing
tapered holes were used to create conical microneedles. The
molds were subsequently coated with nickel using an elec-
troplating process that used direct-current sputtered titanium-
copper-titanium as a seed layer. The nickel microneedle arrays
were removed from the molds using a concentrated sodium
hydroxide solution. Bodhale et al. described use of micro-hot
embossing and ultraviolet excimer laser processing to create
arrays of 25 hollow polymer microneedles.'" Pulsed laser depo-
sition has also been used to modify microneedle surfaces. For
example, krypton fluoride excimer pulsed laser deposition was
used to deposit silver coatings on solid organically modified
ceramic microneedles, which were created using a two photon
polymerization-micromolding approach."® In a disk diffusion
study, these coated microneedles were shown to inhibit Staphy-
lococcus aureus growth. In work by Choi et al., krypton fluoride
excimer laser ablation was used to pattern a dc sputtered
titanium/copper seed layer on a PMMA microneedle array.
The microneedle array was then coated with nickel using an
electrodeposition approach.!” Electroporation (electric field-
induced plasma membrane permeabilization) of prostate cancer
cells and red blood cells using this metal-coated microneedle array
was demonstrated. Windmiller et al. used pulsed laser depo-
sition to grow a platinum thin film on a solid microneedle
array, which was prepared out of an acrylate-based polymer
using a visible light dynamic mask micro-stereolithography
system.!"® This film served as a working electrode in a two-
component microneedle array, which included solid and hol-
low microneedles. The array contained microscale cavities that
held glucose oxidase or glutamate oxidase within a poly(o-
phenylenediamine) film. Rapid, selective, sensitive, and stable
detection of glucose and glutamate was demonstrated using
these amperometric sensors. For example, the microneedle-
based sensor provided detection of glutamate over the entire
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pathophysiological range down to the ten uM level in undi-
luted human serum.'”® Donnelly et al. used a 355 nm laser
micromachining system for drilling patterns in a PDMS sheet,
which was subsequently used to create solid microneedles out
of several biodegradable polymers.""” In a similar approach, a
programmable carbon dioxide laser writer was used to create
a PDMS mold, which was subsequently used to create agarose
and carboxylmethylcellulose microneedle arrays.'*

In this issue

In this issue, several recent efforts involving laser process-
ing of biomaterials with microscale and nanoscale features
are described. For example, Chua et al. describe modeling and
processing of functionally graded scaffolds for bone tissue
engineering that take mechanical properties and anatomic
geometries into account. The rapid prototyping technique
known as selective laser sintering (SLS) was used to create
a femur model with functionally graded attributes. Duan and
Wang review the application of SLS to prepare materials for
use in other medically relevant structures, including drug
delivery vehicles and tissue engineering scaffolds. Guillemot
et al. discuss the use of laser-assisted bioprinting for creat-
ing microscale patterns of cells (e.g., human osteoprogeni-
tor cells) and tissue-relevant biomaterials (e.g., alginate and
hydroxyapatite). Hsieh et al. review materials with micro-
scale and nanoscale features for tissue engineering applica-
tions, including microgels structured using two-photon laser
scanning photolithography. These structures contain features
that facilitate intercellular interactions, cell migration, and cell
self-assembly. Prodanov et al. discuss the use of laser surface
engineering to create materials with microscale and nanoscale
features; assessment of laser-textured materials using biological
studies, including in vitro, pre-clinical, and clinical studies, is
described. Riggs et al. review the use of a laser direct-write method
for rapid prototyping of biomaterials (e.g., proteins and growth
factors) as well as cells (e.g., pluripotent stem cells and mammalian
cells). Sugioka and Cheng used a combination of femtosecond
laser direct writing and wet chemical etching to create optical and
microfluidic glass devices for biological analysis. Devices pre-
pared using this approach may be used for sensing of biologically
relevant molecules in fluids as well as detection of microorganisms.
Zhang and Chen used two photon polymerization to create
two-dimensional topographical patterns and scaffolds
with sub-micrometer features out of a hydrogel material,
poly(ethylene glycol). In addition, they used nanoimprinting
to transfer patterns from laser-fabricated molds to hydrogels
in a parallel manner.

Conclusions

As shown in the previous examples, lasers have been used over
the past half century to create medical and dental implants with
longer lifetimes and better functionalities than conventional
counterparts. Important considerations in the development of
laser biomaterials include expanding the number of precur-
sor materials, particularly biodegradable materials. Additional
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efforts are needed to optimize laser-based processes so that
materials with optimal biological, chemical, and mechanical
properties for a given application are obtained. In addition,
hybrid processes that take advantage of two or more laser-
based processes may play important roles. Mitigation and
minimization of undesirable features associated with laser-
based processing (e.g., heat affected zones) must be consid-
ered. Continuing efforts to develop improved laser sources
will no doubt extend the already expansive frontiers of laser
biomaterials. For example, the development of low-cost fem-
tosecond lasers (e.g., low cost oscillators or high power lasers
that obviate the use of oscillators) would facilitate industrial
translation of femtosecond laser-based processing, including
two photon polymerization and nanomachining. Semiconductor
lasers, which do not require alignment, controlled vibration,
or controlled humidity, would also facilitate laser biomaterials
research efforts.?’ Finally, commercialization-related challenges
must be taken into account; for example, laser-based fabrication
must be cost competitive with conventional (e.g., machining-
based) approaches.

The mention of commercial products, their sources, or their use in
connection with material reported herein is not to be construed as
either an actual or implied endorsement of such products by the U.S.
Department of Health and Human Services.
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