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Many advanced medical and biological devices require microscale patterning of cells, proteins,
and other biological materials. This article describes the use of piezoelectric ink jet processing in
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the fabrication of biosensors, cell-based assays, and other microscale medical devices. A micro-
electromechanical system-based piezoelectric transducer was used to develop uniform fluid flow
through nozzles and to prepare well-defined microscale patterns of proteins, monofunctional acry-
late ester, sinapinic acid, deoxyribonucleic acid (DNA), and DNA scaffolds on relevant substrates.
Our results demonstrate that piezoelectric ink jet deposition is a powerful non-contact, non-de-
structive additive process for developing biosensors, cell culture systems, and other devices for

medical and biological applications.
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1 Introduction

Recent advances in tissue engineering, biological sens-
ing, and biotechnology have resulted from two comple-
mentary forces. First, there is a natural evolution towards
microscale patterning and rapid prototyping of materials
as novel technologies become available. Second, pat-
terned materials provide the capability for specific inter-
actions with cells, proteins, DNA, viruses, and other bio-
logical structures. Micropatterned biological materials are
not only essential in medicine and biology, they are also of
increasing interest in microelectronics, microelectro-
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mechanical systems (MEMS), sensors, display units, and
optoelectronic devices [1].

One possible application for microscale patterning of
biomaterials is tissue engineering. The demand for re-
placement materials for damaged or diseased tissues has
led to the development of this field, which involves creat-
ing tissue substitutes by placing living cells within three-
dimensional hydrogels [poly(vinyl alcohol)], resorbable
polymers [poly(lactic acid)], or naturally derived material
scaffolds (collagen) that help guide development [2-5].
The cell-seeded structures are then placed in bioreactors
that provide the nutrients that allow cells to multiply with-
in the scaffold. The cellular structures in the three-dimen-
sional scaffold are then implanted in the body, so that it
can resume normal function. Rapid prototyping tech-
niques are used to guide cell growth within scaffolds; for
example, patterned growth factors or cytokines manipu-
late cell attachment and differentiation [6].

Patterning technologies may also benefit the fabrica-
tion of cell-based biosensors and biological assays. A
biosensor is an analytical device that uses antibodies, en-
zymes, nucleic acids, microorganisms, isolated cells, or
other biologically derived systems as a sensing element
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[7, 8]. These devices may be used to monitor variations in
chemical and biological environments. Cell-based assays
have been considered for use in prescreening pharmaco-
logical agents, proteins, and nucleic acids. DNA, RNA,
and protein arrays have been used in biosensors, im-
munoassays, cell-culture devices, drug delivery devices,
and high throughput drug screening devices [9]. Rapid
prototyping techniques like ink jet printing may allow for
high-throughput production of patterned multiplexed bi-
ological materials without the use of masks, stamps, rib-
bons, or other costly and time-consuming conventional
processing equipment.

Rapid prototyping is a materials processing technolo-
gy originally developed approximately 30 years ago for the
preparation of machine tool prototypes [10]. In rapid pro-
totyping, three-dimensional structures are created by se-
lectively joining materials in an additive manner. These
technologies include layer-by-layer growth of solids, lig-
uids, or powders. Rapid prototyping technologies are sub-
categorized into contact and non-contact deposition.
Some commonly used rapid prototyping techniques in
biomedical engineering include fused deposition model-
ing, stereolithography apparatus, selective laser sinter-
ing, laser direct writing, microcontact printing, and ink jet
printing.

Solid-based rapid prototyping techniques involve the
joining or fusing of extruded material [11, 12]. For exam-
ple, in fused deposition modeling, material is melted and
extruded into thin filaments on a mobile platform, which
can operate along X-, Y-, and Z- planes. The filaments fuse
together upon cooling [11]. One of the disadvantages of
fused deposition modeling is high operating tempera-
tures. As a result, patterning of many biological materials
is precluded [7, 12]. In addition, materials prepared using
this process exhibit very high porosities and poor me-
chanical properties. Several variants of the fused deposi-
tion modeling process have been developed to overcome
these limitations, including precision extrusion manufac-
turing, low-temperature deposition manufacturing, and
rapid prototyping robotic dispensing.

Liquid-based techniques involve selective solidifica-
tion of material in the liquid phase [11]. For example, in
stereolithography, a photocurable resin is selectively so-
lidified upon exposure to UV laser radiation. In this tech-
nique, movement of a Z-height stage controls exposure of
the laser to a liquid resin reservoir. The X- and Y-stage
movements may be used to pattern the material in the Z-
plane. The laser polymerizes the liquid resin layer to gen-
erate a layer of solidified material. The table is then low-
ered and another layer is selectively cured. This layer-by-
layer buildup process is repeated until the desired three-
dimensional structure is obtained. The structure is then
removed from the liquid reservoir, baked, and cleaned.
Several factors, including encoder resolution, table step
height, laser spot size, and laser performance determine
the resulting resolution of fabricated structures processed
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using this technique. In addition, the biological, chemi-
cal, and mechanical properties of the resins, breakdown
products, diluents, and dispersants used in stereolithog-
raphy may not be suitable for many medical and biologi-
cal applications [13, 14].

Powder-based rapid prototyping techniques involve
selective melting of powders or granules in a powder bed
using a high-power laser. Prior to laser exposure, the pow-
der is annealed to a temperature close to its transition
melting point, such that only a small increase in temper-
ature is required to cause localized melting. A three-di-
mensional object is formed by moving the height-ad-
justable table containing the powder bed after processing
of each layer. This technique has been utilized to fabricate
complex porous ceramic matrices suitable for implanta-
tion in a bone defect [15]. Many other materials, including
nylon, polystyrene, and titanium, may also be processed
using this technique. The technique has the capability to
process 3-D structures with complex features, including
overhangs and undercuts. However, materials processed
using selective laser sintering generally exhibit high
porosity and surface roughness, which may preclude its
use in many medical applications.

Matrix-assisted pulsed-laser evaporation direct write
(MAPLE DW), also known as laser forward transfer, has re-
cently been used for sub-10-pm resolution patterning of
cells, biological materials, and organic materials. The
process is a variation of the MAPLE technique, which is
used for thin film processing of polymeric biomaterials
[16]. The MAPLE DW system utilizes an UV laser source,
a ribbon, a receiving substrate, and an X-Y-Z translation-
al stage. The biomaterial to be deposited is embedded in
a UV-absorbing matrix material. The biomaterial-matrix
mixture is then spin-coated onto an optically transparent
quartz piece, which is known as the ribbon. A computer-
guided laser selectively ablates the matrix, which propels
less than 10 nL of the biomaterial from the ribbon to the
substrate. This subtractive process operates at room tem-
perature and ambient pressure. MAPLE DW is a flexible
process that can be used to fabricate micropatterns at
lower laser fluences or to provide annealing, cleaning, and
micromachining at higher laser fluences.

The MAPLE DW process provides several advantages
over other techniques, including: (i) enhanced cell-sub-
strate adhesion, (ii) deposition under ambient conditions,
(iii) the amount of material transferred can be quantita-
tively determined, and (iv) multilayered structures can be
prepared by serial ablation of several ribbons. MAPLE DW
has been used to create composite patterns of bioceram-
ic and osteoblast-like cells, which have potential applica-
tions in orthopedic and dental tissue engineering [17].
Neuroblast-like B35 cells were deposited at several
depths within protein gels; these structures may be used
for regeneration of damaged peripheral nerves [18]. More
recently, the MAPLE DW system has been used to ma-
chine microscale channels in agarose substrates. Chan-
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nels with widths between 60 and 400 pm were filled with
adhesive proteins and cells. The structures were delami-
nated from the agarose substrates, and free-standing cel-
lular networks were obtained [19, 20].

Microcontact printing transfers a fluid film from a
poly(dimethysiloxane) stamp onto a substrate [21]. Al-
though the microcontact printing method may be used to
create patterns at relatively low costs, it is plagued by
stamp fatigue and resolution problems [22]. There is also
evidence that the micropatterned surfaces produced us-
ing this technique continue to degrade after deposition
[23]. This process may not be specific to the microcontact
printing technique, and it may result from the use of ma-
terials to reduce adhesion between corresponding sur-
face areas. Pattern resolution has been increased by em-
ploying a laser-scanning confocal microscope to pattern
the photoresist used in the fabrication of the master
stamp [24]. Moving this method to large scale use will re-
quire additional fabrication advances.

In contrast to other prototyping methods, ink jet print-
ing is a relatively straightforward fabrication process. In
general, many formats of 2-D drawings, pictures and
structures can be converted to a bit map image. The re-
sulting bit map image can then be rasterized into X- and
Y-coordinates to deposit materials in a corresponding
printed pattern. This high-resolution patterning technol-
ogy has many potential biological and medical applica-
tions. For example, ink jet printing technology has re-
cently been used to fabricate electronic, medical, optical,
and polymeric devices [25, 26].

Ink jet printers can dispense fluid droplets with vol-
umes in the picoliter to microliter range, and the volume
is related to nozzle size. The resolution of patterns pre-
pared using ink jet printing is determined by a number of
factors, including ink viscosity, surface tension, droplet
size and lateral resolution of the printer head [27]. The de-
velopment of desktop thermal ink jet printers by Canon
and Hewlett-Packard [28] drove ink jet technology from
expensive industrial applications to universal availability.
The chemical properties of inks determine their jettabili-
ty in a printer. As a result, the inks are tailored specifical-
ly for the printing device that is employed. Surface ten-
sion and viscosity are two primary chemical properties
that determine printing success. During droplet forma-
tion, energy is distributed between viscous flow, the drop
surface tension, and the drop kinetic energy.

Syringe-solenoid ink jet printers contain a syringe
pump and a microsolenoid valve. The syringe pump is
used to compress the fluid in the reservoir. When opened,
the solenoid valve creates a pressure wave that forces flu-
id through the orifice [29]. There are three types of sole-
noid dispensers: flow through, aspirate-dispense, and iso-
lated. These printers cannot generate droplets in the pi-
coliter range. As a result, they are primarily used for liquid
dispensing on a large scale. These valves rapidly switch
back and forth between their open and closed states in
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very small, rapid pulses to permit the flow of pressurized
liquid. Microsolenoid valves demonstrate higher resolu-
tion patterns. Improving dispensing precision is obtained
due to decrease in drop size after each valve closure. The
capability for rapid actuation makes the solenoid type of
dispenser ideal for non-stop reagent dispensing, These
dispensers have become an integral component of high-
throughput laboratory applications in pharmaceutical in-
dustries.

In thermal ink jet printers, the printhead includes a
nozzle, heater, chamber (site of bubble growth), manifold,
and restrictor (ink path from between manifold and cham-
ber). The resistive element heats a plate to approximate-
ly 300°C. As a result, a bubble boils out from the fluid in
the chamber. This process forces fluid out of the nozzle
[30]. Ink flows from the restrictor to the chamber after the
bubble shrinks. Thermal ink jet printers are subdivided
into three groups based on the orientation between the
plane of bubble formation and the ejection of the droplet:
roof shooting (ejection and bubble formation are in same
direction), back shooting (ejection and bubble formation
are in opposite directions), and side shooting (ejection is
perpendicular to bubble formation). Major fabrication ad-
vances have been made using thermal ink jet printing [26]
due to the low cost and wide availability of printheads.
However, the thermal ink jet process may cause damage
to thermally sensitive materials used in biology and med-
icine.

In contrast, piezoelectric ink jet printers have demon-
strated greater promise for use in rapid prototyping and
patterning of materials for medical and biological applica-
tions. The pressing requirements for smaller drop sizes,
faster printing speeds, lower device costs, higher preci-
sion of printed features, and higher resolution of printed
features have led to the use of silicon MEMS techniques
for fabrication of ink jet printheads. Silicon fabrication
methods have provided both improved overall jet-to-jet
uniformity and increased fluid resistance performance
characteristics. The jet-to-jet uniformity increased drop
placement accuracy. In addition, the expansion of the op-
erating range provided higher ink throughput values.
Since silicon is a chemically inert material, a broad range
of jettable fluids, including graphic arts inks, functional
inks, and biologically relevant materials may be processed
using piezoelectric ink jet printing.

Piezoelectric ink jet printing is a thermally constant
process that can be carried out at room temperature or in
a localized cold environment. The piezoelectric printhead
consist of a piezoelectric transducer, nozzles, manifolds,
ink pumping chambers, and fluid inlet passages. When a
voltage is applied to the lead zirconate titanate (PZT)
piezoelectric transducer, the transducer deforms and cre-
ates mechanical vibrations. These vibrations create
acoustic waves, which in turn force ink out of the cham-
ber through the nozzle [31]. Piezoelectric print heads are
categorized based on the deformation mode of the trans-
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ducer (e.g., squeeze mode, bend mode, push mode, or
shear mode) [32]. For example, the ink jet cartridge in the
Dimatix Materials Printer (Dimatix Inc., Santa Clara, CA,
USA) is powered by a thin piezoelectric unimorph, which
is constructed in the plane of the wafer. This structure
consists of patterned PZT bonded to a silicon diaphragm
[31]. Actuation of the PZT piezoelectric transducer is in
the plane of the wafer (bender mode). A die consists of 16
individually addressable jets that release drops perpendi-
cular to the wafer from an array of inline nozzles that are
spaced 254 pm apart. The effective diameter of the nozzle
is 21.5 um, which provides a drop in the ~10 pL range.

The optimum viscosity for jettable fluids in piezo
drop-on-demand printheads is ~8-14 mPas (8-14 cps).
However, most biological materials exhibit very low vis-
cosities (0.1-1 cps) and very high surface tension values
(58-60 cps dynes/cm). As a result, it is important to be
able to adjust the operating parameters of the ink jet print-
head to successfully jet low viscosity fluids. For example,
in the Dimatix Materials printing system, it is possible to
adjust the frequency of the waveform, the voltage to indi-
vidual nozzles, and the structure of the waveform that
drives the movement of the PZT piezoelectric transducer.
Asdiscussed here, this piezeoelectric ink jet printing may
be used to develop microscale patterns of materials for
medical and biological applications. Streptavidin protein,
monofunctional acrylate esters, sinapinic acid, DNA, and
multiwalled carbon nanotube/DNA hybrid materials have
been printed on technologically relevant substrates. The
patterned materials have been examined using several
characterization techniques, including optical mi-
croscopy, atomic force microscopy, electron microscopy,
Fourier transform infrared (FT-IR) spectroscopy, PCR, and
quartz crystal microbalance. Our results demonstrate that
piezoelectric ink jet deposition is a powerful non-contact,
non-destructive additive process for developing biosen-
sors, cell culture systems, and other devices for medical
and biological applications.

2 Ink )et processing of streptavidin patterns

Rhodamine-conjugated streptavidin (Pierce Chemicals,
Rockford, IL, USA) was dissolved in PBS (Fisher Scientif-
ic, Fair Lawn, NJ, USA) to create a 1.6 mM solution.
Polysorbate 20 surfactant (1%; Fisher Scientific, Fair
Lawn, NJ, USA) was added to isolate the water-soluble
protein. Silicon, methyl cellulose, and borosilicate glass
slides substrates were used in these studies. A piezoelec-
tric ink jet materials printer (Dimatix) produced digitally
fabricated microarrays. The protein solution was main-
tained at 28°C, purged through the printhead for uniform
droplet formation and then calibrated at a constant veloc-
ity of 0.58 m/s for all nozzles prior to deposition. The time
of flight (TOF) of the ~10-pL drops was recorded using a
stroboscopic broad band white light emitting diode and a
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CCD camera with a high-resolution 4x magnification lens
and a spectral response of greater than 60% between
400-700 nm. The camera’s field of view is approximately
1.2 X 1.6 mm. The strobe frequency is matched to the
waveform frequency, and the computer aided design/
computer aided manufacturing (CAD/CAM) motion con-
trol software (Drop Manager, Dimatix) has a built-in vari-
able delay and drop refresh rate controls. The protein so-
lution was deposited at 13 V using an optimized wave-
form. The ink jetted protein patterns were stored at a tem-
perature of 4°C prior to characterization. In addition, a
drop-cast sample of the rhodamine-conjugated strepta-
vidin protein was prepared for F'T-IR spectroscopy studies
(see below).

Ink jet patterns were initially imaged using a broad-
band emission white light emitting diode source and a
CCD camera outfitted with a high-resolution 4x magnifi-
cation lens, which is integrated into the materials deposi-
tion printer. FT-IR spectroscopy was performed using a
5000 series spectrometer (Mattson, Madison, WI, USA),
which provides 4 cm™ resolution. The absorption spectra
(4000-500 cm™) was recorded for both the ink jet de-
posited protein and drop-cast streptavidin protein films
as a control. Atomic force microscopy was performed us-
ing an N-scriptor system (Nanoink, Skokie, IL, USA). In
this system, the scanning head provides a maximum scan
range of 80 um X 80 um. The imaging was performed in
contact mode using silicon nitride cantilevers (spring
constant = 0.06 N m™!) with integrated pyramidal tips.
Linear and 3-D profiles were obtained using Nanorule
data analysis (Nanoink). Optical fluorescent microscopy
of the ink jetted protein patterns was performed using a
DLMB upright microscope (Leica Microsystems, Wetzlar,
Germany).

The appropriate jetting voltage, firing frequency,
waveform, and viscosity for the streptavidin/PBS solution
were determined after systematic studies using several
deposition conditions. Figure 1a contains optical micro-
graphs of streptavidin ink drops generated at 13 V, and
Fig. 1b shows drop location measured from the nozzle
plate at specific time points. The mass-velocity remained
constant after an initial 25-30 ps period. An optical im-
age of an ink jetted streptavidin array on a silicon sub-
strate is shown in Fig. 2. Various grid spacings and 2-D
patterns were obtained using Drop Manager. Figure 2a
shows ~20-um features prepared using ink jetting, and
Fig. 2b shows ~60-um features prepared using ink jet-
ting. The spacing between the features was well con-
trolled. Occasionally, feature overlap was observed. The
dried 60-mm drops were imaged using contact mode
atomic force microscopy. Figure 3a and b contain low and
high resolution atomic force micrographs of the ink jetted
streptavidin protein arrayed patterns, respectively. The
ink jetted proteins exhibited randomly oriented peaks,
troughs, and feature sizes. The streptavidin features var-
ied in size from 3 to 8 pm. Figure 3b shows a clear contrast
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Figure 2. Optical micrographs of several ink jet-deposited streptavidin dot
arrays, which contain different feature spacings.

Figure 3. Contact mode atomic force micrographs of ink jet-deposited
streptavidin arrays.
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Figure 1. (a) Optical micrographs of
streptavidin protein-ink jetting out of
the nozzle plate. The droplets were cap-
tured at 20, 50, 100, and 200 ps.

(b) Drop location measured from the
nozzle plate at specific time intervals.

square-shaped streptavidin feature with a flat upper sur-
face. Figure 4 contains a 3-D topography image of the pro-
tein patterns of Fig. 3a type pattern. A height profile of the
protein structures shown in Fig. 5 indicates feature
heights of approximately 2.2 pm with approximately
10-um spacing. A high-resolution atomic force micro-
graph of the surface of the streptavidin feature in Fig. 3b
is shown in Fig. 6. At a scan length of 0.67 ym on the fea-
ture surface, the Z-distance (peak to peak) was observed
to be 0.68 pm with an average surface roughness of
0.092 ym. The atomic force micrographs demonstrated
clear contrast images of the streptavidin patterns ob-
tained by ink jetting. The distinctive micrometer-sized Z-
heights and uniform smooth surfaces are unique to the
piezoelectric ink jetting process. The streptavidin protein
used in this study was labeled with rhodamine for imag-
ing using fluorescence microscopy. Figure 7 shows fluo-
rescence micrographs of a rhodamine-labeled strepta-
vidin microarray prepared using ink jet printing. Feature
sizes of approximately 20 uym were observed. Randomly
oriented peaks, troughs, and feature sizes were observed
in the patterned material. Figure 8a and b contain fluo-
rescent micrographs at several resolutions of ink jetted
streptavidin in a hatched-line pattern on a silicon substrate.
The length of the line pattern was varied by altering the
overlap of the droplets or the mass-velocity of the fluid.
Developing this ink jet process further, we embedded pro-
teins within a gel-like substrate. Figure 9a and b contain
fluorescent micrographs of ink jetted streptavidin pat-
terns at several resolutions. These figures suggest that
streptavidin was embedded at variable depths within the
methyl cellulose gel. To compare the native protein before
and after jetting, FT-IR absorption spectra of ink jet de-
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Figure 4. 3-D topographic image of the
ink jet-deposited streptavidin micro-
arrays (scan area 39 ym, Z-height

5.29 pm).

5.20pm

2. 64pm

0.00pm

3.50um

281pm

2.13pm

1.44pm

Figure 5. Height profile of streptavidin
protein microarray, with features spaced
approximately 10 pm apart.

" 0.00pm 7.57um 22.71pm

posited and drop-cast streptavidin are shown in Fig. 10.
Good correspondence between the peaks is observed.
Slight differences in peak height were attributed to a vari-
ation in concentration between the drop-cast and ink jet-
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30.28pm 37.25pm

Figure 6. 3-D topographic image of ink
jet-deposited streptavidin protein (scan
size 0.67 pm, average surface rough-
ness 0.09 pm).

Scan Distance (0.67pm)

Z Distance (0.63pm)

0. 68um

deposited samples. The observed peaks were identified
and are listed in Table 1. Unlike many other high-through-
put rapid prototyping techniques that require sample
heating, piezoelectric ink jet deposition allows for rapid
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Table 1. FT-IR absorption peaks for streptavidin protein deposited using
piezoelectric ink jet printing

Notation  Peak wave number Assignment
(em™)
a 3476.0 Monosubstituted amide
(O=C-NH)

b 29233 Strong amino acid zwitterions
(H3N*-CH-CO,")

c 2868.4 Secondary amine (CH,-N)

d 1734.8 C=0 stretching

e 1458.5 Aromatic ring stretching

f 1350.1 Weak amino acid zwitterions

g h 1297.9, 1249.9 Aryl-NH

i 1110.8 CH,~NH-CH,

j 948.1 Conjugated thiol

deposition of heterogeneous microscale patterns of bio-
molecules. It is important to note that proteins were repro-
ducibly printed using the MEMS device piezo ink jet print-
head, and no obstruction of the printhead was observed.

3 Ink jet processing of monofunctional acrylate
esters

Miniaturization of medical device packaging requires
spatially controlled precise deposition of materials.
UV/electron beam-cured coatings, inks, and adhesives
are critical materials for these advanced devices [33]. The
need for higher level packaging to increase board density
and complexity also requires adhesive-specific technical
advances [34]. Stenciling is one available technology for
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Figure 7. Optical fluorescent micrographs of rhodamine-labeled strepta-
vidin deposited on a silicon substrate in a dot array pattern. Micrographs

were obtained at several resolutions.
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Figure 8. Optical fluorescent micrographs of rhodamine-labeled strepta-
vidin protein deposited on a silicon substrate in a hatch pattern. Micro-
graphs were obtained at several resolutions.

Figure 9. Optical fluorescent micrographs of rhodamine-labeled strepta-
vidin protein deposited on a methyl cellulose gel in a dot array pattern.
Micrographs were obtained at several resolutions.
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Figure 11. Optical micrograph of piezoelectric ink jet printed monofunc-
tional acrylate ester on silicon wafer.

patterning of adhesives; however, there are disadvan-
tages of this process, including (i) the typical dip and
stamp set up involves the use of excessive amounts of ad-
hesive, and (ii) there is no control of individual adhesive
drop placement or volume. In addition, the stencils wear
out over time, so deposition precision decreases with
each stamping event. Ink jet printing of adhesives may al-
low for the precise deposition of these materials. We have
deposited both thin films and arrays of Sartomer CD277
(Sartomer, Exton, PA, USA), a monofunctional acrylate es-
ter. This material exhibit suitable chemical properties for
piezoelectric ink jetting (surface tension = 28.5 dynes/cm,
viscosity = 6 cps at 25°C), and was used in as-packaged
form. Figure 11 shows an optical micrograph of the re-
sulting drop pattern onto the silicon wafer. The resulting
drops were approximately 56 pm each, and spacing be-
tween drops was approximately 266 yum. This ability to
pattern an adhesive with drop sizes of <100 pm may ad-
vance the miniaturization of medical prostheses, elec-
tronics, and other advanced devices.

4 Ink jet processing of sinapinic acid

Methodologies for the analysis of tissues by MALDI-TOF
MS have not been developed [35]. Dispensing accurate
amounts of the matrix onto tissue using positional infor-
mation will allow researchers to address specific subsec-
tions of the tissue. Analytes in MALDI are often incorpo-
rated into sinapinic acid matrices that absorb UV light-
and assist in removal of contaminants. Sinapinic acid
(10 mg mL™) was dissolved in 0.3% TFA and 50% ace-
tonitrile. The mixture was sonicated at room temperature
for approximately 60 s, and then filtered through a 0.22-um
filter (Pall Life Sciences, Ann Arbor, MI). The fluid was then
purged for 10 s. Next, 100% ethanol was drawn across the
surface of the printhead before printing onto a gold-plat-
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ed MALDI-TOF plate (Applied Biosystems, Foster City,
CA). The fluid was printed into 340 drop patterns (spac-
ing =90 pm, width = 1.71 mm, height = 1.51 mm) (Fig. 12).
These XY patterns were separated by 2.832 mm. The flu-
id was printed at a frequency of 1 KHz using a step-mode
waveform. One nozzle operated at 20 V was used in these
studies. Figure 13 contains the waveform used for print-
ing of sinapinic acid patterns. A jetting pulse of 11.52 us
followed by a non-jetting pulse of 11.52 pus was used. The
jetting pulse had a segment increase at a maximum of
3.58 us, and this plateau ended at 7.29 ps. The waveform
then decreased approximately 33% of total in approxi-
mately 1 us, and linearly stabilized until 10.69 us. The non-
jetting waveform had a drop in pulse starting at 3.71 us
and ending at 10.69 us. The jetting frequency maximum
was 1 KHz, and the meniscus set point was at —3.0 inch-
es H,0. Calculated after drying, the average drop size was
44 um. Future directions will be to use ink jetting to dis-
pense picoliter volumes of sinapinic acid and couple it to
MALDI-TOF MS.

Figure 12. Optical micrograph of sinapinic acid printed on an MALDI-TOF
plate.
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Figure 13. Piezoelectric ink jet waveform used during sinapinic acid ink jet
printing.
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5 Ink jet processing of DNA and amplification
using PCR

Rapid detection employing microarray methods are nec-
essary to biomedical and chemical sciences [36]. Minia-
turization and automation of arrays may lead to decreased
costs and faster analysis times [37]. As drop sizes de-
crease, feature sizes decrease and array densities in-
crease. Many forensic samples obtained in the field have
restricted amounts of recoverable material, and in some
cases, two PCRs are required to reach the levels of sensi-
tivity and verification required in the amplified DNA prod-
uct [38]. Since piezoelectric ink jet printing only requires
10 pL per sample, the amount of DNA needed for a precise
PCR assay is greatly reduced. For example, this technique
may provide an important advance in studying the varia-
tion in a segment of mitochondrial DNA (a non-coding re-
gion between two transfer ribonucleic acid genes) [39].
Variations in this section of the gene is one obvious
choice for forensic identification because of the large
number of samples that are required [40], and the pre-

Figure 15. Optical micrograph of DNA ink jetting from the nozzle plate.
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—750 bp

Figure 16. Ethidium bromide image of the DNA-agarose gel.

dominant isolated sample, human hair, shows low keratin
protein variation between individuals [41]. Unlike contact
printing techniques (e.g., pin spotters) or expensive in-
dustrial ink jet printheads, the single-use ink jet printhead
technology requires minimal deposition of fluids and min-
imal cross-contamination [37]. Human genomic DNA,
1.6 fg in 10 pL 50% ethanediol, was printed in the bottom
of a 384-well assay plate and onto a silicon wafer in a
254-ym grid demonstrating drop placement accuracy
(Fig. 14). Figure 15 demonstrates the high fidelity drop for-
mation and the uniform drop speed when the DNA ink
leaves the printhead nozzles. The samples were dried af-
ter printing. To test for PCR reliability, forward and reverse
primers were printed onto the dried DNA. Next, a mixture
containing 1x PCR buffer, 1.5 mm MgCl,, 200 uM dNTPs,
and Hot Start AmpliTaq Gold (Applied Biosystems) was
printed for DNA amplification using standard PCR. PCR
was done according to a standard protocol: 95°C for 5min,
followed by 30 cycles of 95°C for 30 s, 60°C for 30 s, and
72°C for 1 min. A 750-base pair fragment was resolved on
a 1.2% agarose gel and visualized using ethidium bromide
(Fig. 16). These successful results suggest that a signifi-
cant cost savings may be obtained using piezoelectric ink
jet printing of clinical microarrays. Miniaturization of the
reaction, minimization of fluid volumes, and minimization
of cross contamination may be obtained using this novel
technology.

6 Ink jet processing of hybrid carbon nanotube/
DNA composites

Hybrid composites are a class of materials with several
novel applications [42]. These materials are employed in
the fabrication of sensors [43], restorative dental materials
[44], bone tissue engineering scaffolds, and heart valve
tissue engineering scaffolds [45, 46]. One goal of ink jet
printing is to generate thin films or 3-D structures of ma-
terials. Hybrid composites can be defined as inorganic
nanoparticles mixed with organic polymers or organic
polymers mixed with defined organic nanomaterials. A
nucleic acid sensor has been generated by screen print-
ing hybrid materials that contain multi-walled carbon
nanotubes and nucleic acids [43]. Ye et al. [43] character-
ized a multi-walled carbon nanotube modified screen-
printed carbon electrode using alternating current im-
pedance. They demonstrated that this structure was able
to detect direct electrochemical oxidation of adenine
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residues of ribonucleic acid as well as well guanine or ade-
nine residues of signal strand DNA. However, screen
printing is inherently slow, wastes valuable materials, and
is plagued by low resolution. In addition, once a screen is
produced, it has to be stored until it is used again. In ad-
dition, if the pattern has changed, a new mask has to be
produced for screen production. Marquette et al. [47] used
screen printing to prepare an electrochemical biochip us-
ing a pb3 target DNA sequence derived from exon 8 and
graphite-containing ink. A detection limit of 1 nM (150 pg)
was observed, suggesting inadequate sensitivity for in
vivo pb3 detection. Their results suggest that increased
feature resolution is correlated with increased sensor sen-
sitivity. Increased feature resolution may be obtained us-
ing ink jet printing. For example, piezoelectric ink jet
printing with a 21-pm nozzle may provide an individual
drop resolution of 40-um resolution. On the other hand,
screen printing typically provides ~100-um resolution.
While it has been shown that carbon nanotubes can be
easily deposited using vapor deposition [48], the ability to
pattern using this form is a subtractive process that does
not lend itself to high throughput or flexibility. In contrast,
piezoelectric ink jet printing of multi-walled carbon nan-
otubes is an additive process that is inherently flexible
with respect to formation of patterns. High-resolution pat-
terns of hybrid materials and other advanced sensor ma-
terials may be rapidly created using piezoelectric ink jet
printing.

In this study, ink jet printing of hybrid composite con-
taining multi-walled carbon nanotubes and DNA was
demonstrated. Multiwalled carbon nanotubes (1 mg ml?,
outer diameter 20-30 nm, wall thickness 1-2 nm, length
0.5-2 pm; Sigma Aldrich, St. Louis, MO, USA) were
mixed in a 53% polypropylene glycol 400, 45% propylene
carbonate solution containing 0.01% tetramethyl-5-de-
cyne-4,6-diol, 2,4,7,9-propanol (Surfynol 104PA; Air Prod-
ucts, Allentown, PA, USA), 1 mg ml! salmon sperm DNA
(Invitrogen, Carlsbad, CA, USA) and 1 pg ml? 4,6 di-
aminidino-2-phenyl indole (DAPI). The solution was soni-
cated in a water bath for 25 min at 37°C. After sonication,
the mixture was filtered through a 0.22-um syringe-tip fil-
ter (Pall Life Sciences, Ann Arbor, MI, USA). The solution
was printed directly onto a gold sputter-coated 790-um
silicon wafer, a glass coverslip, or an aluminum scanning
electron microscope puck using the same waveform that
was shown in Fig. 13. During these studies, the voltage to
the nozzle was maintained at 27 V. Average drop size onto
a gold surface was 98.4 pm (SD = 5.4 um). The multiwalled
carbon nanotube/DNA hybrid patterns on a glass sub-
strate were imaged using a Axiovert 200 inverted micro-
scope (Carl Zeiss Inc., Thornwood, NY, USA) using a stan-
dard DAPI filter or dried at room temperature and exam-
ined by a S4200 scanning electron microscope (Hitachi,
Tokyo, Japan). In Fig. 17, the bright field micrograph of a
single drop of the hybrid composite (Fig. 17a) is compared
to the DAPI staining (Fig. 17b). Figure 18a contains an
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Figure 17. (a) Bright field image of a single drop of the hybrid multiwalled
carbon nanotube /DNA pattern. (b) DAPI image of a single drop of the hy-
brid multiwalled carbon nanotube/DNA pattern.

electron micrograph of the sample printed using 254-um
spacing on a gold-sputtered silicon wafer. Figure 18a con-
tains an electron micrograph of the sample printed using
126-um spacing on an aluminum scanning electron mi-
croscopy puck. These images demonstrate that high res-
olution microscale features may be obtained using piezo-
electric ink jet digital fabrication technology. Crystal
quartz microbalance measurements of a 289-drop array
were made using a research quartz crystal microbalance
(Maxtek Inc., Beaverton, OR) and 9 MHz quartz crystals

985



Biotechnology

Journal

Figure 18. (a) Electron micrograph of ink jet-deposited hybrid multiwalled
carbon nanotube/DNA pattern on gold-sputtered silicon wafer. (b) Elec-
tron micrograph of ink jet-deposited hybrid multiwalled carbon nan-
otube/DNA pattern on an aluminum substrate.
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Figure 19. Weight measurements of hybrid multiwalled carbon nan-
otube/DNA using quartz crystal microbalance.

with chromium/gold electrodes. Baseline and adsorption
frequency and resistance measurements were made after
the electronics and the crystal were equilibrated. Resis-
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tance measurements were used to compensate for the
density and viscosity effects of the contact solution. Fre-
quency was converted to mass according to the Sauer-
brey equation and previously known sensitivity factor
(527 Hz/ug). It was shown that the 289-single-drop array
provided a mass of 861 ng (a mass per drop of 2.978 ng)
(Fig. 19). This printing process was greatly simplified by
the ability of the Materials Printer to manipulate the
waveform and voltage to an individual nozzle.

7 Conclusions

Piezoelectric ink jet printing is a powerful non-contact,
non-destructive rapid prototyping technique for process-
ing materials used in medicine and biology. In contrast to
thermal ink jet printing, MEMS-constructed piezoelectric
ink jet printheads use a patterned PZT piezoelectric trans-
ducer bonded to a silicon diaphragm to generate acoustic
energy that drives drop formation. This novel, non-con-
tact, and nondestructive printing process may be used to
immobilize a variety of biological materials, while retain-
ing their biological activity. We have demonstrated mi-
croscale patterning of several biological materials, includ-
ing proteins, monofunctional acrylate ester, sinapinic
acid, DNA, and DNA scaffolds. Streptavidin protein mi-
croarrays with well-defined microscale features were ob-
tained, and the functionality of the patterned streptavidin
was demonstrated. High-resolution patterns of sinapinic
acid, a material used in MALDI-TOF MS, and monofunc-
tional acrylate ester, a material used in miniaturized de-
vices, were also prepared using piezoelectric ink jet print-
ing. In addition, ink jet printing of hybrid composites may
be used to immobilize nucleic acids, proteins, cells, and
other biological materials in advanced medical devices.
Piezoelectric ink jet printing is a unique rapid prototyping
technique that offers great potential for developing
biosensors, tissue substitutes, cell-culture systems, and
several other advanced biomedical devices.
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