
Biotechnol. J. 2006, 1 910–917 DOI 10.1002/biot.200600081 www.biotechnology-journal.com

1 Introduction

There are obvious and acute needs for human organs,
such as heart, lungs, liver, kidney, pancreas for transplan-
tation. The U.S. national patient waiting list for organ
transplantation consists of more than 80 000 patients, of
which 17 will die today (data from: Health Resources and
Services Administration, U.S. Department of Health and
Human Services). The shortage of donor organs prompt-
ed several approaches that were proposed to solve the
problem: artificial mechanical organs, xenotransplanta-
tion (using animal organs), tissue engineering and regen-
erative medicine. While some artificial organs are already
available to patients, they significantly reduce the quality
of life and may have many unwanted site effects. Xeno-
transplantation, especially using organs from transgenic
animals with reduced capacity to induce acute immune

response after transplantation and when combined with
emerging methods of immunotolerance management are
very promising. However, there is still great concern
about potential spreading of animal viruses [1] and the
long-term psychological effects of immunosuppressants
that were revealed in the hand allograft studies [2].

Tissue engineering and regenerative medicine, which
seek to repair injured or ill organs in vivo using cell trans-
plantation, is a particularly promising approach to solving
the need for replacement of failed organs. Furthermore,
the need for engineered tissues and organs is not limited
to the transplantation of failing vital organs; it has the po-
tential of widespread use for in vitro applications, such as
the use of perfused 3-D human tissue for toxicological re-
search, drug testing and screening, or personalized med-
icine.

The classical tissue engineering approach is based on
using pre-formed solid rigid scaffolds and isolated cells
first proposed by Langer and Vacanti [3]. This approach
combines expanding cells from the patient, seeding those
cells on porous biodegradable scaffolds, culturing the con-
structs in a bioreactor, and implanting the resulting cell
mass. While this approach has yielded in some unprece-
dented success for hollow organs [4], there are, however,
at least three concerns with applying this approach to
non-hollow organs:
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1. Cell penetration and seeding is not very effective. Tis-
sue maturation proceeds on the time scale of months
and is not uniform throughout the scaffold. Although
there is significant progress in designing scaffoldw al-
lowing effective seeding and cell migration [5], the ap-
proach is still far from optimal.

2. Organs usually consist of many cell types and placing
different cell types in specific positions represents a
challenge that is still far from being resolved.

3. The pre-formed rigid scaffolds made from PLGA are
not optimal for engineering contractile tissue such as
heart, vascular tubes, or capillaries.

It is a generally accepted hypothesis that effective vascu-
larization of tissue engineered constructs is a key to build
larger tissues or organs [6]. A simple, yet very effective
method for building blood vessels is that of rolling two-di-
mensional cell sheets into tubes [7]. While it cannot be
adapted for complex three-dimensional organs, this ap-
proach, nevertheless, demonstrated that a direct placing
mechanism has promise in creating three-dimensional
vasculature. The scaffold and its porous architecture de-
sign play a significant role in tissue regeneration by pre-
serving tissue volume, providing temporary mechanical
function, and delivering growth factors and drugs. One
approach to solve the vascularization issue is to engineer
small diameter vessels and capillaries within the scaffold
through a combined solid freeform fabrication and cell
placement approach [8].

Several groups have designed and built scaffolds with
controlled architecture. Complex hierarchical scaffold de-
signs can only be built using layer-by-layer fabrication
processes known collectively as solid free-form fabrica-
tion (SFF). A number of recent articles have reviewed and
contrasted SFF scaffold fabrication techniques [9–11]. All
SFF systems build a 3-D structure by layering a 2-D ma-
terial onto a moving platform. Commercially available sys-
tems either photopolymerize liquid monomer, sinter pow-
dered materials, process material either thermally or
chemically as it passes through a nozzle, or print materi-
al, such as chemical binder onto powders. Recently, bio-
material scientists have used a number of these methods
to fabricate tissue engineering scaffolds, including phys-
ical models of hard and soft tissues and custom-made tis-
sue implant prostheses. Many of these rapid prototyping
(RP) technologies can offer effective ways to precisely
control matrix architecture (size, shape, interconnectivi-
ty, geometry and orientation) of a scaffold, yielding bio-
mimetic structures of varying design and material com-
position. Hierarchical design of the scaffolds with micro-
to millimeter features have demonstrated that enhanced
control over mechanical properties, biological effects and
degradation kinetics of the scaffolds is possible [12].
Moreover, SFF techniques can be easily automated and
integrated with imaging techniques to produce con-
structs that are customized in size and shape allowing tis-

sue-engineering grafts to be tailored for specific applica-
tions or individuals [10].

As fabrication feasibility has been amply demonstrat-
ed, the critical issue has shifted to show the designer
scaffolds outperform traditional scaffolds, because in
spite of these advances, the current SFF techniques have
yet to lead to harmonically organized complex tissue con-
structs. The primary hurdles to overcome are the same as
in the classical tissue engineering approach: the building
of capillaries and the exact placement of cell populations
throughout the scaffold. Additionally, toxic solvents or
high temperatures are still widely used in most SFF tech-
niques, which are not suitable to many engineered tissue
devices and limit their further applications in tissue engi-
neering [13]. Thus, adapting existing SFF technologies to
tissue engineering continues to be a genuine challenge.

2 lnkjet printing

Inkjet printing is a non-contact reprographic technique
that takes digital data from a computer representing an
image or character, and reproduces it onto a substrate us-
ing ink drops [14]. In addition to its well-known applica-
tion in the word processing as an automation office tool,
the inkjet technology has been widely employed in elec-
tronics and micro-engineering industries to print elec-
tronic materials [15]. Complex integrated circuits, such as
polymer thin-film transistors have been generated by this
low-cost fabrication method [16]. Recently, the inkjet
technology has been successfully adapted to medicine
and biomedical engineering applications, such as drug
screening, genomics, and biosensors [17–19]. Although
biological molecules and structures are often viewed as
fragile, molecules such as DNA have been directed onto
glass by commercial inkjet printers to fabricate high-den-
sity DNA micro-arrays without molecular degradation
[20]. In addition, proteins such as horseradish peroxidase
have been deposited onto cellulose paper to create active
enzyme arrays for bioanalytical assays [21]. We have
shown that active biosensors based on biotin-strepta-
vidin linkages can be deposited onto glass [22].

More recently, a novel concept of inkjet printing cells
and biomaterials by using the off-the-self printers to gener-
ate 3-D scaffolds and cellular structures has been proposed
[23]. Commercially available desktop printers were modi-
fied to perform diverse tasks, such as printing self-assem-
bled monolayers, proteins, and other molecules [24]. Based
on the initial success in adapting printers to these tasks,
the concept of organ printing was proposed [13]. Organ
printing, defined as computer-aided jet based tissue engi-
neering, is an advance in SFF as it allows constructing a
3-D object with living biological material, such as a specif-
ic cell type, tissue or organism. A fundament requirement
of this process is its capability of simultaneously delivery
scaffolding materials, living cells, nutrients, therapeutic
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drugs, growth factors, and or other important chemical
components at the right time, right position, right amount
and within the right environment to form living cells/extra-
cellular matrix (or scaffold) for in vitro or in vivo growth.
Here, we present an overview of our work demonstrating
that a single device can perform these tasks.

3 Cell printing using thermal inkjet technology

While many of the top-down fabrication techniques used
to build microelectromechanical systems, including pho-
tolithography, are attractive for organ printing due to the
similar feature sizes, they are not suitable for delicate bi-
ological systems or aqueous environments. Our approach
to 3-D organ printing technology is based on the delivery
of controlled volumes of liquid to defined 3-D locations
also known as drop-on-demand printing. Much progress
in drop-on-demand printing has been made since the first
patent by Siemens [25], which was based in Lord Kelvin’s
theory of jet break-up [26]. Thermal inkjet printing tech-
nology was invented by Hewlett-Packard and Canon Inc.
in 1979, and has been improved continuously. For appli-
cations in our laboratory, we use inkjet pens with larger
drop volumes such as the HP DeskJet pens, which have a
drop volume of 80 pL. These pens have 50 firing cham-
bers, where the actual heating occurs during 10-µs pulse.
The energy supplied to the ink during this process is dis-
sipated into kinetic energy of the drop and heating of the
drop. Modeling studies have indicated that the bulk drop
temperature in the ink rises between 4 and10 degrees
above ambient during printing, which makes it possible
to be used with living systems [27]. We have successfully
used inkjet printers to print cell suspensions. The modifi-
cations to the printers have been previously described in
detail [22]. In brief, the paper feed sensor mechanism of
the printers was disabled, the printer was placed inside a
sterile hood, and sterilized by UV radiation. A sterile hy-
drogel sample was placed under the print head onto the
ledge of the printer; in other experiments, sterile pre-wet-

ted porous nylon membranes that were placed onto hy-
drogels served as “paper”. The print cartridges were thor-
oughly rinsed many times and cleaned with 70% ethanol
solution. This cleaning protocol proved sufficiently sterile
in all our experiments. Sterility was assessed by the ab-
sence of bacterial colonies on agar plates onto which au-
toclaved water was printed after incubating 5 days in a
humid incubator at 36°C [27]. Two different cell types
were used for the inkjet printing experiments. The first in-
cluded primary neurons obtained from cortical regions of
10-day-old chicken embryos. The second type used was a
quail mesoderm QCE-6 cell line, which is a multipotential
mesodermal stem cell line. The QCE-6 cell line had been
transfected to express green fluorescent protein. The
modified HP Deskjet printer (HP 550C) and a cleaned HP
51626a ink cartridge were used to print the cells directly
into specific patterns onto 1.5 mg/mL collagen hydrogels.
After printing, the printed cells were placed into dishes
and moved to an incubator, which was maintained at
37°C, 5% CO2, and 99% relative humidity. The medium
was changed every 1–2 days and the growth of the cells
was monitored daily by light and epi-fluorescence mi-
croscopy. The culture medium for the primary neurons
was Neurobasal (Gibco-BRL) supplemented with 2% B27,
0.5 mm L-glutamine and 25 mm 2-mercaptoethanol. The
growth medium for QCE-6 cells was MEM with Earle’s
salt, nonessential amino acid, and L-glutamine, prepared
as described previously [28].

QCE-6 cells were found to be dispersed on the collagen
gel surface and to emit green fluorescence under epifluo-
rescence microscopy, which may indicate viable cells. Fur-
thermore, at the early stage of the culture, fewer cells were
observed individually. After 6 days of culture, the number
of cell increased and some clustering was observed, while
after a 12 day culture most cells were clustered (Fig. 1).
These observations suggest the QCE-6 stem cells still could
maintain their viability and proliferate on the collagen gel
after being printed. The ability to print cells at varying den-
sity is evident from the gradient shown in Fig. 1A and may
be important in differentiation studies.
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Figure 1. QCE-6 stem cells observed
under a fluorescence microscope after
being printed through the nozzles.
(A) Gradient of cells on day 3. (B) Sever-
al individual cells on day 3 were found
as individual cells. (C) At day 12 cells
observed to be clustered are aggregated.
(D) Ring of QCE-6 cells printed onto
collagen gel on day 5.
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A printed neuronal ring was obvious after 1 day in cul-
ture, as shown in Fig. 2A. Many rounded cells were seen,
indicative of non-differentiated or dead cells. Few differ-
entiated neurons with processes were obvious in the pat-
tern at day 2 in culture, but after 5 days, many neurons be-
gan to differentiate and developed processes, exhibiting
a polarized morphology (Fig. 2B, C). The survival of neu-
rons was indicated by the outgrowth of their processes
and the establishment of polarized morphologies. Howev-
er, the lengths of the processes were shorter than that ob-
served in the standard 2-D culture [29]. One of the possi-
ble reasons could be related to the use of a 3-D collagen
gel. Prior studies have found that increasing collagen con-
centration will decrease the neurite outgrowth [30].

To assess whether the printed neurons still retained
their neuronal phenotypes, immunostaining for MAP2
and neurofilament was carried out. The printed samples
were fixed with 4% formaldehyde. After incubating in the
blocking solution (2% BSA and 3% goat serum prepared in
1× PBS) overnight at 4–8 °C, the samples were exposed to
the primary antibody of mouse anti-MAP2 mAb and rab-
bit anti-neurofilament NF 150 mAb (Chemicon, Temecu-
la, CA, USA) (1:150 dilution in PBS overnight at 4–8°C).
Subsequently, fluorescence-labeled secondary antibodies
were applied. The stained samples were photographed
using the LSM-5 confocal microscope (Zeiss, Germany).

MAP2 and neurofilament are well-established neuronal
markers for the identification of neuronal cell bodies, den-
drites and neuronal axons. Whole-cell patch clamp record-
ings were also performed in a recording chamber placed
on the stage of a Zeiss Axioscope upright microscope. Im-
munocytochemistry and patch clamp data are shown in
Fig. 3. These data suggest that the rat embryonic cortical
neurons maintained their neuronal phenotypes and abili-
ty to fire action potentials after being printed through the
nozzles. ANOVA statistical analysis showed that none of
the 16 parameters measured using the Axioscope,
changed significantly when compared to manually plated
controls (n=16, p>0.05) [31].

By replacing the regular print ink with the cell sus-
pensions, this can be considered ‘‘bio-ink’’ that could be
delivered using a commercial, thermal-based inkjet print-
er. Here we investigated whether fragile mammalian
cells, the cells needed for building engineered tissues and
organs, could be used as a bio-ink and printed directly by
a commercial inkjet printer. Since the physiological prop-
erties of mammalian cells strongly depend on the culture
conditions and they are much more sensitive to heat and
mechanical stress, there was a major concern that the
cells could be damaged or lysed by the conditions present
during thermal printing. The present study indicates,
however, that many viable cell types can be delivered us-

Figure 2. Primary cortical neurons were de-
livered by inkjet printing in the pre-de-
signed ring patterns as indicated at day
1 utilizing bright field miscopy (A). At day
3 many of the neurons exhibited a charac-
teristic neuronal morphology as seen with
bright field miscopy (B). At day 7 the
processes of two neurons have grown to
about 40 μm in length (C). Magnifications:
40× (A), 100× (B, C).

Figure 3. (A) Electrophysiological characterization of printed embryonic cortical neurons. Maximum action potential firing rate of a day 15 cortical neuron
is shown. (B) Confocal microscopy image of printed neurons double stained with a neuronal marker after 15 days of culture. The cell bodies and dendrites
of rat embryonic hippocampal neurons were immunoreacted with anti-MAP2 mAb (green), while the axons of the neurons were immunoreacted with anti-
neurofilament mAb (red). Original magnification, 400×.
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ing a modified inkjet printer. These data confirm our pre-
vious analysis, that cells can survive thermal printing [27].

4 3-D printing of biomaterials using thermal
inkjet printers

To build a 3-D structure, z-axis control through a moving
platform was implemented using an electronically con-
trolled chamber with an elevator stage. The elevator
stage, a 2.5-cm round glass cover-slip is fixed to the tip of
a metallic rod, controlled by a stepper motor, which itself
is powered by a 4 V signal and operated through a series
of four toggle switches. A customized sterile 50-mL coni-
cal tube is used as the chamber housing the elevator
stage (Fig. 4). The elevator rod is sealed to the chamber
with sterile silicone grease.

The chamber was filled with a 2% alginic acid solu-
tion, a liquid that is known to cross-link under mild con-
ditions to form a biodegradable hydrogel scaffold [32]. The
ink cartridge was filled with 0.25 M CaCl2, which is known
to promote the cross-linking of the individual alginate
chains resulting in a 3-D structure. This cross-linker was
printed layer-by-layer, deep to superficial onto the plat-
form resulting in 3-D structures by causing the gelling of
the alginic acid solution at the air/solution interface. Af-
ter cross-linking occurred, the platform was submerged
into fresh un-cross-linked solution thus maintaining hy-
dration of the gelled constructs while at the same time
providing a new interface for the next layer. This re-coat-
ing procedure also insured that each layer bonded to the
previous one. The procedure was repeated until the de-
sired shape was obtained. Due to the relative small differ-
ences in density of the gelled constructs and the sur-
rounding liquid, large structures can be fabricated with
little deformation or collapse. The alginic acid can also be
dissolved in low calcium cell medium, thus fabrication of
scaffold under mild and cell friendly conditions is possible
with this setup. A number of acellular structures were
printed with this method, including tubes, branched
tubes, and hollow cones (Fig. 5).

5 Microstructure and mechanical properties of
printed hydrogels

How this fabrication of alginate hydrogels affects the
structure and function of these hydrogels was investigat-
ed by SEM. These microscopy images reveal that each
printed drop was hollow and contained no hydrogel ma-
terial, while the area between drops showed solidified
material. This can be explained by a surface gelling mech-
anism, in which the surface of the drop is gelled immedi-
ately after penetrating the solution, forming a capsule or
shell. This shell will prevent the larger alginic acid mole-
cules from penetrating, but will allow the smaller calcium
ions to diffuse to the outside. The alginic acid in the pe-
riphery of the drop is then crosss-linked, resulting in a
second shell. As this shell formation and ion diffusion con-
tinues, layered structures of shells are formed. These are
clearly visible in the cross-sectional SEM images of the
shown in Fig. 6C.

The mechanical tensile properties of the pure and
printed alginate hydrogels were measured. 3-D printed
sheets were constructed as described above. To prepare
manual samples, the 0.25 M CaCl2 solution was directly
poured into the 2% alginate solution and stored in a 6-well
plate. Before complete gelling, forceps were used to take
the partially gelled alginate out from the well and pull the
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Figure 4. Schematic view and photograph of the moving platform inside the chamber. (A) After each printed layer, the elevator rod is lowered. Since the to-
tal volume inside the chamber is constant during the lowering of the stage, uncross-linked hydrogel will flood onto the printed areas. After the rod has
reached the bottom of the chamber, a printed hydrogel structure is found on the stage. (B) Photograph of the chamber under a modified HP DeskJet. The
chamber is removable and can be installed under many different printers.

Figure 5. Photographs of printed tubes. (A) Parallel tubes are shown
immediately after printing with the stage raised above the liquid level.
(B) A branched chambered structure.

910_200600081.qxd  15.09.2006  15:00 Uhr  Seite 914

https://www.researchgate.net/publication/14871938_Injectable_alginate_seeded_with_chondrocytes_as_a_potential_treatment_for_vesicoureteral_reflux?el=1_x_8&enrichId=rgreq-2a1c9513239b6c2752fa53a0ab2a2cf1-XXX&enrichSource=Y292ZXJQYWdlOzY4NDgxNTk7QVM6MTIwMDA2ODIyMDc2NDE2QDE0MDU2MjMyNjQ5MDU=
https://www.researchgate.net/publication/8513390_Inkjet_printing_of_viable_mammalian_cells?el=1_x_8&enrichId=rgreq-2a1c9513239b6c2752fa53a0ab2a2cf1-XXX&enrichSource=Y292ZXJQYWdlOzY4NDgxNTk7QVM6MTIwMDA2ODIyMDc2NDE2QDE0MDU2MjMyNjQ5MDU=


© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 915

Biotechnol. J. 2006, 1, 910–917 www.biotechnology-journal.com

alginate gel into a long cylindrical tube with even diame-
ter. The long tubes were cut into several segments for
mechanical testing and kept in 0.25 M CaCl2 solution
overnight for complete cross-linking. The tensile proper-
ties of the different samples were then determined at
room temperature by stretching the sample at a constant
deformation rate of 5 mm/min. The un-axial tensile test-
ing was performed using the MTS electromechanical

testing system (MTS Systems Corporation, Eden Prairie,
MN, USA) and original data were acquired and analyzed
by the software of TestWorks® (MTS System Corporation).
The resulting stress-strain data were used to calculate the
Young’s modulus and ultimate tensile stress (UTS). The
Young’s modulus was defined as the slope of the linear
portion of the stress-strain curve, which occurred in the
range of 0–100% of the UTS. The peak stress achieved
during mechanical testing was taken as the UTS. It can
easily be seen from the data in Table 1, the printed sam-
ples have much lower properties due to the high porosity.

The diffusion of the cross-linker is concentration de-
pendent; thus, by changing the concentrations of hydro-
gel and cross-linkers, a variety of structures can be ob-
tained, ranging from amorphous to dots to channels. We
undertook a detailed study on how different concentra-
tions of alginate and cross-linker affect the fabricated hy-
drogels. These studies are summarized in Table 2. While
cross-linker concentrations below 0.2 mmol/mL usually
lead to amorphous materials, low alginate concentrations

Table 2. Microscopic views of printed alginate biomaterials. Color images are phase light micrographs, top view, 40×; black/white image is SEM micro-
graph of a cross-sectional view of a printed sheet. To fabricate alginate channels, best results are obtained with 8% alginate solution and 0.4 mmol/mL
CaCl2 (scale bar = 50 μm)

Alginate (%)

0.5 2.0 3.0 5.0 6.0 8.0 10 12
CaCl2
(mmol/ml)

0.1 X X X X X X X X

0.2 X X X X X X X X

0.3 X

0.4 X

0.5 X

Figure 6. Microscopic views of printed alginate biomaterials SEM micro-
graph of a cross-sectional view of a printed sheet.

Table 1. Mechanical properties of manual and printed alginate hydrogels

Young’s Modulus (kPa) UTS (kPa)

Manual 350 ± 80 (n=5) 220 ± 40 (n=5)
Printed 89 ± 47 (n=5) 56 ± 12 (n=5)
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lead to structures with hollow shells and higher alginate
concentrations lead to horizontal channels.

6 Simultaneous printing of materials and cells

Following those initial studies, the simultaneous printing
of endothelial cells and cross-linker was investigated. Fig-
ure 7 shows channels fabricated by printing a line pattern
of cross-linker at the 0.4 mmol/mL concentration (from
Table 2) resulting in microchannel architectures. We ex-
amined endothelial cell attachment to these designer hy-
drogels by SEM. Filopodia can be seen at the leading edge
of the cell and lamellapodia at the trailing edge, suggest-
ing cell migration into the channels since these are typi-
cally involved in cell motility. Also, possible deposition of
extracellular matrix is evident from the micrographs. This
proves that the cells are able to attach and migrate in
these gels after being exposed to the cross-linker, and that
alginate may serve as a tissue engineering matrix.

7 Conclusions

Taken together, these preliminary data suggest that many
cell types can be printed as bio-ink using inkjet printers;
the cells survive, maintain their phenotype, differentiate
and show function. Cells can be printed uniformly and ho-
mogenously into confluent layers. Using a fast gelling hy-
drogel system, many layers of cells and hydrogels can be

printed into 3-D structures. Pores and channels of uniform
size can be printed into the materials according program-
mable patterns, and endothelial cells are seen to attach to
the inside of printed hydrogel pores when printed simul-
taneously. Based on its unique characteristics of high-
throughput efficiency, its cost effectiveness, and full au-
tomation, cell or organ printing is being examined for its
potential to engineer new tissues or organs. However,
there are considerable technical barriers in the develop-
ment of this emerging inkjet printing technology, such as
the ability of the modified printers to deliver viable cells
and the capability of the inkjet printing to fabricate func-
tional, viable and functionally vascularized 3-D con-
structs.

Vital to the cell patterning procedures is the use of sta-
ble, aqueous non-cytotoxic bioinks that act as cross-link-
ing agents, and are delivered using the inkjet method.
There is a need to develop biomaterials that can be used
as bioinks; current strategies for bioinks include natural
and synthetic physical hydrogels [33], concentrated cell
pellets [13] and collagen solutions [24]. Clearly, this tech-
nology is still in its infancy and improvements in the bio-
materials used as bioinks and scaffolds will be needed be-
fore any clinical applications can be realized. Optimizing
the rheological and surface properties of the inks, and de-
signing printers optimized for these properties will im-
prove the cell density of the printed constructs, and the
speed at which tissues may be manufactured. Incorpo-
rating controlled release particles loaded with growth fac-
tors or signaling molecules into bioinks opens interesting
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Figure 7. SEM and optical micrographs of
printed alginate channels. (A) Top view
of parallel channels of 30-mm diameter.
Although some inhomogeneous sites are
seen, the patterns transfer in general with
better than 50-mm fidelity. (B) Cross-sec-
tion through three alginate channels.
(C) SEM image of an attached bovine
aortal endothelial cell inside an alginate
channel. The spread out form of the cell
body indicates the attachment or motility
of the cell. (D) Expanded area of the en-
dothelial cell shown in (C). A portion of
the cell cortex is seen with filopodia (f)
and lamellapodia (l) protruding from the
cell. The amorphous alginate material (a)
can be seen covered with a fibrous mate-
rial (c) near the lammellapodia at the
trailing edge of the cell. As filopodia are
typically involved in cell motility at the
leading edge of cells, we conclude that
this cell is moving along the channel,
while depositing matrix material.
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avenues for combining cell printing with other potential
therapeutic modalities. Thus we are just beginning to re-
alize some of the potential of this technology.

The authors would like to thank C. Eisenberg for the QCE-
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