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ABSTRACT: The ability to three-dimensionally interweave
biological tissue with functional electronics could enable the
creation of bionic organs possessing enhanced functionalities over
their human counterparts. Conventional electronic devices are
inherently two-dimensional, preventing seamless multidimen-
sional integration with synthetic biology, as the processes and
materials are very different. Here, we present a novel strategy for
overcoming these difficulties via additive manufacturing of
biological cells with structural and nanoparticle derived electronic
elements. As a proof of concept, we generated a bionic ear via 3D
printing of a cell-seeded hydrogel matrix in the anatomic geometry
of a human ear, along with an intertwined conducting polymer

consisting of infused silver nanoparticles. This allowed for in vitro culturing of cartilage tissue around an inductive coil antenna in
the ear, which subsequently enables readout of inductively-coupled signals from cochlea-shaped electrodes. The printed ear
exhibits enhanced auditory sensing for radio frequency reception, and complementary left and right ears can listen to stereo audio
music. Overall, our approach suggests a means to intricately merge biologic and nanoelectronic functionalities via 3D printing.
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he design and implementation of bionic organs and
devices that enhance human capabilities, known as
cybernetics, has been an area of increasing scientific interest."”
This field has the potential to generate customized replacement
parts for the human body, or even create organs containing
capabilities beyond what human biology ordinarily provides. In
particular, the development of approaches for the direct
multidimensional integration of functional electronic compo-
nents with biological tissue and organs could have tremendous
impact in regenerative medicine, prosthetics, and human-
machine interfaces.”* Recently, several reports have described
the coupling of electronics and tissues using flexible and/or
stretchable planar devices and sensors that conform to tissue
surfaces, enabling applications such as biochemical sensmg and
problng of electrical activities on surfaces of the heart, lungs,
brain,” skin,® and teeth.” However, attaining seamless three
dimensionally (3D) entwined electronic components with
biological tissues and organs is significantly more challenging.*
Tissue engineering is guided by the principle that a variety of
cell types can be coaxed into synthesizing new tissue if they are
seeded onto an appropriate three-dimensional hydrogel scaffold
within an accordant growth environment.'®™" Following in
vivo or in vitro culture, tissue structures form which possess the
morphology of the original scaffold.'® A major challenge in
traditional tissue engineering approaches is the generation of
cell-seeded implants with structures that mimic native tissue,
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both in anatomic geometries and intratissue cellular distribu-
tions.'” Techniques such as seeding cells into nonadhesive
molds or self-folding scaffolds have been used to fabricate
three-dimensional tissue constructs with complex 3D geo-
metries.'®" Yet, existing techniques are still incapable of easily
creating organ or tissue parts with the required spatial
heterogeneities and accurate anatomical geometries to meet
the shortage of donor organs for transplantation.”®~** For
instance, total external ear reconstruction with autogenous
cartilage with the goal of recreating an ear that is similar in
appearance to the contralateral auricle remains one of the most
difficult problems in the field of plastic and reconstructive
surgery.”

Additive manufacturing techniques such as 3D printing offer
a potential solution via the ability to rapidly create computer-
aided design (CAD) models by slicing them into layers and
building the layers upward using biological cells as inks in the
precise anatomic geometries of human organs.**~>’ Variations
of 3D printing have been used as methods of solid freeform
fabrication, although its use has mainly been limited to the
creation of passive mechanical parts.***® Extrusion-based 3D
printing has been used to engineer hard tissue scaffolds such as
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Figure 1. Three-dimensional interweaving of biology and electronics via additive manufacturing to generate a bionic ear. (A) CAD drawing of the
bionic ear. (B) (top) Optical images of the functional materials, including biological (chondrocytes), structural (silicone), and electronic (AgNP-
infused silicone) used to form the bionic ear. (bottom) a 3D printer used for the printing process. (C) Illustration of the 3D printed bionic ear.

knee menisci and intervertebral discs complete with encapsu-
lated cells.”® ' This technique offers the ability to create
spatially heterogeneous multimaterial structures by utilizin
deposition tools that can extrude a wide range of materials.®
Further, nanoscale functional building blocks enable versatile
bottom-up assembly of macroscale components possessing
tunable functionalities. This could allow for the simultaneous
printing of nanoelectronic materials and biological cells to yield
three dimensionally integrated cyborg tissues and organs
exhibiting unique capabilities.**>*

Here we introduce a conceptually new approach that
addresses the aforementioned challenges by fully interweaving
functional electronic components with biological tissue via 3D
printing of nanoelectronic materials and viable cell-seeded
hydrogels in the precise anatomic geometries of human organs.
Since electronic circuitry is at the core of sensory and
information processing devices,®® in vitro culturing of the
printed hybrid architecture enables the growth of “cyborg
organs” exhibiting enhanced functionalities over human
biology. Our approach offers the ability to define and create
spatially heterogeneous constructs by extruding a wide range of
materials in a layer-by-layer process until the final stereolitho-
graphic geometry is complete. This concept of 3D printing
living cells together with electronic components and growing
them into functional organs represents a new direction in
merging electronics with biological systems. Indeed, such
cyborg organs are distinct from either engineered tissue or
conformal planar/flexible electronics and offer a unique way of
attaining a three-dimensional merger of electronics with tissue.

As a proof of concept of this approach, we evaluated the
ability of 3D printing to create a viable ear auricle that also
contains electronics that enable alternative capabilities to
human hearing. Human organs comprising predominantly of
cartilaginous tissue, such as the ear auricle, represent suitable
prototype candidates to investigate the feasibility of our
approach. This is due to (1) the inherent complexity in the
ear’s anatomical geometry, which renders it difficult to
bioengineer via traditional tissue engineering approaches as
well as (2) the simplicity in its cartilage tissue level structure
due to the lack of vasculature.”>*® Additionally, bottom-up
assembly of nanoelectronic matrices provides the ability to
hierarchically generate functional macroscale electronic compo-
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nents. Specifically, we demonstrate 3D printing of a
chondrocyte-seeded alginate hydrogel matrix with an electri-
cally conductive silver nanoparticle (AgNP) infused inductive
coil antenna, connecting to cochlea-shaped electrodes
supported on silicone. Taken together, the result is three-
dimensional integration of functional electronic components
within the complex and precise anatomic geometry of a human
ear (Figure 1).

The following steps are involved in the process. First, a CAD
drawing of the bionic ear (Figure 1A) is used to prescribe the
anatomic geometry and the spatial heterogeneity of the various
functional materials. As described above, three materials
comprise the three functional constituents (structural, bio-
logical, and electronic) of the bionic ear. These materials are fed
into a syringe extrusion based Fab@Home 3D printer (The
NextFab Store, Albuquerque, NM) (Figure 1B). The printed
bioelectronic hybrid ear construct is then cultured in vitro to
enable cartilage tissue growth to form a cyborg ear with the
capability of sensing electromagnetic signals in the radio
frequency (RF) range by means of an inductive coil acting as a
receiving antenna (Figure 1C).

To demonstrate our approach, we printed the bionic ear
construct as follows. For the scaffold, we preseeded an alginate
hydrogel matrix with viable chondrocytes at a density of ~60
million cells/mL (see Supporting Information). Alginate matrix
is three dimensionally stable in culture, nontoxic, preseeding,
and extrusion compatible, and a suitable cell delivery vehicle
because cross-linking can be initiated prior to deposition.*”
Chondrocytes used for the printing were isolated from the
articular cartilage of one month old calves (Astarte Biologics,
Redmond, WA). A CAD drawing of a human ear auricle in
stereolithography format (STL) with an integrated circular coil
antenna connected to cochlea-shaped electrodes was used to
define the print paths by slicing the model into layers of
contour and raster fill paths. Cross-linking was initiated in the
alginate hydrogel matrix preseeded with viable chondrocytes,
which was then 3D printed along with conducting (AgNP-
infused) and nonconducting silicone solutions (Supporting
Information Movie 1). Together, this method produced the
biological, electronic, and structural components of the bionic
organ in a single process.

dx.doi.org/10.1021/nl4007744 | Nano Lett. 2013, 13, 2634—2639



Nano Letters

Chondrocyte viability (%) F
@ B o sl
&g & &8 R
T T

~

70

Before seeding After seeding  After printing 28 42 56
Time in culture (days)

Figure 2. Growth and viability of the bionic ear. (A) Image of the 3D
printed bionic ear immediately after printing. (B) Image of the 3D
printed bionic ear during in vitro culture. Scale bars in (A) and (B) are
1 cm. (C) Chondrocyte viability at various stages of the printing
process. Error bars show standard deviation with N = 3. (D) Variation
in the weight of the printed ear over time in culture, where the ear
consists of chondrocyte-seeded alginate (red) or only alginate (blue).
Error bars show standard deviation with N = 3. (E) Histologic
evaluation of chondrocyte morphology using H&E staining. (F)
Safranin O staining of the neocartilaginous tissue after 10 weeks of
culture. (G) Photograph (top) and fluorescent (bottom) images
showing viability of the neocartilaginous tissue in contact with the coil
antenna. (H) Photograph (top) and fluorescent (bottom) images of a
cross section of the bionic ear showing viability of the internal
cartilaginous tissue in contact with the electrode. Top scale bars are S
mm; bottom are 50 um.

Figure 2A shows the 3D printed bionic ear immediately after
printing. Notably, it is found to faithfully reproduce the CAD
drawing, in the precise spatiality for each material as dictated by
the design. The printed ear construct was immersed in
chondrocyte culture media containing 10 or 20% fetal bovine
serum (FBS), which was refreshed every 1—2 days (see
Supporting Information). The hybrid ear showed good
structural integrity and shape retention under culture (Figure
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Table 1

Part Mean Hardness (kPa)
1. Helix 4485 + 2.68
2.Scapha 38.93 +3.00
3. Fossa 4240+ 287
4, Crura Antihelix 4547 +3.95
5. Cymba Conchae 41.53 +4.36
6. Crus of Helix 46.80 +4.72
7. Antihelix 4067 +3.13
8. Cavum Conchae 38.50+1.73
9.Tragus 40.10 £ 2.42
10. Antitragus 39.27 +3.26

Figure 3. Biomechanical characterization of the 3D printed neo-
cartilage tissue. (A) Variation of HYP content over time in culture with
20% (red) and 10% (blue) FBS. (B) Variation of GAG content over
time in culture with 20% (red) and 10% (blue) FBS. (C) Variation of
Young’s modulus of 3D printed dog bone constructs over time in
culture with 20 million (blue) and 60 million (red) cells/mL. Error
bars for panels A—C show standard deviation with N = 3. (D) Various
anatomic sites of the ear auricle, with corresponding hardness listed in
Table 1. Scale bar is 1 cm.

2B). Over time, the construct gradually became more opaque;
this was most apparent after four weeks of culture and is grossly
consistent with developing an extracellular matrix (ECM). The
gross morphology of the bionic ear after 10 weeks of in vitro
culture is shown in the Supporting Information.

Viability was tested immediately before and during the
various stages of the printing process. Initial viability of cells
was determined after culturing using a Trypan blue cell
exclusion assay (Corning Cellgrow, Mediatech, VA) and was
found to be 964 + 1.7% (Figure 2C) (see Supporting
Information). The printed cell-seeded alginate ear was also
tested with a LIVE/DEAD Viability Assay (Molecular Probes,
Eugene, OR) and exhibited a cell viability of 91.3 + 3.9% with
homogeneous chondrocyte distribution. This result suggests
that the printing process, including cell encapsulation and
deposition, does not appreciably impact chondrocyte viability.

Notably, this approach of printing a preseeded hydrogel
matrix eliminates the major problems associated with seeding
depth limitations and nonuniform seeding in traditional
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Figure 4. Electrical characterization of the bionic ear. (A) Image of the
experimental setup used to characterize the bionic ear. The ear is
exposed to a signal from a transmitting loop antenna. The output
signal is collected via connections to two electrodes on the cochlea.
Scale bar is 1 cm. (B) Response of the bionic ear to radio frequencies
in terms of S21, the forward power transmission coefficient. (C) (top)
Schematic representation of the radio signal reception of two
complementary (left and right) bionic ears. (bottom) Photograph of
complementary bionic ears listening to stereophonic audio music
(Supporting Information Movie 2). (D) Transmitted (top) and
received (bottom) audio signals of the right (R) and left (L) bionic

ears.

methods for seeding premolded 3D scaffolds. Seeding
chondrocytes into a bioabsorbable alginate matrix and shaping
it via 3D printing localizes the cells to a desired geometry,
allowing for new ECM production in defined locations when
cultured in nutritive media. As tissue develops, the polymer
scaffold is reabsorbed (Figure 2D), so that the new tissue
retains the shape of the polymer in which the cells were seeded.
The biodegradable scaffolding provides each cell with better

access to nutrients and more efficient waste removal.
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Next, histologic evaluation was used to compare the
morphology of chondrocytes in the neocartilage of the bionic
ear to that of the native cartilaginous tissue. Hematoxylin and
eosin (H&E) staining revealed uniform distribution of the
chondrocytes in the constructs (Figure 2E) (see Supporting
Information). Histology of the ear tissue with Safranin O
staining indicated relatively uniform accumulation of proteo-
glycans in the cultured ear tissue (Figure 2F). These
biochemical data are consistent with the development of new
cartilage.®® Finally, fluorescent measurements were used to
ascertain the viability of the 3D printed bionic ear tissue after
10 weeks of in vitro growth culture using fluorescein diacetate
(FDA) and propidium iodide (PI) stains. Figure 2G,H shows
the tissue covering the coil antenna and the internal tissue that
is in contact with the electrode that runs perpendicular through
the tissue, respectively. In both cases, the grown cartilage
exhibited excellent morphology and tissue level viability.
Notably, this approach of culturing tissue in the presence of
abiotic electronic materials could minimize the immune
response of the grown tissue.

We then characterized the mechanical properties of the
cartilage at various stages of growth, as ECM development
correlates strongly with the developing tissue’s mechanical
properties.®® First, extensive biochemical and histologic
characterizations were performed. Samples were removed
from cultures containing 10 and 20% FBS at 2, 4, 6, 8, and
10 weeks and frozen to measure DNA content of the
neocartilage and for biochemical evaluation of the ECM (see
Supporting Information). ECM accumulation in the constructs
was evaluated by quantifying the amount of two important
components of ECM: (1) hydroxyproline (HYP) as a marker of
collagen content and (2) sulfated glycosaminoglycan (GAG) as
a marker of proteoglycans. By week 10, the HYP content
increased to 12 + 0.1 and 1.4 + 0.2 ug/mg for cultures
containing 10 and 20% FBS, respectively (Figure 3A). The
corresponding values of GAG content for week 10 were 10.6 +
0.6 and 12.2 + 1.0 ug/mg (Figure 3B). This increase in GAG
and HYP content indicates that chondrocytes are alive and
metabolically active in culture.

Next, tensile properties were analyzed by testing 3D printed
chondrocyte-alginate dogbone samples at various points in
culture in which the dogbones contained the same cell densities
and identical culturing conditions as the ear (see Supporting
Information). Evaluation of the mechanical properties indicated
that the Young’s modulus of the dogbones increased with time
from 14.16 to 111.46 kPa at week 10 (Figure 3C). Dogbones of
a lower chondrocyte density of 20 million cells/mL were also
tested under similar conditions to understand the effect of the
initial chondrocyte density in the mechanical properties of the
grown tissue. These were found to possess a lower Young’s
modulus of 73.26 kPa at week 10. Next, the hardness of the
grown cartilaginous tissue of the 3D printed auricle was
characterized using nanoindentation measurements. The
indentations were performed at the various anatomic sites of
the auricle (Figure 3D). As shown in Table 1, these hardness
values were found to be relatively uniform, ranging from 38.50
to 4560.80 kPa, confirming the structural integrity of the printed
ear.

To demonstrate the enhanced functionalities of the 3D
printed bionic ear, we performed a series of electrical
characterizations. First, the resistivity of the coil antenna was
measured using four point probe measurements and found to
be dependent on the volumetric flow rate used for printing the

dx.doi.org/10.1021/nl4007744 | Nano Lett. 2013, 13, 2634—2639
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conducting AgNP-infused silicone (see Supporting Informa-
tion). At the optimum flow rate, the resistivity of the printed
coil was found to be 1.31 X 107® Q-m, which is only 2 orders of
magnitude higher than pure silver (1.59 X 107 Q-m). Next, we
performed wireless radio frequency reception experiments. To
demonstrate the ability of the bionic ear to receive signals
beyond normal audible signal frequencies (in humans, 20 Hz to
20 kHz), we formed external connections to the cochlea-shaped
electrodes stemming from the inductive coil of the bionic ear
(Figure 4A). The ear was then exposed to sine waves of
frequencies ranging from 1 MHz to S GHz. The S21 (forward
transmission coefficient) parameter of the coil antenna was
analyzed using a network analyzer and was found to transmit
signals across this extended frequency spectrum (Figure 4B).

Most importantly, as a demonstrative example of the
versatility in modifying the final organ by modifying the CAD
design, we printed a complementary left ear by simply reflecting
the original model (see Supporting Information). Left and right
channels of stereophonic audio were exposed to the left and
right bionic ear via transmitting magnetic loop antennas with
ferrite cores (Figure 4C). The signals received by the bionic
ears were collected from the signal output of the dual cochlea-
shaped electrodes and fed into a digital oscilloscope and played
back by a loud speaker for auditory and visual monitoring.
Excerpts of the transmitted and received signals of duration 1
ms for both the right and left bionic ears are shown in Figure
4D and are found to exhibit excellent reproduction of the audio
signal. Significantly, the played back music (Beethoven’s “Fiir
Elise”) from the signal received by the bionic ears possessed
good sound quality (Supporting Information Movie 2).

In summary, designer cyborg ears were fabricated that are
capable of receiving electromagnetic signals over an expansive
frequency range from hertz to gigahertz. Our strategy
represents a proof of principle of intertwining the versatility
of additive manufacturing techniques with nanoparticle
assembly and tissue engineering concepts. The result is the
generation of bona fide bionic organs in both form and
function, as validated by tissue engineering benchmarks and
electrical measurements. Such hybrids are distinct from either
engineered tissue or planar/flexible electronics and offer a
unique way of attaining a seamless integration of electronics
with tissues to generate “off-the-shelf” cyborg organs. Finally,
the use of 3D printing with other classes of nanoscale
functional building blocks, including semiconductor, magnetic,
plasmonic, and ferroelectric nanoparticles, could expand the
opportunities for engineering bionic tissues and organs.
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