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ABSTRACT: We present an electrodeposition technique for
fabricating tubular alginate structures. In this technique, two
electrodes (anode and cathode) are suspended in a solution of
alginate and insoluble calcium carbonate particles, and the
application of an electrical potential produces a localized pH
change at the anode surface causing suspended divalent
cations to become soluble and cross-link the alginate. We
robustly characterize how the fabrication parameters influence
the rate of radial deposition on the anode, including
deposition time, applied voltage, alginate concentration, type
of divalent cation and concentration, and anode diameter.
Furthermore, we produce gels with a range of tailorable
features, including mechanical properties, dimensions (thick-
ness and lumen size), customizable tubular geometries, and radial compositional heterogeneity.
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Biomanufacturing in clinical and preclinical research is being
advanced by emerging technologies such as 3D printing

(i.e., inkjet printing, extrusion, laser deposition), microfluidics,
and micromolding.1−4 Currently, a major tissue-engineering
challenge is the fabrication of tubular structures (e.g., heart
valves and blood vessels). These are key for a number of
biomedical applications, including the treatment of vascular-
related diseases and generating large in vitro tissue/organ
models that require perfusion from macro- and micro-
vasculature. Producing self-supporting perfusable structures,
with appropriate spatial distribution of cells within the vessel
wall, is challenging for many biofabrication technologies.5

Although bioprinting techniques are powerful for their ability
to produce 3D architectures of customizable shapes with a
variety of bioinks, there is difficulty in fabricating contained
negative volumes (e.g., lumen). Recently, state-of-the-art
bioprinting has explored the use of coaxial flow extrusion
techniques or support materials, in conjunction with layer-by-
layer printing of ring shaped structures, to create free-standing
tubular gels.6−11 Other recent bioprinting efforts have utilized
3D-printed hydrogel scaffolds that provide an overall structure
for printed sacrificial materials (e.g., gelatin channels), which are
liquefied and resolved to generate a lumen.12−15 In addition to
bioprinting, microfluidic approaches have also been employed
to produce vascular channels, because of their ability to
effectively mimic microvasculature.16,17 Other nonprinting
fabrication methods have utilized casting-based techniques;
one such technique relies on cellular compaction around a
nonadherent cylindrical tool that can be later removed to
produce the lumen.18−20 Despite these advances, high-
throughput fabrication of tubular structures remains an ongoing

challenge. There are key limitations, such as production of free-
standing vessels, from the micro- to meso-size range, with
tailorable features (i.e., mechanical properties, lumen size,
structure geometry, and compositional heterogeneity), which
must be overcome by any new fabrication platform in order to
achieve this goal.
Electrodeposition (ED) (sometimes referred to as electro-

addressing) is a recently developed method for biological thin
film deposition, e.g., alginate and chitosan.21,22 The ED
mechanism for forming hydrogels is hypothesized to utilize a
localized pH change, actuated via electrolysis, to cause localized
cross-linking of the hydrogels. For example, alginate-based ED
solubilizes calcium by inducing a pH change at the anode
surface, dissociating calcium carbonate. The presence of free
calcium ions cross-links alginate locally at the anode surface,
depositing alginate gel. Recent work has leveraged alginate-
based ED to produce size-controlled gels on flat anode surfaces,
with masks corresponding to desired shapes.23 Others have
developed an ED hybrid bioprinting technique utilizing an
automated probe or a light actuated mechanism, to spatially
localize or pattern alginate structures.24−26 Furthermore, the ED
procedure is reported to be compatible with living cells23,27 and
has been recently applied to explore tubular structures.28 Herein,
we develop a radial electrodeposition (rED) approach, using a
cylindrical electrode immersed in a solution of alginate
suspending calcium carbonate particles, to deposit alginate
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tubular gels. Upon the application of an electrical potential,
alginate gels are observed to rapidly form on the anode, and
grow radially with deposition time. Within this study, we
characterize how key fabrication properties influence the
deposition rate, as well as how they can be leveraged to control
vessel features such as wall thickness, lumen diameter, and
overall mechanical properties. Furthermore, we performed rED
with custom-shaped anodes, to assess the potential for
producing more sophisticated, tubular geometries, such as a
bifurcation, T-junction, and linear tube with bifurcating ends.
Last, we explored the ability of a serial electrodeposition
approach to fabricate multilayered hydrogel vessels, with radially
heterogeneous, striated vessel walls.
The rED setup (Figure 1) utilizes an electrolysis-based

process, wherein two electrodes (e.g., copper cylindrical wires)
are submerged within an alginate solution containing insoluble
calcium carbonate (CaCO3) particles, dispersed via sonication.
The electrodes are in series with a breadboard containing a
digital multimeter and an Arduino leading to a DC power
supply. In this setup, the voltage is controlled on the power
supply, and the Arduino is used as a “trigger” and to determine
the total duration of the applied voltage. When the Arduino is
triggered, alginate is deposited on the anode surface in a time-
dependent manner. Following deposition, the anode is dipped
into NaCl to remove any noncrosslinked excess alginate from
the probe, then stored in a beaker containing CaCl2 solution.
To gain insight into how key fabrication parameters influence

the deposition, we created gels over a range of ED parameters
including: the applied voltage (electrical potential = 2.7, 5.4, and
10.8 V), alginate concentration (0.5, 1.0, and 2%), calcium
carbonate concentration (0.01, 0.1, 0.5, and 1%) and particle
size (15−45 nm, 3−5 μm, and 50 μm), type of divalent cation
(barium or calcium, BaCO3/CaCO3), and electrode diameter.
The rate of gel deposition on the probe was longitudinally
characterized during rED fabrication (0−300 s) utilizing optical

coherence tomography (OCT), a well-established, label-free,
nondestructive imaging modality, with micrometer resolution.
We have previously employed OCT for structural and
morphologic assessment of 3D cellular aggregates and
engineered hydrogels.29,30 To image during rED fabriction, we
positioned the OCT probe orthogonally above the anode onto
which the alginate was depositing. Single B-scans were captured
along the alginate probe at random locations. Differences in
optical scattering from refractive index mismatch (between air,
alginate, and copper) made alginate gels clearly visible with the
OCT modality. Within these scans, we measured the radial
distance from the inner to outer diameter of the structure. These
measurements were replicated at three random locations along
each gel, with three independent gels per condition, and are
reported as mean ± standard deviation.
To analyze the effect of these factors on electrodeposition, we

fit the time-dependent vessel wall thickness data with logistical
curves (Figure S1a−f), to determine the rate of gel deposition
(represented as t1/2, time to half of the total wall thickness).
These data are summarized in Figure 2a−f as stacked plots of the
vessel wall thickness with time, and the corresponding t1/2 value.
For example, the effect of applied voltage (2.7, 5.4, 10.8 V) on
the rate of alginate deposition is shown in Figure 2a, where the
stacked plots of 5.4 and 10.8 V reveal strikingly similar rates of
deposition over the first 60 s, and comparable t1/2 values. At later
deposition times, vessel wall thickness continued to slowly
increase at 10.8 V, while plateauing for 5.4 V. In contrast, at 2.7 V
applied voltage, there was consistently lower vessel thicknesses
at every time point, and a greater t1/2, illustrating that the lower
applied voltage results in a much slower deposition and thinner
achievable wall thickness. A consistent finding among all of the
gels was that deposition was well described by the logistical
curve, including the overall logarithmic shape, and a plateauing
effect usually occurring around 1 mm in thickness (Figure S1a−
f). This effect is not surprising, considering that as gel thickness

Figure 1. Schematic of the radial electrodeposition setup (1), proposed mechanism of gel deposition (2), postdeposition processing and storage (3−
4), and stereomicroscope images of electrodes with deposited alginate.
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increases, so will the resistance in the circuit, which will decrease
current (and therefore proton generation). This is also
supported by the slower gel deposition at greater alginate
concentrations Figure 2b, which is likely a result of a more
densely cross-linked gel that causes a greater resistance in the
circuit, and reduces the diffusion rate of protons. Overall, we
observed that applied voltage, anode diameter, and divalent
cation concentration (to some extent) correlated positively with
deposition rate (t1/2) and wall thickness. Conversely, we found
that alginate concentration correlated inversely with deposition
rate. Additionally, particle size, for both CaCO3 and BaCO3, did
not appear to have a significant effect on deposition rate.
With our ability to control vessel wall thickness established, it

was important to explore whether we could also control the
lumen size within the tubular structures. We hypothesized that
gels produced via rED would conform to the anode, and thus
have lumen diameters corresponding to those of the electrode
used during fabrication. We utilized three different anode sizes,
with diameters 1.00, 0.50, or 0.25 mm, chosen to represent the

size of small vessels. Gels were fabricated with each size
electrode, imaged with OCT as previously described, and lumen
diameters were measured within the ThorLabs software.
Measurements were recorded at six random locations within
each vessel, with three independent gels fabricated at each anode
diameter. Gels made with the 0.25, 0.50, and 1.00 mm anodes
(Figure 3b−d) had lumen diameters of 0.26± 0.06, 0.53± 0.12,
and 1.08 ± 0.23 mm, respectively (Figure 3a). This
demonstrates the ability of the rED technique to accurately
produce tubular structures with precise luminal sizes, over a
wide size range, corresponding to electrode diameter. Because of
how well the luminal geometries conform to those of the anode,
it seems likely that rED could be used to fabricate structures
beyond the sizes explored herein.
Structural integrity of the constructs is important for this

fabrication process, particularly because the gel must be able to
withstand removal from the probe following deposition, and be
self-supporting to allow for applications involving perfusion. We
mechanically characterized the rED-fabricated gels via uncon-

Figure 2. Stacked plots of vessel wall thickness with deposition time, and time to reach 50% of wall thickness (t1/2), while manipulating the (a) voltage,
(b) alginate concentration, (c) CaCO3 particle size, (d) CaCO3 concentration, (e) BaCO3 concentration, and (f) anode diameter. (g−k)
Representative OCT B-scans (x−z cross-section) of alginate deposited on anode during time-course. The dotted red lines indicate the anode and
alginate surfaces, and the red arrow in i the vessel wall thickness. Scale bars are 500 μm.
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fined uniaxial compression, using a Mach-1 materials testing
system (Biomomentum Inc., Laval, QC, Canada). Gel materials
test specimens were created by removing fully formed samples
from the anode probe, and sectioning them into 2 mm thick
cylindrical discs (n = 12) with a central hole, or ”rings”. The
dimensions of each test specimen ring (thickness, outer
diameter, inner diameter) were measured using OCT, prior to
mechanical characterization. The compression platen was then
slowly lowered until it made contact with the specimen, utilizing
the ”find contact” feature of the system, to establish specimen
initial height. From this height, each specimen was uniaxially

compressed at a constant rate (0.03 mm/s) to a total
compression amplitude of 0.75 mm, while force, displacement
and time were recorded. Measured force and displacement data
were converted into engineering stress and strain values,
respectively, utilizing the individual sample geometries. For
each sample, Young’s elastic modulus was approximated by the
slope of the linear region of the stress−strain curve, typically
occurring between 10 and 20% strain (Figure 3e). Gels were
rED-fabricated for every formulation listed in Figure 3f, g and
characterized in this manner. We observed that raising the
alginate concentration significantly increased the rED-fabricated

Figure 3. Characteristics of rED-fabricated linear vessels: (a) Lumen diameter for corresponding electrode sizes, illustrating that lumen size can be
controlled by through the size of the deposition anode. (b−d) B-scans (x−z cross-section) of vessels made with anode diameters 0.25, 0.50, and 1.00
mm; (e) a representative stress−strain curve of an alginate ”ring” specimen in unconfined compression, with the range over which the elastic modulus
is determined denoted in red, and (f) elastic modulus values of deposited structures with changing concentration of alginate or (g) divalent cation
concentration. Scale bars are 250 μm.

Figure 4. (a) Schematic for shape-controlled electrodeposition, and representative images of electrodeposited gels; (b) CCD camera en face images of
(i) a linear vessel, (ii) bifurcation, (iii) T-junction, and (iv) double bifurcation , and (c−e) corresponding OCT images taken in (ci−civ) cross-
sectional, (di−div) en face, and (ei−eiv) volumetric views, illustrating the 3D tubular geometries and continuous internal channel (lumen). All B-scan
scale bars are 500 μm.
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gel’s reportedmodulus, and that this could be used to change the
mechanical properties 10- to 20-fold; from 1.32 ± 0.5 to 27.8 ±
5.6 kPa and 1.75± 0.6 to 23.9± 11.2 kPa for either 0.5%CaCO3
or BaCO3, respectively. When controlling for alginate
concentration (1%) and manipulating concentration of cross-
linker, modulus was observed to have only minor differences
within both CaCO3- and BaCO3-fabricated gels. Therefore, it is
likely that the majority of the gel’s structural integrity is being
produced from the additional cross-linking that occurs after
initial fabrication, and prior to mechanical characterization. At
most formulation, gels fabricated with barium were significantly
stiffer (higher modulus) than their calcium-fabricated counter-
parts (Figure 3f, g); a finding that is supported by much of the
literature.31,32

We next sought to determine whether rED was able to create
complex tubular shapes, such as those observed in many lumen-
containing structures (e.g., branching vessels, bronchi in the
lungs, valves in the heart). To fabricate advanced lumen
geometries, we manipulated the shape of the deposition
electrode (anode) to create the desired lumen geometry. For
example, we utilized straight anodes to produce linear structures
(Figure 4bi−ei), and modified anodes to create bifurcated
structures (Figure 4bii−eii), T-junctions (Figure 4biii−eiii), and
double-bifurcations, i.e., linear strands with bifurcated ends
(Figure 4biv−eiv). All structures were rapidly generated (within
5 min), and could be fully visualized with OCT. A video
sectioning the gel sample shows the continuous lumen
throughout the structure (Videos S1−S4). To our knowledge,
no other technique is capable of producing such advanced
geometries, particularly in such a rapid time frame.
Beyond customizable geometries, we sought to fabricate

structures with differential gel layers, as are often observed
within biologic vessels. In this way, it w ould be possible to
replicate the different radial tissue layers within physiologic
vessels, or create constructs specifically designed for differential
drug release. We hypothesized that the rED technique could be
performed serially, within different solutions, to produce a
striated (or radially heterogeneous) structure (Figure 5a). To
test this, we utilized two fluorescently labeled alginate solutions,
one labeled with rhodamine (red; emission 575) and the other
fluorescein (green; emission 512), and performed a series of 60-s

rED fabrications. To perform sequential rED (Figure 5a), (i) a
probe is placed in a chosen solution (e.g., green) and a gel is
created on the probe via rED; then (ii) the gel-coated probe is
moved to a second solution (e.g., red) where rED causes the new
gel to form radially on the gel-coated probe; and finally, (iii) the
gel-coated anode is placed back in the first solution for a third
deposition. These gels were then sectioned into disc-shaped
structures and visualized with fluorescent microscopy. Con-
struct cross-sections (Figure 5b−d) clearly show three distinct
fluorescent layers (green, red, green), revealing successful
creation of striated vessel walls via sequential rED. Although
each layer was fabricated using a 60-s deposition, sequential
vessel layers show a reduced thickness, which is expected based
on the logistic curve for rED with cumulative deposition time
(Figure S1). Such fabrication flexibility holds great potential for
engineering constructs with radial compositional heterogeneity,
for both cellular localization and sequential drug release, as well
as for potentially fabricating vessels with radially graded
mechanical properties.
In summary, we demonstrate the ability of rED to generate

vessel structures by initiating alginate cross-linking at an
electrode probe during electrolysis. Gelation continues at the
anode surface during electrolysis, in a time-dependent manner,
which is affected by the various parameters involved in the
gelation. This “on demand” process takes place very quickly,
over the course of minutes, allowing for rapid-fabrication of
tubular structures with controllable lumen size and vessel wall
thickness. Furthermore, by manipulating the anode shape, more
advanced tubular structures can be created, such as bifurcations,
T-junctions, and double bifurcations, and the process can be
performed sequentially to create radially striated constructs.
Overall, rED provides a relatively simple and cost-effective
benchtop method for fabricating shape-controlled engineered
vessel structures.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsbiomater-
ials.9b00415.

Figure 5. Tubular alginate gels with radial compositional heterogeneity. (a) Schematic for fabricating multilayered alginate tubes by serial
electrodeposition. Using fluorescently labeled alginate solutions, a three-layer structure is created by performing an initial rED in one solution (greed),
then placing the gel-coated anode into a new solution (red), fabricating a new gel layer on top of the first, and finally returning to the first solution
(green) for a final rED layer to produce a green-red-green structure. (b, c) Representative images of a fabricated three-layer structure using labeled
alginate (fluorescein (green), rhodamine (red), fluorescein (green)), using a stereomicroscope, and (d) confocal microscopy, illustrating the distinct
striations in the construct wall. Note, the high intensity red fluorescence observed on the inner and outer perimeters of the sample in d is an artifact of
residual solution on the sample, and not indicative of additional alginate layers. Scale bar is 500 μm.
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Details of the experimental methods used within this work
and rate-related deposition data (PDF)
Video S1, optical coherence tomography video of an
electrodeposited alginate tube (MP4)
Video S2, optical coherence tomography video of an
electrodeposited bifurcation (MP4)
Video S3, optical coherence tomography video of an
electrodeposited T-junction (MP4)
Video S4, optical coherence tomography video of an
electrodeposited linear tube with bifurcating ends (MP4)
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