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Evaluation of Cell Viability
and Functionality in Vessel-like
Bioprintable Cell-Laden
Tubular Channels
Organ printing is a novel concept recently introduced in developing artificial three-
dimensional organs to bridge the gap between transplantation needs and organ shortage.
One of the major challenges is inclusion of blood-vessellike channels between layers to
support cell viability, postprinting functionality in terms of nutrient transport, and waste
removal. In this research, we developed a novel and effective method to print tubular
channels encapsulating cells in alginate to mimic the natural vascular system. An experi-
mental investigation into the influence on cartilage progenitor cell (CPCs) survival, and
the function of printing parameters during and after the printing process were presented.
CPC functionality was evaluated by checking tissue-specific genetic marker expression
and extracellular matrix production. Our results demonstrated the capability of direct
fabrication of cell-laden tubular channels by our newly designed coaxial nozzle assembly
and revealed that the bioprinting process could induce quantifiable cell death due to
changes in dispensing pressure, coaxial nozzle geometry, and biomaterial concentration.
Cells were able to recover during incubation, as well as to undergo differentiation with
high-level cartilage-associated gene expression. These findings may not only help opti-
mize our system but also can be applied to biomanufacturing of 3D functional cellular
tissue engineering constructs for various organ systems. [DOI: 10.1115/1.4024575]
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1 Introduction

For the past three decades, tissue engineering and regenerative
medicine has emerged as a multidisciplinary field involving scien-
tists, engineers, and physicians for the purpose of creating biological
substitutes mimicking native tissue to replace damaged tissues or
restore malfunctioning organs [1]. The traditional tissue engineering
strategy is to seed cells onto scaffolds, which can then direct cell
proliferation and differentiation into three-dimensional functioning
tissue. Although significant success has been achieved in the past
both in research and clinical applications of engineered tissues [2],
challenges still exist toward organ fabrication in terms of the source
of cells, optimization of scaffolds, approaches for functional three-
dimensional organ formation [3,4], and most recently, large-scale
manufacturing of living functional organ constructs for direct surgi-
cal implantation [5]. It is obvious that complex three-dimensional
organs require more precise structures with vascular system integra-
tion, which cannot be fulfilled by traditional methods.

Recently, layer-by-layer additive manufacturing (AM) has been
adapted to tissue engineering to direct the deposition of cells
together with a hydrogel-base scaffold for 3D tissue and organ
formation [6–8], which is also known as bioprinting. Bioprinting,

or direct cell printing, is based on rapid prototyping (RP), using
several different approaches. Inkjet printing [6,9–11], laser-based
direct writing of cells [12–16], and extrusion-based cell-laden
hydrogel deposition [17–19] are the most widely used technolo-
gies explored for this application. Computer-aided tissue fabrica-
tion offers great precision for the spatial placement of cells, rather
than providing scaffold support alone [20], enabling direct manu-
facturing of living tissue parts and/or a functional living organ
system. For example, AM-based direct deposition of tissue sphe-
roids may lead to development of functional 3D organs [9,21].
One of the most critical challenges is the integration of a vascular
network, without which the engineered 3D tissue or organ cannot
receive sufficient nutrients and gas for its regeneration [22]. A
number of approaches have been proposed and applied in fabricat-
ing vascular tissues with various cell-laden biomaterials. Xu and
coworkers [23] designed and platform-assisted inkjet printing sys-
tem to fabricate 3D zigzag cellular tubes vertically by fusion of
sodium alginate droplet encapsulating 3T3 fibroblast cells. Ozawa
et al. [24] applied an electrodeposition technique to deposit cell-
laden alginate solution around Pt wire electrode and pulled out the
electrode later to create hollow lumen of the vascular structure.
Multiple cell types were deposited around the wire using that
method. In addition, a scaffold-free approach was also developed
by sequentially depositing tissue spheroids made purely from cells
in cylindrical form, which later form a tubular structure by self-
assembly of tissue spheroids [25]. From a single embryo to a so-
phisticated human body, cells have served as natural building
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blocks along the way of development. Studies have shown that
cells are dynamically changing their growth pattern, spatial posi-
tion, and differentiation under both mechanical and biochemical
control of an extracellular matrix [22]. Any changes in these
external cues may cause further intracellular downstream singling
pathway activation, causing unpredictable cellular events. During
the bioprinting process, cells receive different mechanical stimu-
lation, which might affect intracellular structures and cell mem-
brane integrity. As a result, it is critical to know whether cells can
maintain their viability and/or desired phenotype after experienc-
ing the bioprinting process. Some studies [13,26–28] have been
performed to investigate bioprinting-process-induced cell injury.
For syringe-based bioprinting, both nozzle diameter and material
dispensing pressure were found to affect cell viability to some
extent, immediately after bioprinting [26], and dispensing pres-
sure has a more significant effect than nozzle diameter on cell via-
bility. Cells were also observed to undergo apoptosis as well as
necrosis after bioprinting [29]. In the literature, cellular structures
have been evaluated for phenotypic alteration, and different
tissue-specific differentiation has been achieved, like vascular tis-
sue [30], cartilage [31], smooth muscle [32], etc. In this research,
we developed a bioprinting system with a coaxial nozzle assembly
for tubular channel fabrication. It is critical to know how the pro-
cess parameters affect cell viability as well as phenotypes during
cell-laden tubular channel bioprinting and postprinting incubation.

This work presents our recent study on the viability and func-
tionality of cartilage progenitor cells (CPCs) [33], postencapsula-
tion in sodium alginate, and printing through a pressure-assisted
robotic bioprinting system. The bioprinting process dispenses
cell-encapsulated sodium alginate through a coaxial nozzle sys-
tem. Cells are inevitably subjected to different mechanical stimu-
lus within the alginate solution. These stimuli associated with the
bioprinting process might have an effect on cell viability follow-
ing completion of the fabrication process and might also induce
phenotypic alteration of cells in postprinting incubation. Four
important parameters chosen in this study are nozzle diameter,
alginate dispensing pressure, and cell seeding density and alginate
concentration. Their effect on the viability and functionality of
CPCs after the bioprinting process is reported. CPCs were used
for a proof of concept in this study; various other cell types can be
applied with the proposed system in future studies.

2 Materials and Methods

2.1 Materials. Prior to making a hydrogel solution, sodium
alginate powder (Sigma Aldrich, United Kingdom) and calcium
chloride powder (Sigma Aldrich, United Kingdom) were treated
with ultraviolet (UV) light for sterilization three times for a
30-min cycle [34]. UV-sterilized sodium alginate was dissolved in
deionized water to make 2%, 4%, and 6% (w/v) solutions. Solu-
tions were mixed with a magnetic stirrer until homogeneity was
reached. Similarly, the crosslinking solution was prepared by dis-
solving calcium chloride in ultrapurified water (InvitrogenTM Life
Technologies, Carlsbad, CA) at 4% (w/v).

2.2 Cell Preparation. Bovine CPCs were isolated from as
described in our previous study [33] and cultured at 37 �C in 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1)
supplemented with 10% fetal bovine serum (InvitrogenTM Life
Technologies, Carlsbad, CA), 50 lg/ll L-ascorbate, 100 lg/ll
penicillin, 100 lg/ml streptomycin, and 2.5 lg/ll Fungizone. The
culture medium was changed every other day. CPCs were pas-
saged onto tissue culture dishes, and passage 1 cells were used for

bioprinting. After harvesting, cells were gently mixed with the so-
dium alginate solution by repeated pipetting to get uniform distri-
bution. Cell density varied from 2� 106/ml to 8� 106/ml in the
alginate solution. CPCs were used in this study because their pro-
genitor cells are sensitive to biochemical and mechanical changes,
which has potential in cartilage tissue engineering applications.

2.3 Bioprinting Setup. An additive manufacturing-based
robotic pressure-assisted bioprinting platform has been developed
to do precise spatial deposition of cell-laden biomaterial as well
as growth factors and biochemical compounds for tissue engineer-
ing constructs fabrication. The system used in this study consists
of a single-arm robotic printer (EFD

VR

Nordson, East Providence,
RI) with a motion unit, a pressure regulator (EFD

VR

Nordson), and
a syringe pump (New Era Pump System Inc., Farmingdale, NY)
(see Fig. 1), which enable printing cell-encapsulated biomaterials
through a pressure-assisted computer-controlled system. A coaxial
nozzle design (see Fig. 1(d)) was applied to fabricate tubular
channels. Its opening diameter equals the difference between the
inner diameter of the outer nozzle and the outer diameter of the
inner nozzle. Viscous sodium alginate solution was extruded
through the sheath section of the coaxial nozzle with low-pressure
compressed air, while the calcium chloride solution was dispensed
through the core section of the coaxial nozzle (see Fig. 2(a)).
Crosslinking took place in the interface of the two materials,
forming a tubular structure. Shear stress generated by this system
is illustrated in Fig. 2(b).

2.4 Dispensing Rheology of Coaxial Flow. According to lit-
erature [35], the shear rate of a non-Newtonian flow through
coaxial nozzle can be approximated as

s ¼ �DP

L

� �
R

2
n� k2

n

� �
(1)

In Eq. (1), Dp is the pressure change along the capillary, L is the
capillary length of the coaxial nozzle, R is the inner radius of outer
nozzle and n¼ r/R, and r is the radius of flow at a specific point
inside the coaxial nozzle, with r 2 rR;R½ � (R is the inner radius of
outer nozzle and rR equals the outer radius of the inner nozzle). k
is a constant locating the position of the maximum flow velocity
and its value depends on the power-law flow behavior index (n)
and r (r¼ rminimum/R). The values of independent variables in
Eq. (1) can be easily obtained except �DP/L, which can be calcu-
lated as follows:
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L
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R
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n
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Fig. 1 Robotic bioprinting system and the coaxial nozzle as-
sembly: single-arm robotic bioprinter with (a) a syringe pump,
(b) a motion unit, (c) a pressure regulator, and (d) a physical
coaxial nozzle system
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In Eq. (2), K is the power-law consistency coefficient and Q is the
volumetric flow rate.

2.5 Bioprinting Study. Cells were evenly distributed in
alginate solution before bioprinting and were successfully
encapsulated in tubular channels during the fabrication process.
Cell viability assays were then performed to evaluate cell survival
in response to varying bioprinting parameters. Prior to test-
processing parameters, different cell density and sodium alginate
concentrations were examined to find the optimal value in terms
of high cell viability. Later, two printing process parameters were
studied: a different-sized coaxial assembly for I23GO16G, I26GO16G

(I: inner nozzle; O: outer nozzle), and alginate dispensing pres-
sures at 5 psi (35 kPa), 10 psi (69 kPa), and 20 psi (138 kPa).
I23GO16G consists of a 23 gauge (330 lm inner diameter, 650 lm
outer diameter) inner nozzle and a 16 gauge outer nozzle
(1190 lm inner diameter, 1460 lm outer diameter), while
I26GO16G has a 26 gauge inner nozzle (230 lm inner diameter,
457 lm outer diameter) and a 16 gauge outer nozzle. A calcium
chloride crosslinking solution was dispensed at a constant rate for
2 ml/min in all experiments. Three samples were used for each ex-
perimental group (n¼ 3). Different cell densities were first used in
a viability study for a single nozzle (16 G) to determine the opti-
mal number to be used in later study. Direct crosslinking of the
hanging alginate droplet on the nozzle tips was used as the control
for all groups. Five to fifteen centimeters of printed tubular cell-
laden channels were collected for each sample. Immediately after
printing, each sample was kept in Hanks Balanced Salt Solution
(HBSS) (InvitrogenTM Life Technologies, Carlsbad, CA) supple-
mented with 4% (w/v) calcium chloride for maintained crosslinking.
Samples were washed with HBSS supplemented with 100 U/ml pen-
icillin, 100 lg/ml streptomycin, and 2.5 lg/ml Fungizone for sterili-
zation before incubation in cell culture media. Cell viability was
evaluated at three incremental time points: 12 h, 24 h, and 72 h, for
exactly the same samples in each group throughout the time course.

Postprinting cell functionality study was presented to examine
bioprinting-induced cell phenotypic change. Longer samples
(<50 cm) printed at optimal cell density were subjected to two
weeks culture in DMEM-based media. For the control group, the
same number of printed samples was dissolved in cell releasing
buffer (55 mM sodium citrate, 30 mM ethylenediamine tetra-
acetic acid (EDTA), 0.15 M NaCl) after complete crosslinking in
HBSS, following consequent plating of CPCs for monolayer cul-
ture instead of 3D tubular channel encapsulation. Quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) was
used to check cartilage-associated genetic marker expression.

2.6 Cell Viability Assay. Calcein acetoxymethylester
(calcein AM) and ethidiumhomodimer-2 (InvitrogenTM Life

Technologies, Carlsbad, CA), at a concentration of 1.0 mM each,
were used. Calcein AM labels living cells with bright green
fluorescent. Ethidium homodimer is a red fluorophore that stains
nonviable cells but cannot penetrate living cells. Each sample was
washed with HBSS before live/dead staining. After 30-min incu-
bation, samples were imaged using an Olympus FluoViewTM
FV1000 laser scanning confocal microscope (LSCM) (Olympus
NDT Inc., MA). Z-axis projections were assembled from images
of each sample from surface to bottom with a depth of 1000 lm at
20 -lm intervals. ImageJ software (National Institutes of Health,
Bethesda, MD) was used for automated counting of red- and
green-stained CPCs in z-axis projections, and percentages of via-
ble cells were calculated. The percentage of viable cells for each
experimental group was calculated by averaging the values of
three different samples.

2.7 Cell Functionality Evaluation. Encapsulated CPCs
were then released from cellular channels by dissolving them in
dissolving buffer (55 mM sodium citrate, 30 mM EDTA, 0.15 M
NaCl). Cells were centrifuged and washed twice in a phosphate
buffer saline (PBS) (InvitrogenTM Life Technologies, Carlsbad,
CA). Then the pellets were homogenized in TRIzol

VR

reagent
(InvitrogenTM Life Technologies, Carlsbad, CA), and total RNA
was extracted using the RNeasy Mini Kit (QIAGEN, Valencia,
CA) according to the manufacturer’s instructions. Cartilage-
specific gene expression (collagen type II, aggrecan, and Sox-9)
was measured by real-time PCR in monolayer cultured CPCs and
alginate encapsulated CPCs. Collagen type II is the basis for artic-
ular cartilage, and collagen type II gene is a marker related to
chondrocyte phenotype and function. Aggrecan is a protein that in
humans is encoded by the ACAN gene, which is an integral part
of the extracellular matrix in cartilage tissue. Sox-9 is a transcrip-
tion factor related to chondrogenic differentiation, which is the
main function of CPCs. Primers were purchased from Integrated
DNA Technologies (Coralville, IA).

2.8 Statistical Analysis. The statistical significance of exper-
imental data was determined by two-way analysis of variance
(ANOVA) for the dispensing pressure and nozzle diameter stud-
ies. One-way ANOVA was used for the cell density and alginate
concentration studies, respectively. The pairwise test was com-
bined with the Tukey post hoc test at a significance level of less
than 0.05 (p< 0.05) using SPSS software.

3 Results

3.1 Bioprinted Cell-Laden Tubular Channels. Fabrication
was performed using 4% alginate solution with a dispensing rate
of 0.2 ml/min, and 4% crosslinker solution was dispensed at

Fig. 2 Coaxial nozzle assembly and associated mechanical forces: (a) coaxial nozzle design
for tubular channel manufacturing; (b) shear stress generated by coaxial nozzle system
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1.5 ml/min for gelation purposes as described in our previous
study [36]. The average inner and outer diameters of the fabri-
cated tubular channels were 135 6 13 lm and 309 6 22 lm,
respectively. Printed structures were then examined under a
Motic

VR

BA310 digital microscope (Motic in North America, Can-
ada). Pumping of food dye solution assisted by a syringe pump
was performed on the printed tubular channel to confirm its media
transportation ability. As presented in Fig. 3, tubular channels
were successfully manufactured by coaxial nozzle design assisted
by a bioprinter with continuous uniform structural integrity.

Perfusion of oxygenized cell media without any swirling or leak-
age through a >10 cm long channel showed their ability to support
media transportation at flow rate of 30 ml/min. Sufficient struc-
tural integrity was maintained during 3 h perfusion demonstrated
its mechanical strength (see Fig. 3(a)). Experiments showed that
tubular channels (7 cm in length), which have been soaked in
0.5% calcium chloride solution for 5 h after fabrication, had
5.65 6 1.78 kPa maximum tensile stress with 5.91 6 1.12 kPa
Young’s modulus. Intentional bubble inclusion clearly illustrated
the hollow feature of the printed structure, and cells were

Fig. 3 Bioprinted cell-laden tubular constructs: (a) tubular channels were printed into zigzag
orientation with perfused cell-type media, (b) bubble inclusion in tubular center demonstrating
its hollow feature and microscopy images showing cell encapsulation in the wall of cellular
channels with relatively uniform distribution of cells, and (c) an 1 week cultured cell-laden tubu-
lar channel showing promising mechanical and structural integrity

Fig. 4 Dispensing rheology (I23GO16G): (a) effect of alginate pressure rate on volume flow rate of 4% alginate solution, (b) effect
of pressure rate on 2 DP/L, (c) shear stress distribution in coaxial nozzles, and (d) maximum shear stress with varying alginate
dispensing pressure

091011-4 / Vol. 135, SEPTEMBER 2013 Transactions of the ASME



individually encapsulated and uniformly distributed in sodium al-
ginate, forming a cellular wall of printed tubular structures (see
Fig. 3(b)). Cell-laden tubular channels were able to maintain their
morphology as well as hollow feature after 7 days incubation (see
Fig. 3(c)).

3.2 Dispensing Rheology of Coaxial Flow. In order to cal-
culate the shear stress, the value of�DP/L was calculated using
Eq. (2), where K¼ 14,960 and n¼ 0.86 for 4% alginate [37]. The
volumetric flow rate was obtained from experimental measure-
ments and plotted in Fig. 4(a) and�DP/L is presented in Fig. 4(b)
that was used in Eq. (1) to calculate the shear stress. The shear
stress distribution in coaxial nozzles with 5 psi (35 kPa), 10 psi
(69 kPa), and 20 psi (138 kPa) alginate dispensing pressures is
demonstrated in Fig. 4(c). As depicted from the figure, shear stress
reaches its maximum value on the outer surface of the inner nozzle.
Then, the shear stress diminishes as r increases and vanishes at the
inflection point somewhere around the middle point of the space
between nozzles. The inflection point does not necessarily locate in
the middle of the space between nozzles, however; its location
depends on the value of k. After the inflection point, the shear stress
changes direction and increases as the r increases. This result is
consistent with the observation in Fig. 6, in which most dead cells
were observed on tubular channels walls, particularly more dead
cells were observed on the inner wall than the outer wall. Figure
4(d) shows maximum shear stress value under various dispensing
pressures. Maximum shear stress increases as the alginate dispens-
ing pressure increase. This explained why cell viability significantly
decreases with increased alginate dispensing pressure.

3.3 Effect of Cell Density and Sodium Alginate Concentration
on Postprinting Viability. The first experiment was conducted to
assess the effect of cell density in alginate solution and alginate
concentration on cell viability in order to determine the optimal
values for later studies. The three cell seeding densities used are
2� 106/ml, 4� 106/ml, and 8� 106/ml in 2%, 4%, and 6% (w/v)
alginate solution was printed through an 18 G single nozzle, with
an inner diameter of 1.19 mm. Each data point was an average of
three representative live/dead confocal images from three samples
in each group. For each cell density, the dispensing pressure was
studied at 5 psi (35 kPa), 10 psi (69 kPa), and 20 psi (138 kPa).
Twelve hours postprinting and before cell proliferation, live/dead
cell staining was carried out, and images were quantitatively ana-
lyzed by Image J. As shown in Fig. 5(a), although decreased cell
viability was observed with increasing alginate dispensing pres-
sure, there was no significant difference in the viability of differ-
ent cell densities at the same pressure, with the highest average
around 72% at 5 psi (35 kPa). However, cell viability decreased
with increasing alginate concentration (see Fig. 5(b)). The highest
cell viability was 89% for 2% alginate, with a significant drop
(31%) for 6% alginate. Since 4% alginate offered acceptable cell
viability at 68% and reasonable structural integrity [36] of the
printed channels, a 4% alginate solution and 2� 106 cells/ml will
be used in later studies.

3.4. Effect of Coaxial Nozzle Size and Alginate Dispensing
Pressure on Cell Viability. To examine the effect of the bio-
printing process on cell viability, experimental studies were
designed to assess the effect of the nozzle size and alginate
dispensing pressure on the viability of cells. The viability was
calculated by averaging three representative live/dead confocal
images for each sample. Analysis was first performed by segre-
gating the samples into two experimental groups according to dif-
ferent coaxial nozzle assemblies: I23GO16G (outside diameter
(OD)¼ 550 lm) and I26GO16G (OD¼ 730 lm). For each coaxial
nozzle, various dispensing pressures were studied at 5 psi
(35 kPa), 10 psi (69 kPa), and 20 psi (138 kPa). A z-axis stack of
confocal images is shown in Fig. 6, demonstrating live/dead cells,
their relative ratios, and their distribution in printed cellular chan-

nels (the first 10 images from the top surface were eliminated to
show the hollow feature of the printed structures). Quantitative vi-
ability assays are presented in Fig. 7 to show the effects of algi-
nate dispensing pressure and coaxial nozzle size.

Based on the figures, it is obvious that cell viability varies with
varying alginate dispensing pressures and different coaxial nozzle
sizes. Printed cell viability decreases with increasing alginate dis-
pensing pressure, and higher viability was observed in a coaxial
nozzle of a larger size (I26GO16G). Changing the alginate dispens-
ing pressure resulted in a significant difference in cell viability
among experimental groups over the time course, especially at
early time points. For the nozzle I23GO16G (550 lm), a significant

Fig. 5 Quantitative cell viability for various cell densities and
alginate concentrations: (a) effect of cell density on cell viability
at different alginate dispensing pressures, (b) effect of sodium
alginate concentration on cell viability at 5 psi (35 kPa) with cell
density of 2 3 106 cells/ml (data are mean 6 SD; p < 0.05)

Fig. 6 Laser confocal imaging for live/dead staining of the
printed structure at 5 psi (35 kPa) with I23GO16G nozzle: CPCs la-
beled with calcein AM and ethidium homodimer after cell
encapsulation and imaged with confocal laser scanning micro-
scope: (a) quantifiable dead cells were present, while most of
cells were viable; (b) zoom-in image shows live and dead cells
with fluorescence green and red, respectively
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decrease in cell viability was observed in the bioprinted tubular
structures compared with the control group shortly after printing
(12 h) and at the 24 h time point as well (see Fig. 7(a)). The cell
viabilities of the experimental groups at 12 h for varying alginate
dispensing pressure (5 psi (35 kPa), 10 psi (69 kPa), and 20 psi
(138 kPa)) were 68%, 51.75%, and 40%, respectively. For a given
representative alginate dispensing pressure (10 psi (69 kPa)), a
small nozzle I23GO16G (550 lm) resulted in a statistically signifi-
cant drop in cell viability between the experimental group and the
normal control group within 12 h postprinting and at the 24 h time
point (see Fig. 7(b)), while there was no significant change in cell
viability in channels printed by the larger nozzle, I26GO16G. The
cell viabilities of the control group were 95%, and the experimen-
tal groups with nozzles size of 730 lm and 550 lm were, 92% and
68%, respectively.

An empirical mathematical model was derived to predict cell via-
bility V (%) at 12 h. Two variables, spaces between nozzles (X1-cm)
and alginate dispensing pressure (X2-psi), are considered as inde-
pendent prediction factors. The predicted cell viability and experi-
mental cell viability are plotted in Fig. 8 for both nozzle I23GO16G

and I26GO16G. According to Fig. 8, the predicted cell viability
percentage is relatively close to the experimental results. The average
percentage of error of the prediction model is small (6.43%).

V ¼ �213:68X2
1 þ 33:61X1 � 0:07X2 � 0:2 (3)

3.5 Postprinting Cell Recovery During Incubation. We
also elicited that cell viability increased during incubation from
12 h to 72 h postprinting. From confocal imaging, the ratio of red
fluorescent dead cells decreases, while green fluorescent live cells
increases (see Fig. 9).

Quantitative analysis of cell viability at different time points
was also performed. Figure 10 showed an increasing trend of cell
viability in the printed structure with the I26GO16G coaxial
nozzle. For all dispensing pressures (i.e., 5 psi (35 kPa), 10 psi

(69 kPa), and 20 psi (138 kPa)), a significant increase in cell via-
bility (97%, 97%, and 98%, respectively) was observed at the 72 h
time point. Cell viability in all groups was approaching or exceed-
ing the control group at the end of 72 h incubation. For the 5 psi
(35 kPa) and 10 psi (69 kPa) dispensing pressures, cell viability
did not increase significantly over the 24 h period, but noticeable
increases were observed at the 72 h time point from 89% to 97%
and from 69% to 97%, respectively. For the 20 psi (138 kPa) dis-
pensing pressure, there was a remarkable increase in cell viability
at both the 24 h (63%) and 72 h (98%) time point compared with
the 12 h (36%) time point.

3.6 Postprinting Cell Functionality. As cartilage progenitor
cells are tissue-specific stem cells of cartilage tissue, they should
have the potential to undergo chondrogenic differentiation. When
differentiated, their main function is to produce extracellular
matrix (ECM) of articular cartilage. Gene expression analysis is
sufficient to check cell functionality based on their genetic
markers for specific ECM proteins. Gene expression analysis
revealed relatively higher expression of cartilage-specific marker
genes in CPCs encapsulated in hollow fibers versus monolayer
cultured CPCs. In real-time PCR analysis, collagen type II
(COL-2), Sox-9 showed over a twofold change, which indicated
that CPCs were better differentiated towards chondrogenic line-
age, making cartilage-specific protein to serve as extracellular ma-
trix. Aggrecan genes (ACAN) were upregulated to over 12-fold in
bioprinted structures, which further supports that the tubular algi-
nate channel is an ideal environment for CPCs to differentiate and
carry out their cartilage-producing function (see Fig. 11).

4 Discussion

In this study, the proposed bioprinting system together with the
coaxial nozzle assembly successfully generates cellular vessellike
tubular cell-laden channels with media transportation capability.

Fig. 7 Effect of bioprinting parameters on cell viability for
72 hr postbioprinting: (a) effect of alginate dispensing pressure
(psi) on cell viability, (b) cell viability for different-sized coaxial
nozzle assemblies (data are mean 6 SD; p < 0.05)

Fig. 8 Experimental and predicted cell viability (E: experimen-
tal; P: predicted): (a) for nozzle I23GO16G; (b) for nozzle I26GO16G

091011-6 / Vol. 135, SEPTEMBER 2013 Transactions of the ASME



Further exploration into the external stimuli generated by the
printing system, biomaterial solution, and cell-biomaterial interac-
tion was performed to assess the effect on cells at different spatial
and temporal levels during and after bioprinting. In the presented
system, the cells were impacted by biomaterial rheological prop-
erties, dispensing pressure, crosslinking solution concentration
dispensing speed, coaxial nozzle size, and cell seeding density.

Our results suggest that the effects of four parameters studied
here—cell density, alginate concentration, alginate dispensing
pressure, and coaxial nozzle size—on cell viability were not
equal. There was no significant change in cell viability when vary-
ing cell seeding density from 2� 106/ml to 8� 106/ml, while a
noticeable drop of cell viability, from 89% to 31%, was observed
when increasing the alginate concentration from 2% to 6%. This
may suggest that alteration in biomaterial rheological properties
has more impact than cellular interaction on cell damage during
the bioprinting process. Increased alginate concentration resulted
in higher viscosity, which might generate higher shear stress
inside the nozzle, especially at the interface between the nozzle
and the biomaterial, causing more cell death.

For two dispensing parameters, alginate dispensing pressure
and coaxial nozzle size, viability studies were carried out in a
time-dependent manner. Within 12 h after bioprinting, the average
cell viability significantly decreases with increased alginate dis-
pensing pressure and smaller coaxial nozzle (the lowest viability
was 36% at 20 psi (138 kPa) by I23GO16G). This initial cell damage
is likely induced by mechanical stresses generated by the shear at
the nozzle wall. As shown in Fig. 12, cell viability decrease dra-
matically as the maximum shear stress increase. In the proposed
coaxial nozzle system, there exist two interfaces between the cel-
lular material and the nozzle wall, which further increases the pos-
sibility of shear-stress-induced cell damage compared to a single
nozzle printing system. As presented in Figs. 6 and 9(a), most of
the dead cells were distributed along the edge of the walls of
printed structures, where shear stresses were the highest. The per-
centage of dead cells in Fig. 6 is different at both interfaces (outer
and inner nozzle interface). Furthermore, increased cell viability
at the 24 h and 72 h time points (see Fig. 7) may indicate that dam-
aged cells are able to recover from their compromised status dur-
ing postprinting incubation. A remarkable increase in cell
numbers (see Fig. 7(a)) and cell viability 72 h after bioprinting
with higher dispensing pressures (10 psi (69 kPa) and 20 psi
(138 kPa)) suggests that cells may actually undergo reversible
damage rather than permanent cell death, and that many of them
were able to proliferate during in vitro culture. This observation

Fig. 9 Laser confocal imaging for live/dead staining of the same sample at different time
points: (a) 12 h postprinting, massive cell death (red fluorescent) was observed all over the
printed structure; (b) after 72 h incubation, a few dead cells were scattered among an increasing
number of green fluorescent live cells

Fig. 10 Cell recovery in the printed structure using I26GO16G

during postprinting incubation for a 72 h period. Increased
cell viability is observed from 12 h postbioprinting to 72 h
incubation at different alginate dispensing pressures (data are
mean 6 SD; p < 0.05).

Fig. 11 Real-time PCR revealed significantly higher expres-
sion of cartilage-specific markers; PRG-4, Sox-9, and COL-2 all
showed over a twofold upregulation in alginate tubular channel
encapsulated CPCs compared with CPCs in the monolayer cul-
ture after bioprinting. ACAN showed over a 12-fold higher
expression level (data are mean 6 SD; (*: p < 0.05; **: p < 0.01)).
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may also suggest a potential advantage of the tubular channel
structure, which is able to support culture media transportation
and provide superior gas exchange within alginate hydrogel.

Moreover, the high expression level of the cartilage-specific
genes Col-2, ACAN, and Sox-9 in the printed tubular structure
confirmed that progenitor cell function was not altered by our bio-
printing system. Instead, CPCs were more likely to differentiate
towards their desired lineage, carrying out their ECM-producing
function in a printed 3D tubular structure rather than culturing
them in a Petri dish.

Although promising results demonstrated the advantages of our
system, several limitations have to be recognized in this study.
First, the size of fabricated tubular channels was associated with
coaxial nozzle assembly capability, which is not able to reach sub-
micron scale by current fabrication techniques. A more sophisti-
cated nozzle assembly as well as deposition system is needed to
further fabricate a submicron or even nanoscale tubular structure.
Moreover, whether the proposed system is able to process other
material with a different gelation mechanism awaits further inves-
tigation. Similarly, crosslinking solution could be introduced
through the inner section of the coaxial nozzle for crosslinking-
based polymerization (i.e., chitosan as in our recent work [38]),
while a temperature control unit might be able to be integrated
with a coaxial nozzle system to print thermo-sensitive hydrogels
such as collagen, agarose, gelatin, etc., by which cold water can
be extruded through the core section to initiate polymerization.
Furthermore, studies should be made to investigate viability and
functionality of vascular cells upon encapsulation and incubation
to obtain more convincing data for proposed vascular system
bioprinting.

5 Conclusion

This study evaluated the proposed coaxial bioprinting platform
for cell-laden tubular channel fabrication, where its manufacturing
capacity and, more importantly, biocompatibility were validated.
Findings of this research can help with optimization and modifica-
tion of bioprinting parameters as well as postprinting incubation
for future functional three-dimensional organ fabrication and
maturation.

Future studies will take advantage of the unique tubular struc-
ture to fabricate blood vessels with endothelial cells and smooth
muscle cells using a concentric triaxial nozzle assembly, where
the introduced coaxial nozzle will be placed in a third nozzle.
This setup will enable enclosing the endothelial cell layer with a
smooth muscle cell layer printed through the outermost nozzle
mimicking the architecture of natural blood vessels. The proposed
tubular channels have great promise in printing small-scale, long,
and mechanically integrated blood-vessellike channels for future
application. Further, a printed vascular system will be integrated
with printed tissue spheroids from various cell types like
pancreatic cells, hepatocytes, cardiomyocytes, etc., for engineer-
ing functioning organs.
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