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Direct Bioprinting of Vessel-Like
Tubular Microfluidic Channels
Despite the progress in tissue engineering, several challenges must be addressed for organ
printing to become a reality. The most critical challenge is the integration of a vascular
network, which is also a problem that the majority of tissue engineering technologies are
facing. An embedded microfluidic channel network is probably the most promising solution
to this problem. However, the available microfluidic channel fabrication technologies ei-
ther have difficulty achieving a three-dimensional complex structure or are difficult to inte-
grate within cell printing process in tandem. In this paper, a novel printable vessel-like
microfluidic channel fabrication method is introduced that enables direct bioprinting of
cellular microfluidic channels in form of hollow tubes. Alginate and chitosan hydrogels
were used to fabricate microfluidic channels showing the versatility of the process. Geometric
characterization was performed to understand effect of biomaterial and its flow rheology
on geometric properties. Microfluidic channels were printed and embedded within bulk
hydrogel to test their functionality through perfusion of cell type oxygenized media. Cell
viability experiments were conducted and showed great promise of the microfluidic chan-
nels for development of vascular networks. [DOI: 10.1115/1.4024398]
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1 Introduction

Although great progress has been made in biofabrication of tis-
sue constructs over the past decades, the engineered constructs still
have difficulty in biomimicking the functional thick tissues or
organs, due to an inefficient media exchange rate [1]. Nonhomoge-
neous cell distribution and limited metabolic activities are often
observed, since planted cells cannot get enough oxygen, growth
factors and nutrients for their metabolic activities which are needed
for maturation during perfusion. Microfluidic system integration
has shown great potential to alleviate current limitations. Lee and
his coworkers [2] have shown great difference in cell viability with
or without an embedded microfluidic channel in hydrogel scaffolds.
Ling et al. [3] demonstrated that microfluidic channels are capable
of delivering sufficient nutrients to encapsulated cells, and higher
cell viability resulted in the region closer to the microfluidic chan-
nel. In addition, microfluidic channel systems were not only able to
provide media to maintain cell metabolic activities but also to
delivered signals to guide cell activities.

To date, several methods have been used in microfluidic fabri-
cation, including soft lithograph [3–5], photo-patterning [6–8],
laser-based technologies [9,10], molding [11–13], and bioprinting
[2,14–16]. However, due to their intrinsic characteristics, each of
the above-mentioned technologies has its advantages and disad-
vantages. Soft lithography is the most popular method in micro-
fluidic channel fabrication due to its low cost, accuracy, and
reproducibility. Using soft lithography technology, Ling et al. [3]
fabricated microfluidic cell-laden agarose hydrogel, which
resulted in a significant increase in cell viability during media per-
fusion compared to static controls. Cuchiara et al. [4] developed a
soft lithography process to fabricate a poly(ethylene glycol) dia-

crylate hydrogel microfluidic network. With media perfusion,
encapsulated mammalian cells maintained a high viability rate in
bulk hydrogel. However, soft lithograph is not a viable option for
fabrication of complex three-dimensional (3D) constructs due to
its cumbersome procedures. Despite their superior accuracy and
repeatability, photo-patterning and laser-based methods may not
be suitable for fabricating thick tissue constructs because of their
limited light-penetrating depths in precursor solution. Offra et al.
[6] proposed a focal laser photoablation capable of generating
microstructures in transparent hydrogels. Cell behavior was suc-
cessfully guided by the microchannel pattern. Molding is an inex-
pensive and scalable method, but complex 3D geometry is
difficult to achieve and postprocedures are required after fabrica-
tion. In Ref. [12], Nazhat et al. used a molding method to incorpo-
rate unidirectionally aligned soluble phosphate-based glass fibers
into dense collagen scaffolds. The diameters of the achieved
microfluidic channels were around 30–40 lm, and a significant
increase in cell viability was observed in the hydrogel sheets. De-
spite the plethora of work in microfluidic channel fabrication
using the traditional methods, only a few researchers have devel-
oped strategies for bioprinting of microfluidic channels, where
bioprinting can be defined as computer-controlled layer-by-layer
bioadditive process enabling printing living cells precisely per
predefined patterns [1]. Cell encapsulated biomaterials can be
directly patterned onto substrate without any pretreating steps
(such as mold or mask preparation). It offers several advantages,
including precise control [16,17], automated fabrication capability
[18,19], and feasibility of achieving complex shapes [15]. Zhao
et al. [20] recently presented a methodology in bioprinting of per-
fused straight microfluidic channel structures in thick hydrogel.
They created a temporary structure to form the hollow cavity
which was then removed by a postprocess.

In this study, a novel bioprinting fabrication process is intro-
duced, where vessel-like microfluidic channels can be directly
printed in complex shapes without any need of pre/post processes.
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Microfluidic channels, in the form of hollow filaments, are
directly printed by a pressure-assisted robotic system using hydro-
gels. We performed geometric characterization of microfluidic
channels through studying multiple biomaterials and their dis-
pensing rheology. Then, microfluidic channels were embedded in
bulk hydrogel to evaluate their structural integrity and media per-
fusion capability. Further, we examined the media transportation
capability of printed and embedded microfluidic channels by per-
fusing oxygenized cell culture media through patterned channels.
A cell viability study was carried out to access the effect of perfu-
sion on encapsulated cells.

2 Materials and Methods

2.1 Materials. Prior to making a hydrogel solution, sodium
alginate powder (Sigma Aldrich, United Kingdom), chitosan pow-
der (Sigma Aldrich, Iceland), and calcium chloride powder
(Sigma Aldrich, United Kingdom) were treated with ultraviolet
(UV) light for sterilization three times for a 30-minute cycle [16].
UV-sterilized sodium alginate was dissolved in deionized water to
make 3%, 4%, 5%, and 6% (w/v) solutions. UV-sterilized chito-
san was dissolved in 1.0 M acetic acid (Fluka Analytical, Ger-
many) to make 2%, 2.5%, 3%, and 4% (w/v) solutions. Solutions
were mixed with a magnetic stirrer (HANNA Instruments, Rhode
Island, USA) until homogeneity was reached. Similarly, the cross-
linking solution was prepared by dissolving UV-sterilized calcium
chloride in ultrapurified water (InvitrogenTM Life Technologies,
Carlsbad, CA) at 4% (w/v). 1.0 M sodium hydroxide (Fluka Ana-
lytical, Germany) is used to crosslink the chitosan solution.

2.2 Cell Preparation. In order to evaluate the efficiency of
microfluidic channels for cell viability, we used cartilage progeni-
tor cells (CPCs) [20,21] in our study. CPCs were cultured at 37 �C
in 5% CO2 in DMEM/F12 (1:1) supplemented with 10% fetal bo-
vine 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. Culture media was changed every other
day. Cells were harvested until we achieved a sufficient amount
for bioprinting. After harvesting, cells were centrifuged down and
resuspended in 4% sodium alginate, and gently mixed with algi-
nate solution by a vortex mixer to get uniform distribution. The
cell seeding density used in this study was 2� 106 cells/ml.

2.3 Biofabrication of Microfluidic Channels. The micro-
fluidic channel fabrication system consisted of five parts: a single-
arm robotic printer (EFD

VR
Nordson, East Providence, RI); a

homemade co-axial nozzle unit; a syringe pump (New Era Pump
System Inc., Farmingdale, NY, East Providence, RI), which was
used to dispense crosslinker; a liquid dispenser (EFD

VR
Nordson),

which was used to dispense biomaterial; and a computer that was
used for robotic control. Figure 1(a) shows a representative model
of the experiment setup developed in Pro/Engineer software. Two
coaxial nozzle assemblies were used in this research: an assembly
with 26 gauge (230 lm inner diameter (I.D.) (Integrated Manufac-
turing Solution, USA), 457 lm outer diameter (O.D.)) inner nee-
dle, and an 18 gauge (840 lm I.D., 1270 lm O.D.) outer needle
used for the experiment in Sec. 3.2, and another assembly with a
23 gauge (330 lm I.D., 650 lm O.D.) inner needle and an 18
gauge (840 lm I.D., 1270 lm O.D.) outer needle used for the
experiment in Sec. 3.3. Biomaterial and its crosslinker solutions
were loaded separately into the coaxial nozzle unit. The coaxial
nozzle assembly consisted of three parts: a feed tube, an outer
tube, and an inner tube. A representative model of the coaxial noz-
zle with hydrogel and crosslinker solution flow paths is demon-
strated in Fig. 1(b). During the printing process, the coaxial unit
was mounted on the single-arm robot, which was controlled by a
computer. Hydrogel solutions were pumped into the feed tube,
which was used to feed hydrogel solution (alginate or chitosan)
into the space formed between the outer and inner tubes. Hydrogel

solution flowed through this space and dispensed out from the
outer tube tip. Crosslinker was dispensed through inner tube.
When the two solutions contacted, crosslinking (or gelation)
started, and a tubular gel was formed with a hollow channel. The
gelation process was an instantaneous chemical reaction as the
crosslinker ions binding the hydrogel chains together. The pene-
tration of crosslinker ions in hydrogel solution depends on the
concentration of crosslinker ions, diffusion time, and the kinetics
of crosslinking [22]. As soon as materials were dispensed from
the coaxial nozzle tip, the microfluidic channel formed. The
hydrogel solution dispensed from the outer tube was crosslinked
and became the gel shell, where crosslinker flow through the inner
part formed the hollow core.

2.4 Media Perfusion System. To test media transportation
and perfusion capability of microfluidic channels, a customized
system was developed. Figure 2 demonstrates the experimental
perfusion system in a tissue culture incubator (Panasonic Health-
care Company of North America, IL). It consisted of a compact
digital fluid pump (Cole-Parmer, IL) to provide media flow, a cul-
ture media reservoir with 1 l capacity, and an X-Y-Z axis motion
stage (Edmund Optics, NJ) to facilitate precise positioning and
alignment of nozzle tip. Medical-grade tubes (PharMed, OH)
were used to connect the three main components of the perfusion
system. 22 gauge flexible nozzle tips (Nordson, OH) were used to
connect the microfluidic channels with the tubing system, and
micro vessel clips were used to prevent leakage at the connection.
Cell culture media was aspirated by the digital pump from the
media reservoir and transported into a single microfluidic channel
and then cycled back to the reservoir.

2.5 Cell Viability Analysis. Immediately after bioprinting,
samples were kept in Hanks balanced salt solution (HBSS)

Fig. 1 A representative image of (a) the experimental setup
and (b) coaxial nozzle assembly with fluid flow paths for hydro-
gel and crosslinker solutions. The coaxial system consists of
three parts: inner tube, feed tube and outer tube.
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(InvitrogenTM Life Technologies, Carlsbad, CA) supplemented
with 4% (w/v) calcium chloride to maintain crosslinking. Samples
were washed with HBSS supplemented with 100 U/ml penicillin,
100 lg/ml streptomycin, and 2.5 lg/ml fungizone for sterilization
before incubation. After washing, cellular microfluidic channels
were cultured with perfusion system at 37 �C in 5% CO2. Micro-
fluidic channels, 10–15 cm in length, were cultured in a custom-
ized T-75 culture flask with perfusion of DMEM-base cell culture
media through microfluidic channels. The flow rate was set at 10
ml/hour for 12-h continuous pumping. Cell viability assays were
performed immediately after culturing to evaluate cell survival in
response to media perfusion and perfusion-induced mechanical
stimulation. 5 cm long microfluidic channels were printed for
each sample, and three samples were used for each experimental
group (n¼ 3). For cell viability analysis, samples underwent fluo-
rescent microscopic examination. Microfluidic channels were
stained with calcium acetoxymethylester (calcein AM) and
ethidiumhomodimer-2 (Invitrogen) at a concentration of 1.0 mM
each. Calcein AM is metabolized in living cells to form a bright
green fluorescent product that accumulates in the cytosol. Ethi-
dium homodimer is a red fluorophore that stains the DNA of non-
viable cells but cannot penetrate living cells with intact plasma
membranes. The staining medium was aspirated, and new medium
was added to wash off any residual stains on the microfluidic
channel surface before fluorescent illumination. After a 30-min
incubation period, microfluidic channels were imaged under a
Leica fluorescent microscope (Leica Microsystems Inc., Buffalo
Grove, IL). Images were collected from three different locations
randomly chosen from each sample. ImageJ (National Institutes
of Health, Bethesda, MD) was used for automated counting of
red- and green-stained CPCs in each image, and percentages of

viable cells were calculated. The percentage of viable cells for
each sample was calculated by averaging the values of three dif-
ferent locations.

2.6 Embedding Microfluidic Channels in Bulk Hydrogels.
For embedding microfluidic channels in bulk hydrogels, micro-
fluidic channels were printed directly into calcium chloride pools
in petri dishes and soaked in the solution for over 30 min until
they became fully crosslinked. During the crosslinking process,
another petri dish was prepared and coated with 3–5 mm 4% algi-
nate solution on the bottom. A coated petri dish was then fixed
onto a horizontal shaker and underwent 3–5 min of shaking to get
a uniform distribution with a flat surface. Completely crosslinked
microfluidic channels were then aligned on top of the alginate-
coated petri dish to get a zigzag pattern with arc turns. Another
layer of alginate solution was then slowly pulled onto patterned
microfluidic channels without introducing any air bubbles or
clearance between layers. A horizontal shaker was also used here
to ensure an even surface for the second layer. 4% calcium chlo-
ride solution was then carefully sprayed onto the petri dish to
cover the whole surface of the alginate. The entire structure was
merged in a calcium chloride solution until gelation was fully
completed, after which microfluidic channels were embedded into
bulk alginate gel. Similar procedures were used to embed alginate
microfluidic channels by 3% chitosan and 1.0 M sodium hydrox-
ide as crosslinking solution. Microfluidic channel embedded in
bulk constructs were then used for media transportation and perfu-
sion tests. Media with food dye was pumped through our perfu-
sion system both for single-layer and multilayer microfluidic
channels to show their functionality further.

2.7 Statistical Analysis. In Secs. 3.2 and 3.3, more than 50
pieces of data were obtained by measuring different microfluidic
channels and different sections of printed microfluidic channels
under a digital microscope (Motic

VR
, BA310, Motic Incorporation

Inc., Canada). The data shown in this paper were an average of all
50 pieces of data. The statistical analysis was carried out using
Minitab 16. For all data, normality and independent tests were
performed to ensure the data used for statistical significance anal-
ysis follow the required test assumption. The statistical difference
analysis among groups was conducted by analysis of variance.
Groups with a significance level of p< 0.05 were considered as
significant.

3 Results and Discussions

3.1 Fabrication of Microfluidic Channels. The fabricated
alginate and chitosan-microfluidic channels are shown in Fig. 3.
Alginate microfluidic channels had relatively better mechanical
and structural integrity compared to that of chitosan. The fabri-
cated alginate microfluidic channels were continuous and had uni-
form diameter (see Fig. 3(a)). As shown in Fig. 3(b), although

Fig. 2 Media perfusion system in an incubator: (a) culture
media reservoir with capacity of 1 l, (b) digital pump, (c) media
perfused cellular microfluidic channel; (d) three-axis motion
stages, and (e) cell and tissue culture incubator

Fig. 3 Printed microfluidic channels: (a) alginate microfluidic channels have acceptable mechanical strength and structural
integrity, (b) chitosan-microfluidic channels are fragile and easy to rupture, and (c) printed eight-layer alginate microfluidic
channel network with well-defined morphology
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uniform chitosan-microfluidic channels were obtained, their struc-
tural integrity was limited so that they were fragile and ruptured
easily. The proposed fabrication platform was also capable of fab-
ricating construct with 3D complex architecture. Fabrication was
performed with 4% alginate solution with a dispensing rate of 0.2
ml/min, which demonstrated acceptable cell viability and good
structural integrity. 4% calcium chloride solution was used as the
crosslinker, which was dispensed at 1.5 ml/min. Figure 3(c) shows
an eight-layer alginate microfluidic channel printed by the robotic
system, which demonstrates the effectiveness of the fabrication
platform.

3.2 Effect of Biomaterial Concentration on Microfluidic
Channel Dimensions. In this study, hydrogels including chitosan
and alginate were explored to determine their fabrication feasibil-
ity. In the first experiment, 2%, 2.5%, 3% and 4% chitosan solu-
tions were prepared to print microfluidic channels. 1.0 M sodium
hydroxide was used to crosslink the chitosan solution. However,
only 2.5% and 3% chitosan were feasible to fabricate structurally
well-integrated microfluidic channels with the selected fabrication
parameters. The mechanical integrity of 2% chitosan was weak;
the microfluidic channel snapped before a uniform channel
formed. The viscosity of 4% chitosan was too high to be dis-
pensed from the coaxial nozzle. Possibly, a higher dispensing
pressure could allow ejecting the high viscous solution but this
could induce considerable shear stress reducing cell viability [1].
Thus, Fig. 4(a) shows microfluidic dimension data obtained from
microfluidic channels with 2.5% and 3% solution concentration.
As chitosan concentration increased, microfluidic channel and
core diameters as well as wall thickness decreased given the same
dispensing pressure; however, more levels are required to perform
a trend analysis. Figure 4(b) shows effect of alginate concentra-
tion on microfluidic channel dimensions. In this study, 3%, 4%,
5%, and 6% alginate and 4% CaCl2 were used to fabricate micro-
fluidic channels. In general, alginate with a solution concentration
greater than 6% demonstrated limited cell viability and not recom-
mended for cell encapsulation experiments [23]. The 4% alginate
group had the smallest microfluidic dimensions including the core
and the channel diameter as well as the wall thickness. The results
in Fig. 4(b) revealed that there was no distinct trend between algi-
nate concentration and filament dimensions. Indeed, the dimen-
sions of printed microfluidic channels were primarily affected by
the diffusion rate of Ca2þ ions, which was a function of alginate
concentration and the thickness of the alginate ejected from the
coaxial nozzle. In other words, alginate concentration affected the
diffusion rate of Ca2þ ions as well as the thickness of the hollow
filament ejected from the nozzle per the fixed dispensing pressure.

Similarly, the concentration of CaCl2 also had an effect on fabri-
cated microfluidic channel diameter [24]. For example, Fig. 5(a)
shows partially crosslinked alginate microfluidic channel which
was fabricated with 4% alginate and 2% CaCl2. This can be
explained by gelation process, which depends on crosslinker and
alginate concentrations as well as the flow rate of crosslinker
through the core section. Due to low Ca2þ concentration in 2%
CaCl2 solution, only a small portion of the deposited alginate was
crosslinked. This could be alleviated by increasing the concentra-
tion of CaCl2. The wall thickness of microfluidic channels is criti-
cal for their functionality in both delivering perfused media
through the core and allowing its diffusion for viability of encap-
sulated cells. The diffusion limit for hydrogels is around 200 lm
[25,26], which indicates that if the wall thickness of fabricated
microfluidic channel is smaller than 200 lm, there is a high
chance of cell viability. However, smaller wall thickness is not
always desirable. Mechanical and structural integrity of microflui-
dic channel decreases as the wall thickness decreases. Figure 5(b)

Fig. 4 Geometric comparison of printed microfluidic channels
per variation in hydrogel concentrations including: (a) chitosan,
and (b) alginate (single asterisk (*) indicates significant differ-
ences between groups (p<0.05))

Fig. 5 (a) Partially crosslinked alginate (b) and (c) relatively weak structure bent and collapsed due to small wall thickness
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illustrates a microfluidic channel with thin wall, in which the
channel was collapsed at several locations due to weak mechani-
cal integrity.

3.3 Effects of Dispensing Parameters on Microfluidic
Channel Dimensions. In this experiment, effects of dispensing
parameters on microfluidic channel dimensions were studied. 4%
alginate and 4% CaCl2 were used to fabricate alginate microflui-
dic channels, and 3% chitosan and 1.0 M sodium hydroxide were
used to fabricate chitosan-microfluidic channels. Alginate dis-
pensing pressure, CaCl2 dispensing rate, chitosan dispensing pres-
sure and sodium hydroxide dispensing rate were varied to
understand the effect of dispensing rates on microfluidic channel
dimensions. Figure 6 illustrates the effect of abovementioned pa-
rameters on microfluidic channel dimensions. Microfluidic chan-
nel diameter increased as biomaterial or crosslinker dispensing
rates increased. Increasing biomaterial dispensing rate resulted in
greater volume of biomaterial dispensed per unit time generating
enlarged microfluidic channels. This also brought thicker walls
during extrusion (see Figs. 6(a)–6(c)). Increasing crosslinker flow
rate generated more tension on channel wall in radial direction
expanding the channels in cross-sectional profile that increased
both core and channel diameter. No direct relationship was
observed between wall thickness and the crosslinker flow rate (see
Figs. 6(b)–6(d)).

3.4 Media Perfusion and Cell Viability Upon Perfusion.
Figure 7(a) illustrates oxygenized media perfusion through an al-
ginate microfluidic channel pattern 44 cm in length and 1 mm in
width with 500 lm lumen diameter. The cell culture media was
circulated through the channel with relatively low Reynolds num-
ber without any blockage and swirling that shows a great potential
for developing embedded channels serving as a vascular network
for thick tissue fabrication. Direct printing of these channels

allows them to be integrated within a hybrid bioprinting platform
and also facilitates patterning them into very complex shapes.
Figure 7(b) shows the media flow with intentionally generated air
bubbles under the digital microscope. The bubble was moving
along the media flow. Cells were encapsulated in the hydrogel so-
lution during the printing process and uniformly distributed in
printed microfluidic channel (see Fig. 7(c)). The fluorescent
microscope image showed quantifiable dead cells under live/dead
cell staining (see Fig. 7(d)), but further quantifiable investigation
of cell viability under media perfusion culture showed most of the
cells were viable along the whole length of printed microfluidic
channels. Figure 7(e) showed that average cell viability was
62.76 0.05% after 12 h media perfusion postprinting. The diffu-
sion of cell culture media was only realized through the internal
surface of channels while the microfluidic channels proposed in
thus study will later be embedded in cell-laden hydrogels as
vascular networks; however, introducing the oxygenized cell
media exogenously such as immersing the microfluidic channels
inside the media during perfusion could support cell viability
further. Neither leakage nor breakage was observed during perfu-
sion of the media; however, some media permeated across the
channel wall due to the permeability of hydrogel. 1.55 ml media
was permeated on an 8 cm length channel at a perfusion rate of
30 ml/min in 3 h. The fabricated channel had acceptable mechani-
cal properties as well. The elongation of channel due to perfusion
was 0.4 cm.

3.5 Microfluidic Channels Embedded in Hydrogels. Algi-
nate microfluidic channels were prepared and embedded in both
bulk chitosan and alginate. Media with different color food dye
was used to visualize fluid flow. When embedded in 4% alginate,
microfluidic channels displayed a well-oriented pattern and struc-
tural integrity. It also transported media without blockage or dis-
turbance (see Fig. 8(a)). Multidirectional media perfusion flow
through two layers of alginate microfluidic channels was also

Fig. 6 Effect of flow rheology on the geometry of microfluidic channels: varying (a) alginate dispensing rate, (b) CaCl2 dispensing
rate, (c) chitosan dispensing rate, and (d) sodium hydroxide dispensing rate (single asterisk (*) indicates significant differences
between groups (p<0.05))
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Fig. 7 Media perfusion and cell viability analysis: (a) perfusion of cell culture media
through zigzag patterned channel showed no blockage or disturbance; (b) intentionally
generated air bubbles illustrate media flow through the hollow feature of printed chan-
nels; (c) cells were uniformly distributed throughout the channel wall; (d) quantifiable
cell death was observed along the microfluidic channel, but most of the cells were via-
ble; (e) cell viability was around 62.760.05% after 12 h of media perfusion

Fig. 8 Embedding microfluidic channels in bulk hydrogels. (a) alginate microflui-
dic channel embedded in bulk alginate displayed well-defined structure, and was
able to transport media smoothly without any swirling formation (arrows indicate
media flowdirection); (b) two layers of alginate channelswithmultidirectionalmedia
perfusion (flow) (with red and green food dye); (c) alginate microfluidic channel em-
bedded in bulk chitosan displayed well-defined pattern but ruptures were observed
at respective locations along channels (circled sections), and (d) chitosan-
microfluidic structure failed to transportmedia smoothly due to disrupted channels.

021001-6 / Vol. 4, MAY 2013 Transactions of the ASME



successfully performed (see Fig. 8(b)), indicating its potential to
be integrated into thick tissue fabrication, serving as a vascular
network. However, when embedded into chitosan hydrogel, algi-
nate microfluidic channels showed rupture, especially at the turn-
ing point (see Fig. 8(c)). Also, it failed to transport media
smoothly, and leakage was observed at the start point of perfusion
(see Fig. 8(d)). In general, mechanical loading induced by the
weight of bulk hydrogels affected structural morphology of micro-
fluidic channels by collapsing them at respective locations. This
could be, however, reduced by improving mechanical properties
of microfluidic channels such as using optimum fabrication pa-
rameters or reinforcing nanofibers. Experiments showed that
microfluidic channels (7 cm in length), which had been soaked in
0.5% calcium chloride solution for 5 h after fabrication, had
5.656 1.78 kPa maximum tensile stress with 5.916 1.12 kPa
Young’s modulus.

4 Conclusion

In this paper, a novel fabrication method is presented for the
fabrication of printable vessel-like microfluidic channels. The sys-
tem can be used for various biomaterials showing the versatility
of the process. Alginate and chitosan in various concentrations
were printed to fabricate microfluidic channels in broad range of
dimensions with a wall thickness less than 200 lm. Results show
that the hydrogel solution type and hydrogel solution concentra-
tion had great effects on microfluidic channel dimensions. Experi-
ments were performed to explore the effects of dispensing
parameters on printed microfluidic channel dimensions. Printed
microfluidic channels were also able to support media transporta-
tion and perfusion either in form of individual channels or those
embedded in bulk hydrogels to support cell viability.

As future work, nanofibers fabricated using electrospinning pro-
cess will be reinforced into microfluidic channels to enhance their
mechanical strength, structural integrity and functionality in bulk
cell-laden hydrogels. Furthermore, a tri-axial nozzle assembly will
be developed to fabricate microfluidic channels with two layers of
concentric walls. Smooth muscle cells together with endothelial
cells will be encapsulated in the outer wall and the inner wall,
respectively, to develop natural blood vessels biomimetically.
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