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ABSTRACT: Cell-laden microfluidic hydrogels find great
potential applications in microfluidics, tissue engineering,
and drug delivery, due to their ability to control mass
transport and cell microenvironment. A variety of methods
have been developed to fabricate hydrogels with microflui-
dic channels, such as molding, bioprinting, and photopat-
terning. However, the relatively simple structure available
and the specific equipment required limit their broad appli-
cations in tissue engineering. Here, we developed a simple
method to fabricate microfluidic hydrogels with helical
microchannels based on a helical spring template. Results
from both experimental investigation and numerical model-
ing revealed a significant enhancement on the perfusion
ability and cell viability of helical microfluidic hydrogels
compared to those with straight microchannels. The feasi-
bility of such a helical spring template method was also
demonstrated for microfluidic hydrogels with complex
three-dimensional channel networks such as branched heli-
cal microchannels. The method presented here could po-
tentially facilitate the development of vascular tissue
engineering and cell microenvironment engineering.
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Introduction

With recent development of biomaterials and microengi-
neering methods, hydrogels have attracted increasing
interest in biomedical applications, such as microfluidics,
biosensors, tissue engineering, and drug delivery (Choi et al.,
2007; Cushing and Anseth, 2007; Geckil et al., 2010; Oh
et al., 2009; Zhou et al., 2011). This is mostly due to their
attractive properties and characteristics including high water
content, good biocompatibility, biodegradability, and
tunable chemical and physical properties. Despite these
advantageous properties, the inefficient solute diffusion
within hydrogels restricts their further applications in tissue
engineering (Geckil et al., 2010; Wang et al., 2010). Most
tissues in vivo are located in regions that are 200-300 wm
apart from capillary vascular networks, from which oxygen
and nutrient can be obtained and waste products can be
removed (Malda et al., 2007; Rouwkema et al., 2008). To
address the diffusion limitation, microfluidic hydrogels (i.e.,
hydrogels embedded with microfluidic channels) have been
recently developed to improve mass transfer in hydrogels
(Cuchiara et al., 2010; Ling et al., 2007; Xu et al., 2011). The
microchannels created within the hydrogels enhanced the
delivery of oxygen and nutrients, and the removal of wastes
through convective transport by flows perfused through
these microchannels.

A variety of methods have been used for microfluidic
hydrogel fabrication, including needle- or fiber-based
molding (Chrobak et al., 2006), soft lithography (Choi et
al., 2007; Golden and Tien, 2007), bioprinting (Lee et al.,
2010; Skardal et al., 2010), and photopatterning (Sarig-
Nadir et al., 2009; Tsang et al., 2007). Although these
methods may hold promise for future applications, several
challenges remain for fabricating hydrogels with complicat-
ed three-dimensional (3D) microfluidic channels (Huang
et al, 2011). For instance, needle- or fiber-embedded
molding methods are currently restricted to fabricating
microfluidic hydrogels with simple geometry structures (i.e.,
straight channels). The method of soft lithography is
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inherently two-dimensional (2D), requiring cumbersome
steps to replicate and assemble into 3D structures.
Bioprinting and photopatterning approaches rely on specific
hydrogel chemistries and equipment, which may not be
available for broad applications. In addition, mechanical
extrusion during nozzle-based bioprinting (Xu et al., 2006)
and UV (Bryant et al., 2000) or photoinitiators (Williams et
al., 2005) used during photopatterning may involve the issue
of cell damage for encapsulated cells. Furthermore, some of
these methods (e.g., fiber embedded molding method
(Madden et al., 2010; Nazhat et al., 2007), omnidirectional
printing (Wu et al.,, 2011), crystal template (Zawko and
Schmidt, 2010)) may not be compatible with cell
encapsulation. Thus, there is still an unmet need for an
alternative method to address these issues, allowing
fabricating complicated microfluidic hydrogels to improve
perfusion ability and biocompatibility.

The key question is how to maximize mass transport in a
limited volume space. To maximize heat transfer, tortuous
and repeated heat exchange networks are commonly used in
industry, laboratory, and daily life, with increased effective
heat exchange area (Linnhoff et al., 1979). In microfluidics,
tortuous and repeated microchannel networks are also
widely employed to enhance the mixing of different fluids
on a single chip (Therriault et al., 2003). As for human body,
most of food digestion and absorption take place in small
intestine, which naturally coils in lower part of the
abdominal cavity, about 7m in extent, with its inner
surface bestrewed by circular folds and villi (Tortora and
Derrickson, 2008). Inspired by these natural observations
and engineering applications, we developed a simple helical
spring template method to fabricate microfluidic hydrogels
with helical microchannels. We characterized the perfusion
ability of the helical microchannels both experimentally and
numerically. We evaluated cell viability post-encapsulation
and after perfusion culture for microfluidic hydrogels with
helical microchannels, and compared to those with straight
microchannels. We also applied this method to fabricate
microfluidic hydrogels with branched and intercross helical
microchannels, as well as combined helical and straight
microchannels.

Materials and Methods

Fabrication of Microfluidic Hydrogels

In this study, we used 2% agarose hydrogel embedded with
fibroblasts as a cell-laden hydrogel model system for general
study. We used agarose to fabricate hydrogels due to its proved
biocompatibility and wide application for cell encapsulation
(Bian et al., 2009; Park et al., 2010). Low-gelling temperature
agarose powder (type VII-A, Sigma-Aldrich, Saint Louis, MO)
was dissolved in deionized water (DI) at 70°C at a
concentration of 2% (w/v), with which the compressive
modulus (~76 kPa (Huang et al,, 2012)) is on the range of
some native soft tissues such as skin and cartilage (Bian et al.,

2009; McKee et al., 2011). The agarose solution was cooled
down to 40°C and injected into a poly(methyl methacrylate)
(PMMA) chamber, which was cut by using a laser etcher
(Universal VLS 2.30, USA). The inner dimension of the
chamber is 24 mm X 12 mm X 5 mm, with a hole of 2.5 mm
diameter on each side (Fig. 1a). A helical symmetric stainless
spring, with wire diameter (WD) of 300 wm, outer diameter
(OD) of 2.5mm, and pitch gauge (PG) of 2mm (i.e.,
WD x OD x PG=300 pm X 2.5mm X 2 mm), was inserted
from the center hole of a side-wall, the opposite center hole was
plugged by a luer adapter with inner diameter (ID) of 1.6 mm.
The two side holes were fitted with two luer adapters and with
microneedles (OD = 1.6 mm) through insertion, serving as
inlet and outlet after removing the microneedles. The entire
casting mold with hot agarose solution was placed at 4°C for
20min to form agarose hydrogels. The helical spring was
subsequently circumrotated out to form helical microchannels
in hydrogels. The remaining center hole was plugged with a
luer adapter. After aspirating out remaining water from the
helical microchannels, the microfluidic hydrogels were imaged
using an inverted fluorescent microscope in bright-field mode
(Olympus IX-81, Tokyo, Japan). To fabricate microfluidic
hydrogels with different sizes of helical microchannels, helical
springs with WD x OD x PG =300 pm x 2.5mm x 1 mm,
500 pm X 3mm X 2.7mm, and 500 pm X 3 mm X 1.6 mm
were also used.

Microfluidic hydrogels with straight microchannels
were also fabricated as controls, including diameters
of 300 pum (i.e., the same wire diameter as helical
spring with WD =300pum) and 600pm (at this
diameter, the straight microchannel would occupy the
same volume in the engineered microfluidic hydrogel
construct as that occupied by a helical spring with
WD x OD x PG =300 wm x 2.5 mm X 2 mm, that is, the
same porosity).

Diffusion Characterization

To characterize the diffusion property of the fabricated
microfluidic hydrogels, the microneedles inserted through
the luer fittings were removed and the luer fittings were
connected to silicon tubes (Fig. 1b). Rhodamine B solution
(RhB, Mw 479.01, Sigma) with the concentration of 5 uM
was pumped into and filled the microchannels in hydrogels
instantaneously. Fluorescent microscope (Olympus IX-81)
was used to capture fluorescent images at different time
points (1, 5, 10, 20, and 40 min). NIH software Image] was
used to quantify fluorescence intensities, which were
normalized to the corresponding maximal fluorescence
intensity at each time point, respectively. Spatiotemporal
diffusion profiles of RhB in microfluidic hydrogels at
different time points were plotted in the format of
fluorescent intensities versus the distance from the center
of the microfluidic hydrogel. The fluorescence intensity
profiles for microfluidic hydrogels with helical micro-
channels were averaged from 2mm length along the
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Figure 1. Fabrication of microfluidic hydrogels based on helical spring template. a: Purpose-built PMMA system before assembling. The medial PMMA chamber and the two
cover plates were cut by using a laser etcher. The inner dimension of the chamber is 24 mm x 12mm x 5 mm, with a hole on each side wall. A helical spring was inserted from the
center hole of a side-wall, and the opposite center hole was plugged by a luer adapter. The two side holes were fitted with two luer adapters and with the inserted microneedles.
b: After assembling and gelling hydrogels, the helical spring and microneedles were removed, leaving behind helical channels and hydrogel inlet/outlet, respectively. Silicone
tubes were then connected to the inlet and outlet for medium perfusion. ¢: Actual picture of microfluidic hydrogel in PMMA device for perfusion. d: Bright field image of
helical microchannel (WD x 0D x PG =300 pm x 2.5mm x 2mm) in hydrogel after removing helical spring and aspirating out remaining water in microchannels. e: Fluorescence
image of (d) with helical microchannel filled by 5 wM RhB solution. f-h: Bright field image of helical microchannels with different sizes in hydrogels after removing helical spring
and aspirating out remaining water in microchannels: (f) WD x 0D x PG =300 wm x 2.5 mm x 1 mm, (g) WD x 0D x PG =500 m x 3mm x 2.7 mm, and (h) WD x 0D x PG =
500 pm x 3mm x 1.6 mm.
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channel (i.e., one pitch gauge of helical microchannel, as
dashed yellow line in Fig. 2g), considering non-uniform
profile along the channel length direction and rotational
symmetry of the helical microchannels.

Numerical Modeling of Oxygen Transport in
Microfluidic Hydrogels

To numerically study the perfusion ability of the micro-
fluidic hydrogels, we modeled oxygen delivery and utiliza-
tion by cells, mainly because oxygen has low water solubility
(~0.125mM at 1 atmospheric pressure) and is highly
consumed by cells (Guaccio et al., 2008; House et al., 2011;
Nikolaev et al., 2010). The cell-laden hydrogel region is
denoted by £2y,, the microchannel region is denoted by 2,
and the microchannel wall (i.e., the interface between £2y,
and £2.) is denoted by I

The medium flow in microchannel can be described by
incompressible Navier—Stokes equation:

d
00 (8’:+ (u- V)u) =-Vp+uViu, inQ. (1)

V-u=0, in Q, (2)

where u= (u,v,w) is the flow velocity, p is pressure, py is the
medium density, and p is the medium viscosity.

Oxygen transport in microchannel can be described by
convective-diffusion equation:

3
8—j+ u-Ve =DV, in Qe 3)

Here, c represents the oxygen concentration, Dy is the
diffusion coefficient of oxygen in medium. For oxygen
transport in cell-laden hydrogel, the following equation is
derived by applying porous medium theory (Nicholson,
2001; Nicholson and Phillips, 1981) and average theorem
(Gray and Lee, 1977) to Fick’s law:

oz% = D'V?c — Vinax€
ot Ky +c

P in Qh (4)

where, « is the volume fraction of the extracellular space
(i.e., the volume of hydrogels without cells), D* is the
effective or apparent (scalar) diffusion coefficient of oxygen
in cell-laden hydrogel, Vi, is the maximum uptake velocity
of oxygen by cells, K, is the concentration at which the half-
maximum rate occurs, and p is the cell density in hydrogel.

The last term in Equation (4) represents Michaelis—
Menten description of the saturated oxygen uptake rate by
cells per unit volume (Nicholson, 1995; Sengers et al., 2005).
Thus, the integration of this term over §2;, gives oxygen

consumption rate by cells in hydrogel constructs, as:

Vi
Q _ maxcpdV (5)
O Km +c

The oxygen concentration in the inlet was set as a constant,
that is, 0.125 mM, which reflects oxygen concentration in air-
equilibrated buffer solution (Nikolaev et al., 2010; Obradovic
et al., 2000; Vandegriff and Olson, 1984). No slip boundary
condition for flow velocity was applied on I For the other
outmost boundaries of the construct, no flux boundary
condition was used. The medium was perfused through the
microchannel at a constant volumetric flow rate of 5 wL/min.
The initial value for oxygen concentration in cell-laden
microfluidic hydrogels was set at 0mM. Other typical
parameters were chosen following the references (Lightfoot
and Duca, 2000; Nikolaev et al., 2010; Obradovic et al., 2000;
Sengers et al., 2005; Sucosky et al., 2004; Williams et al., 2002),
Table 1. The simulation was conducted using COMSOL
Multiphysics V4.2 (COMSOL, Stockholm, Sweden).

Cell Encapsulation and Cell Viability Evaluation

We used NIH 3T3 cell line in this study, which is commonly
used to evaluate cell viability under perfusion culture of cell-
laden microfluidic hydrogels (Cuchiara et al., 2010; Golden
and Tien, 2007; Lee et al., 2010; Song et al., 2009). The cell
line was purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and incubated at
37°C with 5% CO,. Dulbecco’s modified Eagle’s medium
(DMEM, high glucose), supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin
mixture (Gibco-BRL), was used to culture 3T3 cells. 3T3
cells were digested from culture plates and centrifuged, and
then suspended with fresh culture medium at the
concentration of 1.5 x 107 cells/mL before use.

To encapsulate cells, agarose solution with a concentra-
tion of 3% (w/v) was prepared and autoclaved, and mixed
with cell suspension at the volume ratio of 2:1v/v at 40°C.
Cell-laden microfluidic hydrogels were prepared using the
same procedures as described above for the fabrication of
cell-free microfluidic hydrogel constructs.

For perfusion culture of cell-laden microfluidic hydrogels,
culture medium was flowed through the microchannels in
hydrogels at a rate of 5 wL/min with a syringe pump (LSP02-
1B, Baoding, Hebei, China) working on a withdraw mode.
To evaluate cell viability, disk-shaped hydrogel samples of
~1mm thick were prepared using a razor blade from cell-
laden microfluidic hydrogels post-fabrication and perfusion
culture. The samples were incubated in Live/Dead solution
(Molecular Probes, Eugene, OR) at 37°C for 30 min. The
stained slices were then visualized under a fluorescence
microscope. The number of live and dead cells was counted
by using Image].
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Figure 2. Diffusion of RhB in microfluidic hydrogels. a-i: Sequential fluorescence images of RhB diffused out from 300 wm straight microchannels (a—c), 600 wm straight
microchannels (d—f), and helical microchannels (WD x 0D x PG = 300 pm x 2.5mm x 2 mm; g-i), respectively. The white dashed lines indicated centerlines of the hydrogels. j-I:
Plots of normalized fluorescence intensity versus distance from hydrogel centerline at sequential time points after instantaneously pumping and filling RhB at 5 uM concentration.
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Table I. Parameters used for modeling.

Names Denotations Values Refs.

Medium density 0o 1 g/cm3 Sucosky et al. (2004) and
Medium viscosity " 10~>g/cm/s Williams et al. (2002)
Oxygen diffusion coefficient in medium Dy 3% 107> cm?%/s Lightfoot and Duca (2000)
Effective oxygen diffusion coefficient in cell-laden hydrogel D* 1.5 % 107> cm®/s Nikolaev et al. (2010) and
Maximum uptake velocity of oxygen by cells in hydrogel Vinax 1.86 x 10~ "® mol/cell/s Obradovic et al. (2000)
Michaelis—-Menten constant Ky 6 x 10> mM

Volume fraction of the extracellular space o 0.96 Sengers et al. (2005)
Initial cell density in hydrogel o 5 x 10° cell/cm® —
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Figure 3. Simulation of oxygen transport and consumption by cells. a—c, simulation results of normalized oxygen concentration distribution at different slices from upper
inlet surface down to outlet surface with (a) 300 um straight microchannels, (b) 600 um straight microchannels, and (c) helical microchannels (WD x 0D x PG =
300 wm x 25 mm x 2mm), respectively. d: Plots of normalized oxygen consumption rate in slices as a function of the distance from the upper inlet surface. e: Evolvement of

normalized oxygen consumption rate for the entire constructs.
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Demonstration for Fabricating Microfluidic Hydrogels
With Complex Microchannels

Helical springs and microneedles were assembled into
complex structures as indicated in Figure 5a—c. Specialized
PMMA chambers were customized to hold these structures.
The fabrication process was the same as described in
Fabrication of Microfluidic Hydrogels Section. A stereomi-
croscope (Leica M125, Milton Keynes, UK) equipped with a
ToupTek UHCCD05100KPA CCD camera was employed to
capture the microchannel networks in hydrogels using a
relative wider visual angle compared to Olympus IX-81.

Statistical Analysis

Error bars for cell viability evaluation represent standard
deviation (n=3). Paired t-test was used to analyze
statistically significant difference, with the threshold set at
0.05 (P <0.05).

Results and Discussion

The engineered microfluidic hydrogel connected to a
flow loop in a PMMA chamber is illustrated in
Figure lc. The structure of the helical microchannels
(WD x OD x PG=300 pm X 2.5mm x 2mm) within hy-
drogels is clearly observed in a bright field image
(Fig. 1d). To further verify their interconnectivity, RhB
was pumped through microfluidic hydrogels instantaneous-
ly and immediately visualized under fluorescence
microscope (Fig. 1le). The existence of 3D helical micro-
channels in hydrogels and their interconnectivity for
perfusion was observed. Hydrogels with helical micro-
channels of WD x OD x PG=300 pm X 2.5mm X 1 mm
(Fig. 1f), 500 pm x3mm x2.7mm (Fig. 1g), and
500 pm x 3mm x 1.6mm (Fig. 1h), respectively, were
also fabricated, with other sizes of helical microchannels
available by simply adjusting the corresponding parameters
of helical springs.

To evaluate the mass transport ability of hydrogels with
helical microchannels, spatial distribution of RhB was
characterized at selected time points. The results indicated
that RhB diffused out from the microchannels into the
surrounding hydrogel (Fig. 2a—1). RhB diffused and reached
a larger area range in the sense of volume (out from the
microchannels) in microfluidic hydrogels with helical
microchannels (WD x OD x PG=300 pm x 2.5 mm X 2
mm; Fig. 2i) than those with 300 wm (Fig. 2c¢) and
600 pm straight microchannels (Fig. 2f). This was obviously
observed from normalized fluorescence intensity profiles,
see Figure 2j-1.

To study the influence of microchannel structure upon
oxygen delivery, oxygen transport and its consumption by
cells in hydrogels were modeled numerically. Based on
normalized oxygen concentration distribution (Fig. 3a and
b), we observed that oxygen concentration in cell-laden
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hydrogels increased when the straight channel diameter
increased from 300 to 600 wm. However, this improvement
was rather limited and the decrease of cell-hydrogel space
along with the increase of channel diameter should be also
considered. As shown in Figure 3c—e, helical microchannels
allow much more effective oxygen transport in cell-laden
hydrogels and the delivery of oxygen to cells than straight
microchannels. This is due to the fact that the interface area
that oxygen diffused out from the microchannels into cell-
laden hydrogels is much larger for helical microchannels
than that for straight microchannels with the same channel
diameter or channel volume. For instance, the interface area
is ~7.50 mm” for one cycle length of helical microchannel
with WD x OD x PG =300 pm X 2.5 mm X 2 mm, while it
is only 1.88mm® for 2mm length of 300 um straight
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Figure 4. cell viability in hydrogels post-encapsulation and under perfusion
culture. a—d: Fluorescent images of stained live (green) and dead (red) cells for (a and
b) cell-laden hydrogels with 600 um straight microchannels and (c and d) helical
microchannels (WD x 0D x PG =300 wm x 25mm x 2mm) (a, c) post-fabrication and
(b and d) after 3 days perfusion culture, respectively. The perfusion rate was 5 p.L/min.
e: Cell viability as a function of distance from hydrogel centerline as indicated in (a—d).
(*) indicates significant difference between cell-laden hydrogels with straight micro-
channels and those with helical microchannels after 3 days perfusion culture (paired -
test, n=3, P<0.05).




microchannel and 3.77mm® for 2mm length of 600 um
straight microchannel.

To further verify the superior perfusion ability of helical
microchannels (with WD x OD xPG =300 pm2.5mm X 2mm)
in cell-laden hydrogels, cell viability post-encapsulation and
after perfusion culture was evaluated and compared to those
within hydrogels with 600 pm straight microchannels (the
same porosity as that of hydrogels with helical microchannels),
see Figure 4. Cell viability was quantified from five regions
(with identical sizes) as a function of distance from the
centerlines as indicated in Figure 4a—d. It was shown that more
than 94% of 3T3 cells remained alive post-fabrication process,
and more than 89% of cells remained alive after 1 day in
perfusion culture. The distribution of cell viability was uniform
and no significant difference (paired -test, n=3, P < 0.05)
between cell-laden hydrogels with straight microchannels
and those with helical microchannels was observed, Figure 4e.
However, after perfusion culture for 3 days, the viability of cells
in cell-laden hydrogels with straight microchannels decreased
out from the centerlines. In contrast, significantly increased cell
viability was observed for out regions (750 pm outside from
the centerlines) of cell-laden hydrogels with helical micro-
channels than those with straight microchannels, Figure 4e.
These results demonstrate the enhanced perfusion ability of
helical channels for cell-laden hydrogels. Due to partially
unavailable parameters of our cell-laden hydrogel and
perfusion culture system, we did not intend to fully relate

the experimental results to those observed from numerical
modeling. However, both the numerical and experimental
results indicate the enhanced perfusion ability of microfluidic
hydrogels with helical microchannels. The conclusion may be
extended to other microfluidic cell-laden hydrogel systems.
Vascular systems are composed of hierarchically branched
microchannel networks. However, existing methods are
either limited to hydrogel fabrication with simple channel
structures (e.g., needle embedded molding method
(Chrobak et al., 2006)) or technically expensive and
cumbersome to use methods (e.g., soft lithography (Choi
etal., 2007; Golden and Tien, 2007), photopatterning (Sarig-
Nadir et al., 2009; Tsang et al., 2007)). In addition, some
methods may also involve biocompatibility issues due to the
use of organic solvent (e.g., fiber embedded method
(Madden et al., 2010; Nazhat et al., 2007)) or incompatible
operation conditions (e.g., crystal template (Zawko and
Schmidt, 2010)). Inspired from natural heat exchange
systems and microfluidic mixing technologies, we developed
a simple method to fabricate microfluidic hydrogels with
helical microchannels based on helical springs. The helical
springs can be gently circumrotated out to leave
helical microchannels in hydrogels without significant effect
on structure-fidelity. Compared to hydrogels with straight
microchannels at the same diameter or porosity, hydrogels
with helical microchannels possess much more effective
mass exchange area (equivalently, specific surface area or

Scar bar: 2 mm

Figure 5. Proposed fabrication scheme for hydrogels with complex microchannels. a—¢: Schematic representation of microchannel networks with (a) combination of helical
and straight microchannels, (b) branching, and (c) intercross structures with helical microchannels. d—f: Corresponding microchannels in hydrogels were visualized by
stereomicroscope after removing templates (i.e., microneedle and helical spring) and aspirating out remaining water in microchannels.
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surface area per unit volume). For example, the effective
mass exchange area for helical microchannel with
WD x OD x PG =300 wm X 2.5mm X 2 mm is about twice
as that of 600 wm straight microchannel (i.e., the same
porosity) and fourfold as that of 300 wm straight micro-
channel (i.e., the same diameter). The effective mass
exchange area is associated with the perfusion ability of
microfluidic hydrogels, and can be further improved by
increasing OD and PG of the helical microchannels. In
addition to combining helical microchannels with straight
microchannels, helical microchannels with branched and
intercross microchannel networks can also be easily
fabricated (e.g., Fig. 5). One possible issue is the influence
of shear stress resulting from helical microfluidic flows upon
the mechanical stability of hydrogel constructs, especially on
vascular stability and functional performance when the
helical microchannels are endothelialized. Another issue is
the lack of cell adhesion to agarose, which may influence the
ability of cells to spread and migrate. One possible solution
is to add adhesion cues (e.g., laminin, fibronectin) into
agarose precursor solution or by using bioactive hydrogels
such as bioactive modified poly(ethylene glycol) hydrogels
(Zhu, 2010). These will be studied in our future work.

Conclusions

Microfluidic hydrogels enable effective deliveries of oxygen,
nutrient and grow factors to, as well as removal of waste
from encapsulated cells, thus hold great promise for the
fabrication of large tissue constructs, which has been a
challenge for mini-culture methods such as spotted arrays.
Here, we developed a templating method to fabricate
microfluidic hydrogels with helical microchannels. Different
channel geometries were characterized based on the
diffusion of small molecules from a channel into a hydrogel
through experiments and numerical simulation. The helical
microchannels in the fabricated hydrogels showed improved
perfusion ability and enhanced delivery of oxygen and
nutrients to cells in hydrogels compared to straight
microchannels. The method developed here is simple and
extendable, and does not require any sophisticated and
costly equipment, making it attractive and broadly
applicable for microfluidics and tissue engineering.

F.X. was also partially supported by the China Young 1000-Talent
Program and Shaanxi 100-Talent Program.
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