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Optimizing Bifurcated Channels within an Anisotropic
Scaffold for Engineering Vascularized Oriented Tissues

Yongcong Fang, Liliang Ouyang, Ting Zhang,* Chengjin Wang, Bingchuan Lu,
and Wei Sun

Despite progress in engineering both vascularized tissues and oriented
tissues, the fabrication of 3D vascularized oriented tissues remains a
challenge due to an inability to successfully integrate vascular and anisotropic
structures that can support mass transfer and guide cell alignment,
respectively. More importantly, there is a lack of an effective approach to
guiding the scaffold design bearing both structural features. Here, an
approach is presented to optimize the bifurcated channels within an
anisotropic scaffold based on oxygen transport simulation and biological
experiments. The oxygen transport simulation is performed using the
experimentally measured effective oxygen diffusion coefficient and hydraulic
permeability of the anisotropic scaffolds, which are also seeded with muscle
precursor cells and cultured in a custom-made perfusion bioreactor.
Symmetric bifurcation model is used as fractal unit to design the channel
network based on biomimetic principles. The bifurcation level of channel
network is further optimized based on the oxygen transport simulation, which
is then validated by DNA quantification assay and pimonidazole
immunostaining. This study provides a practical guide to optimizing
bifurcated channels in anisotropic scaffolds for oriented tissue engineering.
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Cell alignment and spatial orientation of ex-
tracellular matrix (ECM) are widely found
in oriented tissues including heart, tendon,
nerve, and muscle tissues (Figure 1A).[1]

Such structural anisotropy affects the me-
chanical properties of tissues and modu-
lates cellular activities including cytoskele-
ton reorganization, integrin activation, and
ECM remodeling.[2] Therefore, developing
scaffold that can guide cell alignment and
organization would be highly beneficial for
the regeneration and maturation of func-
tional oriented tissues. Different scaffolds
with anisotropic structures have been ex-
plored to guide in vitro cell alignment
by exploiting nanotopographical patterns
such as oriented electrospun fibers, ridges,
and grooves; however, such strategy has
often been restricted to 2D scaffolds or
thin films.[3] Moreover, the compact fi-
brous structures within electrospun scaf-
folds were found to inhibit cell infiltra-
tion into the scaffold and result in deficient
tissue regeneration.[4] These considerations

have led to the fabrication of 3D scaffolds with well-defined mi-
croscale structural patterns, such as oriented micropores and
accordion-like honeycombs, in order to control cell alignment
and organization in the 3D environment.[5]

However, owing to the lack of vascularization, it is still a great
challenge to engineer 3D thick oriented tissues for skeletal mus-
cle and cardiac regeneration and other biomedical applications.[6]

Because of the limited diffusion distance of oxygen and nutri-
ents (≈100 µm), perfusable channel networks that can support
endothelium formation are often a prerequisite for mass trans-
fer inside the scaffold.[7] Therefore, to achieve vascularized ori-
ented tissue regeneration, there is an urgent need to develop a
3D scaffold that integrates vascular channels with anisotropic
structures. Although the general demand for vascularization has
evoked massive efforts focused on constructing perfusable chan-
nels within cell-laden hydrogels or acellular scaffolds,[8] mini-
mal work has been done with anisotropic scaffolds for thick ori-
ented tissue engineering.[9] Moreover, an effective approach to
designing and optimizing the channels within anisotropic scaf-
folds is currently lacking. The anisotropic structure and induced
spatial cell alignment would undoubtedly have a significant ef-
fect on oxygen and nutrient delivery, which has hindered the di-
rect use of well-studied optimizing approaches based on isotropic
scaffolds.[10]
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Figure 1. Schematic design, morphology, and characterization of the anisotropic scaffold. A) Schematic illustration of the native skeletal tissue with
hierarchical vasculature. B) Schematic design of the biomimetic scaffold integrated with oriented micropores and channel networks for oriented tissue
engineering. C) Cross-section SEM image of fabricated scaffold sections near the channels (i, scale bar: 500 µm) and magnified image of micropores (ii,
scale bar: 100 µm). D) Longitudinal SEM image of fabricated scaffold sections (scale bar: 500 µm). E) The reconstructed fabricated scaffold 3D model
from µCT images (scale bar: 200 µm). F) The diameter ranges of micropores within the fabricated scaffold. G) The oriented index of fabricated scaffolds
with/without channels. Student’s t-test was used to analyze the data, *p < 0.05.

To address this challenge, here we propose an approach
to design and optimize the channel network in a cell-seeded
anisotropic scaffold based on oxygen transport simulation
and biological experiments. The channel network governed
by biomimetic principles were designed by using a symmetric
bifurcation model as a fractal unit. Based on the oxygen transport
simulation, the bifurcation level of channel network was further
optimized to improve oxygen transport efficiency. The oxygen
transport simulation results were validated by pimonidazole
immunostaining and DNA quantification assay with muscle
precursor (C2C12) cells seeded and cultured in a custom-made
perfusion bioreactor. This numerical model-based strategy could
be employed as a promising candidate to design vascular chan-
nels within oriented tissues/organs, which would accelerate the
development and application of vascularized oriented tissues.

We first fabricate oriented porous scaffold with an inte-
grated channel network via a templating method and uni-
directional freeze-drying technique as previously reported
(Figure 1B and Figure S1, Supporting Information).[9] Generally,

the sacrificial template should be capable of rapid dissolution in
an aqueous solution without affecting the cells and have good me-
chanical properties for handling and transfer.[11] Furthermore,
the sacrificial template must be able to endure the freeze-drying
process as this is a prerequisite for anisotropic scaffold fabrica-
tion. Based on these requirements, polyvinyl alcohol (PVA) was
chosen as a template material for its favorable physiochemical
properties. The bifurcated PVA structures were successfully con-
structed with customized geometry using a micromolding tech-
nique. The multilevel bifurcated template preserved a gradually
decreasing diameter along the branching direction, with a diame-
ter of ≈1000 µm at bifurcation level 0 and ≈400 µm at bifurcation
level 3 (Figure S2A,B, Supporting Information). After sequential
casting, freeze-drying and crosslinking of a chitosan/collagen hy-
brid material, the channel network was generated by immersing
the scaffold in deionized water overnight to dissolve the sacri-
ficial template (Figure S2C, Supporting Information). The bifur-
cated channels presented a standard circular cross-section within
a highly aligned porous scaffold (Figure 1C,D). The resulting
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channel was marginally smaller than the template, with a less
than 10% difference in diameter for all bifurcation levels that was
likely due to scaffold shrinkage in water (Figure S2D, Support-
ing Information). Nevertheless, the shape and size of the fabri-
cated channel network closely resembled that of the sacrificial
template.

It should be noted that the sacrificial template was precoated
with a thin layer of poly(d,l-lactide-co-glycolide) (PLGA) to
prevent it from dissolving during the chitosan/collagen solu-
tion casting and freezing process. As a result, a thin, O2/CO2
permeable polymer membrane remained on the inner walls
of the channels. To modulate membrane permeability to small
molecules and proteins, we introduced micropores (10–50 µm)
to the membrane using porogen leaching (Figure S3, Supporting
Information). In addition, the channel surface (i.e., the polymer
membrane) was coated with collagen to improve endothelial cell
adhesion and growth. This polymer layer served as a seeding sub-
strate for endothelial cells and a potential biomimetic basement
membrane. We illustrated this by seeding human umbilical
vein endothelial cells (HUVECs) into the channel networks by
perfusion through a syringe pump (Figure S4A, Supporting
Information). After perfusion culture for 3 d, the majority of
the HUVECs adhered and spread on the channel surface, re-
vealed by the staining of F-actin and cluster of differentiation 31
(CD31) proteins (Figure S4B–G, Supporting Information). The
endothelial cells continuously proliferated and organized into
a more confluent monolayer lining the channel surface on day
7 (Figure S4H, Supporting Information). As suggested by our
previous study, cell migration and sprouting through the wall is
possible due to the embedded microholes in the membrane.[9] It
should also be noted that endothelialization efficiency is highly
subject to the cell density, seeding techniques, and polymer
biocompatibility.[12]

Oriented micropores with diameters ranging from 50 to 150
µm were observed within the scaffold using microcomputed
tomography (µCT) reconstruction and scanning electron mi-
croscopy (SEM) imaging (Figure 1E,F). Oriented micropores
formed after the sublimation of oriented solvent crystals, which
were induced under a unidirectional thermal gradient. The ap-
plied ice crystal templating approach is advantageous in regulat-
ing scaffold pore sizes in favor of cell infiltration and metabolic
delivery.[13] After channel introduction, the oriented degree of the
micropores decreased slightly but remained high (90.0% ± 1.6%)
throughout the entire scaffold (Figure 1G). These results demon-
strated that scaffold structural anisotropy could be preserved by
selecting suitable material and geometrical design for sacrificial
templates to minimize interference on the unidirectional tem-
perature field.

Oriented micropore-guided C2C12 cell alignment was demon-
strated by F-actin staining (Figure 2A,B). After 3 d of perfusion
culture, C2C12 cells presented a highly anisotropic alignment.
The orientation angle distributions of the cells and micropores
were highly overlapped (Figure 2C,D), which suggested that cell
elongation and alignment were mainly regulated by the oriented
micropores within the scaffold. The results were consistent with
our previous work in which oriented porous scaffolds could guide
cardiomyocyte orientation.[9] Cell elongation and alignment are
essential for tissue formation and maturation of muscles and
other oriented tissues. The oriented micropores also modulated

the mechanical properties (Figure 2E). The elastic modulus par-
allel to the oriented micropores (Ani_L) was 82.0 ± 13.5 kPa,
significantly higher than that vertical to the oriented micropores
(Ani_V; 27.3 ± 8.9 kPa). In contrast, the isotropic porous scaf-
fold (Iso) possessed an elastic modulus (38.5 ± 8.3 kPa) between
those of Ani_L and Ani_V. Interestingly, the introduction of chan-
nel networks (Ani_C) led to a higher elastic modulus (169.0 ±
67.5 kPa) when compared to its channel network-free counterpart
(Ani_L). This indicates that rational channel design is necessary
to tailor the mechanical properties and maintain the structural
anisotropy of the scaffold. It is widely recognized that biomechan-
ical scaffold and substrate properties influence the morphogen-
esis, differentiation, and functional maturation of different cells
including muscle cells and cardiomyocytes.[14] Scaffold mechan-
ical properties should be tailored to match that of specific native
ECM for the functional regeneration and maturation of oriented
tissues.[15] For example, the elastic modulus of adult human my-
ocardium is reportedly 10–20 kPa, whereas those for skeletal
muscle and cartilage are around 10 and 500 kPa, respectively.[16]

Further design iterations could yield an anisotropic scaffold with
mechanical properties tailored for specific oriented tissues by
tuning the collagen/chitosan formulation and temperature gra-
dient as reported in our previous work.[9]

Owing to the anisotropic scaffold structure and induced spa-
tial cell alignment, oxygen and nutrient delivery within an
anisotropic scaffold is very distinct from those in an isotropic
scaffold. The effective oxygen diffusion coefficient and hydraulic
permeability are two key parameters that determine the mass
transport properties of a scaffold.[17] Given this, we first measured
these two parameters of acellular scaffolds using a customized
experimental setup. For oriented porous scaffolds, the effective
oxygen diffusion coefficient at the Ani_L direction was (1.5 ±
0.2) × 10−5 cm2 s−1, much higher than that at the Ani_V direc-
tion ((2.3 ± 0.6)× 10−6 cm2 s−1). As a control, the isotropic porous
scaffold had an effective oxygen diffusion coefficient between the
above two oriented scaffold values ((6.2 ± 0.4) × 10−6 cm2 s−1;
Figure 2F,G). For oriented porous scaffolds, the hydraulic per-
meability at the Ani_L direction was much higher than that at the
Ani_V direction ((5.1 ± 0.3) × 10−12 m2 and (1.2 ± 0.2) × 10−12

m2, respectively). Similarly, the isotropic porous scaffold had a
hydraulic permeability in-between ((2.3 ± 0.1) × 10−12 m2, Fig-
ure 2H,I). The differences of these two parameters in different di-
rections were in accordance with the nature of anisotropic struc-
tures. Measurement of these scaffold characteristics enables the
accurate simulation of oxygen transport.

An ideal channel network that mimics blood vessels in na-
tive tissues/organs is generally regarded as the most efficient
for oxygen and nutrient transport.[18] However, due to the lim-
ited resolution of µCT scanning and manufacturing difficulty,
it is rather challenging to fully replicate blood vessel geometry
with defined features down to several micrometers. Moreover,
the fully replicated vascular geometry might not be mandatory
for many in vitro scenarios where cell density within a 3D scaffold
(106–107 cells cm−3) has been widely reported to be much lower
than that of native tissues (≈108 cells cm−3).[19] As an alterna-
tive design method, fractal design has been extensively employed
as a biomimetic channel network design for efficient oxygen
transport in isotropic structures.[19] In fact, fractal design is also
widely found in native tissues and organs including the human
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Figure 2. Characterization of fabricated scaffold anisotropic properties including cell alignment as well as mechanical and mass transport properties. A)
Scaffold cross-section SEM images showing the oriented micropores (scale bar: 200 µm). B) Fluorescence microscope images of C2C12 cells seeded in
the scaffold on day 3 showing cell alignment (green for phalloidin, blue for DAPI; scale bar: 100 µm). C) Diagram of cell orientation and the orientation
angle. D) Statistical distribution of cell and micropore orientation angles. E,i) Representative uniaxial tensile stress–strain plots and ii) determined elastic
moduli of the isotropic (Iso) and anisotropic scaffolds in different directions (Ani_L, Ani_V, Ani_C). Ani_C denotes the Ani_L in the presence of channel
network. F) Diagram of the oxygen diffusion measurement apparatus consisting of two chambers separated by the porous scaffolds. G) Comparison
of the measured effective oxygen diffusion coefficient of isotropic (Iso) and anisotropic scaffolds in different directions (Ani_L, Ani_V). H) Diagram of
experimental setup for measuring hydraulic permeability. I) Comparison of measured hydraulic permeability of isotropic (Iso) and anisotropic scaffolds
in different directions (Ani_L, Ani_V). One-way ANOVA and post hoc Bonferroni test were used to analyze the data, *p < 0.05.

cardiovascular system (fractal dimension ≈ 2.3), brain (fractal
dimension ≈ 2.7), and respiratory system (fractal dimension ≈

2.17).[20]

The symmetric bifurcation model has been serving as a widely
used fractal unit in tissue engineering because of its simplicity
and similar flow features to arterial bifurcations.[21] Considering
the anisotropic characteristic of the oriented porous scaffold, the
symmetric bifurcation model was modified and employed in this
study. For each fork, the tilted branch delivered oxygen and nutri-
ents in a new direction and covered more space, while the other
parallel branch aligned with the oriented micropores to maintain
the structural anisotropy of the scaffold. Generally, the relation-
ship between the diameters of mother and daughter branches in
physiology can be described as shown in Equation (1)[4]

D𝛾

0 = D𝛾

1 + D𝛾

2 (1)

𝜏w = 𝜂
4U
Rc

(2)

where D0 is the diameter of the mother branch, D1 and D2 are
the diameters of the daughter branches, 𝛾 is exponential index,
𝜏w is the wall shear stress, 𝜂 is the culture medium viscosity, U is
the average fluid velocity of the culture medium in the channel,
and Rc is the channel radius.

As anatomy demonstrates, the 𝛾 exponent is mainly deter-
mined by the vascular structure and physiological function.
Specifically, 𝛾 is ≈2 in aortic vessels, 2.5–3 in coronary vessels,
≈2.9 in carotid vessels, and ≈3 in arterioles.[22] When 𝛾 is 2, the
average flow velocity remains constant due to the conservation
of the cross-section areas. When 𝛾 is 3, Equation (1), also known
as Murray’s Law, results in constant wall shear stress as demon-
strated in Equation (2).[23] For anisotropic scaffolds, channel
network diameters should be higher than those of the oriented
micropores (50–150 µm) to provide efficient metabolic transport.
Hence, the channel networks resembled native tissue arterioles
in terms of diameter (100–1000 µm), resulting in a 𝛾 exponent of
3. Therefore, the relationship between the parent and daughter
branch diameters of bifurcated channels was determined by
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Figure 3. Simulation and validation of oxygen transport. A) Simulated oxygen intensity heatmap of a cell-seeded oriented scaffold with a single channel.
B) The effective distance of oxygen transport driven by diffusion (Ld) and flow (Lf). The C) Ld characteristic value and D) Lf characteristic value of isotropic
(Iso) and anisotropic scaffolds in different directions (Ani_L, Ani_V). The Ld characteristic value of native tissues (In_vivo) is usually considered to be
around 100 µm. E) Simulated oxygen intensity heatmap of a cell-seeded oriented scaffold with a bifurcated channel. F) Illustration of oxygen transport
at three different Lm levels compared to the characteristic Ld + Lf value. G) Pimonidazole staining of C2C12 cells (scale bar: 200 µm). H) Hypoxic
cell distribution over increasing distances from the channel lumen. I) The relationship between the proportion of nonhypoxic cells and oxygen profiles
derived from the simulation.

Murray’s Law in this study. Under Murray’s Law, wall shear
stress remains constant and is accompanied by the lowest global
energy loss and flow resistance throughout the vascular system.
We further tailored the wall shear stress by tuning the flow
velocity and inlet diameters to the physiological range, which is
essential for maintaining blood circulation.

An optimal channel network design should ideally possess the
capacity to provide oxygen and nutrient delivery to as many cells
as possible. It is reasonable to assume that the functional regener-
ation and maturation of oriented tissues mainly relies on nonhy-
poxic cells.[24] The number of nonhypoxic cells within the scaffold
depends on the cellular oxygen level and total number of cells that
can be seeded in the porous zone. Generally, the more branching
units the channel has, the more likely a sufficient supply of oxy-
gen and nutrients is able to reach the cells. However, the porous
area for cells residing in the scaffold will undoubtedly decrease
as more space is occupied by the channels. Channel network de-
signs should be considered inefficient when the increase in non-
hypoxic cells is outnumbered by the loss of seeded cells. There-
fore, the optimization criterion for channel design is set as the
maximum of the nonhypoxic cell numbers or nonhypoxic area
(Vnonhypoxic) within the scaffold.

The oxygen transport simulation was performed using the
measured effective oxygen diffusion coefficient and hydraulic
permeability based on the hypothesis that the micropores and

cells were uniformly distributed within the anisotropic scaffold.
Cell density was assumed to be constant without consider-
ing C2C12 cell proliferation; the mathematical model did not
consider the influence of HUVECs coverage on the oxygen
diffusional permeability. We used Michaelis–Menten kinetics
to characterize the oxygen consumption of cells residing in the
porous zone as previously reported.[25] Additionally, the oxygen
concentrations at the scaffold boundary and channel inlets were
set consistent and saturated (222.5 × 10−6 m) at all times for
perfusion culture. The simulated oxygen profile of a cell-seeded
oriented scaffold with a single channel is shown in Figure 3A.
Unsurprisingly, the oxygen concentration decreased as the dis-
tance from the channel lumen or scaffold boundary increased.
Metabolite transport within the scaffold could be divided into
two types: static diffusion-driven transport from the scaffold
boundary and flow-driven transport within the channels. The
effective oxygen transport distance driven by static diffusion
(Ld) was defined as the distance between the scaffold boundary
and the point at which hypoxia (oxygen concentration < 14 ×
10−6 m) first occurred. Similarly, the effective oxygen transport
distance driven by flow (Lf) was defined as the distance between
the channel lumen and the point at which hypoxia first occurred
(Figure 3B). The characteristic Ld and Lf values were calculated
from the simulated oxygen profile as shown in Figure 3C,D. For
oriented porous scaffolds, the measured Ld value at the Ani_L
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direction was much higher than that at the Ani_V direction (800
µm versus 320 µm, respectively). In contrast, the isotropic porous
scaffold had a characteristic Ld value between the two oriented
scaffold values (520 µm). The effective transport distance of
oxygen and nutrients in native tissues is usually considered to be
around 100 µm, which is much smaller than that of our scaffolds
owing to the distinct porous characteristics.[9] Similarly, for ori-
ented scaffolds, the measured Lf at the Ani_L direction was much
smaller than that at the Ani_V direction (302 µm versus 708 µm,
respectively). Furthermore, the Lf at 30° and 45° angles to the
oriented micropores was 362 µm and 564 µm, respectively. The
Lf orientation angle-dependent characteristic was likely due to
the anisotropic mass transport properties of the oriented porous
scaffold.

According to the equations governing oxygen transport simu-
lation (Equations (3)–(6)), the Ld and Lf characteristic values were
mainly determined by the mass transport properties of the scaf-
folds and the cellular oxygen consumption rate. That is, the char-
acteristic Ld and Lf values were determined by the scaffold pore
characteristics, cell type, and cell seeding density. Owing to their
independence of the scaffold dimensions, we further used the
characteristic Ld and Lf values to guide the optimal channel net-
work design within the scaffolds. For an anisotropic scaffold with
a bifurcated channel, the distance between the scaffold boundary
and the adjacent channel lumen was defined as Lm, while the
distance of two adjacent channels was defined as Ln (Figure 3B).
The nonhypoxic area reached the maximum (Lm = (Ld + Lf)) at
the point where the channel first entered the effective diffusion
sphere of the scaffold boundary. The same held true in terms of
oxygen transport (Ln = 2Lf) when the channel first reached the
effective sphere of neighboring channels (Figure 3E,F).

The differences between the theoretical model and experi-
mental results were further evaluated by biological assessment.
The scaffolds were seeded with C2C12 cells at the same density
(5×106 cells cm−3) used in the mathematical models and cultured
in a custom-made perfusion bioreactor. LIVE/DEAD staining in-
dicated fewer dead cells near the channels than in the scaffold in-
terior (Figure S5A–D, Supporting Information).[26] Pimonidazole
immunostaining was used to map the hypoxic region (oxygen
concentration below 14 × 10−6 m) across the scaffold (Figure 3G
and Figure S5E,F, Supporting Information); pimonidazole forms
stable covalent adducts with thiol groups present in proteins, pep-
tides, and amino acids in hypoxic cells and was further detected
using monoclonal antibodies. As the distance from the channel
lumen increased, more hypoxic cells were found and stained by
the pimonidazole probe (Figure 3H). As a function of the distance
from the channel lumen, the proportion of nonhypoxic cells cor-
responded with the oxygen transport simulation-based oxygen
profile (Figure 3I). Thus, the oxygen transport simulation results
were validated by pimonidazole immunostaining. The biological
experiments demonstrated the reliability of the oxygen transport
simulation results using experimentally measured anisotropic
characteristics. Acknowledging that the transports of different
components would have impact on the functionality of tissues,
here we have only focused on the transport of O2 due to its sig-
nificance and quantifiable characterization. In the future work,
we will consider the transport of the nutrient and CO2 and de-
velop a monitoring method to improve the numerical model that
guides the design and optimization of vascular channels.

Scaffold geometry and cell density generally depend on tis-
sue/organ targeted for regeneration. The bifurcated channels in
our anisotropic scaffold were designed with a 3:4 aspect ratio
(15 mm width × 20 mm height). Due to the structural anisotropy
of the scaffold, the flow-driven effective oxygen transport distance
(Lf) increased with the increase of bifurcating angle (𝜃). Though
channels with a larger bifurcating angle cover more space for
metabolite delivery, a larger bifurcating angle would diminish the
scaffold anisotropy and result in pressure loss. Thus, a bifurcat-
ing angle was set in the physiologically relevant range (𝜋/25 ≤

𝜃 ≤ 𝜋/4) at 𝜋/4 for the optimization design. To achieve a surgi-
cal connection to host vasculature in vivo, channel inlet branches
should possess the same diameter (D0) as that of the blood ves-
sel adjoining the implant site; proper length is also important
as oxygen transport efficiency decreases with the increase of in-
let branch length (L0). For simplicity, inlet branch diameter and
length were set at 1 and 2 mm, respectively. The diameter (Di) of
each branch was determined by Murray’s Law. The length (Li) of
each branch was widely reported to be positively related to the di-
ameter, as is often observed in hierarchical blood vessels.[23] For
each model, the tilted branch lengths were tuned through further
design iterations to avoid branch intersection. To achieve an op-
timal design, bifurcated channels with increasing levels of bifur-
cation were generated (Figure 4A) until the marginal increment
of the nonhypoxic area became negative (Figure 4B).

The hypoxic and nonhypoxic areas in the porous zone were cal-
culated based on the oxygen transport simulation (Figure 4C,D).
As channels became more branched, the hypoxic area decreased
because of the higher oxygen and nutrient transport efficiency.
However, the nonhypoxic area initially increased with the in-
crease of bifurcation levels from 0 to 3, then decreased with the
continuous increase of bifurcation levels from 3 to 4, which was
due to a lack of porous space for cell growth. Cell proliferation
is inhibited to attenuate energy consumption when exposed to
hypoxic conditions.[27] The DNA quantification assay was per-
formed to evaluate C2C12 cell proliferation within HUVECs-free
scaffolds (Figure 4E). The oxygen transport simulation results
were further validated by the DNA quantification assay, which
presented the same tendency in cell proliferation as the bifur-
cation level increased from 0 to 3. Additionally, the wall shear
stress was calculated as being uniformly distributed by the finite
element method for all models (Figure S6, Supporting Informa-
tion). The flow rate was tuned to make the wall shear stress fall
into the narrow physiological range (1.6–3.3 dyn cm−2) required
for in vitro perfusion culture. Taken together, channel network
bifurcation was optimized at level 3 with minimal channel diam-
eter of 500 µm.

The case study presented here was performed based on
an oriented porous scaffold for muscle tissues as a proof of
concept. The channel bifurcation level within the scaffold was
optimized to achieve a maximum cell population under nonhy-
poxic conditions while considering the thrombogenic potential.
We proposed the characteristic Ld and Lf values calculated from
the oxygen profile in the numerical model to depict the cellular
oxygen level within the scaffold. Notably, these simulations and
experiments demonstrated the important role that anisotropic
structures play in influencing mass transfer within the scaffold.
For 3D anisotropic scaffolds fabricated using other techniques,
mass transfer properties including the effective oxygen diffusion
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Figure 4. Design and optimization of bifurcated channels within the anisotropic scaffold. A) The flow chart shows the procedure for designing channels
within the anisotropic scaffold. B) The geometry of bifurcated channels with bifurcation levels from 0 to 4. C) Simulation of oxygen distribution. D)
Analysis of the hypoxic and nonhypoxic areas from the simulation results. E) Changes in cell proliferation evaluated by DNA quantification assay. The
DNA content is expressed as µg DNA per mL of the cellular constructs. Student’s t-test was used to analyze the data, *p < 0.05.

coefficient and hydraulic permeability should be experimentally
measured and then served as input parameters for our oxygen
transport simulation. Moreover, the oxygen consumption rate
of specific cell types should be experimentally predefined or re-
ferred from related literature for other oriented tissues. Although
this study focuses on the single-layer channel structure, the op-
timized channels in the 2D plane could be readily stacked to
achieve multilayer designs within 3D thick tissues. Alternatively,
the principles used in this study could be adapted to the design of
3D channels of arbitrary geometry, which however might exhibit
more complexity in the geometry of bifurcation (e.g., the asym-
metrical ratio of the two daughter branches and the out-of-plane
rotation angles). Future work focusing on the development of a
3D vascular tree model is needed.

Despite the increasing interest in fabricating vascular ori-
ented tissues, an approach for designing and optimizing vas-
cular channels within anisotropic scaffolds remains an unmet
need. Here, we proposed an effective approach for the fractal
design and optimization of bifurcated channels in a cell seeded
anisotropic scaffold for oriented tissue engineering. The 3D scaf-
fold integrating channel networks with oriented micropores were
successfully fabricated to mimic the vascular and anisotropic
structures of oriented tissues, including muscle tissues. The ex-
perimentally measured effective oxygen diffusion coefficient and
hydraulic permeability served as input parameters for the nu-
merical model. The experiments and oxygen transport simula-
tion presented here highlight the distinct mass transfer within
anisotropic scaffolds. Based on an oxygen transport simulation
validated by pimonidazole immunostaining and a DNA quan-
tification assay, Murray’s Law was used for channel design and

optimization. Bifurcation was optimized at level 3 as this level
displayed the largest population of nonhypoxic cells. This design
strategy performed with a case study for muscle tissues could
be further extended to other oriented tissues, which would fa-
cilitate the development and application of vascularized oriented
tissues.

Experimental Section
Sacrificial Template Fabrication: The sacrificial template was made of

PVA (Mowiol 4-88, Sigma-Aldrich, Germany). First, the channel network
pattern was designed and converted into standard for the exchange of
product model data (STEP) files using AutoCAD Mechanical 2018. The
pattern was 3D printed with photopolymer using stereolithography tech-
nology and used to cast a PDMS (polydimethylsiloxane) negative mold.
PVA solution (20 wt%) was then cast on the PDMS mold and allowed to dry
overnight. The PVA structure was carefully removed from the PDMS mold
with tweezers. The PVA template was immersed in a solution of PLGA
(75:25) in chloroform at a concentration of 5–10 mg mL−1 for 5 min to
form a thin film on the template surface before use.

Fabrication of Channel-Integrated Anisotropic Scaffold: Scaffolds inte-
grating oriented micropores and channel networks were fabricated as pre-
viously described.[9] Collagen (type I from rat tail, Sigma-Aldrich) and
chitosan (medium molecular weight, Sigma-Aldrich) were dissolved in
aqueous acetic acid solution (1 vol%) to obtain 1 and 1 wt% solutions,
respectively. Collagen and chitosan solutions were uniformly mixed and
poured into the custom mold with the embedded PVA template. The col-
lagen/chitosan solution was frozen under a unidirectional thermal gradi-
ent for 6 h, then freeze-dried (Christ Alpha 1–2 LDPlus, Germany, −45 °C,
0.05 Pa) for 48 h. Then, lyophilized scaffolds were immersed in 0.5 wt%
sodium polyphosphate for 30 min to crosslink. The sacrificial structure
was dissolved by immersing the scaffolds in deionized water overnight to
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generate the channel network. The scaffolds were lyophilized again and
stored in a dry environment before use.

Scaffold Morphology: Scaffold morphology was evaluated by SEM. Be-
fore observation, the dry samples were sectioned, attached to stubs with
conductive resin, and sputtered with gold for 30–60 s. Samples were ex-
amined using high-resolution SEM (FEI Quanta 200, Czech Republic) at
0.01 Pa and 20 kV. Scaffold micro CT scanning was performed using a desk-
top µCT machine (Skyscan 1272, Bruker, Belgium) with a 10 µm pixel size.
The 3D scaffold image was reconstructed from the µCT images. The ori-
entation index (OI) was defined to assess the oriented degree of oriented
micropores as previously described.[13] Briefly, SEM images at longitudinal
section were binarized with Image-Pro-Plus 6.0 software. Angles between
each micropores and horizontal line were measured (𝛼i). The arithmetic
mean (𝛼) and deviation angle (𝛽 i) were calculated to obtain the OI value.

Mathematical Model and Oxygen Distribution Simulation: In the chan-
nel zone, oxygen transport was assumed to occur via convection and dif-
fusion. Thus, the governing equation for oxygen transport was written as
Equation (3)

𝜕C
𝜕t

= − (∇C ⋅ v) + ∇ ⋅ (Dm ⋅ ∇C) (3)

where C was the oxygen concentration, v and Dm were the velocity of cul-
ture medium and the oxygen diffusion coefficient in culture medium, re-
spectively. For fluid dynamics, the incompressible Navier–Stokes model
for Newtonian flow (constant viscosity) was used to calculate the velocity
field that resulted from convection (Equation (4))

𝜌m ⋅
𝜕v
𝜕t

= − ∇P − v ⋅ ∇v + 𝜇 ⋅ ∇2v + 𝜌m ⋅ g (4)

where 𝜇 and 𝜌m were the culture medium viscosity and density, respec-
tively. In the porous zone where cells resided, flow characteristics were
predicted using the Brinkman equation (Equation (5)) as a model for flow
in porous media[28]

𝜌m ⋅
𝜕vBk

𝜕t
= − ∇P − 𝜇

K
⋅ vBk + 𝜇 ⋅ ∇2vBk + 𝜌m ⋅ g (5)

where vBk was the culture medium velocity in the porous zone. Consider-
ing the oxygen consumption of cells described by Michaelis–Menten ki-
netics, the governing equation for the oxygen profile in the porous zone
was written as Equation (6)

𝜕C
𝜕t

= − (∇C ⋅ vBk) + ∇ ⋅ (Ds ⋅ ∇C) − 𝜌c ⋅
VO2 max ⋅ C

Km + C
(6)

where Ds was the effective oxygen diffusion coefficient in the scaffold, 𝜌c
was the cell density, VO2 max was the maximum oxygen uptake rate, and Km
was the Michaelis–Menten constant. For the oxygen distribution simula-
tion, a multiphysics model of flow reaction of diluted species in porous me-
dia was utilized along with commercial software (COMSOL Multiphysics
5.4). All parameters of the mathematical model are listed in Table S1 in
the Supporting Information.

Cell Culture: Human umbilical vein endothelial cells (HUVECs, SV40T
antigen transformed HUVEC line) and C2C12 cells were purchased from
China Infrastructure of Cell Line Resources in Beijing. Prior to cell seeding,
all scaffolds were sterilized overnight under ultraviolet light. Scaffolds
were immersed in 75% and 100% ethanol for 2 h each, rinsed three times
in sterile phosphate buffered solution (PBS), then wetted in Dulbecco’s
modified Eagle’s medium (DMEM). HUVECs were cultured in DMEM
supplemented with 1% nonessential amino acids (NEAA) and 0.01 mg
mL−1 insulin at 37 °C with a 5% CO2 atmosphere. Using a syringe pump,
100 µL HUVEC cell suspension containing one million cells was injected
into the channel lumen. The cellular constructs were incubated at 37 °C to
allow cell adhesion to the channels under static conditions. After 2 h, the
scaffold was flipped upside down to facilitate cell adhesion to the other

half of the channel. The cellular construct was connected to the perfusion
bioreactor at a perfusion rate of 50 µL min−1.

C2C12 cells were cultured in DMEM with 10% fetal bovine serum
(Bioind, USA), 1% penicillin/streptomycin (Life Technologies, USA), and
1% minimum essential medium (MEM) NEAA (Life Technologies) and in-
cubated at 37 °C with a 5% CO2 atmosphere according to American Type
Culture Collection protocol. C2C12 cells (5×106 cells mL−1) were longi-
tudinally seeded into the anisotropic scaffolds along the direction of mi-
cropores by perfusion seeding in addition to pipette seeding on the scaf-
fold surface. After seeding, the cellular constructs were perfused using
the custom-made perfusion bioreactor by connecting the channel network
via silicon tubing. The perfusion bioreactor was composed of a peristaltic
pump, medium reservoir, gas exchanger, and culture chamber. Cell via-
bility within the scaffold was assessed using a live/dead fluorescent as-
say (Calcein AM/propidium iodide (PI), Life Technologies). Briefly, cellular
constructs were washed with PBS and incubated in a solution of Calcein
AM and PI for 15–30 min at 37 °C. Live and dead cells were green- and
red-labeled, respectively, under a fluorescence microscope.

Pimonidazole Immunostaining: After C2C12s seeding, the cellular con-
structs were incubated with culture medium mixed with pimonidazole hy-
drochloride (1:10 000 dilution, Hypoxyprobe, USA). After perfusion cul-
ture for 3 d, the C2C12-laden samples were fixed for 30 min in 4%
paraformaldehyde solution, frozen, then embedded in an optimal cutting
temperature (OCT) compound-embedding medium (Tissue-Tek, Sakura
Fineteck Inc., USA). Sections (10 µm) were prepared by cutting the entire
frozen scaffold with a cryostat (Leica, Germany). The slices were permeabi-
lized with 0.1% Triton X-100, followed by blocking with 10% bovine serum
albumin (Calbiochem, USA) for 1 h at room temperature. The slices were
further incubated with RED 594 dye-conjugated antipimonidazole mouse
monoclonal antibody (1:50 dilution, Hypoxyprobe, USA) at 4 °C for 1 h,
followed by counterstaining with 4’,6-diamidino-2-phenylindole (DAPI) for
15 min. Confocal microscopy was performed using an inverted Zeiss LSM
880 (Zeiss, Germany).

Statistical Analysis: All statistical data were collected from at least
three parallel samples and expressed as the mean ± standard deviation.
Statistical analysis was performed using Graph Pad Prism software (ver-
sion 6.0) for Windows. Student’s t-test was conducted for comparison
between two experimental groups. Multiple comparisons among three
independent groups were performed with one-way analysis of variance
(ANOVA) followed by post hoc Bonferroni tests. The values of (*) p < 0.05
was considered statistically significant, and (**) p < 0.01 was considered
highly significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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