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Development of large, clinically sized tissue constructs with efficient mass transport is a tremendous need in tissue engineering.
One major challenge in large tissue-engineered constructs is to support homogeneous delivery of oxygen and nutrients
throughout the tissue scaffold while eliminating induced hypoxic regions in depth. To address this goal, we introduced an
especial channeled architecture on porous silk-based tissue scaffolds to improve supplying of oxygen to the cells in central
regions of the scaffolds. Oxygen gradients were measured and evaluated in three scaffold prototypes, namely, one unchanneled
and two channeled scaffolds with different channel diameters (500 ym and 1000 ym). The channels were introduced into the
constructs using stainless-steel rods arranged uniformly in stainless-steel mold, a fabrication method that enables precise
control over channel diameter and the distance between channels. During 2-week culture of G292 cells, the 1000 ym channeled
scaffolds demonstrated higher oxygen concentration at the center compared to 500 ym channeled prototype; however, the
oxygen concentration approached the same level around the last days of culture. Nevertheless, homogenous oxygen
distribution throughout the 1000um channeled constructs and the consequence of higher cell proliferation at day 14
postseeding corroborate the efficient elimination of induced hypoxic regions; and therefore, it holds promise for clinically
relevant sized scaffold especially in bone tissue engineering.

1. Introduction

Tissue engineering is an ideal approach for the regeneration
of damaged tissues and also for the fabrication of artificial
tissues to study biological functions in vitro [1] or even to
be used as a replacement for animal models [2]. In case of
bone tissue engineering, the clinical practice for treatment
of bone injuries and pathological disease imposes a consider-
able cost on healthcare system. Over 2.2 million bone-
grafting operations take place each year, costing $30 billion
worldwide [3, 4]. Considering the increasing demand for
bone graft alongside the shortage of supply requires an alter-
native approach to promote unlimited supply of bone tissue
substitute [5]. Scaffold-based bone tissue engineering is a
promising alternative that uses cells and bioactive factors
on 3D scaffold structures to regenerate damaged bone tis-

sues, caused by, e.g., tumor, trauma, osteoarthritis, and
osteonecrosis [6-8].

Considering the limited supply of autografts, immune
response risk of allografts, and insufficient osteogenic capac-
ity of bone substitutes, appropriate bioactive bone graft is
crucially vital which still remains a major challenge in bio-
medical engineering [8-11]. An ideal scaffold for bone tissue
engineering should mimic osteoblast extracellular matrix
(ECM) in order to prepare an environment for cell growth
and support the bone remodeling process. These scaffolds
are basically fabricated from hyaluronic acid-based hydro-
gels, heparin-based hydrogels, fibrin-based hydrogels, chon-
droitin sulfate, or natural polymeric hydrogels [12-14].

Biomaterials such as injectable hydrogels and porous 3D
constructs have gained attention due their similarity to ECM
and promoting tissue regeneration [15-18].
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Silk fibroin is a biocompatible biomaterial which
degrades slowly, can be chemically modified, and can be
shaped and molded into various structures. The proper
physical characteristics of silk fibroin, e.g. strength, light
weight, elasticity, and thermal stability, make it a promising
biomaterial for tissue engineering [19, 20]. As a result of
these inspiring properties, especially its mechanical strength
alongside with its highly porous structure, silk could be con-
sidered as a suitable biomaterial for fabrication of scaffolds
intended to be used in bone tissue engineering [21, 22].
One of the major challenges of silk biomaterial is its poor cell
adhesion property which can be solved either using an adja-
cent natural biomaterial, e.g., gelatin, chitosan, or hyaluronic
acid [23-27], or establishing special topographic feature and
design configuration [28].

Furthermore, a crucial challenge in engineering sizeable
tissue constructs (thickness > 100 — 200 ym) in vitro is suffi-
cient supply and homogenous distribution of nutrients and
oxygen within the depth of scaffold [29]. In order to bridge
this challenge, several approaches have been already pro-
posed to achieve higher oxygen delivery to the cells inside
3D scaffolds including creating convective mass transfer
using various bioreactor systems [30, 31], introducing syn-
thetic oxygen carriers to the culture system [32, 33], using
oxygen generating biomaterials in the medium [34], devel-
oping vessel-like networks in the construct [35], and modi-
fying geometrical design of 3D scaffolds to improve the
flow of culture media [36]. Among those aforementioned
strategies, an effective approach is to employ methods in
order to mimic the native structure of the tissue vascular sys-
tem [37, 38]. With this respect, the design of scaffold plays a
pivotal role since its structure could effectively influence
mass transfer, i.e., oxygen and nutrient delivery in depth of
scaffold. On the one hand, the microstructure features, e.g.,
pore size [39], pore interconnectivity [40], and microarchi-
tecture of the pores [41] are quite important. On the other
hand, the macrostructure of the scaffold significantly affects
the mass transfer inside the construct. In this regard, intro-
ducing channels in the structure of tissue constructs
attracted a lot of attention among researches in different
fields of tissue engineering since channeled scaffold would
simulate the capillary network of natural vascularized tissue
[42]. Enhanced oxygen delivery through channeled con-
structs has been demonstrated in previous studies [38, 43].

Various methods have been employed for the fabrication
of channeled constructs such as soluble fibers [44], 3D sacri-
ficial molding [42], 3D bioprinting [45], rod removal [46],
and soft-lithographic procedure [47, 48] in addition to
CO, laser cutting [49], spraying solution onto mold [50],
and water jet templating approach [51]. It is apparent that
rod removal is a rapid and straightforward as well as a repro-
ducible scaffold fabrication method enabling to precise con-
trol over channels’ dimension and distribution pattern. For
instance, Zhang et al. [52] fabricated channeled scaffolds
using linear steel rods and reported improved mass trans-
port. However, a critical question is what would be the
appropriate configuration of channels in a 3D clinically rel-
evant sized tissue constructs which could properly eliminate
induced hypoxic regions in the depth of scaffolds.
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The objective of the present study is to investigate how
channel configuration could affect oxygen delivery inside
the 3D porous scaffolds. The channeled silk fibroin con-
structs were fabricated using a set of stainless-steel rods
arranged in a well-defined pattern in two groups with chan-
nels’ diameters of 1000 yum and 500 ym. To ensure the pres-
ence of open and interconnected pores with desirable pore
size, SEM imaging of the microstructure of scaffolds was
performed. Human G292 osteoblast-like osteosarcoma cell
lines were cultured and seeded on scaffolds for a period of
two weeks. Oxygen concentrations were measured using
O, microsensor during culture days at three different points
of channeled constructs and compared with unchanneled
prototypes. Metabolic activity and viability of G292 cells
were examined using Alamar Blue and MTT assays, respec-
tively. In comparison with unchanneled constructs, the results
revealed that induced hypoxic regions in depth of our chan-
neled scaffold were efficiently eliminated and cells were
attached, grown, and proliferated remarkably through 3D
structure. Therefore, this type of channeled 3D scaffold could
tulfil variety of needs in engineering of clinically relevant sized
tissue constructs especially in bone tissue engineering.

2. Materials and Methods

2.1. Preparation of Silk Fibroin Solution. Fibroin protein was
extracted from silkworm cocoons, a courtesy from Iran
Silkworm Rearing Co. (Parnian Branch, Iran), according to
the protocol described elsewhere by Rockwood et al. [19],
with a minor modification. Briefly, 2.5g of dried cocoons
was boiled in 1L of 0.02 M Na,COj solution (Merck KGaA,
Germany) for 30min and rinsed 4 times with deionized
water to remove sericin proteins completely. The isolated
dried fibroin was dissolved in 9.3 M LiBr (Merck KGaA,
Germany) aqueous solution, containing 16.14g LiBr, for
5h, and subsequently dialyzed against deionized water using
dialysis membrane with molecular weight 12000 Da (Sigma-
Aldrich Solutions, Germany). The final solution was centri-
fuged for 30 min at 8500 rpm.

2.2. Fabrication of 3D Silk Fibroin Scaffolds. Silk scaffolds
were fabricated using a modified procedure reported by
Rnjak-Kovacina et al. [43]. A key step in the process was
to design a mold that enables the fabrication of scaffolds
with precise channel diameter at specific positions, which
is schematically illustrated in Figure 1(a). With this respect,
15 circular holes distributed evenly, with two different diam-
eters of 500 ym and 1000 ym, were drilled into top and bot-
tom sheets of polymethyl methacrylate (PMMA) (J Lian ]
Co., Iran) according to the pattern shown in Figure 1(a).
These sheets were fixed to the top and bottom of stainless-
steel (Mahfanavar Co., Iran) cylindrical molds with inner
diameter of 2.2cm and height of 1.2 cm. Afterwards, linear
stainless-steel rods (Mahfanavar Co., Iran), according to
the channels diameter with height of 1.5 cm, were arranged
into the holes of PMMA sheets and secured by silicon glue
(Henkel AG & Co. KGaA, Germany). At the center of top
sheets, an extra hole was drilled to facilitate the fabrication
procedure of scaffolds. Afterwards, the prepared silk solution
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Ficurek 1: Silk scaffolds. (a) The schematic process of fabricating scaffold prototypes using stainless-steel molds and the top and bottom
PMMA sheets as holders of stainless-steel rods. (b) Three groups of fabricated scaffolds after removal of the rods.

was poured into the molds containing stainless-steel rods,
through the hole in the center of the top sheet. Samples were
then frozen and lyophilized using Dorsatech Laboratory
Freeze Dryer (Dorsatech Co., Iran). Subsequently, stainless-
steel rods were removed from scaffolds, and the fabricated
scaffolds were cut into 1cm height using a surgical blade
(SMI AG Co., Belgium). Finally, the rods were inserted again
to get the scaffold prepare for cell seeding procedure.

The scaffold groups SS2 and SS3 are comprised of scaf-
folds with channel diameters of 500 ym and 1000 ym,
respectively, while group SS1 contains no channel. The char-
acteristics of these silk scaffold prototypes are represented in
Table 1.

The final three groups of fabricated silk scaffolds are
depicted in Figure 1(b) when the stainless-steel rods are
removed. Scaffold prototypes were then cross-linked by gen-
ipin (Sigma-Aldrich Solutions, Germany) and sterilized by
18 L Multicontrol 2 autoclave (CertoClav Sterilizer GmbH,
Austria) prior to cell seeding procedure.

2.3. Cell Culture and Cell Seeding. Human G292 osteoblast-
like osteosarcoma cell lines (National Cell Bank of Iran,
Iran) were expanded in Gibco RPMI 1640 growth medium
(Fisher Scientific GmbH, Germany) supplemented with
10% Gibco fetal bovine serum and 1% Gibco penicillin-
streptomycin in tissue culture flasks at 37°C with 5% CO,
using INC246 CO, incubator (Memmert GmbH + Co. KG,
Germany).

The cells were grown and passaged until about 80% con-
fluency and then detached from tissue culture flasks using
trypsin-EDTA, 0.25% trypsin with 1mM EDTA (Sigma-
Aldrich Solutions, Germany). Finally, the cells were seeded
onto the scaffolds at passages 4-5, i.e., the number of times
the culture has been subcultured, harvested, and reseeded
into multiple cell culture flasks. Each scaffold prototype
was then placed in wells of 6-well plates. For each sample,
a total number of 4 x 10° cells were suspended in 0.5ml
medium and seeded on each silk scaffold within four steps
every 20 min. The wells were filled with culture medium to
cover the top surface of the scaffolds. In order to prevent
occupation of channels by cells, 48h after cell seeding, the
stainless-steel rods were removed. 3D cell culture was car-
ried out for 14 days inside INC246 CO, incubator, and
media were changed completely every 2 days.

2.4. Oxygen Measurement. NTH-PStl oxygen microsensor
with its relevant data transmitter Microx TX3 (PreSens Pre-

TaBLE 1: Characteristics of 3 silk scaffold prototypes.

Silk scaffold Diameter x height Channel
Channeled .

prototype (cm) diameter (um)

SS1 2.2x1 No n.a.

SS2 2.2x%x1 Yes 500

SS3 2.2x1 Yes 1000

cision Sensing GmbH, Germany) was employed to measure
the oxygen at different parts of fabricated silk scaffolds. The
oxygen microsensor was calibrated according to manufac-
turer’s protocol before each use. The microsensor needle
with 50 ym diameter was sterilized by ethylene oxide gas
prior to each investigation. Oxygen concentration was mea-
sured in depth of 0.5 cm at three distinct points of each scaf-
fold as shown in Figure 2, namely, point A (at the center),
point B (680 ym apart from center), and point C (at the sur-
face). For this purpose, 24 hours after media change (i.e.,
days 3, 5, 7, and 9), the microsensor needle was inserted
on every oxygen sensing points. In order to prevent the
microsensor needle from slight quivering, it was mounted
on a special holder Test Stand FS-1001 (Lutron Electronic
Enterprise Ltd., Taiwan). Oxygen concentration measure-
ments were recorded and sent to a computer using the rele-
vant data transmitter.

Since the microsensor diameter is 50 ym, in order to
minimize the possible errors during measurements of next
days, after measuring the oxygen concentration in day 3,
sterilized stainless-steel rods of diameter 50 yum were used
to seal the hole made by oxygen microsensor at positions
A and B (refer to Figure 2). The rods were removed and
inserted intermittently for oxygen measurements at days 5,
7, and 9.

2.5. SEM Observation. Prototypes were investigated by
KYKY EM3200 scanning electron microscope (KYKY Tech-
nology Development Ltd., China) to study the morphology
of scaffolds and cells. Scaffolds were washed with Gibco
PBS (Fisher Scientific GmbH, Germany) at day 14 of cell
culture and fixed with %1.5 glutaraldehyde (Sigma-Aldrich
Solutions, Germany) solution followed by dehydration using
gradient ethanol (Sigma-Aldrich Solutions, Germany). To
visualize the internal regions, scaffolds were fractured in lig-
uid nitrogen (Arian Gas Co., Iran), sputter coated with gold,
and examined by the SEM eventually. To analyze the pore
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FIGURE 2: The pattern of arranged 15 channels in the scaffold’s structure and oxygen sensing points (A, B, and C). (a) Top view and

(b) side view.

structure of scaffold prototypes, Image] software (NIH
Image, Bethesda, MD, USA) was utilized.

2.6. Cell Proliferation Assay. In order to evaluate cell growth,
direct MTT assay was used. The cell-seeded scaffolds were
washed twice with PBS and then transferred to the plates.
Cell-free scaffolds were used as the control groups. On each
scaffold, 1 ml of PBS and MTT solution at a concentration of
5mg/ml was added. Afterwards, the plates were transferred
to the INC246 CO, incubator for 3-4 hours. Then, the
scaffolds were taken out from the incubator and the paint
was gently removed. To do so, 1 ml of DMSO was added
to each scaffold followed by placing in KS 3000i shaker
incubator (IKA-Werke GmbH & Co. KG, Germany) at
37°C for 50 minutes at 50rpm rotation. Then, 100yl of
solution was used to measure the absorption of blue dye at
the wavelength of 570nm with the ELISA reader M965
(Metertech Inc., USA).

To study the effect of the presence of channels as well as
channel diameter on cell proliferation, Alamar Blue assay
was carried out. At days 7 and 14 of cell culture, the scaffolds
were washed twice with PBS and cut into 4 equal pieces. One
piece of each scaffold was transferred to a 12-well plate. 1 ml
of Alamar Blue solution (MyBioSource Inc., USA) in cell
culture medium was added to each sample followed by 4h
shaking incubation using INC246 CO, incubator. After-
wards, 100l of Alamar Blue solution from each sample
was transferred into a 96-well plate in the absence of light.
Fluorescence intensity observation was done at excitation
wavelength of 560 nm and emission wavelength of 600 nm
using FLx800™ Multidetection Microplate Reader (BioTek
Instruments Inc., USA). Unseeded scaffolds were used
as controls.

2.7. Cell Distribution Assessment. Due to the limited access
to confocal microscopy, the staining method was used to
examine the penetration and distribution of the cells into
the deep layers of the scaffolds. The propidium iodide (PI)
(Sigma-Aldrich Solutions, Germany) was used for cell stain-

ing. The scaffolds were sectioned into 20 ym thickness by
cryocutting knife (Diatome AG, Switzerland). Prior to cut-
ting the scaffolds, the cells were fixed using OCT® adhesive
(Fisher Scientific GmbH, Germany).

After washing with PBS, the scaffolds were cut and sec-
tioned using sterilized surgical blades. Subsequently, they
were put in aluminum molds filled with OCT® adhesive
and transferred to a freezer at -70°C. At this temperature,
the cells were fixed inside the scaffolds. Afterwards, very thin
layers of scaffold were prepared using cryocutting knife at
-30°C; and afterwards, they were placed on a silane slide
glass (Corning Life Sciences, USA). At that time, 1 ul of PI
dye was poured on each sample; and then, the samples were
examined by Nikon ECLIPSE Ti2 fluorescent microscope
(Nikon, Japan) and photographed in lightless environment.

2.8. Statistical Analysis. Every experiment was conducted at
least 3 times, and data was analyzed by SPSS software
version 21.0 (IBM SPSS Statistics, USA). Significant
differences were calculated using t-test assuming unequal
variances. A value of p < 0.05 was accepted for being statisti-
cally significant.

3. Results

3.1. Scaffold Characteristics. The scanning electron micros-
copy of silk scaffolds at surface and internal areas was con-
ducted to ensure a uniform hollow structure of channels
and analyze the pore characteristics. Figure 3 demonstrates
SEM images of SS3 scaffold prototypes and its channel.
Moreover, an analysis of pore diameters, conducted by Ima-
geJ software, is shown in Figure 3(c).

It can be seen in Figure 3(c) that the pore diameter of silk
scaffolds ranges from 100 to 300 um before cell seeding.
Pores are distributed throughout the scaffold and are finely
interconnected.

3.2. Cell Seeding. After cell seeding, SEM imaging was per-
formed again in order to study the cell attachment on silk



BioMed Research International 5

26 KV 50.0X 1 mm KYKY-EM3200

157.413 um_

14,524 um

KYKY-EM3200 SN:0688

()

250 X 100 um

F1GURE 3: SEM images of SS3 silk scaffold. (a) The surface of scaffold with 85x magnification, (b) a channel with 50x magnification, and (c)

Image]J analysis of pore sizes.

scaffolds. Moreover, the morphology of the cells, the cyto-
skeleton reorganization, and formation of filopodia were
thoroughly investigated. Figure 4 shows SEM images of a
cell-seeded SS2 scaffold at day 14 of culture at different mag-
nification rates.

3.3. Oxygen Measurement. To compare oxygen profiles in
cell-seeded scaffolds in static condition, we monitored oxy-
gen concentrations in the constructs using the very fine
and precise oxygen microsensor Microx TX3. The oxygen
concentration was measured in the depth of 0.5cm of scaf-
folds at three particular positions demonstrated in Figure 2.

Figure 5 compares the measured oxygen concentration
profiles at days 3, 5, 7, and 9 of culture at points A, B, and
C of silk scaffold prototypes (SS1, SS2, and SS3). For each
prototype, 5 scaffolds were selected and the oxygen concen-
trations were carefully measured. Every experiment was
repeated 3 times, and the data shown in Figure 5 represents
the mean value of measured oxygen concentrations with first
standard deviations.

Point A, at the center of scaffold, represents the area of
cell residency that has limited accessibility to oxygen and
nutrients in culture media, while point C is located at the
scaffolds’ surface where oxygen and nutrient delivery to cells
takes place straightforwardly. Nevertheless, point B, located
between A and C, characterizes the oxygen profile through
the internal spaces of scaffold prototypes.

3.4. Cell Viability. Direct MTT assay was conducted to inves-
tigate cell viability on all scaffold prototype groups in com-
parison with a negative control group. Figure 6 illustrates
the absorbance results of 570 nm wavelength measured by
ELISA reader.

To evaluate cell metabolism and proliferation on the 3D
cell-seeded silk scaffolds of different prototypes, we per-
formed Alamar Blue assay for periods of 7 and 14 days.
Figure 7 depicts the fluorescent intensities of cell activities
at 3 types of silk scaffolds alongside with a negative control.

Observation over a 14-day period cell culture in both
Figures 6 and 7 shows a higher cell proliferation on the
SS3 group compared to the SS2 group. In addition, lower
accessibility to oxygen for SS1 prototypes resulted in a lower
cell growth in comparison with the other scaffold groups.

3.5. Cell Distribution. In order to investigate the effect of
channels on cell distribution pattern, PI staining method
was performed. Using this method, we investigated the pres-
ence of cells in different parts of scaffolds and how the cells
were spread throughout channeled and unchanneled proto-
types. In this regard, we selected the SS1 and SS3 groups to
better visualize the discrepancies between their cell distribu-
tion profiles. Vertical and horizontal cross-sections of these
scaffolds were cryocut and examined under Nikon ECLIPSE
Ti2 fluorescent microscope. Captured images of G292 osteo-
blastic cell distribution pattern on SS1 and SS3 scaffolds are
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FI1GURE 4: SEM images of SS2 silk scaffold seeded by G292 osteoblastic cells at day 14 with magnification rates of 31x, 500x, and 2000x for

(a), (b), and (c), respectively.

demonstrated in Figures 8 and 9, respectively, at different
magnification ratios.

4. Discussion

Generally speaking, the oxygen diffusion from medium
through the scaffold is limited to 100-200 pm; and therefore,
interior areas of 3D thick constructs are prone to hypoxia
[5]. In the present study, the specific pattern of channel’s
arrangement through the scaffold structure, shown in
Figure 2(b), was designed in order to facilitate uniform oxy-
gen distribution through silk scaffolds. In addition to macro-
scopic configuration, the microscopic structure of scaffold
plays a vital role to improve oxygen transfer [53, 54].
Figures 3(a) and 4(a) show relatively open interconnections
in the microstructure of silk scaffolds before and after cell
culture, respectively. Open pores on the surface of channel’s
wall generate an interface for proper oxygen diffusion.
Hollow channeled silk scaffolds, embodying 15 channels
in two groups of SS2 (with channel diameter of 500 ym) and
SS3 (with channel diameter of 1000 um), alongside with
unchanneled silk scaffold group (SS1), were specifically
designed in order to investigate the effect of channel pres-
ence and also the consequence of its dimension on oxygen
distribution across cell-seeded scaffolds. The pattern of
channel distribution throughout the construct is a principal
feature of our designed scaffold. There were different pat-
terns that could be used, e.g., concentric circles, nested cir-
cles, parallel lines, or concentric diamonds, which could
differ in channels’ diameter, distance, and density through-
out the construct. However, a privileged pattern that could

contribute to a uniform oxygen distribution through scaffold
would be more preferable. In our specific design, as depicted
in Figure 1(b), channels are considered on the periphery of
two hypothesized concentric circles with radius of 4 and
7 mm. It is apparent that channels of our design are distrib-
uted throughout the scaffold frame in an even manner;
therefore, this compelling design enables an almost homog-
enous diffusion of oxygen and nutrients inside the scaffold
and could prevent possible induced hypoxia in the depth
of the constructs.

As shown in Figure 3(c), the fabricated natural silk scaf-
fold made a network of interconnected pores sized from 100
to 300 ym. The presented construct with average pore size of
200 ym could result to an effective cell infiltration and
migration. Moreover, Figure 3(c) exhibits an analogous
porous structure of SS3 silk scaffold prior to cell seeding.
The longitudinal cross-section of a channel in a SS2 scaffold
at days 14 postseeding is demonstrated in Figure 4(a). The
hollow channel presented in this micrograph shows that
channel’s wall still exhibits open pores two weeks after cell
seeding and being placed in culture media which, on the
other hand, contributes to a potential of oxygen availability
in depth of the scaffold. Additionally, Figure 4(c) illustrates
an attached cell’s morphology on SS2 channeled silk fibroin
scaffold. The attached and flattened G292 cells to the silk
material have physiological osteoblastic morphologies.

Nevertheless, in the absence of channel, oxygen can dif-
fuse into limited thickness of the porous structure adjacent
to the surface (refer to Figures 5(c) and 8). Comparing
Figures 5(a), 5(b), and 5(c), it could be claimed that the
improvement of the macrostructure of the scaffold by
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F1Gure 5: Comparison of oxygen concentration variations between different scaffold prototypes during 9 days in static culture. (a) Point A,

(b) point B, and (c) point C.

insertion of channels results the elimination of oxygen limi-
tation to a greater extent. Nine days postseeding, the oxygen
level enhancement from ca. 0.6 ppm in unchanneled scaf-
folds to ca. 1.2ppm in channeled scaffolds was found in
our investigations (refer to Figure 5). The SS3 scaffold group
demonstrates higher oxygen concentration at the center dur-
ing the first week of cell culture compared to the SS2 group
which is mainly due to more available surface area for oxy-

gen molecules to diffuse into the interior spaces of SS3 scaf-
folds. Our records demonstrate that the effect of channel’s
diameter on oxygen transfer to the central areas of scaffold
is remarkable although there is no linear relationship
between channel’s diameter and oxygen concentration at
different points of scaffolds.

It can be observed from Figure 5(a) that the maximum
difference between oxygen levels in the central points of
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scaffold groups was at 5™ day postseeding. Subsequently, the
discrepancies between oxygen levels of all groups gradually
diminished, where at day 9, the oxygen concentrations of
the SS2 and SS3 groups approximately reached the same
level. This phenomenon can be explained based on Alamar
Blue assay results. According to Figure 7, metabolic activity
of G292 cell seeded on SS3 scaffolds at the second week of
culture exceeded far beyond SS2 scaffolds. Since, the higher
metabolic activity needs more oxygen in the periphery
milieu, G292 cell seeded on SS3 scaffolds consumed more
oxygen compered to SS2 after the first days of culture.
Therefore, as shown in Figure 5(a), the oxygen level at point
A of SS3 sharps rapidly from day 5 to 9 leading to the

shrinkage of oxygen level difference between the SS3 and
S§S2 groups. This phenomenon could be traced in
Figure 5(b) too.

In addition to maintaining superior oxygen level and cell
proliferation in the SS3 group, based on Figure 5, it could be
concluded that the oxygen distribution through the center,
middle, and surface points are approximately uniform for
all days of culture. As presented by graphs in Figure 5, the
oxygen concentration value at different points, for example
on 7™ day, ranged between 2.5 and 3 ppm for SS3 and 1.5
and 3.8 ppm SS2 which corroborates the homogeneity of
oxygen concentration in group SS3. Moreover, data showed
that unchanneled scaffolds of SS1 did not provide uniform
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400X

FiGurek 8: Cell distribution profile on SS1 scaffold. (a) Graphical illustration of SS3 and its vertical cross-section. (b) Captured images under
fluorescent microscope with magnification 40x. (c and d) Captured images under fluorescent microscope with magnification 200x at the
center and surface of the vertical cross-section, respectively (bright red dots represent G292 osteoblastic cells).

40X

200X 400X

FiGure 9: Cell distribution profile on SS3 scaffold. (a) Graphical illustration of SS3 and its horizontal cross-section. (b, ¢, and d) Captured
images under fluorescent microscope with magnifications 40x, 200x, and 400x, respectively. (e) Graphical illustration of SS3 and its vertical
cross-section. (f, g, and h) Captured images under fluorescent microscope with magnifications 40x, 200x, and 400x, respectively (bright red

dots represent G292 osteoblastic cells).

oxygen level through their structure; and therefore, hypoxia
would be inevitable especially at the center because of poor
accessibility to oxygen. As shown in Figure 5(a), oxygen con-
centration at the center of unchanneled scaffolds is much
lower than oxygen concentration at the center of channeled
scaffolds. Here, comparing the SS2 and SS3 groups shows
how channel diameter could affect the oxygen transfer to
the most remote area of the structure, i.e., the center.

Furthermore, Figure 5 interestingly makes evident that
in the first week of cell culture, the rates of oxygen concen-
tration reduction in all groups are higher than the second
week. This phenomenon could be justified by the results pre-
sented in Figure 6 that demonstrates higher cell proliferation
in the first week in comparison to the second week of cul-
ture. In addition, lower accessibility to oxygen for unchan-
neled scaffolds and the result of a lower cell growth in
comparison with channeled constructs are recognizable in
Figure 6.

In order to compare the oxygen level at the 3 points of
sensing positions (shown in Figure 2), the oxygen concentra-
tions of the SS1, SS2, and SS3 groups at all sensing points on
day 7 of culture are depicted in Figure 10.

A remarkable outcome from Figure 10 is that the oxygen
level difference between points B and C is greater than the

difference between points A and B which could be due to
the presence of diffusion barrier at the surface of the scaffold.
Thus, more oxygen is available at the surface compared to
other points inside the scaffolds.

In an analogous study, Rnjak-Kovacina et al. reported
that introducing channels of diameter 570um could
improve oxygen level and cell distribution through the silk-
based scaffold seeded by human dermal fibroblasts [43].
They used thinner scaffolds (with 1.2mm diameter and
4 mm height), compared to the scaffolds designed and fabri-
cated in this study.

In an effort done by Volkmer et al., it is shown that oxy-
gen level would drop to 0% at the center of 3D unchanneled
constructs seeded by osteoblasts after 5 days of culture and
cells died due to induced hypoxia [5]. Likewise, we found
that at the center of SS1 scaffolds, oxygen concentration
diminished to 0.5 ppm after 9 days (Figure 5(a)). However,
oxygen concentration values for channeled constructs were
two or three times higher than that of unchanneled con-
structs at the same point and same day of culture.

In another study, a computational modeling predicted
that the shape of channels could highly influence the oxygen
distribution throughout 3D scaffolds [41]. Correspondingly,
our investigation results demonstrated in Figure 10 indicate
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FIGUre 10: Oxygen concentration at day 7 for all groups of
constructs at three points (A: at the scaffold center, B: at the
distance of 680 um from the center, and C: at the scaffold surface).

that increasing channel diameter could provide more
homogenous distribution of oxygen throughout 3D sizeable
silk scaffolds and elevates the oxygen availability to remote
areas (i.e., point A at the center of scaffold).

5. Conclusion

Engineering of large tissue constructs needs special designs
for scaffold structure to guarantee sufficient oxygen supply
at its interior spaces and eliminate possible induced hypoxic
regions in depth of the scaffolds. This work throws light on
the effects of channeling on oxygen supply and deep-seated
cell viability through large and clinically relevant sized tissue
constructs. In conclusion, the straightforward and reproduc-
ible methodology introduced in this study could be utilized
to fabricate 3D silk fibroin scaffolds with well-arranged and
controllable hollow channels. Hollow channels are incorpo-
rated into the scaffold’s structure to mimic the vascular net-
works in native tissues. The remarkable effect of channel
diameter on oxygen supply to different areas of scaffold is
well presented in this study. Therefore, the diameter of chan-
nels could optimize to yield enhanced oxygen delivery to the
cells in the central areas of scaffold of any arbitrary design
and eliminate possible induced hypoxia regions in depth.
Moreover, the channel distribution pattern could be a nota-
ble parameter in modifying oxygen distribution pattern
which should be investigated separately.

Furthermore, this work demonstrates that the design
of SS3 scaffold with its specific channel configuration
could appropriately supply oxygen and eliminate hypoxia
regions in 3D sizeable silk scaffolds. Subsequently, such a
design would enhance cell proliferation during two weeks
of static culturing of human G292 osteoblast-like osteosar-
coma cell line. Therefore, this channeled construct could
potentially be served as a clinically relevant sized scaffold
for a range of tissue engineering applications particularly
for bone regeneration.

BioMed Research International

Data Availability

Data is available upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] M. N. Nakatsu and C. C. Hughes, “An optimized three-
dimensional in vitro model for the analysis of angiogenesis,”
Methods in Enzymology, vol. 443, pp. 65-82, 2008.

[2] C. Patterson, “Torturing a blood vessel,” Nature Medicine,
vol. 15, no. 2, pp. 137-138, 2009.

[3] I. M. Castafio, C. M. Curtin, G. P. Duffy, and F. J. O’Brien,
“Next generation bone tissue engineering: non-viral miR-
133a inhibition using collagen-nanohydroxyapatite scaffolds
rapidly enhances osteogenesis,” Scientific Reports, vol. 6,
no. 1, pp. 1-10, 2016.

[4] M. A. Fernandez-Yague, S. A. Abbah, L. McNamara, D. I. Zeu-
golis, A. Pandit, and M. J. Biggs, “Biomimetic approaches in
bone tissue engineering: integrating biological and physicome-
chanical strategies,” Advanced Drug Delivery Reviews, vol. 84,
pp. 1-29, 2015.

[5] E. Volkmer, I. Drosse, S. Otto et al., “Hypoxia in static and
dynamic 3D culture systems for tissue engineering of bone,”
Tissue Engineering Part A, vol. 14, no. 8, pp. 1331-1340, 2008.

[6] J. Henkel, M. A. Woodruff, D. R. Epari et al., “Bone regenera-
tion based on tissue engineering conceptions—a 21st century
perspective,” Bone Research, vol. 1, no. 3, pp. 216-248, 2013.

[7] X. Xing, G. Cheng, C. Yin et al,, “Magnesium-containing silk
fibroin/polycaprolactone electrospun nanofibrous scaffolds
for accelerating bone regeneration,” Arabian Journal of Chem-
istry, vol. 13, no. 5, pp. 5526-5538, 2020.

[8] L. Zhang, G. Yang, B. N. Johnson, and X. Jia, “Three-dimen-
sional (3D) printed scaffold and material selection for bone
repair,” Acta Biomaterialia, vol. 84, pp. 16-33, 2019.

[9] V. T. Athanasiou, D. J. Papachristou, A. Panagopoulos,
A. Saridis, C. D. Scopa, and P. Megas, “Histological compari-
son of autograft, allograft-DBM, xenograft, and synthetic
grafts in a trabecular bone defect: an experimental study in
rabbits,” Medical Science Monitor, vol. 16, pp. BR24-BR31,
2009.

[10] R. Dimitriou, E. Jones, D. McGonagle, and P. V. Giannoudis,
“Bone regeneration: current concepts and future directions,”
BMC Medicine, vol. 9, no. 1, pp. 1-10, 2011.

[11] Z.Ding, W. Cheng, M. S. Mia, and Q. Lu, “Silk biomaterials for
bone tissue engineering,” Macromolecular Bioscience, vol. 21,
no. 8, p. 2100153, 2021.

[12] T.Li, X. Song, C. Weng et al., “Enzymatically crosslinked and
mechanically tunable silk fibroin/pullulan hydrogels for mes-
enchymal stem cells delivery,” International Journal of Biolog-
ical Macromolecules, vol. 115, pp. 300-307, 2018.

[13] Y. Li, J. Rodrigues, and H. Tomas, “Injectable and biodegrad-
able hydrogels: gelation, biodegradation and biomedical appli-
cations,” Chemical Society Reviews, vol. 41, no. 6, pp. 2193-
2221, 2012.

[14] S.R. Van Tomme, G. Storm, and W. E. Hennink, “In situ gel-
ling hydrogels for pharmaceutical and biomedical applica-
tions,” International Journal of Pharmaceutics, vol. 355,
no. 1-2, pp. 1-18, 2008.



BioMed Research International

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

D. Eyrich, F. Brandl, B. Appel et al., “Long-term stable fibrin
gels for cartilage engineering,” Biomaterials, vol. 28, no. 1,
pp. 55-65, 2007.

D. Mishra, B. Bhunia, I. Banerjee, P. Datta, S. Dhara, and T. K.
Maiti, “Enzymatically crosslinked carboxymethyl-chitosan/
gelatin/nano-hydroxyapatite injectable gels for in situ bone tis-
sue engineering application,” Materials Science and Engineer-
ing, vol. 31, no. 7, pp. 1295-1304, 2011.

L. Wang, R. Lu, J. Hou et al., “Application of injectable silk
fibroin/graphene oxide hydrogel combined with bone marrow
mesenchymal stem cells in bone tissue engineering,” Colloids
and Surfaces A: Physicochemical and Engineering Aspects,
vol. 604, p. 125318, 2020.

B. Balakrishnan and A. Jayakrishnan, “Self-cross-linking bio-
polymers as injectable in situ forming biodegradable scaf-
folds,” Biomaterials, vol. 26, no. 18, pp. 3941-3951, 2005.

D. N. Rockwood, R. C. Preda, T. Yiicel, X. Wang, M. L. Lovett,
and D. L. Kaplan, “Materials fabrication from Bombyx mori
silk fibroin,” Nature Protocols, vol. 6, no. 10, pp. 1612-1631,
2011.

Y. Wang, H.-J. Kim, G. Vunjak-Novakovic, and D. L. Kaplan,
“Stem cell-based tissue engineering with silk biomaterials,”
Biomaterials, vol. 27, no. 36, pp. 6064-6082, 2006.

L. Meinel, R. Fajardo, S. Hofmann et al., “Silk implants for the
healing of critical size bone defects,” Bone, vol. 37, no. 5,
pp. 688-698, 2005.

X. Zhang, Z. Fan, Q. Lu, Y. Huang, D. L. Kaplan, and H. Zhu,
“Hierarchical biomineralization of calcium carbonate regu-
lated by silk microspheres,” Acta Biomaterialia, vol. 9, no. 6,
pp. 6974-6980, 2013.

A. Y. Arkhipova, M. Kotlyarova, S. Novichkova et al., “New
silk fibroin-based bioresorbable microcarriers,” Bulletin of
Experimental Biology and Medicine, vol. 160, no. 4, pp. 491-
494, 2016.

T.-W. Chung and Y.-L. Chang, “Silk fibroin/chitosan-hyal-
uronic acid versus silk fibroin scaffolds for tissue engineering:
promoting cell proliferations in vitro,” Journal of Materials
Science: Materials in Medicine, vol. 21, no. 4, pp. 1343-1351,
2010.

H. Fan, H. Liu, Y. Wang, S. L. Toh, and J. C. H. Goh, “Devel-
opment of a silk cable-reinforced gelatin/silk fibroin hybrid
scaffold for ligament tissue engineering,” Cell Transplantation,
vol. 17, no. 12, pp. 1389-1401, 2008.

Z.Yang, L. S. Xu, F. Yin et al,, “In vitro and in vivo character-
ization of silk fibroin/gelatin composite scaffolds for liver tis-
sue engineering,” Journal of Digestive Diseases, vol. 13, no. 3,
pp. 168-178, 2012.

S. Yan, Q. Zhang, ]. Wang et al., “Silk fibroin/chondroitin sul-
fate/hyaluronic acid ternary scaffolds for dermal tissue recon-
struction,” Acta Biomaterialia, vol. 9, no. 6, pp. 67716782,
2013.

K. A. Luetchford, J. B. Chaudhuri, and A. Paul, “Silk fibroin/
gelatin microcarriers as scaffolds for bone tissue engineering,”
Materials Science and Engineering, vol. 106, article 110116,
2020.

R. Maidhof, A. Marsano, E. J. Lee, and G. Vunjak-Novakovic,
“Perfusion seeding of channeled elastomeric scaffolds with
myocytes and endothelial cells for cardiac tissue engineering,”
Biotechnology Progress, vol. 26, no. 2, pp. 565-572, 2010.

I. G. Beskardes, R. S. Hayden, D. L. Glettig, D. L. Kaplan, and
M. Gumiigderelioglu, “Bone tissue engineering with scaffold-

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

[44]

(45]

11

supported perfusion co-cultures of human stem cell-derived
osteoblasts and cell line-derived osteoclasts,” Process Biochem-
istry, vol. 59, pp. 303-311, 2017.

J. Kennedy, S. McCandless, A. Rauf, L. Williams, J. Hillam, and
R. Hitchcock, “Engineered channels enhance cellular density
in perfused scaffolds,” Acta Biomaterialia, vol. 7, no. 11,
pp. 3896-3904, 2011.

S. Benjamin, D. Sheyn, S. Ben-David et al., “Oxygenated envi-
ronment enhances both stem cell survival and osteogenic dif-
ferentiation,” Tissue Engineering Part A, vol. 19, no. 5-6,
pp. 748-758, 2013

Y.-T. Lai, M. Sato, S. Ohta et al., “Preparation of uniform-sized
hemoglobin-albumin microspheres as oxygen carriers by
Shirasu porous glass membrane emulsification technique,”
Colloids and Surfaces B: Biointerfaces, vol. 127, pp. 1-7,
2015.

R. R. Mallepally, C. C. Parrish, M. A. Mc Hugh, and K. R.
Ward, “Hydrogen peroxide filled poly (methyl methacrylate)
microcapsules: potential oxygen delivery materials,” Interna-
tional Journal of Pharmaceutics, vol. 475, no. 1-2, pp. 130-
137, 2014.

L. Gui and L. E. Niklason, “Vascular tissue engineering: build-
ing perfusable vasculature for implantation,” Current Opinion
in Chemical Engineering, vol. 3, pp. 68-74, 2014.

N. W. Choi, M. Cabodji, B. Held, J. P. Gleghorn, L. ]. Bonassar,
and A. D. Stroock, “Microfluidic scaffolds for tissue engineer-
ing,” Nature Materials, vol. 6, no. 11, pp. 908-915, 2007.

D. B. Kolesky, K. A. Homan, M. A. Skylar-Scott, and J. A.
Lewis, “Three-dimensional bioprinting of thick vascularized
tissues,” Proceedings of the National Academy of Sciences,
vol. 113, no. 12, pp. 3179-3184, 2016.

M. Radisic, H. Park, F. Chen et al., “Biomimetic approach to
cardiac tissue engineering: oxygen carriers and channeled scaf-
folds,” Tissue Engineering, vol. 12, no. 8, pp. 2077-2091, 2006.
J. Malda, T. Woodfield, F. Van Der Vloodt et al., “The effect of
PEGT/PBT scaffold architecture on oxygen gradients in tissue
engineered cartilaginous constructs,” Biomaterials, vol. 25,
no. 26, pp. 5773-5780, 2004.

B. Liu, Y. Liu, A. K. Lewis, and W. Shen, “Modularly assembled
porous cell-laden hydrogels,” Biomaterials, vol. 31, no. 18,
pp. 4918-4925, 2010.

G. Ahn, J. H. Park, T. Kang, J. W. Lee, H.-W. Kang, and
D.-W. Cho, “Effect of pore architecture on oxygen diffusion
in 3D scaffolds for tissue engineering,” Journal of Biome-
chanical Engineering, vol. 132, no. 10, p. 104506, 2010.

J. S. Miller, K. R. Stevens, M. T. Yang et al., “Rapid casting of
patterned vascular networks for perfusable engineered three-
dimensional tissues,” Nature Materials, vol. 11, no. 9,
pp. 768-774, 2012

J. Rnjak-Kovacina, L. S. Wray, J. M. Golinski, and D. L. Kaplan,
“Arrayed hollow channels in silk-based scaffolds provide func-
tional outcomes for engineering critically sized tissue con-
structs,” Advanced Functional Materials, vol. 24, no. 15,
pp. 2188-2196, 2014.

S. N. Nazhat, E. A. Abou Neel, A. Kidane et al., “Controlled
microchannelling in dense collagen scaffolds by soluble phos-
phate glass fibers,” Biomacromolecules, vol. 8, no. 2, pp. 543-
551, 2007.

V. K. Lee, D. Y. Kim, H. Ngo et al., “Creating perfused func-
tional vascular channels using 3D bio-printing technology,”
Biomaterials, vol. 35, no. 28, pp. 8092-8102, 2014.



12

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

L. S. Wray, J. Rnjak-Kovacina, B. B. Mandal, D. F. Schmidt,
E.S. Gil, and D. L. Kaplan, “A silk-based scaffold platform with
tunable architecture for engineering critically-sized tissue con-
structs,” Biomaterials, vol. 33, no. 36, pp. 9214-9224, 2012.

A. P. Golden and J. Tien, “Fabrication of microfluidic hydro-
gels using molded gelatin as a sacrificial element,” Lab on a
Chip, vol. 7, no. 6, pp. 720-725, 2007.

L. S. Wray, K. Tsioris, E. S. Gi, F. G. Omenetto, and D. L.
Kaplan, “Slowly degradable porous silk microfabricated scaf-
folds for vascularized tissue formation,” Advanced Functional
Materials, vol. 23, no. 27, pp. 3404-3412, 2013.

Z. Zhan, C. Wang, J. B. H. Yap, and M. S. Loi, “Retrofitting
ancient timber glulam mortise & tenon construction joints
through computer-aided laser cutting,” Heliyon, vol. 6, article
€03671, 2020.

Y. Qian, Z. Yao, X. Wang et al., “(-)-Epigallocatechin gallate-
loaded polycaprolactone scaffolds fabricated using a 3D inte-
grated moulding method alleviate immune stress and induce
neurogenesis,” Cell Proliferation, vol. 53, no. 1, article
€12730, 2020.

K. Saslawsky, T. Sanford, K. MacDonald, and K. Schumann,
“Branching inventory-democratized fabrication of available
stock,” in 26th International Conference of the Association for
Computer-Aided Architectural Design Research in Asia, Hong
Kong, 2021.

W. Zhang, L. S. Wray, J. Rnjak-Kovacina et al., “Vasculariza-
tion of hollow channel-modified porous silk scaffolds with
endothelial cells for tissue regeneration,” Biomaterials,
vol. 56, pp. 68-77, 2015.

M. Cavo and S. Scaglione, “Scaffold microstructure effects on
functional and mechanical performance: integration of theo-
retical and experimental approaches for bone tissue engineer-
ing applications,” Materials Science and Engineering, vol. 68,
pp. 872-879, 2016.

S.J. Hollister, “Porous scaffold design for tissue engineering,”
Nature Materials, vol. 4, no. 7, pp. 518-524, 2005.

BioMed Research International



	Elimination of Induced Hypoxic Regions in Depth of 3D Porous Silk Scaffolds by the Introduction of Channel Configuration
	1. Introduction
	2. Materials and Methods
	2.1. Preparation of Silk Fibroin Solution
	2.2. Fabrication of 3D Silk Fibroin Scaffolds
	2.3. Cell Culture and Cell Seeding
	2.4. Oxygen Measurement
	2.5. SEM Observation
	2.6. Cell Proliferation Assay
	2.7. Cell Distribution Assessment
	2.8. Statistical Analysis

	3. Results
	3.1. Scaffold Characteristics
	3.2. Cell Seeding
	3.3. Oxygen Measurement
	3.4. Cell Viability
	3.5. Cell Distribution

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest

