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Abstract
It is crucial to maintaining the viability of biofabricated human-sized tissues to ensure their successful survival and function 
after transplantation. Adenosine is a purine nucleoside that has the function to suppress cellular metabolism and has been 
previously proposed as a method to prolong cell viability under hypoxia. In this study, we optimized the dose concentration 
of adenosine for incorporation into bioprinted constructs to preserve long-term cell viability in vitro. Our results showed that 
muscle cells (C2C12) containing 6, 7, or 8 mM adenosine maintained high cell viability for 20 days under hypoxic conditions 
(0.1% O2), whereas cells without adenosine treatment showed 100% cell death after 11 days. After 20 days under hypoxic 
conditions, muscle cells treated with adenosine proliferated and differentiated when transferred to normoxic conditions. 
From these adenosine concentrations, 6 mM was picked as the optimized adenosine concentration for further investigations 
due to its most effective results on improving cell viability. The bioprinted muscle constructs containing adenosine (6 mM) 
maintained high cell viability for 11 days under hypoxic conditions, while the control constructs without adenosine had no 
live cells. For in vivo validation, the bioprinted constructs with adenosine implanted under the dorsal subcutaneous space in 
mice, showed the enhanced formation of muscle tissue with minimal central necrosis and apoptosis, when compared to the 
constructs without adenosine. These positive in vitro and in vivo results demonstrate that the use of adenosine is an effective 
approach to preventing the challenge of hypoxia-induced necrosis in bioprinted tissues for clinical translation.

Keywords  Bioprinting · Hypoxia · Adenosine · Cell viability · In vivo

Introduction

Organ transplantation represents a significant advancement 
of modern medicine for treating organ failure due to diseases 
or injuries [1]. The medical practice of organ transplantation 
is mature; however, a major limitation is the donor organ 
shortage. In 2019, more than 113,000 people in the USA 
are on the organ transplant list; however, only 36,528 organ 
transplantations were performed [2]. Due to this mismatch, 
20 people die each day in the USA waiting for organs for 
transplantation [2]. Besides the transplantation of entire 
organs, tissue substitutes are also in crucial need, especially 
for muscle substitutes. Volumetric muscle loss (VML) is a 

traumatic or surgical loss of skeletal muscle that requires 
muscle substitutes for regeneration. Traditionally, VML has 
been treated using autologous muscle flaps [3]. However, 
this procedure is inevitably associated with morbidity at the 
donor site and has limited successful outcomes, resulting in 
part from insufficient delivery of oxygen and nutrients to the 
site of injury [4].

Bioprinting is an emerging technology that has great 
potential to solve the challenge of limited organ supplies for 
transplantation. It has the advantage of being able to cre-
ate complex 3D tissue structures with high resolution and 
designs based on each patient’s needs [5–8]. Many tissues, 
including muscle, cartilage, and bone, and other complex 
tissues, such as trachea and meniscus, have been success-
fully bioprinted at small scales [9–15]. Recently, Choi et al. 
described a novel 3D bioprinting treatment for volumetric 
muscle loss. The constructs were composed of cell-laden 
dECM bioinks generated with a granule-based printing 
reservoir and coaxial nozzle printing to improve functional 
recovery of the constructs [16].
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However, several challenges need to be overcome for 
the translation of this technology to clinical applications. 
Bioprinted constructs require a vascular network to become 
mature and functionalized. The vascular network plays a 
crucial role in the body’s metabolic system including the 
exchange of nutrients, oxygen, and waste among different 
tissues. Furthermore, the development of vascular networks 
is relatively slow [6, 17, 18]. It was reported that the aver-
age regeneration rate of microvessels was only around 5 µm 
per hour, so most human-sized tissues would require many 
weeks to become sufficiently vascularized [19, 20]. In cur-
rent practice, by the time that a 3D bioprinted construct 
becomes vascularized, tissue necrosis is likely to occur due 
to a lack of oxygen and nutrient supply.

There have been some studies reporting the incorpora-
tion of vascular structures within the bioprinted construct 
to overcome this challenge. Dr. Lewis and her group devel-
oped thick vascularized tissues through bioprinting [21]. 
Bioprinted constructs with a thickness larger than 1 cm and 
a volume of 10 cm3 were created with human mesenchymal 
stem cells (hMSCs), HNDFs, and vascular channels pro-
duced by Pluronic F127. Results showed high cell viability 
for cells close to vascular channels, successful lumen forma-
tion within the area of vascular channels, and the differentia-
tion of hMSCs toward osteoblasts after 45 days of culture. 
However, they found that cells far from bioprinted vascu-
lar channels still died due to a lack of oxygen and nutrient 
during culture. Thus, even with current success, bioprinted 
tissues are far from clinical translation. This is because cre-
ating complex vascular structures including microvascula-
ture (up to 2 mm in diameter), intermediate microvessels 
(50–500 µm in diameter), and capillary networks (10–20 µm 
in diameter) within bioprinted tissues in a short time is still 
a major challenge [22].

The best way to develop vascularized tissues is still 
through self-vascularization within bioprinted tissue con-
structs. However, tissue necrosis often occurs during the 
vascularization process due to an insufficient oxygen sup-
ply. An approach to increasing the long-term cell viability 
of bioprinted tissue constructs under hypoxic conditions 
is promising to achieve this goal. Adenosine is a purine 
nucleoside that has the function of an energy transferring 
molecule [23, 24]. It has been reported to play a crucial 
role in decreasing neuronal excitability as well as neuro-
transmitter release resulting in effectively reduced neuronal 
energy requirements [25]. The angiogenesis in bioprinted 
tissue constructs is a long-term process. Providing sufficient 
oxygen and nutrients for bioprinted tissues until vascular for-
mation has been a major challenge. One potential approach 
to overcoming this challenge is to add adenosine to bioinks 
for the preparation of bioprinted tissues. With the effects 
of adenosine on downregulating the cellular metabolic 
activity, the requirement of oxygen and nutrient for cellular 

survival will be significantly decreased in bioprinted tissue 
constructs, which is promising to enhance the cell viability 
during the vascularization process.

In this study, our overall hypothesis is that the downregu-
lation of cell metabolism through treatment with adenosine 
should improve the viability of bioprinted constructs. To 
test our hypothesis, we first optimized the concentration of 
adenosine to achieve long-term cell viability under 0.1% O2 
hypoxic conditions to mimic a harsher than expected cellular 
hypoxic condition prior to angiogenesis of bioprinted tissue 
constructs. After 20 days, samples were transferred from 
hypoxic to normoxic conditions to evaluate maintenance of 
cellular viability and metabolism. One concentration with 
the best cellular viability, metabolism, and differentiation 
will be selected as the optimized concentration of adenosine. 
This concentration should be expected to be appropriate for 
further application. Then, adenosine was incorporated into 
our cell-laden fibrinogen-based bioinks, followed by the fab-
rication of muscle constructs using the WFRIM Integrated 
Tissue Organ Printer (ITOP) [12]. Bioprinted muscle con-
structs were cultured under hypoxic conditions and charac-
terized through live/dead staining and MTT cell prolifera-
tion assay. Additionally, bioprinted muscle constructs were 
implanted under the dorsal subcutaneous space in mice for 
two weeks to study the effects of adenosine on cell viability 
and muscle formation through histological and immunohis-
tochemical analysis.

Materials and methods

Materials

All chemicals that were not mentioned particularly in this 
study were purchased from Sigma-Aldrich (St. Louis, MO).

In vitro 2D culture

A mouse skeletal muscle cell line, C2C12 (ATCC® CRL-
1772™, ATCC, Manassas, VI), was used in this study. In 
total, 20,000 cells were seeded in each well of 24-well plates 
with 1 mL C2C12 growth medium containing Dulbecco’s 
Modified Eagle Medium (DMEM) high glucose medium, 
10% FBS, and 1% penicillin and cultured under normoxic 
conditions (37 °C and 5% CO2) for one day to allow their 
attachment. Then, the medium was aspirated and filled with 
1 mL of fresh C2C12 growth medium with either 0 (control), 
5, 6, 7, or 8 mM adenosine (n = 3). Cultures were maintained 
under 0.1% O2 hypoxic conditions for up to 20 days without 
medium change. This setup was to mimic the expected tis-
sue microenvironment after construct implantation prior to 
vascularization, when there was no vascular structure for the 
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transportation of oxygen, nutrients, and cellular metabolites 
between tissues and outside environment.

After 20 days, five samples from each adenosine group 
were transferred from hypoxic to normoxic conditions 
when they still had cellular viability and metabolism. This 
experimental approach transferring cultures from hypoxic 
to normoxic conditions was designed to model the expected 
conditions experienced by a construct after implantation and 
prior to angiogenesis, and then for the evaluation of func-
tion after vascularization. They were changed with a fresh 
C2C12 growth medium every other day till day 25. Then, 
C2C12 differentiation medium containing Dulbecco’s Modi-
fied Eagle Medium/Nutrient Mixture F-12 (DMEM/F12), 
1% horse serum, and 1% penicillin was changed for these 
samples every other day until day 28. These samples were 
evaluated for muscle differentiation. The timeline of in vitro 
2D culture is shown in Fig. 1(a).

Bioink preparation

Three bioinks were used in this study. Bioink 1 was con-
stituted of 40 mg/mL fibrinogen, 45 mg/mL gelatin, 3 mg/
mL hyaluronic acid (HA), and 10% v/v glycerol in DMEM 
high glucose medium. Bioink 2 had the same composition 
as bioink 1, with additional supplementation with 30 mM 
adenosine. Bioink 3 also had a similar composition to bioink 
1, while it had no fibrinogen. Adenosine was first dissolved 
in DMEM high glucose medium at 37 °C through a rotary 
mixer at 50 rpm for 1 h. Then, HA and glycerol were added 
to the solution and mixed under the same condition over-
night. After that, gelatin and fibrinogen were added and 
mixed under the same condition for 2 h. Finally, all bioinks 
were sterilized by filtering using a 0.4 µm filter before 
bioprinting.

In vitro 3D culture of bioprinted muscle constructs

Bioprinting was conducted using the Wake Forest Institute 
of Regenerative Medicine Integrated Tissue Organ Printer 
(ITOP) [12]. This is an extrusion-based bioprinting system 
with six separate bioink-dispensing lines. Both polycapro-
lactone (PCL) and bioinks were used for the bioprinting 
of muscle constructs. Two designs were used in this study, 
as shown in Figs. 4(b) and 5(a). For in vitro experiments, 
design 1 [Fig. 4(b)] with a dimension of 10 × 10 × 0.5 mm 
was used, while design 2 [Fig. 5(a)] with a dimension of 
12 × 12 × 4.5 mm was used for in vivo experiments. Green 
indicates PCL, red indicates bioink 1 or 2, and blue indi-
cates bioink 3. Samples printed with bioink 1 are labeled 
control, while samples printed with bioink 2 are labeled 
30 mM AD. Before bioprinting, 25 million C2C12 cells 
were laden in 1 mL of each bioink. PCL was heated to 
90 °C and dispensed using a 200 µm metal nozzle at 700 

psi. All bioinks were used at 15 °C and dispensed using a 
200 µm Teflon nozzle at 150 psi. After the bioprinting was 
complete, constructs were cross-linked by immersion into 
20 UI/ml thrombin solution for 1 h. Then, samples with 
design 1 were filled with C2C12 growth medium and cul-
tured under 0.1% O2 hypoxic conditions for up to 15 days 
without medium change for in vitro characterization. In 
addition, five samples from each group were transferred 
from hypoxic to normoxic conditions at day 11 when they 
were still viable and metabolizing. They were cultured in 
normoxic conditions until day 15. Samples with design 2 
were also filled with C2C12 growth medium, while they 
were cultured in normoxic conditions (37 °C and 5% CO2) 
for one day before in vivo implantation. The timeline of 
in vitro 3D culture is shown in Fig. 4(a).

Fig. 1   a Schematic of 2D culture time points and conditions. b Live 
cell area calculated based on live/dead assays with the addition of 
0 (hypoxic control), 5, 6, 7, 8 mM adenosine for 7, 11, 17, 20, and 
25 days under 0.1% O2 hypoxic conditions or normoxic conditions. c 
Live cell area calculated based on live/dead assays between different 
compositions at day 20 and day 25
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Live/dead staining

An Early Tox Live/Dead Assay Kit (Molecular Devices, San 
Jose, CA) was used for 2D culture in well plates following 
the manufacturer-recommended protocol to observe the cell 
viability of C2C12 cells. Cell-permeant red dye could bind 
to the DNA of all cells, while green dye could only react 
to dead cells without membrane integrity giving them yel-
low fluorescence. Briefly, red and green dyes were 1:2000 
diluted with Dulbecco’s phosphate-buffered saline (DPBS) 
as the working solution and then added to each well. After 
incubation at 37 °C and 5% CO2 for 20 min, fluorescence 
images were taken using Spectra Max i3x with MiniMax 
300 Imaging Cytometer (Molecular Devices, San Jose, 
CA) using the setup of excitation and emission provided 
in the SoftMax Pro 7.0.2 (Molecular Devices, San Jose, 
CA). Then, the cell area was calculated for each composi-
tion using Image J. The cell area was used to indicate the 
cell viability during 2D culture since dead cells often detach 
from the bottom surface. This area was selected by choosing 
an appropriate threshold without losing signals and fusing 
cells close to each other. Additionally, five images were used 
for the quantification of cell viability to ensure the reproduc-
ibility of data.

For 3D culture using bioprinted muscle constructs, 2 µM 
calcein AM and 4 µM Ethidium homodimer-1 (EthD-1) 
solution was prepared using stock solutions from LIVE/
DEAD® Viability/Cytotoxicity Kit (Thermal Fisher Scien-
tific, Waltham, MA) and added to the constructs to fully 
cover them. After incubation at room temperature for 
30 min, an Olympus BX63 fluorescence microscope was 
used to take images of bioprinted muscle constructs. Green 
was changed to red and red was changed to green, consistent 
with the live/dead images of 2D culture in well plates. In 
addition, Image J was used to quantify cell viability based 
on these images. Cell viability percentage was calculated 
as the area of red (live cells) divided by the area of red and 
green (total cells) (n = 3).

Cell proliferation

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay (Sigma, MO, USA) was used to evaluate 
the cell proliferation. MTT assay solution was prepared by 
adding 50 mg of MTT powder into 10 ml phosphate-buffered 
saline (PBS) followed by sterilization using 0.45 µm filters. 
Nine hundred microliters of cell medium and 100 µl of MTT 
solution were added separately to each sample. Then, sam-
ples were incubated at 37 °C for 2 h. After incubation, the 
MTT solution was removed and 500 µl of dimethyl sulfox-
ide (DMSO) was added to each sample. After pipet mixing, 
100 µl solution was transferred into each well of 96-well 
plates and read by a Spectra Max i3x microplate reader at 

570 nm. Three duplicates were tested for each composition 
to ensure reproducibility.

Muscle differentiation test

Samples were fixed in 4% paraformaldehyde (PFA) in PBS 
solution for 10 min. After that, they were permeabilized with 
0.1% Triton X-100 in PBS solution for 10 min. Then, they 
were blocked with a protein block solution (Dako, Carpin-
teria, CA) for 30 min. The primary antibody, Myosin 4 
Monoclonal Antibody (MF20) (14-6503-80, Thermo Fisher 
Scientific, Waltham, MA) (1:300 dilution), was applied on 
samples at room temperature for 1 h. After washing by PBS 
five times, the secondary antibody, goat anti-mouse IgG 
(H + L) secondary antibody Alexa Fluor 594 (A-11005, 
Thermo Fisher Scientific, Waltham, MA) (1:300 dilution), 
was applied on samples for 40 min with aluminum foil cov-
ered to avoid light exposure. After five times of PBS wash, 
DAPI counterstain (1:1000 dilution) was applied on samples 
for 5 min. After another five times of PBS wash, 4% PFA 
in PBS solution was used to fix the stain. Then, immuno-
fluorescence images were taken using an Olympus BX63 
fluorescence microscope.

Implantation of bioprinted muscle constructs

Animal care, housing, and procedures were performed in 
accordance with the protocol approved by the Animal Care 
and Use Committee of Wake Forest Institute of Regenerative 
Medicine. A total of four nude mice were distributed into 
two experimental groups: control group—bioprinted muscle 
constructs using PCL and bioink 1, and 30 mM AD group—
bioprinted muscle constructs using PCL and bioink 2. One 
control group construct and one 30 mM AD group construct 
were implanted into the left and right dorsal subcutaneous 
spaces of each nude mouse. All mice were killed after two 
weeks of implantation.

Histological analysis

Two weeks postimplantation, mice were euthanized to 
retrieve samples. Retrieved implants were fixed in 10% 
Neutral buffered formalin (NBF) overnight followed by a 
dehydration process. Then, they were embedded in paraffin 
wax and sectioned by a microtome to a thickness of 5 µm. 
Sections used for the staining were close to the center of bio-
printed constructs. Tissue sections were deparaffinized and 
then stained with hematoxylin and eosin (H&E) to examine 
the tissue formation within bioprinted muscle constructs. 
Bright-field images were taken using an upright microscope 
(Olympus BX63, Tokyo, Japan).
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Immunohistochemistry analysis

Sections were first deparaffinized and rehydrated followed 
by antigen retrieval procedures at pH 6. Then, samples 
were incubated in Peroxiblock (Dako, Carpinteria, CA) 
for 20 min. After washing with Tris-buffered Saline with 
Tween 20 (TBST) three times, samples were further incu-
bated in protein block solution (Dako, Carpinteria, CA) for 
another 20 min. Sections were then incubated with Anti-
HIF-1 alpha antibody (HIF1A) (ab1, Abcam, Cambridge, 
MA) (1:200 dilution) and anti-desmin antibody (desmin) 
(ab15200, Abcam, Cambridge, MA) (1:200 dilution) at 
4 °C overnight and rinsed three times with TBST afterward. 
After that, sections were incubated with biotinylated second-
ary antibody, goat anti-rabbit/mouse IgG (H + L) (Vector 
Laboratories, Burlingame, CA, USA), at room temperature 
for 30 min. Then, they were rinsed three times with TBST 
and an avidin-biotinylated horseradish peroxidase complex 
(Vector Laboratories, Burlingame, CA, USA) was applied 
at room temperature for 30 min. Sections were rinsed three 
times with TBST and 3,3′-diaminobenzidine solution (Vec-
tor Laboratories, Burlingame, CA, USA) was applied. When 
the color change was seen under the microscope, samples 
were immediately immersed into water to stop the reaction. 
Finally, sections were counterstained with Gill’s hematox-
ylin and mounted with a mounting solution. Images were 
taken using a light microscope (Leica, DM 400B, Wetzlar, 
Germany) with digital imaging software (Pro Express 6.3 
software).

Statistical analysis

Data were expressed for each experimental group as 
mean ± SD and statistical significance determined using sta-
tistical analysis software (GraphPad Prism, GraphPad Soft-
ware Inc.). Mixed models analysis of variance techniques 
were used to compare outcomes. Models included the factors 
TREATMENT, DAY, and a TREATMENT x DAY inter-
action. A confidence interval of 95% assumes significance 
(n = 3).

Results

2D cell viability and metabolism

 For further analysis, 7, 11, 17, 20, and 25 days were picked 
since these five time points best reflected the changes of 
samples during 2D in vitro culture. For day points between 
11 and 17, such as day 14, the changes of cell metabolism 
for all samples were not significant, so they were not further 
analyzed. Meanwhile, at day 20, we observed a significant 
loss of cell viability for all samples, so we decided to set 

day 20 as the endpoint for hypoxic cell culture. A live/dead 
assay was used for 2D culture to observe the cell viability 
of C2C12 cells. Control samples show a large number of 
dead cells by day 7, compared with a higher level of viabil-
ity in samples treated with adenosine [4690 ± 707 (control) 
versus 15,502 ± 1481 (5 mM AD), 15,915 ± 1941 (6 mM 
AD), 13,680 ± 1635 (7 mM AD), 11,402 ± 1492 (8 mM 
AD), respectively, measured in pixels per area], as shown 
in Fig. 1(b) and (c). By day 11, there was no cell viability 
in the control group, and cells were detached, while adeno-
sine-treated groups maintained high viability [2 ± 0.23 (con-
trol) versus 10,453 ± 1357 (5 mM), 12,996 ± 1693 (6 mM), 
10,749 ± 1290 (7 mM), 8494 ± 1144 (8 mM), respectively, 
measured in pixels per area]. On day 17, samples with 5 mM 
adenosine began to display altered morphology and detach, 
while all other adenosine groups demonstrated a slight 
decrease in viability. At day 20, cells in samples with 5 mM 
adenosine were dead and detached (20 ± 3.6, measured in 
pixels per area). Cells treated with 6 mM adenosine show 
the highest viability, with a trend toward decreased viabil-
ity in samples treated with 7 mM and 8 mM [4088 ± 651 
(6  mM AD) versus 2932 ± 498 (7  mM AD), 909 ± 158 
(8 mM AD), respectively, measured in pixels per area]. Fol-
lowing measurement at day 20, samples were cultured for 
5 days in normoxic conditions. Samples treated with 6, 7, 
and 8 mM adenosine had increased viability, suggesting cell 
proliferation, with the greatest increase in viability (from 
4088 ± 651 to 16,597 ± 1163 measured in pixels per area) 
seen in samples treated with 6 mM adenosine. Alternatively, 
untreated samples and those treated with 5 mM adenosine 
show no significant proliferation between day 20 and day 25, 
as shown in Fig. 1(b).

MTT assays were performed to evaluate cell metabolism 
in the presence or absence of adenosine. All groups show 
high cell metabolism at day 7, with 5 mM adenosine and 
untreated controls having the highest MTT [0.57 ± 0.02 
(5  mM AD) and 0.53 ± 0.02 (control)], as shown in 
Fig. 2(a). By day 11, there is a trend toward decreased 
MTT, with the nontreated control having significantly less 
MTT than adenosine-treated groups [0.04 ± 0.001 (con-
trol) versus 0.40 ± 0.02 (5 mM AD), 0.33 ± 0.03 (6 mM 
AD), 0.26 ± 0.02 (7 mM AD), and 0.24 ± 0.01 (8 mM AD), 
respectively]. This trend continues at day 17, with all adeno-
sine groups still having significantly higher MTT than the 
control [0.04 ± 0.001 (control) versus 0.08 ± 0.01 (5 mM 
AD), 0.27 ± 0.04 (6 mM AD), 0.26 ± 0.02 (7 mM AD), and 
0.23 ± 0.03 (8 mM AD), respectively], at which time the 
MTT level of samples treated with 6, 7, and 8 mM adeno-
sine only shows slight decreases from day 11, while samples 
with 5 mM adenosine show a significant decrease in MTT 
(from 0.39 ± 0.02 to 0.08 ± 0.01). By day 20, the MTT of 
all adenosine groups continues to decrease, with samples 
treated with 5 mM adenosine having almost no MTT value, 
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comparable to the nontreated controls [0.04 ± 0.001 (5 mM 
AD) versus 0.04 ± 0.01 (control)], while 6, 7, and 8 mM 
adenosine-treated samples still maintain higher MTT val-
ues (0.08 ± 0.02 (6 mM AD), 0.09 ± 0.01 (7 mM AD), and 
0.07 ± 0.01 (8 mM AD), respectively). When samples were 
transferred back to normoxic conditions at day 20 followed 
by culturing normoxic culture for 5 days, samples treated 
with 6, 7, and 8 mM adenosine had significantly increased 
MTT [0.47 ± 0.01 (6 mM AD), 0.41 ± 0.03 (7 mM AD), and 
0.39 ± 0.01 (8 mM AD), respectively]. The increase between 
day 20 and day 25 is most striking for samples treated with 
6 mM adenosine, which is close to four times increase (from 
0.09 ± 0.02 to 0.47 ± 0.01). Samples treated with 5 mM 
adenosine and nontreated controls continue to have low 
MTT on day 25, as shown in Fig. 2(b).

2D cell differentiation

MF20 staining was conducted to evaluate cell differentia-
tion when transferring from hypoxic to normoxic conditions. 

It shows that samples with 5 mM adenosine do not show 
obvious signs of cell differentiation, as shown in Fig. 3(a); 
however, samples with 6, 7, and 8 mM adenosine show posi-
tive staining of myotubes, as shown in Fig. 3(b), (c), and 
(d), especially for samples with 6 mM adenosine, as shown 
in Fig. 3(b).

3D cell viability and metabolism

A live/dead assay was used for 3D culture to observe the cell 
viability of bioprinted constructs under hypoxic conditions. 
Both 30 mM AD and no treatment control groups show high 
cell viability at day 7 [98% ± 0.5 (30 mM AD) and 97% ± 0.2 
(control)], as shown in Fig. 4(c), (d), and (e). Cell death is 
observed in both groups at day 11; however, the 30 mM AD 
group has more live cells than the control [75% ± 6 (30 mM 
AD) versus 17% ± 2 (control), p < 0.0001]. By day 15 under 
hypoxic conditions, 30 mM AD group showed reduced cell 
viability but still maintained more viable cells than no-
treatment controls. This drop was likely due to the effects of 
long-time hypoxia on reducing cell viability. When transfer-
ring samples from hypoxic to normoxic conditions at day 11 
followed by 4 days of normoxic culture, 30 mM AD group 
shows a significant increase in cell viability (from 75% ± 6 
to 98% ± 0.1). This cell proliferation through the increased 
number of live cells is in stark contrast with the no treat-
ment control group, which has no significant increase in 

Fig. 2   a MTT assay of C2C12 cells cultured under 0.1% O2 hypoxic 
conditions or normoxic conditions with the addition of 0 (hypoxic 
control), 5, 6, 7, 8 mM adenosine for 7, 11, 17, 20, and 25 days. b 
MTT assay between different compositions at day 20 and day 25

Fig. 3   Florescence images of myotubes through MF20 staining for 
samples cultured with 5 mM (a), 6 mM (b), 7 mM (c), and 8 mM (d) 
of adenosine
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Fig. 4   a Schematic of 3D cul-
ture time points and conditions. 
b Designs and post-printing 
images of bioprinted constructs 
for in vitro 3D culture. c Live/
dead staining of bioprinted mus-
cle constructs using fibrinogen-
based control and 30 mM AD 
bioinks cultured under 0.1% O2 
hypoxic conditions or nor-
moxic conditions for 7, 11, and 
15 days (red: live; green: dead). 
d Live cells calculated based on 
live/dead images using Image 
J. e MTT assay of bioprinted 
muscle constructs during the 
culture
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viability after four days in normoxic culture (from 17% ± 2 
to 20% ± 0.3), as shown in Fig. 4(c) and (d). These results 
correlate with our previous findings showing the effects of 
adenosine on increasing the cell viability under hypoxic 
conditions and maintaining the ability to reproliferate when 
transferred back to normoxic conditions.

Then, MTT assays were performed to evaluate cell 
metabolism of bioprinted constructs when adenosine was 

added. Control and 30 mM AD groups have comparable 
MTT metabolism at day 7 [0.52 ± 0.02 (30 mM AD) versus 
0.52 ± 0.01 (control)], as shown in Fig. 4(e). Both groups 
show decreased MTT at day 11, while 30 mM AD group 
has significantly higher MTT than the control [0.38 ± 0.07 
(30 mM AD) versus 0.13 ± 0.02 (control)]. At day 15 under 
sustained hypoxia, both 30 mM and nontreated control 
groups show decreased MTT compared to day 11 and their 
MTT values are comparable. When transferring both groups 
back to normoxic conditions at day 11 followed by culturing 
for 4 days in normoxic conditions, the 30 mM AD group 
shows increased MTT (from 0.38 ± 0.07 to 0.54 ± 0.02). 
Alternatively, the nontreated control group had no signifi-
cant increase in MTT following 4 days of normoxic cul-
ture (from 0.13 ± 0.02 to 0.15 ± 0.01). The final MTT in the 
30 mM AD group at day 15 is also significantly higher than 
in the nontreated controls [0.54 ± 0.02 (30 mM AD) versus 
0.15 ± 0.01 (control)].

Histological analysis

For in vivo characterizations using bioprinted constructs 
implanted in mouse dorsal subcutaneous spaces, there are 
no obvious visual differences between control and 30 mM 
AD groups when retrieving them after two weeks of implan-
tation. Holes from the four corners might be caused by the 
presence of PCL near corner positions. Hydrogels show little 
degradation after two weeks of implantation. H&E-stained 
images from the control group show central disintegration 
indicating its apoptosis in the center, while the 30 mM AD 
group has intact and healthy tissue formation in their center, 
as shown in Fig. 5(b).

Immunohistochemical analysis

For in vivo immunohistochemical analysis of bioprinted 
constructs, two stainings are used in this study. H1F1A is 
used to detect the hypoxic response of cells within the con-
struct, while desmin is used as the marker of the C2C12 dif-
ferentiation. For H1F1A staining, a large amount of positive 
HIF1A staining is observed in the center of bioprinted con-
structs from the control group; however, 30 mM AD group 
shows much less HIF1A expression compared to the control. 
For desmin-stained images, we detect the disintegration near 
the center area of bioprinted constructs in the control group 
indicating apoptosis, which corresponds to H&E-stained 
images; however, this observation is not seen in 30 mM AD 
group. Positive desmin staining is found mostly near the 
edge of bioprinted constructs; however, the center of bio-
printed constructs from the 30 mM AD group also presents 
positive desmin staining, as shown in Fig. 5(b).

Fig. 5   a Designs of bioprinted muscle constructs for in vivo experi-
ment b Images of retrieved constructs, H&E staining, HIF1A stain-
ing, and desmin staining using bioprinted control muscle constructs 
and bioprinted 30  mM AD muscle constructs after implantation in 
dorsal subcutaneous spaces of mice for two weeks
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Discussion

Tissue vascularization is crucial to the future clinical 
translation of bioprinted tissues; however, the vasculari-
zation of a human-sized tissue can take several months 
leading to tissue necrosis in the center of bioprinted tissue 
due to hypoxia [6, 26]. The goal of this study is to alle-
viate the effects of hypoxia on cell viability through the 
incorporation of adenosine, which should help maintain 
the cell viability before vascularization. In this study, we 
used a harsh oxygen environment, 0.1% O2, to simulate 
the hypoxic conditions in vitro. In real cases, the oxygen 
level in the center of bioprinted tissues should be higher. 
Hence, we should expect the superior effects of adeno-
sine on improving cell viability than our current results. 
In addition, in our in vitro 2D and 3D experiments, we 
selected the longest time points that all samples still have 
cell viability and metabolism under hypoxia to reprolifer-
ate and differentiate them under normoxia to further opti-
mize the adenosine concentration.

Four concentrations of adenosine, 5, 6, 7, and 8 mM, 
are tested for optimization first. High cell viability can 
be maintained for up to 20 days by using 6, 7, and 8 mM 
adenosine; however, control samples and samples with 
5 mM adenosine showed complete cell death and cellular 
detachment after 11 and 20 days, respectively, as shown 
in Fig. 1. The MTT result correlates with our previous 
findings showing significantly higher MTT at day 11, 15, 
and 20 for samples with 6, 7, and 8 mM adenosine com-
pared to the control, while control samples and samples 
with 5 mM adenosine start to show substantially decreased 
MTT level after 11 and 20 days of culture, respectively, 
as shown in Fig. 2. Our results also correlate with a previ-
ous study showing the presence of adenosine enhances 
the cell viability for 11 days; however, our study extends 
this period to 20 days [23]. In addition, cell proliferation 
and differentiation tests are conducted after transferring 
samples from hypoxic to normoxic conditions. Samples 
with 6, 7, and 8 mM adenosine show enhanced cell viabil-
ity and a significantly higher proliferation rate than the 
control after culturing at normoxic conditions for 5 days. 
They also demonstrate evenly distributed myotube forma-
tion through MF20 staining, while samples with 5 mM 
adenosine show little myotube formation, as shown in 
Fig. 3. Finally, 6 mM is picked as the optimal concentra-
tion of adenosine based on its highest cell viability and 
proliferation under hypoxic conditions as well as the most 
improved proliferation and differentiation when transferred 
back to normoxic conditions.

The next step is to add our optimal concentration of 
adenosine to bioprinted tissues and test them in vitro and 
in vivo. For in vitro characterizations, a design with two 

layers of muscle fibers is used, as shown in Fig. 4(b). PCL 
(green) is used as the mechanical support, while bioinks 1 
and 2 (red) are fibrinogen-based bioinks, which have been 
reported to be biocompatible and support the muscle for-
mation [27–29]. Bioink 3 is used as the sacrificial bioink 
and has a similar composition to bioink 1, while it has no 
fibrinogen. The function of bioink 3 is to provide tempo-
rary structural support to the construct at room tempera-
ture during the bioprinting process, while it can be eas-
ily removed at 37 °C post-printing during tissue culture. 
As we transitioned from in vitro analysis to our in vivo 
model, we aimed to keep the adenosine concentration in 
bioink 2 similar to in vitro experiments controlled for cell 
density (equal amounts of adenosine per cell). However, 
there were several practical limitations on the maximal 
dose we could include in our constructs. First, the maxi-
mum recommended clinical maximum dose for adult or 
pediatric patients is 12 mg/mL (45 mM). Second, due to 
the high cell density and bioink material properties, we 
began approaching the upper limit of solubility of adeno-
sine in our materials. For this reason, 30 mM adenosine 
appeared to be a suitable concentration in bioink 2 without 
altering bioink material properties or limiting potential 
clinical applications.

Results show similar cell viability and proliferation 
between bioprinted control and 30 mM AD tissues under 
hypoxic conditions on day 7. Both groups experience a 
decrease in cell viability and proliferation at day 11 and 15, 
while the 30 mM AD group shows a less decrease than the 
control, as shown in Fig. 4(c–e). In addition, 30 mM AD 
group reproliferates substantially faster than the control 
when transferred back to normoxic conditions. In addition, 
we did not notice obvious hydrogel degradation during our 
short-term in vitro culture period, as shown in Fig. 4(c). All 
these results correspond to our data in 2D culture, which is 
promising for further evaluation in vivo. After the demon-
stration of efficacy of the 30 mM adenosine dose in vivo,, 
our future studies will include dose responses to evaluate 
potential increases in efficacy at other doses, or similar effi-
cacy at lower doses. These dosing studies will be important 
for future clinical translation and Phase I safety studies.

For in vivo characterizations, the design of bioprinted 
constructs is shown in Fig. 5(a), which is much larger than 
the design of the in vitro bioprinted model. However, due 
to the high thickness of bioprinted constructs, cells in the 
central region of bioprinted constructs should suffer from 
hypoxia since the diffusion limit of oxygen is only around 
200 μm without a vascular structure [6, 30, 31]. The resultant 
hypoxic in vivo condition in the center of a larger construct 
is difficult to quantify but is likely to be similar to our previ-
ous in vitro hypoxic condition. After two weeks of implanta-
tion, both tissue constructs showed minor shrinkage indicat-
ing potential degradation behavior of bioprinted constructs 
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during the long-term in vivo experiment. Moreover, both 
control and 30 mM AD tissue constructs demonstrate excel-
lent integration with host tissues and vascularization in sur-
rounded bioprinted tissues. The center of bioprinted control 
tissues responds to in vivo hypoxic conditions by showing 
disintegrating apoptotic structures as well as the evenly dis-
tributed positive staining of HIF1A. However, bioprinted 
30 mM AD tissues present cell fusion and little expression 
of HIF1A in their center indicating the effects of adenosine 
on reducing cellular mechanism, which increases the cell 
viability in bioprinted constructs in vivo. In addition, posi-
tive desmin staining is observed in the center of bioprinted 
30 mM AD tissues indicating muscle cell differentiation 
for bioprinted 30 mM AD tissues, while bioprinted con-
trol tissues present a central disintegrating structure. In the 
authors’ knowledge, this study is the first research attempt-
ing to prevent tissue necrosis due to slow vascularization in 
human-sized bioprinted tissues. The results of this work are 
promising but have limitations. Future aspects of this study 
include the incorporation of built-in vascular channels and 
the human umbilical vein cells to monitor both cell viabil-
ity, in-depth study of the degradation behavior of bioprinted 
constructs, and vascular formation within the bioprinted 
constructs. Additionally, there is potential for this technol-
ogy to be applied to clinically relevant tissue repair, such 
as volumetric muscle loss and other skeletal muscle inju-
ries. Our future studies will include functional evaluation of 
adenosine-containing bioprinted constructs in animal mod-
els of skeletal muscle injury. This study takes another path 
to prevent tissue necrosis in human-sized bioprinted tissues, 
which is a step forward in overcoming the current challenge 
of bioprinted tissues toward versatile clinical translations.

Conclusions

The clinical translation of bioprinted tissues has been a chal-
lenge due to slow vascularization leading to tissue necrosis 
in their center. In this study, adenosine is used to reduce the 
cellular metabolism for preventing tissue necrosis, which 
can indirectly achieve more time for tissue vascularization. 
In vitro results show that the addition of adenosine signifi-
cantly improves the cell viability and proliferation under 
hypoxic conditions for 20 and 11 days in 2D and 3D culture, 
respectively. Cell reproliferation in samples with adenosine 
is also significantly higher than the control after transferring 
back to normoxic conditions. In addition, in vivo characteri-
zations indicate that the addition of adenosine can prevent 
apoptosis and tissue necrosis in the center of bioprinted 
constructs and support muscle formation. This study shows 
promising results of using adenosine in bioprinted tissues to 
improve cell viability and prevent tissue necrosis, which is 
worth further developing toward clinical translations.
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