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Abstract 
In the intricate skeletal muscle tissue, the symbiotic relationship between myotubes and their supporting 

vasculature is pivotal in delivering essential oxygen and nutrients. This study delves deep into the nuanced 

interplay between skeletal muscle cells and endothelial cells in the vascularization of muscle tissue. By harnessing 

the capabilities of 3D bioprinting and modeling, we employed a groundbreaking approach: co-constructing 

endothelial and muscle cells, followed by their subsequent differentiation. Our findings underscore the profound 

impact of the interaction dynamics between these two cell types. Notably, introducing endothelial cells during the 

advanced phases of muscle differentiation enhanced myotube assembly. It spurred the development of the vascular 

network, paving the way for the early stages of vascularized skeletal muscle. The methodology highlighted in this 

research illuminates the potential for creating large-scale, physiologically aligned skeletal muscle. Furthermore, 

it accentuates the need for deeper explorations into the delicate equilibrium and mutual interactions between 

muscle and endothelial cells. Guided by the multi-cell-type interaction model, we foresee promising pathways for 

crafting even more intricate tissues or organs. 
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Introduction 

In skeletal muscle tissue, 85% are multinucleated 

myotubes, with the remaining 15% attributed to the 

nervous system, vasculature, and connective tissue. 

[1-3] Capillaries distributed around muscle bundles 

serve a dual purpose during skeletal muscle 

development. They are essential for supplying oxygen 

and nutrients and are pivotal in promoting skeletal 

muscle tissue generation and repair. [4-6] Following 

muscle injury, endothelial cells are activated by 

biological and mechanical cues, forming new vascular 

networks. [7] The interplay between the vascular 

network and muscle fibers is intimately linked, greatly 

influencing the injury repair process. [8] Notably, 

when a skeletal muscle defect exceeds 20%, it results 

in volumetric muscle defects. [9] Currently, the 

primary clinical treatment for these defects is 

autologous muscle transplantation; however, this 

approach often sees a high failure rate. [10,11] With 

the advent of tissue engineering, avenues for clinical 

treatments include 2D inoculation, 3D replication, and 

3D printing technology. [11] The partial 

functionalization and cell orientation of skeletal muscle 

have been realized, and phased progress has been made 

in animal experiments. 3D printing has shown early 

success in the construction of vascularized skeletal 

muscle. [12] 

Skeletal muscle is rich in vasculature, with each 

myotube intricately surrounded by a capillary network. 

[13] To recreate skeletal muscle structures where 

blood vessels envelop myotubes, interventional 

engineering methods are paramount. Understanding 

the vascular network formation in injured skeletal 

muscle necessitates a deep dive into the interactions 

between capillaries and myotubes. Owing to their 

delicate structure and intimate association, [8] 

constructing engineered vascularized skeletal muscle 

becomes essential to accurately assess the interplay 

between skeletal muscle myotubes and vascular 

endothelial cells. [14] In a biomimetic sense, vascular 

network development happens synchronously with 

skeletal muscle tissue differentiation in vivo [7]. Thus, 

determining the optimal timing for vascularizing 

skeletal muscle tissue in vitro, grasping the temporal 

and spatial dynamics of multi-cell co-culture, and 

crafting intricately structured vascularized skeletal 

muscle tissue is crucial.  

A refined methodology exists for in vitro skeletal 

muscle construction, setting the stage for muscle 

vascularization. 3D printing was used to construct 

mature and oriented skeletal muscle, which can 

recover skeletal muscle function by 82%. [15] Fan et 

al used 3D bioprinting to construct skeletal muscle 

tissue and found that spatial constraints play an 

important role in the orientation differentiation of 

skeletal muscle. [16] However, innovating new tissue 

engineering techniques for crafting vascularized 

skeletal muscle suitable for in vivo transplantation and 

functional recovery is indispensable. Regarding cell 

orientation, the aligned microstructure can facilitate 

cellular cultivation and tissue transplantation. [17] 

Sequential modeling allows for tissue investigation in 

distinct tubes, emphasizing muscle-vascular 

interactions. [8] The mold can integrate cells within 

3D hydrogels by co-culturing multiple cells, forming 

muscle bundles with vascular networks and motor 

neurons. [18]  

Significant advancements have been made in 

recent years in the realm of tissue engineering for the 

in vitro construction and animal transplantation of 

vascularized skeletal muscle. For the construction of 

large-scale vascularized skeletal muscle, 3D sub-

liquid coaxial printing was employed to encapsulate 

muscle bundles within a vascular network structure. 

This approach found that up to 85% of the functional 

damage of volumetric muscle defects could be 

restored post-transplantation. [12] While this strategy 

effectively upscales tissue construction, the 3D 

printing method has limitations. In such systems, 

tailoring the timing for each cell based on its unique 

properties remains a hurdle. However, there are still 

many challenges: (1) develop and refine methods for 

constructing functional biomimetic vasculature and 

skeletal muscle; (2) establish a multicellular co-

culturing system that supports self-assembly and 

differentiation capabilities; (3) optimize the timing of 

bioactive signals and nutrient supply to target cell 

types in a multicellular system. Developing new tissue 

engineering methods to construct vascularized 

skeletal muscle is critical. 
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This study examined multi-cell co-cultures 

temporal and spatial dynamics in skeletal muscle 

tissue, aiming to construct vascularized muscle tissue 

with intricate structures. Results highlighted the 

effectiveness of the 3D demolding method and the 

influence of vascular network formation on muscle 

differentiation. Ultimately, 3D printing and precise 

timing adjustments can produce vascularized skeletal 

muscles with mature myotubes, setting the stage for 

future research on advanced muscle structures and 

multicellular systems. 

 

Materials and methods 

Cell culture 

The mouse myoblast cell line C2C12 was obtained 

from the Shanghai Cell Bank of the Chinese Academy 

of Sciences. The C2C12 was cultured in proliferation 

medium (PM) consisting of Dulbecco’s modified 

Eagle’s medium (DMEM) / high glucose 

(C11965500BT, Gibco), fetal bovine serum (FBS, 

10%; 10099-141 C, Gibco), and penicillin / 

streptomycin (PS) (1%; C11965500BT, Gibco) for 

two days within 15 generations under 5%CO2 at 37°C. 

The human umbilical vein endothelial cell (HUVEC) 

and RFP-HUVEC were obtained from Prof. Lijian 

Hui’s group. The HUVEC and RFP-HUVEC were 

cultured on gelatin (0.1% w / v, G1890, Sigma) - 

coated 10 cm cell-culture petri dish in Endothelial cell 

growth medium - 2 (EGM - 2; CC3162, Lonza) for 

three days within 14 generations under 5%CO2 at 

37°C.  

Bioink preparation 

DMEM dissolved gelatin (G1890, Sigma) at 37℃ 1 

hour. Fibrinogen (F8630, Sigma) was dissolved in 
sanitary water (BL100310) at 37℃ for 2 hours. 

Thrombin (T4648-1KU, Sigma) was dissolved in PBS. 

The C2C12 cell-laden bioink consisted of fibrinogen 

(20 mg/mL) and 5% (w/v) gelatin at a concentration of 

1 × 107 cells / mL. The HUVEC was encapsulated in 

the mix of fibrinogen (10 ~ 20 mg / mL) and thrombin 

(2 unit/mg) at a 5×106 ~ 1×107 Cells / mL 

concentration. The HUVEC-containing cell hydrogel 

(fibrinogen / gelatin) mixture (HFG) consisted of 

fibrinogen (10 ~ 20 mg / mL), 5% (w/v) gelatin, and 

thrombin (2 unit/mg) at a 5×106 ~ 1×107 cells / mL 

concentration. 

3D printing of anchor and polydimethylsiloxane 

(PDMS) model 

Weigh the printed PDMS (SE1700, DOWSIL) stock 

solution 5 g and curing agent (stock solution: curing 

agent = 10:1), mix and defoam, put it in the printing 

cartridge, and defoaming, install it on the 3D printer 

(Bio-Architect®-WS). Open the Bio Architect 

software, import the model drawn in Solidworks into 

the printer, and set the printing speed, thickness, and 

number of layers. The printing pressure was 

maintained from 0.25 MPa to 0.35 MPa, and the 

printing scaffold was started after the filament was 

smoothly tested. The struts constructed using a light-

curing printer (Stratasys Object260 Connex3) were 

fixed to both ends of the PDMS frame and cross-

linked at 60℃ for four hours. The scaffolds were 

removed and sterilized.  

Demolding model of the PDMS model was printed by 

Ultimaker. PDMS (DKN1841100) stock solution 5 g 

and curing agent (stock solution: curing agent = 10:1), 

mix and defoam. Added PDMS in the demolding 

model, degasser the mold in a vacuum for 30 min, and 

then the PDMS mold was kept at 40℃ for 24 h. The 

PDMS mold was removed and sterilized with ethylene 

oxide. Modify the groove width parameter of 

demolding model according to the fascicle width (800
μm~1200μm). 

3D bioprinting of muscle constructs 

The SIA PRO printer developed by the Shenyang 

Institute of Automation, Chinese Academy of 

Sciences, was used for 3D bioprinting. C2C12 cell-

laden bio-ink was prepared and pre-cooled at 4°C for 

10 min in a special SIA Bioprinter barrel. Install the 

barrel to the specified position, adjust the temperature 

of the platform to 6℃, and control the nozzle's and the 

needle's temperature to 18℃ ~ 25℃ to ensure that the 

filament state is maintained in the gel state. Calibrate 

the nozzle, calibrate the base plate, set the end position 

of printing as the origin of printing, and save and 

download parameters. Then, the model drawn in 
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advance was imported, the silk condition was tested, 

and the muscle bundle was printed. 

In vitro culture of muscle bundles 

The anchor was inserted into both ends of the printed 

construction and added thrombin (20 unit/mg) was 
covered around the hydrogel, cross-linked at 25℃ 45 

min, and then 37℃, 10 min. Put muscle bundles into 

6-well plates to culture with PM [2 mg/mL 6-

Aminocaproic acid (6-AA; A2504-25G, Sigma)] for one 

day. Then the medium to differentiation medium (DM), 

which consisted of DMEM, 2% horse serum (HS; 

26050088, Gibico) 1%PS, 2 mg/mL 6-AA, and 1 

μmol/mL Insulin (I6634, Sigma), and the medium was 

changed daily.  

Constructed of vascularized muscle bundles 

For the adhesion monolayer cell formation method, 

the one-day differentiated (DM 1) muscle bundle was 

placed in the PDMS mold, and HUVEC cell 

suspension at a density of 5×106 cells / mL was added 

to the groove until the muscle bundle was removed 

entirely at 37℃ for 30 minutes. The muscle bundle 

was then turned over, and the cell suspension was 

replenished until completely unwashed at 37 °C for 30 

min. The muscle bundles adhered to RFP-HUVEC 

were then placed in six-well plates, the differentiation 

medium 50% DM + 50% EGM2 was added, and the 

medium was changed daily. HFG wrapping method: 

The DM 1, DM 4, or DM 7 muscle bundles were 

placed on the "3 - in - 1" mold, and HFG with 

HUVEC density of 5 × 106 ~ 1 ×107 cells / mL was 

added to the groove. The top cover was installed and 

placed at 37℃ for 6 min. The muscle bundles were 

removed in 6-well plates and co-culture for six days, 

called DM1+6, DM4+6, and DM7+6 groups. The 

medium was changed daily. 

Rheological tests 

The test samples were 5% gelatin - 2% fibrinogen, 3% 

gelatin - 2% fibrinogen, and 5% gelatin. 3% gelatin, 

using a rotor of pp - 25mm. The shear thinning test 

conditions were as follows: test temperature 8℃, test 

strain 1%, shear rate 0.001 ~ 100 1/s, and 8℃ heat 

preservation for 5 min to start the test. The temperature 

scan test conditions were as follows: the test 

temperature range was 4 to 40 °C, the test strain was 

1%, the shear rate was 1%, and the test was started by 

holding at 40 °C for 5 min. The frequency scan test 

conditions were as follows: test temperature 8°C, test 

strain 1%, shear frequency 0.01 to 10 Hz, and start 

after holding at 8 °C for 5 min. The test conditions for 

alternating strain changes were as follows: the test 

temperature was 8 °C, the strain change was 0.5% for 

100 s, and then the change was 500% for 100 s, 

alternating for 6 cycles, and the experiment was 

started after 5 min of insulation at 8 °C. 

Cell viability tests 

An appropriate volume of staining solution with the 

concentration of 0.5 μL / mL calcein, 2 μL / mL 

ethidium bromide dimer, and Hoechst (1:1000) was 

added to the sample so that it did not pass the model 

entirely. The staining condition was 37℃ in the dark 

for 30 min. The staining solution was discarded, 

washed once with PBS, and the medium was added 

and observed under a dragonfly microscope. The 

number of viable cells (green) versus dead cells (red) 

was counted using image j, and cell viability was 

calculated by dividing the number of viable cells by 

the total number of cells (n = 3). 

Histologic and Immunofluorescence Staining 

Samples were fixed using 4%PFA for 24h and washed 

thrice in PBS to prepare staining. Routinely treated 

and embedded in paraffin. Place transverse sections on 

salinized slides for immunohistochemistry by 

CD31(ab28364). The other samples were fixed using 

4%PFA for 24h and washed thrice in PBS to prepare 

staining. The samples were thoroughly immersed in 1% 

(w / v) Triton dissolved in PBS with permeable 

membrane solution, placed on a shaker, incubated for 

2 h at 25°C, and washed three times with PBS. 

Samples were thoroughly soaked by adding 5% (w / v) 

BSA solution and placed on a shaker overnight at 4°C. 

MHC antibody was diluted 1:200 in the blocking 

solution, CD31 antibody was diluted 1:200, and VE - 

Cad antibody was diluted 1:200 in the blocking 

solution. DAPI was diluted 1:1000 on a shaker 

overnight at 4 °C. Then PBST (10 mL = 10 mL PBS + 

10 μL 1 / 1000 Tween - 20 + 10 μL Triton X - 100) was 

added 3 times, 30 min each time. Secondary 
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antibodies were diluted with PBST at 1:500 and 

incubated for 2h at room temperature in the dark. They 

were placed on a shaker at room temperature and 

washed thrice with PBST for 30 minutes each time. 

Staining was observed with a confocal microscope or 

live cell workstation. 

Quantitative reverse transcription polymerase 

chain reaction (RT - qPCR) analyses 

The expression levels of mouse myogenic and 

vascularized genes in vascularized skeletal muscle 

were assessed by two-step RT-qPCR. When the 

vascularized skeletal muscle was differentiated and 

cultured to Days 7, 10, and 13, the samples were 

removed, and 800 μL of Trizol was added. RNA was 

extracted using glycogen (Thermo Fisher Scientific, 

R0551) using standard methods, and RNA (1 μg) was 

reverse transcribed into cDNA using PrimeScript™RT 

Master Mix (TaKaRa, RR036A); they were then 

diluted with RNase-free water. Expression levels of 

myogenic differentiation genes (mMyoD1, mMyf5, 

mMyoG, mMyh1, mMyh2, mMyh4 and mMyh7) 

mixed with vascularization genes (CD31, CD34, 

CD144 and vWF) were analyzed using Hieff®qPCR 

SYBR Green Master (No Rox) (Yeasen, 11201ES03). 

GAPDH is used for internal standardization. Primers 

for RTqPCR in this study are listed in Table 1 (see 

supplementary information). Data analysis followed 

the following formula, where cDNA cycle threshold 

(CT) values were derived from real-time PCR 

software, and CT values were derived from the 

average CT values of 3 samples: 

(a) d CT (sample, gene) = CT (sample, gene) – 

Average (CT (sample, GAPDH)) 

(b) dd CT (sample, gene) = d CT (sample, gene)–

Average ((d CT (control, gene))) 

© Foldchange = 2 ˆ − dd CT (sample, gene). 

Statistical analyses 

All data are presented as mean ± standard deviation. 

The t-test was used for statistical significance. 

GraphPad Prism 8 (Sy stat software) was used for 

statistical analysis. Statistical significance said as 

follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** 

p < 0.0001. 

 

Results 

Fabrication and characterization of the muscle 

bundle 

In this study, we examined the rheological analysis of 

a hydrogel system comprised of gelatin + fibrinogen 

(referred to as Gel - Fib hydrogel). Due to gelatin’s 

thermosensitive nature, the phase transition point of 

5%gelatin + 2%fibrinogen was identified at 22℃ 

(Figure 1A). It was found that the viscosity of the 

materials used in the four groups of experiments 

decreases with the increase of shear rate, which has the 

property of shear thinning (Figure 1B), so the damage 

of cells will reduce when the printing needle extracts 

the material. [19] In addition, the Gel + Fib hydrogel 

group had strong mechanical properties, which could 

stack multi-layer hydrogel (Figure S1A). Then, the ink 

was maintained in a printable state extruded from the 

needle by adjusting the temperature (Figure 1C). 

Subsequently, the form of the hydrogel during and 

after extrusion by adjusting the rapid change of strain. 

It was demonstrated that the state of the four materials 

could be maintained stable in the change cycle, 

indicating that gelatin and Gel - Fib could quickly 

recover after extrusion and were suitable for 3D 

printing (Figure S1B). These results suggest that the 

Gel - Fib hydrogel has strong printing stability 

accompanied by characteristics of shear thinning, self-

healing, and high modulus.  

Skeletal muscle bundles were constructed 

according to the 3D bioprinting method. In this study, 

an H-shaped structure was erected by 3D 

bioprinting.[16] Then, scaffolds were installed at both 

ends to maintain the unidirectional force required for 

skeletal muscle differentiation (Figure 1D i). Gel - Fib 

hydrogel was used as cell-loaded printing ink to print 

muscle bundles with 14 mm × 1 mm × 2 mm on the 

slides (Figure 1D ii ~ iv). After printing, the scaffolds 

constructed by 3D printing in advance were fixed to 

both ends of the printed muscle bundles and then 

cross-linked after dropping the thrombin. The width of 

the muscle bundle changed significantly at the 

beginning of culture. (Figure S2). Live/dead staining 
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assay presented the number of live cells was even 

more with 90%cell viability (Figure 1F) when 

proliferated for one day to maintain the C2C12 adhere 

to the hydrogel stably (Figure 1H). It is proved that 

constructing muscle bundles by 3D bioprinting has 

less effect on the C2C12 and contraction during the 

culture of muscle bundles. 

Myoblasts format to multinucleated myotubes through 

migration, orientation, and membrane fusion. [1] 

Staining of the cytoskeleton showed that C2C12 

showed exposure on the 4th day of differentiation and 

was more evident on the seventh day of differentiation 

and culture (Figure S3A). The orientation distribution 

ratio of cells showed that the orientation of cells 

 

 

Figure 1. Construction of skeletal muscle by 3D printing. (A) Temperature across curves of gelation and gelation-

fibrinogen (40℃ to 4℃, 1 Hz, strain 1%). (B) The shear rate ranges from 0.1 to 10 1 / s across curves of gelation or fibrinogen 

(strain 1%, 8℃). (C) Extrusion of 3.5%gelation + 2%fibrinogen shows the liquid, over-gelation, and printable phases at 

different temperatures. (D) The schematic illustrations and optical images of construction.(i) The schematic illustrations of 

muscle bundle and PDMS anchor; (ii ~ iv) Aerial view, left view, and front view of printed constructio©(E) The length of 

the muscle tube was calculated on day four and day 7. (**** p < 0.0001, n = 3). (F) Myoblast cell viability after 1-day 

proliferation (n = 3). (G) Immunolabeling for myosin heavy chain (MHC, green) with Hoechst counterstain is used to assess 

the degree of myogenic differentiation on day four and day 7. (H) The live (green) and dead (red) staining after 1-day 

proliferation. Scale bar: (G) 40 μm; (H) 100 μm. 
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increased significantly on the 7th day of fasciculation 

(Figure S3B). Therefore, it was found that myoblasts 

are gradually oriented and arranged following the 

process of differentiation and culture. The formation 

of myotubes in muscle bundles was observed by 

immunofluorescence staining. It was demonstrated 

that shorter primary myotubes were formed on the 

fourth day and that myotubes continued to fuse to form 

longer secondary myotubes on the seventh day during 

the differentiation process of muscle fasciculus 

(Figure 1G, Video 1). The myotubes length measured 

by image J showed a significant increase in myotubes 

length on day 7 (Figure 1E). It was found that 

myoblasts fuse to longer multinucleated myotubes 

during differentiation of muscle bundles. 

HUVEC was wrapped outside the muscle bundle to 

construct vascularized skeletal muscle 

The vascular network was constructed as thin as 

possible to build a more bionic vascularized skeletal 

muscle and satisfy the 200 μm nutrient-delivery 

restriction. [20] We designed two construction 

strategies to construct the vascular network: Figure 2A 

i shows monolayer HUVEC adhering outside the 

muscle bundle during differentiation, and Figure 2A ii 

shows the HFG wrapping around the muscle bundles 

at stages of differentiation. 

The HUVEC can achieved equably outside the muscle 

bundle on the first day of differentiation (Figure S4A). 

However, HUVEC gradually falls off during 

differentiation and culture, and the cell density of 

HUVEC can not satisfy the formation of a vascular 

network on the fourth day (Figure 2B). Then, adhere 

HUVEC outside the muscle bundles to differentiate 

for three days. It was found that a high density of 

HUVEC could conform to the outside of the muscle 

bundles, which differentiated to 1 ~ 3 days (DM 1~3) 

(Figure S4A). HUVEC were gradually shed from 

muscle bundles in the three groups during three days 

of continuous culture (Figure S4B). The results 

showed that the change in muscle bundle volume 

affected the adhesion of HUVEC. Therefore, the 

adhesion methods that adhere HUVEC outside the 

muscle bundle could not achieve the construction of 

vascularized skeletal muscle.  

Wrap HFG was used to construct vascularized skeletal 

muscle, and the hydrogel provided a growth space for 

HUVEC to maintain the long-term culture outside the 

Fascicle. Adherent HUVEC could not achieve the 

differentiation of myotubes outside the muscle bundle 

(Figure 2C). Wrapping HFG outside the muscle      

 

Figure 2. Evaluation of the way to construct vascularized skeletal muscle. (A) Schematic illustration of adhering HUVEC 

to muscle bundle (i) and wrapping the HFG outside the muscle bundle by 3D printing (ii). (B) Immunolabeling for MHC 

(green) with Hoechstis and RFP - HUVEC was used to assess the degree of myogenic differentiation and self-assembling of 

HUVEC on day 7. (C) HUVEC (red) adhesion was observed continuously with a microscopy image of the muscle bundle 

for four days. (D) The state of HUVEC (red) maintenance of muscle fiber was observed continuously with microscopy 

images for four days. Scale bar: (B) 200 μm; (C ~ D) 50 μm.
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bundle showed that HUVEC can adhere around the 

muscle bundle for four days and begin to extend 

(Figure 2B). It was indicated that the cell viability of 

HUVEC was more than 90% after one day of culturing 

into 1% and 2% fibrin for 3D culture (Figure S5). 

HUVEC encapsulation was evident on the outside of 

the bundle after seven days of differentiation, and 

myotubes appeared within the entire bundle (Figure. 

2D). Therefore, this method can initially achieve the 

construction of vascular skeletal muscle with blood 

vessels and multinucleated myotubes.  

PDMS release mold used to wrap hydrogel outside the 

muscle bundle called a “three-in-one” mold (Figure 

3A). The operation of PDMS to wrap the hydrogel into 

a muscle bundle is more suitable due to the soft  

Figure 3. Optimization of constructing vascularized skeletal muscle to culture. (A) Demolding model and working 

illustration of PDMS mold. (B) Using four kinds of medium (HS - FBS), culture 1-day differentiation muscle bundles which 

wrapped 1% HFG, the fusion of myotubes (MHC, green), and self-assembling of HUVEC (red) was observed. HUVEC (red), 

MHC (green), DAPI (blue). (C) The DM 1 muscle bundles were wrapped with 1% and 2% fibrin and then cultured to day 7 

(DM1+6). HUVEC (red), MHC (green), DAPI (blue). (D) The expression levels of C2C12 differentiated myogenic marker 

genes (MyoD1, MyoG, Myf5, Myh1, Myh2, Myh4, and Myh7) in vascularized skeletal muscle were analyzed by quantitative 

qPCR in DM1 + 6 and DM7 groups. (**** p < 0.0001, n = 3). Scale bar: (A) 500 μm (B) 50 μm, 300 μm; (C) 100 μm. 
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material of PDMS [21], which can be easily removed 

from the mold because PDMS has strong 

hydrophobicity and less adhesion to fibrin.[22]  

HUVEC mixed 2% fibrin coated outside the DM 1 

muscle bundle showed poor extension on the 3rd day 

(Figure S6). It was observed that the vascularization 

was not obvious, and almost no myotubes formed in 7 

days. HUVEC showed an evident stretching 

phenomenon on the 3rd day in the 1% fibrin group; 

vascularization could be seen in 7 days of 

differentiation, and primary myotubes could be seen 

inside the muscle bundles (Figure. 3B).  

We screened the co-culture medium to form the 

vascular network and dense secondary myotubes to 

achieve the co-differentiation of HUVEC and C2C12 

in vascularized skeletal muscle. It was found that 

HUVEC has high cell viability and can extend after 

culturing three days with different concentrations of 

HS and FBS (Figure S7). Next, we used the same 

medium formulation for differentiated vascularized 

Figure 4. The vascularized skeletal muscle was constructed by wrapping HFG to muscle bundles at different days of 

differentiation. (A) Light microscopic observation of differentiated 1, 4, and 7 days muscle bundles were wrapped HFG. (B) 

Fluorescence microscope observation of differentiated 1, 4, and 7-day muscle bundles with HUVEC (red) was cultured for 

six days. (C) Fusion of myotubes (MHC, green) and self-assembling of HUVEC (red) were observed when wrapped HFG to 

differentiate different time muscle bundles. (D) The width of muscle bundles was quantitated in DM1, 4 and 7. (E) The 

thickness of HFG outside the muscle bundles was quantitated. (F ~ H) Quantitative statistics of myotubes length, width, and 

nucleus of DM1 + 6, DM4 + 6, and DM7 + 6. (* p < 0.5, *** p < 0.001，**** p < 0.001 n = 3) Scale bar: (A) 500 μm; (B) 500 

μm; (C) 40 μm. 
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skeletal muscle tissue cultures. HUVEC self-assembly 

and vascularization are more pronounced at 1% FBS 

concentrations in the DM1+6 group (Figure 3C). 

Multinucleated myotubes appeared when HS 

concentration was increased to 2 %. 

The myogenic differentiation of vascularized and non-

vascularized muscle bundles in the same medium (2% 

HS - 1% FBS) was analyzed by RT-QPCR. The 

mRNA expression levels of MyoD1, MyoG, Myf5, 

Myh1, Myh2, Myh4, and Myh7 in the vascularized 

muscle bundles (DM1+6) were higher than those in 

the non-vascularized muscle bundles (Figure 3D). 

This indicates that the construction of a vascular 

network can promote the differentiation and 

maturation of myotubes. 

Figure 5. Differentiation of myotubes and blood vessel formation in vascularized skeletal muscle. (A)HFG was 

outsourced to the muscle bundles 1, 4, and 7 days after differentiation, and then vascularization construction was performed 

for six days to observe the differentiation of muscle tubes and blood vessels. (i ~ iii) The vascularization of DM1 + 6, DM4 + 

6, and DM7 + 6 in the following three groups was depicted: CD31 (purple), VE - Cad (VE-cadherin, red), MHC (heavy chain 

myosin, green), DAPI (nucleus, blue). (B ~ H) The expression levels of C2C12 differentiated myogenic marker genes 

(MyoD1, MyoG, Myf5, Myh1, Myh2, Myh4, and Myh7) in vascularized skeletal muscle were analyzed by quantitative qPCR 

in DM1 + 6, DM4 + 6, and DM7 + 6 groups. (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3). (I ~ K) The expression levels of 

HUVEC vascularization marker genes (CD31, CD144, vWF) in vascularized skeletal muscle were analyzed by quantitative 

qPCR in DM1 + 6, DM4 + 6, and DM7 + 6 groups. (* p < 0.05, n = 3) Scale bar: 200 μm (top), 50 μm (below)
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The time of vascular network construction affects 

myotube differentiation 

To explore the effect of differences in vascularization 

time on vascular and skeletal muscle, using the “three- 

in - -one” mold to wrap HFG outside the muscle 

bundles on the 1st and 4th for 7th-day differentiation 

(Figure 4A). Hydrogel with thickness of about 100 μm 

could be surrounded outside the muscle bundles on 

different days of differentiation (Figure 4E) and the 

width of the muscle bundle was decreased during 

differentiation (Figure 4D). The DM1, DM4, and 

DM7 muscle bundles encapsulated with HFG 

differentiated to three days. HUVEC gradually 

extended, and almost no cells were shed during the 

culture period (Figure S8). HUVEC showed an 

apparent extension phenomenon and uniform 

distribution on the 6th day of differentiation, achieving 

a long-term culture of HUVEC (Figure 4B).  

Next, to explore the effect of vascular network 

construction time on myotubes differentiation, we 

verified the effect of vascular network construction by 

muscle bundles differentiated into different stages and 

found that myotubes and vascular networks were 

formed in all three groups (Figure 4C, Video 2). The 

myotubes were shorter in the DM1 + 6 group, and most 

of them were primary myotubes with two nuclei. In 

the DM4 + 6 group, longer myotubes with three nuclei 

(about 200 μm) began to appear. However, in the DM7 

+ 6 group, the myotubes grew to about 350 μm, with 

about five nuclei in a single myotubes and longer 

secondary myotubes (Figure 4 G~H). There was no 

significant difference in the width of the myotubes 

among the three groups (Figure 4 H). The appearance 

of multinucleated myotubes is a vital indicator to show 

thee mature of myoblasts. [23] According to the above 

statistics, the length, and the number of nuclei in the 

DM7 + 6 group were the highest. Therefore, on the 7th 

day of muscle bundle differentiation, HUVEC was 

added to construct vascularized skeletal muscle, 

longer myotubes could formed, and the muscle bundle 

was more mature.  

The expression of CD31 and VE - Cad was observed 

in DM1 + 6, DM4 + 6, and DM7 + 6 groups, indicating a 

tight junction between HUVECs and 

endothelialization. [24] Observation of the self-

assembly state of HUVEC showed that there were 

tube network connections and myotubes formation 

(Figure 5A, Figure S9, Video 3). To verify the degree 

of myogenic differentiation and vascularization at the 

molecular level, the differentiation genes MyoD1, 

MyoG, Myf5, Myh1, Myh2, Myh4, and Myh7 of  

Figure 6. The differentiation process of vascularized skeletal muscle. This schematic shows that the formation of vascular 

networks at different stages of muscle bundle differentiation ultimately affects the maturity of vascularized skeletal muscle.
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C2C12 cells were detected by RT-qPCR (Figure 5B ~ 

H). Compared with the DM1 + 6 group, the expression 

of MyoD1 in the DM4 + 6 group was higher, indicating 

that most of the myoblasts in the DM4 + 6 group were 

in the stage of monocytic differentiation. Moreover, 

the expression levels of Myh1, Myh2, Myh4, and 

Myh7 in the DM7 + 6 group were higher than those in 

the other two groups, indicating that most of the 

myoblasts in the DM7 + 6 group were in the stage of 

multinucleated differentiation [25], which again 

verified that the differentiation degree of the DM7 + 6 

group was higher. 

At the same time, the angiogenic genes CD31, CD34, 

CD144, and vWF in HUVEC cells were detected 

(Figure 5I ~ K). Compared with the DM1 + 6 group, 

the DM7 + 6 group had higher expression of platelet 

endothelial cell adhesion molecule (CD31), 

hematopoietic stem cell marker (CD34), and VE-

cadherin (CD144), indicating more mature 

vascularization. [26-28] 

Discussion 

Existing vascularized skeletal muscle methods can 

construct structures with vascularization and muscle 

tubes, but there are still problems such   poor 

biomimetic degree. [4,17] We intervene in 

vascularization to increase the complexity and 

biomimetic degree of skeletal muscle tissue 

construction through 3D printing and 3D modeling to 

achieve the structure of vascularized skeletal muscle 

which regulated the vascularization and myotubes in 

both time and space.  

3D printing is a state-of-the-art technology in that 

individual geometries can be built quickly and 

precisely according to different requirements. [15] 

Subsequentially, its printing accuracy is high which 

can ensure that the PDMS mold can adjust the size 

according to the width of the muscle bundle to ensure 

that the thickness of HFG is uniform. 3D bioprinting 

can pre-modulate of the arrangement of cells in the 

constructed muscle bundles showing a more 

pronounced orientation compared to unprinted 

structures. [16, 29] Therefore, it can arrange living 

cells with biomaterials to generate specified three-

dimensional structures by jetting or extrusion, creating 

tissues with intact structures that can be transplanted 

in vitro. [15] We selected gelatin and fibrinogen as 

printing inks to suit the requirements of mechanical 

properties, rheological properties, biological activity, 

and biocompatibility. [30-35]  

The vascular network wrapped around the muscle 

bundle has a topology that is like the physiological 

structure and is more biomimetic. Compared with the 

naturally occurring arrangement of adipocytes (fat 

cells) and blood vessels within macroscopic skeletal 

muscle, and the design of arterioles and venules 

accompanying muscle fascicles, the arterial and 

venous networks, when constructed separately, cannot 

adequately perfuse a 5 mm wide muscular structure 

due to limitations in nutrient supply capacity. [13, 36] 

However, our goal is to engineer a highly organized 

vascular network that mirrors the dense capillary beds 

found in terminal arterioles, venules, and 

microvascular units, to achieve sufficient nutrient 

delivery throughout the entire muscle tissue. 

Additionally, the culture method of extra vascularizing 

HFG in the differentiation process can realize the time 

regulation of vascularization and the selection of the 

time point of co-culture between blood vessels and 

myotubes. This methodology can be utilized as a 

tissue model to investigate the relationships between 

myotubes and vascularization.  

In vascularized skeletal muscle tissue, C2C12 

and HUVEC have different requirements for 

differentiation conditions [37] It is impossible to 

coordinate the differentiation conditions between the 

two types of cells during co-culture that can create a 

structure with mature vascularization and myotubes 

when regulated the onset time of vascularization. By 

comparing the expression of the vascularization 

marker CD31 with the myotubulization marker MHC 

and molecular level, it is more conducive to forming a 

more mature myotube structure after seven days of 

differentiation. [24] Higher vascularization marker 

gene expression can be observed at the molecular level 

when the vascular network is initiated later. In 

summary, when the vascular network is created, an 

EGM2 medium must be added to maintain the survival 

and differentiation of HUVECs and keep the cells 

maintaining in a high-proliferation environment. 
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However, the medium used for C2C12 differentiation 

is 2% HS (DMEM), a differentiation environment 

devoid of proliferative factors, which inhibits the 

differentiation of C2C12 and significantly slows down 

the process of myotubes formation. [8] We discovered 

that after C2C12 differentiation to form myotubes and 

then starting vascularization of the myotubes formed 

by differentiation, the myotubes formed by 

differentiation will maintain the current state.  

We artificially regulate the construction of vascular 

networks at different stages of fascicular 

differentiation to regulate the co-culture initiation time 

and differentiation process of the two types of cells. 

The vascular network starts when the fascicle is in the 

mononuclear differentiation period, resulting in the 

C2C12 always maintaining a low differentiation level 

in the muscle bundle. However, when C2C12 was in 

the early stage of multinuclear differentiation, the 

vascular network was established, and obvious 

multinuclear myotubes appeared inside the muscle 

bundle, although the maturity was subpar. 

Simultaneously, when C2C12 was in the middle and 

late stages of multinuclear differentiation, the vascular 

network began to be constructed, and it could be seen 

that there would be mature myotubes and a more 

evident vascular network (Fig 6). Therefore, initiating 

vascular network construction after the formation of 

secondary myotubes is a way to promote the 

construction of in vitro vascularized skeletal muscle 

that maximizes the maturity of the internal structure of 

the tissue. 

 

Conclusion 

In this study, we constructed skeletal muscle using 3D 

bioprinting technology, complemented by the creation 

of a vascular network through 3D modeling 

technology. By modulating the interaction modes and 

timing between endothelial cells and muscle cells, and 

employing techniques such as immunofluorescence 

staining and RT-qPCR detection, we have found that 

establishing the vascular network during the later 

stages of muscle bundle differentiation is beneficial 

for the formation of muscle tubes. This method, 

involving the regulated introduction of medium and 

sequential cell insertion, proves more effective for the 

co-culture of endothelial cells and myoblasts in our 

system. It also opens avenues for further exploration 

of the interplay between muscle bundle development 

and vascularization. However, it is noteworthy that the 

vascularized outer layer does not yet fully penetrate 

the inner skeletal muscle tissue to provide oxygen and 

nutrients, highlighting the ongoing challenges in 

fabricating bionic multicellular tissues. 
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