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Abstract 

 

Volumetric muscle loss (VML), a composite defect of skeletal muscle, heals by scarring and 

minimal muscle regeneration, leading to permanent disability. Current surgical and physical 

therapies are inadequate and therefore regenerative therapy is needed for effect treatment of 

VML.  The present study showed that a significant loss of muscle mass and function was 

accompanied by a down-regulation of insulin-like growth factor 1 (IGF-1) responsible for muscle 

maintenance and regeneration. Treatment of myoblasts with 10 ng/mL of IGF-1 promoted their 

proliferation and differentiation in vitro. In light of this, a colloidal scaffold with hierarchical 

porosity that sustains efficacious levels of recombinant IGF-1 was engineered. The foam-like 

scaffold was directly crosslinked onto remnant muscle without the need for suturing. The scaffold 

demonstrated a compressive modulus of 9 ± 2 kPa and an adhesion strength of 11 ± 3 kPa. Post 

implantation, the foam-like scaffolds carrying IGF-1 significantly improved functional recovery 

as measured by muscle force production. Histological analysis confirmed regeneration of new 

muscle in the engineered scaffolds. In addition, the scaffolds significantly reduced fibrosis and 

increased the expression of neuromuscular junctions in the newly regenerated tissue. Exercise 

therapy when combined with the foam-like scaffolds augmented the treatment outcome in a 

synergistic fashion.  

 

Keywords: Volumetric muscle loss; Colloidal scaffolds; IGF-1; In situ printing; Exercise 

therapy 

 

In situ 3D printing of IGF-1-releasing porous muscle scaffold onto extensive muscle injuries 

resulted in robust tissue ingrowth and muscle repair.   



1 Introduction 

Skeletal muscle enables movement, protects internal organs from impact, and participates in 

vital actions such as chewing and maintaining temperature homeostasis 1-3. Skeletal muscle 

possesses a high regenerative capacity to heal minor injuries, which is necessary to maintain its 

mass and strength 4,5. The natural regeneration of skeletal muscle happens through a cascade of 

physiological events resulting in activation of quiescent satellite cells 6-8. Following injury, 

activated muscle stem cells proliferate, differentiate into myocytes, and then either fuse together 

to form new multinucleated muscle fibers or fuse to existing myotubes and promote hypertrophy 

9. However, volumetric muscle loss (VML), which are composite skeletal muscle injuries, 

overwhelms the regenerative potential of muscle.  These injuries, especially when they comprise 

20% or more of the muscle belly, heal with poor regeneration and extensive fibrosis, resulting in 

chronic functional deficits 10,11. Following VML, downregulation of myogenic factors and 

upregulation of profibrotic factors all limit strength and functional recovery, especially in the 

absence of scaffold placement 12,13.  

Therapeutic options for VML injury remain limited. Currently, free tissue transfer of 

functional muscle is the standard treatment for substantial VML injuries 14-16.  However, this 

approach leads to limited functional recovery and donor site morbidity 16. Targeted physical 

therapy may also improve recovery following VML but its benefit is limited 17. Tissue engineering 

offers an alternative strategy to VML treatment.  An engineered muscle graft for promoting 

skeletal muscle regeneration can be constructed by the integration of myogenic factors and cells 

into scaffolding materials that mimic the native extracellular matrix 1,18,19. A promising method to 

fabricate such scaffolds as a replacement for the lost tissue is 3D (bio)printing 1,20,21. 3D 

(bio)printing is used as an additive manufacturing strategy through which bioinks are deposited in 

a controlled manner for the biofabrication of tissue-like constructs 22. 3D (bio)printing can 

fabricate complex muscle grafts with clinically relevant sizes 23. However, this strategy suffers 

from a number of challenges, namely the need for scanning modalities to reproduce the defect 

morphology, computer-aided design and manufacturing (CAD/CAM) tools and expertise, and a 

properly isolated environment to prevent potential infection 24,25. These standard technologies and 

requirements result in delayed implantation, limited tissue integration due to low tissue adhesion, 

and challenges for conformation into curved irregular defects 24,25. One strategy that can overcome 

some of these limitations is the direct printing of scaffolds onto the patient’s body, otherwise 



known as in vivo or in situ printing 25. In situ printing can be performed using a computer-

controlled system depositing a bioink directly into a defect 26. However, this approach still requires 

scanning and CAD/CAM implementation, along with sophisticated robotic systems.  

To address the current issues regarding use of scaffolds as a therapeutic option for treatment 

of VML, we have developed handheld (bio)printers for in situ printing of scaffolds for skin 24, 

bone 27, and muscle 28,29 regeneration. The in situ printing using this strategy is rapid and  actively 

controlled by the surgeon during the operation. This eliminates the requirement of CAD/CAM 

systems and scaffolds can be conformed to irregular defects with curved surfaces. Furthermore, 

the in situ crosslinking of bioink upon its deposition generally enhances its tissue adhesion and 

therefore graft integration. However, functional recovery of injured muscle treated with this 

technique was previously shown to be limited by poor tissue ingrowth and limited induction of 

muscle regeneration within the scaffold itself 29.  These results support the delivery strategy, but 

highlight the need for bioinks with specific properties to support both biofabrication and tissue 

regeneration. Ideally, 3D scaffolds should recapitulate the biological and physical properties of the 

extracellular matrix to assist with muscle regeneration, support cellular infiltration, proliferation, 

and differentiation, and promote distribution of nutrients and oxygen 30-32. While significant effort 

has been put into the engineering of various cell-permissive scaffolds, the dense polymeric 

network of printable bioinks usually limits normal cellular behavior and affects their migration, 

proliferation, and maturation. This in turn leads to poor myogenesis, vascularization, and 

innervation 33-35. Limited diffusion of nutrients into these scaffolds further impedes cellular activity, 

especially within larger constructs that are required for VML 36,37. A possible solution for this is 

to incorporate hollow channels within the scaffold through multimaterial bioprinting 38,39. 

However, this strategy is complex and can be challenging to implement with in situ printing, as 

such porosity negatively impacts mechanical properties, fidelity, and structural stability of the 

printed construct.   

The engineered scaffold can be supplemented with myogenic factors to enhance the 

regenerative response of injured muscle. Various biochemical factors, mainly provided by immune 

cells and platelets, have been reported to contribute to different stages of muscle regeneration 8,40. 

One of the most notable myogenic factors in muscle regeneration is insulin-like growth factor-1 

(IGF-1), which is known to promote satellite cell proliferation and differentiation, as well as 

immune modulation 41. However, exogenous IGF-1 therapies have clinically failed due to toxicity 



and adverse effects of systemic delivery or difficulty in maintaining therapeutic IGF-1 

concentrations at the injury site after bolus injections 42,43. Therefore, a delivery system that allows 

localized, sustained release of IGF-1 within injured skeletal muscle is required for attaining 

adequate myogenic effect of the growth factor 44.  

Here, we develop a simple and clinically implementable strategy to address the above-

mentioned requirements for both the biomaterial ink as well as biofabrication and implantation 

approach. We have engineered frothy scaffolds with multi-scale porosity to enhance cell 

permissibility, carrying IGF-1-loaded microparticles to enable its sustained release for enhanced 

myogenesis. An in situ printing strategy was utilized to deliver the scaffold directly into muscle 

defects of a murine VML model. This scaffold was designed to adhere to the tissue directly and 

offer a temporary 3D myogenic microenvironment for cellular infiltration, proliferation, and 

differentiation toward the restoration of muscle structure and function.  Lastly, as regimented 

exercise may promote functional recovery as well 45, we demonstrated that exercise therapy 

combined with the acellular, foam scaffold offers the most complete recovery following acute 

VML.  Given the acellular nature of the scaffolds, it holds promise for rapid translation into clinical 

use for patients with VML injuries. 

 

2 Results 

Following VML injury, loss of cellular, structural, and chemical components necessary for 

healing limits effective muscle regeneration and leads to permanent loss of function 12,13. Here, a 

murine model of VML of the posterior compartment of the leg was utilized as previously described 

17. Evaluation of gross images of injured muscle without any intervention confirmed minimal 

restoration of lost muscle volume eight weeks following VML injury (Figure 1A), indicating poor 

muscle regeneration and recovery. Furthermore, in vivo ankle torque measurements demonstrated 

approximately a 50% reduction in muscle force production immediately after VML injury.  Ankle 

torque remained approximately 30% lower than muscle that underwent a sham operation eight 

weeks after VML (Figure 1B). An enzyme-linked immunosorbent assay (ELISA) demonstrated 

significantly lower levels of IGF-1 (p = 0.002) within the remnant skeletal muscle tissue at 3.7 ± 

2.3 ng/g in the VML injured group, as compared to 9.2 ± 2.5 ng/g (mean ± SD) in uninjured 

animals two weeks after VML injury (Figure 1C). These results suggest that the loss of 

extracellular matrix (ECM) and diminished local level of myogenic factors associated with VML 



may partially cause a reduced regenerative capacity within the remnant tissue and promote a shift 

to repair mechanisms of healing, such as fibrosis. Therefore, regenerative therapies may need to 

include both scaffolds that support tissue ingrowth and sustained release of myogenic factors, 

specifically IGF-1, to be efficacious.  

To achieve this goal, we developed a strategy based on the in situ printing of highly porous 

GelMA-based scaffolds that could control the release of IGF-1 (Figure 1D). In situ printing as the 

delivery method of this noble scaffold was elected due to its simplicity and high potential for 

translation into a clinical treatment of VML. Due to favorable cellular adhesion, biodegradability, 

and tunability of physical and chemical properties 46,47, GelMA was selected as the primary 

biomaterial forming the bioink for in situ printing. However, the dense polymeric network of the 

GelMA hydrogel limited cellular infiltration and scaffold integration in our previous studies 29. To 

enhance the cellular permissibility of the scaffold, a simple foaming method, inspired by whipped 

cream production for pastries, was considered to introduce mesoscale pores into the GelMA 

structure. On the other hand, GelMA, which is mainly synthesized with type A gelatin, is positively 

charged at neutral pH 48 and consequently unable to bind to electropositive IGF-1 49. Therefore, 

negatively charged gelatin type B 48 microparticles were selected to be incorporated into the 

structure to serve as a linkage element. 

Figure 1D illustrates a schematic overview of the designed concept and process for the 

treatment of VML in this study. Initially, gelatin microparticles are loaded with IGF-1 and 

encapsulated into a GelMA precursor. Subsequently, the solution is stirred at high speed to foam 

the biocomposite and form the final bioink. The bioink is then directly printed onto the VML defect 

using a handheld printer. In situ crosslinking stabilizes the printed filaments and leads to their 

adhesion to remnant tissue 29. The hierarchical pores were expected to enhance the cellular 

permissibility and sustain the release of IGF-1, thus promoting rapid proliferation and 

differentiation of infiltrating cells to regenerate muscle and restore its lost function.  



 
Figure 1. Murine VML model and the proposed strategy for its treatment. (A) Gross images 

of the extracted muscles 8 weeks post-surgery. Lack of regeneration and smaller volume of the 

muscle in the VML injury group compared to the sham group confirmed the applicability of the 

VML injury model. (B) Force generation capability of the muscle post VML injury. A significant 

reduction was detected in the measured isometric torque immediately after defect induction, as 

well as eight weeks post-surgery, demonstrating a deficit of the muscle post VML. (C) Assessment 

of IGF-1 level in remnant muscle post VML. A significant reduction in the concentration of IGF-

1 was observed two weeks post VML injury. Considering the requirement of IGF-1 in natural 

muscle regeneration, a reduced level of this growth factor can be considered a major contributor 

in impaired regeneration post VML. (D) The proposed strategy for the treatment of VML. 

Negatively charged gelatin nanoparticles are synthesized to link positively charged IGF-1 into a 

positive GelMA structure. The precursor is then foamed and directly printed into the muscle defect 



using an in situ printing method with a custom handheld printer. The printed scaffolds adhere to 

the remnant tissue and possess a mesoporous structure to facilitate cell infiltration. The release of 

IGF-1 then is expected to enhance the activity of infiltrated cells toward muscle regeneration and 

its functional recovery.    

 

2.1 The effect of IGF-1 on muscle progenitors 

To assess a suitable range of IGF-1 concentrations to enhance cell proliferation and myogenesis, 

C2C12 myoblast cells were treated with different IGF-1 concentrations in vitro (Figure 2). The 

results demonstrated that 10 ng/ml of IGF-1, a concentration close to the physiological 

concentrations in muscle (Figure 1C) had a significant effect (p = 0.0004 and p < 0.0001, 

respectively, on day 3 and day 7 of culture) on proliferation of myoblasts measured by the 

metabolic activity (Figure 2A). F-actin/nuclei staining of cultures showed a better alignment and 

organization in cultures treated with 10 ng/ml of IGF-1 (Figure 2B). This may reflect a higher 

proliferation rate and enhanced cellular communication between proliferating cells in the presence 

of IGF-1 39.  

Gene expression was assessed to further evaluate the effect of IGF-1 on myogenic 

differentiation. Two myogenic markers (α-actinin and MRF4), an ECM component (type I 

collagen), and a cell adhesion marker (β1-integrin) were selected for assessment of myogenic 

behavior in differentiating muscle cells 46,50 (Figure 2C-F). The results demonstrated that 

supplementation of the cells with IGF-1 significantly promoted myogenic differentiation (Figure 

2C, D). α-actinin, a molecule that contributes to force generation was expressed around 16 folds 

higher when cells were exposed to IGF-1 at physiological concentrations (10 ng/ml, Figure 2C). 

Similarly, the expression of MRF4, a late myogenic marker 46, was doubled in cultures treated 

with 10 ng/ml IGF-1, as compared to vehicle control, by day three in culture (Figure 2D).  The 

enhanced expression of myogenic markers (normalized to GAPDH housekeeping gene) could be 

a direct effect of IGF-1 exposure, as well as an indirect effect of cellular proliferation. It has been 

previously reported that IGF-1 can improve the differentiation and maturation both directly and 

through enhanced cellular communications upon increased proliferation 8,41.   

These results further suggest that not only the myogenic differentiation, but also ECM 

deposition and cell-cell/cell-ECM adhesion were enhanced with IGF-1 supplementation at both 1 

ng/ml and 10 ng/ml concentrations, but more significantly at higher concentrations comparable to 



the physiological level in healthy muscle (Figure 2E, F). As such, the loss of IGF-1 seen following 

VML injury may impair skeletal muscle regeneration and differentiation within the area of VML.  

 

Figure 2. In vitro effect of IGF-1 on C2C12 muscle progenitors. (A) Metabolic activity of 

myoblasts, exposed to different levels of IGF-1, over one week in culture condition. IGF-1 at a 

physiological concentration (10 ng/ml) significantly enhanced metabolic activity suggesting 

cellular proliferation. (B) F-actin/DAPI staining of cells exposed to different IGF-1 levels on days 

3 and 7 of culture. Enhanced proliferation and consequent alignment can be observed in cells 

exposed to 10 ng/ml IGF on day 7. (C-F) Gene expression analysis of the cellular behavior during 

differentiation. The expression of two myogenic markers α-actinin (C) and MRF4 (D) 

demonstrated a significant improvement in cellular differentiation. The expression of Collagen I 

(E), an ECM protein, and β1-integrin (F), a cell adhesion molecule, were also significantly 

increased during differentiation.  



2.2 Development and characterization of IGF-1 eluting scaffolds with multiscale porosity 

After determining a suitable range of IGF-1 concentrations for enhancing myogenesis, a 

scaffold system with hierarchical pores that is permissive of cellular infiltration / activity and 

controlled IGF-1 local delivery was engineered 30. Figure 3A demonstrates the microscopic 

structure of the scaffold. Mesoscale pores, with an average diameter of around 80 ± 4 µm was 

incorporated into the inherently porous GelMA hydrogel using a foaming approach (Figure 3B). 

A handheld high-speed stirrer (15000 RPM) was used to introduce microbubbles inside a 15% 

GelMA solution to generate a colloidal bioink (Figure 3Ai). Given the hydrophilicity of the 

hydrogel scaffold and differential densities of air and hydrogel, the bubbles quickly disrupt the 

thin membrane between them (Figure 3Aii; white arrowheads are pointing to the ruptured thin 

membrane), and are released from the scaffold when submerged it into an aqueous environment, 

generating an interconnected mesoporous scaffold. These large pores are also connected through 

microscale hydrogel pores inherent to GelMA (average size ≈ 6 µm) in other regions (Figure 

3Aiii). These data together demonstrate the capability of this simple but robust process for the 

fabrication of scaffolds with hierarchically interconnected pores. Quantification of different pore 

sizes is shown in Figure 3B.  

Retained IGF-1 was expected to support proliferation, differentiation, and function of 

resident satellite cells to promote skeletal muscle regeneration and recovery. To achieve an initial 

burst release, part of the IGF-1 was freely mixed with the GelMA precursor. To retain part of IGF-

1 in the above-mentioned scaffold to interact with infiltrating cells, gelatin microparticles were 

synthesized, electrostatically loaded with IGF-1, and supplemented into the GelMA precursor. 

Figure 3C shows the synthesized gelatin microparticles, with an average size of ≈ 4 µm before 

rehydration and loading (Figure 3D). The microparticles swell during loading. The particles were 

synthesized to be large enough to be constrained and encapsulated by the photo-crosslinked 

GelMA hydrogel network. Furthermore, the negatively charged gelatin type B microparticles 

could electrostatically interact with positively charged GelMA scaffold synthesized from type A 

gelatin and generate a higher level of affinity. Like the GelMA hydrogel, the gelatin microparticles 

are enzymatically degradable, but their relatively large size after rehydration inhibits their ability 

to escape beyond the local scaffold inherent pores or injury environment and are too large for 

systemic exposure 51. Yellow arrowheads in Figure 3Aiii show the adhered and entrapped gelatin 

microparticles within the GelMA network. In an in vitro release, the IGF-1 loaded particles 



encapsulated in the GelMA network enabled partial retentionof  IGF-1 within the scaffold, slowing 

the overall release compared to the foam group without microparticles (Figure 3E). The 

microstructure of the foam increased the diffusion of IGF-1 compared to bulk GelMA scaffolds 

resulting in a higher total release. Due to the electrostatic difference of positive IGF-1 and the 

negative gelatin microparticles, the burst release of IGF-1 from the scaffold was diminished in the 

foam and particles group compared to the foam alone group, and the foam and particles group 

enabled the release of the growth factor at physiologically relevant concentrations (>1ng/ml per 

day) for multiple days (Figure 3E). 

The mechanical properties of the scaffold were further measured to evaluate the effect of 

microporosity and incorporated particles on the scaffold’s stiffness (Figure 3F), and the values 

with adhesion to native muscle tissue were compared (Figure 3G). Compression tests 

demonstrated that the Young’s modulus of the GelMA hydrogel (15% w/v) decreased significantly 

(p < 0.0001) from 76 ± 10 kPa for bulk GelMA to 8 ± 2 kPa after foaming. The addition of gelatin 

microparticles did not significantly affect these results (Figure 3F). Interestingly, these results 

demonstrate that the stiffness of the foam resembles the bulk properties of native skeletal muscle 

(compressive modulus around 12 kPa 52), while the stiffness of GelMA is similar to that of native 

muscle fibers (compressive modulus around 50 kPa for fast and 100 kPa for slow twitch fibers 53). 

To evaluate the adhesion of the engineered biomaterials on muscle upon in situ printing, a 

shear test was performed as shown schematically in Figure 3G. The bioink was printed on muscle 

tissue glued to a glass slide, covered with a TMSPMA coated glass slide, and the hydrogel was 

then crosslinked in situ. The results show that in situ crosslinking of both GelMA and the foam 

promote adherence to muscle tissue (adhesion strength > 9 kPa). The adhesion strength was 

reduced from 16 ± 1 kPa for GelMA hydrogel to 9 ± 2 kPa for foam (p < 0.002). The less 

pronounced difference in adhesion strength of the foam and hydrogel in comparison to the 

difference in compressive moduli could be attributed to the significant deformability of the foam 

(Figure S1). Furthermore, incorporation of gelatin microparticles only slightly increased the 

adhesion strength of the foam and muscle to 11 ± 3 kPa.  

Finally, the ability of the bioink to form filaments and maintain the multiscale porous 

structure upon deposition and crosslinking was evaluated. The printability of the foam was 

assessed through evaluation of the bioink status on the nozzle tip as previously described 54. Figure 

3H shows that the extruded foam from the nozzle tip had a smooth filament morphology, which 



confirms the printability of this bioink 54. Furthermore, the bright-field micrograph of a printed 

filament, shown in Figure 3I, shows the preserved mesoporous structure of the bioink after 

deposition, as well as a smooth and uniform filament size along the printing direction.    

 
Figure 3. Development and characterization of the engineered bioink. (A) SEM micrographs 

demonstrated the multiscale porous structure of the foam bioink and incorporated gelatin 

microparticles into the structure. (i), (ii), and (iii) show pores in different scales ((i) indicates the 

foam-induced mesopores and (iii) indicates the inherent micropores). White arrowheads in (ii) 

show ruptured thin membranes between the bubbles, as a result of foam submersion in saline 

solution, forming an interconnected mesoporous structure. Yellow arrowheads indicate the 

adhered gelatin microparticles into the structure. (B) Quantitative assessment of different pore 

sizes in the engineered scaffold. (C) SEM image of gelatin microparticles after synthesis. (D) The 

size of gelatin microparticles measure from SEM micrographs using ImageJ software. (E) Release 

profile of IGF-1 growth factor from microparticles, foam, foam with microparticles, and solid 

GelMA. A majority of the IGF-1 release occurred in the first few days in the hydrogel groups due 

to the freely bound IGF-1. IGF-1 continued to be released from the scaffold over the 14-day period. 

The IGF-1 bound to the gelatin microparticles resulted in a  slower release than the foam only 

group. The microparticles retained most of the loaded IGF-1. (F) Compression test for evaluating 

the mechanical properties of the scaffolds. The test setup is shown schematically on the left, while 

the results are graphed as compressive modulus on the right. A significant decrease was detected 



upon foaming, while the incorporation of microparticles did not significantly affect the results. (G) 

Evaluation of scaffold adhesion capability to the tissue. A shear test (left schematic) was used to 

measure the adhesion of the printed scaffold to the muscle and results were graphed as ultimate 

shear strength (right graph). While the adhesion significantly decreased through foaming, all of 

the scaffolds demonstrated strong adhesion to the tissue as a result of in situ crosslinking. (H) A 

smooth long filament extruded from the nozzle tip demonstrated a high level of foam bioink 

printability. (I) Bright-field micrograph of a printed filament showing the preserved mesoporous 

structure of the scaffold after printing.         

 

2.3 In situ printing of the engineered scaffolds for the treatment of VML injury 

A murine model of posterior compartment VML injury of the leg, as described in the first 

section of the results, was implemented here to evaluate the efficacy of foam scaffold treatment of 

VML (Figure 4). Four different groups were included in the study to evaluate the efficacy of the 

in vivo printed IGF-1-eluting scaffold with multiscale porosity on muscle regeneration: (i) a sham 

operation with no muscle injury, (ii) VML injury without any treatment (VML Untreated), (iii) 

VML injury followed by in situ printing of  foam scaffold (VML + Foam), and (iv) VML injury 

followed by in situ printing of IGF-1-eluting foam scaffold (VML + Foam + IGF). Figure 4A 

schematically shows the workflow of this animal study. On day 0, VML injury was induced in the 

gastrocnemius (GA) muscle of mice bilaterally, followed by treatment of the injuries according to 

the above-mentioned groups. For this procedure, the skin was opened (Figure 4Bi), around 30% 

of the GA muscle mass was removed with a 4 mm biopsy punch (Figure 4Bii, iii), and the 

engineered bioink was directly printed into the defect and simultaneously crosslinked in situ 

(Figure 4Biv, v). For in situ printing, our custom handheld printer 24,28 with an integrated 

photocrosslinking mechanism was utilized (Figure 4C). In all experiments, the foam adhered 

securely to the remnant muscle tissue despite the wet microenvironment of the wound (Figure 

4Bv), preventing scaffold movement during skin closure following the procedure. Eight weeks 

following the surgery, functional recovery of the hindlimbs was assessed through in vivo torque 

measurement, followed by in situ twitch and tetanus force measurement of GA muscle, and finally, 

the muscle tissues were harvested for future histological analysis.  

Gross representative images of the harvested muscle eight weeks post-surgery demonstrate 

the restored muscle volume in different groups (Figure 4D). As previously shown, the 

regeneration in the VML Untreated group was minimal, while both VML + Foam and VML + 

Foam + IGF groups demonstrated a high level of regeneration. The quantitative measurements of 

muscle strength agree with these gross observations (Figure 4E, F). The results of torque 



measurements, which evaluated ankle plantar flexion, (Figure 4E) demonstrated a significant (p 

= 0.0158) recovery in the VML + Foam + IGF group (348.5 ± 26.5 Nmm/Kg) compared to the 

untreated injuries (286.3 ± 24.2 Nmm/Kg).  Furthermore, the average tetanus strength of GA was 

significantly higher with (p = 0.0120) VMLs treated with in situ printing of Foam + IGF (67.6 ± 

19.8 mN/mm2) compared to the VML Untreated group (36.9 ± 10.5 mN/mm2).     

 

Figure 4. Application of in situ printing of engineered bioink for murine VML treatment and 

macroscopic evaluation of its effectiveness. (A) The workflow of animal studies is depicted. On 

day 0, surgeries were performed through induction of VML in GA muscle of both mice legs, and 

treatments were applied as shown in (B). After 8 weeks, the functional recovery of the legs strength 

was measured using torque measurement, followed by direct in situ measurement of GA muscle 

force generation. The animals were then sacrificed and tissues were harvested for histologic 



analysis. (B) The VML induction and treatment procedure. After opening the skin, the GA muscle 

was exposed (i) and a 4 mm biopsy punch was implemented (ii) to remove ~30% of the muscle 

mass (iii). Then, the engineered bioink was directly printed in a VML defect and crosslinked in 

situ (iv, v). (C) The custom handheld printer with an integrated photocrosslinking mechanism was 

used for this study. (D) Gross representative pictures of harvested GA muscle demonstrating the 

restored volume of the muscle eight weeks post- surgery as a result of in situ printing of the 

engineered scaffold. (E) Assessment of functional recovery of the leg strength using torque 

measurements. Significant functional recovery was detected in VML + Foam + IGF group 

compared to untreated muscles. (F) Evaluation of GA muscle recovery after eight weeks of VML 

induction through in situ tetanus force measurements. A statistically significant recovery was 

detected in muscles treated with VML + Foam + IGF compared to untreated muscles.  

 

Next, histological analysis was performed to assess muscle regeneration from a 

microscopic perspective (Figure 5). Masson Trichrome (MT) staining of muscle cross sections 

showed that while extensive fibrosis was present in remnant muscles following untreated VML 

injuries, soft tissue reconstitution and decreased fibrosis were notable in both foam and foam 

supplemented with IGF-1 loaded microparticles treated VML injuries (Figure 5A, B). The 

regeneration of muscle fibers was further evaluated (Figure 5C) using triple-immunofluorescence 

staining of the basal lamina component (laminin), sarcomere myosin heavy chain that marks 

mature, remnant fibers (MF20), and embryonic myosin heavy chain that marks regenerating fibers 

(eMHC).  The injury site of untreated VML showed limited signs of muscle regeneration, with 

few regenerating fibers poorly aligned to the remnant myofibers, in contrast to VML injuries 

treated with foam and IGF-, which demonstrated multiple regenerating fibers (Figure 5C). Finally, 

in order to assess the level of muscle maturation and functional capacity, triple-immunofluorescent 

staining for laminin, cell nuclei (DAPI), and acetylcholine receptor (AChR), a component of 

neuromuscular junctions (NMJs), was performed on the harvested muscle tissues (Figure 5D). 

While some innervation (shown by white arrows) was indicated by the presence of a few post-

synaptic AChRs in both treatment groups, the VML + Foam + IGF group seems to have the 

greatest density of AChRs within the injured area.  

Quantitative analysis of staining signals suggests further advantages of the proposed 

strategy for VML treatment (Figure 5E-G). Measurement of collagen deposition area (Figure 5E) 

demonstrated a significant reduction in the level of fibrosis in both VML + Foam (11 ± 3 %) and 

VML + Foam + IGF (10 ± 2%) groups compared to untreated injuries (20 ± 8%). Furthermore, 

while a statistically significant difference was not detected in the number of eMHC-expressing 

myofibers between different groups, a clear increasing trend toward the VML + Foam + IGF group 



was observed, suggesting a relatively higher level of ongoing regeneration in this group (Figure 

5F). Finally, AChRs (Figure 5G) demonstrated a significant (p = 0.011) increase in innervation 

when VML was treated with VML + Foam + IGF (3.0 ± 1.4) compared to VML Untreated (1.3 ± 

1.0). There were no statistical differences in the AChR density between uninjured muscle the 

muscle injured with VML treated with in situ printing of IGF-1- eluting foam.   



 
Figure 5. Microscopic evaluation of regeneration of VML injury treated with in situ printing 

of engineered scaffold 8 weeks post-surgery. (A) Cross sections of the muscle harvested from 

the mice and stained using the MT approach. The magnified images of the injury area are provided 

in (B). MT staining demonstrates a reduced level of fibrosis in both treatment groups compared to 



VML Untreated group. (C) Triple-immunofluorescent staining for basal lamina (Laminin), 

sarcomere myosin heavy chain (MF20), and embryonic myosin heavy chain (eMHC). Denser and 

well-oriented muscle fibers with a higher amount of eMHC signal were observed in the injury area 

of the VML + Foam + IGF samples compared to other groups. Yellow arrowheads are indicating 

the eMHC stained cells. (D) Triple-immunofluorescent staining for Laminin, nuclei (DAPI), and 

acetylcholine receptor (AchR), a component of neuromuscular junctions. A higher level of AchR 

signal with nuclei positioned at the border of the fibers in the VML + Foam + IGF group suggests 

a high level of functional muscle regeneration. White arrows are pointing toward neuromuscular 

junctions stained with AchR. (E-G) Quantification of collagen deposition (E), eMHC signal (F), 

and AchR signal (G), corresponding to qualitative images shown in (A-D). Quantifications 

confirms lower fibrosis, indicated by lower collagen deposition, increased number of regenerating 

fibers stained with eMHC, and increased number of neuromuscular junctions stained with AchR, 

in the VML + Foam + IGF group compared to VML untreated group.  

 

2.4 Synergistic effects of in situ printing and excursive therapy for VML treatment 

In order to evaluate the effects of exercise on the different VML treatments, VML injuries 

were created bilaterally on the GA as previously described and were subsequently treated with 

either in situ printing of foam + IGF or no treatment. Sham groups, without VML injury, were 

used as negative controls. Following three days of recovery after sham operation or VML injury, 

all animals were acclimatized to running on a mouse treadmill for 3 days. The groups were then 

subjected to an 8-week-long exercise regimen comprised of running on a treadmill at 12 m/min 

for 40 minutes, three times weekly or no regimented exercise training program (Figure 6A,B). At 

the end of 8 weeks, the maximal distance of running was measured two days following the 

completion of the respective courses, and functional recovery of the injured GA muscle was tested 

through in situ measurement of tetanus force as described in the previous section.  

 Following the eight-week period of regimented exercise or no additional activity, mice 

with sham injury exhibited the greatest capacity for distance running distance (Figure 6C).  Mice 

treated with foam and IGF following VML injury were able to run 30% further than mice with 

VML injury alone following regimented exercise training (p=0.02).  In situ strength testing 

followed similar trends (Figure 6D).  Mice which underwent sham injury exhibited the greatest 

strength in their gastrocnemius muscle.  Exercise improved in situ gastrocnemius strength 

following VML treated with foam with IGF-1 by approximately 30% (p=0.04), but this 

improvement was absent in mice with VML injury alone.  Additionally, VML treatment with IGF-

1 and exercise improved in situ gastrocnemius strength by approximately 25% in comparison to 

VML injury following regimented exercise (p=0.04).   



 
Figure 6. Combinational therapy through in situ printing of microengineered scaffolds and 

physical therapy. (A) A schematic of the 8-week-long exercise regimen. (B) The physical therapy 

was performed using a treadmill designed for the specific animal model. (C) Evaluation of the 

maximal distance of running. Exercise alone did not significantly improve the functional recovery 

of GA following VML injuries. VML + Foam + IGF + Exercise group demonstrated greater 

maximal running distance than VML and VML + exercise, indicating a synergistic effect of IGF 

foam with exercise on physiological recovery from VML. (D) Evaluation of GA functional 

recovery after eight weeks of VML induction through in situ tetanus force measurements. Exercise 

alone did not significantly improve the muscle strength, while significantly higher average muscle 

force was observed in the Foam + IGF as compared to the VML group. The VML+ Foam + IGF 

+ Foam group showed significantly higher muscle strength than the VML. VML + exercise, VML 

+ Foam + IGF groups, suggesting a synergetic effect of exercise on the Foam + IGF treatment 

following VML.  

 

3 Discussion and Conclusions 

While successful treatment of VML remains challenging, tissue engineering may offer a 

solution to improving patient recovery.  In this study, we developed a simple, but effective strategy 

for VML treatment that combines regenerative therapy and regimented exercise. The strategy is 

based on the engineering of a bioink optimized for enhancing muscle regeneration and its delivery 



using a highly translational and robust in vivo handheld printers. To improve the efficacy, the 

bioink addressed two important factors: (i) the requirement for a simple and clinically translatable 

preparation and application and (ii) the need for physiochemical properties permissive / promotive 

of myogenesis. GelMA was selected as the primary biomaterial constituting the bioink due to its 

biologically favorable structure providing cell-binding sites and biodegradable motifs, as well as 

its facile photocrosslinking 55. However, standard GelMA, without any modification, suffers from 

important drawbacks: while very low concentrations of GelMA allow cellular migration within 

the 3D structure, the biofabrication and implantation of constructs made with low GelMA 

concentration are extremely challenging if not impossible 1. Furthermore, such scaffolds degrade 

quickly in the harsh injury environment, limiting the efficacy of the scaffold for regeneration. 

Alternatively, high concentrations of GelMA can be implemented, but this significantly reduces 

cellular activity within the scaffold 1. Considering that satellite cells as well as immune cells and 

other cell types responsible for muscle regeneration need a 3D space supporting a high level of 

cellular activity and nutrient turnover, GelMA is reported to be inadequate for proper muscle 

regeneration and functional recovery 1. To overcome this, we developed a modified version of 

GelMA through simple stirring to incorporate mesoscale porosity into its structure. 

The mechanical stirring initially introduces air inside the GelMA solution, followed by shear-

induced bubble splitting that forms microbubbles 56. While the protein nature of the GelMA can 

act as a surfactant and stabilize the generated microbubbles 57, PVA is used in the formulation to 

further prevent bubble merging and enable the formation of a stable colloidal bioink. Upon 

crosslinking, a multiscale porous structure consisting of foam-induced mesopores and inherent 

GelMA micropores is generated. Due to the proximity of the bubbles in the colloidal solution, a 

very thin membrane is formed between the pores where the bubbles were contacting, making the 

structure susceptible to rupture and formation of interconnected mesoporous morphology. Upon 

submersion into an aqueous solution, the thin membranes break with a driving force to merge and 

release bubbles from the structure to reduce the interfacial and gravitational energy of the system. 

The interconnected porous structure through both mesoscale and microscale pores provides an 

ideal environment for cellular activity as well as nutrient transport 58,59.  

Previous investigations have studied the effect of mesopores on tissue regeneration 60,61. It has 

been shown that mesopores, in the order of tens to hundreds of micrometers, not only enhance 

progenitor cells infiltration and proliferation but also reduce adverse inflammatory responses when 



compared to the bulk hydrogels 60-62. This is mainly due to the facile infiltration of immune cells 

inside the scaffold, without the need for excess secretion of proteases and pro-inflammatory factors 

60-62. Furthermore, such structures allow controlling mechanical properties independent of cell 

permissibility, since the cellular activity inside such structures is independent from the structure 

biodegradation 60,61. Considering the importance of infiltration, proliferation, and differentiation 

of satellite cells into the implanted scaffold, as well as proper immune system activity in the muscle 

regeneration 1, the application of mesoporous scaffolds for VML treatment is highly promising. 

However, such mesoporous scaffolds have been primarily fabricated through cryogelation or 

annealing of microgel building blocks 60-62. Unfortunately, such strategies are highly complex and 

time consuming, which makes them inadequate for translational applications and particularly in 

situ bioprinting. Here, we developed a simple and highly translational foaming approach which 

can induce mesoporosities while enabling in situ bioprinting. When combined with controlled 

release of IGF-1, which has been shown to enhance proliferation and differentiation of satellite 

cells 8,41 while modulating immune system 8, the mesoporous scaffolds proposed in this study 

significantly enhanced VML healing and functional recovery.  

The multiscale porosity also offers multiscale biomimetic mechanical properties for better 

tissue integration, myogenesis, and functional muscle recovery 52,63. A 15% GelMA solution was 

selected as the foam precursor to recapitulate the desired biomimetic mechanical properties. On a 

macroscale perspective, the elastic modulus of the foam is very close to that of bulk skeletal muscle 

(around 8 kPa for foam vs 8-17 kPa reported for skeletal muscle 52). On a microscale view, the 

elastic modulus of the GelMA regions between the bubbles resembles the elastic modulus of 

individual muscle fibers (around 80 kPa for GelMA hydrogel vs 50 and 100 kPa for fast and slow-

twitch fibers 53).  

In addition, foaming also enhanced the deformability of the scaffold. Since muscles contract, 

a highly deformable implant capable of complying with large strains is desirable 64. The foam 

scaffold demonstrated close to 300% deformability in shear tests, making it an ideal candidate for 

skeletal muscle tissue engineering. Furthermore, the shear tests showed a strong adhesion of the 

scaffold to the muscle tissue. Secure adhesion of the implants to the tissue ensures minimum 

displacement of the implant during the surgery or as a result of body movement post surgery, 

enhancing the likelihood of implant-tissue integration 24. GelMA hydrogel has been reported to 

establish strong adhesion to the tissue upon in situ crosslinking due to the physical interlocking, 



the formation of covalent bonds upon generation of free radicals during photocrosslinking, and 

hydrogen bonds between free hydroxyl groups in the GelMA structure and the tissue 24,65,66. Our 

results were in agreement with previous findings. However, GelMA foams were more flexible and 

therefore the adhesion strength of GelMA foam was comparable to the values of GelMA hydrogel.  

IGF-1 was incorporated into the scaffold as it is decreased following VML injury and is an 

important myogenic factor, known to exert anabolic effects on muscle. Here, we demonstrated that 

IGF-1 could enhance the proliferation and differentiation rate of muscle progenitors. Previous 

reports demonstrated that increased myoblast density can promote their alignment 39, which is 

important for their differentiation and final muscle fiber functionality 46. Better aligned 

organization was observed in the myoblasts cultured with a physiologically relevant IGF-1 level, 

in agreement with previous studies 8,67. Further, previous IGF-1 optimization resulted in more 

mature myotube fusion at and above 10 ng/mL 41. Importantly, localized, targeted application of 

IGF-1 has an important biological advantage in that it will mitigate any potential adverse effects 

of increasing the systemic level of IGF-1 and manipulating the GH-axis, such as hypoglycemia 

and reduced GH release 68,69. Due to multifaceted functions of IGF-1 and different populations that 

should be targeted, a suitable scaffold should controlled release part of IGF-1 to affect cells within 

the remnant tissue and retain part of that to target cells that have grown into the scaffold.  The 

encapsulation of IGF-1 into the foam scaffolds results in gradual release of the molecule over days. 

However, to sustain the release and retain IGF-1 in the scaffold, an auxiliary system was used. 

Since IGF-1 is positively charged 49 a strategy was developed to avoid its burst release from a 

positively charged GetMA foam network due to repulsive electrostatic interactions (GelMA is 

made from positively charged gelatin type A 48). Negatively charged gelatin microparticles were 

used as the carrier of a positively charges molecule. Microparticles were first loaded with IGF-1 

and then encapsulated into the foam structure.  

The composite bioink was tested for its printability before implementing on a murine model 

for VML. When printing a gelatin-based material, partial thermal gelation is required before 

extrusion of the material through the nozzle to prevent under-gelation or over-gelation that causes 

poor printability 54. However, controlling thermal gelation of GelMA and therefore its 3D printing 

is extremely challenging and the bioink often suffers from under-gelation or over-gelation 54. In 

contrast, we found the foam bioink highly printable. This is due to its rapid sol-gel transition. Upon 

extrusion, the foam solution immediately solidifies as a result of thermal gelation, forming a 



smooth filament at the nozzle tip as shown by our results, even if the bioink is at temperatures 

above sol-gel transition and therefore is completely in solution phase inside the syringe.  More 

rapid sol-gel transition of foam compared to unmodified GelMA is due to the low density of the 

foam bioink, making its surface-area-to-volume ratio higher, accelerating the temperature change. 

It is noteworthy that an acellular bioink was developed in this study to provide an effective but 

simple and clinically translatable approach. While cellular scaffolds have been implemented 

widely in muscle tissue engineering, the application of the cells makes the process much more 

complex and the regulatory pathway toward clinical translation more cumbersome 1. Furthermore, 

the testing of cellular scaffolds requires use of immunocompromised animals, which can skew the 

obtained results given the critical role of the immune system in muscle regeneration 8,70.  

Additional benefit of acellular scaffolds over cellular scaffolds is faster response in the treatment 

of injury, which is critical in the clinical settings.  

The developed strategy was tested for the treatment of acute VML injury in wild-type mice.  

To demonstrate the benefit of our IGF-1 impregnated foam scaffolds, we utilized a validated 

murine model of VML injury in which en bloc resection of the gastrocnemius muscle in the 

posterior compartment is performed 17,30,71. This type of injury results in loss of both skeletal 

muscle strength and functional capacity, as measured by running endurance.  Our results suggest 

that placement of an IGF-1 foam scaffold within an acute VML injury improves both skeletal 

muscle strength and functional recovery and, by eight weeks following injury, the functional status 

approaches healthy, uninjured muscle.  In addition, this improvement in muscle function is 

accompanied by a decrease in fibrosis and evidence of de novo skeletal muscle regeneration within 

the scaffold itself. The recovery in muscle function demonstrated here is similar to others who 

have employed the use of cells 45.   

Others have demonstrated improvements in VML recovery following scaffold placement, 

including VML treatment with porcine urinary bladder extracellular matrix 36 or collagen 

glycosaminoglycan matrixes 32. Importantly, a recent meta-analysis suggested that functional 

strength improvement was only marginal with the use of acellular scaffold therapy (16%) in 

comparison with no treatment at all, which may be partially attributable to poor tissue ingrowth 72.  

Separately, decellularized scaffolds, hydrogels, nanofibers, and electroconductive scaffolds have 

all been evaluated, with equivocal benefit 73.  The modest functional improvement provided 

correlates to mixed results on the ability of scaffolds to promote de novo skeletal muscle 



regeneration 74. Our previous studies suggest a small improvement in functional muscle recovery 

following VML with the use of GelMA or collagen GAG scaffolds, but with minimal tissue 

ingrowth within the scaffold itself 28,75.  The use of a foam scaffold, however, is distinct in the 

amount of tissue growth within the scaffold itself and limitation of fibrosis. 

Physical therapy is an important part of rehabilitation following muscle injury 72. Exercise-

based therapies remain the most commonly prescribed, clinically proven methods for promoting 

functional recovery after muscle injuries and may impact muscle regeneration 17,72,76, although 

with limited efficacy. In order to better simulate the clinical setting and to test the effect of exercise 

on the foam-based treatment for VML recovery, VML treatment was followed by regimented 

exercise. VML treated with Foam + IGF scaffold demonstrated significantly higher in situ force 

production when it was also exercised, and the group additionally outperformed the VML only 

and Foam only groups in both the maximal running distance and force production, indicating a 

synergetic effect of those two treatments. The exact mechanism(s) by which exercise enhances the 

therapeutic effects of the IGF foam remains to be elucidated, but several or a combination of the 

following may describe plausible interplays between the two treatments. Activity-induced 

muscular adaptations rely mostly on local (as opposed to systemic) production of growth factors 

in response to mechanosensory stimulation of muscle contraction within skeletal muscle. Those 

factors in turn exert anabolic effects on the exercised muscle in a paracrine fashion 77,78. Exercise 

has been shown to augment circulation, angiogenesis, and hasten (re-)innervation of muscles 

following injuries10,79,80, and these likely facilitate faster functional recovery. Overall, combined 

rehabilitation and regeneration therapy with IGF-releasing scaffold seem to work synergistically, 

and the observed functional benefits demonstrate a promising prospect for its clinical application.  

In conclusion, while a variety of tissue engineering strategies have been proposed in prior 

studies for implantation into the muscle defects with promise in limiting fibrosis and improving 

hypertrophy of remnant muscle1,18, this study demonstrates that GelMA foam scaffolds, 

impregnated with IGF-1, can improve functional muscle recovery in an acellular fashion.  This 

renders foam scaffolds a highly translatable therapy. The strategy used here is very simple, 

translatable, and effective, which can be attributed to the higher capability of cell infiltration and 

myogenesis inside the foam as a result of its higher porosities, a homogeneous and interconnected 

pore network, and sustained release of IGF-1.  



The method proposed in this study is novel from different perspectives, which can provide new 

opportunities for future works: (i) The simple and translational but robust approach for inducting 

the porosity in engineering scaffolds, enhancing cellular activity and inflammatory signaling, can 

be used for regeneration of various tissue defects; (ii) the control over the release kinetics of the 

IGF-1 from a hydrogel scaffold using electrostatic interaction between the GelMA, growth 

factor, and gelatin microparticles can be used for various drug delivery applications; (iii) the 

colloidal bioinks with enhanced printability can be implemented for various tissue engineering 

applications; (iv) the combination of easy and rapid preparation of microengineered acellular 

scaffold and in situ printing can facilitate intraoperative regenerative medicine; and finally (v) 

the combination of in situ printing of the microengineered scaffolds and physical therapy for the 

treatment of VML can offer a promising treatment capable of implementation in clinical 

practices. However, before clinical translation, the strategy should be investigated and refined in 

different aspects. First, the strategy should be implemented in large animal models. A scaffold 

implanted in large defects may limit nutrient transport and cellular infiltration, even when 

mesoporous scaffolds are implemented, reducing the regeneration capability of the method. The 

simultaneous printing of sacrificial filaments can help nutrient and oxygen transport and 

therefore enhance vascularization and final tissue regeneration. Second, the regeneration state of 

the muscle should be studies in earlier and later time points to better decipher the mechanism 

behind the regeneration and long-term effects of the therapy. Finally, the strategy can implement 

the supplementation of muscle progenitors, for example derived from induced pluripotent stem 

cells, to accelerate the muscle regeneration. However, the latter may result in increased 

complexity and more strict regulatory pathways.  

  



4 Materials and Methods 

4.1 Materials 

Recombinant Mouse IGF-1 was obtained from R&D Systems (MN, USA). Cell culture 

reagents including Dulbecco's phosphate-buffered saline (DPBS), Dulbecco's modified eagle 

medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin (PS), trypsin- 

ethylenediaminetetraacetic acid (trypsin-EDTA), hourse serum (HS) and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were purchased from Thermofisher Scientific (Gibco, MA, 

USA). For characterization of in vitro cell studies, PrestoBlue™ reagent (Invitrogen), Alexa Fluor 

488 Phalloidin, and DAPI were obtained from Thermofisher Scientific, while Triton X-100 and 

bovine serum albumin (BSA) were purchased from Sigma-Aldrich (MO, USA). Real-time 

quantitative PCR (RT-qPCR) reagents including TRIzol (Invitrogen), and SuperScript III First-

Strand Synthesis SuperMix (Invitrogen) were purchased from Thermofisher Scientific, while iTaq 

Universal SYBR Green Supermix was obtained from Bio-Rad (CA, USA).  

GelMA with a medium degree of methacrylation was synthesized based on an established 

protocol. Gelatin from porcine skin, type A, with a 300 g Bloom (Sigma-Aldrich) was dissolved 

in DPBS at a 10% concentration under 240 rpm stirring at 50°C for 1 h. Methacrylic anhydride 

was then added dropwise to the solution at a 1.25% (v/v) concentration, followed by its incubation 

under vigorous stirring (500 rpm) for 1h. To stop the reaction, the solution was diluted with DPBS 

eight times and stirred at 240 rpm and 50°C for 10 min. The solution was then transferred into 

dialysis tubing with 12-14 kDa cutoff pore size (Spectrum, Fisher Scientific) and dialyzed against 

DI water for a week at 40°C by changing the water twice a day. Finally, the solution was filtered 

using Steritop vacuum filters (Sigma-Aldrich), frozen at -80°C for two days, and lyophilized for a 

week in a FreeZone® benchtop freeze dryer (Labconco®, MO, USA) to obtain dried GelMA. 

GelMA was stored at -20°C until use. 

Gelatin microparticles were synthesized using a desolvation approach. A 5% (w/v) type B 

gelatin from bovine skin (225 g Bloom, Sigma-Aldrich) was prepared by stirring at 200 rpm and 

50°C. Then, acetone (Sigma-Aldrich) was added to the solution at a 1:1 volumetric ratio at room 

temperature and the supernatant was discarded. The precipitate was redissolved in DI water to 

recover the volume of the solution and pH was adjusted to 12 by the addition of 3 mol/L NaOH 

(Sigma-Aldrich). Acetone was then added dropwise at a 3:1 volumetric ratio (acetone:gelatin 

solution), and the solution was shaken for 10 min, followed by the addition of glutaraldehyde (25% 



solution, Sigma-Aldrich) at a 0.25% (v/v) concentration. The solution was stirred overnight at 

50°C and 200 rpm and particles were harvested by triple centrifugation (10,000g for 30 min) and 

redispersion in a 100% ethanol solution. The particles were subsequently freeze-dried for 12 h and 

stored at -20°C until use.  

 

4.2 Cell culture 

C2C12 mouse myoblast cells were subcultured up to passage 10 by detaching the cells using 

Trypsin-EDTA and resuspending in a growth medium containing DMEM supplemented with 10% 

FBS and 1% PS. For the main experiments, the cells were cultured for 7 days in the growth media 

containing IGF-1 at 0 ng/ml, 1 ng/ml, or 10 ng/ml concentrations. After 7 days, the culture medium 

was replaced with a differentiation medium, composed of DMEM supplemented with 2% HS, 20 

mM HEPES, and 1% PS. C2C12 cells were cultured in the differentiation medium containing 0 

ng/ml, 1 ng/ml, or 10 ng/ml IGF-I for an additional 14 days of differentiation. 

 

4.3 Evaluating the proliferation rate and morphology of the muscle progenitors 

The cell proliferation rate and activity were determined during the culture time by incubating 

the cells in a solution composed of 10% (v/v) PrestoBlue™ reagent in the culture media. Cultures 

were placed in an incubator at 37°C and 5% CO2 for 1.5 hours. 100 µL of the supernatant was then 

transferred to a 96 well plate. The fluorescence intensity was detected by a multimodal plate reader 

(BioTek Instruments Inc., VT, US) at an excitation wavelength of 560 nm and an emission of 590 

nm. 

Cellular morphology was assessed using F-Actin/DAPI staining. Samples were fixed by 

applying a 4% (w/v) paraformaldehyde solution for 30 min, followed by three washing steps with 

DPBS. The cells were then treated with 0.3% (v/v) Triton-X 100 in DPBS for 10 min and washed 

twice with DPBS. Samples were incubated in a 1% (w/v) BSA solution in DPBS for 30 min. 

Subsequently, Phalloidin with a dilution of 1:40 in DPBS was incubated with cells for 40 min at 

room temperature in dark. Cultures were washed again and then incubated in a 1:500 diluted DAPI 

solution in DPBS for 10 minutes. After a final washing step, cells were visualized under a 

fluorescence microscope (AxioCam MRc5, Carl Zeiss, Germany). 

 

4.4 Assessment of myogenic differentiation using RT-qPCR 



In order to investigate myoblast differentiation, the expression of relevant genes was 

measured by RT-qPCR. TRIzol was used to extract the RNA and NanoDrop (Thermofisher 

Scientific) was implemented to evaluate the total RNA yield. According to the manufacturer’s 

instructions, 1 µg of the total RNA of each sample was reverse-transcribed by using the 

SuperScript III First-Strand Synthesis SuperMix. At this stage, RT-PCR was performed by 

introducing the SYBR Green Master Mix. A 20 μL volume reaction component was prepared by 

mixing 10 μL of Master Mix with 1 μL of forward and reverse primers and 100 ng of cDNA 

template, while nuclease-free water was used to adjust to the final volume. Relative gene 

expressions were calculated using a ΔΔCt method, through normalizing to GAPDH gene 

expression. 

 

4.5 Bioink preparation 

The bioink was consisted of 15% (w/v) GelMA, 1% (w/v) PVA, 1500 ng/ml IGF-1, 6 mg/ml 

gelatin microparticles, and 0.3% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 

Sigma-Aldrich) as the photoinitiator. IGF-1 stock solution was prepared by reconstitution in DPBS 

containing 0.1% BSA. Gelatin microparticles were first loaded with IGF-1 by vortex mixing of 50 

mg microparticles in 8000 ng/ml IGF-1 solution at 4°C overnight. 120 µL of the mixture was then 

added to 1 mL of GelMA solution, containing LAP and PVA, and vortex mixed for 20 sec to 

achieve the target concentrations.  

To make the foam bioink, the biocomposite was added into a syringe barrel and foamed in 

situ by inserting the probe of a handheld homogenizer (Bio-Gen PRO200, ProScientific, CT, USA) 

inside the solution and stirring it for 40 sec at 15000 rpm. For crosslinking, a 1 watt 395 nm 

wavelength blue light was used either implementing the integrated LED into the handheld printer 

or an LED flashlight.        

 

4.6 SEM analysis 

SEM was performed to investigate the internal microstructure of the printed foam scaffolds. 

The bioink was printed on the glass slides and photo-crosslinked. The scaffolds were submerged 

into liquid nitrogen to immediately freeze the hydrogel and subsequently lyophilized for 24 h. The 

scaffolds were then broken to expose the cross-section and were coated with a thin gold layer using 

a sputter coater device (Vacuum Desk V, TX, USA) set at 60 sec and 20 mA. The samples were 



imaged using a benchtop SEM device (TM-1000, HITACHI) and images were analyzed using 

ImageJ software. The average pore or particle sizes obtained from at least three different samples 

were considered as different replicates.  

   

4.7 Assessment of release kinetics 

The release of IGF-1 was evaluated from four groups: IGF-1 loaded into gelatin 

microparticles, IGF-1 loaded into gelatin microparticles and IGF-1 freely encapsulated in a bulk 

GelMA hydrogel, IGF-1 freely encapsulated into a foamed GelMA hydrogel, and IGF-1 loaded 

into gelatin microparticles and IGF-1 freely encapsulated into a foamed GelMA hydrogel. In the 

hydrogel groups with microparticles, 2/3 of the final IGF-1 concentration was bound to 

microparticles and 1/3 was freely encapsulated into the hydrogel. 100 µL of the foamed hydrogel 

or bulk hydrogel was printed into each well of a 48-well cell culture plate and crosslinked in situ 

as previously described (n = 4). The gelatin microparticle group that was not encapsulated in a 

scaffold was added into 100 µL of DPBS to account for the volume of the hydrogels in the other 

groups. 250 µL of DPBS solution (pH 7.2-7.3) was then added on top of the samples and the plate 

was sealed and incubated at 37°C. At each time point until day 14, 250 µL of the supernatant was 

removed and stored in a micro-centrifuge tube, and 250 µL of DPBS was added to each sample to 

replace the removed supernatant.  The supernatants were stored at -20°C before measuring the 

IGF-1 concentration released at each time point. The IGF-1 concentrations were measured using 

a murine IGF-1 DuoSet ELISA kit (R&D Systems, MA, USA) based on the manufacturer’s 

protocol.  

 

4.8 Measurement of mechanical properties 

Compression and lap shear tests were performed to evaluate the mechanical properties of the 

scaffolds in this work. An Instron 5542 mechanical tester (MA, USA) was used to perform the 

experiments.  To perform the compression tests, the scaffolds were fabricated in cylindrical shape 

using a polydimethylsiloxane (PDMS; Dow, MI, USA) mold with 6 mm diameter and 5 mm 

height. To avoid overfilling, a glass slide was placed on top of the filled mold and the bioink was 

photocrosslinked through a glass slide as described before. The sample was then removed from 

the mold and placed between the compression plates of the device as shown in Figure 3. A 

compression rate of 1mm/min was then applied and the compression modulus was calculated from 



the slope of a fitted line interpolating the stress-strain data up to 10% strain.  The lap shear tests 

were performed based on ASTM F2255-05 standard 81. Rectangular pieces of porcine muscle (13 

mm × 10 mm) were cut and glued into glass slides using cyanoacrylate adhesive. The bioink was 

then printed onto the tissue with 13 mm × 10 mm × 2 mm dimensions, covered with 3-

(trimethoxysilyl) propyl methacrylate (TMSPMA; Sigma-Aldrich) coated glass slide, and 

photocrosslinked as described. The samples were subsequently secured on the mechanical testing 

device using grips (Figure 3) and pulled in shear at a rate of 1 mm/min until failure occurred.  

 

4.9 Handheld printer and printing experiments 

The handheld printer was developed as previously described 24,28,29. An extrusion system was 

custom designed to transmit rotation from an electric micromotor (Pololu) through a linear guide 

rail system utilizing rolling bearings and precision shafts to a syringe filled with the bioink. 

Electronic control systems were also designed to control the motor power, speed, and direction as 

well as to activate the photocrosslinking system. The photocrosslinking system utilized a 1 W Blue 

LED (395 nm, CH_Town Electronic). The system was powered by a 2500 mAh battery (GTF) that 

was charged from a PowerBoost 1000 Charger (Adafruit). A customized housing was designed 

using SolidWorks (Dassault Systèmes) to enclose all systems while minimizing the device 

footprint and maximizing ergonomics during operator printing. The housing was 3D printed using 

stereolithography in an Objet260 Connex3™ (Stratasys). All components were wired and 

assembled by hand. During the device operation, the syringe full of the bulk or foamed GelMA 

bioink was loaded into the device, extruded into the defect size at the appropriate flow rates 

through a conical 22 gauge nozzle 24, and crosslinked using the blue light.  

 

4.10 Animal studies 

4.11 Animals  

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of Brigham and Women’s Hospital, and were performed in compliance with the U.S. National 

Institutes of Health guidelines. C57BL/6 mice (10-12 weeks of age) were obtained from Jackson 

Laboratories.  Animals were housed at the Brigham and Women’s Hospital Animal Care Facility 

and were given ad libitum access to food and water following a 12 light / 12 dark cycle.  An equal 

number of male and female gender mice were utilized in experiments. 



 

4.11.1 VML injuries  

VML was created on the gastrocnemius muscle bilaterally as follows: Under general 

anesthesia, depilation of legs was performed using a clipper and razor. After sterilization with 

chlorhexidine wipe, a skin incision was made along the posterior compartment of the hindlimb 

followed by dissection of the fascia to fully expose the underlying gastrocnemius muscle. Using a 

4mm biopsy punch, a full thinness muscle defect was created in the mid-section of the 

gastrocnemius muscle without separating the muscle. The defect was then filled completely with 

either bioprinting of the foam or foam + IGF or without any treatment. The skin and fascia incisions 

were then closed with simple sutures (4-0 Silk, Ethicon, Johnson, Somerville, NJ, USA). The sham 

group received the skin opening/closure without muscle injury. Animals were allowed to heal in 

their respectable cages, with the freedom to access food, and water and move around in the cage. 

After 8 weeks, animals were subjected to the muscle strength measurements (torque measurements 

and in situ force measurements, as described below), and euthanized to harvest the injured muscles 

for histological evaluation.  

 

4.11.2 Torque measurements 

Torque produced by the plantar flexor muscle of the lower limb was measured 8 weeks 

following the muscle injuries. Under general anesthesia, the animal’s foot was secured to the 

footplate using adhesive tape. The tibia was aligned so that it is perpendicular to the lever. The 

muscle group is stimulated by placing the EMG electrodes subcutaneously to stimulate the sciatic 

nerve. Using the device program (610A Dynamic Muscle Control LabBook v6, Aurora Scientific, 

Aurora, Ontario, Canada), the current and resting tension were adjusted until maximum twitch 

force was produced by a single pulse with the pulse width of 0.2 ms. Torque is measured as the 

force measured during tetanus at this optimized setting, normalized to one of the body weights of 

the animals (g).  

 

4.11.3 In situ force measurements  

In situ force tests were performed 8 weeks following muscle injury. Under general anesthesia, 

the skin and fascia were incised to expose the right GA muscle. The Achilles tendon was then 

severed at its distal end and sutured onto the lever arm of the force transducer. The soleus muscle 



was dissected from the tendon and removed. To stabilize the leg in position, a needle was inserted 

directly through the knee and the needle was then locked in place. The exposed muscle was kept 

moist using Ringer solution. The GA muscle was stimulated by needle electrodes placed directly 

on the corresponding by resting the electrodes directly on the muscle. Using the device program 

(610A Dynamic Muscle Control LabBook v6, Aurora Scientific, Aurora, Ontario, Canada), the 

current and resting tension were adjusted until maximum twitch force was produced by a single 

pulse with a pulse width of 0.2 ms. The optimal length (Lo) in which muscle could produce its 

largest force was measured as the distance between the knee and distal insertion of muscle to the 

tendon. Under the optimal resting tension, the tetanic force was measured with pulses given at 

100 Hz with increasing amperage from 10mA to 1A. The maximum twitch and tetanic forces of 

the right GA muscle of each animal were normalized to the estimated cross-sectional area (CSA) 

of the muscle (mm2) calculated as CSA = Muscle weight (mg)/[1.06×Lo(mm)].  

 

4.12 Exercise therapy 

In order to evaluate the effects of exercise on the VML treatments, VML injuries were 

inflicted on the gastrocnemius muscles of mice bilaterally as previously described. The VML was 

subsequently treated with foam + IGF or no treatment. Following 3 days of recovery, the animals 

were acclimatized to running on a treadmill for 3 days, and then subjected to an 8-week-long 

running exercise regimen on the treadmill at 12 m/min for 40 minutes, three times weekly or no 

regimented exercise training program. They were allowed to move freely within their cages for the 

remainder of the time and were given free access to food and water. The animals were trained at 

the same time each time at 8 PM. At the end of 8 weeks, the maximal distance of running was 

measured. Briefly, the maximal distance of running was measured as the distance run by the animal 

at 15 m/s before it definitively stopped running, where it was assumed to be the point of exhaustion. 

2 days following the physiological testing above, functional recovery of the muscle was tested 

through in situ measurement of GA muscle force, as described in the previous section.  

 

4.13 Histological staining and quantifications 

The cryostat muscle cross-sections were stained for Hematoxylin and Eosin (HE) and 

Masson trichrome (MT) using standard techniques. For immunostaining, briefly, frozen sections 

were thawed at room temperature for 10-20 minutes. The slides were washed twice in phosphate-



buffered saline (PBS) and then incubated for 5 min in 0.05% TX-100 in PBS for permeabilization. 

The slides were then washed again in PBS and incubated at room temperature for 1h in a blocking 

solution containing 1% BSA and 5% Goat normal serum in TBS, followed by overnight incubation 

at 4 °C with primary antibodies (supplementary table 1) diluted in blocking buffer. Samples were 

washed three times in PBS and then incubated for 1 h at room temperature with secondary 

antibodies (supplementary table 1). The slides were then washed twice with PBS and incubated in 

DAPI solution for nuclei staining for 5 min. After washing the slides several times with PBS, they 

were mounted with ProLong™ Diamond Antifade Mountant (Invitrogen™) and glass coverslips. 

Olympus model BX53 microscope (UCMAD3, T7, Japan) was used to capture histological images 

and ImageJ (version 1.52a; Media Cybernetics, Rockville, MD, USA) was used for image analysis 

and quantifications. Briefly, for collagen deposition (fibrosis) quantification, the color 

deconvolution and image thresholding plugins of ImageJ were used to analyze the blue area in five 

high power field photos (HPF) of MT-stained slides in the injury site of each muscle cross-section. 

To quantify embryonic myofibers, a number of eMHC positive myofibers were measured 

manually in three HPF images of the regenerating site of each muscle cross-section. Similarly, 

AchRs were quantify manually to measure the number of NMJs in the regenerating area of the 

muscle. 

 

4.14 Statistical Analysis 

All of the data were presented as mean ± standard deviation. The statistical analyses were 

performed using GraphPad Prism 9.0 software (CA, USA). One or two-way analyses of variance 

(ANOVA) were used in this work to compare the groups and p-values smaller than 0.05 were 

considered significant and shown in the graphs.  
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Figure S1. Appearance and Mechanical properties of the engineered scaffolds. (A) The 

appearance of the biomaterial before and after foaming. (B) Representative stress-strain curves 

of GelMA hydrogel, GelMA foam, and GelMA foam carrying gelatin microparticles. (C) 

Ultimate deformability of tested bioinks in lap shear test showing the resistance of the materials 

adhered to muscle tissue towards shear strain.   
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Figure S2. Average cross-sectional area (CSA) in µm2 of multinucleated muscle fibers.  

 

  



Table S1. List of the used antibodies 

Antigen Primary Antibody Secondary Antibody 

Laminin Abcam, ab11575 

Rabbit IgG 

1:300 dilution 

ThermoFisher, A-11012 

Goat anti-Rabbit IgG H&L Alexa 

Fluor 594 

1:400 dilution 

MF20 NOVUS BIOLOGICAL, MAB4470 

Mouse IgG2b 

1:100 dilution 

ThermoFisher, A-21140 

Goat Anti-Mouse IgG2b Alexa Fluor 

350 

1:400 dilution 

eMHC DSHB F1.652 
Mouse IgG1 

5 ug/ml 

 

ThermoFisher, A-21121 

Goat Anti-Mouse IgG1 Alexa Fluor 

488 

1:400 dilution 

AchR Invitrogen™, B13422 

(α-Bungarotoxin, Alexa Fluor™ 488 

conjugate) 

 

N/A 

 

 

 

 

 




