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A B S T R A C T   

Bacteria can be programmed to deliver natural materials with defined biological and mechanical properties for controlling cell growth and differentiation. Here, we 
present an elastic, resilient and bioactive polysaccharide derived from the extracellular matrix of Pantoea sp. BCCS 001. Specifically, it was methacrylated to generate 
a new photo crosslinkable hydrogel that we coined Pantoan Methacrylate or put simply PAMA. We have used it for the first time as a tissue engineering hydrogel to 
treat VML injuries in rats. The crosslinked PAMA hydrogel was super elastic with a recovery nearing 100 %, while mimicking the mechanical stiffness of native 
muscle. After inclusion of thiolated gelatin via a Michaelis reaction with acrylate groups on PAMA we could also guide muscle progenitor cells into fused and aligned 
tubes – something reminiscent of mature muscle cells. These results were complemented by sarcomeric alpha-actinin immunostaining studies. Importantly, the 
implanted hydrogels exhibited almost 2-fold more muscle formation and 50 % less fibrous tissue formation compared to untreated rat groups. In vivo inflammation 
and toxicity assays likewise gave rise to positive results confirming the biocompatibility of this new biomaterial system. Overall, our results demonstrate that 
programmable polysaccharides derived from bacteria can be used to further advance the field of tissue engineering. In greater detail, they could in the foreseeable 
future be used in practical therapies against VML.   

1. Introduction 

Volumetric muscle loss (VML) from injury or disease results in almost 
$400 billion in healthcare expenses every year in the USA alone [1]. 
Even though, healthy muscle can regenerate itself for the most part, it is 
unable to fully repair when the tissue loss is volumetric and exceeds 20 
% of the muscle weight. Instead, the new muscle tissue will consist of 
non-functional fatty tissue and fibrous scar tissue formation [2,3]. To 

this end, conventional strategies aim at using autologous muscle grafts 
for restoring muscle function. However, autografting is limited by tissue 
availability, suboptimal regeneration, postoperative infection, scar tis-
sue formation, and donor site morbidity [4]. A facile strategy to coun-
terweigh this daunting challenge revolves around putting tissue 
engineering to work. Until now, these treatments have unlocked better 
vascularization, force production and tissue formation – however, there 
is still some ground to cover before reaching complete tissue restoration 
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after VML injury [5]. 
The classical tissue engineering approach encompasses in vitro 

expansion of cells and subsequent seeding on porous biomaterials 
(scaffolds) [6]. They can either become implanted directly or cultured in 
a bioreactor to yield more mature tissue constructs. Unfortunately, the 
concept has been facing serious challenges, which is delaying the 
fulfillment of its promise. These mainly include the laborious time and 
effort that goes into the cell expansion and seeding phase, in combina-
tion with a lack of a renewable cell sources and the difficult path towards 
clinical approval for using laboratory grown cells in humans. Thus, in 
situ tissue engineering has gained increasing attention [7–11]. In this 
simple approach, implanted biomaterials use the body’s own regener-
ative capacity through recruitment and controlled stimulation of native 
stem/progenitor cells typically within 3D native matrices or on bioac-
tive coatings to achieve the best outcomes. This approach has already 
been used for vascular grafts, nerve, muscle, and hard tissue engineering 
with promising outcomes. 

To this end, hydrogels display an impressive track-record due to their 
ability to facilitate efficient exchange of nutrients and waste products 
with the surrounding environment, muscle-like stiffness, injectability, 
and native-like biological properties resembling those of the extracel-
lular matrix (ECM) [12,13]. They can both be used to deliver cells and 
act as artificial microenvironments that can put our bodies own cells to 
work – all accomplished via minimal invasive routes paved away by 
their injectability. Along these lines several recent studies have shown 
that hydrogels provide a favorable milieu for migrating satellite muscle 
cells [14,15]. For these reasons they are at the very heart of the field. 
However, commercially available hydrogels are not dynamic, and 
simultaneously limited by their subpar mechanical stiffness, low dura-
bility, rapid degradation [16–18]. Indeed, human tissues are highly 
responsive and dynamic – for this reason a perfect merger between 
artificial systems and organs require time-dependent systems capable of 
reconfiguring and evolving inside the body [19]. 

In this direction the exopolymeric substances (EPS) obtained from 
bacterial biofilms are good candidates as they are both resilient, pro-
grammable, and scalable. In greater detail, bacteria can convert carbon 
and nitrogen sources into a great variety of biomolecules [20]. Some of 
these including cellulose, hyaluronate, levan, gellan, alginate, bioactive 
peptides and amyloid fibers, which have been used to generate highly 
versatile and programmable hydrogels. Biomaterial engineers have in 
recent years used them in combination with synthetic biology to create 
living biofilm-based materials mimicking biological features including 
self-healing, self-growth and responsiveness to various microenviron-
mental factors [21–26]. This explains why hydrogels made from bac-
terial components have become paradigm breakers in the world of 
material science. For instance, recent studies have utilized pellicles 
created by cellulose-producing bacteria as self-healing systems and 
living bioinks capable of self-growth [27]. Some of these have been 
engineered to become biosensors that can sense external stimuli and 
subsequently respond with a pre-defined change in gene expression. 
Others have focused on functional biofilm-based amyloids for the 
manufacture of self-regenerating hydrogels that can interact with 
different parts of the gastrointestinal tract in a programmable manner 
[26]. In a similar study by the same group, they leveraged on the same 
microbial engineering principles and delivered smart 3D printed living 
systems capable of eliminating toxic elements from the environment, 
controlled drug release and self-regulated growth [22]. 

Here, we have methacrylated a bacteria-derived EPS to open a new 
and exciting avenue in the search of the next groundbreaking hydrogel 
system. The bacteria strain we investigated, known as Pantoea sp. BCCS 
001 GH, was isolated from nectarine fruit. Bacteria employ EPS as a 
defense mechanism against various physical stress factors – for this 
reason they need to be sufficiently tough and resilient. The pantoea EPS 
strain investigated in this study achieved exceptional mechanical 
properties due to its unique triple helical structure held together by 
reversible hydrogen bonds and hydrophobic interactions. Overall, we 

could succesfully cross-link the methacrylated hydrogel system via UV- 
light and fine-tune the mechanical properties in the range 5 kPa–15 kPa 
similar to that of the native muscle ECM. Notably, the material was 
super elastic, as it was compressible up to 70 % with a recovery rate 
close to 100 %. By including thiolated gelatin into the backbone via a 
Michaelis reaction we could even achieve native-like bioactivity 
resulting in fused and aligned muscle progenitor cells - this is considered 
by many laymen engineers in the field as important maturity indicators. 
Finally, we investigated the performance of the photo-crosslinked gels in 
a rat model of VML and found significant differences in both muscle and 
fibrous formation capacity – with the gelatin incorporated hydrogels 
outperforming all other groups. In summary, we have presented a new 
novel route for cost-effective manufacture of biocompatible hydrogel 
systems mimicking both the mechanical and biological properties of 
muscle tissue. Based on our in vivo results we envision them within the 
foreseeable as promising candidates for treating severe VML cases. 

2. Results 

Pantoan extracted from sp. BCCS 001 GH is composed of glucose and 
galactose units in the D-configuration with a glucose/galactose ratio of 
approximately 85.18:14.82 and a molecular weight of 2400 kDa [28]. 
The molecule therefore contains plenty of carboxyl groups that we can 
activate via the carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 
methods to make them reactive towards methacrylate groups. We could 
therefore via readily accessible chemical protocols transform Pantoan to 
Pantoan Methacrylate (PAMA) and incorporate thiolated gelatin (Gel-
in-S) into its structure through a Michaelis reaction between thiol and 
acrylate groups. The EPS strain used in this study also exhibits a unique 
triple helical structure held together by reversible hydrogen bonds and 
hydrophobic interactions [29]. Indeed, such reversible linkages are 
paradigm breakers in the field because of their ability to dissipate energy 
reversibly and continuously, thereby increasing the fracture energy. 
This can ultimately result in high material elasticity and durability. We 
have characterized this new and novel hydrogel system chemically, 
mechanically, and biologically in the following sections. Notably, we 
have carried out extensive in vivo studies in a VML rat model for up to 21 
days. 

2.1. Chemical characterization 

Pantoan methacrylate (PAMA) with various degrees of meth-
acrylation was synthesized by substituting the hydroxyl groups of Pan-
toea with methacrylate groups (Fig. 1a) to engineer. The amount of 
methacrylic anhydride added to the reaction mixture was varied to 
control the methacrylation degree. The introduction of methacrylate 
groups makes PAMA easy to crosslink upon UV exposure, since PAMA is 
otherwise non-crosslinkable, which is confirmed by the gelation phe-
nomenon of the aqueous solution of PAMA upon UV irradiation at 365 
nm (Fig. 1b). Further, we examined if the methacrylation of pantoan was 
successful by analyzing the net surface charge in terms of zeta potential 
measurements (Fig. 1c). In general, polysaccharides exhibit large 
negative net surface charges due to the numerous hydroxyl groups in 
their backbone. Similarly, the extracted pantoan also carries a high 
amount of hydroxyl groups, resulting in a very high negative zeta po-
tential value of − 50 mV at pH 7. On the other hand, methacrylate groups 
are positive and should therefore in theory reduce the negative charge. 
Indeed, as expected, the substitution of positive methacrylate groups 
slightly reduced the zeta potentials values to − 40 mV and − 37 mV for 
PAMA21 and PAMA37 samples, respectively. 

The inclusion of methacrylate groups into the pantoan backbone was 
further confirmed by Proton nuclear magnetic resonance (1HNMR) 
spectroscopic analysis (Fig. 1d). Here, the presence of methacryloyl 
groups at δ = 5.8 and 6.2 ppm corresponds to vinyl groups, and the peak 
at δ = 1.9 ppm corresponds to methyl (-CH3) groups confirming the 
methacrylation of hydroxyl groups in the pantoan backbone [30,31]. We 
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Fig. 1. Chemistry behind the developed hydrogels and the corresponding characterizations. (a) Chemical structure of pantoan before and after meth-
acrylation. (b) Photographic images of PAMA before and after UV cross-linking. (c) Zeta potential measurements of pantoan and PAMA with two methacrylation 
degrees. (d) Nuclear magnetic resonance (NMR) spectroscopy of pantoan and PAMA with different methacrylation degrees. (e–g) The thermal stability and crys-
tallization temperature of pantoan and PAMA21 and PAMA37 were examined with TGA and DSC. 
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calculated the degree of methacrylation by comparing the intensity of 
CH3 proton at 1.9 ppm of the methacrylate and proton signals at 4.4 
from the H-4 position of the pantoan molecule. The calculated meth-
acylation degree for 1.5 mL and 2.5 mL methacrylic anhydride was 21% 
and 37%, respectively. Further, methacrylation of the pantoan was 
confirmed by Fourier transform infrared (FTIR) spectroscopic analysis 
(Supplementary Fig. 1a). Specifically, the appearance of new peaks at 
1660, 1455, and 898 cm− 1 in the PAMA21 and PAMA37 backbone cor-
responding to C––C, =CH2, and = CH bonds, respectively, confirm the 
covalent bond formation between pantoan and methacrylate groups [30, 
31]. In addition, the interaction of PAMA21 with Gelin-S after UV 
crosslinking was also confirmed by FTIR analysis (Supplementary 
Fig. 1a). Upon crosslinking, thiol-ene Michael addition occurs between 
the thiol group present in the Gelin-S and methacrylate groups in the 
PAMA21, which is confirmed by the disappearance of the thiol group at 
2450 cm− 1 and acrylate groups at 898 cm− 1 in the FTIR spectra of 
crosslinked PAMA21-Gelin-S samples. 

Finally, the thermal properties of PAMA21 were analyzed using TGA 
and DSC analysis (Fig. 1 e). The pantoan polysaccharide before and after 
methacrylation showed an 8% weight loss below 200 ◦C - something 
correlated with the removal of water moisture. The onset temperature 
for thermal degradation of pantoan (257 ◦C) was decreased to lower 
temperatures after methacrylation due to the loss of intermolecular 
hydrogen bonding between hydroxyl groups present in the backbone of 
adjacent polysaccharides [32,33]. Similarly, the DSC analysis exhibited 
a broad endothermic transitions in the temperature range of 75–200 ◦C 
attributed to the desorption of water molecules and the melting of 
semi-crystalline segments. A further endothermic transition was 
observed between 200 and 250 ◦C (Fig. 1f and g), corresponding to the 
melting of crystalline regions within the EPS. Upon methacrylation of 
the EPS, a notable transformation was observed in the semi-crystalline 
polymer. This modification led to an elevation of the melting tempera-
ture peaks from 106 ◦C (for the unmodified Pantoan) to 123 ◦C [34–36]. 
Accompanying this shift, a reduction in the enthalpy change from 
− 285.8 J/g to − 237.9 J/g was observed for melting of semi-crystalline 
segments (ΔHsemi-cryst.). At the same time, the enthalpy changes of the 
crystalline regions (ΔHcryst.) decreased from − 14.3 J/g to − 8.6 J/g 
(Supplementary Table S1). This reduction signifies the successful 
methacrylation of the Pantoan polysaccharide and indicates that the 
methacrylation process decreases the crystallinity of pristine Pantoan. 
By decreasing the number of hydroxyl groups available for hydrogen 
bonding as these are one of the most important driving forces behind 
higher-order structures in polymers. Furthermore, following the 
thiol-ene Michael addition reaction with Gelin-S, the TGA of 
PAMA21-Gelin-S revealed two distinct thermal degradation events. 
These occurred at temperatures of 165 ◦C for Gelin-S and 241 ◦C for 
PAMA21. Notably, the DSC curve also underwent noticeable modifica-
tions upon the introduction of Gelin-S. Two sharp, new endothermic 
peaks observed at 65 ◦C and 80 ◦C, attributed to the increased mobility 
of amorphous regions of Gelin-S [37]. Moreover, the enthalpy changes 
also reduced to − 101 J/g and − 3.7 J/g due to the incorporation of a 
greater amorphous phase from Gelin-S and the disruption of crystallinity 
stemming from the thiol-ene reaction. 

Previous studies have along these lines demonstrated that Pantoan 
polymers form helical structures along their backbone due to hydrogen 
interactions between adjacent hydroxyl groups on its backbone. These 
changes in thermal behavior are most likely linked to the rupture of 
hydrogen bonds between adjacent pantoan polymers after meth-
acrylation and incorporation of Gelin-S, which in turn reduce the crys-
tallinity. Overall, the chemical characterizations confirm a successful 
methacrylation of pantoan and a successful formation of crosslinked 
hydrogel with Gelin-s. In the following section we will characterize the 
morphological and mechanical properties of the resulting hydrogel to 
highlight some of its advantageous properties from a muscle tissue en-
gineering point of view. 

2.2. Rheology and 3D printing 

Here, we have characterized PAMA hydrogels containing different 
degrees of methacrylation in terms of their mechanical, rheological, and 
physio-morphological traits. Unfortunately, highly substituted methac-
rylate PAMA (PAMA37) manifested poor hydrogel formation. Because of 
this, we continued further studies with PAMA21. To this end, we syn-
thesized and compared three hydrogels with 2%, 3%, and 4% (w/v) of 
PAMA21. The cross-sectional morphology of the hydrogels was charac-
terized using a scanning electron microscope (SEM) [38] - all confirming 
that the hydrogels contained microporous structures with pore sizes in 
the range 10000–30000 μm2 (Fig. 2 a). We did not observe any partic-
ular differences in morphology and pore size among the various tested 
combinations. Such high pore sizes are suitable for efficient exchange of 
nutrients and waste for optimal cellular metabolic activities (Fig. 2 b) 
[39,40]. From degradation studies we also observed a correlation be-
tween polymer concentration and degradability. The highest concen-
tration (4% (w/v) of PAMA21) displayed the highest stability with less 
than 10% mass loss after 14 days and the lowest swelling ratio (Fig. 2 
c&d), whereas 2 % displayed up to 60 % mass loss after 14 days and the 
highest swelling ratio. 

Injectable hydrogels hold great promise for stem cell therapies due to 
their ability to be used with minimal patient discomfort and a low risk of 
infection. Considering this, we conducted a thorough investigation into 
the rheological properties of our PAMA21 combinations to assess their 
suitability in this context. Fig. 2e illustrates that the storage modulus (G′) 
and loss modulus (G″) of the solutions increased as the concentration of 
PAMA21 increased. Up to oscillation stress levels of around 1 Pa, both G′ 
and G″ remained constant, with G′ being larger than G″ for all concen-
trations. Within this region the viscoelastic materials remain in an un-
perturbed state, until a crossover occurs, after which the materials are 
identified as permanently perturbed. This behavior is likely influenced 
by electrostatic interactions between hydroxyl and methacrylate groups, 
as well as hydrogen bonding between nearby hydroxyl groups. How-
ever, at higher stress levels above 1 Pa, both G′ and G″ decrease signif-
icantly, crossing over. This indicates a transition to a more liquid-like 
phase, where the pre-polymer solutions begin to flow. This phenome-
non, known as shear-thinning behavior, implies that the solutions have a 
solid-like state, transitioning to a liquid-like state during shear, and 
returning to a solid state post-injection. Interestingly, all solutions 
exhibited a significant decrease in viscosity of approximately 10-fold 
within the range of 20 Pa s to around 1 Pa s when subjected to shear 
rates between 0.1 and 100 s− 1. Notably, this shear rate range aligns with 
the shear rates typically employed during the needle injection (27 G - 28 
G needle) phase by surgeons (100-1000 s− 1) and in 3D extrusion bio-
printing. For sake of comparison, very liquid-like solutions such as 
castor oil, glycerin and corn syrup display viscosities around 0.9–1.2 
pas. In summary, the rheological analysis of the pre-polymer solutions 
supports the extrusion of PAMA21 through small-diameter needles, 
making it suitable for injection-based stem cell therapies or 3D printing 
of hydrogels. 

The shear-thinning properties of the developed materials prompted 
us to conduct a series of 3D printing experiments to evaluate their po-
tential as bio inks. By leveraging the unique rheological behavior of 
these materials, we aimed to explore their suitability for fabricating 
complex structures with high precision and biocompatibility. We did 
this by analyzing the shape fidelity, printability ratio and spreading ratio 
of the printed constructs (Fig. 2f–h). We specifically focused on 2 % and 
4 % PAMA21 solutions. To this end, shape fidelity refers to how accu-
rately the printed object matches the digital CAD model, whereas 
printability represents the ratio of successful prints to the total number 
of attempted prints and the spreading ratio measures the degree to 
which a 3D printed material or ink spreads on the printing substrate 
during the printing process. All together, these metrics can give insights 
into the overall quality, performance, and reliability of the 3D printing 
process, helping to optimize parameters for better results in future 
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applications. From Fig. 2f we notice a really low shape fidelity below 40 
% for the 2 % PAMA21 inks, something that increases to around 80 % for 
the 4 % inks. This trend is reversed in terms of printability ratios, as this 
number is substantially higher for the 2 % inks – this could be due to the 
fact that even though the shape fidelity is better for the 4 %, they are 
more difficult to extrude due to their higher viscosity. Regarding the 

spreading we can conclude that the 2 % inks spread a lot, whereas the 4 
% inks maintained a good ratio around 1. Overall, these results indicate 
that while the post-prints are much better for the 4 %, they are a bit more 
difficult to print due to their more solid-like state compared to the 2 % 
ones. The good printability of the 4 % inks prompted us to print more 
complicated constructs that we denoted parallel, circular and bipennate 

Fig. 2. Morphological, stability assays and rheological properties. (a) Scanning electron microscopy (SEM) of the 2, 3 and 4% PAMA21 hydrogel variants 
developed herein. (b) Pore sizes within the imaged hydrogels were analyzed with ImageJ and are displayed. (c) Weight loss and (d) swelling profile of PAMA21 
hydrogels with different concentration (2, 3 and 4%). (e) The rheological properties (storage modulus (G′), loss modulus (G″) and Viscosity) of PAMA21 (2, 3, and 4% 
w/v). (f) Quantification of the printability of PAMA21 hydrogels. (g) Snapshots of the printed PAMA scaffolds like the native shapes of various muscles. 
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with good fidelity (Fig. 2g). 

2.3. Mechanical properties 

In addition to their microstructural and rheological properties, the 
mechanical characteristics of hydrogels also play a crucial role in sup-
porting native-like cellular functions. This is particularly significant in 
the context of skeletal muscle tissue engineering, as the mechanical 
environment can directly impact the cell efficacy and therapeutic out-
comes. Skeletal muscle tissues are inherently dynamic and exhibit 
varying mechanical properties under different physical and biological 
conditions. The modulus values of skeletal muscle tissues typically fall 
within the range of 10–100 kPa [41]. Therefore, understanding and 
replicating the mechanical properties of native skeletal muscle tissues is 
crucial for the success of muscle tissue engineering and regeneration 
approaches. By recapitulating these mechanical cues in hydrogel-based 
scaffolds, engineers can tailor an environment that can support the 

growth, differentiation, and maturation of muscle cells, ultimately 
leading to the development of functional and contractile muscle tissue 
substitutes. For these reasons, the mechanical properties of the hydro-
gels were tested in compression mode. From here, we evaluated their 
compression modulus, stress, energy dissipation, and recovery after five 
consecutive cycles of loading and unloading (Fig. 3a–b). Initially, we 
conducted tests on pristine PAMA21 hydrogels without Gelin-S incor-
poration. These samples demonstrated impressive compressibility, with 
the ability to withstand up to 70% strain for five cycles (Fig. 3b). The 
recovery percentage was consistently high, ranging between 94% and 
96% (Fig. 3c). As the polymer content increased, the mechanical prop-
erties of the hydrogels improved significantly. Higher polymer content 
resulted in a several-fold increase in stress at the 70% strain point 
compared to hydrogels with 2% PAMA21, albeit with higher dissipation 
in the 3% and 4% PAMA21 hydrogels (Fig. 3d). In more detail (Fig. 3e), 
hydrogels prepared with 4% PAMA21 exhibited the highest ultimate 
stress (94.8 ± 9 kPa) and modulus (4.7 ± 0.7 kPa), while the 2% 

Fig. 3. Mechanical analysis. (a) Brief explanation of the working principle behind the mechanical analysis of hydrogels. (b) Cyclic stress− strain curves (up to five 
cycles) corresponding to 2, 3 and 4 % PAMA21 hydrogels cross-linked in the presence of 0.5% photoinitiator. (c) Mechanical recovery and total energy dissipated after 
70% strain were retrieved from the stress− strain curves. (d) Stress at 70% strain for 2, 3 and 4 % PAMA21 hydrogels. (e) Ultimate stress and compressive modulus of 
the respective hydrogels as shown here. (f) Strain at breaking point of the respective hydrogels. 
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hydrogels were considerably softer, with the lowest ultimate stress (18 
± 4 kPa) and modulus (0.4 ± 0.1 kPa) values. Remarkably, the 2% 
hydrogels showed breaking points at around 90% compressive strain, 
surpassing other reported compressible hydrogels reported in the field. 
On the other hand, the 3% and 4% hydrogels had breaking points 
around 80% (Fig. 3f). We therefore decided to only focus on 2 % 
PAMA21 and decided to refer to this as simply PAMA21 for the sake of 
clarity. After the incorporation of Gelin-S, PAMA21 hydrogels main-
tained their exceptional compressibility, still breaking at around 75 % 
compressive strain. However, the recovery rate slightly decreased to 
90% at 60 % strain. On the other hand, the compressive modulus 
increased from 0.4 kPa to 15 kPa and therefore fell within the range of 
native skeletal muscle tissues (Supplementary Fig. 2). The compressive 
modulus also fell within the range of native skeletal muscle tissues, 
approximately 15 kPa (Supplementary Fig. 2). Overall, the mechanical 
studies demonstrate that pristine PAMA hydrogels hold promise for 
skeletal muscle tissue engineering applications from a dynamic 
perspective, as they exhibit high compressibility, good cyclability, and 
efficient recovery. Nevertheless, the stiffness remained suboptimal and 
below the range of native-like muscle tissues. This limitation was 
effectively addressed through the inclusion of Gelin-S, without signifi-
cantly compromising the resilience and durability of the hydrogel 
systems. 

2.4. Cell viability 

Cell viability plays a critical role in the development of scaffolds for 

tissue engineering applications. While previous studies have investi-
gated the viability of various polysaccharides such as Alginate, Hyal-
uronic Acid, Chitosan, and Carrageen, demonstrating promising 
outcomes, it is important to note that the biocompatibility of our newly 
synthesized PAMA has not been extensively explored. Since PAMA has 
been produced for the first time in our laboratory, it necessitates extra 
attention in terms of its biocompatibility. It is therefore crucial to 
conduct thorough assessments and investigations to examine how cells 
interact and respond to the presence of pantoan. We therefore evaluated 
the viability of C2C12 encapsulated in PAMA21 using a Live/Dead 
staining kit at different time points up to two weeks of culture (Fig. 4). 
As shown in Fig. 4b and quantified in Fig. 4c–d, representative images 
taken at different time points proved that PAMA21 provides suitable 
compatibility toward the encapsulated cells after UV exposure. It has 
been shown in Fig. 4e that even after two weeks of in-vitro culture, the 
cells encapsulated in PAMA21 had a viability of 69%. In order to increase 
PAMA21 support toward the encapsulated cells, Gelin-S as a cell- 
adhesive protein-based biopolymer was added to this system [30]. 
This formulation change maintained the cell viability at around 80% and 
induced C2C12 cells to spread within the composite hydrogel (Supple-
mentary Fig. 2). All in all, these results proved that the developed system 
could sufficiently support encapsulated muscle cells both in terms of 
their viability and spreading capacity and thus ready for down-stream 
biological assays. 

Fig. 4. C2C12 viability evaluation after encapsulating in PEMA21 UV crosslinked hydrogels. (a) Schematic showing the steps behind the mold preparation, 
C2C12 encapsulation, crosslinking, and culture. (b) Representative images of cells encapsulated in PEMA21 after being stained with calcein-AM (green, live cells) and 
ethidium homodimer-1 (red, dead cells) at different time points. (c) Number of total and (d) Live cells observed in cell-laden hydrogels at different time points. (e) 
C2C12 viability after 1, 3, 7, and 14 days in culture. 
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Fig. 5. (a) C2C12 spreading and alignment visualized by fluorescent staining (phalloidin/Hoechst) and confocal microscopy at different time points (1, 3, 5, and 7 
days) and different types of media. The fluorescent images show F-actin (red) and nucleus (blue) for the cells encapsulated in PEMA21-Gelin-S hydrogels. The first two 
graphs and their associated images are related to the samples conditioned in growth media. The two bottom images are taken on day 5 and 7 from the samples 
conditioned in the differentiation media. The percentages shown on the images are an estimation of cellular confluency inside the hydrogels. (b) Fluorescent images 
of alpha-actinin (in red) immunostained cells encapsulated in PEMA21-Gelin-S hydrogels after 7 and 10 days of culture in differentiation media. (c) Alignment 
analysis of the immunostained cells in (b). 
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2.5. C2C12 alignment and myotube formation 

One crucial aspect that requires thorough investigation during the 
development of a biomaterial for skeletal muscle tissue engineering is 
the alignment and differentiation of myoblasts. This specific parameter 
has been carefully assessed and measured in the context of C2C12 cells 
encapsulated in PAMA21-Gelin-S hydrogels (Fig. 5a). This evaluation 
plays a vital role in understanding the behavior and functionality of 
PAMA in supporting a native-like growth and maturation of skeletal 
muscle tissue. Indeed, by quantifying the myoblast alignment and dif-
ferentiation within the hydrogel system, we can gain valuable insights 
into how effectively the biomaterial promotes the desired cellular re-
sponses necessary for successful muscle tissue engineering. 

On day 1 and 3 (in the cell growth phase), we did not observe cell 
alignment, as evidenced by the random alignment of myoblasts in the 
hydrogels (Fig. 5a). After day 5, while the fluorescence images of the 
samples in growth media showed a bimodal distribution of the orien-
tation angles, the cells cultured in differentiation showed a clearer 
unidirectional alignment (Fig. 5a). Moreover, the analysis of images 
taken at different time points revealed that PAMA provided a suitable 
microenvironment for C2C12 proliferation and spreading through 
alignment as their confluency reached about 99% in only one week 
regardless of the media type used (data not shown). Since myoblast 
multiplication is one of the essential phases of myogenesis [42], this 
observation also demonstrated that PAMA21-Gelin-S is a promising 
biomaterial for muscle tissue engineering. 

Immunostaining was performed to examine the cell-laden PAMA21- 
Gelin-S hydrogels that were incubated in differentiation media for 7 and 
10 days. The objective was to accurately confirm the differentiation of 
the C2C12 into mature myotubes within the developed system. As 
depicted in Fig. 5 b, the immunofluorescence staining demonstrated that 
the PAMA21 composites could provide a suitable microenvironment 
within which the encapsulated myoblasts could fuse into myotubes 

expressing a pivotal protein that define muscle sarcomeres (alpha-acti-
nin). Notably, myotubes were striated and multinucleated, which are 
important characteristics of the native milieu during skeletal muscle 
regeneration. By analyzing the images in more depth, we detected 
slightly higher myotube width and more uniformly aligned myotubes on 
day 10 compared to day 7, albeit the difference was not significant. 

2.6. In vivo results 

To explore the potential of photo-crosslinked PAMA21 and PAMA21- 
Gelin-s hydrogels for in vivo skeletal muscle regeneration, we designed a 
study using a rat model of VML (Volumetric Muscle Loss) in the Tibialis 
Anterior (TA) muscle. The experimental procedure involved injecting 
PAMA21 and PAMA21-Gelin-s-based hydrogels into the site of the muscle 
defect, as depicted in Fig. 6a–c. To assess the progress of the skeletal 
muscle regeneration, histological examinations were conducted at 
various time points, specifically 7 and 21 days post VML. These exam-
inations involved carefully analyzing tissue samples to gain insights into 
the cellular and structural changes occurring within the regenerated 
muscle (Fig. 6d). Such histological examinations offer valuable infor-
mation about the extent of muscle regeneration, cellular organization, 
revascularization, and potential integration of the hydrogel within the 
tissue. By analyzing the sequential changes in the histological features 
over time, we can obtain a better understanding of the efficacy and 
therapeutic potential of our hydrogels in promoting successful skeletal 
muscle regeneration. 

As shown by the representative macroscopic tissue images of the leg, 
there was skeletal muscle regeneration without signs of infection, fluid 
accumulation under the skin (seroma) and visible scarring after injecting 
PAMA21-Gelin-s in the lacerated regions after seven days post-injury 
(Fig. 6a–c). In stark contrast to the hydrogel treatment groups, there 
was a much more prominent “gap” in the non-treatment group at the 
defect site (Fig. 6a–c). In fact, in the non-treatment groups, the TA 

Fig. 6. Histological comparison of the Tibialis Anterior (TA) volumetric muscle loss (VML) injury site before and after and hydrogel implant treatment. (a) 
Photograph of the surgical site of the defect site after 7 and 21 days post-injury The white lines denote defect site boundaries, and white arrows illustrate treatment 
location within the different times post VML surgery. VML injury was created by an excision of approximately (8 mm diameter × 3 mm deep) of the TA muscle. 
Immediately after defect creation, the fascia layer was sutured, and PAMA and PAMA-Gelin-s hydrogels were injected through the incision, in the area between fascia 
and muscle, the skin was closed, and the animal was allowed to recover (not shown). (b) H&E staining of the histological slides after 3 weeks (c) Quantificative 
analysis of regenerating myofibers (%), and mean area of regenerating myofibers (μm2) at 21 days post-injury. Columns with star superscripts between one another 
are significantly different from one another (p < 0.05). 
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muscle was virtually indistinguishable from the uninjured counterpart, 
especially after seven days post-injury (Fig. 6b). Although PAMA 
hydrogel implantation did not promote robust functional recovery, 
significant volume reconstitution was still apparent in this group. Of 
particular importance is the observation that new muscle tissue forma-
tion was observed after 21 days post-injury (Fig. 6). Indeed, there were 
more newly formed muscle tissue and significant volume recovery in 
both PAMA21 and PAMA21-Gelin-s compared to non-treatment groups. 
However, some regenerated tissues appeared in the non-treated animals 
as well (Fig. 6c), even though the defects were still evident 21 days post- 
VML operation. 

The Hematoxylin- Eosin (H&E) histochemical staining was employed 

to evaluate skeletal muscle regeneration within the examined hydrogels 
(Fig. 6d). In the H&E stain, the nuclei are stained with a blue-purple 
color, and cellular proteins are stained with a red pink (Fig. 6d). Spe-
cifically, myofiber regeneration was quantitatively analyzed at 21 days 
post-injury for the different injured areas and assessed by the percentage 
of centrally-located nuclei as a sign of regenerating myofibers (Fig. 6e). 
It was found that all the hydrogel-treated groups showed an increased 
number of myofibers displaying centrally located nuclei (newborn 
myofibers) when compared to the non-treated groups (Fig. 6e) with 
PAMA21-Gelin-S showing the highest amount. Indeed, PAMA21-Gelin-s 
(51.4 ± 6.3%) showed significantly higher numbers of centrally located 
nuclei myofibers after 21 days post-injury than the non-treated groups 

Fig. 7. Toluidine Blue and Masson’s Trichrome Histological comparison and Blood serum analysis at 21 days post-injury. (a) Histological comparison by 
Toluidine Blue -stained sections of tissue retrieved from the implant region of injured TA muscle at 21 days post-injury. (b) Histological comparison by Masson’s 
Trichrome -stained sections of tissue retrieved from implant region of injured TA muscle at 21 days post-injury and Quantification analysis of fibrosis area (%). (c) 
Blood serum biochemical parameters at 21 days post-injury. Columns with star superscripts between one another are significantly different from one another (p 
< 0.05). 
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(25.9 ± 5.9) and pristine PAMA-hydrogel treated animals (39.9 ± 5.3) 
(Fig. 6e). In general, a quantitative analysis of the relative cross- 
sectional area of TA muscle for all three groups at 21 days post-injury 
showed that PAMA21-Gelin-s and PAMA21 samples had significantly 
higher retention cross-sectional area than non-treatment samples 
(Fig. 6e). The higher retention rate is most likely linked with the 
incorporation of Gelin-s, since it contains the arginine-glycine-aspartic 
acid (RGD) sequence, which is essential for facilitating myoblast 
attachment with the surrounding EMC to direct myoblast cell prolifer-
ation and differentiation [43]. These results confirmed that PAMA21--
Gelin-s could efficiently enhance the regeneration of skeletal muscle 
tissue with a much better regenerative capacity than the non-treatment 
VML group and PAMA21 alone. 

Masson Trichrome staining was used to evaluate cellular 
morphology as well as the presence of fibrotic areas (collagen deposi-
tion) (Fig. 6a). While there was some evidence of residual fibrosis and 
inflammatory infiltrates after seven days post-injury (Supplementary 
Fig. 4c), there was also significantly less fibrosis at both time points for 
PAMA21-Gelin-s hydrogels than the pristine group. Meanwhile, the 
hydrogel-treated groups seemed to positively inhibit the formation of 
disordered collagen fibers as compared with the non-treatment group 
following 21 days after the surgical procedure. We also investigated the 
biocompatibility of our PAMA-based hydrogel by looking into possible 
unwanted inflammatory responses in a post-implantation scenario via a 
toluidine blue staining (Fig. 7a). To this end, we discovered mast cells 
with irregularities and fissures in the muscle surface of the non- 
treatment group, while the hydrogel treatment groups instead exhibi-
ted homogeneous staining (Fig. 7b). Our focus here was on Mast cells 
accumulation and subsequent activity in the injury site, as Mast cells are 
widely acknowledged for their roles in inflammation and allergic re-
actions [44,45].Finally, the total fibrosis area was also measured after 
seven days post-injury (Fig. 7c), amounting to 23.2% for non-treated, 
17.1% for PAMA21, and 15.9% for PAMA21-Gelin-s treated animals. 
After 21 days post-injury, this trend did not change much for non-treated 
animals dropping to 15.6 % only, whereas it dropped substantially for 
PAMA21 and PAMA21-Gelin-s treated animals at 4.8% and 3.6 %, 
respectively. 

Finally, we turned to a blood serum analysis to determine whether 
the function of vital organs such as liver and kidney could be damaged 
due to possible toxic byproducts associated with the hydrogel degra-
dation process. Liver function markers including alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase 
(ALP), lactate dehydrogenase (LDH) and total bilirubin were assessed 
(Fig. 7d–h). ALP, AST, and total bilirubin are used as a marker for the 
detection of bile duct obstruction, cellular injury in the liver. Therefore, 
potential damaging foreign materials can alter the concentration of 
these markers in serum [46–48]. Fig. 7d–h shows not statistically sig-
nificant (p > 0.05) differences between AST, ALP, and LDH serum 
biochemical parameters of control and hydrogel-treated groups after 21 
days. In addition, no statistically significant difference was observed in 
the activity of total bilirubin between the normal and hydrogels-treated 
groups (p > 0.05). However, after 21 days, the serum ALT level was 
higher in the non-treatment and PAMA-treated groups compared to 
PAMA-Gelin-S groups, and there was a significant difference between 
serum ALP of non-treatment and PAMA-Gelin-S groups. All these data 
indicate that our hydrogel product is biodegradable but not toxic while 
simultaneously enabling the growth of new muscle tissue within its 
perimeters. 

3. Discussion 

The traumatic or surgical loss of skeletal muscle volume is a severe 
clinical complication that is characterized by fibrotic tissue deposition, 
lack of re-innervation, and insufficient muscle regeneration to bridge the 
defect site [14,49–54]. In order to effectively restore muscle regenera-
tion and function in the injured site, a great variety of muscle tissue 

engineering approaches has been surveyed in recent years [49–54]. 
Skeletal tissue engineering goes as far back as the early 1960’s, when 
Konigsberg used chicken embryonic stem cells to generate cross-striated 
muscle fibers. Already then it was quite clear that collagen was critical in 
the development of mature muscle constructs. Other biopolymers 
including alginate, fibrin, gelatin and polycaprolactone (PCL)-based 
polymers have over the years emerged as viable options as well. From 
these studies it appears that the most promising solution in this regard is 
the use of injectable hydrogels with high bioactivity and cell-infiltration 
capacity. Firstly, their injectability allows for easy application and 
precise delivery to the affected site, enabling them to fill irregularly 
shaped defects. This is particularly beneficial for addressing volumetric 
muscle loss, where conventional methods may struggle to restore 
irregular loss of muscle volume. Secondly, the high bioactivity com-
bined with superior cell permeability enables the implants to utilize the 
body’s own reservoir of cells to accelerate the regeneration process. 

A great variety of biomimetic hydrogel pre-polymers resembling 
those from the human extracellular matrix (ECM) have been used to 
create porous and cell-friendly 3D microenvironments for progenitor 
muscle cells to grow and thrive within. These including naturally 
occurring polymers such as alginate [55–57], keratin [52,58], collagen 
[59–61], gelatin [62–65], and fibrin [66–69] and hyaluronic acid. 
Especially, polysaccharides such as alginate have received great atten-
tion over the years due to their good bioactivities, natural abundance, 
biodegradability, biocompatibility, and chemical modifiability [30, 
70–72]. They are typically crosslinked via metallic cations (Ca2+, Mg2+, 
Na+, K+) due to their charged backbone [73–78]. Unfortunately, this 
methodology presents several disadvantages such as cation leakage or 
exchange, toxicity for cells, suboptimal mechanical properties, making 
them unsuitable as regenerative biomaterials [30,73,79]. Notably, sys-
tems based on alginate and other polysaccharides out there, are not 
sufficiently bioactive, not loadbearing and typically break around 50 % 
strain values. They are therefore not optimal for muscle tissue engi-
neering. Indeed, it is quite difficult to endow multiple functionalities 
such as bioactivity, injectability, durability and native-like stiffness into 
biomaterial systems without unwanted tradeoffs or using complicated 
and potentially toxic chemical procedures. Obtaining strong mechanical 
properties and toughness in hydrogels is particularly challenging. This 
difficulty arises from the fact that hydrogels typically consist of up to 
99% water. However, researchers have dedicated a whole sub-field to 
explore the development of mechanically robust hydrogels with main-
tained bioactivity, without damaging their water retention properties. 
This compromise is crucial as efficient nutrient, oxygen, and waste ex-
change with the surrounding environment heavily rely on the water 
retention capabilities of hydrogels. 

Herein, we have turned to a novel approach based on an EPS from 
Pantoea sp. BCCS 001 GH bacteria known as Pantoan. Generally 
speaking, bacterial EPS’s such as cellulose, xanthan, levan, gellan-based 
hydrogels have already been applied for a number of tissue engineering 
applications [38,71,73,75,80–82]. They have indeed become highly 
sought out in the field due to their varied chemical and material prop-
erties, as they can become produced in mass at a very low-cost, while 
displaying unique viscoelastic and wettability suitable for 
hydrogel-based stem cell niches and advanced bioinks. Importantly, 
they are easy to customize through genetically engineering of the mi-
crobial population. In recent years material engineers have capitalized 
upon these benefits to deliver a wide range of innovative materials. One 
of the key advantages with the Pantoan species is it’s high EPS pro-
duction yields and good scalability. Even still, the application of this EPS 
in tissue engineering is still not fully explored, which makes this work 
quite unique compared to what’s already out there. We have therefore in 
this study tried to utilize Pantoan in tissue engineering by transforming 
it into a UV-cross-linkable hydrogel with tunable mechanical properties, 
unprecedented high durability, and stability both in vitro and in vivo 
environments. For instance, we have shown that pantoan methacrylate 
(PAMA) can become fine-tuned to cover a broad range of ultimate 
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stresses ranging from 18 kPa to 95 kPa and young modulus ranging from 
to 1 kPa–29 kPa and compressive strains close to 70 %. Importantly, we 
could obtain a high mechanical recovery of ~94, 96, and 96 % after five 
cyclic compressions at 90 % strain. To make the system even more 
bioactive we have incorporated Gelin-S into the system via a Michalis 
reaction between thiol groups on gelatin and acrylate groups on PAMA. 
Specifically in this study we focused on developing a PAMA21-Gelin-S 
hydrogels that offer both appropriate biophysical and cell-material cues 
to support optimal myogenic cell function and facilitate de novo skeletal 
muscle regeneration. Indeed, our results showed compressive modulus 
around 12.97 ± 4.2 kPa (Supplementary Fig. 3), which is near the ECM 
of healthy skeletal muscle average (12 ± 4 kPa). This is quite advanta-
geous from the point-of-view of tissue regeneration since optimal 
myoblast differentiation occurs when seeded on substrates with 
tissue-like stiffness [83]. Indeed, it has been well documented that the 
mechanical properties of scaffolds play an important role in myoblast 
behavior [22]. For instance, in a groundbreaking study conducted by 
Adam Engler and colleagues, they demonstrated that the differentiation 
of mesenchymal stem cells is influenced by the stiffness of the substrate 
they are cultured on. Specifically, they found that when the substrate 
stiffness was 8–17 kPa, mesenchymal stem cells were more likely to 
differentiate into muscle cells. This discovery highlights the importance 
of substrate stiffness in directing lineage specificity during stem cell 
differentiation [84]. 

Super compressible hydrogels, like the one presented here, are 
typically created using synthetic methods [85]. These methods often 
utilize polyacrylamide [86–89], poly vinyl alcohol [90–92], or poly-
acrylic acid derivatives [93] as the main ingredients. However, acryl-
amide itself is highly toxic, and many of the components used in 
preparing poly vinyl alcohol or polyacrylic acid hydrogels such as tannic 
acid or carbon nanotubes can display toxicity. Additionally, these 
methods can be quite complex, and they lack bioactivity, making them 
less suitable for tissue engineering applications. On the other hand, 
alternative methods employing natural polymers like GelMA [94,95], 
silk fibroin [96], or elastin [97] have been successful in achieving high 
compressibility, typically ranging between 70% and 90%. For example, 
Laponite-reinforced GelMA hydrogels can withstand compressive strains 
of up to 90% before breaking, silk hydrogel crosslinking with horse-
radish peroxidase can reach up to 70%, and photocrosslinked elastin 
peptides can reach up to 70% as well. In our study, we were able to 
achieve 90% compression before breakage and super elastic behavior up 
to 70% strain by simply methacrylating an EPS and crosslinking it using 
UV-light. To the best of our knowledge, such remarkable super 
compressibility of natural hydrogel systems has never been achieved 
before through such a simple and scalable method. We believe that the 
remarkable super elasticity of the Pantoan molecule is attributed to its 
intrinsic conformational structure, which consists of helix formations 
formed by hydrogen bonding between its hydroxyl groups according to a 
previous study [29], and supported by our DSC and TGA results. Higher 
order conformational structure are not only observed in Pantoan but 
also in other polysaccharides, thanks to specific supramolecular forces in 
their solid state [98,99]. Similarly, in a significant study from 1970, it 
was discovered that the conformational state of a polymer has a greater 
impact on its elastic modulus and extensibility compared to the side 
groups [100]. This phenomenon can be seen in other biopolymers as 
well such as various polysaccharides and silk fibroin, where the energy 
required to unfold coil-like structures bonded by intermolecular forces is 
higher, and the recoiling of these structures due to reversible bonds can 
sometimes increase the overall durability [101]. It is reasonable to as-
sume that a similar mechanism governs the impressive elasticity 
observed in the pristine PAMA systems. However, what sets this devel-
oped system apart is not only its remarkable super compressibility and 
high elasticity but also its compatibility for 3D bioprinting. 

Porosity, pore architecture, swelling ratio, and degradation rate are 
other important properties defining cell fate and tissue regeneration. In 
this respect, PAMA21 reached a swelling equilibrium in just 24 h with a 

mass swelling ratio of 38 ± 4 which proves PAMA21 porous structure. 
This in turn also enables an efficient exchange of water-soluble metab-
olites. PAMA is thus in theory thereby capable of maintaining high cell 
viability [15]. Indeed, the cell survival rate and the ability of cells to 
migrate, spread, differentiate, and connect with other cells are also 
imperative in tissue regeneration [102]. Our results showed that 
PAMA21 could be used for 3D encapsulation of C2C12 cells with high 
viability and homogeneous 3D cell distribution, but due to the poly-
saccharide nature of pristine PAMA21 it could not on its own facilitate 
sufficient cell− matrix interactions, and the cells barely spread. Like in 
the native ECM we added hydrolyzed collagen in the form of gelatin to 
also capture the cell-anchoring aspects of the natural ECM. To this end, 
we observed highly aligned cellular architectures which are of critical 
importance for skeletal muscle, and heart [103]. Indeed, during skeletal 
muscle tissue development, myoblasts’ cytoplasms fuse after their 
alignment, forming a multinucleated fiber named myotube [42]. It has 
also been reported that more cell alignment improves cell fusion during 
myoblast differentiation [104]. A contributing factor in this direction 
could be the structural resemblance between EPS and natural glycans 
already present in muscle tissue. Indeed, several studies have shown that 
cells contain carbohydrate-binding domains capable of binding to gly-
cans also present on EPS. Studies have also shown that glycans can 
participate as co-receptors during growth factor signaling involving 
TGF-β and EGF pathways [14,105]. This, together with the cell attach-
ment and proliferation promoting capacities of gelatin, may be a key 
factor behind the cell spreading and alignment observed within the 
hydrogels. This feature is mainly attributed to the RGD peptide sequence 
present in Gelin-S, as this peptide has been reported to control myoblast 
adherence and phenotype [106,107]. 

To investigate whether this new system was applicable for healing 
muscle defects we used photo-crosslinked PAMA21 and PAMA21-Gelin-S 
hydrogel in a VML rodent model. Interestingly enhanced muscle 
regeneration in PAMA21 and PAMA21-Gelin-S treatment groups were 
observed throughout the 3-week course of study when compared with 
not-treated animals with the regeneration being slightly higher at 
around 45 % for PAMA21-Gelin-S compared to 40 % for PAMA21 (Fig. 6). 
In general, results confirmed that both PAMA21 and PAMA21-Gelin-S 
could efficiently enhance skeletal muscle tissue regeneration with a 
much better regenerative effect than the non-treatment VML group. 
Moreover, as shown in Fig. 6e both hydrogels resulted in volume 
reconstitution as well as myogenesis. These observations clearly high-
light the efficacy of PAMA21 as a potentially important platform for 
treating VML injury. In addition, the hydrogels were associated with 
significantly increased new tissue formation, including an abundance of 
new myofibers, presented as smaller diameter fibers with centrally 
located nuclei identified in surgical regions. To this end, myofibers with 
nuclei in the center of the cytoplasm are usually considered newborn 
myofibers, while the mature ones have nuclei on the periphery 
[108–110]. The results of Masson’s trichrome staining indicated that the 
presence of hydrogel could effectively promote muscle remodeling and 
reduce tissue fibrosis and scarring from >20 % to <10 %. Overall, our 
results demonstrate that hydrogel treatment can heal muscle tissue de-
fects to a substantial degree – specifically, we found that PAMA21-Ge-
lin-S resulted in the fastest and optimal recovery in this direction. This is 
likely linked with the incorporation of gelatin modified (Gelin-S) since it 
contains the arginine-glycine-aspartic acid (RGD) sequence, which is 
essential for facilitating myoblast attachment with the surrounding EMC 
to direct myoblast cell proliferation and differentiation – a pivotal step 
toward muscle tissue regeneration in situ [43]. 

There have been numerous studies showcasing the potential of 
hydrogels in enhancing muscle cell behavior and promoting healing in 
both in vitro and in vivo settings. However, many of these studies have 
utilized scaffolds made from brittle and weak materials such as muscle 
autografts [111], gelatin [62], fibrin [112,113], or decellularized 
extracellular matrices (ECMs) [49,114]. Others have employed chemi-
cally modified scaffolds based on thiolated hyaluronic acid [14] or 
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methacrylic acid [5], as well as synthetic counterparts like poly-
caprolactone [15]. While these studies have indeed reported exciting 
results in the field of muscle tissue engineering, many of these systems 
have exhibited either overly soft or excessively brittle characteristics. 
Moreover, those that displayed greater mechanical strength failed to 
possess the essential loadbearing properties necessary for a system of 
this nature. Furthermore, none of these systems exhibited the same level 
of compressibility and elasticity as the hydrogel introduced in our 
research, setting it apart from previous approaches. Notably, the system 
described here is based on readily available fermentation biomaterials 
that undergo a simple one-step chemical modification process (meth-
acrylation). As a result, the hydrogel production process is easily scal-
able and can be manufactured at a significantly lower cost compared to 
other hydrogels currently available in the market. Notably, the 
PAMA21-Gelin-s system offers a highly stable, mechanically durable, and 
tissue regenerative hydrogel without any unwanted compromises, even 
when using a low concentration (3%) of the material. For comparison, 
GelMA-based hydrogels, which are among the most commercially 
available, typically require higher concentrations, mostly exceeding 7% 
[64,115]. This higher concentration significantly increases the cost of 
the solution when compared to the one presented here. It is worth 
mentioning that many conventional hydrogels, apart from alginate, are 
also expensive due to complex multi-step production procedures. 

We believe that the field of living materials for tissue engineering 
will experience significant growth in the coming decades and will 
benefit from mechanically robust, scalable, bioactive and most impor-
tantly bacteria-derived hydrogels. In a nutshell bacteria-derived mate-
rials can be designed to sense regenerative signals in stem cell- 
embedded scaffolds and respond with the release of growth factors or 
drugs [21–23,25,26]. They could also facilitate spontaneous healing in 
the event of material failure. To achieve optimal stem cell performance 
and prevent premature failure, it is crucial to utilize EPS derived from 
bacteria, like the one developed and described here. These EPS can 
create a self-sustaining environment for microbial populations and allow 
for the diffusion of nutrients and waste products in and out of the 
scaffold. This work therefore represents an important step towards the 
unexplored realm of regenerative machine biology. Another avenue, in 
which this work could become an important steppingstone is cell-based 
meat production. Indeed, replacing animals as a food source offers 
several societal benefits, including improved animal welfare, environ-
mental advantages, and a more affordable source of essential proteins 
[116–118]. However, it is important to note that the current challenges 
in this field differ significantly from the optimistic claims made in the 
media. To fully realize the potential of manufacturing meat from skeletal 
muscle stem cells, further processing is required to capture essential 
nutrients and address texture and mechanical properties. Cell encapsu-
lation and growth within native like 3D matrices with muscle like 
stiffness have greatly advance matters along these lines. However, even 
more advances are within the reach by implementing sophisticated 
mechanical 3D stimulation – something which requires super elastic 3D 
matrices capable of undergoing repeated cyclic stimulation without 
breaking. The PAMA developed in this study not only exhibits me-
chanical properties resembling those of muscle tissue but also demon-
strates durability that surpasses conventional matrices based on fibrin 
and collagen in the field and could therefore become a key player here. 

4. Conclusion 

Overall, the findings obtained from our study strongly suggest that 
the bioactive hydrogel system developed herein can efficiently guide 
myoblast behavior and facilitate their transition into functional muscle 
fibers holds great promise for therapeutic applications such as muscle 
repair, regeneration, and the development of in vitro models for drug 
screening and disease modeling. Furthermore, the relatively short 
period of time required for observing these positive effects is an 
encouraging factor, as it suggests the potential for even more efficient 

and accelerated muscle tissue engineering strategies. Looking forward, 
the synthesis route used for obtaining PAMA was scalable, and low-cost 
with the polymer itself being non-toxic and biocompatible. For this 
reason, the gab into the biomedical industry is small. Using a biopolymer 
from bacteria also opens for a new and almost futuristic opportunities 
within the emerging field of living materials. Such distinctive living 
attributes can be used in implants with theragnostic properties, so-
phisticated biosensors, smart drug delivery systems, living wearables, 
materials for smart buildings, or as self-growing materials for building 
sustainable extraterrestrial habitats. 

5. Materials and methods 

5.1. Materials 

Methacrylic anhydride (94%), 2-hydroxy-4′-(2- hydroxyethoxy)-2- 
methylpropiophenone (Irgacure 2959), deuterium oxide (D2O, 99.9% 
in D), bovine serum albumin (BSA), β-glycerophosphate disodium salt 
hydrate, Dulbecco’s phosphate-buffered saline (DPBS), Dulbecco’s 
modified Eagle’s medium (DMEM)-high glucose, antibiotics (penicillin/ 
streptomycin), trypsin− ethylene diamine tetraacetic acid (EDTA) solu-
tion 1x, Triton X-100, formaldehyde, Isopropyl alcohol, and dialysis 
tubing cellulose membrane (14.0 k molecular weight cut-off) were ob-
tained from Sigma-Aldrich (St. Louis, MO). Thiol-modified gelatin 
(Gelin-S) and degassed deionized water (DG water) at pH 5.0− 8.0 were 
supplied by ESI-BIO (Alameda, CA, USA). C2C12 cell line (ATCC CRL- 
1772) was purchased from LGC Standards, Sweden. Fetal bovine 
serum (FBS) and fetal horse serum (FHS) were obtained from Biowest, 
France. Ketamine 10 % and Xylazine 2% were obtained from Alfasan 
CO., Netherlands. Rhodamine phalloidin and Hoechst 33342 were 
purchased from Thermo Fisher Scientific (Waltham, MA). Thiopental 
was purchased from Loghman Pharmaceutical & Hygienic Co., Iran. 
Silicone Isolators (JTR24R-1 and C18142) were purchased from Grace 
Bio-Labs (Oregon, USA) and Molecular Probes (Leiden, The 
Netherlands), respectively. Paraformaldehyde (16% w/v aqueous solu-
tion) was obtained from Electron Microscopy Sciences (Hatfield, PA, 
USA). Mouse monoclonal anti-alpha-actinin (sarcomeric) antibody 
(A7732) and goat anti-mouse IgG H&L (Alexa Fluor® 555) (ab150114) 
were purchased from Sigma-Aldrich and Abcam. 

5.2. Production, extraction, and purification of pantoan 

Pantoan exopolysaccharide, composed of repeating disaccharide 
units of glucose and galactose, was naturally produced under controlled 
conditions by fermentation of a plant pathogenic bacteria, Pantoea sp. 
BCCS 001 GH, isolated from nectarine fruit. Pantoea sp. BCCS 001 GH 
under the specific accession number of “SUB3753631 Pantoea 
MH026116”, was acquired from the culture collection of the Pharma-
ceutical Sciences Research Centre, Shiraz University of Medical Sci-
ences, Iran. This strain was maintained at − 80 ◦C in yeast extract- 
peptone and dextrose (YPD) medium (2% dextrose, 1% yeast extract 
and 2% peptone) containing 25% (v/v) glycerol. The bacteria were 
cultured in east extract-peptone and dextrose (YPD) medium in a shaker 
incubator for 24 h at 30 ◦C and 200 rpm. The media contained (g/L) 
sucrose (30 g/L), KH2PO4 (3 g/L), MgSO4 (0.2 g/L), (NH4)2SO4 (2 g/L), 
citric acid (2 g/L), H3BO3, (6 mg/L), ZnCl2 (6 mg/L), FeCl3 (2.4 mg/L), 
and CaCl2 (20 mg/L). After preparation, the media acidity was adjusted 
to 7 and then autoclaved at 121 ◦C for 20 min. The fermentation process 
was cultivated under aerobic conditions for 48 h, using a YPD inoculum 
volume of 2% (v/v) as previously described [29]. After 48 h of culti-
vation, the cells were separated by high-speed centrifugation for 20 min 
at 11,000 rpm and 25 ◦C. The cell-free supernatant containing Pantoan 
was autoclaved for 30 min at 100 ◦C to deactivate bacterial enzymes and 
thereby prevent polymer degradation [29]. Pantoan was precipitated by 
adding water miscible non-solvents alcohol (isopropanol) with a ratio 
(isopropanol to water 4:1 v/v) of alcohols to a culture broth at 4 ◦C. 
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Afterwards, the precipitated pantoan was dissolved in deionized water 
(28 h, 25 ◦C) and then dialyzed through a cellulose membrane (14.0 k 
molecular weight cut-off) for three days to remove all debris and 
remaining reagent. Finally, the resulting solution of purified pantoan 
was lyophilized by a freeze drier, and pantoan powder was kept in a 
freezer at − 20 ◦C. 

5.3. Synthesis of pantoan methacrylate (PAMA) 

In brief, 1 g of pantoan powder was dissolved in 100 ml Milli-Q water 
at room temperature by stirring. For pantoan methacrylation in a low 
and high degree, 1.5 ml and or 2.5 ml of methacrylic anhydride was 
added to the solution, respectively. The solution acidity was adjusted 8.5 
by adding sodium hydroxide (5 M). This reaction continued for 24 h at 
room temperature in the dark under a fume hood. The resulting mixture 
was dialyzed against distilled water using the 14.0 kDa cut-off dialysis 
tubing for one week at room temperature to remove the impurities and 
unreacted reagents. The final mixture was lyophilized to obtain PAMA. 

5.4. Preparation of prepolymer solution of PAMA-gelin-S 

Gelin-S powder was dissolved in DG water at 37 ◦C for 3 h through 
vortex to reach 1.5% (w/v) solution. Subsequently, lyophilized PAMA 
with 21% methacrylation degree (PAMA21) and the photoinitiator 
(Irgacure 2959) were added to the Gelin-S solution so that their final 
concentrations were fixed at 1.5% (w/v) and 0.5% (w/v), respectively. It 
was gently vortexed for 20 min to obtain a homogenous mixture. The 
mixture was kept in a 37 ◦C incubator until the photocrosslinking step. 

5.5. Preparation of photocrosslinked hydrogels 

To prepare PAMA-based hydrogels, 2, 3, and 4% (w/v) PAMA21 were 
dissolved in a photoinitiator [52] solution of 0.5% (w/v) in DPBS at 
room temperature through stirring for 3 h. Afterwards, 100 μl of 
PAMA21 polymer solutions was deposited between a poly(methyl 
methacrylate) slide and a glass coverslip separated by a 2 mm spacer. 
The samples were exposed to ultraviolet [119] light (365 nm) ~7 
mW/cm2 for 60 s to form PAMA-based hydrogels. The same procedure 
was applied to a mixture of PAMA21 and Gelin-S with the final con-
centration of 1.5% w/v for both to prepare PAMA21-Gelin-S hydrogels. 
After photocrosslinking, the samples were washed four times with warm 
DPBS to remove unreacted materials. 

5.6. Fourier transform infrared (FTIR) spectroscopic characterization 

FTIR spectroscopy was employed to observe functional groups (hy-
droxyl and methacrylate) before and after the methacrylation step using 
a PerkinElmer Spectrum 100 FTIR spectrometer (USA) equipped with an 
attenuated total reflection (ATR) accessory. The transmittance spectra of 
lyophilized PAMA21, PAMA37, and PAMA21-Gelin-S samples (N = 3 for 
each group) were recorded at 25 ◦C over the range of 4000 - 500 cm− 1 at 
a resolution of 4 cm− 1 for 16 scans and analyzed following the back-
ground subtraction. 

5.7. Proton nuclear magnetic resonance (1H NMR) characterization of 
PAMA21 

The methacryloyl modification of PAMA was confirmed by per-
forming 1H NMR spectroscopy. The pantoan purified powder, PAMA21, 
and PAMA37 (2% w/v) were prepared in D2O separately and transferred 
to NMR tubes for 1H NMR spectroscopy. The 1H NMR spectra were 
recorded using a Varian Mercury 400 MHz spectrometer (USA) at 25 ◦C 
under the spectral width of 8012.82 Hz, the acquisition time of 8.18 s, 
and 6.5 ms pulses. For these recordings, tetramethylsilane (TMS) was 
used as the internal standard. The chemical shifts (δ) were obtained in 
parts per million (ppm) related to the solvent signal peak. In order to 

estimate the methacrylation degree, the relative integrated intensities of 
methyl protons peak at ~1.9 ppm present in the methacrylated samples 
were compared with H-4 signal at ~4.4 ppm in the pantoan molecule. 

5.8. Zeta potential analysis 

Zeta potential of pantoan, PAMA21, and PAMA37 prepolymer solu-
tions (0.01% w/v in Milli-Q water) were measured at room temperature 
by laser Doppler anemometry using a Malvern Zetasizer instrument 
(Nano Series ZS, Malvern Instruments, Worcestershire, U.K.), which was 
equipped with a 4 mW He− Ne laser, operating at a wavelength of 632.8 
nm. 

5.9. Thermal properties 

The thermal properties of pantoan, and PAMA21 were characterized 
using a TA TGA Q500 Thermogravimetric analyzer (USA), a TA DSC 
Q200 differential scanning calorimeter (DSC, USA). Thermogravimetric 
analysis (TGA) was carried out inside a nitrogen-saturated furnace; all 
the while, the furnace temperature was increased linearly with a rate of 
10 ◦C min− 1 from 20 to 800 ◦C, and monitored the mass loss as function 
of temperature under a constant nitrogen flow at 60 mL min− 1. 
Furthermore, the differential scanning calorimetric (DSC) analysis was 
conducted by increasing the chamber temperature linearly from 25 to 
280 ◦C with a heating rate of 10 ◦C min− 1. DSC was examined under a 
dynamic nitrogen flow (50 mL min− 1). To perform the DSC analysis, the 
pantoan, and PAMA21 were encapsulated into Tzero aluminum pans 
(Switzerland), while an empty pan was used as a reference. The change 
in heat flow as a function of temperature was monitored, and the 
observed exothermic peak was interpreted as the crystallization tem-
perature of the respective hydrogels. 

5.10. Scanning electron microscopy 

Hydrogels morphology and average pore size were characterized 
using SEM (FEI Quanta 200 ESEM FEG) in an accelerating voltage of 10 
kV under a high vacuum. To this end, the photocrosslinked hydrogel 
samples (N = 3 for each group) were washed with double-distilled 
water, lyophilized, and cross-sectioned. Then, a 10 nm thick gold 
layer was sputter-coated on the samples before SEM imaging. Four im-
ages were randomly picked from the SEM images pool for each sample, 
and ImageJ software (National Institutes of Health (NIH)) was used to 
calculate the apparent pore size distribution. 

5.11. Swelling and degradation studies 

The effect of prepolymer concentration on the swelling behavior and 
stability of the photocrosslinked pantoan hydrogels was investigated by 
measuring hydration kinetics and dissolution behavior. Briefly, to assess 
the swelling behavior, two sets of PAMA21 hydrogels were soaked in 
DPBS and then incubated at 37 ◦C for 24 and 48 h, to reach an equi-
librium swelling state. At the respective time points, the swollen weight 
(Ws) of each sample was recorded after gently blotting the excess DPBS 
with a Kimwipes paper from the hydrogel surface. Then, the swollen 
hydrogels were freeze-dried to record their dry weight (Wd). At least 
three replicates were performed for each combination. The swelling 
ratio was then calculated from the following equation [120]: 

Swelling ratio=
Ws − Wd

Wd
(1) 

To evaluate the hydrogel degradation rate, at least three hydrogels 
per combination were prepared for every time point (1, 3, 7, and 21 
days). They were first freeze-dried, and their initial weights were 
recorded (WI). Then, these samples were incubated in 1 ml DPBS at 
37 ◦C for the mentioned time points. At every time point, the dry weights 
(Wf) of the respected samples were recorded after freeze-drying. The 
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degradation rate was calculated using equation (2). 

Mass loss (%)=

(
Wf

WI
×100

)

− 100 (2)  

5.12. Rheological study 

The rheological properties (loss modulus (G″) and storage modulus 
(G′)) of PAMA21 (2, 3, and 4% w/v) were assessed at 25 ◦C using a 
Discovery Hybrid Rheometer HR-2 (TA Instrument, New Castle, United 
States) equipped with a 40 mm parallel plate geometry. To this end, the 
solutions were shortly agitated and subsequently pipetted on the 
rheometer. To determine the linear viscoelastic region (LVR), an 
amplitude sweep test was performed from 0.1 to 100 Pa at an angular 
frequency of 0.1 rad/s. In addition, steady shear experiments were 
performed at 25 ◦C to evaluate the effect of Pantoan and PAMA21 pregel 
concentration on shear thinning behavior. In this regard, flow sweep 
experiments with a shear rate ranging from 0.1 to 100 s− 1 were con-
ducted while the gap size was adjusted to 300 μm. All measurements 
were performed in triplicate. 

5.13. 3D fabrication and bioprinting of PAMA21 hydrogels 

Different 3D structures mimicking the architecture of native muscles 
were fabricated using an extrusion-based 3D printing system (3D Dis-
covery, regenHu, Switzerland). Initially, PAMA was dissolved in MQ 
water with two different concentrations of 2 wt% and 4 wt% (2PAMA 
and 4PAMA). Afterwards, the hydrogels were transferred to a 5 mL sy-
ringe (Nordson EFD, USA) and extruded through a 27G conical nozzle, 
0.2 mm (Nordson EFD, USA) at 10 ◦C. Continuous hydrogel deposition 
was achieved by applying a dispensing pressure of 0.5 bar. To evaluate 
the printability of the hydrogel, 2PAMA and 4PAMA were printed with 
the shape of crosshatch 90/0, with different interfiber spacing of 1 mm, 
2 mm and 3 mm. Briefly, three scaffolds with one layer of filaments were 
printed, and images were acquired with a stereomicroscope (Leica) 
immediately after the printing. Their diameter and length were calcu-
lated using ImageJ software (National Institutes of Health). The shape 
fidelity, printability ratio, and the spreading ratio was calculated based 
on following equations: 

Shape fidelity=
At − As

At
× 100  

Spreading ratio=
Printed needle diameter

Needle diameter  

Printability ratio=
π
4
×

1
C  

Where, At and As are the theoretical and experimental surface of the 
pores and C is the circularity of an enclosed area (C = 4πA

L2 ), L stands for 
perimeter and A for area. 

5.14. Mechanical properties of PAMA21 and PAMA21-gelin-s hydrogels 

The mechanical properties of hydrogels were carried out using an 
Instron (Model 5967, UK) mechanical tester equipped with a 50 N load 
cell. Compressive and cyclic compression tests were accomplished by 
applying a strain rate of 0.5 mm min− 1 and strain levels up to about 
90%. The cylindrical photocrosslinked hydrogels (~10 mm diameter, 
~2 mm height, N = 6) were prepared. The prepared hydrogels were first 
incubated in DPBS overnight at 37 ◦C. Then, prior to mechanical tests, 
excess liquid from the samples was removed using Kimwipes paper, and 
the diameter and height of the hydrogels were measured using a digital 
Vernier caliper. The compressive modulus of the samples was deter-
mined by calculating the slope of the acquired stress-strain data between 
20 and 30% strain. Afterwards, cyclic compression testing (loading and 

unloading) was performed for five cycles, during which PAMA21 and 
PAMA21-Gelin-s samples were compressed at the rate of 0.5 mm min− 1 

for up to 70 and 60% strain, respectively. The recovery (%) was obtained 
by dividing the toughness (area under the stress-strain curve) of the 
second and first recovery cycles. The total dissipated energy during the 
five cycles was calculated based on the area between the loading and 
unloading hysteresis curves, using OriginPro 2017 software (North-
ampton, MA, USA). Six replicates were used for each hydrogel compo-
sition and test. 

5.15. C2C12 cell culture and 3D encapsulation 

Murine C2C12 myoblasts were cultured in a humidified incubator at 
37 ◦C in a 5% CO2 atmosphere. DMEM (high glucose) supplemented 
with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin was used as 
growth medium. The cells were harvested from T-75 flasks (Thermo 
Scientific™) at 60% confluency by trypsinization using 0.25% (w/v) 
trypsin and 0.02% (w/v) EDTA after rinsing twice with warm DPBS, and 
used for either subculture or experiments. The cells were used at pas-
sages 3 to 5 for live/dead assay and differentiation experiments. For 3D 
cell encapsulation in PAMA21-Gelin-S, a solution of 1.5 ml containing 30 
mg PAMA21, 30 mg Gelin-S, and 10 mg of Irgacure 2959 were prepared 
as the prepolymer solution. Then, 500 μl of C2C12 cell suspension (8 ×
106 cells/ml) was gently mixed with the hydrogel precursor. The pregel 
containing C2C12 cells was deposited into microwell arrays with 
different sizes based on the experiment type. For the viability assay and 
immunostaining, the silicone isolator previously fixed on a glass slide, 
was used that could contain 10 μl pregel in each microwell (2 mm 
diameter x 1 mm depth). For cell alignment assessment, 100 μl of pregel 
was deposited in another type of microwell (9 mm diameter x 2.5 mm 
depth). Finally, the cell-laden hydrogels were obtained through UV 
light-assisted crosslinking. Following five times wash with DPBS, the 
samples were cultured in growth media. When the cell confluency in the 
hydrogels reached 60–70%, the growth media was replaced by the dif-
ferentiation media consisting of DMEM (high glucose) supplemented 
with 2% v/v horse serum and 1% (v/v) penicillin/streptomycin. Cell 
confluence was estimated based on the percentage of the surface area of 
two-dimensional (2D) hydrogel that was covered with cells. During the 
culture and differentiation period, media was refreshed every other day. 

5.16. Viability assay 

To assess the viabilities of the encapsulated cells at different time 
points (1, 3, 7 and 14 days of culture), a viability kit (LIVE/DEAD™ 
Viability/Cytotoxicity Kit, Thermo Fisher Scientific, USA) was employed 
according to the manufacturer’s instructions. Briefly, the hydrogels were 
washed two times with warm DPBS and then covered in a solution of 4 
μM calcein-AM and 10 μM ethidium homodimer-1 in DPBS for 15 min in 
the dark. The samples were washed with DPBS to remove the excess 
fluorescent dyes and then examined using a confocal laser scanning 
microscope (Zeiss LSM 700, Germany). Using ImageJ (National In-
stitutes of Health, USA), the obtained images were split into green and 
red channels to count live and dead cells, respectively. Finally, cell 
viability was calculated by dividing the live cell count by the total 
number of cells in each image. Six samples were assessed for each 
experimental condition and time point, and at least three images were 
analyzed for each sample. 

5.17. Cell spreading and Cellular Alignment 

The spreading and alignment of C2C12 cells in the PAMA21-Gelin-S 
hydrogels were evaluated via fluorescent staining. The experimental 
group consisted of encapsulated cells cultured in growth medium for 
three days after which they were cultured in differentiation medium for 
further four days. The control group consisted of encapsulated cells that 
were cultured in growth medium for seven days. Samples for staining 
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were selected at days 1, 3, 5 and 7. Before the staining, the samples were 
washed three times with warm DPBS and then fixed in a solution of 
paraformaldehyde (4% w/v in DPBS) for 15 min at room temperature. 
The fixed samples were permeabilized by incubation in 0.1% (w/v) 
Triton X-100 diluted in DPBS at room temperature. A solution of 1% (w/ 
v) BSA in DPBS was utilized to block the samples at room temperature 
for 30 min. Next, the samples were incubated in a solution of Rhodamine 
phalloidin (diluted 1:40 in 0.1% (w/v) BSA) for 45 min at 37 ◦C in the 
dark to perform the actin cytoskeleton staining. The hydrogels were 
finally washed three times in DPBS for 1 min, and then the nuclei of the 
cells were stained by incubation in Hoechst (diluted 1:2000 in DPBS) for 
15 min at 37 ◦C in the dark. The samples were then washed three times 
in DPBS and imaged using confocal laser scanning microscopy (Zeiss 
LSM 700, Germany). Finally, the cell spreading and alignment were 
quantitatively evaluated using ImageJ. By assuming an elliptical shape 
for the cell nucleus, the degree of alignment was defined as the angle 
formed by the semi-major axis of an elliptical nucleus with a reference 
direction (vertical axis of the 2D reference frame). The reference di-
rection coincides with an inertial direction in the lab frame. The analysis 
was performed on at least six specimens for each condition. 

5.18. Immunostaining of cell-laden hydrogels 

At the respected time point (7 and 10 days in differentiation media), 
the PAMA21-Gelin-S hydrogels were washed with DPBS three times and 
fixed in 4% (w/v) paraformaldehyde for 15 min at room temperature. 
Then, the samples were washed with DPBS three times to remove 
paraformaldehyde and permeabilized with 0.3% (w/v) Triton X-100 in 
DPBS for 15 min at room temperature. The samples were washed 
extensively in DPBS, and further blocked using 2% (w/v) BSA for 30 min 
to circumvent any unspecific binding of the antibodies. Samples were 
then incubated for 2 h at 37◦ in a solution of primary antibody alpha- 
actinin (diluted 1:200 in 1% (w/v) BSA), and then washed three times 
with DPBS. The samples were incubated for 1 h at room temperature 
with a solution of the secondary antibody of goat anti-mouse IgG H&L 
conjugated to Alexa Fluor 555 (diluted 1:200 in 1% (w/v) BSA). Finally, 
the samples were washed three times in DPBS, and then incubated in 
Hoechst 33342 for 30 min at 37 ◦C to stain the nuclei of the cells. The 
samples were then rinsed three times in DPBS and observed using a 
confocal laser scanning microscope (Zeiss LSM 700, Germany). In both 
time (7 and 10 days) Myotube width was obtained by calculating at least 
50 individual diameters of Myotube using image j. The angle was 
defined the same as Cellular Alignment part which was based on the 
nucleus direction. 

5.19. Animal care and surgical procedure 

Male Sprague Dawley rats (n = 42; 250–300 g weight) were obtained 
from the Laboratory Animals Breeding Center (Shiraz University of 
Medical Sciences, Shiraz, Iran). Animals were housed in plastic cages 
over woodchip bedding in a standard environment (23 ± 1 ◦C, 12:12 
light: dark cycles, 40% relative humidity). During experiments, rats 
were allowed free access to tap water and a regular standard rodent’s 
chow diet (Behparvar®, Tehran, Iran). All the experiments were per-
formed in conformity with animal care and use protocols approved by an 
ethics committee in Shiraz University of Medical Sciences, Shiraz, Iran 
(#98-01-05-19528). 

Rats underwent volumetric muscle loss (VML) injury based on pre-
viously established protocols [54,121]. Briefly, animals were first 
anesthetized with an intraperitoneal administration of ketamine 10% 
(100 mg/kg) and xylazine 2% (5 mg/kg). The surgical site (rat thigh 
muscles) was shaved and sterilized with ethanol before skin incision. 
The tibialis anterior (TA) muscle of the right leg was identified and 
separated bluntly from the underlying fascia covering the anterior 
compartment, and an injury (8 mm × 8 mm × 3 mm depth) was made on 
the muscle. Six animals per time point per condition were used for the 

experimental groups of not treated VML and treated with PAMA21 and or 
PAMA21-Gelin-S hydrogels. For no treatment group, the injury was left 
without any intervention. In the treated groups, the respected hydrogels 
were deposited in the VML site, where they were crosslinked by UV light 
(365–395 nm) for 60 s using a UV flashlight (UV302D, Shenzhen Lightfe 
Lighting Co., China). Finally, the skin incision was sutured and then was 
cleaned with a betadine pad to prevent infection. Six rats without VML 
injury were considered as the control group. 

5.20. Blood serum analysis and tissue histopathological alterations 

At the predetermined time points (week one and three), the animals 
were deeply anesthetized with an IP administration of thiopental (100 
mg/kg). Then, blood was collected from the abdominal aorta of each 
animal and transferred to standard tubes (Improvacuter®, Guangzhou, 
China), and centrifuged at 4 ◦C for 10 min at 4000 rpm to separate 
serum. The acquired sera were analyzed by an automated benchtop 
biochemistry analyzer (Mindray BS-200®, Guangzhou, China) and 
commercial kits provided by Pars Azmun® (Tehran, Iran) in order to 
assess serum alkaline phosphatase (ALP), alanine aminotransferase 
(ALT), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), 
and total bilirubin (TB) content. After blood sampling, skin on the hind 
limb for each animal was removed to expose the injured site for gross 
imaging and morphology analysis. Then, the TA muscle was gently de-
tached and removed for histological analysis. In this regard, the acquired 
TA muscle tissues were fixed overnight in 10% formalin buffer (0.4% w/ 
v NaH2PO4, 0.64% w/v Na2HPO4, and 10% v/v formaldehyde in double- 
distilled water). Then, the fixed tissues were paraffin-embedded and 
sectioned to obtain 5 μm transverse sections for assessing tissue fibrosis, 
inflammation, and regeneration. For this purpose, the sections were 
stained with Mason’s trichrome, hematoxylin and eosin (H&E), and 
toluidine blue. From the taken images using a light microscope 
(Olympus CX21®, Japan), parameters including the percentage of 
regenerating myofibers, mean cross-sectional area (CSA) of total myo-
fibers, and fibrosis area were scored and quantitatively compared using 
ImageJ for different experimental groups [52]. Myofiber regeneration 
was quantitatively assessed three weeks post-injury by the percentage of 
newly regenerated myofibers (determined with centrally located nuclei) 
to the total myofibers observed in each slide. The CSA of the myofibers 
was assessed for the same images by measuring the area of total myo-
fibers in each sample. Similarly, ImageJ was employed to quantify the 
different areas differentiated by Masson Trichrome staining and there-
fore evaluate the fibrosis in percentage after one and three weeks. 
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