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Abstract  

Supplying sufficient oxygen within the scaffolds is one of the essential hindrances in tissue 

engineering that can be resolved by oxygen-generating biomaterials (OGBs). Two main issues 

related to OGBs are controlling the oxygenation and reactive oxygen species (ROS). To address 

these concerns, we developed a composite scaffold entailing three layers (hydrogel-electrospun 

fibers-hydrogel) with antioxidant and antibacterial properties. The fibers, the middle layer, 

reinforced the composite structure, enhancing the mechanical strength from 4.27±0.15 kPa to 

8.27±0.25 kPa; also, this layer is made of calcium peroxide and silk fibroin through 

electrospinning, which enables oxygen delivery. The first and third layers are physical silk fibroin 

hydrogels to control oxygen release, containing quercetin, a non-enzymatic antioxidant. This 

composite scaffold resulted in almost more than 40 mmHg oxygen release at least for 13 days, and 

compared with similar studies is in a high range. Here, quercetin was used for the first time for an 

OGB to scavenge the possible ROS. Quercetin delivery not only led to antioxidant activity but 

also stabilized oxygen release and enhanced cell viability. Based on the given results, this 

composite scaffold can be introduced as a safe and controllable oxygen supplier, which is 

promising for tissue engineering applications, particularly for bone. 

 

Keywords: Oxygen-generating biomaterials; Silk fibroin; Calcium peroxide; Quercetin; 

Composite scaffolds. 

 

1. Introduction 

Due to many reasons (e.g., trauma, disease, or even surgery), tissue malfunction or failure 

can happen, and grafting is a common method to treat such defects (Griffin et al., 2015). Even 
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though grafting is a promising technique, it has several difficulties like the limitation of organ 

donors, immune reactions, infections, and ethical and cultural concerns (Aleemardani et al., 2021c; 

Buser et al., 2016). Tissue engineering has evolved a new window to overcome these barriers 

(Aleemardani et al., 2021b); however, tissue-engineered scaffolds, particularly those designed for 

thick tissues or organs, have confronted significant challenges (i.e., insufficient oxygen and 

nutrients) that restrict to enter in clinics (Ashammakhi et al., 2019b; Phelps and García, 2010; Zare 

et al., 2021). According to the diffusion throughout the scaffold, edges have higher concentrations 

of oxygen and nutrients than deep regions (Vériter et al., 2013). As a result, in low oxygen level 

conditions (hypoxia), lactic acid fermentation as a metabolic process begins to produce adenosine 

triphosphate (ATP), which needs higher glucose than the oxidative phosphorylation procedure. 

With the depletion of ATP in long-term hypoxia, cell apoptosis and necrosis will happen that 

eventually fail the graft or scaffold implantation (Pathi et al., 2013). 

Since O2 is essential for cell metabolism and survival, several studies have been conducted 

with the aim of oxygen delivery to implanted tissues and scaffolds (Ashammakhi et al., 2019a). 

To this end, oxygen can be provided either directly or indirectly, generating O2 in an indirect way 

through chemical reactions, such as loading peroxides within a polymeric substrate (oxygen-

generating biomaterials (OGBs) (Gholipourmalekabadi et al., 2016; Kagawa et al., 2015). Among 

the various oxygen delivery systems, calcium peroxide (CPO) is recognized as a safe, sustainable, 

and controllable OGB for delivering oxygen (Camci‐Unal et al., 2013). CPO generates oxygen in 

aqueous environments, and calcium hydroxide is produced during the oxygenation as a byproduct 

(An et al., 2019). Compared with other peroxides (e.g., magnesium peroxide, sodium percarbonate, 

and hydrogen peroxide), CPO has higher purity and more controllable oxygenation; thus, it has 

gained lots of attention for OGBs (Agarwal et al., 2021). Since calcium ions are present in this 
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chemical reaction, it is helpful to use CPO for tissues like bone and heart, where calcium plays a 

significant role in their function. OGBs are encapsulated mostly in polymeric substrates to reduce 

the possibility of burst oxygen generation and byproducts release (de Sousa Araújo et al., 2021). 

Some polymers that have been utilized as polymeric substrates for OGBs are poly(lactide-

coglycolide) (PLGA) (Daneshmandi and Laurencin,), polylactic acid (PLA) (Khorshidi et al., 

2021), poly(trimethylene carbonate) (PTMC) (Steg et al., 2017), polycaprolactone (PCL) (Guaccio 

et al., 2011), poly(N-vinylpyrrolidone) (PVP), elastomeric antioxidant polyurethane (PUAO) 

(Shiekh et al., 2018), polydimethylsiloxane (PDMS) (Pedraza et al., 2012), polytetrafluoroethylene 

(PTFE) (Farling et al., 2021) and gelatin methacryloyl (GelMA) (Alemdar et al., 2016). The 

hydrophobic biopolymers are suggested for OGBs fabrication since this structure could slow down 

the oxygen generation and delivery and provide an extended supply of O2. Most of the used 

hydrophobic polymers are synthetic ones; thus, it is worth examining the features of OGBs 

embedded in natural polymers that can be counted as hydrophobic. For instance, we developed a 

novel OGB made of CPO and silk fibroin through electrospinning, representing the high ranges of 

oxygen release merely by loading 0.1%, 0.5% and 1% wt of CPO (Aleemardani et al., 2020). 

Compared with similar studies, the given results were within equal or greater amounts of released 

oxygen (Khorshidi et al., 2021; Khorshidi and Karkhaneh, 2021; Suvarnapathaki et al., 2021a). 

Silk fibroin (SF) has been widely investigated for delivery systems, regenerative medicine, 

and tissue engineering, owing to its exceptional properties, among other biopolymers (both natural 

and synthetic) (Farokhi et al., 2018; Watanabe et al., 2021). This natural protein-based polymer 

has biocompatibility, biodegradability, high oxygen uptake, low immunogenicity, amphiphilic 

structure, and robust mechanical properties (Sammi et al., 2021). SF entails dominant hydrophobic 

segments in its structure, making it a proper candidate for achieving controllable and sustainable 
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release (Pritchard and Kaplan, 2011). SF has high processability and can be processed in various 

forms like fibers and hydrogels, and each type has its particular characteristics (Reimers et al., 

2015). Hydrogels are counted as the forefront type of material for biomedical applications. 

Hydrogels are three-dimensional (3D) networks containing physical and chemical crosslinked 

polymeric structures that show a high ability to absorb large amounts of water. Hydrogels have 

extensive use in biomedicine, particularly tissue engineering, because of their mechanical 

similarity to the native extracellular matrix (ECM) and the capacity for loading drugs, bioactive 

molecules, and cell encapsulation (Aleemardani et al., 2021a; Tran et al., 2020). 

Quercetin (Q), a plant flavonol from the flavonoid polyphenol group, is found in many 

fruits, vegetables, leaves, and seeds. In recent years, Q has become the focus of medical 

researchers' attention due to its multiple pharmacological effects. In addition to antitumor, 

antivirus, antibacterial, anti-aggregatory, and significant heart‐related benefits, many studies have 

shown that Q is a potent non-enzymatic antioxidant appropriate for scavenging oxygen free 

radicals; also, it is mainly used as an antioxidant reference due to its high activity (Cirillo and 

Iemma, 2012; Gori et al., 2021). However, despite the vast potencies of Q, its applications have 

faced some limitations owing to its low water solubility (Sheng et al., 2020). So far, some studies 

contain the Q and SF combination (Lozano-Pérez et al., 2017; Song et al., 2018), but this study 

evaluates the effect of Q on SF gelation for the first time. Further, in this study, we introduce Q as 

a non-enzymatic antioxidant that is highly stable and can scavenge free radicals. 

This study aims to develop composite scaffolds for the controlled release of oxygen based 

on SF. Given the benefits of SF, particularly having high biocompatibility, oxygen permeability, 

and amphiphilic structure, which has dominant hydrophobic segments, this natural polymer can 

be a suitable option for incorporating OGBs (e.g., CPO) as well as poor water-soluble drugs or 
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biomolecules (e.g., Q). In order to achieve controlled oxygen release, the SF-CPO composites were 

first produced by electrospinning (Aleemardani et al., 2020); among them, E(SF-1CPO) containing 

1% wt CPO was embedded between the two layers of physical SF hydrogel (hydrogel-fiber-

hydrogel, composite scaffold). Further, to reduce or eliminate possible oxygen free radicals (ROS), 

Q (present in the SF hydrogels) was used. Further, to reduce or eliminate possible oxygen free 

radicals (ROS), Q (present in the SF hydrogels) was used. Enzymatic antioxidants like catalase 

have been widely used in OGB studies to inactivate potential free radicals, but the main challenge 

of this method is maintaining enzymatic stability. However, the present study used a non-

enzymatic antioxidant (Q), which is more stable than an enzymatic antioxidant (Agarwal et al., 

2021; Cirillo and Iemma, 2012; Wang et al., 2016). Also, Q can scavenge potential free radicals 

as well as have other biomedical properties. Previously, we studied the fabrication and evaluation 

of electrospun SF-CPO patches as unique OGBs (Aleemardani et al., 2020). In the present study, 

we aim to investigate the fabrication and performance of composite scaffolds as OGBs for tissue 

engineering applications proposed for bone, which contain three layers: (1) SF hydrogel, (2) 

electrospun fibres and (3) SF hydrogel. SF fibers supply oxygen delivery and enhance mechanical 

strength, while the other two layers, SF hydrogels, containing Q provide the sustained release, 

antioxidant and antibacterial properties. 

 

2. Materials and Methods 

2.1. Materials 

Bombyx mori (B. mori) silkworm cocoons were obtained from the University of Guilan 

(Rasht, Iran). Lithium bromide (LiBr), 12 KDa cut-off dialysis membrane, Alizarin Red S, 

glutaraldehyde, calcium peroxide powder (CPO), Quercetin (Q), and 2,2-diphenyl-1-
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picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich. Sodium carbonate, hexafluoro-2-

propanol (HFIP), methanol, ethanol, acetic acid, and dimethyl sulfoxide (DMSO) were obtained 

from Merck. The utilized phosphate buffer saline (PBS) in all tests was obtained from Gibco. 

2.2. Preparation of Silk Fibroin Solution 

SF solution was prepared following the procedure published previously by Aleemardani et 

al. (Aleemardani et al., 2020). First, cut B. mori cocoons were degummed to eliminate the sericin 

through boiling in the alkaline water bath (0.02 M Na2CO3) for about 40 min. Degummed SF was 

then rinsed with distilled water three times and dried overnight at room temperature. The 

degummed silk fibers were dissolved in 9.3M LiBr at 60 ℃ for 4 h; subsequently, the solution was 

dialyzed against distilled water for 3 days in a dialysis membrane. Later, the SF solution was 

centrifuged (Sigma 4-15c, Germany) for 30 min at 4000 rpm to remove impurities. From the 

changes in wet and dry weights of SF, the protein concentration was measured, and concentration 

was adjusted with distilled water to 3% w/v. 

2.3. Physical Silk Fibroin Hydrogel Formation 

Ultrasonication was used to form physical SF hydrogels. The SF solution was subjected to 

probe ultrasonication (Hielscher, UP400S, Germany), at 40% amplitude for 30 sec (Fernández-

García et al., 2016), and gelation was completed at 37 °C. The ultrasonication was done with ice 

at 0 °C to control the temperature. The gelation time of the samples was calculated from when the 

sample was at 37 °C (Seib et al., 2013). It was considered that the viscosity of the sample in the 

container (mold) entailing hydrogel was increased to such an extent that the sample did not flow 

after the container was inverted (Sarker et al., 2014). 

2.4. Physical Silk Fibroin-Quercetin Hydrogel Formation 
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A Q concentration of 50-500 µM was used, which was previously shown to have significant 

antioxidant activity and no cytotoxicity (Hatahet et al., 2016). The viability assay (at 65, 100, 200, 

and 400 μM Q in DMSO solvent) was performed on MG-63 cells to determine the appropriate 

drug amount. Subsequently, based on the viability assay results, the desired concentration (400 

μM) was selected and loaded into the SF solution. Then SF hydrogels entailing Q were fabricated 

by the physical method described in Section 2.3. 

2.5. Fabrication of Composite Scaffolds 

The composite scaffold is composed of three layers (Figure 1): (1) physical SF hydrogel 

(with or without Q), (2) the SF-CPO electrospun patches (containing 1% wt CPO) (Aleemardani 

et al., 2020), and (3) physical SF hydrogel (with or without Q). The composites were stored at -20 

°C for 24 h and lyophilized (Christ-GAMMA2−16LSC) at -80 °C for 24 h. 
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Figure 1. The schematic of composite scaffolds fabrication: (A) consisting of physical silk fibroin 

hydrogel (GSF) and electrospun silk fibroin-calcium peroxide (1% wt) patch (E-(SF-1CPO)) or 

labeled as GSF-E(SF-1CPO) and (B) consisting of physical silk fibroin-quercetin hydrogel 

(GSFQ) and electrospun silk fibroin-calcium peroxide (1% wt) patch (E-(SF-1CPO)) or labeled as 

GSFQ-E(SF-1CPO). 

 

 

2.6. Characterization 

2.6.1. Monitoring the Gelation Process 
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Solutions (SF and SFQ) were incubated at 37 ℃ after sonication, and the sol-gel transition 

was monitored visually, as previously reported by Wang et al. (Matsumoto et al., 2006). Turbidity 

changes were measured with a UV/Vis spectrophotometer (ELX808, BioTeK, USA) to monitor 

the gelation process at 37 ℃ at 550 nm. 

2.6.2. Scanning Electron Microscopy (SEM) 

Images were captured by scanning electron microscope (SEM) (Seron Technologies, 

AIS2100, South Korea) to observe the structure, morphology, and porosity. In order to intensify 

signal quality, samples were sputter-coated (Emitech, SC7620-1KV Dc) with gold at 20 kV 

voltage before imaging. 

 

2.6.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Freeze-dried hydrogels were ground to powder, then mixed with KBr salt, and pressed into 

a tablet. Subsequently, the tablets were mounted in an infrared spectrometer (iS10, Thermofisher, 

Germany). The FTIR spectrum was obtained from 400-4000 cm-1 wavenumber at transmittance 

mode with a resolution of 4 cm-1 and 64 scans per sample. 

2.6.4. Pore Size and Porosity Analysis 

The pore size and surface porosity of the hydrogel were calculated based on the SEM 

images by ImageJ software (Loh and Choong, 2013). To measure the porosity of hydrogels, 

circular porosity was selected, and 5 diameters (5 diameters per image; 5 images per sample type) 

were measured through ImageJ (ver.1.5.2) for each. The diameters were expressed as the 

mean±standard deviation (SD). 
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The bulk porosity of the scaffolds (hydrogels and composites with 1×1 cm2: diameter × 

height) was measured using water absorption according to Eq. 1 (Loh and Choong, 2013). For this 

purpose, freeze-dried samples were first weighed (Wdry) and placed in water until complete 

adsorption, achieving an equilibrium point. The samples were then removed from the water and 

weighed again (Wwet). 

   Porosity (%) = [(Wwet-Wdry)/Wwet] × 100   (1) 

2.6.5. Swelling Properties 

 Firstly, the weight of dried scaffolds (hydrogels and composites) was measured (Wdry1). 

Secondly, the samples were immersed in phosphate buffer saline (PBS) at 37 ℃ and sampled at 

defined time intervals (Whyde) until reaching a constant weight (Wwet). Finally, after the complete 

drying, the weight of scaffolds was again measured (Wdry2). The water uptake ratio and swelling 

percentages were calculated as follows (Eq. 2 and Eq. 3) (Khorasani et al., 2018): 

    Swelling (%) = [(Wwet-Wdry2)/Wdry2] × 100   (2) 

    Water uptake rate = [(Wwet-Wdry1)/Wdry1]   (3)      

2.6.6. Biodegradation 

 To investigate the degradation process of the samples, freeze-dried scaffolds were prepared 

at 1 cm (diameter) × 1 cm (height). The initial weight of dry specimens (Wdry1) was measured, and 

samples were placed in PBS (pH = 7.4 at 37 °C) for specific time intervals. After each interval, 

the samples were thoroughly dried and weighed (Wdry2), and weight loss with the help of Eq. 4 

was calculated for a month. 

    Biodegradation (%) = [(Wdry1-Wdry2)/Wdry1] × 100  (4) 
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2.6.7. Mechanical Properties 

The compressive properties of the scaffolds were investigated through a universal 

mechanical testing machine (Instron, 5565, United States) at room temperature. The specimens 

were cylindrical, with a diameter of 1 cm and a height of 1 cm. For the tests, a compression rate 

of 1 mm/min was used to reach 40% of their initial size. 3 sets of parallel samples were measured. 

The test was conducted to stimulate the physiological environment after soaking the scaffolds in 

PBS at 37 ℃ for 24 h. In addition, to analyze the reversibility, the load was removed at the same 

rate to obtain the specimens' hysteresis diagrams. The reversibility was calculated from the height 

before loading (h1) and after loading (h2) (Eq. 5) (Harrass et al., 2013): 

   Reversibility (%) = [(h2-h1)/h1] × 100    (5) 

2.6.8. Oxygen Release Study 

Oxygen release was measured using a blood gas analyzer (MEDICA EasyStat, USA). The 

scaffolds (1×1 cm2: diameter × height) were transferred into a 15 ml cylindrical vial containing 5 

ml of phosphate buffer (PBS). Samples were incubated at 37 °C under normal conditions 

(normoxia). At the time of oxygen measurement, 1 ml of the solution was removed using a syringe, 

the dissolved oxygen was determined, and then 1 ml of fresh PBS was added to the vial. The 

oxygen release from three scaffolds was analyzed to determine the mean and standard deviation 

for each sample. 

2.6.9. Antioxidant Activity Analysis 

 To investigate the antioxidant activity of scaffolds, the ability and efficacy to inhibit the 

activation of free radicals were determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 

according to the method reported by Selvaraj et al. (Selvaraj and Fathima, 2017). 5 mg of samples 
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were added in 3 mL of 100 µM DPPH solution in methanol and then incubated in the dark for 30 

minutes. Subsequently, the wavelength scanning was performed by a UV-Vis spectrophotometer 

(AnalytikJena, Specord 210, Jena, Germany). DPPH degradation was measured through the 

following formula (Eq. 6). 

  Percentage of DPPH scavenging (%) = [(AB-AS)/AB] × 100   (6) 

Where AB and AS are the absorbance of the blank and the sample at 517 nm, respectively. 

 For the time-dependent assay, 5 mg of the GSFQ-E(SF-1CPO) was placed in 1 ml of 

phosphate buffer (PBS) for different times. Then, the suspension was incubated in 1 ml of 100 μM 

DPPH solution for 30 min. Afterward, the absorbance was measured at 517 nm (Selvaraj and 

Fathima, 2017). 

2.6.10. Antibacterial Activity 

Methicillin-resistant Staphylococcus aureus (MRSA) has been a clinically dangerous 

pathogen in orthopedics, and it was chosen because the fabricated scaffolds are considered for 

bone tissue engineering applications. For this test, the Kirby-Bauer technique was followed. 

Firstly, the blank discs got smeared with Q powder (control), hydrogel (GSFQ), and composite 

(GSFQ-E(SF-1CPO)) in powder form with the weight of 0.01 g and subsequently placed on a 

nutrient agar plate with 1×107 CFU of MRSA. After being incubated overnight (at 37 °C), the 

inhibition zone was measured. Noteworthy, the specimens became wet with Dulbecco’s 

phosphate-buffered saline (DPBS, Gibco) because the antibacterial activity was negligible in the 

dry state. 

2.6.11. Cellular Assays 
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2.6.11.1. Evaluation of Cell Viability in the Vicinity of Quercetin 

 Approximately 4000 MG-63 cells were cultured in each well (in a 96-well plate), and 

desired concentrations of Q (65, 100, 200, and 400 μM) were added to the culture medium and 

incubated for 24 h. Then, the culture medium was removed, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Roth) (0.5 mg/ml) was added, and the cells were incubated 

for 4 h. After removing the medium, DMSO was substituted, and the absorbance of the samples 

was read at 570 nm by ELISA (ELx808, USA). Each sample was replicated 5 times, and the cell 

viability bar chart was plotted. 

2.6.11.2. Evaluation of Cell Viability of Scaffolds 

 To evaluate the effect of oxygen delivery and quercetin on cell viability and proliferation, 

the MTT assay was carried out (ISO 10993). The human MG-63 osteoblast cells were seeded on 

the scaffolds (hydrogels and composites) with a 104 cell density and cultured in an expansion 

medium composed of a 1:1 mixture of Dulbecco's modified Eagle medium and Ham's F-12 

medium (DMEM/F-12) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% 

antibiotic penicillin/streptomycin (Gibco, USA). Following the incubation in two conditions (at 

37 ℃ in 5% CO2 (normoxia) and at 37 ℃ in 5% O2 and 5% CO2 (hypoxia)) for various intervals 

(1, 3, and 6 days), the medium was removed. Subsequently, the MTT solution (0.5 mg/ml) was 

poured into each well, followed by 4 h incubation. Then, the MTT was substituted by dimethyl 

sulfoxide (DMSO, Sigma-Aldrich). Finally, the absorbance was measured at 570 nm with an 

ELISA reader (ELx808, US). The replication for each scaffold was five times. 

2.6.12. Statistical analysis 
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The results are presented as mean±standard deviation (SD). Statistical analyses were 

performed with IBM SPSS Statistical 23 software. Significant differences (p-value) were 

identified using one-way ANOVA and Tukey's post hoc analysis. The replication for each scaffold 

was three times for each test; otherwise, it has been mentioned in the materials and methods 

section. 

3. Results and Discussion 

3.1. Monitoring the Gelation Process 

The sol-gel transition occurs during gelation when random coil structures of the SF are 

transformed into the β-sheet structures, and the percentage of transition affects the hydrogel 

properties. Upon gelation, opaque white color is visible due to the heterogeneous microstructure 

of the SF gel that causes light scattering in the visible light range. Therefore, to track the gelation, 

optical density (OD) changes should be evaluated at 550 nm (Farokhi et al., 2021). There are some 

studies with SF and Q combinations in the forms of sponges or nanoparticles (Diez-Echave et al., 

2021); however, to the best of our knowledge, this is the first study investigating the effects of Q 

on SF gelation, so it is significant to understand OD changes. To determine the gelation time and 

opacity changes, OD was measured at 550 nm over 11 days; the results of OD and visual 

observations are reported in Figure 2. The OD alters with time for solutions: at first faces an 

upward trend and then stabilizes at the values where all solutions have gelled (Figure 2A). 

Alterations of OD indicate changes in the SF secondary structure (β-sheets) during the gelation 

transition (Farokhi et al., 2021). As shown in Figure 2, the presence of Q led to a decrease in 

gelation time. On day 3, SFQ was more opaque than SF, which can be due to the hydroxyl groups 

present in Q and the crosslinking with SF molecules. Also, the GSFQ specimens are yellowish 
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because of loaded Q, and SFQ samples had higher OD values from day 0. Therefore, it is possible 

that Q has a high absorbance (OD) and results in greater OD over time; however, the degree and 

percentage of gelation could be lower. 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) Optical density changes at 550 nm of the solutions (SF and SFQ) in a 96-well plate 

(200 µL in each well) prepared at 37 °C at various time intervals, and (B) image of SF gels (GSF 

and GSFQ) at day 1, 3, and 5 prepared at 37 °C in a 96-well plate (200 µL in each well) (n = 3). 

 

3.2. Scanning Electron Microscopy (SEM) 
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The images were taken from the cross-sections of the specimens with two scales to examine 

the morphology and internal microarchitectures of the porous scaffolds. SEM images of GSF, 

GSFQ, GSFQ-E(SF-1CPO) and E(SF-1CPO) are given in Figure 3. The GSF showed porous 

structures with a diameter of 102.22±12.12 µm (Figure 3A). Through ultrasonication, polymer 

chains have been converted from random arrangement (α-helix) to regular structure (β-sheets), and 

during this process, interconnected porosity has been created. Guziewicz et al. found that a higher 

amplitude and duration of ultrasonication result in more top β-sheets formation; therefore, the size 

of the porosity of SF hydrogel decreases, and a denser structure is formed (Guziewicz et al., 2011). 

The sonication parameters in our study were chosen based on the required porosity size, and the 

obtained size is suitable for osteoblasts proliferation and migration. The SEM images of the GSFQ 

depict a significantly larger pore size (191.08±9.81µm) than the GSF (p <0.01) (Figure 3B). To 

the best of our knowledge, there is no previous report of SF hydrogels that contain Q (both 

physically and chemically). However, in the present study, the production of SF hydrogel with Q 

was considered. It should be noted that the presence of Q played a role in the formation of 

hydrogels, and it had a noticeable impact on the gelation time and porosity. It can be hypothesized 

that the presence of Q led to lower gelation and resulted in larger pores. It is also possible that an 

increase in porosity as a function of loading Q into the scaffolds was due to the formation of ice 

crystals after their removal from Q-DMSO solution during freeze-drying (Song et al., 2018). 

Figure 3C shows the SEM images of the GSFQ-E(SF-1CPO) composite scaffold. According to 

the images, the morphology of the fibers is fully preserved during gelation and freeze-drying, and 

there is a three-layer composite structure (gel-fiber-gel). By combining porous hydrogel and 

electrospun fibers, composite scaffolds can be developed to mimic the natural structure of tissues 

or organs like bone by providing better cellular penetration (Loh and Choong, 2013). 
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Figure 3. SEM images of (A) GSF hydrogels, (B) GSFQ hydrogels (with scales of a: 300 and b: 



19 

 

500 µm), (C) GSFQ-E(SF-1CPO) composite scaffold, having three layers: (1), (3) GSFQ hydrogel 

and (2) E(SF-1CPO) patch (with scales of a: 100 and b: 300 µm) and (D) E(SF-1CPO) fibers (with 

scales of a: 30 and b: 100 µm). 

 

3.3. Fourier Transform Infrared Spectroscopy (FTIR) 

 

Figure 4A shows the FTIR spectra of the GSF, GSFQ, and Q; the results of FTIR of SF 

extraction and electrospun patch, E(SF-1CPO), are reported in our previously published work 

(Aleemardani et al., 2020). The FTIR spectra of GSF show sharp peaks at 1624 cm-1 (amide I), 

1527 cm-1 (amide II), and 1232 cm-1 (amide III). The mentioned peaks not only reveal the presence 

of SF but also display an increase in the crystalline structure of β-sheets (due to the sonication and 

gelation process) (Li et al., 2020). Besides, in GSFQ, the peaks related to SF (amide I, amide II, 

and amide III) are visible. Notably, amide II (1521 cm-1) had a more significant displacement 

towards the β-sheets. The presence of Q in GSFQ was also investigated, and it was observed that 

SF index peaks (amides) largely overlapped with Q peaks (Song et al., 2018; Yadav et al., 2020). 

However, in the range of wavenumbers 500-1000 cm-1 (precisely at 842, 823, 795, 721, 638 and 

606 cm-1), Q peaks are apparent in the FTIR spectra of GSFQ (Catauro et al., 2015; Jang et al., 

2020; Li et al., 2020; Lozano-Pérez et al., 2017; Milanezi et al., 2019). Table 1 lists the various 

FTIR spectra peaks related to the specimens (GSF, GSFQ, and Q) used in the study. 
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Table 1. Index peaks of biomaterials used in presented research (Catauro et al., 2015; Jang et al., 

2020; Li et al., 2020; Lozano-Pérez et al., 2017; Milanezi et al., 2019). 

Biomaterial Reported wavelength (cm-1) Wavelength (cm-1) Bond 

 

SF (founded 

in GSF and 

GSFQ) 

3000-3800 3287 and 3285 –OH stretching 

1600-1700 (Amide I) 1624 C=O stretching 

1500-1600 (Amide II) 1527 and 1521 N-H bending 

1200-1300 (Amide III) 1232 and 1231 C-H stretching 

 

 

 

 

Q 

(founded in Q 

and GSFQ) 

3300-3700 3404, 3314 O-H stretching 

1670 1664 C=O absorption 

1612 1611 C-C stretching 

1456, 1383, 866 1450, 1381, 864 C-H bending 

1272 1261 C-O stretching in the 

ring structure 

1070, 1150 1169, 1092 C-O stretching 

600-1000 603, 638, 721, 794, 

824, 842, 846 and 

932 

and 

606, 638, 721, 795, 

823 and 842 

Angular deformation 

of C=CH of the 

aromatic compounds 
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Figure 4. (A) FTIR spectra of Q powder, GSF and GSFQ hydrogels. (B) The diagrams of water 

uptake ratio, (C) biodegradation and (D) stress-strain diagram of hydrogels (GSF and GSFQ) and 

composites (GSF-E(SF-1CPO) and GSFQ-E(SF-1CPO)). 

 

3.4. Pore size and Porosity Analysis 

The surface and bulk porosity of the hydrogels and composite scaffolds are reported in 

Table 2. There was no significant difference between the surface porosity of GSF and GSFQ. The 

bulk porosity of all specimens was above 80%, which indicates a highly porous structure, yet their 

differences were insignificant. As expected, the porosity (%) in composite scaffolds was enhanced 

due to the presence of the fibers. Based on the obtained results, the scaffolds are sufficiently porous 

for adhesion and cell penetration (Nejati et al., 2020; Xu et al., 2016); to exemplify, Karageorgiou 
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et al. indicated that suitable porosity (i.e., 40-90%) in different biomaterials could increase 

osteoblast proliferation, bone formation, and implant adhesion (Karageorgiou and Kaplan, 2005). 

 

Table 2. Porosity (both surface and bulk) of hydrogels (GSF and GSFQ) and composites (GSF-

E(SF-1CPO) and GSFQ-E(SF-1CPO)) (*, Δ and ♦: p<0.05). 

Sample Surface porosity 

(%) 

Bulk porosity 

(%) 

GSF 71.33± 0.69 80.95±0.27Δ,* 

GSFQ 69.35±1.11 84.85±0.17♦ 

GSF-E(SF-1CPO) - 88.56±0.23Δ 

GSFQ-E(SF-1CPO) - 90.38±1.17*,♦ 

 

 

3.5. Water Uptake 

 

According to Figure 4B, which illustrates the water uptake ratio, it can be stated that the 

rate and profile of water uptake of GSF and GSFQ were very close to each other. However, the 

GSFQ had higher water absorption due to its larger pores. The water uptake ratio of hydrogels 

(GSF and GSFQ) was about 4-5, consistent with other SF hydrogels (Guziewicz et al., 2011). 

Adding fibers to the GSF-E(SF-1CPO) and GSFQ-E(SF-1CPO) has also helped increase water 

uptake because the fibers absorb more water due to their high porosity (Xu et al., 2016). All 

specimens reached their final water uptake before 12 h. 

The obtained swelling percentages of GSF and GSFQ were 541.27±17.11% and 

625.87±12.9%, respectively (similar to the result of the water uptake ratio), and the GSFQ had a 

higher swelling (p<0.01). The significant increment in water uptake in the samples is critical for 

all of the hydrogels used in tissue engineering, owing to providing an aqueous environment for 
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cells, proteins, and growth factors. These hydrogels with high swelling percentages allow the 

penetration of materials such as oxygen, water-soluble metabolites, and nutrients (Bai et al., 2016). 

3.6. Biodegradation 

The degradation behavior of the samples in PBS was measured by the weighing method 

and is shown in Figure 4C. All the scaffolds (hydrogels and composites) were stable in PBS 

throughout the entire incubation period. The in vitro degradation of GSFQ and GSFQ-E(SF-1CPO) 

after 1 month was higher than other samples, which is related to larger porosity, which results in 

accelerated degradation rates. 

 

3.7. Mechanical Properties 

Figure 4D depicts the elastic behavior of the specimens with the hysteresis diagram and 

the elastic region diagram to calculate Young’s modulus. The addition of Q reduced Young’s 

modulus due to increased porosity. However, the addition of fibers can compensate for this 

reduction to some extent (Choi et al., 2020). Composite scaffolds (GSF-E(SF-1CPO) and GSFQ-

E(SF-1CPO)) had a higher Young’s modulus and compressive strength (p<0.01) (Table 3). It 

should be noted that the larger diameter of fibers results in higher mechanical properties of the 

composite scaffold (Yodmuang et al., 2015); in the present study, the fiber diameter was roughly 

13 µm which led to doubling the mechanical strength. The Young’s modulus and the compressive 

strength obtained, as given in Table 3, are consistent with other studies (Samal et al., 2014; Song 

et al., 2018). Scaffolds containing Q had larger pores and lower mechanical strength. As mentioned 

in the section on porosity analysis, it can be due to the presence of Q solution (in DMSO solvent); 
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that is why it is possible to form larger ice crystals. Larger pores reduce the mechanical properties 

that can be seen in the obtained results (Table 3) (Song et al., 2018). 

The compressive strength of the specimens was 0.23-0.6 MPa. Studies have shown that 

dense and spongy bone tissue's compressive strength is 100-230 MPa, and 2-12 MPa, respectively. 

Therefore, designed scaffolds can be suitable for different clinical procedures due to the lower 

compressive strength, depending on the location and type of the defect (Mohamed and Shamaz, 

2015); for instance, they can be used for cranial bones (Suvarnapathaki et al., 2021b). Moreover, 

the reversibility behavior of the samples during the process was observed. The scaffolds were 

pressurized to 40% of their initial length and returned to their initial state after removing the 

pressure. The reversibility is presented quantitatively by measuring the changes in the length 

(before and after applying the pressure) in Table 3. 

Table 3. Young’s modulus, compressive strength and reversibility results of hydrogels (GSF and 

GSFQ) and composites (GSF-E(SF-1CPO) and GSFQ-E(SF-1CPO)) (▲,Δ: p<0.01 and *,**: 

p<0.05). 

Sample Young modulus 

(KPa) 

Compressive 

strength (MPa) 

Reversibility 

(%) 

GSF 8.5±0.2▲ 0.43+0.03* 94.17±3.24 

GSFQ 4.27±0.15Δ 0.23±0.02** 95.09±3.03 

GSF-E(SF-1CPO) 15.7±0.1▲ 0.60±0.02* 93.85±4.02 

GSFQ-E(SF-1CPO) 8.27±0.25Δ 0.38±0.03** 94.66±4.44 

 

 

3.8. Oxygen Release Study 
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To determine the duration of oxygen release by composites (GSF-E(SF-1CPO) and GSFQ-

E(SF-1CPO)), the concentration of dissolved oxygen was measured over 12 days. The dissolved 

oxygen amounts in the presence of GSF were also assessed as a control sample. Figure 5A shows 

the release profile of composite scaffolds and control. The oxygen concentration is higher for 

composite scaffolds than for electrospun fiber scaffolds (Aleemardani et al., 2020), which can be 

due to the presence of larger pores in hydrogels. Larger pores of hydrogels trap more air, and in 

the presence of an aqueous environment, oxygen dissolution over time (the air trapped in these 

pores) increases oxygen concentration. In composites, the maximum oxygen release occurred on 

day 6. Thus, the presence of a hydrogel structure leads to a delay in oxygen release; for electrospun 

fibers, maximum oxygen release was on day 3 (Aleemardani et al., 2020). The GSFQ-E(SF-1CPO) 

oxygen release profile was higher than the GSF-E(SF-1CPO); this could be due to the presence of 

the antioxidant Q, which makes the release of oxygen more stable and promotes the hydrolysis 

reaction (the reaction of CPO and water to generate oxygen). In a similar study, Abdi et al. depicted 

that catalase, an enzymatic antioxidant, leads to the sustainable release of oxygen and reduces free 

radicals, ultimately increasing cell viability (Abdi et al., 2011). When the hydrolysis is complete, 

free radicals will not be produced, so it can be adduced that antioxidants stabilize oxygen release. 

The amount of generated oxygen from composite scaffolds is within the range that is appropriate 

for beta cells (0.08-155 mmHg) (Coronel et al., 2019), hepatocytes (~30-65 mmHg) (Farzaneh et 

al., 2020; Kang et al., 2020), osteoblasts (~10-35 mmHg) (Khorshidi et al., 2019; Khorshidi and 

Karkhaneh, 2021; Touri et al., 2019), cardiac muscle cells (~20-50 mmHg) (Wang et al., 2021), 

and epithelial cells (~8-13 mmHg) (Lv et al., 2016). Previous studies reported significant bone 

regeneration improvement with two weeks of oxygen released from the scaffolds (Suvarnapathaki 

et al., 2021b; Touri et al., 2020). Therefore, a suggested application can be for bone tissue 
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engineering because of the suitable mechanical strength and oxygen release of scaffolds. 

Furthermore, the pH alteration was measured during the release, ranging from 7.30-7.57 (Figure 

5B). Due to the calcium peroxide and water reaction, changes in pH had a similar trend to the 

oxygen release profile regardless of some points. The highest pH was measured on the sixth day 

(7.57 for the GSF-E (SF-1CPO)); the pH profiles of both composites were very close. 

Figure 5. (A) Oxygen profile release over 12 days and (B) pH changes over 12 days. The 

percentages of DPPH scavenging for (C) hydrogels (GSF and GSFQ) and composites (GSF-E(SF-

1CPO) and GSFQ-E(SF-1CPO)) (*: p<0.05) and (D) for GSFQ-E(SF-1CPO) within 13 days. 

 

3.9. Antioxidant Activity Analysis 
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Various studies have shown that the presence of additional free radicals (especially ROS) 

can upset the balance between oxidative-antioxidant states of cells (Alizadeh and Ebrahimzadeh, 

2021). Therefore, it is expected that the antioxidants will minimize the adverse effects of the 

presence of additional free radicals at the oxygen release site (Lobo et al., 2010). Hence, the 

presence of antioxidants stabilizes oxygen release and improves cell viability (Abdi et al., 2011). 

So far, using catalase, an enzymatic antioxidant within the cells, for OGBs is widely accepted, 

although its main problem is instability over time. 

To this aim, Q, a non-enzymatic antioxidant, has been used for the first time for a OGB in 

order to inactivate the possible free radicals during oxygenation. This non-enzymatic antioxidant 

is quite stable and multifunctional; therefore, Q not only can scavenge the free radicals like ROS 

but also can bring other features for OGBs like antibacterial properties (Amer et al., 2021; Sayyad 

et al., 2021). To investigate the effect of Q on free radicals, it is necessary to evaluate the 

antioxidant properties of specimens. For this purpose, a DPPH assay was utilized (Caddeo et al., 

2019). The percentages of DPPH scavenging are given in Figure 5C. GSF and GSF-E(SF-1CPO) 

antioxidant activity (control samples) were 5.87±0.83% and 5.20±0.4%, respectively. SF contains 

the tyrosine and tryptophan amino acids in the phenolic side chains, which may be the reason for 

the antioxidant activity of controls (Selvaraj and Fathima, 2017). However, the depicted 

antioxidant activity of GSFQ (70.40±0.4%) and GSFQ-E(SF-1CPO) (65.07±0.61%) was 

remarkably high. Lower GSFQ-E(SF-1CPO) antioxidant activity (compared to GSFQ) might be 

due to the presence of a breathable electrospun patch (E(SF-1CPO)). The significant inactivation 

of DPPH in the presence of Q can be attributed to the transfer of electrons from Q loaded in the 

scaffold structure to DPPH radicals (Caddeo et al., 2019). Besides, for time-dependent 

measurements, the GSFQ-E(SF-1CPO) antioxidant activity was assessed at different time intervals 
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for 13 days (Figure 5D). Due to the loading of Q in SF hydrogel, as can be seen, Q has been 

released steadily and continuously. Based on the results, it can be stated that when oxygen is 

generated for 13 days, Q is also present in the release medium and can neutralize the free radicals 

generated during oxygenation. Thus, it can be concluded that the composite scaffold has the 

sustained capability of oxygen and Q release, which can bring unique biomedical characteristics. 

This co-delivery is because of SF nature which has an amphiphilic structure that allows the release 

of low dissolvable biomolecules like Q. 

 

 

3.10. Antibacterial activity (Disc diffusion test) 

 

MRSA is one of the common microorganisms that cause severe bone infections (Touri et 

al., 2019). The disc diffusion method with MRSA evaluated the antibacterial activity owing to 

loaded Q and CPO, which has been a clinically dangerous pathogen in orthopedics (Aleemardani 

et al., 2020). Figure 6 indicates the inhibition zone of samples (1: Q powder, 2 and 3: GSFQ 

(hydrogel), and 4: GSFQ-E(SF-1CPO) (composite)) after overnight incubation. Q powder showed 

a zone of inhibition of 21 mm against MRSA, meaning that the Q has an antibacterial effect in its 

essence (Amin et al., 2015); hence, it has been chosen as a control. A zone of almost 27 mm related 

to the GSFQ samples confirms that hydrogels containing Q had an antibacterial activity with 

sensitivity to MRSA. Also, in GSFQ-E(SF-1CPO), a clear zone of inhibition (approximately 30 

mm) was observed; the presence of a breathable patch that contains 1 wt% CPO enhanced the 

antibacterial activity (Aleemardani et al., 2020). As mentioned, Q continues to grab immense 

attention because of its various properties, including antioxidant, anti-allergic, anticancer, anti-

inflammatory, antidiabetic, antimicrobial, and cardioprotective activities (Memariani et al., 2019). 
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Therefore, in general, the composite scaffold (GSFQ-E(SF-1CPO)) seems to provide several 

characteristics that can overcome severe problems and cause improved healing of bone defects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. MRSA inhibition zone assay of 1: Q powder, 2 and 3: GSFQ (hydrogel), and 4: GSFQ-

E(SF-1CPO) (composite) after overnight incubation. 

 

3.11. Cellular Assays 

3.11.1. Evaluation of Cell Viability in the Vicinity of Quercetin 

At the beginning of the study, an MTT test was performed to evaluate the effectiveness of 

Q. As illustrated in Figure 7A, the cell viability increases significantly with increasing the Q 

concentration (p<0.01). Q reduces oxidative stress in the microenvironment and affects metabolic 

and cellular enzymatic activity, indicating that increasing the Q concentration has enhanced cell 

viability on the first day. According to the literature, the concentration of Q with appropriate 
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antioxidant properties is in the range of 50-500 µM (Hatahet et al., 2016); therefore, by examining 

the various amounts on MG-63 cells, the 400 µM, the highest one, not only was not cytotoxic but 

also improved the cell viability. That is why it was chosen as the optimal concentration in this 

work. 

3.11.2. Evaluation of Cell Viability of Scaffolds 

The MTT results (both under normoxia and hypoxia) for hydrogels (GSF and GSFQ) and 

composites (GSF-E(SF-1CPO) and GSFQ-E(SF-1CPO)) are shown in Figures 7B and 7C. 

According to the results, on day 1, due to the prolonged release of oxygen, cell viability did not 

increase; however, GSFQ and GSFQ-E (SF-1CPO) contain Q (♦: p<0.05) substantially increased 

the viability. On day 3, composites improved cell survival due to the onset of oxygen release (*: 

p<0.001), notably in GSFQ-E(SF-1CPO), the combined effect of Q and oxygen release led to 

higher cell viability (°: p<0.01). The highest concentration of dissolved oxygen was on day 6 

(Figure 7B); hence, it was expected that the cell viability enhancement would be higher on day 6 

than on other days. As can be seen, on this day, composite scaffolds (particularly GSFQ-E(SF-

1CPO)) have increased the cellular behaviors compared to the other two days (p <0.0001) 

remarkably. Moreover, cell survival under hypoxia was investigated and compared with cells 

cultured at a normal oxygen tension (normoxia) (Figure 7C). Hypoxia led to the decrement in the 

viability of MG-63 cells, as evidenced by decreased percentages of cell viability (p<0.01). 

However, the scaffolds containing Q demonstrated substantial improvement in cell viability (%) 

compared to those without Q (Δ and ∇: p<0.01 and # and ⊗: p<0.05). Based on the results, Q 

promoted cell viability (both in normoxic and hypoxic conditions) with no signs of cytotoxicity, 

consistent with other studies (Birinci et al., 2020; Chen et al., 2019; Song et al., 2018). 
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Figure 7. Results of the MTT test for (A) different concentrations of Q (*, • and Δ: p<0.01), (B) 

hydrogels and composites under normoxia (° and •: p<0.01, *: p<0.001, and # and ♦: p<0.05) and 

(C) hydrogels and composites under hypoxia (Δ and ∇: p<0.01 and # and ⊗: p<0.05). 

 

 

4. Conclusion 

  

 This study aimed to develop and evaluate composite scaffolds for the controlled release of 

oxygen based on SF. SF is a natural polymer that has been selected as a suitable option for CPO 

encapsulation due to its unique properties (e.g., high biocompatibility, high oxygen permeability, 

and amphiphilic structure) to fabricate a novel OGB. Burst release and generation of free radicals 

are substantial challenges for OGBs. A composite structure of hydrogel-fiber-hydrogel and 
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antioxidant Q were used to meet these two challenges, which are considered other innovations in 

this field. The composite scaffold can release oxygen and Q for at least 12 days. The results 

depicted that Q loading led to reasonable antioxidant activity and stabilized oxygen generation. 

The composite structure resulted in mechanical properties enhancement (mainly because of the 

incorporation of electrospun fibers into hydrogels). The prepared composite scaffold could be 

categorized as OGB, antioxidant, and antibacterial, which seems to have adequate potential for 

tissue engineering applications like bone tissue engineering. 
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