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Abstract: This study investigates the mechanical, thermodynamic, and morphological changes and 

surface topography of Aloe vera (AV)-based nanofibers as the nanocarriers of methicillin-resistant 

Staphylococcus aureus (MRSA). After making the AV-based solutions, the nanofibers were made by 

electrospinning device and the topography and roughness coefficient of the nanofibers were obtained 

by atomic force microscopy (AFM). A tensile test was used to evaluate the mechanical properties of 

the nanofibers and simultaneous thermal analysis (STA) was used for thermal testing. The results of 

AFM showed nanofiber deformation in the combination of AV-phages. It was observed in the 

mechanical test results that with the addition of phage to AV-nanofibers, although the elastic module 

decreased, the elongation percentage increased, with high resistance to stretching. Also, the thermal 

analysis results were such that the addition of phage to AV-nanofibers increased the thermal stability 

of the nanofibers. The addition of MRSA phages to the Aloe vera nanofibers was increased thermal 

stability and the percentage of elongation of the nanofibers. The combination of AV-phage nanofibers 

creates a new carrying capacity at the nanofiber level to be a candidate for wound dressing as a 

therapeutic agent.  
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1. Introduction 

In recent years, interest in the study of nanofibers has increased significantly. 

Nanofibers with a diameter at the nanometer scale are called nanofibers. They are considered 

candidates for antibacterial coatings due to their high surface-to-volume ratio, excellent 

mechanical properties, high flexibility, and ability to absorb secretions. And they have many 

applications in various fields of medicine, health, and industry [1-3]. For example, in the drug 

delivery, polylactic acid/collagen nanofibers containing gentamicin antibiotics were able to 

deliver sustained and controlled drug delivery in treating bacterial infections [4]. In the field of 

tissue engineering, Lilex et al., in 2013, made nanofiber scaffolds of chitosan and 
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hydroxyapatite with genipin, which they use in bone cells to produce and support osteoblast 

cell proliferation [5].  

Nanofibers are made from various synthetic and natural polymers and biocompatible 

and biodegradable polymers such as chitosan, polyvinyl alcohol, gelatin, and polycaprolactone 

[6,7]. Polyvinyl alcohol is one of the water-soluble synthetic polymers. This polymer is non-

toxic and biocompatible. It has a high resistance to heat, and this polymer's structural and 

mechanical properties make it a good candidate for the production of nanofibers [8-10]. 

Nanofiber technology has been considered for several centuries, but its inventions and related 

products depended on developing the electrospinning method because it is one of the most 

common and practical methods of making nanofibers [1,11].  

Most recently, the use of plant extracts and gels to make nanofibers by electrospinning 

has received much attention because plants such as Aloe vera (AV) have antibacterial, 

antifungal, and antiviral activity due to their compounds such as folic acid, vitamins, and amino 

acids [12,13]. For example, Aloe vera gel can be used in various concentrations as an 

antibacterial agent against P. aeruginosa [14]. Another treatment for this gel is wound healing. 

By adding collagen to this substance, the wound contractility increases and the wound heals 

faster [15]. Also, Aloe vera nanocellulose was used as an antibacterial agent against 

microorganisms and found that the antibacterial effects of Aloe vera nanocellulose were much 

stronger than non-nano Aloe vera [16].  

Bacteriophages are obligate intracellular parasites that can kill bacteria without 

adversely affecting human and animal cells [17]. Phages have many applications due to their 

antibacterial properties and are sometimes fixed on surfaces by covalent bonding to have an 

antibacterial effect [18].  

Atomic force microscopy is used to study nanofibers' surface topography and 

morphology and mechanical and structural properties. This microscope gives a lot of 

information about the surface of nanofibers, such as roughness, porosity, and elevation [19,20]. 

The atomic force microscope (AFM), or scanning the force microscope (SFM), was invented 

in 1986 by Binnig, Quate, and Gerber. Atomic force microscopy (AFM) is becoming one of 

the most significant techniques among scanning probe microscopes (SPM) for examining 

surface forces at the nanometer scale. It also is an essential tool for studying the morphology 

and structural properties of the surface and can also provide much information about the 

interactions of biological materials on the surface of nanoparticles [21]. 

2. Materials and Methods 

2.1. Preparation of AV gel solution. 

First, prepare Aloe vera leaves from Barbadensis species, Clean them, separate the 

middle gel, and put it in the homogenizer for 30 min to homogenize. 

2.2. Preparation of solutions for making nanofibers. 

To prepare AV-nanofibers solution, 9 ml of aloe vera gel solution mixed with 1 g of 

polyvinyl alcohol powder (Sigma-Aldrich, Germany). Also, for preparing the solution of AV-

based nanofibers contained MRSA phages, 1 gr of polyvinyl alcohol powder dissolved in 9 mL 

of AV gel solution and after cooling, 1 ml of MRSA phages prepared previously according to 

Rahimzadeh et al. protocol [22] was added into the cooled mixture. 
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2.3. Fabrication of nanofibers using electrospinning technique. 

For the fabrication of nanofibers, a piece of aluminum foil was placed on the drum of 

the four-nozzle model ESY 20 electrospinning device, which acts as a fiber collector. Then, a 

certain amount of Aloe vera gel solutions were poured into two syringes and placed in the 

nozzle position. The electrospinning device was set at room temperature with a speed of 0.2 

ml/h, a 15 to 17 kV voltage, and a nozzle distance from the collector of 120 mm. 

2.4. Atomic force microscopy of nanofibers. 

After placing the slide on the collector of the electrospinning device and forming a layer 

of nanofibers, we use the slide to AFM analyze the surface. To check the topography of the 

surface of the nanofibers, we photographed our nanofibers with JPK-AFM, with 150 HZ 1Gain, 

0.0048 PGain, and 1.0V setpoint via a JPK Nano Wizard Control. The cantilever was the 

ACTA-10 probe model. Topographic images from samples 1 to 4 in the form of 3D and height 

(measured) and to scan range of 5×5 μm were prepared. 

2.5. Tensile test of nanofibers.  

To investigate the mechanical properties of nanofibers, we used the STM-5 tensile 

device. First, we cut the nanofibers in dimensions of 1 × 4 cm and a thickness of 0.02 mm, and 

then we placed them between the two clamps of the machine. The load cell used in this work 

was RO: 1.99112 Cap: 6 Kg. It was performed at room temperature and at a speed of 5 mm/min. 

And ended after the nanofibers broke. 

2.6. Simoultaneusely thermal analysis of nanofibers. 

We used the BAHR Thermal analyze simultaneous thermal analysis device STA503 

with DTA function device to investigate the thermal stability of nanofibers made. First, the 

nanofibers were prepared in equal weights and analyzed in a temperature program of 10-400 

°C at a speed of 10 °C per minute and inside a platinum crucible. 

3. Results and Discussions 

3.1. Roughness measurements of nanofibers.  

To investigate the topography and height changes at the surface of the fabricated 

nanofibers and the interactions between aloe vera and bacteriophage and both together in the 

fabrication of nanofibers, AV-based nanofibers were examined directly using an atomic force 

microscope. The micrographs obtained from AFM were in the scan range of 5 × 5 µm in the 

form of three-dimensional micrographs (Figure 1). There were significant changes in the 

morphology of the nanofibers and the placement of aloe vera and phage, both together in AV-

based nanofibers. 

3.2. Mechanical strengths of nanofibers. 

The results of this test are in the form of the diagrams (Figure 2) and were obtained 

based on the force applied to the nanofiber until it ruptured. Parameters stress, elongation, and 

the elastic module were obtained for the nanofibers reported in Table 1. 
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 (a)                  

Roughness 

measurement 

Roughness 

mode 

11.47 nm Ra 

13.92 nm Rq 

61.03 nm Rt 

(b)  

Roughness 

measurement 

Roughness 

mode 

40.36 nm Ra 

45.96 nm Rq 

156.7 nm Rt 

Figure 1. Topography and roughnesses of AV-based nanofiber (a) and AV-phage nanofiber (b) in two- (left) 

and three dimensional (right) micrographs  
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Figure 2. Comparison of graphs obtained from tensile test results for AV nanofibers (green curve) and AV-

Phage nanofibers (yellow curve) 

Table 1. Comparison table of Stress, Elongation, and Elastic Module values for nanofibers 

AV-phage nanofibers AV Nanofibers  

3.90 8.24 Stress ( MPa) 

71.70 24.49 Elongation ( % ) 

8.57 159.09 Elastic Module (MPa ) 

3.3. Thermal analyses of nanofibers.  

The results of this test are in the form of graphs that can be seen in Figure 3, which 

show the parameters of temperature, enthalpy changes, and relative quantity of mass. Also, 

Table 2 compares these parameters for the nanofibers. 

(a) 
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(b) 

Figure 3. Simultaneously thermal analyses (differential thermal analysis and thermal gravity analysis) of AV-

nanofibers (a) and AV-phage nanofibers (b). 

Table 2. Peak temperatures, ΔHs, and relative quantity values of nanofibers 

Rel.Quantity ( % ) 

 

H ( J/g )Δ 

 

Temperature (℃ )  

3rd 

peak 

 

2nd 

peak 

 

1st 

peak 

 

3rd 

peak 

 

2nd 

peak 

 

1st 

peak 

 

3rd 

peak 

 

2nd 

peak 

 

1st 

peak 

 

Nanofibers 

64.06 103.32 103.56 239.15 5.91 12.95 321.3 191.5 58.7 AV-nanofibers 

50.44 78.31 100.83 100.96 40.36 34.57 322.4 233.9 74.4 AV-phage 

nanofibers 

3.4. Discussion.  

This study investigates the mechanical, thermodynamic, and morphological changes 

and surface topography of Aloe vera-based nanofibers after the addition of Aloe vera, 

bacteriophage, and Aloe vera-phage composition. To investigate the topography and roughness 

of the nanofibers made, we used AFM and evaluate the thermodynamic and mechanical 

properties of the nanofibers via STA and the tensile test method. In AFM micrographs, it was 

observed that the nanofibers were rotating overall, where phages were added to the nanofiber 

composition, folds can be seen on the surface of the nanofibers, they are visible in the form of 

cuts, folds on the surface of the nanofibers.  

Although, when Aloe vera and phage were put together at the same time to make a 

composite nanofiber, the nanofiber deformed from a rotating and cylindrical state, creating a 

deep groove in the middle, which itself created a greater carrying capacity for the nanofiber. 

This carrying capacity can transport drugs in drug delivery, tissue engineering, or cell culture 

on nanofiber scaffolds. As Zamani et al. found in 2013, PLGA nanofiber scaffolds made by 

electrospinning in a cylindrical manner with a porous, rough surface enhance nerve cell growth 

compared to smooth nanofiber scaffolds [23,24].  

Also, in the roughness results obtained from AFM, the average roughness (Ra), the root 

mean square (Rq or RMS), and the maximum height of the profile (Rt) of the nanofibers shows 

that the Aloe vera-based nanofibers were almost close to each other, but in the case of the Aloe 

vera-phage nanofibers it was increased more significantly due to the groove created. The 

groove mentioned in 3D images is also completely visible. In the studies of Scott, Soothill, and 
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Urban, bacteriophage was covalently attached to the polymer surface, thus preserving the 

biological activity of the phages. But for this purpose, first, the surface of the polymer was 

chemically functionalized and then the phage was connected from its capsid head to the 

polymer substrate. However, we have shown in our work that non-covalent bonding can bind 

phage to nanofibers, and the presence of phage was visible in the AFM results [25-29].  

Chlanda et al. made four types of nanofibers with different polymers and examined the 

surface topography of these nanofibers using an atomic force microscope. In one case, by 

adding hydroxyapatite (HAp) to polycaprolactone (PCL), they observed PCL/ HAp nanofiber 

diameter and the average roughness relative to PCL nanofiber increased. In the next case, 

hydroxyapatite and collage were added to Poly(l-lactide-co-caprolactone) (PLCL) and the 

PLCL / COL/ HAp nanofiber was fabricated by electrospinning. In this case, it was observed 

that the nanofiber diameter increased, but the average roughness decreased compared to PLCL 

nanofiber. Therefore, they concluded that collagen smoothes the surface of the nanofiber 

[29,31]; however, in this work, the addition of bacteriophage not only increased the average 

roughness but also created a greater carrying capacity. In the study by Philip et al., they made 

a combination of poly(methyl methacrylate) (PMMA) and poly(ethylene oxide) (PEO) 

nanofibers by electrospinning. Examining the Rq roughness using AFM, they found that Rq 

for the composite nanofiber was 26.6 nm, but after removing polyethylene oxide from the 

composition, the Sq increased to 269.1 nm, about 10 times. They concluded that removing PEO 

caused pores and porosity at the nanofiber surface, thus making it more useful [32].  

In this study, in contrast, the addition of the MRSA phages to Aloe vera-based 

nanofibers increased the roughness. Comparing the 3D images of this nanofiber with the 

nanofibers did our work, it was observed that their nanofiber and the 1 to 3 samples of our 

nanofiber are rotary, but our sample 4 is mentioned for the same reason, i.e., the placement of 

phage and aloe vera, from the rotating state is deformed and a groove is formed in the middle 

of the nanofiber, which is quite visible in 3D images. However, in terms of roughness, the study 

of these researchers and our study showed almost similar results. In this way, in their work and 

we, after making a change in the initial nanofiber PVA- based, we saw an increase in roughness 

values several times [33]. In the results obtained from DTA, we see that by adding AV to Aloe 

vera-based nanofiber, there is no visible change in glass transition temperature, crystallization 

temperature, melting temperature, as well as enthalpy and relative quantity of mass, but with 

the addition of Phage and AV-Phage combination to PVA-based nanofibers, these parameters 

increase significantly. They show that bacteriophage has increased the stability and thermal 

resistance of nanofibers. 

On the other hand, in the relative quantity of mass diagram, in the AV-nanofibers, mass 

loss was observed in only two points, but in AV-phage nanofibers, the mass changes were in 3 

points which confirmed the presence of phage in the nanofiber. In general, it shows that with 

the presence of phage, the thermal stability of nanofibers is increased. At a higher temperature, 

the mass decreases, and this nanoparticle's addition causes more hydrogen bonds to be broken 

and more energy to be released. In 2014, Abdullah et al. combined PVA nanofibers with aloe 

vera and tested it as a polymer-drug carrier. The results of their heat test showed that adding 

aloe vera to PVA reduced the glass transition temperature and melting temperature; however, 

in this study, adding Aloe vera to PVA nanofibers did not change the glass temperature, but 

similarly, with the work, they observed a decrease in melting temperature.  

Also, with the addition of phage to Aloe vera gel, the thermal stability of the nanofiber 

increased. In one study, polyurethane nanofibers were thermally evaluated before and after the 
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incorporation of chitosan/polyethylene oxide. They observed that the glass transition 

temperature increased sharply by incorporating Cs / PEO into PU nanofibers [34]. They 

concluded that chitosan acts as a plasticizer and enhances the hydrophilic properties of 

nanofibers. Similar to their work, we also observed that the addition of phage and phage-aloe 

vera significantly increases the glass transition temperature, so it can be said that phage 

increases the hydrophilic properties of the polymer, and on the other hand, the enthalpy changes 

by adding phage and phage-aloe vera it also increases, indicating that more hydrogen bonds 

are broken. More energy content is released, proving the presence of phage in the nanofiber 

[35].  

In the other study, with the production of polyvinyl alcohol and aloe vera nanofibers, it 

was observed that the glass transition temperature and melting temperature did not change 

much. Compared to our study, we did not see much change after adding aloe vera to polyvinyl 

alcohol, but with the addition of phage and phage-Aloe vera, we had a significant increase in 

these temperatures, which showed that phage bonds with the polymer and has thermal stability 

increased the nanofibers and created a more amorphous structure [36].  

The tensile test results showed that by adding phage to the Aloe vera-based nanofibers, 

the elastic module was drastically reduced. Both AV and Phage had water-based compounds, 

that those compounds reduced the hardness of polymer-based nanofibers. Also, a significant 

increase in elongation of nanofibers indicated that the addition of phage to AV-nanofibers  

increased stability against stretching. Hence, with the addition of phage to Aloe vera, although 

the elastic module decreased significantly, the elongation percentage increased sharply. This 

phenomenon indicated the stability of nanofibers against elongation that was reported 

previously elsewhere [37]. In another study, hydrogel films were made from polyvinyl alcohol 

and aloe vera, and the mechanical properties of the films were investigated before and after the 

addition of aloe vera [38]. However, it was found that 30% gel content from Aloe vera, the 

elastic module and elongation increased, an increase in both parameters was also seen by 

adding MRSA phages to Aloe vera nanofibers [38]. 

5. Conclusions  

This study aimed to investigate the mechanical, thermodynamic, and topographic 

properties of AV-based nanofibers and AV-MRSA phage nanofibers. The AFM results showed 

that the morphology of the nanofibers was rotational with the addition of AV and MRSA phage 

compared to AV-nanofibers; however, the addition of MRSA phage to AV-nanofibers caused 

the rotational deformation of the nanofibers to create a groove in the middle of the nanofiber. 

The groove created a new carrying capacity in the nanofibers and these nanocarriers can be 

used for antibacterial therapeutics. Also, with the addition of phage, either alone or in 

combination with Aloe vera, elongation is significantly increased, which means that the phages 

increased the resistance of the nanofibers to stretching. On the other hand, with the addition of 

phage to the Aloe vera gel, thermodynamic parameters such as the melting temperature and the 

enthalpy changes increased sharply, which seems to have increased the thermal stability of 

nanofibers for their using in wound dressing purposes. 
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