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Abstract 

Plant extracts are efficient reducing agents for the synthesis of oxide materials and 

can regulate fiber diameter, pore size, and phase structure in these materials because 

of their high organic macromolecule content. In this study, titanium 

tetraisopropoxide (TTIP) was used as a TiO2 precursor, and PVP polymer was used 

as the carrier polymer for electrospinning. Avocado seed extract (ASE), which is a 

new and valuable source of phenolic compounds, was used for the coordination and 

reduction of TTIP. ASE was obtained by methanol-water extraction. The total 

phenolic content of ASE was calculated to be 0.16 g GAE / g dry ASE, and the total 

dissolved protein amount of ASE was calculated to be equivalent to 0.78 g BSA / g 

dry ASE. TiO2-PVP-Avocado seed extract (T/P/A) composite nanofibers were 

produced at different voltages, distances, and polymer concentrations. Crystalline 

TiO2 formation was not observed in as-spun nanofibers; thus, selected nanofibers 

were heat treated at 500 oC for 3 h. Smooth and integrated TiO2 nanofibers prepared 

by using 5 w% PVP at 15 kV and 15 cm distance with or without ASE were imaged 

by Scanning Electron Microscopy (SEM). X-ray Diffraction (XRD) patterns of heat 

treated TiO2 nanofibers prepared in the presence of ASE crystallized mainly in 

anatase form. However, both anatase and rutile phases were detected in the 

crystalline structure of TiO2 nanofibers when ASE was not used. ASE incorporation 

affected the phase transformation of TiO2 nanofibers, indicating that the anatase-

rutile ratio of TiO2 nanofibers may also be controlled by the presence of ASE.  

 

 

1. Introduction 

Electrospinning is a method that utilizes electrostatic 

force to form polymer fibers from a wide variety of 

materials that contain polymers, metals, composites, 

and ceramics [1], [2]. Electrospinning is a cheap and 

sophisticated method to form nano and micro-scale 

fibers [3], [4]. Electrospun nanofibers have high 

surface area to volume ratios, and their pore sizes and 

diameters can easily be modified by changing the 

spinning parameters  [5]–[7]. Electrospun nanofibers 

are widely used in different areas such as tissue 

engineering, cosmetics, filtration processes, nano-

sensors, military protective clothing [8], wound 

healing dressings, nanocatalysts, pharmaceuticals, 

and probiotic encapsulation [5], [7].  

 Titanium dioxide has antimicrobial, 

photocatalytic, self-cleaning, and biocompatible  
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properties. Commercially pure titanium is a 

biologically compatible metallic material due to its 

surface properties, resulting in the self-deposition of 

stable and inert titanium dioxide [9]. Titanium tetra 

isopropoxide (an organic titanium precursor), TTIP, 

is often mixed with polyvinyl pyrrolidone (PVP) as 

the carrier polymer in order to synthesize TiO2 

nanofibers via electrospinning [10], [11].  PVP is also 

widely used in food additives, personal care products, 

pharmaceutical technology, drug delivery systems, 

and bioactive packaging applications [12]. In a study, 

TiO2 nanofibers were obtained by electrospinning 

PVP solutions at 3 different TTIP concentrations. 

Smooth TiO2 fibers were obtained after calcination of 

the electrospun nanofibrous membranes at 600 oC 

[13]. In another study, a water soluble form of Ti-

precursor, titanium (IV) bis (ammonium lactato) 
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dihydroxide (TiBALDH), was used to obtain TiO2 

nanofibers in the presence of PVP. The electrospun 

nanofibers were heat treated up to 600 oC. After heat 

treatment, the TiO2 nanofibers preserved their 

integrity and showed smaller fiber diameters when 

compared to the diameters of as-spun nanofibers [14]. 

The formation of crystalline TiO2 nanoparticles often 

requires high temperatures, starting at 400 °C. 

However, crystalline TiO2 nanoparticles can be 

synthesized at low temperatures without requiring 

heat treatment. For this long-term aging process [15], 

concentrated acid solutions [16] and water soluble 

titanium precursors or biomolecules are used [17], 

[18]. 

The green synthesis of crystalline TiO2 

nanoparticles has been studied in the presence of 

different types of plant extracts and microorganisms. 

These biological samples include many types of 

polyphenols, flavonoids, proteins, etc., which may 

behave as reducing agents [19]. This environment-

friendly approach both reduces the undesired effects 

of chemical methods and may play an important role 

either in the structure of TiO2 nanoparticles or in their 

properties such as antimicrobial and photocatalytic 

activity [20]. In a recent study, TiO2 nanoparticles 

were obtained at room temperature in the presence of 

L. acutangula leaf extract. Titanium sulfate was used 

as a precursor, and the synthesis was conducted in a 

water environment without a calcination step. The 

green synthesized nanoparticles showed very good 

antimicrobial activity across a wide-spectrum [21]. In 

addition, the beneficial effects of TiO2 nanoparticles 

as a growth regulator and nanofertilizer-like agent on 

plant growth have been well described in the studies 

[19], [22].  The properties of green synthesized TiO2 

nanoparticles have been discussed in many studies; 

however, this study emphasizes the effects of avocado 

seed extract (ASE) on the morphology and 

crystallinity of green synthesized TiO2 electrospun 

nanofibers for the first time.  

Avocado, with its rich nutritional value, is a 

fruit that is frequently found on dining tables today 

and is also grown in Türkiye. The effects of extracts 

from leaves, ripe and unripe fruits, or seeds of 

different avocado species on microorganisms and 

mammalian cells, as well as their effects on 

nanoparticle production, were studied [23]. Avocado 

fruit and leaf extracts have been investigated for many 

years; however, ASE has recently been studied in the 

literature [24]. Avocado seed extracts show 

antioxidant, anticarcinogenic, and antimicrobial 

properties that make avocado seed a precious source 

for obtaining valuable extracts from plant waste [25], 

[26]. The effectiveness of the surface-active 

properties of polyols from ASE was examined in a 

self-emulsifying drug delivery system. It was stated 

that the encapsulation efficiency of drugs with low 

water solubility, naproxen, and curcumin, was 

increased in the presence of ASE [27]. In another 

study, phospholipids obtained from avocado seeds 

were used to form a stable oil-in-water emulsion [28]. 

In the literature, no study was found in which ASE 

was used in the production of TiO2 nanofibers. 

In this study, electrospun TiO2 nanofibers 

were synthesized in the presence of ASE. The 

morphology of the as-spun and heat-treated 

nanofibers was characterized by SEM analysis. 

Crystalline and chemical structures were determined 

by XRD and FTIR analysis, respectively.  

 

2. Material and Method 

 

2.1. Preparation of Avocado Seed Extract 

 

A bacon type avocado was purchased from the 

commercial market. The seeds were separated from 

the fruit, and their shells were peeled off. Then, they 

were cut into small pieces. Approximately 150 g of 

avocado seed pieces were homogenized in a blender 

with 500 mL of deionized water. 500 mL of methanol 

was added to the blended seeds, and they were stirred 

at 500 rpm at room temperature (RT) for 2 h. Then, 

the mixture was centrifuged at 8000 rpm for 10 

minutes, 3 times. The supernatant was collected and 

methanol was removed from the rotary evaporator at 

50 oC. Water remaining in the samples was removed 

by freeze-drying at -80 oC (Labconco, FreeZone 2.5 

Liter Benchtop Freeze Dryers). The freeze-dried ASE 

was stored at RT for further use. 

 

2.2. Total Phenolic and Protein Content of 

Avocado Seed Extract 

 

Folin Ciocalteu reagent (FC, Sigma, Germany) was 

used to determine the total phenolic content of ASE. 

Gallic acid (GA, Sigma, Germany) was used as the 

standard to express the phenolic content of ASE as g 

GA equivalent / dry weight of avocado seed extract (g 

GAE / g dry ASE). ASE samples were dissolved in a 

methanol/water (1:1) mixture at 1mg/mL 

concentration. The working solution for FC was 

prepared in ultra-pure water (UPW, 1:10 dilution). 7.5 

w% Na2CO3 solution was prepared in UPW. All 

reagents were prepared freshly just before use. 

Analysis was performed in triplicate on a 96-well 

plate. 10 µL sample or control without ASE was 

added to the wells. 100 µL FC working solution was 

added and waited for 3 min at RT. Then, 90 µL of 7.5 

w% Na2CO3 solution  
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was added, and the absorbance values of the resulting 

solutions were recorded at 765 nm after 1 h of 

incubation by a spectrophotometer (BMG Labtech, 

SPECTROstar Nano, Germany).  

The total protein amount of ASE was 

determined by the Lowry protein assay. Bovine serum 

albumin (BSA) was used as the standard protein. A 

solution of 0.1 mg/mL ASE was prepared in UPW. 77 

µL of samples with or without ASE were added to the 

wells. Then, 108 µL Lowry solution (it was modified 

from [29]) and 15 µL FC solution (1:10 dilution in 

UPW) were mixed with the samples, respectively. 

Absorbance values were recorded at 750 nm after 1 h 

of incubation at RT in the dark.  

 

2.3. Preparation of Electrospinning Solutions 

 

Polyvinylpyrrolidone was supplied from Sigma (Mw 

360,000 g/mol). Other chemicals were obtained from 

Sigma, unless stated. 0.25 g and 0.3 g of PVP were 

dissolved in 3.12 mL of absolute ethanol under 

stirring at RT overnight. 1.25 mL of acetic acid and 

0.62 mL of TTIP were added to the PVP solutions, 

respectively, and stirred for 1.5 hours to obtain a 

homogeneous mixture. It is frequently seen in the 

literature that acetic acid is generally used to dissolve 

TTIP and trigger its coordination [27]–[29]. Then, 0.9 

mg of ASE was added to the PVP/TTIP mixture and 

sonicated for 5 min at RT for a complete dissolution 

of the extract in the solution. The solution, including 

TTIP, PVP, and ASE, was taken into a 5 mL syringe 

with a blunt end 21-gauge needle. Electrospinning 

conditions are given in Table 1 and a photograph of 

the electrospinning apparatus is given in Figure 1 

(Fytronix, electrospinning apparatus).  Random 

nanofibers were collected for 30 min for each sample 

and they were dried overnight at RT. Then they were 

kept at RT for further analysis. The selected samples 

were heat treated at 500 oC for 3h (Carbolite, 

RHF1400). The heating ramp was 5oC/min. 

Nanofibers without ASE were used as control 

nanofibers. 

 

2.4. Characterization of Electrospun Nanofibers 

The surface morphology of as-spun and heat-treated 

nanofibers was analyzed by Scanning Electron 

Microscopy (SEM, FEI, Quanta 650 Field Emission). 

 

Figure 1. Photograph of electrospinning apparatus. 

 

The electrospun nanofibers were sputtered with gold 

before imaging. The crystalline structure of TiO2 was 

characterized by X-ray Diffraction (XRD, Rigaku 

MiniFlex 600) analysis. XRD patterns were fitted 

with the Pseudo-Voigt function. The crystallized size 

was calculated by using Scherrer’s equation 

(Equation 1) by using (101) reflection of anatase, and  

the rutile weight percent was calculated by using 

(101) reflection of anatase and (110) reflection of 

rutile (Equation 2) [30]. 

 

d  
k.

β.cosθ
  (1) 

            where d is the average crystallite size (nm), k 

is a constant (0.9), λ is the X-ray wavelength (nm), β 

is the full width half maximum and θ is the Bragg’s 

angle. 

 

xR = 1 − (1 + 1.26
IR

IA
)

−1
      (2) 

 

            where xR is the rutile weight fraction, IR and IA 

are the intensities of the rutile (110) peak and anatase 

(101) peak, respectively. 

Chemical characterization was carried out by 

the Fourier Transform Infrared Spectroscopy (FTIR, 

Perkin Elmer Spectrum 2). Fiber diameters were 

calculated by the Image J software (NIH, USA). 

Statistical analysis was carried out using GraphPad 

Prism 9, USA. Unpaired t test was selected to 

compare the difference within fiber diameters.   

Table 1. Electrospinning parameters 

Polymer 

Concentration 

(w/v%) 

TTIP 

(mL) 

Ethanol 

(mL) 

Acetic 

Acid (mL) 

ASE/PVP 

(w/w%) 

ASE/TTIP 

(w/w%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

5 / 6 0.62 3.12 1.25 0.36 / 0.30 0.15 15 / 17 15 / 20 0.5 
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3. Results and Discussion 

 

ASE is a precious source due to its rich nutritional and 

phenolic content [31], as was also demonstrated in 

this study. The total phenolic content of ASE was 

calculated to be 0.16 g GAE / g dry ASE. Total 

dissolved protein amount of ASE was calculated to be 

equivalent to 0.78 g BSA / g dry ASE. These values 

were within the range of the literature [24]. The 

effects of PVP concentration, the presence of ASE, 

electrospinning voltage, and the distance from the tip 

of the needle to the surface of the collection plate on 

the morphology of nanofibers were investigated. Two 

different polymer concentrations were selected. 

Uniform and homogeneously distributed nanofibers 

were obtained at a 5 w% PVP concentration, as shown 

in the SEM images (Figure 2).  

 

 
Figure 2. SEM images of as-spun nanofibers obtained 

with 5w% PVP solution, magnification: 20.000x. 

 

Different voltage and distance values were 

studied for 6 a w% PVP concentration for only the 

fibers prepared in the presence of ASE. Wavy and 

non-homogenous nanofibers were obtained for the 

selected conditions, as seen in Figure 3. Further 

studies were carried out with electrospun nanofibers 

prepared using a 5 w% PVP concentration. PVP 

polymers with different molecular weights have been 

used as carriers to obtain TiO2 nanofibers [28], [30]. 

The selected concentration of carrier polymer and the 

solvent for electrospinning can change according to 

their Mw. Here, PVP with an Mw:360,000 g/mol was 

used at 5 w% as a carrier polymer. In the literature, 

high molecular weight 1,300,000 g/mol PVP was 

generally used for electrospinning [32], however, in a 

study, electrospun TiO2/PVP nanofibers were 

successfully obtained by using PVP with a relatively 

lower Mw (360,000 g/mol) [33]. Here we 

successfully obtained homogeneous TiO2 / PVP 

nanofibers with PVP having Mw 360,000 g/mol. 

 

 

Figure 3. SEM images of as-spun nanofibers obtained 

with 6w% PVP solution, magnification: 20.000x. 

 

Nanofibers with ASE showed different fiber 

morphology when compared to the control 

nanofibers. The average nanofiber diameter was 

increased; however, there were some thinner 

nanofibers in the structure of ASE, including groups, 

resulting in increased standard deviations in the 

nanofiber diameters. Nanofiber diameters are given in 

Table 2. 

TiO2 has three main crystalline phases named 

anatase, rutile, and brookite. Anatase and brookite are 

metastable forms that have tetragonal and 

orthorhombic crystalline phase structures, 

respectively. Rutile is the stable form of TiO2, which 

has a tetragonal phase structure [34]. No diffraction 

peaks of the crystalline phases of TiO2 were observed 

in the XRD patterns (not shown) of the as-spun 

nanofibers. This result was expected for a control 

group without any plant extract when compared to the 

literature [35]. In addition, crystal growth of TiO2 did 

not occur in the presence of ASE for the 

electrospinning conditions given in Table 1.  

15kV 20cm + ASE15kV 20cm 

17kV 15cm 17kV 15cm + ASE

17kV 20cm + ASE17kV 20cm

5 w% PVP 
15kV 15cm 15kV 15cm + ASE

15kv 15cm + ASE 17kv 15cm + ASE

17kv 20 cm + ASE

6 w% PVP 
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The formation of crystalline phases of TiO2 in 

a mild environment depends on the precursor of TiO2. 

It was shown that anatase TiO2 can be obtained from 

TTIP in the presence of acetic acid and water at RT 

after one week of aging [36]. Here, electrospinning 

solutions were prepared just before use to prevent 

precipitation. The interaction time between ASE and 

TTIP may not be enough to start the crystallization of 

TiO2 at RT. 

The selected nanofibers (15 kv, 15 cm, 5 w% 

PVP) were heat-treated at 500 oC for 3 hours in order 

to crystallize TiO2. The heat-treated nanofibers 

retained their integrity, as seen in the SEM images 

(Figure 4). PVP polymer (Mw:360,000) loses more 

than 95% of its weight below 500 oC heat treatment 

[36], thus these nanofibers may be referred to as TiO2 

nanofibers as the new structure is nearly 100% TiO2.  

 

 

Figure 4. SEM images of heat treated (HT) nanofibers 

obtained with the electrospinning of 5 w% PVP including 

solution. Magnifications of the images are 150,000x and 

2,000x. 

 

There was less beading formation in TiO2 

nanofibers when they were obtained in the presence 

of ASE. The distribution of fiber diameter was 

changed after heat treatment. TiO2 nanofibers with 

ASE showed smaller diameter and narrower size 

distribution, 181  2 nm, when compared to the 

 

diameters of control TiO2 nanofibers without ASE, 

203  4 nm (p<0.01, **).  

Figure 5. XRD patterns of nanofibers with or without 

ASE (15 kV, 15 cm, 5 w% PVP) heat treated at 500 oC for 

3 hours. 

 

The crystalline properties of the heat-treated 

nanofibers were determined by XRD analysis. Figure 

5 shows the XRD patterns of selected composite 

nanofibers at the specified conditions. In the presence 

of ASE, the main phase was found to be anatase with 

trace amounts of rutile phase (corresponding to the 

JCPDS cards given in the figure; JCPDS: Joint 

Committee on Powder Diffraction Standards). 

However, without ASE, the crystalline structure is 

still dominated by the anatase phase, but with 

relatively higher amounts of the rutile phase (about 9 

w%). This finding indicated that ASE has a 

significant effect on the phase evolution of TiO2. The 

phase transformation from anatase to rutile could 

possibly be hindered by organic molecules in the ASE 

[30]. The crystallite sizes for the control and ASE-

containing samples were determined to be 11.6 and 

12.6 nm, respectively. It is known that anatase is more 

15kV 15cm + ASE / HT15kV 15cm / HT

15kV 15cm + ASE / HT 

15kV 15cm / HT
Rutile: JCPDS card:01-087-0920

Anatase: JCPDS card:01-084-1286

Table 2. Average diameters of as-spun TiO2 nanofibers 

Condition 
Average Fiber 

Diameter (nm) 
Condition 

Average Fiber 

Diameter (nm) 
Condition 

Average Fiber 

Diameter (nm) 

5 w% PVP - ASE 5 w% PVP + ASE 6 w% PVP + ASE 

15kV, 15cm 163.4  45.6 15kV, 15cm 214.7  83.6 15kV, 15cm 257.5  184.4 

15kV, 20cm 297.4  69.4 15kV, 20cm 274.9  83.5 17kV, 15cm 215.1  101.3 

17kV, 15cm 149.6  48.5 17kV, 15cm 195.1  68.9 17kV, 20cm 178.9  77.9 

17kV, 20cm 189.6  16.2 17kV, 20cm 167.4  58.6   
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photocatalytically active than rutile, whereas rutile 

absorbs light in a wider wavelength range than 

anatase. Therefore, the presence of both anatase and 

rutile phases in the nanostructure may contribute to 

the photocatalytic activity. The XRD patterns of the 

heat-treated nanofibers revealed that an optimization 

in the anatase-rutile ratio in the nanostructure can be 

realized by the modification of the ASE amount in the 

as-spun nanofibers along with the heat treatment 

temperature, as discussed for metal dopants in the 

literature [37]. 

 

 

Figure 6. A) FTIR spectra of PVP, ASE and nanofibers 

heat treated (HT) at 500oC for 3 hours. B) The magnified 

image of FTIR spectra between 1250-3500 cm-1. 

 

The bending vibration of Ti-O-Ti bonds in the 

TiO2 lattice was observed in the range of 500-600    

cm-1 [39] by FTIR analysis, as seen in Figure 6. 

Characteristic bands of PVP at 1644 cm-1 and 1345 

cm-1 were attributed to the vibration of the C=O bond 

and the stretching vibration of the C-N bond, 

respectively [40]. The strong peak at 1025 cm-1 in 

ASE was attributed to the vibrations of C-O stretching 

in ester groups. The wide peak at 3414 cm-1 was 

attributed to the O-H stretching [41]. Here, it was 

expected for the polymer to burn completely; 

however, there are still some peaks that may be 

related to PVP, ASE, or TiO2 interaction. These peaks 

were between 2250-3000 cm-1 and the intensities of 

the peaks were higher for nanofibers with ASE when 

compared to the control nanofibers. ASE is an organic 

mixture of plants, so it was also expected to burn after 

heat treatment. However, the peaks between 2250-

3000 cm-1 may be an indication that organic 

molecules are not completely burned. On the other 

hand, specific bonds for PVP and ASE mostly 

disappeared after heat treatment.  

 

4. Conclusion and Suggestions 

 

Pure TiO2 nanofiber networks can be prepared by the 

electrospinning method. Herein, the green synthesis 

and characterization of electrospun TiO2 nanofibers in 

the presence of avocado seed extract (ASE) were 

performed. As-spun TiO2 nanofibers with or without 

ASE were amorphous, whereas crystalline nanofibers 

were obtained after heat treatment. ASE has a 

significant effect on the phase evolution of heat-

treated TiO2 nanofibers. Anatase is the main phase in 

the crystalline structure of TiO2 nanofibers with or 

without ASE. However, 9 w% rutile phase was 

detected in TiO2 nanofibers without ASE which was 

at trace amounts in TiO2 nanofibers with ASE. In 

addition, smaller diameter fibers were obtained in the 

presence of ASE. Fiber diameter and crystalline 

structure are important parameters that may affect the 

photocatalytic activity, antimicrobial, and 

biocompatibility properties of the synthesized 

material. Further studies are needed to show how ASE 

will affect the functional properties of TiO2 

nanofibers.  
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