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Sustained release of CIP from TiO2-PVDF/starch nanocomposite mats with 1 

potential application in wound dressing 2 

 3 

       Abstract 4 

Electrospinning is an economical and alluring method to fabricate wound dressing mats from 5 

a variety of natural and synthetic materials. In this study, PVDF (Polyvinylidene fluoride) and 6 

starch composite mats containing ciprofloxacin (CIP) loaded on titanium dioxide nanoparticles 7 

(TiO2) were prepared. FTIR spectra of CIP, synthesized TiO2 NPs, TiO2/CIP, and PVDF/Starch 8 

composite mats are analyzed. SEM images revealed that the fiber diameter of PVDF nanofibers 9 

thickens by increasing starch which varies between 180 nm and 550 nm. Strain at break of 10 

PVDF, starch, PVDF/Starch (2:1 w:w) (P2S1), PVDF/Starch (1:1 w:w) (P1S1), PVDF/Starch 11 

(1:2 w:w) (P1S2), and nanofibers were 103 ± 11, 3 ± 0.6, 27 ± 4, 52 ± 5.2, 7.7 ± 1 %, 12 

respectively. Based on strain at break and young modulus, P2S1 was selected as a suitable 13 

candidate for wound dressing to which load TiO2/CIP as a bioactive agent. The release rate of 14 

CIP showed that about 40 % of the drug is released in the first 2 days.  Furthermore, the 15 

antibacterial activity of dressings was investigated using E. coli and S. aureus microorganisms 16 

and zones of clearance were obvious around the specimen on the agar plate. 17 
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1. Introduction 1 

Skin as the largest and the outermost organ of the body protects us from many biological and 2 

non-biological invasions. However, it can be breached easily when a skin region is injured as 3 

a result of surgery, trauma, burn, radiation, and deep cuts 1. The situation becomes more 4 

complicated and costly to ameliorate in case of chronic wounds which are normally categorized 5 

as venous leg ulcers, bedsores, and diabetic foot ulcers 2, 3. Chronic wounds are contaminated 6 

and infected at a higher extent which may cause crucial disorder in bone, joint, skin, and nerve 7 

and can afflict the patients to life-threatening situations 4. What's more, treating these kinds of 8 

wounds has been imposing a significant economic burden on worldwide health system 5, 6. 9 

Therefore, finding effective methods to regenerate injured skin is of high importance.  10 

Generally, traditional dressings are applied to maintain a favorable condition for faster wound 11 

healing by keeping the wound site clean and also absorbing the secreted liquids. They can also 12 

be integrated with some bioactive creams and powders to accelerate the healing process7, 8. 13 

However, clinical records have not shown common dressing enough effective on the closure 14 

and healing of more severe wounds 9. Over the past few years, multifunctional tissue-15 

engineered scaffolds have been emerged as promising dressings to address the unmet needs in 16 

wound healing 10. As well as rendering general properties of common dressings, these 17 

frameworks can be seeded with patients' own cells and therefore accelerates the healing process 18 

by providing a suitable place for the growth of native cells 11.  19 

An emerging approach to bestow multifunctionality to the tissue-engineered scaffolds is 20 

exploiting the intrinsic feature of different materials by their integration as composite networks 21 

as well as the incorporation of suitable nanoparticles— The final product is renowned as 22 

nanocomposite 12, 13. Recently, using natural and synthetic polymers as hybrid scaffolds 23 

attracted a great deal of attention since these composite structures can render biodegradability, 24 

biocompatibility, and bio-functionality from the natural polymer while the synthetic part can 25 

easily be tailored to endow improved physical and chemical properties such as strength and 26 

conductivity 14.  Starch is the most abundant and low-cost polysaccharide which made of about 27 

70 % amylopectin and 30 % amylose. Polyvinylidene fluoride (PVDF) is a popular synthetic 28 

polymer used in tissue engineering due to its piezoelectric properties and high cell affinity 15, 29 

16. The piezoelectricity of PVDF allows its surface to be electrically charged and further 30 

stimulate cell proliferation. Both PVDF and starch have shown a great deal of attention in tissue 31 

engineering applications 17-19. Besides the great advances in designing composite networks 32 

with different properties for biomedical applications, incorporation of particular nanoparticles 33 
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in a significantly small weight ratio to the bulk material demonstrated a significant 1 

enhancement in properties of polymeric bulk such as mechanical strength, conductivity, and 2 

bio-functionality. Up to now, numerous nanoparticles have been employed in wound dressing 3 

due to their antibacterial properties, such as TiO2, Au, Ag, and ZnO 20-22. As pharmaceutical 4 

evolved lots of different antibacterial drugs including ciprofloxacin, minocycline, vancomycin, 5 

streptomycin, and chlorhexidine, etc. were used accompanied by wound dressing 23-26. It is 6 

reported that electrospinning of PVDF leads to alter its crystalline structure, decreasing α phase 7 

and increasing β phase 16. Furthermore, using TiO2 in combination with PVDF intensifies its 8 

piezoelectric properties which may indirectly accelerate cell proliferation and decreases the 9 

curing timespan. The CIP is able to bind to the TiO2 NPs through the carboxyl group 27. Based 10 

on the literature, using antibiotic drugs has become so common for local wound applications.  11 

Herein, TiO2 nanoparticles were synthesized by hydrothermal-precipitation method and 12 

employed as a carrier for loading of CIF and its prolonged release. At the next step, nanofibrous 13 

scaffolds containing PVDF, starch, and nano-TiO2 loaded with ciprofloxacin were fabricated 14 

through electrospinning as one of the most popular techniques in tissue engineering and 15 

preparing dressing-like scaffolds 28. The suitable conditions were provided for the 16 

electrospinning of pure PVDF and starch, their composite and nano-TiO2 incorporated 17 

nanocomposite. After their structural characterization using FTIR and SEM, mechanical and 18 

rheological properties of these materials were investigated. Next, MTT assay was employed to 19 

assess the biocompatibility of the developed skin dressings. Finally, the antibacterial activity 20 

of the dressing was determined using both gram-positive and -negative bacteria.  21 

2. Experimental 22 

2.1. Materials 23 

Polyvinylidene fluoride (PVDF, Mw = 455000 g mol), hydrochloric acid (HCl), titanium (IV) 24 

chloride, dimethyl sulfoxide (DMSO), dimethylformamide (DMF), acetone, ethanol were 25 

purchased from Merck. Co. Germany. Corn starch, gentamicin, nutrient agar powder, Luria–26 

Bertani broth (LB Broth) powder, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 27 

bromide (MTT powder) were purchased from Sigma Aldrich. Glutaraldehyde was provided 28 

from DAEJUNG, Korea. Ammonium hydroxide solution and ciprofloxacin were generously 29 

provided by Mojalali Co., Tehran, Iran and Exir Co., Borujerd, Iran, respectively. For the 30 

mammalian cell culture, RPMI 1640, fetal bovine serum (FBS), trypsin-EDTA, and penicillin-31 

streptomycin were purchased from BioIDEA company, Tehran, Iran. 32 



4 

 

L929 mouse fibroblast cell line was purchased from the Pasteur Institute of Iran. Escherichia 1 

coli (E. coli) and Staphylococcus aureus (S. aureus) were kindly provided from the Institute of 2 

Biotechnology and Environment (Sharif University of Technology, Tehran, Iran).  3 

2.2. Methods 4 

2.2.1. Synthesis of TiO2 nanoparticles 5 

TiO2 NPs have been synthesized using the hydrothermal-precipitation method. Firstly, titanium 6 

chloride was dissolved in de-ionized water for 3.5 h at 40oC which was followed by dropwise 7 

addition of ammonia solution under vigorous agitation at 40°C to reach pH 8, the stirring was 8 

continued for 1 h then the resulting gel was transferred into autoclave and heated at 110°C for 9 

12 h. Then, the precipitates were filtered and washed several times with de-ionized water to 10 

remove the impurities such as chloride ions. Afterward, the obtained cake was dried at 110°C 11 

for 12 h and calcined at 600°C for 5h 29. 12 

2.2.2. Ciprofloxacin loading 13 

CIP was loaded on TiO2 nanoparticles following a previously optimized procedure 27. In this 14 

regard, CIP was dissolved in distilled water to reach a concentration of 1×10-3 M. Then 40 mg 15 

of TiO2 NPs was added to 14 mL of stirring CIP solution. For optimal loading efficiency, the 16 

mixture acidity was adjusted to 7 using HCl after which the mixture was stirred at 100 rpm for 17 

7 h. The NPs were separated by centrifugation at 5000 rpm for 5 min. The collected NPs were 18 

washed two times with distilled water to remove the loosely bound CIP, after which they were 19 

air dried overnight at room temperature and stored for further use. 20 

2.2.3. Electrospinning 21 

PVDF was dissolved in DMF at a concentration of 5 % w:v through stirring for 3 h at 60 oC. 22 

Starch was dissolved in DMSO:acetone (8:2 v:v) at a concentration of 5 % w:v through stirring 23 

overnight at room temperature. The starch solution was added to the PVDF solution and stirred 24 

vigorously for 1 h to obtain a homogenous mixture. Table 1 demonstrates the prepared samples 25 

and their preparation condition. For the samples comprising CIP-loaded NPs, the NPs were 26 

added to P2S1 solution at respected concentrations and mixed for 10 min at 2000 rpm to reach 27 

a homogenized mixture using a homogenizer (SR30, MTops). The obtained mixture was 28 

poured in a 5 mL syringe and electrospun at room temperature using the electrospinning 29 
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machine (Fnm co. Ltd.) while the needle distance to the collector was fixed at 20 cm. 1 

Table 1. The constituents of the prepared samples and their electrospinning condition. 2 

Sample PVDF to starch ratio NP concentration (mg/mL) Voltage (kV) Flow rate (mL/h) 

PVDF - - 9.5 0.7 

Starch - - 26.1 0.3 

P2S1 2 - 11.2 0.5 

P1S1 1 - 16.6 0.5 

P1S2 0.5 - 18.7 0.5 

P2S1 1X 2 1.9 12 0.5 

P2S1 2X 2 3.8 12 0.5 

P2S1 3X 2 5.7 12 0.5 

 3 

2.3. Techniques and analyses 4 

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR). FTIR is used to identify existing 5 

functional groups, chemical bonds, and the molecular structure of a compound. The FTIR 6 

spectra were recorded using a Shimadzu FTIR spectrometer. All spectra were the average of 7 

64 scans at a resolution of 4 cm−1, from 500 cm−1 to 4000 cm−1 which were done at 25 ℃. 8 

2.3.2. Field Emission Scanning Electron Microscopy (FE-SEM). To investigate the 9 

morphology of the nanofibers diameter and the cell morphology, the gold-coated samples were 10 

scanned using a TESCAN, VEGA series 2007 scanning electron microscope (SEM). To 11 

prepare the samples with cultured cells (3 days), the scaffolds were rinsed twice with PBS and 12 

fixed in 2.5 % glutaraldehyde for 3 h. Then, they were serially dehydrated by incubating for 15 13 

min in ethanol solutions (60 to 100 % v/v, increasing step = 10 %). 14 
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2.3.3. Mechanical Characterization. The mechanical properties of the respected samples 1 

were measured using Zwick/Roell Z010 (Z010) tensile apparatus at room temperature. To this 2 

end, all samples were cut in rectangular shapes (10 × 2 cm2) after which they were stretched 3 

with a rate of 1 mm min-1 at the ambient conditions. From the recorded data, Young’s modulus, 4 

stress strength, and elongation at break were calculated. 5 

2.3.4. Rheological Mechanical Spectroscopy (RMS). Rheological characterization of 6 

solutions was evaluated using an Anton Paar dynamic rheometer (Physica MCR 301, Austria) 7 

in frequencies between 0.01 - 100 Hz at 27 ºC. All measurements were performed in parallel 8 

plates geometry in which the bottom is fixed and the upper one is movable which can 9 

investigate the rheological behavior of the solution under different shear rates, since the fact 10 

that the viscosity of the polymer is a function of shear rates. 11 

2.3.5. Drug release and mathematical modeling. To evaluate the drug release from the 12 

electrospun scaffold, 10 mg pieces of the nanofibrous scaffolds placed in 50 mL of PBS which 13 

was shaken at 80 rpm and 37 ºC. At specified time intervals, half of the solution was taken for 14 

determining the released CIP and replaced with fresh PBS. The solution absorption was 15 

measured at 272 nm using a UV-Visible spectrophotometer (Shimadzu, Mini UV 1240, Japan). 16 

Mathematical modeling was done based on different formulations30. As the cumulative amount 17 

of drug released versus time, it describes the concentration-independent drug release rate from 18 

the formulation using equation (1). 19 

𝐶 = 𝑘𝑡                                      (1) 20 

where k is the zero-order rate constant. 21 

As log cumulative percent drug remaining versus time, it describes a concentration-dependent 22 

drug release from the system using equation (2).  23 

𝐿𝑜𝑔𝐶 =  𝐿𝑜𝑔𝐶0 −
𝑘𝑡

2.303
                            (2) 24 

where C0 is the initial concentration of drug and k is the first order constant. 25 

As a cumulative percentage of drug released versus square root of time, it describes the release 26 

of drug based on Fickian diffusion, as a square root of time-dependent process using equation 27 

(3).  28 

𝑄 =  𝑘𝑡
1
2                                      (3) 29 

where k is the constant. 30 

As the cube root of percentage drug remaining versus time, it is correlated with the release 31 
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from systems with polymer erosion/dissolution using equation (4) 1 

𝑄0
1/3 − 𝑄𝑡

1/3 =  𝑘𝐻𝐶𝑡                                    (4) 2 

where Qt is the amount of drug released at time t, Q0 is the initial amount of the drug in the 3 

scaffold, and kHC is the rate constant for the Hixson–Crowell rate equation. 4 

2.3.6. Cell culture. L929 mouse fibroblast cell line was expanded in tissue culture flasks in 5 

RPMI 1640 supplemented with 10 % FBS and 1 % penicillin/streptomycin, and incubated in a 6 

humidified environment with 5 % CO2 at 37 °C. Before reaching 90 % confluency, they were 7 

trypsinized and used for biocompatibility tests. 8 

2.3.7. Biocompatibility studies. In order to assess the biocompatibility of the electrospun 9 

scaffolds, MTT assay was accomplished after 1, 3, 5, and 7 days of cell culture. First, the 10 

samples were punched to a diameter of 11 mm and sterilized using ethanol (70 % v/v) and UV 11 

radiation (30 min) which was followed by their washing, twice using RPMI in order to  12 

remove the residual ethanol. As-trypsinized L929 mouse fibroblast cells were seeded on the 13 

fitted samples in 48 well plates (20000 cell well-1). At each time points, 55 % of medium (440 14 

µL) was aspirated of which 5 % was replaced with MTT solution (5 mg mL-1). Then, the culture 15 

plates were placed in an incubator for 4 h after which all the media were replaced with 200 µL 16 

DMSO. Finally, the optical density of the extracted solutions was measured at 570 nm using 17 

Biotek ELIZA reader (ELx800). 18 

 19 
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2.3.8. Antibacterial activity. E. coli and S. aureus were used in order to assess the antibacterial 1 

activity of the prepared nanofibrous scaffolds as a result of the controlled release of CIP. The 2 

antibacterial activity of the punched disc shape scaffolds (diameter = 5 cm) was tested by agar 3 

disc diffusion method 31. Both species were cultured in LB broth for two days in a shaking 4 

incubator with the speed of 150 rpm at 37 °C to reach their logarithmic phase. Using a 5 

hemocytometer (Marienfeld, Germany), the cell density was adjusted to 106 cell mL-1 of which 6 

1 ml was thoroughly mixed with 15-20 mL of runny nutrient agar and poured in Petri dishes. 7 

The prepared discs were placed separately on the solidifying nutrient agar in each plate. After 8 

it was hardened in room temperature, the plates were turned to their back and were incubated 9 

at 37 °C. After 24 h, the diameter of the clean zone around the scaffolds was determined as the 10 

inhibition zone. As a positive control, a filter paper was punched to the same size of the 11 

scaffolds and saturated with 1 % v:v gentamycin. 12 

The graphical abstract of this study is sown in Fig. 1. 13 

 14 

 15 

 16 
Figure 1. A visual summary of procedures for wound dressing fabrication and analyses. 17 

 18 

3. Results and discussion 19 

3.1. FTIR 20 

Fig. 2 illustrates FTIR spectra and the main characteristic peaks of PVDF, starch, and P2S1 21 
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3X, TiO2 NPs, CIP, and TiO2/CIP samples. The easily detectable absorbance bands at 1 

wavenumber range of 2800-3000 cm-1 are linked to the C-H stretching vibration of methyl 2 

groups of PVDF and starch chains. For PVDF and P2S1 3X samples, the characteristic peaks 3 

at 1372 cm-1 and 1740 cm-1 are assigned to C–F and C=C bands of PVDF chains, respectively. 4 

In addition, the appearance of peaks at wavenumber range of 600 - 880 cm-1 and 1031 cm-1 are 5 

related to C–O, and C–C bands existed in the structures of starch and P2S1 3X samples. The 6 

appearance of the characteristic peaks of both starch and PVDF in the P2S1 3X FTIR spectrum 7 

proved the proper mixing of starch macromolecules in the PVDF matrix. The wide band in the 8 

range of 500 – 600 cm-1 is corresponded to the bending vibration of (Ti–O–Ti) band in the TiO2 9 

structure, while the band at 3400 – 3600 cm-1 is related to stretching vibration of the hydroxyl 10 

group O–H of the TiO2 NPs. Furthermore, the peak at 1650 cm-1 implies to the bending modes 11 

of Ti–OH32, 33. FTIR of pure CIP depicts a peak in the range of 3500 – 3550 cm-1, which is 12 

related to the bending vibration of the OH group and the band at 3524 cm-1 is referred to the 13 

stretching vibrations of O–H of the carboxylic group. The bands at 1707 and 1622 cm-1 implies 14 

to stretching vibrations of the carbonyl group of carboxylic acid and ketone of CIP, 15 

respectively. The peaks at 1444 cm-1, 1271 cm-1, and 1045 cm-1 are due to C–H bending, C–16 

C–C of ketone, and C–F, respectively 34, 35. The FTIR of TiO2/CIP reveals the thorough loading 17 

of substitutions since all the mentioned peaks of CIP and TiO2 NPs are extant. It worth 18 

mentioning the only difference between CIP and TiO2/CIP is the intensity of peaks from 500 19 

to 600 cm-1 which refers to Ti–O–Ti bands in the TiO2/CIP.  As it is shown in TiO2/CIP, FTIR 20 

spectrum of the most of the bands are overlapped and only the peak in the range of 500 – 600 21 

cm-1 is intense, which is related to the Ti–O–Ti bands. Besides, this band coincidence in the 22 

mentioned FTIR may prove the thorough dispersion of CIP/TiO2 in the polymer. 23 
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 1 

Figure 2. FTIR spectra of starch, PVDF, P2S1 3X, TiO2/CIP, TiO2 NPs, and CIP. 2 

3.2. FE-SEM 3 

FE-SEM images of PDVF, P2S1, P1S2, and starch are shown in Figs. 3a, 3b, 3c, and 3d, 4 

respectively. Obviously, all the mats have no beads and consisted of nanofibers with a 5 

maximum diameter of 550 µm. Image j software was used to measure fiber diameters. Average 6 

fiber diameters of the mentioned mats are calculated 397 ± 18, 421 ± 54, 536 ± 31, and 737 ± 7 

52 µm, respectively.  8 

Additionally, by visual comparing of in Figs. 3a, 3b, 3c, and 3D, it can be concluded that as 9 

PVDF ratio increased, average fiber diameter decreased, fiber diameter distribution 10 

constrained, and caused lower fiber fracture, as well. Actually, at high concentrations of starch, 11 

onset electrospinning the cone of starch cannot stretch due to the heaviness of starch solution 12 

and cause some beads. Starch prone to form larger fiber and bead as reported elsewhere 36.  13 
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 1 

Figure 3. The SEM images of PDVF (a), P2S1 (b), P1S2 (c), and starch (d) 2 

 3 

The FE-SEM image of the TiO2 NPs are shown in Figs. 4a and 4b with scale bar of 500 and 4 

200 nm, respectively. Moreover, Figs. 4c and 4d illustrate the size distribution of TiO2 which 5 

is measured using Image-J software. As can be seen, the smallest and largest particle size of 6 

this nanoparticle respectively is 53.1 and 168.09 nm, and the average particle size is 81.06 nm. 7 

The highest particle size distribution contribution is in the range of 60-90 nm. 8 
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 1 

Figure 4. The FE SEM images of synthesized TiO2 NPs and their size and distribution.  2 

3.3. Mechanical behavior 3 

The tensile test was performed on the different electrospun samples to compare the mechanical 4 

characterization of the electrospun PVDF without and with various contents of starch. The 5 

obtained mechanical data including tensile strength, Young’s modulus, and elongation at break 6 

are presented in Table 2. 7 

As shown in Fig. 5 and Table 2, the lowest mechanical characterization including tensile 8 

strength, and Young’s modulus and the highest elongation at break among the samples are 9 
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related to PVDF. The highest tensile strength and Young’s modulus are attributed to starch 1 

with a rigid structure due to the higher molecular weight of the starch chains compared to 2 

PVDF chains. That is why the starch sample has the lowest elongation at break (~ 3 %) in 3 

comparison with other samples. In addition, it is clear that the mechanical properties of the 4 

blended samples follow the classical mixture law. The obtained results illustrated that the 5 

overall mechanical properties of the electrospun PVDF samples improved in the presence of 6 

the starch due to the higher mechanical properties of starch chains after the blending procedure. 7 

For bioengineering applications, it is important to fabricate the scaffolds with remarkable 8 

mechanical strength and flexibility. Thus, with a comparison of the data obtained from Fig. 5 9 

and Table 2 for different samples, P1S1 sample was selected as the samples with optimum 10 

mechanical properties for other experiments. 11 
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 1 

Figure 5. Typical stress-strain curves of the electrospun PVDF (a), starch (b), P2S1 (c), P1S1 (d), and 2 

P1S2 (e) samples. 3 

 4 

Table 2: The obtained mechanical data from the tensile test for different samples. 5 

Sample PVDF Starch P2S1 P1S1 P1S2 

Tensile strength (MPa) 4.6 ± 1.16 7.1 ± 1.04 6.4 ± 1.3 8.9 ± 1.1 10.9 ± 1.3 

Young’s Modulus (MPa) 11.7 ± 1.6 173.5 ± 9.7 63.8 ± 6.2 39.5 ± 6.9 44.8 ± 8.7 

Elongation at break (%) 103.1 ± 11.1 3 ± 0.6 27.9 ± 4.6 52.2 ± 5.2 7.7 ± 3.1 
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 1 

3.4. RMS 2 

RMS analysis in the steady flow mode was performed on the different solution to obtain the 3 

values of rheological properties including apparent viscosity and shear stress as a function of 4 

the shear rate at 27 °C. Various parameters such as molecular weights of polymer chains and 5 

molecular interactions between the chains can affect the overall rheological properties of the 6 

polymer solutions. The morphology and spinnability of the resulting nanofibers could be 7 

explained by the rheological characterization of polymer solutions. It is shown that rheological 8 

characteristics of the prepared polymer solutions play an important role in the electrospinning 9 

process and the final properties of the electrospun fibers 37. For these purposes, the solutions 10 

of PVFD, starch and their blends were characterized with RMS analyses. The results were 11 

compared to those of the neat PVDF and starch solutions. Viscosity as a function of the shear 12 

rate has been illustrated in Fig. 6.  13 

As it can be inferred from the results that the starch and PVDF solutions have interacted and 14 

the viscosity of solution increase due to the entanglement of the chains during the mixing and 15 

electrospinning process [11]. Additionally, the viscosity of the mixture increased in the higher 16 

contents of starch in the mixture solution due to the higher molecular weight of starch chains 17 

compared to PVDF chains. These interactions resulted in the facilitated electrospinning 18 

procedure. 19 

Also, as shown in Fig. 6, Pseudoplastic behavior can be observed for the neat and blended 20 

samples containing the starch. In fact, the solutions containing the starch follows a shear-21 

thinning behavior and the viscosity decreases when the shear rate increases. These 22 

Pseudoplastic and shear-thinning behavior are appeared due to the fact that most asymmetric 23 

molecular chains can form considerable physical entanglements which become more 24 

disciplined under higher shear rates. These observations proved that during the electrospinning 25 

process, the viscosity of the PVDF solution containing starch chains is reduced when the 26 

solution leaves the needle of the syringe leading to the fabrication of fibers with the thinner 27 

diameters.  28 
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 1 

Figure 6. Steady viscosity and shear stress of different samples in the solution phase as a function of 2 

the shear rate at 27 ºC. 3 

3.5. Drug release  4 

The in vitro release curves of ciprofloxacin loaded with various concentration from the 5 

nanofiber mats are shown in Fig. 7. The results showed that a quick release of CIP in the first 6 

20 h (about 35%), and after 20 h the slower rate is observed. The initial burst release of CIP 7 

was related to the hydrophilic nature of CIP which eases its diffusion to the water quickly.  8 

 9 
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Figure. 7. Accumulated release curve of CIP from P2S1 3X, P2S1 2X, P2S1 1X. 1 

 2 

As it is shown in Fig. 8 the fitted curves show the Zero-order, First order, Higuchi, and Hixson–3 

Crowell model data of release rate. Regressions for Zero-order, First order, Higuchi, and 4 

Hixson–Crowell are 0.903, 0.752, 0.985, and 0.812, respectively. Moreover, the highest 5 

correlation coefficient values are considered and they fit better with the Zero order and Higuchi 6 

models. As Zero order correlates the data precisely it is inferred that the release rate is 7 

independent of the drug concentration. That is why modeling for all samples are the same and 8 

therefore data for P2S1 2X is only plotted here. Higuchi was the dominant drug release 9 

mechanism because the Higuchi curve had higher linearity among others due to fact that the 10 

strong polymer matrix formed from a high proportion of polymer, with limited cap space, 11 

which resulted in limited drug release by diffusion. 12 

 13 

 14 

 15 

 16 

 17 
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Figure 8. Drug release data fitted to various kinetic models according to Zero order, First 1 

order, Higuchi model, Hixson-Crowell model diffusion model. 2 

 3 

 4 

 5 

 6 

3.6. MTT 7 

Biocompatibility of the electrospun dressings with different concentrations of incorporated 8 

TiO2 NPs loaded with CIP was investigated using MTT assay. The cells cultured on P2S1, 1X 9 

demonstrated the highest proliferative capacity, the more concentration of NPs can be 10 

cytotoxic. Optical Density values show that by the addition of TiO2/CIP up to the concentration 11 

of 1.9 mg mL-1 the proliferation of L292 cells increases since TiO2 form higher beta phase 12 

crystalline structure of the nanofibers 38, 39.  13 

On the other hand, in the range of higher concentrations, not only TiO2 NPs can be cytotoxic, 14 

but also CIP induces cell death via cell cycle arrest and inhibition of DNA synthesis, as it was 15 

reported elsewhere 40-42.  16 

The results showed in Fig. 9a indicates that the cultured fibroblasts adhered on the on all the 17 

scaffolds and proliferated as the respected optical density increased through time 43. In addition, 18 

the attachment and morphology of L929 cells were examined for the cells cultured on P2S1 19 

dressing after 1-day incubation as shown in Fig. 9b.  20 

 21 
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Figure 9. The normalized optical density associated with the metabolic activity of the cultured viable 1 

cells on electrospun samples at different time points (A) and L929 cell morphology (B). 2 

3.7. Anti-bacterial 3 

To treat and cure wounds of chronic type, the first step is to unravel its causes. The problem 4 

and also the solution associated with chronic wounds may stand in a war toward complex 5 

infections in which there is more than one bacterium in action 44. Generally, a gram-positive 6 

bacterium makes a gram-negative one significantly virulent and resistant to the body immune 7 

system 44. S. aureus has been recognized as one of the most prevalent gram-positive species on 8 

infection sites 45. Herein, we evaluated the antibacterial activity of the electrospun wound 9 

dressing against S. aureus and E. coli; which is mediated by controlled release of CIP as it is 10 

shown in Fig. 10. The results showed that the released CIP from the dressing over the course 11 

of 24 h can inhibit the growth of both gram-negative and -positive bacteria. This growth 12 

inhibition increased at higher loaded concentrations of CIP; as the area devoid of bacterial 13 

growth was broader. In comparison to the positive control, P2S1 3X samples showed greater 14 

inhibitory effect against E. coli; whereas an almost equal effect was observed on S. aureus. 15 

These findings indicate that the CIP loaded dressing can speed up wound healing and also 16 

prohibit the formation of chronic wounds owing to its antibacterial activity. 17 

 18 

Figure 10. The antibacterial activity of the electrospun scaffolds mediated by the controlled release of 19 

CIP; evaluated against E. coli and S. aureus after 24 h. Filter papers saturated with gentamycin were 20 

used as the positive control. Scale bar is 2 cm. 21 
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4. Conclusions 1 

In conclusion, it was showed that electrospun dressings based on a 2:1 (w:w) blend of PVDF/ 2 

Starch/ (P2S1) present a range of mechanical properties that are believed to be suited for wound 3 

dressing applications. The morphology of nanofibers and their diameter were assessed via SEM 4 

and Image J, respectively. CIP/TiO2 loaded dressings exhibit an appropriate drug delivery 5 

system with sustained drug release pattern. Antibacterial activity of P2S1 mats containing 6 

various amounts of TiO2/CIP against S. Aureus and Escherichia Coli was proved by the disk 7 

diffusion method. Additionally, biocompatibility and anti of the mats were investigate using 8 

the MTT test. 9 
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