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Abstract
Curcumin is a naturally occurring hydrophobic polyphenol compound. It exhibits a wide range of biological activities such as antibacterial, anti-inflammatory, anti-carcinogenic, antifungal, anti-HIV, and antimicrobial activity. In this research work, antimicrobial curcumin nanofibrous membranes are produce by electrospinning technique using the Eudragit RS 100 (C19H34CINO6) polymer solution and curcumin. The morphology and chemistry of the membrane are analyzed using Scanning Electron Microscopy (SEM) and Fourier-Transform Infrared (FTIR) Spectroscopy. Kirby Bauer disk diffusion tests are carried out to examine the antibacterial effectiveness of the membrane. Experimental results shows that the nanofibers produced are of uniform thickness morphology and curcumin is successfully incorporated into the nanofibrous mat while no chemical bonding was observed between curcumin and the polymer. The antimicrobial curcumin nanofibrous membranes can be effectively applied as antimicrobial barrier in a wide variety of medical applications such as wound healing, scaffolds and tissue engineering.
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Literature Review
Nanofibers are exciting new class of materials, useful for many applications due its very fine thickness (≤ 100 nm) and large surface-to-volume ratio [1]. Several techniques based on polymer type, attainable fiber assembly, production rate and cost are used to produce nanofibers such as electrospinning [2], melt-blowing [3], template synthesis [4], self-assembly [5], multi-component spinning [6], flash spinning [7], and nanolithography [8]. 
Among others [2–8], electrospinning is the most versatile fabrication process that can produce nanofibers from a wide range of polymeric materials at higher production rate and low cost. Electrospinning is a process of applying high voltage between a polymer solution contained in a syringe with a capillary tip and a collector. Electrospun fibers are collected at the collector during the fabrication process in the form of membranes. The properties of nanofibers can be customized by regulating the voltage, concentration and viscosity of polymer solution, and solvent composition [9]. Till the recent past, electrospinning of more than 100 varieties of natural and synthetic polymers, composites and ceramics into ultra-fine nanofibers have been demonstrated. Nanofibers can also be functionalized by mixing with functional additives or surface modification [10,11]. Electrospun nanofibrous membranes have found wide range of applications in health care, energy storage, environment engineering and biotechnology due to its relatively light weight, high surface area, and interconnected porous structure [10].
Recent developments in the field of nanostructures has opened up exciting opportunities for new materials design such as nanofibrous membranes with antimicrobial properties for medical applications such as wound dressings etc. [12,13]. The conventional wound dressings provide basic environments for wounds with regards to barrier to evaporation and protection from outside bodies. However, the biologically functional electrospun antimicrobial nanofibrous membranes encourage healing and also compensate the functions of conventional wound dressing [14].  Antimicrobial agents inhibits the growth of microorganism by bacteriostatic and bactericidal responses, however, the antimicrobial agents can also be harmful such as in case specific allergies etc. [15]. Compared to synthetic, natural antimicrobial agents are less harmful, biocompatible, economically viable and readily available. Natural antimicrobial agents are the major chemical constituents of some most common plants such as Turmeric, Aloe Vera, Basil and Neem etc. Turmeric was used in the ancient times to promote wound healing due to one of its major chemical component, Curcumin. Figure 1 shows the structure of the Curcumin molecule. Curcumin is an anti-oxidant, anti-inflammatory, anti-cancer, assists in reducing pain and accelerates the process of wound healing [16,17]. Curcumin dissolves in organic solvents like ethanol, acetone and Dimethyl Formaamide (DMF) and its anticoagulant property make it suitable for drug-eluting stents [18]. Several researchers has successfully incorporated curcumin into biomaterials and observed its medical efficacy.  Nguyen et al. [16] produced curcumin loaded Poly-Lactic Acid (PLA) nanofibers and reported its potential antimicrobial effectiveness. Xie et al. [19] fabricated curcumin-loaded silk fibroin nanofibrous membranes and suggested that the drug-loaded nanofibrous membranes can be useful as biomaterials with antimicrobial and antitumor function.
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[bookmark: _Ref18795010]Figure 1 Curcumin (C21H20O6) Structure
Wide range of natural (collagen, gelatin, chitosan, elastin, silk fibroin and alginate) and synthetic (PGA, PLGA, PCL, PLLA-CL, PEO and PVA) polymers are used to produce nanofibrous membranes for biomedical applications [20–22]. Natural polymers are biocompatible and biodegradable compare synthetic polymers display improved structural properties. However, natural polymers are sometimes mixed with synthetic polymers to enhance the properties of membrane [23]. 
In this research work, an economical and effective antimicrobial nanofibrous membranes are fabricated by using natural antimicrobial agent “Curcumin” utilizing electrospinning fabrication technique. Morphological and functional properties of the nanofibrous membrane are studied using SEM and FTIR. To evaluate application in the medical field, Kirby Bauer disk diffusion tests are carried out to examine the antibacterial effectiveness of the antimicrobial curcumin nanofibrous membranes.
Experimental Work
Materials
Eurdagit RS 100 (C19H34ClNO6) (ethyl prop-2-enoate; methyl 2-methylprop-2-enoate; trimethyl-(2-(2-methylprop-2-enoyloxy) ethyl) azanium) supplied by Sigma-Aldrich, Germany was used as electrospinning polymer. Ethanol and DMF, supplied by the institute of Chemical Engineering, University of the Punjab, Lahore were used as solvent. Curcumin was recovered from Turmeric powder of analytical grade, acquired from local (Abkari) market, Lahore, Pakistan.
The conductivity of solutions was measure using a conductivity meter. Ostwald Viscometer was used to determine viscosity of solutions. Stalagometer was used to measure the surface tension of solutions. To produce the nanofibrous membranes, sprocket disk needleless electrospinning setup in the lab facility of the College of Textile Engineering, Bahauddin Zakariya University was used. Figure 2 represents the schematic diagram of needleless electrospinning setup. The setup is composed of a Teflon bathtub, high voltage supply, a sprocket disk equipped with spinneret for fabrication of nanofibrous membrane and a collector surface to receive nanofibers and produce membrane.
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[bookmark: _Ref19493795]Figure 2 Schematic diagram of needleless electrospinning setup.
Finite detail method was used to analyze the mechanism, profile and intensity of electric area across the spinneret of sprocket disk in needleless electrospinning setup. Geometry of bullet spinneret was produced using solid work software (2014 version) and COMSOL Multiphysics 5 software was used for modeling.
Inspect S50 Scanning Electron Microscopy (SEM) was used to examine the surface morphology of the fibers and Nicolet iS5 Fourier Transform Infrared Spectrometer (FTIR) was used to identify functional group in nanofibers in the institute of Chemical Engineering, University of the Punjab, Lahore. Mueller-Hinton agar plates in the lab facility of the College of Textile Engineering, Bahauddin Zakariya University were used to evaluate the response of curcumin nanofibrous membrane towards bacteria growth. 
Methods
Curcumin Extraction
To extract the curcumin, Turmeric powder was mixed with ethanol (95%) in a ratio 1:5 for fifteen days at a room temperature with the help of magnetic stirrer. The main ingredients of turmeric are diffused into the solvent and by filtration and evaporation, an active substance called Curcumin is recovered. 
Dope Preparation
The polymer solution for electrospinning of nanofibrous membrane without antimicrobial activity was prepared by adding 3.2 gm of Eurdagit RS 100 polymer to an 8% solution of HCON (CH3)2 containing 20 ml of ethyl alcohol and 20 ml of DMF. The polymer solution was stirred for 36 hours continuously to reach uniformity. 
To produce antimicrobial nanofibrous membrane, curcumin was added to polymer solution to prepare polymer solution for electrospinning in three different concentrations. Each of the polymer solution was stirred for 36 hours continuously at room temperature to attain uniformity. The viscosity, conductivity and surface tension properties of the prepared polymer solutions were determined and the respective vales are reported in Table 1. 

[bookmark: _Ref19020735]Table 1 Properties of the prepared dope solution for electrospinning of nanofibrous membranes. 

	S. No
	Electrospinning Dope
	Viscosity [cps]
	Conductivity [mS]
	Surface Tension 
[dyne/cm]

	1
	Polymer solution without Curcumin
	1415
	0.75
	87

	2
	Polymer solution with 1% Curcumin
	1165
	0.96
	81

	3
	Polymer solution with 5% Curcumin
	769.44
	1.50
	78

	4
	Polymer solution with 9% Curcumin
	687
	1.80
	74



Nanofibrous Membranes Preparation
Sprocket disk needleless electrospinning setup was used to produce the nanofibrous membrane specimens. The electrospinning polymer solution was added to the Teflon bath and spinneret teeth were dipped into the polymer solution. A 12v DC potential was supplied between the wheel and a twine electrode submerged in the polymer solution bathtub.
The optimized valve for spinning distance was set to 12 cm and potential at 35 kV. The optimized values were calculated by using finite detail method and modeling software. Figure 3 shows the distribution of electric field around the sprocket disk equipped with spinneret.  It was observed that the intensity of electrical profile is extra centered on the top ground of bullets than the relaxation floor of spinneret.
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[bookmark: _Ref19495032]Figure 3 Electric field profile around the sprocket disk equipped with spinneret.
Intensity of electric subject norm is identical to the negative gradient of the implemented capacity difference as shown in equation 1. The geometric form that has large curvature might be able to produce high-depth electric subject beneath the identical applied capability difference. This is why the intensity of electric subject norm is more on hints of bullets compared to the rest frame of the bullet spinneret. 
E = -∇ V			Equation 1
Whereas, V = Potential distinction and E = Intensity of electric discipline norm.
With the increase in electric potential, up to the optimized value, the sprocket disk starts rotating and cohesive forces between the spinneret and polymeric solution are established. During the rotation, spinneret transfers the dope from the bathtub to the collector in the form of nanofibers. The layers of nanofibers accumulate on the collector and develop a fibrous membrane. Figure 4 shows the accumulation of nanofibers on the collector surface at different time intervals during the electrospinning process.
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[bookmark: _Ref19494739]Figure 4 Macro images of the nanofibers accumulated on collector at different intervals. 
The nanofibrous mat accumulated on the collector surface was recovered. Figure 5 shows the macro images of the membranes recovered during the electrospinning experiment in this study. 
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[bookmark: _Ref19494894]Figure 5 Macro images of curcumin, (a) 2cm x 3.5cm (b) 3x magnified, electrospun nanofibrous membrane.
Kirby Bauer Disk Diffusion Method
Suspended bacteria in a liquid culture at 150 million/ml was spread across the (Mueller-Hinton) agar plate using a moist swab. Then the circular pieces (disks) of antimicrobial nanofibrous membrane were placed carefully on the floor the agar plate using forceps. The infected forceps were cleaned each time by putting it in a bacteria incinerator for ten (10) seconds. The agar plates containing the antimicrobial nanofibrous membrane samples were incubated at 37 oC for twenty-four (24) hours. The inhibition zones developed were measured using metric ruler to analyze the sensitivity of the antimicrobial nanofibrous membrane to bacteria. 
Results and Discussion 
Properties of Dope
The viscosity, surface tension and conductivity of the prepared dope solution for electrospinning of nanofibrous membranes was measured at 1 wt%, 5 wt% and 9 wt% curcumin concentrations. The experimental results, reported in Table 1, shows a decreasing trend in viscosity and surface tension of the polymer solution with the increase in curcumin concentration. In-order to achieve uniform and beadless nanofibers, the concentration of the electrospinning polymer solution should be above entanglement concentration (Ce) [24]. Lower viscosity of the polymer solution may cause electrosprying instead of electrospinning, while lower surface tension of the polymer solution leads to beads free nanofibers production in electrospinning [25]. The addition of curcumin to the polymer solution was kept to the level to keep the viscosity above the entanglement concentration (Ce) threshold, therefore, at the attained viscosity, the workable range of polymer solution is expanded. Improvement in the conductivity was observed when the concentration of curcumin was increased in the polymer solution. Wang et al. [17], also reported the increase  in conductivity with the addition of curcumin to polymer solution and observed that the enhanced electrical conductivity favors the electrical drawing effect on the jet fluid and decreases the fiber fineness.
Morphology
Figure 6 shows the SEM images of the electrospun nanofibrous membranes morphology. The results evidence that the nanofibers are apparently produced with uniform thickness and no accumulation of polymer mass in the form of beads was observed across the fibrous membrane. Researchers in the recent past reported that there are several electrospinning process parameters such as polymer concentration, applied voltage, type of solvent system, solution fed rate, type of collector and rotation speed that can affect the morphology of the nanofibers [16,26,27]. However, for all the specimen preparation in this study, the electrospinning process parameters were optimized and kept similar during the series of experiments, therefore, a uniformity was observed in the clusters of the nanofibers.
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[bookmark: _Ref19006696]Figure 6 SEM images of membrane having a) 1% b) 5% and a) 9% curcumin content.
The absence of beads formation and apparently even distribution of nanofibers in the nanofibers cluster shows the uniform dispersion of curcumin in the polymer and in the membrane. A relative discontinuity of nanofibers was noticed in Figure 6 (a) and (b) due to the lower concentration of curcumin in polymer solution. However, higher uniformity and continuity in the thickness of nanofibers and its distribution in the membrane was observed, Figure 6 (c), when the curcumin content in the polymer solution was increased to 9 wt%.
FTIR Analysis
FTIR spectrum of the polymer (Eudragit RS 100), antimicrobial agent (Curcumin) and the electrospun curcumin-loaded nanofibrous membrane are reported in Figure 7. The FTIR spectra of the polymer (Eudragit RS 100), Figure 7 (a), confirms the presence of methyl band at 2930 cm-1, ester C=O band at 1724 cm-1 and C–O band at 1160 cm-1. Similar observations are reported by other researchers in literature [28,29].  
The FTIR spectra of the antibacterial agent used in this study, Figure 7 (b), evidences the presence of hydroxyl, methyl, carbonyl and C=C bands at 3307 cm-1, 2950 cm-1, 1640 cm-1 and 1560 cm-1 bands respectively. The observations are supported by the findings reported by Rohman et al.  [30] and Siregar et al. [31] while working on curcumin based drugs for medicinal applications.
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[bookmark: _Ref19009809]Figure 7 FTIR Spectra of (a) Polymer (Eudragit RS 100), (b) Antimicrobial agent (Curcumin) and (c) Antimicrobial electrospun nanofibrous membrane.
Curcumin loaded electrospun nanofibrous membrane FTIR spectra, Figure 7 (c), indicates the peaks for the constituents of polymer and curcumin such as at 3310 cm-1 (phenolic OH), at 1740 cm-1 (C=O ketone), at 2970 cm-1 (alkane CH3 stretching), at 1550 cm-1 (C=C) and at 1160 cm-1 (C–O). These results confirms the incorporation of antimicrobial agent (curcumin) into the nanofibrous membrane while, no apparent chemical linkages between the antimicrobial agent and polymer are observed. 
Kirby Bauer Disk Diffusion Test Results
Inhibition zones are measured around the nanofibrous membrane without curcumin and 9 wt% curcumin loaded nanofibrous membrane disks in the agar plate. From results presented in Figure 8 (b) it is evident that, the curcumin spreads into the agar and stops the growth of bacteria in the indicated zones compared to the zones having disks of nanofibrous membrane without curcumin. 
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[bookmark: _Ref19488082]Figure 8 Kirby Bauer Disk Diffusion, Agar plate loaded with disks (a) before and (b) after incubation at 37 oC for twenty-four (24) hours.
The inhibition of bacterial growth is confirmed by several researchers. Xie et al [19] exhibited the drug release properties of the SF/PEG nanofibrous membranes loaded with curcumin. Nguyen et al. [16] reported higher closure rates of wounds treated with Cur-loaded PLA nanofibers. Wang et al. proposed that PVP nanofibers loaded with curcumin display enhanced bioavailability and effective anticancer effect [17]. The current results shows promising properties for the development of curcumin based antimicrobial membranes for medical applications.
Conclusion
In this research work, an economical and readily available natural antimicrobial agent “Curcumin” extracted from a turmeric plant is successfully blended into a nanofibrous membrane using electrospinning technique for medical applications. The nanofibrous membranes were characterized for morphology, chemistry and its antimicrobial effectiveness. The SEM results evidences the formation of smooth, uniform and beadless nanofibers, clustered in a fibrous mat/membrane when the concentration of curcumin was 9 wt%, was achieved. The FTIR analysis confirmed the incorporation of antimicrobial agent “curcumin” into the nanofibrous membrane without chemical linkages between the antimicrobial agent and the polymer. The Kirby Bauer Disk Diffusion test results verified the antimicrobial effectiveness of the fabricated curcumin loaded nanofibrous membranes. 
Future work
Future work in progress is in the direction of incorporating several other naturally occurring antimicrobial agents such as Aloe Vera, Neem and Basil etc. and their blends into the nanofibrous membranes for high-end medical applications at lower cost. 
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