
 
 

Pamukkale Univ Muh Bilim Derg, 26(7), 1178-1185, 2020 

 

Pamukkale Üniversitesi Mühendislik Bilimleri Dergisi 

 Pamukkale University Journal of Engineering Sciences 

 

1178 
 

Production of essential oil-based composite nanofibers by emulsion 
electrospinning 

Emülsiyon elektro lif çekim yöntemi ile uçucu yağ esaslı kompozit 
nanoliflerin üretimi 

Funda CENGİZ ÇALLIOĞLU1* , Hülya KESİCİ GÜLER2  

1,2Textile Engineering Department, Engineering Faculty, Suleyman Demirel University, Isparta, Turkey. 
fundacengiz@sdu.edu.tr, kesicihulya@gmail.com 

Received/Geliş Tarihi: 10.07.2019 
Accepted/Kabul Tarihi: 04.12.2019 

Revision/Düzeltme Tarihi: 15.10.2019 doi: 10.5505/pajes.2019.67424 
Research Article/Araştırma Makalesi 

 
Abstract  Öz 

This study aimed to produce polyvinylpyrrolidone (PVP)/gelatin 
(GEL)/lavender essential oil (LEO)-based nanofibers by means of oil-in-
water emulsion electrospinning. Firstly, the polymer solution properties 
were measured, and then optimization of nanofiber production and 
characterization of the nanofibrous web were carried out. As gelatin 
was added to the PVP solution, viscosity was found to increase while 
surface tension and conductivity decreased. PVP/GEL (50/50) was 
determined to be the optimum sample in terms of nanoweb quality, fiber 
diameter, diameter uniformity, and gelatin content. Nanofiber 
production proceeded with PVP/GEL (50/50) and various 
concentrations of LEO. FT-IR results confirmed that LEO, PVP, and 
gelatin were incorporated in the chemical structure of the nanofibers. 
Generally, ultra-fine and uniform nanofibers were obtained, except 
when using pure PVP or PVP/GEL (50/50) including 8 wt % LEO. The 
finest fibers were obtained from PVP/GEL (100/0) (183 nm), and the 
most uniform fibers were obtained from PVP/GEL (50/50) (fiber 
diameter uniformity coefficient of 1.04). All nanofiber samples displayed 
unimodal distribution curves of histograms. While the addition of 
gelatin affected solution properties and average fiber diameter, the 
addition of LEO did not affect fiber properties.  

 Bu çalışmada, su içinde yağ emülsiyon elektro lif çekimi ile 
polivinilpirolidon (PVP)/jelatin (GEL)/lavanta uçucu yağ (LEO) esaslı 
nanolif üretilmesi amaçlanmıştır. Öncelikle; polimer çözelti 
özelliklerinin ölçümü ve daha sonra nanolif üretim optimizasyonu ve 
nanolifli ağ yapının karakterizasyonu gerçekleştirilmiştir. PVP 
çözeltisine jelatin ilavesi ile viskozite artar iken, iletkenlik ve yüzey 
gerilimi azalmaktadır. Nano ağ kalitesi, lif çapı, çap üniformitesi ve 
jelatin içeriği bakımından PVP/GEL (50/50) optimum numune olarak 
belirlenmiştir. Çeşitli konsantrasyonlarda LEO içeren PVP/GEL 
(50/50)’den nanolif üretimine devam edilmiştir. FT-IR sonuçları, 
nanoliflerin kimyasal yapısında LEO, PVP ve jelatin varlığını 
doğrulamıştır. Saf PVP ve %8 LEO içeren PVP/GEL (50/50) hariç, 
genellikle oldukça ince ve üniform nanolifler elde edilmiştir. En ince 
lifler PVP/GEL (100/0) (183 nm) çözeltisinden ve en üniform lifler 
PVP/GEL (50/50) (1.04 lif çapı üniformite katsayısı) çözeltisinden elde 
edilmiştir. Tüm nanolif numunelerinin histogramında tek tepeli dağılım 
eğrileri elde edilmiştir. Jelatin ilavesi, çözelti özelliklerini ve ortalama lif 
çapını istatistiksel olarak etkilemiştir fakat LEO ilavesi lif özelliklerini 
etkilememiştir. 

Keywords: Polyvinylpyrrolidone, gelatin, lavender essential oil, 
emulsion electrospinning, nanofiber 

 Anahtar kelimeler: Polivinilpirolidon, jelatin, lavanta uçucu yağı, 
emülsiyon elektro lif çekimi, nanolif. 

1 Introduction 

Emulsion electrospinning is a new, green approach for the 
production of nanofibers. It enables the generation of nanofiber 
from immiscible liquids such as essential oils and hydrophobic 
drugs and proteins; indeed, it is the most suitable method for 
combining nanofibers with essential oils [1]-[4]. Normally, it is 
very difficult but not impossible to produce nanofibers from an 
aqueous polymer solution and an essential oil. Emulsion 
electrospinning enables the preparation of stable and 
homogenous emulsion solutions, making it far easier to 
produce nanofibers. Another advantage of this method is that it 
does not require extra apparatus over the conventional 
electrospinning system. Furthermore, emulsion 
electrospinning represents a big step towards green 
electrospinning. The main aim of green electrospinning is the 
use of green chemicals, which are very important in terms of 
environmental impact and end-product properties [5]-[6]. In 
recent years, nanofibers have become very attractive for 
medical and cosmetic applications, for which a green 
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electrospinning approach has vital importance. For these 
reasons, this study explored the production of nanofibrous 
composite material including PVP/gelatin/lavender essential 
oil (LEO) by oil-in-water emulsion electrospinning.  

PVP and gelatin were used as the polymers in this study due to 
their particular properties. Namely, PVP is a biocompatible, 
non-toxic, water-soluble, hydrophilic, and synthetic polymer, 
whose use in nanofibrous surfaces for biomedical applications 
has been explored in the literature [7]-[11]. Prior work has 
carried out the electrospinning of PVP mixtures including; 
poly(ethylene oxide)/PVP [7], poly(ε-caprolactone)/PVP [8], 
zein/PVP [12], dextran/PVP [13], poly(vinylidene 
fluoride)/PVP [14], and ethyl cellulose/PVP [15]. Meanwhile, 
gelatin is a natural, protein-based polymer that features the 
intrinsic properties of nonimmunogenicity, biodegradability, 
biocompatibility, good cell adhesion, and mucoadhesion; these 
properties are important for medical and cosmetic applications 
[16]-[18]. While there are a lot of prior studies about gelatin-
based nanofibrous surfaces, these combined gelatin with 
organic, toxic and harmful solvents such as  
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2,2,2-trifluoroethanol (TFE) [19]-[20], trifluoroacetic acid 
(TFA) [21],[16], and 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) 
[22]-[25]. Others have explored electrospinning gelatin 
nanofibers from mixtures such as chitosan/gelatin [16],[26], 
poly(ε-caprolactone)/gelatin [23]-[24], polyaniline/gelatin 
[25], poly(lactic-co-glycolic acid)/gelatin [20],[27]-[28], and 
silk fibroin/gelatin [29]. Our study differs from prior work by 
using a green solvent (acetic acid) to prepare the gelatin 
solutions. Furthermore, to our knowledge, there has been no 
study of PVP/gelatin-blended and LEO-added nanofibers 
prepared by emulsion electrospinning. This study is distinctive 
in this aspect from other studies.  

Essential oils are odorant oils that can be produced from 
different parts of medicinal and aromatic plants [30]-[32]. The 
essential oil from lavender (Lavandula hybrida L.), which was 
used as an additive in this study, has antiseptic, antibacterial, 
sedative, tranquillizer, antioxidant, and relaxing properties; 
and therefore can be used in the application areas of perfumery, 
pharmacology, medicine, and especially aromatherapy [33]- 
[35]. Also, LEO is a commercial product of Isparta province, 
Turkey, and it is thought that with this study, this commercial 
product can enter into new application areas such as nanoscale 
cosmetics and biomedical materials.  

Limited studies exist concerning nanofibers produced with 
essential oils or the major constituents of essential oils. [36] 
Kayaci et al. (2013) investigated the thermal stability and 
release profile of eugenol in polyvinyl alcohol (PVA) nanofibers 
containing eugenol (EG)/cyclodextrin (CD) inclusion 
complexes. Three type of cyclodextrin (α-CD, β-CD, and γ-CD) 
were used in the nanofiber structures. They found that the 
PVA/EG/γ-CD inclusion complex demonstrated higher thermal 
stability and slower release of eugenol, and suggested that this 
nanofibrous surface can be used in the food industry to leverage 
properties of eugenol such as its antibacterial, antifungal, and 
antioxidant efficacies. [4] Kesici Güler et al. (2018) studied the 
emulsion electrospinning of oil-in-water emulsions containing 
PVP/cinnamon essential oil solutions. They successfully and 
homogeneously incorporated cinnamon essential oil in the 
nanofiber structure and investigated the antibacterial activity 
of the nanofibers; the authors suggested that these nanofibers 
with cinnamon essential oil could be used for biomedical 
materials. [37] Kim et al. (2016) produced PVA nanofibers 
loaded with Juniperus chinensis extracts for enhanced 
antibacterial activity. They obtained very smooth and regular 
nanofibers, and found the composite nanofibers to have 
excellent antibacterial activity against both Gram-positive and 
Gram-negative bacteria. [38] Mori et al. (2015) investigated the 
production of nanofibers from polylactic acid (PLA) and 
candeia (Eremanthus erythropappus), and investigated the fiber 
morphology and structure. They determined that the 
nanofibers had homogeneous structures incorporating the 
candeia essential oil, and that increased proportions of candeia 
essential oil increased the nanofiber diameter and decreased 
the glass transition and melting temperatures. However, it 
could not be found any literature on emulsion electrospun 
nanofibers incorporating LEO. To explore the properties and 
potential of such nanofibers, PVP and gelatin polymers and the 
additive LEO were chosen as raw materials for this study of a 
nanofibrous composite material that might be useful for 
cosmetic and medical applications. 

2 Materials and methods 

2.1 Materials 

PVP (Mw 360.000 g/mol) and gelatin (type A) were used as 
polymers, a surfactant (PEG-40 hydrogenated castor oil) was 
used as an emulsifier and lavender essential oil (Lavandula 
hybrida L.) was used as an additive for the produced 
nanofibrous composite material. Green solvents were selected 
from solvent selection guides [39], and consisted of distilled 
water (DW) and acetic acid (AA). PVP, gelatin, and acetic acid 
were purchased from Sigma-Aldrich; the surfactant was 
supplied by Ersa Chemistry, İzmir, Turkey; and the lavender 
essential oil was acquired from Botalife, Isparta, Turkey. All 
chemicals were analytical grade and used without further 
purification. Polymer solution optimization consisted of two 
stages. In the first stage, solutions were prepared with different 
proportions of PVP (12 wt %) in distilled water and gelatin  
(6 wt %) in acetic acid (Table 1). 

Table 1. PVP/DW and GEL/AA polymer solutions and mixture 
ratios. 

Sample 
codes 

PVP/DW 
(wt %) 

GEL/AA 
(wt %) 

Mixture ratio 
(PVP/GEL) 

(wt %) 
PVP0 12 6 0/100 

PVP25 12 6 25/75 
PVP50 12 6 50/50 
PVP75 12 6 75/25 

PVP100 12 6 100/0 

For the second stage of this study, PVP50 was chosen as the 
optimum nanofibrous surface in terms of fiber morphology, 
fiber diameter, and gelatin content of the nanofibrous 
composite. Next, LEO was added at various concentrations  
(0, 2, 4, 6 and 8 wt %) (Table 2). Also, the surfactant 
concentration was set at 3 wt %, as determined from our 
preliminary studies. All polymer solutions were prepared 
under the same conditions such as; stirring time, stirring rate 
and temperature (Figure 1). 

  

(a) (b) 

Figure 1. Schematic representation of solution preparation. 
(a): First stage, (b): Second stage  

2.2 Method  

Solution properties such as; conductivity, viscosity (under a 
shear rate of 5 s-1) and surface tension (by the Wilhelmy plate 
method) were determined. Next, nanofiber production was 
carried out with the electrospinning method. Optimum process 
parameters are given in Table 3, and all nanofibers were 
produced for the same duration (30 min.). Figure 2 shows a 
representation of the emulsion electrospinning method used in 
this study. 
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Table 2. PVP/GEL (50/50) polymer solutions with various concentrations of LEO. 

Sample codes 
PVP/DW 
(wt %) 

GEL/AA 
(wt %) 

Mixture ratio 
(PVP/GEL) (wt %) 

Surfactant 
(%) 

LEO 
(wt %) 

PVP50 12 6 50/50 3 0 

PVP50-L2 12 6 50/50 3 2 

PVP50-L4 12 6 50/50 3 4 

PVP50-L6 12 6 50/50 3 6 
PVP50-L8 12 6 50/50 3 8 

Table 3. Optimum parameters for electrospinning process. 

Voltage (kV) 22.4 
Distance between electrodes (cm) 16.5 

Feed rate (mL/h) 0.8 
Humidity (%) 35±1 

Temperature (°C) 23±1 
Needle Diameter (mm) 0.8 

 

 

Figure 2. Schematic representation of emulsion 
electrospinning. 

Average fiber diameter and nanoweb quality were determined 
via scanning electron microscopy (SEM) using a FEI Quanta 250 
FEG model. Fiber diameters were measured using ImageJ 
software, and the fiber diameter uniformity coefficient (FDUC) 
was calculated using formulas (1) and (2) given below [40]. 

𝐴𝑛 =
∑𝑛𝑖𝑑𝑖

∑𝑛𝑖
(number average) (1) 

𝐴𝑤 =
∑𝑛𝑖𝑑𝑖

2

∑𝑛𝑖𝑑𝑖
(weight average) (2) 

𝑑𝑖: Fiber diameter. 𝑛𝑖: Fiber number. 

Composite nanofibrous surfaces were analysed by Fourier 
transform-infrared spectroscopy (FT-IR) to determine their 
chemical structures. For all samples, IR spectra were analyzed 
over the 400-4000 cm−1 range with a resolution of 4 cm−1. 

Lastly, nanofiber diameter histograms were overlaid with a 
normal distribution curve, and nanofiber diameters were 
analysed by one-way ANOVA with statistical significance set at 
p<0.05. 

3 Results and discussion 

3.1 Solution Properties  

Figure 3 shows the obtained conductivity, surface tension, and 
viscosity values for PVP/GEL solutions. As illustrated in Figure 
3(a), viscosity decreases and conductivity increases with 
decreasing gelatin concentration. It is possible to say that the 
addition of gelatin influences viscosity and conductivity 
significantly. Viscosity and conductivity measurements could 
not be made for sample PVP0 (PVP/GEL [0/100]) because of 
the ambient laboratory temperature was below the solution’s 
gelation point. Overall, the viscosity results are compatible with 
the literature; [41] Song et al. (2017) determined that there is a 
direct correlation between solution viscosity and gelatin 

concentration. However, [42] Okutan et al. (2014) reported that 
solution conductivity increased with gelatin concentration, 
different from our results. This inconsistency may be due to 
their usage of a different type of gelatin (type B), solvent 
(ethanol), and polymer mixture. Figure 3(b) shows that surface 
tension values increase with less gelatin content. Also, it is 
possible to say that there is a strong relationship between 
spinnability, fiber morphology, and surface tension. During the 
experiment, spinnability was observed to decrease from 
sample PVP25 to sample PVP100. Therefore, gelatin addition 
improves spinnability excitingly.  

  

(a) (b) 

Figure 3. Properties of PVP/GEL solutions. (a): Conductivity 
and viscosity results, (b): Surface tension results. 

The conductivity, surface tension, and viscosity of PVP/GEL 
(50/50) (sample PVP50) solutions also including LEO are given 
in Figure 4. As is clearly seen in Figure 4(a), conductivity 
decreased with increasing LEO concentration. This result is 
expected because the conductivity value of pure LEO is  
0.13 µS/cm, which is quite low. In addition, increasing LEO 
concentration caused viscosity to increase and surface tension 
to decrease. 

  

(a) (b) 

Figure 4. Properties of PVP/GEL/LEO solutions.  
(a): Conductivity and viscosity, (b): Surface tension results. 
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3.2 Fiber morphology  

SEM images and fiber diameter histograms of various mixtures 
of PVP/GEL nanofibers are given in Figure 5. Mostly, the 
nanofibers produced were quite fine and had a homogeneous 
distribution; the exception is sample PVP100 (PVP/DW), which 
had some beads in its fiber structure. In addition, it was not 
possible to spin nanofibers from sample PVP0, because of 
solution gelation. All samples displayed unimodal histogram 
curves (PVP25, PVP50, PVP75 and PVP100). 

  

PVP25 

  

PVP50 

  

PVP75 

  

PVP100 

Figure 5. SEM images (1.000x-10.000x) and fiber diameter 
histograms of nanofibers for all PVP/GEL ratios.  

From analyses of fiber diameter and diameter uniformity 
coefficient (Figure 6), it was determined that gelatin addition 
decreases average fiber fineness. This finding is compatible 
with the viscosity results (Figure 3(a)) and existing literature. 
It is possible to say that the addition of gelatin had a statistically 
significant effect on the average fiber diameter of PVP 
nanofibers. The finest fibers (183 nm) were obtained from 
sample PVP100, (PVP/DW) but it also had the worst fiber 
morphology, with beads observed. The most uniform 
nanofibers (at FDUC = 1.04) were obtained from sample PVP50 
(PVP/GEL 50/50). Sample PVP50 was chosen as the most 
suitable sample for the second stage of the study in terms of 
average fiber diameter, fiber diameter uniformity coefficient, 
fiber morphology, and quantity of gelatin content. 

 

Figure 6. Average fiber diameters and FDUC values of 
nanofibers produced from PVP/GEL solutions. 

Figure 7 shows representative SEM pictures and fiber diameter 
histograms of nanofibers produced from PVP/GEL (50/50) 
with various concentrations of LEO added. 

  

PVP50 

  

PVP50-L2 

  

PVP50-L4 

  

PVP50-L6 

 
 

PVP50-L8 

Figure 7. SEM images (1000x-10000x) and fiber diameter 
histograms of PVP/GEL nanofibers produced with various LEO 

concentrations. 
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The results showed that LEO concentration did not significantly 
affect nanofiber diameter and FDUC (Figure 8). Some beads 
were present in sample PVP50-L8, and it is thought that 
morphological deformation starts at this concentration; 
therefore, it is possible to say that 8 wt % LEO is not suitable for 
use with PVP/GEL (50/50). Generally, quite fine and uniform 
nanofibers were produced in the second stage of this study. The 
finest fibers (202.57 nm) were obtained from sample PVP50-
L2, and the most uniform fibers (FDUC=1.04) were obtained 
from sample PVP50-L6. All samples again displayed unimodal 
histogram curves (Figure 7). 

 

Figure 8. Average fiber diameters and FDUC values for 
nanofibers from PVP/GEL/LEO solutions. 

During the experimental studies and analyses, it became 
apparent that solution conductivity has an important effect on 
spinnability and the fiber morphology. A graph of the 
relationship between solution conductivity and average fiber 
diameter for PVP/GEL solutions is given in Figure 9. 

 

Figure 9. Relationship between solution conductivity and 
average fiber diameter for PVP/GEL solutions. 

In short, there is an inverse correlation between solution 
conductivity and average fiber diameter. Therefore, finer 
nanofibers, which are important for nanoweb quality, can be 
produced with high-conductivity polymer solutions. These 
results are compatible with reports in the literature [43]-[44].  

In the second stage of this study, neither solution conductivity 
nor average fiber diameter were changed significantly by the 
addition of LEO (Figure 10). 

 

Figure 10. Relationship between solution conductivity and 
average fiber diameter for PVP/GEL/LEO solutions. 

It is also possible to say there is a direct relationship between 
solution conductivity and FDUC (Figure 11); that is, as the 
gelatin content decreases, conductivity increases and fiber 
diameter uniformity decreases, which results in greater 
fineness of fibers. As was mentioned in relation to Figure 9, 
average fiber diameter decreases with increasing solution 
conductivity, and this result is expected from literature [43]-
[44]. 

 

Figure 11. Relationship between solution conductivity and 
FDUC for PVP/GEL solutions 

Analysis showed that FDUC is affected slightly by LEO addition, 
and that solution conductivity decreases with increasing LEO 
concentration (Figure 12). 

 

Figure 12. Relationship between solution conductivity and 
FDUC for PVP/GEL/LEO solutions. 

All results concerning solution and fiber properties of PVP/GEL 
and PVP/GEL/LEO samples are given in Table 4. 

Lastly, FT-IR analyses demonstrated that LEO, PVP, and GEL 
were present in the chemical structures of nanofibrous 
materials (Figure 13). 

 

Figure 13. FT-IR spectra of PVP/gelatin (50/50) nanofiber 
samples which includes LEO. 

In the PVP spectrum, an OH stretching peak was evident at 
3434 cm-1. The same peak appeared at 3431 cm-1 in sample 
PVP50, 3419 cm-1 in PVP50-L2, 3433 cm-1 in PVP50-L4, 3424 
cm-1 in PVP50-L6, and 3424 cm-1 in PVP50-L8. Another strong 
peak showed at 2924 cm-1 in the spectrum of the PVP polymer.  
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Table 4. Solution and fiber properties for all PVP/GEL and PVP/GEL/LEO samples. 

Sample 
Code 

Conductivity 
(µS/cm) 

Surface 
Tension 
(mN/m) 

Viscosity 
(Pa.s) 

Weight 
Average 

Diameter 
(Aw)(nm) 

Number 
Average 

Diameter 
(An)(nm) 

FDUC 
(Aw/An) 

Fiber Diameter 
Range (nm) 

Nanoweb 
Quality 

PVP0 - - - - - - - Not spinnable 

PVP25 314 17.80 308 267 255 1.046 103-476 Smooth 

PVP50 559 24.35 202 225 216 1.044 127-310 Smoothest 

PVP75 757 32.37 143 201 189 1.064 118-337 Smoothest 

PVP100 799 51.28 120 196 183 1.071 108-317 Beads 

PVP50-L2 574 22.47 306 232 219 1.057 152-365 Smooth 

PVP50-L4 538 17.24 477 235 222 1.056 101-398 Smoothest 

PVP50-L6 527 13.61 485 234 223 1.049 128-301 Smooth 

PVP50-L8 487 12.21 530 239 224 1.065 53-390 Sticky 

 

This peak appeared at 2926 cm-1, 2925 cm-1, 2926 cm-1, 2927 
cm-1, and 2927 cm-1 in the spectra of PVP50, PVP50-L2, PVP50-
L4, PVP50-L6, and PVP50-L8, respectively. The C=O peak of the 
PVP spectrum is another characteristic peak; it appeared at 
1635 cm-1 in the PVP spectrum and at 1653 cm-1, 1654 cm-1, and 
1655 cm-1 in all sample spectra. The spectra of gelatin polymers 
and nanofibrous materials showed different absorption bands 
relating to amide I, amide II, and amide III. These peaks 
appeared around 1705 cm-1, 1516 cm-1, and 1232 cm-1, 
respectively. In the gelatin spectrum, there was a CH2 stretching 
peak at 2936 cm-1 that also appeared at 2926 cm-1, 2925 cm-1, 
2926 cm-1, 2927 cm-1, and 2927 cm-1 in the spectra of PVP50, 
PVP50-L2, PVP50-L4, PVP50-L6, and PVP50-L8. Finally, a 
feeble peak at 3088 cm-1 was observed in the LEO spectrum. 
This peak occurred in all sample spectra. The fingerprint peaks 
indicated in the LEO spectrum occurred between 1800 and 600 
cm-1, and were observed in all sample spectra. 

4 Conclusions  

Firstly, this study produced composite nanofibers using various 
mixture ratios of PVP/GEL polymers (0/100, 25/75, 50/50, 
75/25 and 100/0). After the determination of the optimum 
mixture, PVP/GEL (50/50), the addition of various 
concentrations of LEO was applied (0, 2, 4, 6, and 8 wt %). The 
results demonstrated that gelatin concentration has important 
effects on the solution conductivity, surface tension, viscosity, 
and fiber morphology. It was determined that as the gelatin 
concentration increases, solution viscosity also increases while 
conductivity and surface tension decrease. Another result of 
added gelatin was enhanced fiber morphology (without beads) 
and increased average fiber diameter. In contrast, LEO 
concentration did not have any significant effect on the average 
fiber diameter, but did impact solution properties 
(conductivity, surface tension, and viscosity). Solution viscosity 
increased with LEO concentration while conductivity 
decreased, but surface tension did not change. Generally, very 
fine and uniform nanofibers were produced from 
PVP/GEL/LEO solutions. Lastly, FT-IR results confirmed that 
LEO, PVP, and gelatin were present in the structures of all 
nanofibers samples. These aromatic composite materials have 
potential use in cosmetic and biomedical applications and the 
advantages of incorporating biocompatible polymers, green 
solvents, a non-toxic surfactant, and a natural additive. 
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