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Fabrication of 3D Self-Assembled Nonmulberry Antheraea Mylitta 
(tasar) Fibroin Nonwoven Mats for Wound Dressing Applications

Abstract: This research was focused on the two-step regeneration of Antheraea
mylitta (tasar) fibroin in the form of electrospun 3D self-assembled nanofibrousnonwoven mats using ionic liquid and formic acid/CaCl2.The self-assembled struc-ture of tasar nanofibrous nonwoven mats was dependent on the silk fibroin concen-tration and spinning voltage. The secondary conformation of tasar fibroin proteinbefore and after electrospinning was analyzed by Fourier transformation infraredspectroscopy. The morphology of the nanofibrous mat was studied by scanning elec-tron microscope. The self-assembled 3D tasar nonwoven nanofibrous constructwas a highly porous and spongy structure with high water absorption and watervapor transmission. Highly porous 3D self-assembled tasar nonwoven nanofibrousconstruct favored good growth and proliferation of L929 skin fibroblast cells. Basedon these properties, 3D self-assembled tasar nonwoven nanofibrous construct is apromising material for skin tissue engineering and wound dressing applications.
Keywords: tasar fibroin, self-assembled nanofibrous mat, electrospinning, skin tissue engineering.
1. IntroductionWound healing is a very complex phenomenon involving sev-eral integrated biological and molecular events such as cellmigration, proliferation, extracellular matrix (ECM) depositionand remodeling1 that may get altered under certain pathophys-iologic and metabolic conditions.2 The ideal wound dressingshould have following properties such as good exudates absorp-tion ability, provide moist environment, biocompatible, biode-gradable, porosity, non-adherent nature, water vapor and gaspermeability, soft and comfort and adequate mechanical prop-erties. There are different types of wound dressings availablecommercially, namely foam, hydrocolloids, alginate, hydrogel,iodine and silver impregnated dressings. The choice of particularwound dressing must be on the basic nature of wound. Nanofi-brous mats have been successfully utilized in wound manage-ment. The highly porous architecture of nanofibrous mats allowsthe materials to absorb the large amount of exudates, promotehigher adherence, growth, proliferation and migration of cells.This is achieved due to the high surface area, roughness, per-meation of gases and water vapors as well as ease passage of

metabolites & nutrients which is essential for the growth ofneo-tissue and regeneration of damaged tissues. Due to highsurface area, porosity and structural similarity of natural extra-cellular matrix, these cells seeded nanofibrous scaffolds may begood substitute of autografts, allografts and xenografts.3,4Electrospinning is a straightforward and proficient techniqueto produce the polymeric nanofibers with size ranging fromsubmicron to nano range. The nanofibrous mats produced byelectrospinning have very high surface area and microporousarchitecture. This makes them an ideal matrix for cells growthand its proliferation.5 Recently, electrospinning is used for pro-ducing self-assembled architectures for biomedical applications.6,7The concept of self-assembled nanofibers yarn by electrospin-ning was given by Okuzaki et al.8 The presence of the low molecu-lar weight salt in the spinning solution was considered as themain prerequisite for initiation of the self-organization process.The diameter of the yarns was also depended on the salt andpolymer concentration. In general, the self-assembled nanofi-ber yarns are not stable and collapsed once the high electricfield is removed. This generates a highly porous and spongy 3Dnanofibrous matrix.9Tasar fibroin protein has been explored as potential biomate-rial due to its very good biocompatibility, controlled biodegrad-ability and tuned mechanical properties.10 The higher biocompatibilityof nonmulberry tasar silk fibroin protein over mulberry silkfibroin protein is due to the presence of tripeptide sequences(Arg(R)-Gly(G)-Asp(D), which promotes proliferation of fibro-blast and remodeling of epithelial tissues.6 Nanofibrous 2D
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architectures from tasar gland fibroin and its blend have beenprepared by various researchers.11,12 The highly porous tasarnanofibrous mats have been prepared through electrospinningby dissolving the tasar gland protein into formic acid/chloroform(60:40 v/v). These mats showed higher adherence and prolif-eration of mesenchymal stem cells as compared to mulberryand gelatin nanofibrous mats.11 Bhattacharjee et al.12 fabricatedtasar gland fibroin proteins and polyvinyl alcohol blends based2D nanofibrous mats using electrospinning for bone tissueengineering applications. Eri/tasar blends based nanofibrous2D mats showed higher mechanical integrity and very goodadherence, proliferation and differentiation of human mesen-chymal stem cells over mulberry and gelatin nanofibrous mats.12Zhao et al.13 developed self-assembled electrospun mulberry silknanofibers for biomedical applications. To the best of our knowl-edge based on literature search, electrospun self-assembled 3Darchitecture from nonmulberry silk especially from tasar fibroinobtained from cocoon has not been reported yet.The present work was focused on the fabrication and char-acterization of self-assembled tasar silk fibroin nanofibrousnonwoven 3D constructs using electrospinning. The stronghydrophobic interaction in crystalline region of tasar fibroinprotein makes it insoluble in most of solvents in which mul-berry silk fibroin dissolve. Two steps dissolution process wasadopted for preparation of electrospinning dope solution. Thetasar fibroin was first dissolve in the 1-butyl-3-methylimidaz-olium acetate ionic liquid. By this process tasar fibroin polymer

chains were converted into random coil conformation from
-sheet. The random coil tasar fibroin protein was extractedfrom the ionic liquid solution by dialysis and freeze drying. Theobtained tasar fibroin protein was easily dissolved in formicacid/CaCl2 to prepare dope solution for electrospinning. Byvarying the process parameters of electrospinning, self-assem-bled architecture of tasar fibroin was obtained and character-ized. A schematic diagram for preparation of self-assembly tasarnanofibrous construct is shown in Figure 1.
2. Experimental

2.1. MaterialsThe tasar cocoons were procured by Central Silk Board, Son-bhadra, U.P, India. The ionic liquid 1-butyl-3-methylimidazoliumacetate was procured from Sigma Aldrich. The L929 mouseskin fibroblast cells were purchased from National Centre ofCell Science, Pune. All other chemicals used in this study werepurchased from Sigma-Aldrich till it is specified. 
2.2. Preparation of tasar silk fibroin solution Degumming and dissolution of tasar cocoon were performedas per protocol we have used in our previous research.14 Briefly,tasar silk fibroin cocoons were cut in small pieces (4-8 mm),washed with distilled water and boiled in 0.02 M NaHCO3 for

Figure 1. Schematic representation for the preparation of self-assembled tasar nanofibrous mat.
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Macromolecular Research 1 h to remove hot water soluble sericin protein. The degummedtasar fibroin fibers were washed again with distilled water toremove any traces of salts and dried in oven. Dried tasar fibroinfibers were dissolved in the ionic liquid; 1-butyl-3-methylimid-azolium acetate under inert atmosphere at 95 oC for 2 h undercontinuous stirring. The tasar ionic liquid solution was dialyzedagainst distilled water using dialysis flask (Thermo scientificSlide-A-Lyzer) for 3 days to obtain aqueous tasar silk fibroinprotein solution. The molecular weight of aqueous tasar fibroinsolution as determined by SDS-PAGE was found to be 390 kDa.Tasar silk fibroin powder was obtained using freeze drier. Thistasar silk fibroin powder was again dissolved in the 98% for-mic acid/CaCl2 (2% w/v) solution for electrospinning with con-centration of 10, 15, and 20% w/v. More than 20% w/v silk/formic acid/CaCl2 solution is difficult to prepare and process inelectrospinning machine due to very high viscosity.
2.3. Preparation of 3D self-assembled tasar silk fibroin
nanofibrous mat by electrospinningTasar silk fibroin formic acid solution was fed through 10 mLplastic syringe having needle with tip diameter of 0.2 mm. Elec-trospinning was performed on Royal electrospun machine atdifferent voltages (15 and 25 kV) and concentration (10, 15and 20%) in order to obtain self-assembled structure. The pre-pared nanofibrous mats were coagulated in 80% (v/v) metha-nol for 30 min to remove residual formic acid and repeatedlywashed with distilled water and dried in oven. Each sample hasbeen assigned a name. For example, if the sample had 10%tasar fibroin concentration, name of the sample was given 10%STNF.
2.3.1. Fourier transform infrared spectroscopyThe conformational changes in tasar fibroin protein after dis-solution as well as after regeneration in the form of 3D nanofi-brous construct (STNF) was determined by ATR-FTIR (ThermoScientific Nicolet 380 Spectrometer, Japan) in reflection modeat 4 cm-1 resolution using 64 scans in the spectral range 2000 to800 cm-1.
2.3.2. Morphological characterizationDifferent self-assembled 3D nanofibrous mats were sputtercoated with gold and analyzed by scanning electron micro-scope (Hitachi 3700 N). Fiber diameter was calculated by ImageJ software by analyzing at least 30 fibers from 10 images ran-domly.
2.3.3. Mechanical testingThe mechanical integrity of samples was analyzed by Univer-sal Testing Machine (Instron-2700) in tension mode as perASTM D 882-02. The samples were prepared as per ASTM D882. Briefly, the samples were cut into strips with dimensionsof 70×10×3 mm and tabbed 10 mm at both end with gauge lengthof 50 mm. The tabbed samples were fixed at the jaw of tensiletester and stretched at the strain rate of 10 mm/min.14 The sam-ples were tested in triplicate and their stress-strain curves wererecorded.

2.3.4. Porosity, pore size, and surface roughnessPorosity of self-assembled nanofibrous construct (20% STNF)was measured by liquid displacement method.15 In this particu-lar experiment we used hexane as displacement liquid becauseit easily permeates into sample through interconnected poreswithout any remarkable shrinkage and swelling. For measure-ments, a rectangular piece of sample was immersed in gradu-ated cylinder having known volume of hexane (V1) for 10 min.The volume of hexane with immersed sample was recorded(V2). The residual volume of hexane in graduated cylinder afterremoval of samples was noted as (V3). The percent porosity ofthe samples was calculated by the equation:
 (%) = [(V1-V3)/(V2-V3)]×100 (1)Surface topography, porosity and nanophase surface rough-ness of nanofibrous samples were evaluated by Atomic forcemicroscope (Park XE-100) equipped with a V shape of siliconnitride cantilever connected with spring having spring con-stant 40 N/m in contact mode. The topography and surfaceroughness of the samples were determined at ambient tem-perature by scanning the area of 2×2 μm. The roughness ofsamples was measured as arithmetic average (Ra) that representsthe average deviation of roughness values. The average pore sizewas calculated using Image J software by measuring at least 10pores.14,16
2.3.5. Water uptakeWater uptake behavior of nanofibrous samples was determinedby the standard protocol with little modification.17 Briefly, thedried samples were cut in square shape (20 mm × 20 mm) andweighed. The samples were dipped in distilled water and incu-bated at 37 °C. At predetermined time, the samples were takenout and gently bolt with tissue paper to remove any water remainedat the surface. The weight of swollen samples was recorded atdifferent time point till saturation has to be maintained. Percentwater uptake was determined by the equation given below:% Water uptake = ×100% (2)
2.3.5. Water vapor transmission rate (WVTR)WVTR of self-assembled nanofibrous mat was measured as perASTM D 1653 standard with some modifications.18 Briefly, aplastic cup having a known amount of distilled water was sealedcarefully with 9.5 cm2 nanofibrous films. The nanofibrous filmsealed assembly was weighed and kept in the environment of36±0.5 °C temperature and 40±2% relative humidity for 24 h,and then weighed again. Water vapor transmission rate fornanofibrous construct was calculated by the equation andexpressed as g/m2/day:WVTR = (3)where, Wa and Wb represent the weight of assembly before andafter 24 h of water evaporation, respectively, and A representsarea of sealed samples from which effective transmission occur.The experiment was performed in triplicate and results aregiven as average.

 Wet Weight-Dry WeightDry Weight

Wa Wb–
A 24
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2.3.7. Biocompatibility tests2.3.7.1. Cell CultureThe L929 skin fibroblast cell line was purchased from Nationalcentre of cell science, Pune. These cells were grown in Dul-becco’s modified eagle medium (DMEM) enriched with fetalbovine serum (10% v/v) and Penicillin/streptomycin/ampho-tericin B antibiotic (1% v/v) solution at 37 oC in a humidified5% CO2 atmosphere. The media was changed every 2 days. Allchemicals used in the cell culture experiment were purchasedfrom Sigma Aldrich. All the cytocompatibility studies were per-formed in triplicate and results are shown as average.2.3.7.2. Cells seeding on 3D self-assembled nanofibrous con-structThe test samples were cut into specific size and were then ster-ile by treating with 70% ethanol for 15 min, followed by wash-ing with DMEM media and dried under laminar air flow. Thedried samples were further exposed to UV radiation underlaminar air flow.19 The sterile samples were placed in 98 welltissue culture plates. For cell adherence and proliferation studyapproximately 20000 cells were seeded onto each sample perwell and allowed to incubate at 37 oC in a humidified atmo-sphere containing 5% CO2. The cell seeded constructs weremonitored after 1, 3, and 5 days of incubation.2.3.7.3. Cell adherence and morphology by fluorescence micro-scopyFluorescence microscopy of stained cells was performed toelucidate the time dependent spreading of L929 cells seededon self-assembled nanofibrous constructs (20% STNF). DAPI(4',6-Diamidino-2-phenylindole) and FITC-conjugated phyllo-din dyes were used for visualization of the nucleus and cyto-skeleton, respectively. After 1, 3, and 5 days of incubation, cellsseeded construct were washed with PBS (1X) and fixed in 3%paraformaldehyde in PBS (1X) for 5 min and add 0.5 mL of0.2% Triton X-100 in PBS to permeabilize the cells. Cells werestained using DAPI (1 μg/mL) and FITC-conjugated phyllodin(3 μg/mL) for 30 min in dark.20 The cells seeded constructwere washed with PBS twice and mount between cover slipand glass slide using a drop of glycerine. Stained cells seeded onconstructs were imaged using fluorescence microscope (Zeiss,Axio Imager 2). MTT assay is a calorimetric technique generally used tocheck mitochondrial activity. This method is based on the factthat yellow color MTT is reduced to violet color formazan crys-tal by the action of mitochondrial dehydrogenase so it gives thedirect indication about cells viability. Approx 100 µL of MTT (5mg mL-1) diluted in PBS (1:10) was added to each well, fol-lowed by incubation for 4 h at 37 oC in dark. After incubation,the violet formazan crystals were dissolved in 1 mL of dimethylsulfoxide. The absorbance value of formazan solution was mea-sured at 595 nm in a Bio-Rad microplate reader. Viability of cells grown on nanofibrous samples was evalu-ated by Trypan blue dye exclusion assay. The method is basedon concept that viable cells exclude the dye so have clear cyto-plasm, whereas due to the absorption of dye dead cells haveblue cytoplasm.20

2.3.8. In vitro biodegradation
In vitro biodegradation of nanofibrous sample was assessedusing the protocol given by Kasoju et al.21 with some modifica-tions. Pre-dried 20% STNF samples were cut in specific size andweighed. The samples were immersed in 2 mL of PBS with andwithout trypsin (1 mg/mL from bovine pancrease X3, activity2500 NFU/mg) and allowed to incubate at 37 oC. To maintainthe activity of enzyme, enzymatic solution was replaced everyday. At pre determined time point samples were removed fromPBS and enzymatic solution washed with distilled water anddried in oven at 60 oC and measured the weight of each sam-ples again. The extent of biodegradation of samples at differenttime point was determined by the equation:Weight loss (%) = (5)where, Wo is initial mass i.e. mass of sample before biodegrada-tion and Wt is mass of sample after biodegradation.
2.3.9. Statistical analysisThe data are presented as mean±SD. One-way ANOVA was per-formed to assess the experimental data at the statistical signifi-cance level of p<0.05. 
3. Results and discussion

3.1. Characterization of nanofibers

3.1.1. Effect of tasar fibroin concentrationConcentration plays a very important role in electrospinning ofpolymer solution. At very low concentration jet breaks beforereaching collector during stretching under electrostatic forcedue to insufficient entanglements between polymer moleculesthat result in bead formation. It is reported that electrospunnanofibers cannot be prepared with mulberry silk/formic acidsolution having concentration below 5% (w/v).20 We found thatwhen the concentration of tasar solution was 10% w/v nanofi-bers easily deposited at collector plate but when the concentra-tion of tasar fibroin increases to 15% w/v, the self-assemblyphenomena appeared. This may be due to the fact that nanofi-ber jet has relatively higher polymer content which results in fastdrying of nanofibers during stretching so relatively dry fibersare deposited on the collector plate. Further increase in concen-tration of tasar fibroin up to 20% w/v results in deposition ofcompletely dried nanofiber at collector plate and these depos-ited nanofibers align themselves in electrostatic field formingself-assembly. Figure 2(a)-(c) shows digital photographs ofelectrospinning process and fiber deposition with varying con-centration. It is reported that in the presence of small amountof low molecular weight salt conductivity of polymer solutionincreases which is prerequisite for initiation of self-assembly.In this case two factors govern the development of self-assem-bly construct. The first factor is the presence of CaCl2 in dopesolution. The low molecular weight salt (CaCl2) gives conduc-tivity to the dope solution which is responsible for self-assemblyphenomena (Table 1). During electrospinning, positive poten-tial was given to spinneret and negative potential was given to
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collector plate. Positively charged nanofibers jet emerged fromthe spinneret and travel towards negative charged collectorplate. When the positively charged protein nanofibers depositson the negatively charged collector plate its positive charge dis-charges through ground plate rapidly due to the presence of CaCl2and the deposited nanofibers attain overall negative charge ofthe collector plate. These negatively charged nanofibers furtherattract positively charged nanofibers jet emerging from spin-neret and responsible for self-assembly phenomena22 which isdepicted in schematic representation (Figure 3(a) and (b)). The second factor responsible of formation of self-assemblyconstruct is the polymer concentration. As the concentrationincreases, the interaction between the deposited negativenanofibers and incoming positively charged nanofibers jetincreases. As the concentration of polymer increases in thedope solution, the relative amount of polymer in the jet is highwhich results in fast drying of jet during stretching. So, rela-tively dry nanofibers are deposited on the collector plate andafter discharge these fibers attain negative charge of collectorplate and tend to attract towards the positively charged spin- neret and align themselves in the air. In this way, instead of a2D nonwoven construct, a highly spongy 3D self-assembledconstruct formed due to dry spinning of fibers. We found that

Figure 2. Digital photographs of electrospinning (a) 10% STNF, (b) 15% STNF, and (c) 20% STNF samples, digital photographs of prepared samples (d)10% STNF, (e) 15% STNF, and (f) 20% STNF sample and SEM images of (g) 10% STNF, (h) 15% STNF, and (i) 20% STNF samples. Where STNF rep-resent 3D self-assembled nanofibrous construct prepared at 10, 15, and 20% w/v tasar fibroin-formic acid/CaCl2 solutions concentration at 15 kV.

Figure 3. (a) Digital photograph and (b) SEM micrograph of self-assem-bled tasar nanofibrous mat prepared from 20% (w/v) tasar fibroin-formic acid/CaCl2 solutions at 25 kV.
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optimum dry spinning of nanofibers is carried out using 20%w/v solution due to high concentration of tasar protein andlow content of fast evaporating solvent. The diameter of nano-fiber formed by spinning of solution having concentration of10% w/v was found to be in the range of 259 to 700 nm withaverage diameter of 376 nm while diameter of nanofiber wasin the range of 310 to 800 nm with average diameter of 533 nmfor 15% w/v concentration of solution. The nanofiber mat pre-pared with 20% w/v tasar formic acid solution has diameter ofnanofibers in range of 325 to 880 nm with average diameter of666 nm. This increase in diameter of nanofibers with concen-tration is due to the fact that with increase in concentration theamount of polymer in nanofibrous jet increases so it experi-ences less stretching at fix voltage.
3.1.2. Effect of voltageWith 20% w/v tasar formic acid solution, the average fiberdiameter was 666 nm at 15 kV and 8 cm spinneret collectorplate distance. When electric potential was increased from 15

to 25 kV, the average diameter of nanofibers was approxi-mately 200 nm (diameter of nanofibers was range from 90 to250 nm) (Figure 4). With high voltage, the high electrostaticpower causes more stretching of jet during flight before reachingcollector. In this way a highly spongy, porous 3D self-assem-bled construct develop by processing of high concentration oftasar protein. On further increasing the voltage, there was noeffect on the diameter of the nanofibers. All the nanofibrous 3D constructs are highly porous in nature.Pore size of nanofibrous 3D constructs was determined by image Jsoftware using five different images of same sample. The diam-eter of pores as determined by image J software was in therange of 200-400 nm. Since we were able to optimized 3D elec-trospun self-assembled construct with approx 200 nm fiberdiameter at 20% protein concentration and 25 kV voltage, fur-ther studies are focused on the above construct and the nameassigned to this is 20% STNF.
3.2. Structural and swelling behavior of self-assembled
nanofibrous matMost of the properties of the silk proteins depend on its confor-mation. During regeneration of fibroin proteins, conformationof silk proteins changes from -sheet to random coil after dis-solution and again from random coil to -sheet during crystal-lization process. So, it is very important to analyze conformationof silk proteins before and after spinning. Conformation of tasarfibroin protein after dissolution in ionic liquid, dialyzed tasar

Figure 5. FTIR spectra of tasar solution and self-assembled nano-fibrous mat.
Figure 4. (a) Schematic presentation of self assembly of nanofiberduring electrospinning in the presence of low molecular salt. (b) Dia-grammatic representation of self assembly of nanofiber during elec-trospinning in the presence of low molecular salt.
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Macromolecular Research fibroin aqueous solution, crystallized tasar 3D nanofibrousconstruct and degummed tasar cocoon fibroin fiber was ana-lyzed using FTIR and different spectra are shown in Figure 5.FTIR spectrum of tasar fibroin aqueous solution and tasar ionicliquid show similar band pattern. For both, the characteristicprotein bands appear at 1652 cm-1 (amide I), 1558 cm-1 (amideII), and 1252 cm-1, are characteristic of random coil conformationof fibroin protein. Crystallized nanofiber sample shows band at1612 (amide I), 1525 (amide II), and 1230 (amide III) cm-1 arecharacteristic of β-sheet. The random coil conformation of tasaraqueous solution has changed to -sheet conformation afterelectrospinning, as these electrospun constructs were crystal-lized in methanol after spinning. Natural degummed tasar cocoonfiber shows characteristic bands correspond to -sheet confor-mation similar to crystallized nanofibrous construct except onepeak at 1690 cm-1 which indicate existence of trace of α-helicalstructure in degummed natural tasar cocoon fibers.
3.3. Physico-chemical and mechanical properties of 3D
self-assembled nanofibrous constructFigure 6 shows water uptake behavior of 20% STNF over time.Water absorbance capacity of 20% STNF increases with timeand attains equilibrium after 48 h. The maximum water uptakecapacity of 20% STNF was found to be 115% which is higherthan 2D tasar fibroin nanofibers mat reported in literature.23Bhattacharjee et al.23 prepared tasar gland protein/PVA blendbased nanofibers and observed that with increase in tasarfibroin content in PVA solution the swelling ability of nanofi-brous mat had increased to a maximum value of 92%. The highwater uptake capacity is very important for absorption of exu-dates and provide moist environment that allow the moisthealing of wounds by stimulating growth and regeneration ofneo-tissues.Porosity measurement for a material to be used for biomedicaland tissue engineering application is very important because aporous matrix provides high surface area which allows the

migration of essential metabolites and biomolecules that isrequired for growth of cells and allow passage of water vaporand exchange of gases. The maximum porosity of 3D self-assem-bled tasar nanofibrous construct obtained by liquid displace-ment was found to be 85% (Table 1), which is slightly higher ascompared to the 2D eri-tasar nanofibrous mat (79%) preparedby Panda et al.24 AFM images of optimized self-assembled nanofi-brous mat also showed highly porous and interconnected archi-tecture having average diameter of nanofiber about 200 nm(Figure 7) which is in good agreement with size obtained bySEM. The nanophase roughness of self-assembled nanofibrousmat was found to be 10.48 nm, which would be very advan-tages for adherence of seeded fibroblast cells.A good water vapor transmission rate is prerequisite for amaterial to be used for wound dressing due to the fact that lowwater vapor causes buildup of exudates while high water vaportransmission rate causes dehydration. Water vapor transmis-sion rate of 20% STNF is 2500 g/m2/day which would be favor-able for third degree wound. The value found in this case is higherwith the value reported in literature for pure muga nanofibrousmat (2250 g/m2/day)14 and muga/PVA nanofibrous mat (2330g/m2/day).25 The WVTR value of pure tasar nanofibrous is notreported till date. Mechanical properties of 20% STNF were also determined.Mechanical properties of a material to be used as wound dressingor skin tissue scaffolds should be optimum as higher mechani-cal strength results in development of stress on growing tissueand lower mechanical strength would result in failure of tissueengineering construct. Besides, good physico-chemical andbiological properties, appropriate elasticity and toughness arealso prerequisite condition for wound dressing materials espe-cially when it is used in load bearing area such as knee pointand elbow. Table 2 shows the mechanical properties of 20%STNF. The tensile strength and elongation value for 20% STNFsample was found to be 8 MPa and 12 mm, respectively. Thetensile strength of the 3D self-assembled tasar fibroin con-struct is significantly (p<0.05) higher than that of eri-tasar blendnanofibous 2D mat (1.8 MPa) prepared by Panda et al.24 Themechanical integrity of 20% STNF is in close agreement withthat of human skin (5 to 30 MPa)26,27 and cell derived skin graft(713 kPa).28
3.4. Cytocompatibility of 3D self-assembled tasar nanofi-
brous matDermal fibroblast cells play an important role in regenerationof damage tissue. Scaffolds provide template for growth andproliferation of seeded cells so it is very important that scaf-folds should be highly porous, biocompatible that could facili-tate adherence, proliferation and migration of cells. So, thesuitability of these highly porous and spongy nanofibrous webtowards regenerative medicine as skin graft was assessedFigure 6. Water uptake behavior of self-assembled nanofibrous mat.

Table 1. Conductivity of formic acid/CaCl2 and its silk solutionSamples Formic acid (98%) Formic acid/CaCl2(2%w/v) solution 10% Silk formic acid/CaCl2 solution 15% Silk formic acid/CaCl2 solution 20% Silk formic acid/CaCl2 solution
Conductivity (S/cm) 1070 1161 1240 1523 1611
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using L929 skin fibroblast cells. The viability of L929 fibroblast cells seeded on self-assem-bled nanofibrous mats was accessed through MTT assay. MTTassay is a calorimetric technique related to metabolic activity ofcells and is based on the fact that yellow formazan dye reducesto violet color crystal by the action of mitochondrial dehydro-genase giving information about viability of cells. Figure 8(a)showed that absorbance value formazan solution increasedwith time of incubation for self-assembled nanofibrous matand there was no significant difference (p>0.05) in absorbancevalue between self-assembled nanofibrous mat and tissue cul-ture plate (TCP) after 5 days of incubation. Adherence growth and spreading of cells seeded on self-assembled nanofibrous mat was increased with time of incuba-tion. Figure 8(b) shows that number of cells seeded on self-assembled nanofibrous mat significantly increased (p<0.05)after 5 days of incubation and it was comparable to tissue cul-ture plate (p>0.05). The proliferation and spreading of L929 fibroblast cell seededon 3D self-assembled nanofibrous mat were assessed throughfluorescence microscopy that is depicted in Figure 8(c). Fluo-rescence microscopic images of DAPI stained cells showed that

nuclei adhered to the surface of nanofibrous mat after 1 day ofincubation and nuclear density increase with time of incuba-tion and there was no significant difference in nuclear densityfound for TCP and nanofibrous mat (p>0.05) suggesting thenormal growth of cells on film over the period of 5 days. Fluo-rescence images of FITC conjugated phyllodin stained cellsclearly showed that cytoskeleton of L929 fibroblast cells com-pletely attain their normal morphology after 1 day of incuba-tion. So, it is clear from proliferation assay that the number ofcells increased with time of incubation and there was no anysignificant difference found between cells density obtained fornanofibrous mat and TCP after 5 day of incubation (p>0.05).The higher growth and proliferation of cells seeded on thisspongy self-assembled nanofibrous mats were related to itsarchitecture and morphology. The high surface area and inter-connected porous morphology of this web like nanofibrous matsmimic architecture of natural extracellular matrix and providefavorable environment that facilitate high water absorbance,ease permeation of water vapor, exchange of gases, transporta-tion of essential nutrients and metabolites required for growthof cells which favor adherence and proliferation of seeded cellsfor the development of tissue engineering construct. Besides

Figure 7. AFM image of 3D self-assembled tasar nanofibrous mat (20% STNF).
Table 2. Physico-chemical and mechanical properties of 3D self-assembled nanofibrous construct. Data are represented as mean±SD for n=3Samples Tensile strength (MPa) Elongation at Break (mm) Porosity(%) Water uptake(%) WVTR(g/m2/day) Nanophase Roughness(Ra)20% STNF 8±0.1 12±0.4 85±2 115±5 2500±50 10.48
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the porous architecture, higher surface area and nanophasesurface roughness, the higher cell adherence and proliferationis also due to the presence of Arg(R)-Gly(G)-Asp(D), a positivecharge residue which is also responsible for integrin mediatedcells adherence. Adherence, proliferation and viability of cells seeded on this3D self-assembled spongy nanofibrous mat suggest good bio-compatibility of this matrix and it would be a good candidate asa tissue engineered construct for tissue engineering and regen-erative medicine and it hold good agreement with the findingsreported earlier for nonmulberry based constructs such as 3Dscaffolds, aerogels and cryogels.26-31
3.5. In vitro biodegradationThe biodegradation of a material to be used as wound dressingshould be optimum i.e. degradation of materials should matchwith regeneration of neo-tissues because a slow rate of biodeg-radation imposes stress on developing tissue while fast degra-

dation results in development of exudates beneath the dressing.
In vitro biodegradation of the 20% STNF was evaluated by pro-tocol reported earlier.14,21 In vitro biodegradation of 20% STNFwas investigated by determining the mass remained during theincubation in PBS with and without trypsin (Figure 9). 20%STNF samples showed a controlled rate of degradation up tothe value of 6% in PBS over 30 days of incubation. The enzymaticdegradation of 20% STNF was significantly higher as comparedto non-enzymatic PBS biodegradation up to 30 days of incuba-tion. After 30 days of incubation in trypsin enzyme, 20% STNFshowed higher biodegradation 63%. It is also reported that inprotease XIV medium eri/tasar blend nanofibers 2D mat degradeup to 26% within 24 h.32 We also found that tasar fibroin castfilms showed only 51% degradation after 30 days of trypsinmediated biodegradation. The higher biodegradation of 20%STNF as compared to cast film is due to the fact that nanofibrous3D construct has higher surface area and porosity as comparedto cast films that result in higher interaction of materials sur-face with enzyme.

Figure 8. (a) MTT assay of L929 cells seeded on 3D self-assembled nanofibrous mat over the time of incubation. Experiments are performed intriplicate. Data are presented as mean±SD. (b) Number of L929 cells proliferated on the 3D self-assembled nanofibrous mat over the time of incubation.Experiments are performed in triplicate. Data are presented as mean±SD. (c) Fluorescence images (stained with DAPI and FITC-conjugated phal-loidin) of L929 cells seeded 3D self-assembled nanofibrous mat.



Macromolecular Research

Macromol. Res., 26(10), 872-881 (2018) 881 © The Polymer Society of Korea and Springer 2018

4. ConclusionsAn effort has been made to develop highly porous 3D self-assem-bled tasar nanofibrous mat to improve the efficacy of tasar pro-teins for skin tissue engineering and regenerative medicine.These 3D self-assembled tasar nanofibrous mats show goodwater uptake capacity, water vapor transmission rate and bio-compatibility that would be potential material for skin tissueengineering and regenerative medicine. Tasar silk fibroin pro-tein extracted from cocoon is successfully regenerated in theform self-assembled 3D nanofibrous construct, that wouldopen a new facile way for the fabrication of nonmulberry silkfibroin based therapeutic devices, drug delivery vehicles andscaffolds but still there is a need to check efficacy of the pre-pared matrix toward in vivo behavior for commercial applica-tions. 
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Figure 9. In vitro biodegradation of (a) 20% STNF and (b) tasar castfilm after 30 days of incubation.
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