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Abstract:

An Anaphe panda silk nancfibers/nets (NFN) membrane with attractive structures
consisting of common electspun nandibers and 2dimensional soap bubblike
structured nanmets were successfully fabricateda eledro-spinning/netting
technology. The unique structures of NFN membranes such as extremely small
diameter €20 nm), high porosity, large specific surface area etc. and biocompatibility
make thisAnaphe panda silk NFN membrane become a promising candidate fo
biomedical applications. In ¢hpresent study, we first useieélfl emission scanning
electron microscopy (FSEM) to investigate the influence of solution and humidity

on nanenets coverage and morphology. The $EM images revealed that nanet
covera@ area increases with increase in concentration of solution and that lower
humidity has a positive influence on namets formationMoreover, the mechanical
properties of the membrane were also tested and the results showed the silk NFN
membrane possessbreaking stress 3.7 MPa and breaking strain of 13.8%or
further structural elucidatior;ourier transform infrared (FTIR) spectroscopy was
used to analyze the structural conformation changes fiadom coil to p—sheetin

the NFN membrane whidk animportant factor effecting the usability of membrane.
The results above thus confirithe feasibility of Anaphe panda NFN structures
applicability in cell tissue culture and other biomedical application

Key words. Anaphe panda sk, electro-spinning/netting, nano-fibers/nets,
biocompatibility

Introduction

Silk, a fibrous protein based biopolymer has gained increased interest among
researchers as a biomedical material due to its array of excellent properties such as
biocompatibility, slow and tunable biodegradation and superior mechatieabth
81 Though Bombyx mori silk has been researched for centuries, noteworthy effort
are being made to utilize silk from the wild silk worm species sucGaa®meta
postica, Antherea penyi, and Anaphe panda etc. 1. Which have become promising
source of silk for biomedical and biotechnological application. Wild silk inctudin

Anaphe panda fibers presented in this study shamanydefects including shrinkage
1
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in hot water, poor cohesion, development of bright speckbeanyarn, low dyeing
ability and norcontinuousfibers due to moth emergence hdfésThese fibers

disadvantages makesmnofibers fabrication a viable option to utilize theild silk

fiberd”,

Recently electrespinninghas been shown to be simple but powerful technique for
the preparation of functional nasfibers/nets (NFN) membrané&®. It utilizes ahigh
voltage to induce liquid jet formatiowhich together with electrmetting a process
involving phase separation induaplitting of small charged droplets in thegh
electric field resulting to formationof a three dimensi@l (3D) NFN. The NFN
consists ofconventional electrspun nandibers which act as a support for the
spiderweblike structurednanonets comprising interlinked unique ultrafine 1D
nanowires % The resulting electrspun nanematerials reveal numerous superb
characteristics, such as remarkable ,sgpecific surface aredlexibility in surface
functionalities, and superior mechanical performdht®

The 1D nanostructuresnanonets supported by the conventional elesjpan
nanofibersin the NFN membrane have attracted a tremendous research interest due
to their exceptional properties such as Steiner tree onetgeometry, ultrafine
diameter anchigh porosit{**.Combining the intrinsic properties ®FN and the
unique properties of proteineous silk polymer, it is possible for ISHN based
products to be used in biomedical areas including tissue enginegmirggdelivery
and ski regenerationetc*?*>®1 Modern investigations have been centered on
application ofvarious measures to control the formation of NFN membpaneess in
order to produce silk fibroin (SFpembranes with designed functidh” 8. Zhu et
al., investigated how PH and concentration of regenerateabyx mori SF aqueous
solutions affects the electspun fibre and found out that, with the decrease in pH and
concentration, the morphology of the eleetpun silk fibers changed frobeltdike
shape to uniform cylindéf®. Sachiko et aJ investigated the effects of processing
parameters and geometric properties on regenerated Bombyx mori silk anduthe res
indicated that concentration was the most important parameters deterrhmisge
of the fibers!?”. Studies conducted opoly (acrylic acid) and nylo have shown
that one of the most important parameter influencing raetoformation is relative
humidity (RH)?.

Few studies have been done on effect of elexgpioning paameters on the SF
membraneto the best of our knowledge no work has been done on the effects of
concentration and relative humidity @émaphe panda SF to produce NFNLn this
study, therefore, we present an effort aiming to fabricate a controfabapie panda
NFN membrane by regulating solution concentration and relative humithisy work
is expected to enable production NFN membrane which can add value to the
biomedical field.

1 Experimental
1.1 Materials
Cocoon nests oAnaphe panda were collectedrom Kakamega tropical rainforest,

western Kenya. Sodium carbonat®lafCQO;), calcium nitrate tetra oxidgCa
2
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(NO3)2:4H,0), lithium chloride (LiCl), calcium chloride (Ca&l methanol, ethanol
andformic acid were purchased from sigiAkirich. And a neutraboap.Pure water

was made from heal force pmeatment device PTR0-3 (Shanghai Convex
Analytical Instrument Co., ltdAll the chemicals werased as received.

1.2 Pretreatment

Leaves, small twigs, dusts, small insects and other foreign matters wexe deinoon

the outer surfaces @naphe panda cocoons. Cocoons nests were also dissected with

a sharp blade to remove dead pupae and other insect exuvia from the inner sections.
The degumming process was accomplished by abitlo step process involving
boiling the cocoons in a 5 g/L of pOs for 4.5 h at a temperature of 8D each time.

After every bath, the cocoons were soaked in a neutral soap for 3 min and then rinsed
twice with hot water to remove sericin. The cocoons were rinsed with distilled water
and then air dried. The weight of the fibre before and after degumming was measured
and recorded for evaluation of degumming efficiency. The degummed SF was then
dissolved in various aqueous salt solutions and orgsalic mixtures aqueous
solutions at 95°C for 6 h. Thenthe solution was filtered to remove -dissolved
debris before being dialyzed with a cellulose tubular membrane (MWCO: 3500)
against a distilled water for 72 h at room temperature. The SF was eventually &ept i
vacuum oven at 4C to remae water till6 wt% powder was obtainedhe
regenerated SF powder was then dissolved in 98% formic acid for 2 h under vigorous
starring to prepare 10-1%t% solution.

1.3 Fabrication of NFN membranes

The solution was placed in a syringe needle with contrdded rate of 0.ImL/h
regulated by syringe pump DXES spinning equipment (Shanghai Oriental flying
Nanotechnology Co., Ltd, China) connected to a high power voltage source. A high
voltage 30 kV was applied to the needle tip resulting to continuous NFhbrages

jet stream which wagleposited on grounded copper plate collector placed at a
distance 15 cm from the needle tip. The setup is depict&éigirBa The resulting
membrane was dried in a vacuum oven for 1 h to remove the solvent.

1.4 Characterization

Gravimetric assessment of degumming efficien@s determined by the formula;

Wb WE

Weight loss (%) = ———— X 100
Wb

Where: W means weight before degumming angéans weight after degumming.
NFN membrane morphology was examined by field scanning electron microscopy
(F-SEM) (FSEM S$4800, Htachi Ltd, Japan). Thediameter of the fibers was
measured with image analyzer (adobe acrobat XlI pro. 11.0i8. mechanical
properties of NFN membranes were performed on a tensile testetCX&hanghai
New FiberIinstrument Co., Ltd., ChinaJ-ourier tansform infrared (FIR) spectra
wererecorded with a Nicolet 8700 AR spectrometer.
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2 Resultsand Discussion
2.1 Efficiency of degumming

Fig. 1 shovs FE-SEM images of both raw (uthegummed) silk and degummed
fibers The image of wdegummed fibrgFig. 1a) shoved a coating of white deposit
(sericin) on the surface cementing fheerstogether. This phenomenon is ascribed
the presence afalcium oxalatevhich hinders the dissolution dibre 2. Therefore
to enable dissolution of th&bers the coating is removed by boiling in water
containing sodium carbonate and washed with a neutral soap in a process called
degumming. After degumming, thiers were examined by FSEM and the result
showed more loosely cemented fibre and small traces otisegum on the fibreas
shown inFig. 1b. The degummed fibers however, dis@aye damage (indicated by
circleson Fig. 1b) possibly due to the intensive degumming procedure. The empirical
result also shows that the degumming loss efficiency expressedra of the total
weight loss after degumming is 29.8%. The percentage weight loss reported in this
paper is higher than thaeported by Kabede et.af!. This might be attributed to
increased degumming time. Though the weight loss shows higher efficiency of
degumming, the traces of sericin substance observed dib¢hgsuggested that the
degumming process did not absolutely remove all the calcium oxalate fronbrie fi
surface.

Fig. 1 FE-SEM image ofAnaphe panda silk: (a) before degumming and (b) after degumming

2.2 Dissolution of degummed SF

It was necessary to conduct studies as fibroin requires solubilization prior to
processing it into fibrous morphologies. Previous research attempts have shown that
Anaphe panda silk gels during dissolution and is difficult to handle with lower
solubility ®.As there is no comprehensive information regarding the dissolution of
Anaphe panda SF, a number of solvent systems were investigated. Table 1shows
solubility of fibroin in different aqueous saltganic mixture and aqueous salts at
various concentrations.

From Table 1, CaNOs)24 H,O melt showed the highest solubility. Though the
solubility is optimal and higher than any other reported work, the fibroins were
however not fully dissolved. This might be due to the traces of calcium oxalate which
remained after degummingca (NQ)2:H,O: Me OH (1:4:2) and LiBr salt also
showed relatively high solubility. However this result is different from one conducted

by Addis et al.wherecalcium nitratewas not included in thsalt solvent evaluation
4
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and reported highesolubility using LiBr salt?®.. Lithium chloride andcalcium
chloride did not dissolve the fibre. The result shows consistency with findings of
Mhuka et al.,on dissolution ofGonometa Postica and Gonometa Rufobrunnae wild

silk!.,

Table 1 Solubility of Anaphe panda silk in various solvents

Solvents Concentrations Solubility (%)
LiBr ™ not soluble
LiBr 95M 49.33
LiCl ™ not soluble
LiCl 95M not soluble
CaCb ™ not soluble
CaCb 95 M not soluble
Ca(NGy), ™ not soluble
Ca(NO,), 95M 11.90
Ca(NG;)24 H,O Melt 88.00
LiCl:EtOH:H,O 4:4:1 not soluble
LiBr:EtOH:H,O 4:4:1 not soluble
CaChL:EtOH:H,0O 1:2:8 not soluble
Ca(NQy),:H,O:MeOH 1:4:2 77.50

Except forCa (NO3).:H,O: Me OH (1:4:2), @ueous salbrganic solvenhas little
dissolution effect onAnaphe panda silk. The dissolution phenomenon could be
possibly explained by thfact that inter and intranolecular silk hydrogemetwork
bonds are uptured by solvents anions nucleghilic attack on thie electrephilic
centers Anions oflower charge density increagsotein solubility by interactinghore
with amide, hydroxyl and amino groups in thetein more than anions of higher
charge densit{?*. Aqueoussolution of NQ™ and Bfare more nuclephilic than CI
thus hasshownhigher protein solubilityAqueous s#-organic (methanobr ethanol
solvent mixture did noimprove the solubility of thefibroin but instead some salts
like LiBr lost their solubility power which agrees with the report by Mhuka et
al.® This however,might be explained by a reasonitiggt water miscible organic
solvents lowers thalielectric constant of salt solisns thus dipolalipole and
chargedipole interaction reduction resulting to drop in solubilifurther analysis
may be required to fully explain the occurrence.

2.3 Electro-spinning/Netting (ESN)

Theimage of the resulting silk membrane at various concentratiohuandlity are
shown in Fig. 2(b-d and Q. The morphology shows arnteresting structure
comprising ofultra-fine nanowire supportedy conventionaklectrespunfibre. The
1D nanowires are intdinked into aspiderweblike net structure. The nantets
exhibitedvaried coverage rate (up 97%) depending on the conditions variations.
The high resolution FESEM image showed diameterangebetween 1€20nm for
nano-netswhile that ofnanofibers averagesliameter wa250 nm Fig. 2e and f)

5
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The nanonets are formed through a proce$€£SN, which coulde explained by
mechanism ophase separation of charged droplets generated dE8hS”. From
Fig. 2a, at a highvoltage,the charged droplet undergoes significantodagtion
stretching to becomthin liquid droplets which father undergoes phase separation
with the domain dominatesblventsforming poresin view of the minute size of the
droplets,however, thesuface tension and@olumbic repulsioncould play a rolen
keeping the droplets spherical in shape, instead of funlthtrtion!** ¢,

1 b) ! 8T ey

(a) swromic aca

i ey B
Slipway | ‘_1_ '
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Fig. 2 (a) Shematic set up illustrating NFihembraneformation mechanism during ESN process.-$HEM
images of silk membrane formed with varying concentration an@gbiRELOWt% at RH 256%), (9 (12.5wes at
RH 2515%), and (d) (15 w®b at RH 255%). (8 Fibre diameters variatiorwith solution concentration(f)
FE-SEM images of silk membrane formed by 12.5oett RH 4G5%.

Research has proved that morphology and structure are influenced by
electrospinning paramete#%ﬁl. As presenteth Fig. 2, we investigated the effects of
the ESN parameters on the structed morphology of silk NFN membranes by
systematically cotrolling the ESN parameters The NFN silk membranes
morphologies formed by varying solution concentration 10, ,12d6 15wW&.As
shown by FESEM are presented iRig. 2 b-drespectively, whileFig. 2fshows the
morphological imagat RH of 40+ 5%for same shution concentration of 12 &t%.

It was observed that increasing gw@ution concentratiomcreases the diameter of
nanowire and nanoibers as shown inFig. 2eHowever the pore width of the
nanonets were reducedhe findingis in agreemenivith theresults reported by Ding
et al™. This could be as a resuif increase in viscosity of the solution hindering the
jet thinningthus incomplete separation of nanoes. Fig. 2f showsFE-SEM images
of silk NFN membranes produced at RH of #6%with 12.5wt% concentration|t
revealsthe presence of NFMhorphology; this confirmsthe possibility of formingsilk
NFEN at highethumidity. Thoughin comparisorwith NFN formed at lower humidity
and same solution concentratibig. 2c, the morphology shows thaté nanewires
reduces indiameter inagreemenwith observation made b¥ong and ceworkers

21 The decrease in fiber diameter could be attributed to the slower solidification
6
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process of the jets resulting in a longer time of elongation of the jet, thdscprg
thinner nandibers.

Fig. 2b-d also shows an important characteristic of NFN membranasrollable
coverage rate, which is defined as the area ratmanbnets to the whole membrane.
Higher area coverage important for efficiency of NFNapplicaility. The FE-SEM
indicatesthat nanonet coverage increases with an increase of concentration however,
the pore size decreases with increase in concentrakimns2b-d The reduced
coverage at lower concentration could be possible due to low solusonsity
resulting tofaster evaporatiofor phase separation to ocdius formation of more
conventional nandbers Further increasing the concentration can reduce electrostatic
forces on the droplets, which mdwynder stretching of the jets negatinéavorable
formation of completely split nanoets thus reduced pore size. Therefotbe
concentration and humidifglays an important role in controlling the coverage rate of
nanonets.
2.4Mechanical properties

Fig. 3a and bpresents mechanical failure ggsstrain graphs ofsilk at different
stages in ESN procesbig. b shows failure mechanism ®fFN silk membrane
formed at solution concentration of 1208% and RH of 25-5% believed to be the
optimal condition for NFN membrane formation. Fig. 3a showed that raw silk has a
higher breaking strength (300M) while degummed silk showed 135 MPa. The
higher breakingstrength could have been due to the gummy sericin which forms a
compositdike structure with the fibre. When sericin was removed during degngimi
process, a reduction in strengvas observedThe reduction in strerly was higher
than expected which could béributedto the severity othe degummingrocessand
destruction othe fibers as depicted in Figb.In Fig. 3b, thanitial part of the stress
strain cuve shows a higher modulus which on further stretching gradually reduces in
magnitude before snapping. Between the two phases of modulus is a-pstdido
point. Thisgraphdiffers from that of Ayusdet et &, in which there was no namet
in the membrare®®”. Thus could be attributed to the presence of the unique NFN
combinationin the membraneThis phenomenon may be explained by a-step
failure mechanismas depicted irfrig. 3c. The NFN membranpossess:ano-wre net
supported  common nanofibers which probably could exhibit different
transformationcharacteristican tensile loading. At initialloading, the numerous
nanowire nets are likely to offer higher resistance to applied ftrae higheinitial
modulus 1.2 MPRa). At pseudo-yield pointt is believed thathe nanewire nets have
broken up, thenain commorfibers tends to slipapart giving anonlinearpart of the
graph.The curve then changes to a qdasar final part due to individual elongation
of the aligned corentionalfibers results to a final modulus of 0.1 MP&nally, the
fibers undergoes reduction in cressectional aregeading to less number @ibersin
the crosssection hencéilure of the membranat braking stress of 3.7 MPa and/d4
elongation at lak. This indicates good mechanical strength thus making silk fibre
suitable for its itended application.
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Fig. 3 stressstrain curve for (a) raw and degummed ),NFN membranesand (cjwo step failure mechanism
of NFN membranes.

2.5 Sructural conformation

The FTIRspectroscopy was used to follow the conformational changes that occur
in the three silk fibrous substances (pristine, degumiaedNFN). By analyzing the
infrared spectrum, the structural conformation of Silk Fibers can be determined,
depending on the wave number and peaks location of the absorption bands of amides I,
Il and Ill. The infrared spectra of the filselare shown in Fig4. Simultaneous
presence of the two major conformationsndom coils (silk I) ang-sheet (silk II)
were observedlrhe image showed no major difference in the key bands. However, the
bands displaysignificant changes in peak intensities signifying variations in
secondary structur&rom Fig. 3, absorption bands are presented at t88(amide
) and 1,520cm* (amide 11), corresponding to the SF silk Il structural conformation
(B-sheet). Other absorption bands were observed at 1,53uaride 11) and 1,230
cm* (amide 111), which are characteristic of the silk | conformation (randoiinand
a-helix).

The result shows high@onformational increasi B sheets contents in the NFN
membrane depicted by the increase in patdasities;the  sheets structure confirms
good applicablemechanical propertiesMoreover the [ sheets structure can be
increased in the membrane through post spinning treatment further increasing
mechanical strength and insolubility of the membrane in Wa&lefThe sheets peak
intensities variation in the electspun silk shows that there is structural changben
conformation of the silkibers These structural behaviors are important since they
can be considered to be available for the control of solubility in water depending with
the environmental condition of membrane application.
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Fig4 FT-IR image of pistine, degummednd NFNAnaphe Panda silk membrans.

4. Conclusion

Spiderweblike structured NFN were successfully generated framaphe Panda
silk via ESN. Proper degumming of the wikihaphe panda species silk is necessary
to enable dissolution of the fibroin. The traces of sericin which remained after
degumming reduakefficiency of dissolution. Degummethaphe panda silk can be
better dissolved byCa (NOs3),:H,O melt. May be by increasing agitation and/or
degumming temperature, higher solubility could be realized. Further work should be
done to reveal the optimum degumming and dissolution conditionsE®Y, a
fascinating 3D structure consisting of Zpiderweblike nanenets supported by
conventional electrspun nandibers could be finely controlled. NFN morphology
was found to be greatly affected by eleespinning solution concentration and
ambient relative humidity. Formation of NFN structure was also found to influence
the mechanical behavior of thibers The structual conformation indicated existence
of a dimophic structures of both random a and B-sheets in the NFN membrahence
has controllable water solubility propertiébhe higher peak intensity of B-sheets
indicates better mechanical properti®gith the NFN membrane of Silk showing
advantage of large specific-surface area, high porosity, large stacking density, unique
Steinertree networks geometrgood mechanical pregies coupled with the known
novel tunable biodegradability and biocompatibility propeytisaphe panda silk
NFN membranes provide a potential biomedical material.
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