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ABSTRACT

The biomimetic approach on the cuticular spinning nozzles of the major ampullate silk glands in the golden-web spider
Nephila calvata has been attempted using various visualizing techniques of light and el ectron microscopes to improve the
design of spinning nozzle for producing synthetic nanofibers spun from electrospinning apparatus. The major ampullate
spigot which has the most effective nozzle system to produce nanofibers for dragline silk with high strength and elasticity
is connected via the bullet type spigot on anterior spinneret with flexible terminal segment. The excretory duct which
transports the liquid silk feedstock from ampullato spigot is divided into 3 limbs by loops back on itself to form an S-shape
morphology that is bundled in connective tissue. Final diameter of the nanofibers at nozzle was dramatically reduced by
gradual narrowing of duct cuticle less than 10 times comparing to its original size of funnel region. Moreover, the funnel
has a characteristic cuticular organization with porous microstructure which seems to be related to water removal from
feedstock of silk precursors. High magnification electron micrographs also reveal the presence of the spiral grooves on
the surface of the cuticular intima near the valve which presumed to reduce friction during rapid flow of liquid silk.
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et al., 2009).

Jeivt A7MRAPE S B AANEE v AR A
WA Aol A BapARoR o] Feix]7] wjiel
gk BA7F AT DS AU ik ol EAlE
E317] $13te A ALae] £& kel whee] A7)
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EurAgE 2R-o s wia) A At wjeke B

dre] A=E AATI7I7E o757 el 84l 54

g, AdA A AHAE T3 AFAAEE Ao A=
oA FHRos s mEAEdEs 49 (tensle
strength) o] 600,000 psiol] &3}, €FA] (elasticity) o] 200%v}
HE Ux AaaAzA A9 7= (unit strength)7}
ZdA ot Qlzte] S oW FRHO] AfEvE 953 7
o= ad#R 3 9Ju}(Godineet a., 1984; Stauffer et al., 1994;
Kaplan, 1998). 23} olu]z} skeiAlz} 8412, 72) 71 A} (acid)
o} egelel g woldt sHebd WA Foz sl Ak
o) Avksh AAH ABFEAN S FENE S e
24T BF 233 Qe Aoz FHriEo(Jin & Kaplan,
2003; Omenetto & Kaplan, 2010). o] EA o=z 7m|
A7k relut wol g wie} ¥ M gz Auw
A7} ohzh 37 & gAY SE2 ok 2%
oJehs mAtY whEE EH3] g8 PRE T Aske
A5 (Kaplan, 1998; Voallrath & Knight, 2001)2}+= &2
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o o2 /] Aas AIHE A elok(Fodix, 2011).
53] 3] S8 (orb-web)E A& Grin|e] AulE
= T7HA o)A ME g Fie Aas A, 47
9] 5% FEE ] AMLET 9lge] & A Y (Till-
inghast & Townley, 1987; Moon, 1998). £3] Ho| & #7] ¢
3 Wt Au|EelA 718 A0 = dragline A T
AHA (ampullate gland) o 2 €] XA == (Wilson, 19623,
b), 7 2elHel e Keviar %9} 79 EAaAT, g
HAo] 7wt =, A FHAT]E= © st ovA:
10y HE= Aoz BT ¢luh(Gosline et al., 1984;
Stauffer et a., 1994; Kaplan, 1998).
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o &3t stetde A7 AT o]eA] ethanol F=317}
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M= e AN s

3213 e 44 A|8E 2.5% paraformal dehyde-glutaral-
dehyde (pH 7.2, 0.1 M phosphate buffer) &3&F-g-oollA 11
A (pre-fixation) &}z, £+5-8-24 (pH 7.2, 0.1 M phosphate buf-
fer)o 2 448 =, 1% 0s0, (0.1 M phosphate buffer) 8-}
oz oF 2417+ T34 (post-fixation)3}dc}. o] & Al S
dFgH oz 33 pAHT F 5= A 9 ethanol £
o2 ekl on, propylene oxidez X|gkst & EM Poly/
Bed 812-Araldite(Polysciences Co., USA) £3tgol o 2 xuj
sled 60°Ce ¥ 71z QB A F3aksit

Zuj7} 2tg% Al8+= LKB ultramicrotome(LKB, Sweden)
o2 05um F7 2] FxubAH (semithin section)& A z}s}
o] 1% boraxel] =<2l 1% toluidine blue g} © 2 hot plate
(60°C) el BAsT FFGz SAsted Fekdv] Aoz
F& 2= shelslgrt. o]ojA] =P (ultrathin section)
< A|z}sled copper gridel] R2HA]Z] oL, uranyl acetate2}
lead citratez. ©]% <IAlsle] JEM 100CX-113] =3}z
u] 74 (JEOL Co., Japan)o.2 80kVe] 7}&AtellA] a3}
T 7 JAe 7)SE9

FAAAER A IS £ A2 0.1M phosphate buf-
fer (pH 7.4) 2 2+3=A171 2% paraformaldehyde2} 2.5% glutar-
aldehyde &38-9M-8 Azl #A] (prefixation) =] 3k
%, 59 3490z 35 pAskdch pH7t B Alst
0.1M phosphate buffer (pH 7.4) 2 $+3A]71 1% osmium tetrox-
ide a‘l°“_i = 1A (postfixation) 3t =, 5o ¢3S A}
3te] 383 ARstsish 2] B At ehanol
= AFE 4=(30%, 50%, 70%, 90%, 95%, 100%) e 2 x]&]s}
o] dpslet

2471 2y A2+ hexamethyldisilazane (HMDS) £ o
2 AEslar, A2elA Az Msislon, 98] Aue o
4= A7) = isoamyl acetates]] 2|3+ = YA Az~ (criti-
cd point dryer) & Algslglon, drlz S Hede AlLs)
o 57 34 A F0E ARE stube] Fsha
sputter coater E-1030 (Hitachi Co., Tokyo, Japan)E A}-&-3}e]
o} 15nm 57 2 W =33+ = Hitachi $-4300 (Hitachi Co.,
Tokyo, Japan) 413 A x}sln]) 7 (FESEM) o2 5~15kV 2]

Aol A stk AR MmN s (image)
° XY she] Peje HFEe] AR F, vl FE

A zpedel ALgshedeh
z o
1. Bt™=7| (spinneret) 2t EALE (spinning tube) 2| | x|

2 A6l AR FRAR AARAS H A (maor

ampullate gland), A~ A+ (minor ampullate gland), A1

(tubuliform gland), =4+ (aggregate gland), 1AM (flagel-
liform gland), ©]AHA (pyriform gland), 32=AFA (aciniform
gland) 5 772 o7l Uit 3 ] a7
7t 0] 9 (duct)z 0] (sa0) el 3 e - (tail) =
o) FolA glelm el Rl FFAe) Az A7E
Qo] FgEle] GGk BHFHS T Ruel I o] A
Aoz HAAA Aol ok 755;}51101] o3 E=Hte] ol
dov, TANE JEoe 2eper e Yt
A A BE(limb)o 2 l‘@r5]<>‘1:}(F|g 1A).

ZAR el YA be = AAkE A= AFEA e B )
Zctol] 23 A o] A =7 (spinneret) o] =%
EARE(spinning tube) S 7XHA] 1A e o] Az W
oH(Fig. 1B). 945715 FshAA Bskadn]dos a3
omlx) $AAT gl o] AYHETIe] EA}

A

R | i
H3p A4= T (Fig. 1C) W AEARY 2 Ze Ao B
v|B3) ddE FHAE7| EAlREe] Bk akE <)

Fujgst Eugte] AAHE RYoMe Zdr] 725
7121 B2 el 4 (funnel) 917} ‘/]'E]"’]'—‘ﬁ] (Fig. 1E), %
W37 Aas Bi) #F3 A, v Fjake] TFE

s3] o8] ERe] 9)3E F2o) HARscH(Fg 1P). &
Hlge] oA EAERE e olEgel A= A7
N e ECPEERE R PEREE LS
9e sa glglem (Fig 16), F43ha ARdH oo
AxEw 7 B (Fig. H).

2. CHEEAMMO| E AL (spinning tube) Tt =&
OjMl7=

(nozzle) 2|

neret)E Fall A2l AU (Fig. uhe 2 o] o]
A A 718 ERleE B2 & hlar wheke}
ool BAdE WAl Tyl 2 Wy =R
(spigot) =} o] FAle] AAE 438 =AI(spool)Eo] HE=]
o] SISk (Fig. 2B). o] 4Ae] EAR2 ey dAde] =Abst
& TAo= wdEe slglen, WHE7]9 25 fA3
EAREES] detnez v 5o Slef vjs) AdE SA4E A
Yz SIS (Fig. 2C). whdd, ey Al o] EApate 7] A wtd]
7F F3L “Jﬂu}tlf’ﬂ W ATl AL 7 i) 9
FollMs A5 sl ETErE 3450 Aslen, Aol

wolA e 7Hﬁ =
o} (Fig. 2D).
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Fig. 1. Photo micrographs of the major ampullate gland in N. clavata. A: The major ampullate glands (arrows) are composed of duct, ampulla
and tail. B, C: Anterior spinneret (As) has the spigots of the major ampullate gland (Am) and pyriform glands. D: Middle spinneret has the
spigots of minor ampullate gland and aciniform glands (Ac). E, F: At the junctional region between ampulla and duct (Du), specialized cuticular
structure, known as the funnel (Fn) can be seen. G, H: The duct of the major ampullate gland is made up of thick cuticular material, and liquid silk
precursors are transferred from ampulla to spinning tube. Scale bars indicate 500 um (A), 100um (B~ F), and 50 um (G, H), respectively.
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Fig. 2. Scanning electron micrographs of the anterior spinnerets in N. clavata. A, B: On the anterior spinnerets, one pair of major ampullate
spigots (Am) and more than 200 pairs of pyriform spools (Py) are compactly distributed. C, D: The spinning tube of the ampullate gland is
connected to those of bullet-type tube and composed of basal (Bs) and terminal segments(Ts). E, F: The spigot of major ampullate gland is the
most prominent on the anterior spinneret and has a thick excretory duct (arrow). G, H: Fractured surface of the terminal excretory duct (arrow) has
simple columnar epithelium (Ep) resting on the thick cuticular intima(Cu). Scale bars indicate 200 um (A), 100um (B, C), 50 um (D, E), 20 um
(F), 20um(G) and 5um (H), respectively.
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Fig. 3. Scanning electron micrographs of the funnel and helical groovesin N. clavata. A, B: The feedstock passes through the funnel (Fn) between
ampulla and proximal duct (Du), and finally the high elasticity and strength dragline silk is produced from the nozzle of the spigot. C, D: The
funnel has a characteristic cuticular microstructure with numerous porous structure (Po) similar to that of spongy bone. E, F: At the third limb of
the major ampullate duct, helical grooves (Hg) are seen on the externa surface of the cuticular intima. G, H: Beneath the cuticular intima, well
developed simple columnar epithelium (Ep) with numerous apical microvilli can be seen. Scale bars indicate 50 um (A), 10um(B), 5um(C, E,

F), 2um(G), and 1um (D, H), respectively.
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Fig. 4. Transmission electron micrographs of the excretory duct in N. clavata. A, B: Each epithelia cell of the major ampullate duct has numerous
electron-dense secretory granules (Gr) within its cytoplasm. N: Nucleus. C, D: At the apical plasma membrane of the epithelial cells, long and
complex microvilli (Mv) are well developed. E, F: Fine fibrous materias are seen ar the junctiona region between the epithelial microvilli and
cuticular intima. G, H: At the apical plasma membrane of the epithelial cells, long and complex microvilli (MV) are formed. The cuticular intima
of terminal duct has 3 kinds of cuticules including electron lucent subcuticle(Sb), endocuticle(En) and exocuticle(Ex). All scale bars indicate 50 um.
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Y o] AT WA Bulde] Wy BT 7
250 nlAT7E Teln AuEe TR 240 % B
291eh (Fig. 2F). =2 3919] Bu)Fe W2 2740 oF 15
umel SRR AL of 3Bpm, Telw e 223
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3. i &M9l A5 Z2H|d (sac)at |2 (duct) 2|
OjMlL=

el AFE A2 AFRA] Bu)F oz o
AR A7) 398 FAAAEn e B
oF 200umel] Feh= 1) FH FE|ZZo] wule] A9
g4=e] algieh(Fig. 3A). 2xH T2 A o] 7e
& %7 of 10ume] 79 THEE A #% (spongy) T2
£ A3 glgol HA=sie(Fig. 38). &l AAen]
A BROIN BxA AWTE] FEZ ZolHE ue} vl

f
o

ru}i o
K

HE

fl
ofj

AR FHEE AN o3 | TRl Yehhed (Fig. 30)
)T mHTEE A=z W] 98 Bulg &9 A

Foste} AAs] 915

A ATFEARNTE AL EE ¥

o] Yol oF 1um 7k4e] Lpa g %%w} FA =]
1=k (Fig. 3E). Fel22 mwe] A4
719} AZAE ¥4 —cHl{r(Srdllmb)‘ﬂW 53] 2 W]
Aglem, Fuje] wdnz s AAs(Fig. 3F).
T4 st RAF By FE|SFFdA = E7HI)
HAE W72 exocuticlez3t Hejel izt weE wf
% endocuticleZ, 18] 17 Aby]e} %38t =2 subcuticle
Z=o0] 93] FR= 9o (Fig. 3G). £3] endocuticlez=2 &

RN
H3 7S Aoz AR Wdl AYT2E ¥
At glglow, Ao Atolell e w2 Fro] HAH A
A 7A3+z4] (loose connective tissug)2] EAS XY ¢S

o] =3l (Fig. 3H).

I

cH|E Yoot FEIZS DIMTE

FEE AFEAL] QAo FHejshes Euld AbuA 29
82 7] x| Hel] 913k glglom, kel §Hle] At <l
o] 2k idE]o] Qlit. Ml ZA el = ZHAZA| 7} W E o
A Ao wnAEe FAshs ez wAHASH (Fg.
4A). A5E BT viFels AfdEde] s e
Asdon, FulFHFe] FHHells FAH

el sisdek(Fig. 4B). A #u)3t Ad]e] W7l

™

959 e)aREe] A gl A3 $FAY o

A= (microvilli)7} A= o] 2lsle(Fig. 4C). o] = mA§-
27} FEl S AHshe Bl M EREE &
= wAEE ARk BAle] FE]F S0 f4He 4
= dAbo] EHEloH(Fig. 4D).

=9 (st limb)> AdEa| el 2y AZ5 R
A ks = dRFe] ARMER ool S,

233 ATHZS] Atelole mAlERIE FAE A
o} (Fig. 4E). o] 39]e] Eu]ol| A= subcuticle Zo] 24
Hda ool hdi7b w2 wid = endocuticle F3} 2 9
2¢] exocuticleZo] Wlo] 1%eH(Fig. 4F). B A
e 2w ]-‘4'(3I’d|lmb)° EALSI A AAE Hojz A
S AR A7) AZ2 ool gle W)
o)A g2k ‘f’é“a}ﬂﬂ Uit (Fig. 4G). Er|e] FE]F2
71A ¥ =3 e subcuticle, endocuticle, exocuticle?] =} =
=24} wjd-g o]F 1 gt} Subcuticle ol A= mAEE A
L Abo] Fx71 FAE 9l 2, subcuticle =3} endocuticle = AF
ole] ZAA el SR £717} Wesle] g (Fig. 4H).

a &

7Anle] =22zl A= (dragline silk)= Aol A
o, 7u) 2] gablelit Aule] kAl Fol *}%ﬂ—t—
o2 od#x gl (Wilson, 19623, b; Fodlix, 2011). ¥ A
Fol wheh ok el ol ¢ ol oz teiA )

Grv|e] AvjE A AR HEH 54 l
ZFoz YAl A o FRER zhzt AupAE
719} FHIAEV|E B8 dZAF o] glvh(Moon & Tillinghast,
2004; Moon, 2012).

An] A=z Bejd BEAE viwst Al ojshd, Ay
Ao A AAIE = dragline A =.2] 7} (strength)= 4 x 10°
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lo L, T
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mlo

Nm72oz g4 A4z 71 7=rl =2 Ada(Kevla)
A-f-2} Tr"}?i}xlﬂ} A &g 7ul o4} 7] wtel ARE
8t ¥ B3k o] (bresk energy) = Al AGH

o A o]} ¥ ez FAFHST v, A e 7t
= AL V4 A zo| ARk A&t 3 olvA=
Aget Aol A9 FUd oz BauEy 9ok (Gosine
et al., 1984; Stauffer et al., 1994; Kaplan, 1998).

sriuske] Aujel A B 2N, DT AL
A BFe) AAe] B3] 3 BulHE AT 9l
2243 o) ol dsiME At 27 v AR 9
g Fxehe Aol 970 dXE B gl:d (Bell & Peskal,
1969; Peakdl, 1969; Tillinghast & Townley, 1986, 1987), 3
b AHle) A AR, 2HHE Holo) skw
2 adHoe 937 4 9l e Wy e A=
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7} ols AAdo=RE AxEehs Add 23 (Moon &
Tillinghast, 2004)7} 7} Al=0] Ze)d EA) (Stauffer et al.,
1994; Kaplan, 1998) 522 w|f-o] o] 22| =7} o1& A
o2 A7,
TobAu e} z-e 9] Nephila madagascariensisel| 4]
Ak Aol oJshd, #uge] el Axde = FHiE
Wzl o] Bxlepe of 30,000 dalton & Eo|u}, Bu|He B3}
ste] 1A Ao Adf-= wWdE =2 o 200,000~ 300,000
Azo] BEajeks 7HxA = =d) (Bell & Peakall, 1969), o]
B Z71AAe il gt (polimerase)o] o]
i}&%(polymeﬂzatlon)/l Az dojuA =, &4
= pu)ghe] 29| %el A HulEcky shich(Knight &
VoIIrath, 1999, 2001). & AT M= Bu]The] ZoH Abw)
AZo] FHE Aye] B Fo] WAL e ¥E
NME HEAFA e o)A A A F2E Ad A
o= mRo], o] FHelA A= WAL FPTFE Sl
s Eao) W] o Fold Aoz FAHH.
ddae] e Aoz F HEA FFH o]
3719 limbe A wle 71 Buj#e 7=z gleded),
ol HHlFellA EARRe] =aly] s Bagh A E
v el nlsl 24~ 3uf °W WA F2 Aoz &
BAsi oY U BTE

[EURN |1

e

4

[o5

r[r o{N <

}_T_'(Bell & Peakall 1969) B W
A AR A e ] A WA
7) 913 AFze) A 71w A el Am AT
EAE A ARSI 7|50 FAlol $3lE 4 9leS A
A}t v} gl (Work, 1984; Knight & Vollrath, 1999, 2001).
AsFeP wAel ofajal, palde] vl Az 2b
Ag A= shAe A9 o bl (o helix) TR o] F
oA glor}, En|A-S Edle] TAALY M-Sz Wi
Aol = B HIE (beta plated sheet) 22 71X|A] HH
(Bell & Peakall, 1969; Andersen, 1970), o]=]3t W32 o)
deje] A= whiAe] rlex 7] wH|Ee 53 3
A gl AP ozH o]FojAE Aoz FAFHT Q)
o} (Til-linghast et al., 1984; Vollrath & Knight, 2001). ¥3] o]
dojuh= A& 9= dulA A gz, x| A9
ho] AAE T WA E7]9] 7)ol A AlelofA]l Yo
F 7o g F2=x9l=4 (Wilson, 19623, b; TiIIinghast etal.,
1984), #u|Te] 9]3 FE|S2e] 20 F4o) VAR
F-z9] subcuticle +x7} w9 wdEe] ¢, tter o] ®2)
o] AM 27} uAlgRE Ad A FhHEe] 54

+ 7HA slvhe A 5o= mlRe] FH Wy IAAHL
o] A9 FelA dofd Aoz FAH wp gl (Moon &
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