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ABSTRACT

ypothesis: Nanofibrous yarns produced from twisted strings of electrospun
H polymers like nylon showed acceptable mechanical properties as sutures. Using
biopolymers such as lignin with interesting properties like biocompatibility,
antioxidant, anti-bacterial, and drug delivery ability in the form of nanofibrous yarns
could improve suture yarn properties. Nanofibrous yarns containing lignin could be
used as biocompatible drug delivery suture yarn when having an acceptable strength.
Methods: Nylon nanofibrous yarn, nylon-lignin-polyethylene oxide (N/L/P) hybrid
nanofibrous yarn and its drug-loaded form were produced using the electrospinning
method. The electrospinning conditions were optimized and the mechanical properties
of the produced yarn were compared to a nanofibrous nylon yarn. The strength of
knotted hybrid yarn (square knot and surgeon knot) with three different twist levels
was examined and compared with each other. The presence of lignin and drug in N/L/P
nanoyarn was proved using FTIR spectroscopy. The morphology of the produced
yarn, its rupture mechanism, and degradation are studied by FE-SEM microscopy.
suture thread, The degradation rate of yarn was examined in a phosphate buffer medium. Drug
nanofibrous yarn, delivery properties and drug release mechanisms are also investigated by loading a

drug in N/L/P nanofibrous yarn.
Findings: Statistical comparison between N/L/P and nylon nanofibrous yarn showed
electrospinning, that there is no significant difference in their strength. The rupture test showed that
the hybrid nanoyarn has a two-stage rapture compared to the single-stage rapture
of nylon nanoyarn. The hybrid yarn showed a degradation percentage of 46.13% in
60 min, while the drug release from the drug-loaded yarn was about 97% after 4 h. In
conclusion, the results showed that the N/L/P nanofibrous yarn can be used as a drug
delivery suture with good mechanical strength and a proper drug release profile for a

short period of time.
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Table 1. The optimum electrospinning conditions and the parameters applied for optimization of the nanofibrous yarn production.

Parameter Applied range Optimum
Lignin/PEO ratio (w/w%) 50-99 70/30 (Lignin/PEO)

Lignin/PEO concentration (in DMF) (w/w%) 8-20 17
Nylon 66 concentration (in formic acid) (w/w%) 8-20 17

Voltage (kV) 10-14 10.5

Feeding rate (mL/h) 0.1-0.4 0.12

Twist level per meter (TPM) 1684, 2250, 2800, 3366, 3934 2250, 2800, 3366

Take-up speed (m/h) 0.3-0.6 0.3

Distance between nuzzles (cm) 10-20 15

Distance between the neutral plate and take-up roller 10-20 15
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Fig. 1. Schematic of yarn electrospinning setup.

VE H5-313 )35 ¥ 0 loud amizg o Jw rosky (SI9J9iS5 9 pole (sole alzo



Vlw)g)ls duzty & lgicdy OT )l okl miwolSel 9 S SIS addgil & Slwlish 9 udgs

FTIR bbb b s b & 50 il Slirl 3929 () 2
3 Sh e a5 Gl G el Gla S e s o 5B
sgde A3 ol FTIR placab 510l 5o gls 395 AU 50
ij,\.:aJﬁLﬂjJa}l;uJﬂﬂﬁmL:ﬁ&*}\~mngLMJ}A.3)'Hmg
b L L Glad o3 4 Sssde e Sl el b
03 5d0s 3 LIS <L Bomen MB 100 6l L ol o 3

ol Cewsay For—Fan cm! e sde

& 31 9s1s by 795k § i (gw g
S REER N S PP FCH ISR AP AS RE B
- oskieay S eslanad 15 oL Shimadzu Gl.w)}}gi:b 3
Yoo ppm (mg/L) cble U jsle Jsloe Il sylibial cove
e A b Sl Bl Jslee s SL IS gl
4 ol Jgowe 51 Y-0r ppm glackile L 553, glad sl
o&Kiws L Yo o—fer nm e Jsb eagdms 53 55l cab LUl
Sheslatal b s yesele aniy Ol s Jsb 5 el e
SaSas 5 Chle o gl ande zas dsb s il ke
Ay SLESGS (0l o 3kl ls gas ¢ ST 1l
(aols Osd) Aald ladigas 5 5ols Ghols ladisad A 55 5l g
Slind 3L sl 53 )l b Olejen S ey <SGl e
wdls 6 SKuSo b ey 5 sols e e sk s el I
O 05 b esls shls slati pod 5 A oalial 5L slis 5l
3 NS ey Dl 3L Jgle O mL s by L 0550
Ol b S5 Slaesd 3L e YO mL slyls 35 b s
Sz Olea lls BB o3l 055 b 58 dald (gladisas
sl ol ke et sad plad 5 4 S50 5 Sl 3l J s
PH 5 6 el L3 TVOC slos b S pla 53 0ldl 0 L e
s Laoles 53 5503 Lalas OT 5l e S Cod VIF 5 Lo

111010

Hybrid yarmn  Knotted yarn
without knot

S Fesi s S s oS e S boT S
LY ool 05051 (61 GBS B s Wl

Square knot Surgery knot

Fig. 2. Schematic of surgery knot and square knot and applying

them in a paper frame for strength test [4].

53 2 (1) alas BB (5 0 (e 3 O35 /000 g
Sl 5ol 1SS Wsas Vr gl Jes pl A acwlee (denier)
L 5pS o 35 pr M) slae s s 55155 adalnsey
S e el o LBl e e b
Den L & sl p 5 o 55 51 e Qe 035 51 Sols 00

13 g o 0303 OLAS

Den = (9000xM)/L )

B S ol gy
oKs SaSw O.a—\ﬁ- c_}§l.3) & a; L ‘a; Osds =
o Gl (S eIl Ol cx Ll (1446-60 Jas Zwick
dub)|).j:j§&:¢su;}))"w.))}?.o;dl?).)‘;:i&du,p‘)}.
Fmm ks b glalszal Jp= b S ool gl S eslizad o S
eﬁ)@f eJ,f JALJ: f‘ﬁ)b @\) LSL‘MJ;)‘ REER e 03} ejf
Y S 55 e Sl st S S A eslizad O3l ol (gl
}Ju.y‘d«ab L&C: cw\ djgo)U.’l LS‘J’ RGO I AR QLL.:
W (,,.h.; YO mm/min Jz,._uj e e 3 YO mm oKius o xS
33 0w s SR LB 5 o Sk s e S Osk slag s
ULAAJJQJJ{@}\)J&&;Z:L?%IJ\U.,\,Zub)\JéeK:..«;aﬁf

RN T A8 g (g5t

2 s Sy ey b pel Il g A5 S s Sl
O35 okeel 035 Dl S L 5315 L a8 515 LI
e b Gy sl Ll Canay oyl Ko 055 U Ll
sz 53 5 (PBS) Sliws 3L Jyle YO mL sl ls &l
bl cpl s s esls 13 skl BB s FVOC ot
Al dsloe are Sleg Jolsd s ol (UN PH oLl gl 5
SN0 O slaoley 3 sk Sl s Jalee b ilins
LS god Il azén av 5 95 « K 5 555 35 YT h Y O 52+ min
g i S S it e el ol PBS s |
Lol 035 SHalS do)s 5 (5 sll baw sad St 035 O
W, 5 adsl S 035w, dslas ol 53l acwle () alsles 3
el 4 6 i O3

Degradation % = ¥x 100 (v)
1

VE) 5553138 ¥ 0 Lol yamizgipm Jlus s pasky (539945 5 ol s pole Alxe \\tg



Ol g ls &t & wlgicdy U T jl o il iyl 9 (Sl LIS SRalgils & alwlish 9 Salg5

oaeia U e a3 s L3S g lis 407, Olabol elans L
L osbl sbad sl ¢L<>=:,.~| e 53 U YYO YA XYES
A Gl @Sl Ve sla s aolie (g en Slad gel

sl 4 gl

o g W

AP SE 9 SWIgh bbb (s p
2 g ld e eadudy SUILL FE-SEM la S
Sab w55 slase el et (S p 5 05U B (S e
@Y K5 55 6 5 boles ol sk osls 0L ¥ S s o]
Sy e 305G SUISE b o Sle e 0
oS 5 Ol GUISL g ks Sle 5 ol YeE£)PY nm
2SSk () Y S G s esn i (ST G
3 SSls 3ls OLES ool ez o OLES 5 YOEIAL M 03 5kes
A Rle 5 (48T i)y = K- 00 b slos UL SL
S 5 sbolen LI (gls gre sl (olel ks 51 0 LL BUI L
b O sl 5 BU s 55 a s (sl el sl
Ll 5l bies g 4 S g a3 w35 b ol S 5 (bead)
DL ot 5 bl andy an b 5l ol GUISL &S
oS i el s 5 &M o el s e

)_,.J:L;w oy Qj\.i'.’.n a)".\.}\ L )U 33 539,

SN
I

Nt NZA ‘?:\.

A Sl a1 L (5 S
o ((7) dslxs) Peppas aslas 31 eslinal b iolay )8 550
Ao a5 Jde aw SaSay gl Jiula ) Stw eomas [YO] S
5 () dsles) O s a5 ((0) dslas) S a5 ((F) dslee)
LYPV] As ey ((V) 4slas) Higuchi Jos

M/M, =Kt ()
M=M, -K,t 1)
M, -M=Me ™' ®)
log(M, - M)=log M, -t *)
S S5 303
1
M=K, )

6})‘} )‘J.E.A Mt GAJJAJJA)J j)‘} 4?3‘5‘ _}‘JJEA MO cLAAjJLxA Lﬁ-‘ DL
)‘ wLiu:,.iLA) 6j)‘} )\.\.&A M dt QLA) L 4.)).".; L nvaAd;LJ
I by sbelUK 5K K K gt ol s asal

el e

(b)

(4emST D) b= e SI- 00 (B) 5 77 05hU (@) ;AL 5 a3 Sike s FE-SEM sla S5, Y IS
Fig. 3. FE-SEM micrographs and average diameter diagram of nanofibrous yarn: (a) nylon 66 and (b) nylon-lignin-PEO.

\W VE H5-313 )35 ¥ 0 loud amizg o Jw rosky (SI9J9iS5 9 pole (sole alzo



SN, 56 ool 0K ple 1) (Ad b & s
— SV D= () SIS L sl 5L 25 (e
PL 55 DYTAT Lles S 5018 5 (el SJ 5808 -co
s M ol S 3 pm O5hU Dl (Jman s
SN I Dlgoas doale 3 Jites3 4 Cond 2l 2 V0 00
L aw Shioss Sl Llg e cpl oS 5l S 5 (s
[YaX ] s s
;ﬁl‘wtwéﬂowbhf JSs s 68 sbokes
fr gy S sl 55 8l 5 ol o > b Sassd -
S S it Sa5s slaasY ety el s 5 5 S e
s osliul I 53 51 S S ma 3 padse opl Al
éa..uﬁ Woge - L SHU g 5 35l (g i dsad ol
St Y8 jltle cwiwss ol 5 s 5 Sl esle DS
B dsb oy SUISE mes ol ety LB S 4
P slidlesl Cb Bsay 5 Lla S 15 wb 2l o) on

@‘W&Gﬁ)@)bc)wbwtﬁsdi}bc@j

& 1L
03 ekdedel W Jald bl 2 O5hU 5 s e (AJSU
e )5 LBYTES 5 YAV YOy b e aw L) Jys
A fe DU ol aw cpl 53 05U & sl G5 3 o
XV i et 5 Sl 5 s VN0 5 TY/AD (YY/ON
o il paiia ) b0les ol s VEVV 5 YO/50

SOl oS ol anl EalS Lged 53 8 3 Ob (Rl BIL s
Ll oy U Jlesl b 5 3B L15

Olw)ygols duzy E' vlgicay ole oLl ,zimySol 9 ue-:el Sl Saulgsl @ lwlish 9 g

B b D o0
\‘Jﬁi)aé.lix?aéjQJL_UJA:J}JU'CZJFE—SEML;L@L{}};”)
Digimizer |3l 5 L S el SaSas .l sl osls 0L
Sl i g 5 FY/YOEY um O,LU & b L g
satie 5o sl s &S sboles el Cowsw FV/POEY pm
JJ)‘JJ L}J‘JH’: &Jm}‘ cj.ké J,.}a.’ )‘ EJJJ:J"S c’ C"J 92 cC,wu‘
SIS S e 4 e G5L AU Bl e
&> ke il LM a5 L aS das e 0L (6 2l
03 &S Ceol edalls LU &5 g3 a0 AP FICIE ALV W
Glaio G5 SIS L g 93 51 SUI ks by s ) 5 al> 1
A_ﬁu\ E) Sl ool > 7 94 Jlm‘ I c..«\,uli‘_;a @.>J L;"}
AJL:S\ ceM@jCCE.NJJVLS&‘JﬁAJM 41.5)(..6)2 Syl
odod Saiosd A blE & 0 55 5 eder SOUSS 4 s>
SUI s P> 5l g e gile BL say Ll 5 o pl 45 355
MJJﬁﬁ‘Wb)J&@‘WVJ&JJ}ASJ}]&QmML
JplS Q.\.&.’ﬁ?u: LA\ "bjlfgfc Jg...:' J.dls )}bﬂb &JL:.H ca.\..iﬁ;d
Eel (o 53 CUYYPR) 5Ly Ob o me 53 8 5 5135 5 D>
S S s S d asde M S B a5 S Oder
.5"\""5;5&‘,}‘0”“uuﬁ‘)b\)djlﬂ)dz&-‘kﬂf&)‘}cch‘ﬂ)s
55 BT 50 Bl s S 8 G e 53 35515 Jdawy
LE\J'.’ J‘Jj@ 3 42 94 cb.w)b L;/J..ig_.)}.b CJ[;-) J‘}JJJI.&.;;
Gl ol ill Sy dlob s 2 Sl =

(ST ) o= &= 0500 () 528 05LL (@) : i 5L & FE-SEM sla o Se Y 1K
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Fig. 5. Mechanical properties of nanofibrous yarns and nylon-lignin-PEO in straight and knotted form with different twisting

magnitude: (a) specific stress, (b) elongation, (c) work up to break, and (d) elastic modulus.
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Fig. 10. (a) Standard absorbance plot of diclofenac, (b) release profile of drug from hybrid yarn, Peppas equation fitting and

zero-order kinetic model fitting, and (c) first-order kinetic model fitting, and (d) Higuchi model fitting.
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