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ABSTRACT

ypothesis: Nowadays, polymer nanofibers have been extensively used in
Hdifferent industries especially for medical applications. Electrospinning

is a simple, versatile and cost-effective technique to prepare nanofibers.
For biomedical applications such as tissue engineering poly(lactic acid) (PLA), a
biocompatible and biodegradable polymer, has gained great interest. To improve the
physical and mechanical properties of electrospun PLA, nanofibers and nanoparticles
can be included.
Methods: PLA nanofibers were prepared through electrospinning. Silver nitrate
was added to increase the conductivity of electrospinning solution, resulting in finer
nanofibers. To improve morphology and mechanical properties of the electrospun
fibers, silicone rubber nanoparticles (NSR) were added into the electrospinning
solution. Scanning and transmission electron microscopies (SEM and TEM) were

employed to investigate the morphology of electrospun nanofibers and dispersion of
nanoparticles, respectively. To investigate thermal and mechanical properties of the
poly(lactic acid), obtained nanofibers, differential scanning calorimetry (DSC) and tensile test were

electrospinning, used.

Findings: To obtain poly(lactic acid) electrospun nanofibers with fine and
defect-free morphology, PLA was dissolved in a mixture of dichloromethane
morphology, and dimethylformamide (DCM/DMF) solvents with a volumetric ratio of 3/2.
Electrospinning solution with 7% poly(lactic acid) containing 0.5% (by wt) silver
nitrate led to defect-free nanofibers with a diameter of less than 200 nm. Inclusion
of silicone rubber nanoparticles of 1% resulted in finer nanofibers with a diameter
of about 123 nm. This was attributed to enhanced elasticity of the solution with
addition of elastomeric nanoparticles. Adding silicone rubber nanoparticles increased
the cold crystallization temperature and decreased the crystallinity of polylactic acid.
Toughness of nanofibers considerably increased in the presence of silicone rubber
nanoparticles without sacrificing modulus and strength, indicating high capability of
NSR as an impact modifier.
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Table 1. Coding and weight fraction of silver nitrate and

silicone rubber nanoparticles (NSR) in PLA fibers.

Sample code AgNO, (Wt%) NSR (wt%)

Neat PLA 0 0
ANO 0.5 0

ANO.5 0.5 0.5
ANl 0.5 1

ANL1.5 0.5 1.5
AN2 0.5 2
AN3 0.5 3

2900 )3 (439 NS L 0 b (Sl SIS V) Ay Sllgils SilSe 9 552348 Yolg>

(NVD) oS ealis gl (PLA) (el KSY) L 53,250
B Sl 03 Solol b okis S sdalive 5 sy |y Lulall 13 50
Las Jb s il oo ool 3l OU Law gie Jad ol 55 60 51 0/00
5 b e il G L gie a3 VB O3 el i 6510850
e Mg S kb s L’ S

b yosk Ko 500 sl St 356 Sl eslizad 1|
03 Slsd b ol cpl il 03,8 Ll 1) 01 Kt x5
S &S LNsdp g o5 S MU s SN LSOY
g2l NI Ol g0 S Y0y nm B O nm s 5u-
(LS J )k Opmen ilos lajcd oL S 5 S
DYIWVTslodds s 58 00 5 (el SISV ks 2 S
S0 uslie 5l eslinal s o OLES SV 3 a3l S el
S o2 iz e 1 (Ko e 5 0L b D3 ol
S8 Jsde 5 S sl e Sl Sl ol ple oS
St S350 ol sl Sl ol iask L S
ol s seld S8 PLA s S s (NSR) 0 Sk
55 05SE Ll skd sy ol OUIL SO S
SUIE Lol 5 s 6l St S35 1 eolizal xxl o
sl oSS 05l

3]

3lg0

SAYVL s 1) 2003D ¢ 5 (Al SV Sl i3, ol o3
J& L K el NatureWorks =S, cxle (457 50>
3 IVC les o) £ gV vmin Ols 0L > 2tls 5 V/YY glem’
Merck &S & 51 Ol il 0,8 S s eslanal (V)2 kg <55
EEIE R U WSt [ PY ECH P R I
SINOPEC Beijing Rescarch o\&ias5 5| Narpow VP-601
S 4 e s2S Institute of Chemical Industry (BRICI)
Ol IS 65 sadd= 5 Av nm 50 I3 60l ks 631l
3k ok L (CHL) ¢ 35 0S5 (DMF) Asle 3 Ji2e 53 «((DCM)
LAd ol = ol Merck s 5

B 595 9 boluws

2095591 Sl 2 Jghmo 4g
A e VY h Gdeas 00°C glos 53 M= 051 05,5 PLA

11 (53537 B o)l (amigaoms Juw rosly 539I9iS5 9 pole (rale alzmo EOA



0910 )3 (a2 )9 NS L 0 b (Sl SETY) A LIl SSilo 9 52548 Yolgd

(P S 9 (R A (Tl (595015
J4 Brookfield G.““LS)J'."J; 5l bd o 69,018 e sl
(©P) Sl Bl o p S 5 A3 e3linal K 0] ct L DVII
il b ad e (S Sl Susle, ol sl 55158
L bdses b 23S 0 g, Seslil oLl el Jenway
A Sl oLl el Kruss K20 i 225 ol
A 1S s S0le 5 (oS esll ad e g W sloee ol

el IS Sl
i b= pl 53 PLA o5 5SU1 51 ol GUL e
Olg o 1y 0T s DVANA] S ewlis kS 5 L5505 Il 3
Jm lr s S Pl ) s (ST ol
3015 e sddeslinad I S Sl ol il 5 i ol
oalatal 5L (8) S llss b b Pl b ol P> s 5
5Pl e il iy S i il i e NANG] s S
Sl Sl Lo daler s ol Sl Sasle 5
IS i bl sl IS S a5 P> (S S
S JS asY oS s ph e e o i OIL 4 el
SCHL 1ib) e<0 ohas o gladdl> 3 IS ) sba il (28
Ll (DMF 5 Ogxul wile) € >Y0 b3 sladd> 53 5 (050
I Sy Jhoms S Sl 55 gl 2 U cpl s
Sy omls D= L 2lls DMF a S1.0s ailsl J glwe & DMF
(F8 550) 5l S lgs ol rils Jdsa Wl s PLA
S 3 S Sl Sl el J s 4 0T 05553
oM a5 S dal i SGS ek Ok S U Gl g 4 e o
On GAGH Ol 3L iy gl (S0l Sl i
Sas S 3 5d e Sbml s liS max amio 5 Ojsw S5
sl 4y a5 et Jlesl 0550 S5 5l el 2ol Lo g
2y e jiaS b Sl L S|

Gl o 5l Stea) 53 Sowls Il ol gl
R YA W 3) Y A P P CoP I P
D> 51l s 4 DMF Calises palie & sl o el
i gl 55 A elial Jsl DDl Olgea s 08
AE e p Sl @lp O lSes 5 s NS sladdl-
3V e lacews L CHL/DMF .S 5 5 ld sdalis
3 05h e sl eddiags SUI 5o (6305 Sl (eend slaalls TY

zbﬁ A€ 63T D o plouis (i Jw rosls 559J9is5 9 pole ok dlzo

(el o
X g 5 edndl sladsesl b sdbag OUI s (S
SEM) s S5, osSas S 5 g 2 4tk (EDX)
(5,5 SERON &S & el AIS2300C Jute o sSans S L)
Mo 51 S50 Y L eddag gladed Il sl b A )
Sl Ad nd Image T 515800 5 L SUI U JUELRNT PR
S Sl Calitee o Vov s pde b (G GL a3 g S5l
bl Sl 5 SaSay slne Sl 5 (68 Sls s 5 0L
55 S 51 D350 iy il Sl ok sl SPSS 22
L Philips &S ;& cotl EM208S Jde (TEM) (5 e 55 Sl
G DU SL i pa3] @ gai ags gl A ealizad Voo KV W

A e SIS Doty s (S8

(DSC) ol g wbo 5 03T
J4 DSC CMLejf L Losanl Siale S5 sk el 5k 3,
LS s OS5 s 53 edse e Mettler Toledo
e L Y0000 (53 B dame (sles 51 1ttl Und i it
(ol S am U G sl waalsl s as Df \+°C/min
Cb i b s 5 0 azdls &5 Los ol o Y min Sodeas b ge
VooC/min ce e b Colg 53 5 5 0 bame glos UV +°C/min

.J\JJ\J€J§c)l{jJ

S5 0ga)T
b33l 5 SIS dade (IS pSoal) bk ges IS ol
A gy OOFY Je Instron oKews b (Cnsls B b 5Ll
35de s 5 T /0 em? slal b e god 0 p030 nl el 51
o3 Ve mm/min (LS S b Osel ol LA eslel Yo pm
= oSSle 5 plnil @ sad 2y 65 Ogesl s plnil Jaoms glos

Al S

NES RIS
MCR 301 Jio Saalys sty b S350 sbas Se3lu
5 YO mm s (il glaa=is L Paar Physica 5,5 o>l
03 o Jade el Lo O] Wk ged SlaiS 5,01 S
b 53 (V) cub 25 S anls 53144 °C ol gbos 5 053 20

u\JL.J_L;ﬂ anlsl Vo U‘:""JS G &]a;-j)d‘; 4?>-L’ coj:}.b



L 5 ST e Eoond LDCM/DMF S 5 3 (!
SUISE 3 Sl w55 slssel Losles OF SEM sl o5
sl GUI 5L Ll o asls OLES () V02 s Jool>
Sl 525 b g s odalive LOT 5 glails 5 Lz L2l O3
e oa 5L Ll ol sl 2alS 15 b ol S s
ol S ol g a5 Ll 3L s s IS 6l of
55 4y Sl GUINOlg e Oleg IS 63 I 3l eslanal
> Olgeas Ol s IS (65 I b (g5led sloee caalsl 3 55001 5
el VY ez Sl b p s I Ol gioay Ao B Lo 5 )

ol 0

& S 3 S 9 PLA Caslio Cdalé (s

035530 b el ol e ¢y 05 PLA GUI 5L 1 55 51 g
a3 Lk b OUISL ey SBle Al s Dl e S
(i S ol Y Jsder 3 sk ey Yoo nm Gl S
S etdag ladsee a0l 8 5 S Sl

e )90 93 (i )9 )i s © b Antg (Sl ST Y) Sy Blllgil Kl 9 S jud olgd

Ll Oy sdalowsay BUISL el 35 L ¥ ol s
s (Yevonm 51 o) esg oLy GUIEL ld (lxaa s
Szl s SUIEE LS el gy s SUI 3 a5
SUI s a8 L o 5 Sleyols (8l wdigs O gmmen
Al I 5 DL b (e & S e (515D
5 S s o Sle b BUIaS ol ()l G Lol Eass s
Ciliea slas )18 53 5L3 b L GBUILL 45 555 4 Yoo nm
LY=Y¥] ““ju‘ Cowddy
Ol ASgs I oy a0 53 nlis Pl Ot (6
SV dsloms sl s A5 Sl Syl D Ol gy
3 SN ez e ULDCM/DMF S 5 53 )+, (A
v_}\}bé@j)])b}u'l{o‘NerTWJA{cJLAlSEMﬁ)LAAS.LJ:
GBI SL anl ol osls ol @) ) IS8 53 ol BUISL s
53 548 ed sdaline OF 55 (glals 5 dtes L2l 05 sdalsa
Syl (Yoo nm) Goua las 51 iy G lad o5 I
SV Jploee 5 A5 03l (2l 53l 055 I like b 2alS

Mean= 1015 nm
] Std.Dev =434 nm

r

0 0.00 500.00 1500.00 2500.00
Fiber diameter (nm)

_ Mean=915nm
Std.Dev =380 nm

Q
5 101
2
23

5

0

0.00  500.00 1500.00 2500.00

Fiber diameter (nm)

d).k?r.ﬂ)\ Ja,él?'PLA A.\..le)jj«'ﬁ‘ LJL.:.H LS‘)’ ngbﬁ @)}: ‘5'):...»4 LSL&)‘J)N}&-LLJN&L@&LM&;)JJbSEM LSLAJK"J':)_\ Ji_._;
YT ®) ) o @ glca ULDMF s DCM cladd\> ,3 PLA )+,

Fig. 1. SEM micrographs with different magnifications and diameter distribution histograms for electrospun PLA obtained from

solution of 10% PLA in DCM/DMF at a ratio of: (a) 3:1 and (b) 3:2.
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Table 2. Surface tension, conductivity and viscosity of PLA solutions with different concentrations.

PLA concentration Ag concentration
Surface tension (mN/m) | Conductivity (mS/cm) Viscosity (cP)
(W/v%) (Wt%)
10 0 30.68+0.14 2.55+0.18 324.91+18
10 0.5 31.32+0.18 13.34+0.14 333.45+20
8 0.5 31.29+0.09 13.2340.11 205.43+22
7 0.5 31.28+0.15 13.21£0.17 158.59+16
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Fig. 2. SEM micrographs with different magnifications and diameter distribution histograms for electrospun PLA obtained from
solution of PLA in DCM/DMEF at a ratio of 2:3 containing 0.5% silver nitrate. The concentration of PLA in the various solutions

used for electrospinning: (a) 10%, (b) 8%, and (c) 7%.
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Fig. 3. SEM micrographs of electrospun PLA obtained from solution with different magnifications and diameter distribution
histograms for 7% PLA in DCM/DMF at a ratio of 2:3 containing 0.5% silver nitrate in presence of different amounts of silicon

rubber nanoparticles: (a) 0.5% wt, (b) 1% wt, (c) 1.5% wt, (d) 2% wt, and (e) 3% wt.
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Table 3. Surface tension, conductivity and viscosity of electrospinning solutions with different amounts of NSR.

NSR concentration Surface tension Conductivity Viscosity
(Wt%) (mN/m) (mS/cm) (cP)

0.5 31.15+0.13 13.1740.11 165.25+13

1 30.86+0.21 13.13+0.16 174.95+19

1.5 30.75+0.17 13.1440.13 186.84+15

2 31.12+0.22 13.0440.15 198.75+22

3 31.17+0.19 13.0940.15 211.35+24
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Fig. 4. Frequency sweep behaviour of storage modulus for

neat PLA and PLA containing 1 and 3% NSR.
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Fig. 5. For AN1 sample (a) EDX pattern and (b), (c) elemental mapping images of Ag and Si respectively.
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Table 4. DSC data of different samples obtained from second

heating cycle.

Sample | T,(°C) | T, (°C) | X (%) | T, (°0)
Neat PLA | 60.1 1178 | 21.8 152.3
ANO 550 | 1153 30.9 152.5
ANO.5 558 | 1204 | 255 150.9
ANl 558 | 122.1 212 151.6
ANLS 56.1 | 1234 17.3 152.78
AN2 564 | 125.0 13.4 152.5
AN3 559 | 125.1 13 152.38
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Table 5. Tensile properties of neat PLA nanofibers and PLA nanofibers containing 0.5% silver nitrate in presence of different

amounts of silicone rubber nanoparticles.

Sample Tensile Strength (MPa) | Tensile Modulus (MPa) | Elongation at break (%) | Toughness (kJ/m?)
Neat PLA 1.29+0.1 0.55+0.09 31.2545.1 640432
ANO 5.1+0.32 1.34+0.13 25.4+4.5 1440424
ANO.5 4.4+0.25 1.23£0.13 42.20+6.5 1980+28
AN1 4.3£0.21 1.19£0.11 48.91+5.7 2300435
ANL.5 4.2+0.19 1.15£0.12 59.33+6.8 2800443
AN2 4.1+0.2 1.1£0.11 39.16+7.8 1680+45
AN3 4.09+0.23 1.04+0.14 29.83£7.7 1090454
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