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ABSTRACT

ypothesis: Due to the presence of intra- and inter molecular hydrogen
Hbonding in alginate chemical structure, its electrospinning capability is weak.

However, this weakness can be improved through substitution of hydroxyl
groups by sulfate groups. This article focuses on the role of degree of substitution of
sulfate groups on the physicochemical properties of electrospinning solutions, such as
viscosity, electrical conductivity and electrospinning conditions.
Methods: Sodium sulfated alginate (SSA) was synthesized through the reaction of
sodium alginate and chlorosulfonic acid in formamide as the solvent. The amount
of chlorosulfonic acid was varied in order to obtain the SSA samples with different
degrees of substitution. The chemical structures of neat alginate and SSA were studied
by FTIR and 'H NMR spectroscopy. Degree of sulfation of samples was measured
using CHNS elemental analysis, and the electrical conductivity and viscosity of SSA

solutions were measured. The SSA nanofibers were fabricated using electrospinning
and further crosslinked by a solution of calcium chloride to improve its hydrolytic
sodium sulfated alginate, stability. Finally, the fiber diameter and mechanical properties of the nanofibrous mat

electrospinning, were studied by SEM and a tensile mechanical machine.

Findings: Both FTIR and '"H NMR analyses have confirmed the formation of sulfate
groups in SSA structure. Based on elemental analysis, the degree of substitution
electrical conductivity, (DS) of SSA samples has been measured as 0.9 and 0.5 for SSA1 and SSAO0.5,
respectively. The electrical conductivity and viscosity of the SSA solutions also
increased and decreased by increasing DS, respectively. The SSA1 sample showed
better electrospinning capability and higher SSA content in dry electrospun mat
compared to those in SSA0.5 sample. Finally, the crosslinked SSA1 mat revealed a
lower mechanical strength compared to SSA0.5 mat due to lower crosslink density
and higher chain scission of polymeric chains resulted from sulfation reaction.

degree of substitution,

hydrogen bonding

(*)To whom correspondence should be addressed.
E-mail: h.daemi@royaninstitute.org

Please cite this article using:
Akbari Taemeh M., Daemi H., Shiravandi A., Mashayekhi M., Studies on Sulfate Groups Substitution on Alginate Sulfate Electrospinning,
Iran. J. Polym. Sci. Technol. (Persian), 35, 215-231, 2022.



pavey gty 9 fAS) 43 Sld s sLao 9 S Sl oy 5
ouddi Hlacldd guu c_’:l;\:‘j.ﬂ
“L?L.{L\:nﬂ rﬁf c‘é.\.}j‘ﬁﬁ g.)ﬁ‘ cwdmj‘é JAL?- c\‘LQ.SUQ 6;‘ C,P-J.ALA

r‘)lﬁ QL%Z;JJSJA LJAK&J‘: :Lé;.- 6:[:.'4. Lgl.hdjl,w Lg)}u)wlm:cmw aJ&iﬁ)}: cOL_s‘_}) o&iﬁ_}}; ch@—\

\#207044) ) wﬁcd‘}l—w “;\.N-Ln.é,‘ e‘)jf gg)l..u
YFAVVOOYPY sz'“:" u\s‘)‘)ﬂ&;«.\«.‘u Bjjf ‘)lc.n.m—'&;md») )}L'\.é dL;.l.L"QJJJ Lﬁ"w .}‘}A QSJ.Z cQ‘J@J -y

VECVANA : o de QE VYTV sl s

205 55N bl Lol e ol 31T HEa L 5o IS s00m 5 909 (55008 (SLa 52y aed 3
532 5102 olles Ghgs il slas s S b JoniS g oma slass S pudils ool (T uas
5 6Saimb palon 5 Sl g slas s S natila da o S 533 ol oo ol Sl 3T e 5 5 5
20938 bl s g Jslae (S (Sl 5 (550018 wle (a5 9 3N (slad slae liass
GV PV g

9 el S g8l gu 5K 5 L3l poae Sl 51 (SSA) sudlacslal pew sl ot LAl
Sl ol s (slas 5 S 5l oglite Judils lada 5o 4 (ol ) sliieds ad dagd aaele 8 PDla
laasd ol w8 5 o 5 Oty SL3IT plsard HEAL h 0l 52035 real K5 58 s IS
oraie 523 b gl Slalses dass ad gy HNMR G FTIR plaicads slagiss b
L3Il asacs T sladslas 5508 5 (S (Sl Sl (uges ki xS CHNS
Creads e 5 53N w3 L st Hloclal peu sl 31T PERVIIGE (W P4 FORT JER V. K PV AR ICA L po
5 SLIEL 8 ulgd 5o ad (MK w K aaalS Jolao b (SISOT (55hul 9 e Baa b 5wl
b gy 2 S 5 SEM (slag 5051 b i 5340 (Al 5l s (SilSe al s

L3l ma JEALL Lo 1) olilpe slasy S J<is H NMR 5 FTIR glagse)] adisls

S3ls sWojly

I, SSAD.S 5 SSAT (slaci sas wiila 4oy dadsad (5 pmic 43a3 S wwls sad ool g
adla a0 G5l L SSA e (550018 b (Sl (Saiili; ol olis /0 5 /4 s e
dem y 5wl (553 oo 5 9 ASI SSAD.S € ot 4 s SSAT @ gad il (1alS 5 il 531 s 5
23 SSAL (5ol 5 g (Sl alSationl g i sadiodcn y aad 53 sadlaoldl g bzl ot
S e Jladl & o) sa s 0T Jalo 4 el SSAD.5 (o1 s 6 ga 3l sieS sud g€ clls

o i (ool e 158 53 el (sla ysay Sl et 5 sl 53IS LSSAL

‘)K.rflﬁ LCJLJKA d)im».ﬂ #
h.daemi@royaninstitute.org




03 )13 aladgas lia 3T 3 3w a9 35501 3 olilgan Sl09 S Aasdily )2

| _
CO, Na'

G block m

M block
Il e S plars Sl -) IS

Fig. 1. Chemical structure of sodium alginate salt.
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Fig. 2. The plausible mechanism for reaction between sodium alginate and chlorosulfonic acid.
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Fig. 3. FTIR spectra of sodium alginate and sodium sulfated

alginate (SSA) samples with degree of substitution of 0.5.
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Table 1. Results of CHNS analysis of sodium sulfated alginate
(SSA) samples with two different degrees of substitution (DS) .

Sample DS
SSA0.5 0.52 +0.03
SSAl 1.01 £0.05
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Fig. 4. '"H NMR spectra of sodium alginate and sodium
sulfated alginate (SSA).
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Table 2. Electrical conductivity of sodium alginate (SA),
sodium sulfated alginate (SSA), and poly(vinyl alcohol)
(PVA) solutions.

SA SSA0.5 SSA1 PVA
Sample
(1%wt) | (1%wt) (1 %wt) | (10 %wt)
Conductivity
1110+47 | 2535+69 | 2740+52 | 600+ 13
(uS/cm)

S s e 0 Sen SUISE @ ey LSCE5 05 il 5 e S
SIS el 55 s 2S31 slad lome (550018 e 2 o)
Al Sleday OF 53 ke slad Bl a0
<y W Sl ghls ol gladsle 5,018 slis
sl 635 QLY Jyd s 58 (UK hw ) b 5 el bl 5o
b ol e ol Jsboms b3 Sl 655015 & 4255 b o
sk e chle L o ol olinie sl gy V. cble
SASLIPVA L S5 55 5 e Sppon 0T (555018
Slos o sl o Sl 3T e ghols gl (655015 A2
L Sl e LS5 ds Glaes S ¢ geme YO s oS
Sl e S YPFO CP U ks o fds Sl sw slaey S
WSS 5on laes S0 6 il amys Gl L S5 (g5
I a5 il a8 YY/F P B SSAT Uyl 55,01 3
ol sl 5 JsSsecm 5 053 Sk ks 5L
sl Aol 3 o bl @S Sl b e o)
ST 03 S Il sor [PV ] il 55 Sl O (655015 5 5,
e O et Sl 3 S3aodes sladisy s 28l o
el Kt e a1y 0T (g | A LS 4 oS 55 e
Aas e SalS (6 Satar e 4 1y (55,01 S s {F)] das
Gladge 31 G35 Vi clale b gladshowe (55,018 ¢l 2 05531
5 VYT FFAY (e PVASSSAL 5 PVA:SSAQS (PVA:SA
izt s slad slms 5501, S2alS s (5,5 3110)/) P

(PVA) (IS e ) s 5 (SSA) st ls il sow by T s (SA) Sl T s T slad shome (55,01, -V Jser
Table 3. Viscosity of sodium alginate (SA), sodium sulfated alginate (SSA), and poly(vinyl alcohol) (PVA) aqueous solutions.

Samn] SA SSA0.5 SSAL PVA PVA:SA PVA:SSAO0.5 PVA:SSAL
ample
(2 %wt) (2 Y%owt) (2 %wt) (10 %wt) (80:20, 10 %wt) | (80:20, 10 %wt) | (80:20, 10 %wt)
Viscosity
P) 438.0+22.4 | 366.5+123 | 334+2.7 | 2989+16.6 4482 +35.1 330.3+14.8 51.1+7.5
c
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Fig. 5. SEM images from electrospun PVA/SSA samples: (a),(b) weight ratios of 90:10 (342.6 &+ 18.1 cP) and 80:20 (330.3 + 14.8 cP)
from SSA with DS of 0.5 and flow rate of 1 mL/h, (c)-(e) weight ratios of 90:10 (62.3 = 8.1 cP), 80:20 (51.1 = 7.5 cP) and 70:30
(46.2 + 6.8 cP) from SSA with DS of 1 and flow rate of 1 mL/h, and (f) weight ratio of 70:30 from SSA with DS of 1 and flow
rate of 2 mL/h.

YYd EN D92 =313 po ¥ 0l aigg s L sy (53919355 9 ke (ale Alxo



S b PVAISSAODS o ss S sladslons (sl 55,018
YV /N ENYACP 5 YYV/E 2 YWY P 5 Sa AviYe 540V o5
3 S slad e 0,018 b s s (5,8l
Ca VeTe 5 AT Qe gl L PVAISSAL
L oecule 3 5 ¥8/Y £ $/A CP 5 OV/) £ VIO SY/F £ A
ALl O Y mU/h &) mL/h oL e e e il
o3 SN Ll 5 s 5l e el Cewsay PVAISSAL
DSly ol am s 93 b el ol pu by 5 R
Al s e eSO sl 03 ey opl DSl
o515 g ST e Sls AU e L Rl
e 3 e i lSs Sy ST el pl & Sl ge a3 0T )
J= 01 53 ol 5sbas Y h s5us S5l ey 3,8 13 ol e
s iS glaSs Sl eslinal b SUI (3l caoenl Sl apd e
S ol Sl (gl yls V.».mls 0558 dile saw o 5 o tewd 3
b ettt e ST ke jedy S 5S0 50 S ey Ll 52
ol S el s 8 S 165 boles S e
oelS (G055 L OaElaSd Al 5 ey SUISL A
Wdas b Ol sdiiglass OISl 4 Cand s 5gde (5w
LY £ 4N m Sl gy sba SUIGE ks 4 S
Sl O glas STy Ll e il YY/A £ Y£/0 nm
wl LS leis ole Olpear lS 0558 pslee 3
[oY] (@) & JSL&) 558 0 o0l . (Egg-box) tf('.}u P
b oagrlse Ol L3 Sl sladsSse S o Ol 4l oyl
Ll el S50 58 e I 5525 Lot ST L0558
OF oo 4 6 s JK25 2 S ol S (a0 535 L
Joas S 0555 S L Sl T ey 5 Uy S il AL
bl 51 S o all el ool (G0 Gl S o 55
S Dsba (Tl Vs Sl a8 (S5 s onl JSE5 S oS
DS 08 5 aenedS S0 558 L sty S SU0 a ) e L]
S Goze 53 opii edalie SUIGE 8 55 (b5 x5 5 LS
SAB) 7 JS8) ds o o YO M s b S I 5y
&0l 1 SUISL s a8 (U s op S LU o]
S osls o S a4 i Sl pdny Sk 5 a0l 03 5
e gl Sl 53 Sl glaes B sl b K05 (5 5m
s opl e LSS LL il el e Sl ]
038 L ot ls il o Sy 3T s (gla s S 0 g
syl s L 3 b 03ble YVsane 5353 0 Oslate s
SO b oagrlpe o3 Sl & ol Se i aladiste

o Suboplocslalgm alis T @3 3us (s 29 33801 33 lalgan (5loog )5 snily )02

ol s S Klse BN bl ol s
SlosS gy e Olpea [00] xS L
AL L L (el SLS 5 5) 25 D g0t JeeS 5 S
Ll ST 5013 5 5o ot G L5 (S5 529
NS 525 0l 4 ol ShenS 50 S slaes S S5 S
Gl Pt NS 5 S GO (el S sl sl el
s (mozzle) SSLasl w55 slajltle |85 o pe Gl
St goenl 51 IOV] 358 e ad$U ghman kil OF Jlise
5 Ol g iyl 3 53 ST SO S SL R L s e
5 S 55 laos S e ST bl o andls 0
sl by by 3T PRSP SV G CH PO
Wl g 3 Rl LGS g )AL g Syl
o sl g ST s el e S SUL S
2 apmse SLOssl G AR il 5 e I
L -3 FICHF PICH Y AUR W IR T
0558 e (il a5 Sl sl 05 S sl s
23 5 Sl 5 OS5 S (sl s S ol jan 0508 Ul o b
O o3l i o il cpl 3l o Rl (6 pady I sl
A Gy Jslome 53 55 0T S o5 Sl Bl 2ty ol en
o3 Al ey S 6 R AES s ool O b e
Jol GUIGL in K O s &S 55300 Jles!
03 Dy Dl IT e ke 21531 L a5 [FA]
b 9 55an 5 S gl i ol a3 gl e su
Dy oy SUN GBS w55 0
PVA:SSA0.5 & 505 5l ,2eS PVAISSATL & 5ed 3 GUI 5L a3
PVA:SSA0.5 5l ediodons s slaslitlo 55 s 2 il 3
S5 3 SSADS e s Vbl il ols oL
53 S I s scd @l SUIL 3 s (glsbae i 6 ask
SISSAT Jlude il b PVAISSATL 31 edbiodey ; slaslsl
orl el il a5l oS sba GUL ks Xl Ve
osle mlale Al33IL cdas o OLASaS iy (gla ia 5 am S Lan s
S LFAT ool S5l il n 2ol 31 n B Lo o s 5 (6 saly
Jolomn mezmon plSomial (6 oy ole ke 2330 L oS L]
Wb Gl 5o Jgdoes 3 (g ey el ool Jllie 5 (6 ey
L oSos o Sl ool idate (gal GUI a3 20150l gyl 5l
Joloms (SOl (Sl 5 60018 (il ax s Sl
0> S hE O xS s a8 b e GRlBl 5 Al S
3lie .35 dal s PVAISSAOD.S & yai 5| ,2S PVAISSAL 4 5e

V&N 92 pag— 313 50 ¥ 0 Loy (azizg o Ulw otk S59)9is5 9 pale o pole almo YyYs



03 )13 aladgas lia 3T 3 3w a9 35501 3 olilgan Sl09 S Aasdily )2

s O/ SSA0.5 5 SSAL clle 5 is Vol eSS
Gk gas 53 Kb Jsde Sldie ls OLES 0031 opl m (e
Sl S S s ol KuG b gl ol saii gl
&,bpo.\,;)uow,woti;ﬂﬁmdbusu,.,;); SoLbdb
i SSAL s el 31 YV 350> (SSA0.S) S iils
Cotle Al B e OLES s sla s @L’J oo S
S5 g5 IS 51 eslizal b e sl o Sl 3T i S
O35 a8 5 Dlusll sl s sl o 55 4 Kl e Ao
L a5 03,8 et oJlis Olyeay 258 s 0T )5S0 50
o3 0L s pon iyl b 3 Sl T Lo gze J S350 035 303
G VY kDa 5l adl ) ssis ol Jsamme ndils a3 &S
53 sy sl gyenl 51 IAV] Wb e 2alS 110 kDa s>
05 S Sy 4 & S Sols Ol il pladsesl
ST s i ga 53 (51 S Jse e 55 0 a5 e 05le
wslie il axgs s b jba oS el bl s
e s Al Sl el 0 Sl JS0se 055
ol e s es Ol 1y Sl opl el = bl sl 4l
S Kb Jsde Sl odyl ol s Jole 55w 0155 o 1) 4D
O3 S a5 5 395 o SSeslhl i S VSJJ":LL: 33 &gl
Ol oS 238 alie 53 o plsld pow Sl 31 i J 55050
ST s oS Sl (sl S oS > W5 o Saix
pohle g erg Lol Glg a8l as s e hold su
PEETE NN PEVPRREFNCHT PICHI PUNWIPS 4. NyoNt
SIACY Y S50 Cad 53 (momad (ol 55507 5 V0 S jay &S
53 0 sl o Sl I s G55 Lo PVAISSA Loy 53
Rl 3 oS e e 53 VWV 0 sl S
Al 500 Kb ke 0 li56lasSd glad gas L3 Lil 5 ood o3le
sl o3ls OLES 55 F Jsd 5 &S sbobes bl sl axils ool
PSPPI S VT, +{ PP VN 3 Y O Lo | ko oS
U5 Yzl 15 01 1 48 3 55 0 g8 (SIS oSl 2alS
S O3 g Aol 353 (5 el Lo i3 il S &
Sl ey i CuSo a5 SHL LB Jsb sbajl rals sl
Sl 0 ot 53 7SI g 3 il por Sy T ey Sacky
A esls Cwns SSAT
Gl S 053 L s Sl bidge SO Sk,
Coolie o peime S 0 A5 (Slad 30 4 Sl (5 g0
Sl e 13 gl 53 Kb e SMis oS s5ba
Aoy 5 V0O MPa b zaS il ax s b o lsclil e

ffv EN )92 pael— 313 po ¥ 0 Loy aigg w0 s poals (539J9455 9 poke (ole Alxo

B e e
) i ol sl e Sl T el GUIL O 5 35
S 35050 31 6ol B 315 0L SEM 0051 s [OY] S
S 53,5 kS DS 3 L GUIL i S
peeelS SUISE S 5 IS5 i Sl 255 00 03 SUI
Eosr oot 4S5 M s (6 i 0Dl s DL 3
SUIL ol (f 5 bt (S Sl S35 e 4 LS

sy e

Sl olg>
b dsb il 5 ple SO plouud (Kb Jsde olie
ST el (S iy 5) Gy o 552U (sl g S
ediglas Il g 3 ACT Y e Gl L el ol s
Sad s 53 PVA Clale) conl o osls OLES F g 3 oS

(b)

sl glad S ss G S S o 2 IS - b (@)-7 IS
SEM  slai (b) 5 § e ald Jde b dS sladsils
Sl e (S o) o odd s 5 S gladigas S
Luld 5l e (Caly) Ve S5 Cnd b sl ol 5
redS 0558 L OBl sl 3 51 ey () 5 DSl
Fig. 6. (a) Schematic representation of ionic interactions
between molecules of sodium alginate and calcium cations using
Egg-box model, and (b) SEM images from electrospun PVA/SSA
samples with weight ratios of 70:30 (right) before crosslinking

and (left) after crosslinking with calcium cations.
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Table 3. Tensile mechanical properties of electrospun PVA/SSA samples before and after crosslinking with calcium cation.

Sample Young modulus (MPa) Ultimate tensile strength (MPa) Elongation (%)
PVA:SSAO0.5 (Non-crosslinked) 33.5+1.9 52+1.0 37.0+0.7
PVA:SSAO0.5 (Crosslinked) 205.6+2.3 12.1+1.3 14.6+1.9
PVA:SSA1 (Non-crosslinked) 364+ 1.8 3.6+09 10.4+0.3
PVA:SSA1 (Crosslinked) 482+04 6.2+0.7 14.7+0.5
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Fig. 7. Cytocompatibility analysis of extracts of the cross-
linked electrospun PVA:SSA samples against the human
fibroblasts.
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