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Sodium Alginate Hydrogels
ZHONG Qiming', ZHANG Jiayu', GUO Cheng', YANG Guoyan', JIA Xiwu', LIU Yubiao?, JIN Weiping"’

(1.College of Food Science and Technology, Wuhan Polytechnic University, Wuhan 430000, China;
2.Wuhan COFCO Co., Ltd., Wuhan 431400, China)

Abstract: In this study, Ca*-induced sodium alginate hydrogel was used as a model. The rheological properties were
measured via steady-state shear, oscillation strain sweep, and yield stress. The network of sodium alginate hydrogels was
analyzed using water distribution and rheological parameters. After a comprehensive analysis of the morphology and
Micro-CT structure of 3D printing products, the mathematical relationship between rheological parameters and 3D printing
effect was established using the Spearman's correlation analysis. The results showed that the highest score of 3D printing
product was prepared at the mass ratio of SA to Ca*" at 24:1 and the concentration of SA at 4.5%. At the same time, the
filament structure of 3D printing product was fine and the porosity was 12.21%. Rheological parameters of K, #,, G', G",
and 7, were 255.1 Pas”, 2740 Pas, 3509 Pa, 673.2 Pa, 261.4 Pa, and 51.62 Pa, respectively. The capillary water (about
99.20%) was dominant in the gel network, showing strong water holding capacity of hydrogel. Results of correlation
analysis showed that the viscosity properties (K, #,, and G") were negatively correlated with the extrudability, and the
correlation coefficient was -0.577. The self-supporting capacity of the 3D printing product was positively correlated with
the elastic modulus and stress (G', 7, and 7,) (P<0.05).
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ENIS e 12 e, 3D FTERF AR 20 ik Bl il
Mo 3D FTERTCAF B ELRE SC e 7Y, Jf41%T
ANE TR HEE B TRy, e a3
A, REFCE IR TEPYIHRIZLE RepRap prototype
Fel AR Tk BT I TERAIL, ARE B ik ek a4
A B T TS R IR L BRI B L TS A
JRBICT S TR IR L2 3D FTER, A R R AR 2
ELAG i 5T g B 5 s e R 1Y F S RET T,
K SEERENE -S54 R R AROUL X 265 S5 HA) 1) it 2 5 B ZH %%
YA, BRS I, Wk T I SR AR AESZ 25T )
A, EE IS X 265 25 A 03 BT B IR, A4 0l BT [ EL i
FRE AL TESE 14 B SN FF 2 AR 9l
)5, BERE 2% Re e R, PR — 2 14 s R R
SBT3 AR R 455 PR AR ET I,
{H#R 5 £ S AR 09 T AR 2 R S VI AR oG . ) dn
Azarmidokht 55 BIF5Y & B 1 B0 25 7 B 41 1 AE AL
F12h 3~15°, FASFEECH 0.03~0.13 (127 7K I AASEE
RS E AR RAFAIFTENRER . Chen 8517 58 &
PREE & /KB IN, O BERERE -GSt FlT ) S
Be S 4FgietE@hn, i Ostwald Power Law -G AU shTE
Bon FETH B N Ji SR WS T SRR A
PVIVERYELE I 3D FTENRAER, 455 & BVEN 73 F T
1Bl 22 AR S TEN = s MEE ) i 3 22 25 (P<0.05)
TAEE, FEM 7T REG 50 100~1000 285 & &S
J A AR X R A I 3 (P<0.05) IEAH R, RE R
5000~20000 SZHEAY & HE-55 o B S0 (a1 A2 P4 s 35
TEAASE(P<0.05) . £ BFTIR, i W58 sl iR
AREEZRG Y 3D FTENRCR Z A 1K, {H TR R A
5352 0%, ARMEAS RIS VB CR, LT &
AEEIEAA R A R T 15

MR EM (sodium alginate, SA) J&=—F NIV FEHE
#E PRI S TR R EE, EEH 1,4-8-D-H B
(mannuronic, M) Fll a-L-y #&¥EEEFR (guluronic acid,
G)IELL AT HFNH N VBT E IR 2 — 4 H 2
5, JLHIE Ca* i S BERE, 7E 3D FTENE A Al A
YA Rl gy 2 B AT, Liu &80 0 B R AN
AR, RO B R A =R BT = 3D T
ERZSUR, HAEZE A S5 FEARRENS PR 4550k . Timilehin
SEUV BT Vg R SR IR RN BB LA I, PR A 4 T
Ik 8:2 {RG WIS I EE M RE US4 i B7 H =0T
ERZAER, 2 3D FTEN W AR IR G B RS FR R R =2
# . Kuo FF i S JH T W AN SA 19 Lb | LA SRS
Py SR R MR TENZSOR, a5 R R I R /SA=2: 1
H SR BEER 3% B, MRS B RA-Ao8 ik
PR B R B LR, Re e 2R YiE )
B, Park U SEHE NAIABHLUR 4% MUV BERREN
R 1:2~1: 1 IRG, FAEH LB A i 3D

FTEREEAR LS &, hilis T A R 28R e B b .
FH I AT UL, 7 95 T N 5 Jd i B PR . U AAR R Lo 1T
B BER SR AT RN R4S 3D FTENAT Byl S
FVEAEDLE, ATy I IR AR #2505 3D T
ENSUR2Z [a] Ao R o

AR SOW: W] R 1 PR R AN /85 S LU AR, AR A
TREPIH BT B8 R VKBEERE, KIR F B A T AR 2
B, WSS Y] AR TR IRN S SE, A K G
ZA17 x ve NS AR s s e L A 20y YA Y A= O 4 Ui A
BPESy . AT R SHICECEE M Micro-CT fEhta s +f
A FTERRER, 4% J5 A Spearman's #5453 B AH KM 51
B, IR AP I AR A R PR AN TERRSCR 22 Ml 7
BEF ok, A E B T H R IR A AR 2 2t S P
PR ENE A A — 2 S S, BTN TRCR
1 APRETA
1.1 MRS

WEEEIREN  Rsl, _iEEE saRk(Macklin) ZE 1k
BHEEA R H], T 6.25%10° Da, Hip 4505
BN 4.42%,

Milli-Q Advantage A10 #B4li7k 2 45 GHE4liZK |,
BHA2 18.2 MQ-cm) 32 [E %5 B [# (Millipore) 23
Foodbot D2 £ i XUk B5 H 20 3D FTERHL  Hrl A
ENFEL (Shinnove ) A PR F; Kinexus Pro+Z2 T EJiE
ayPim AR (B2 Rspace v2.0 #EHl44F)  DeE
LR (Malvern ) 23 F]; NMI20-040V LE-NMR 434
AR BER ZEATE 20 MHZz) 415 (Niumag) B
TRHEA PR 7] NAOMI SMART-3D-CT-L F##H{%
(BCA RF-viewer #EHIHAF) K =AU EF A R
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1.2 L7k
1.2.1 VEPEBRANEERCFE M 4 FREL 2.0~5.0 g &
FHIG EE IR EN A R, SRR LA ZE 100 mL #2lizK
Hh, Z= R TR 300 o/min AL FE 10 min, 15315
) HAgs BH 7K BRI , AR S FR AN A I T 1A BEAK
R 2.0%-. 2.5%. 3.0%. 3.5%. 4.0%. 4.5% F1 5.0%.
1.2.2 FrizU 3D FTEN  FTERGLRR 43y — 20 d A
YR FFTEN . 158, 4 A Rhinoero v5.0 BIEESZA L)
BE, W T—"1P4E 24 mm . ML 40 mm ., =N 25 mm
PRI, S STL SCfF. SRS 2RA D) B B
14 Repetier-Host v1.3.5( N & Slic3r VI %44, Yl
JEFEA 1 mm, FTENEEECA 15 mm/s, I )2 FT M [F]
R, B TE A G N, FERSEA S BRIME, Y1 A
Srpr)a, TSEFTERHLIE, R 28r i 11 AL FE R,
it 25 )2, FTERAERT 25 min; 5 H N gcode 304
% J5 1E#& Foodbot FTEIHLAC ZE A 0.84 mm PN #25 15%
W, 25 TR BRI 22 B K R ARG 4a 00, 7EFTER~F-
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K(Pa-s") N REL, n R shis 2.
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AL, AL Liu 2507 f 07 R EIE R, SR
BB YRR FANE AR, RS — B B
HIE EDRAS, BYUIZRIEE S 0.1 7', 2J3HET Y] 30 s;
55 B BRI HH LR, BT U SRIE 2 O 300 s, £F
L2HTY] 30 s; 55 = B BOSUPK A LR, BY D) ]
0.1 s7', KFEE 1200 s, C 5z B Hokh 2 B s ] 28 1k
PR JEE P15 2%, AR MRS — . — B BORL B2 - 340E
ny K s, TR EVRE 250 Rl=n5/n, -

1.2.3.3 JEARK S3MHA SRR @I v il
S JE RS A7, BIZE 500 s PNtEHN— N EE AL i 841 7
J1, K 0 A1 EE 500 Pa, e BT VRS BEY 718
AR 2R, 32 Rspace HAI 5 Wi, 10 554G
PEEWEEARLOT I, 8 B D0 T oA Jer A, BRAEAE 7

1.2.3.4 /NN ARPRZ I SR 40 mm HARMF-
ARSI I 7 e P PR N B 1) Sh S R AR F it £ . 1]
BoA 1000 pm, N AEFHVEEIZE 0.1%~100%, ic 59k,
PR AR R it 0 AR PO AR AL 2k . il i {Y A Rspace 4K
PRSI AT, 222 Mu 25U (058, LI SRR
AT 5% MERMES TR PERE TR IX (LVR) YK 3
Ly, LA K LVR I 5HARE (G AR AR & (G™) o
1.2.4 EERIKEFRESHT AL RIGAZRE 538
ALY BT IEBERR AN /KL B 7K A A3 AT, TR]422 S BLE
R 284544 BRI 3.0 g BEIRRE S 2= T 40 mm BT
A BE B IR  P, 10 SR 5 i 5 B A 1] 5t 7 1 1]
(T A b Ze. MBI kP51 28K Carr-
Purcell-Meiboom-Gill(CPMG) , &% J& B 1t Jy 1
BB 250 BalLAT A% 200 kHz, BUIY 25
20 db, U AR 4, B EBORRYNL 1, PRIV S5 Fe i
1] 4000 ms, [EIIEZEHE] 0.2 ms, [FEYREL 18000, F94#7R
% 8. FHAEBRL/KAVEXTREZH, Fric A 7K ARFIE S5 I4
1.2.5 3D FTERCR A

1.2.5.1 JE&ERSHEAL X7 ER Ak 3 BE e s A
PR, BAE AR L ANE A BE S SIHCAE D,
D, fil H(mm), 2% Liu 8" (PFA% 7%, ARAEJZ 4L
SR 55 S A TR B SRR DT, SR A TP

SCFHRARRPAGFTENRCR o FTENRCR TS 0~2 A0
NARA[3EAZ, 3 R4, 4 BAIRTS, S B oEskE,
1.2.5.2 f#R&5FIWTZFTH (Micro-CT) ULEE 3 fef il
FHHIFTERRESS (6 h Pl =% CT FIHISONEEF- 4y
Mo =75 0 e PO 10 )7 ik B BANER SR A S 4L
partial FE, XSG, 50 kV (10 mA), B
ah BE OGBS A S 5 mine 45 4 58 BB S 8 2L Avizo
2019.1 A4 28 BB DI R RUA RS YLD fe, 5t
RS 3D 2544, FARYE I 25 5545 0y R SITAACFFL
PR S, 8 BN B e R B TR FLBR R @,
1.3 HIEAIE

FITAT SEEGAE S A T 3 Uk, s v it B
NN COPYEEAREIR 22 o 4T Origin 2019b 4
225t 2R FIE 5 18] {8 IBM SPSS 26 #{4:/E Dun-
can's WE ST Spearman's FHSCPE R ETT A (P<
0.05 F1 P<0.01 43 5T 25 5 W AN W2, 43R
e AR )
2 HBRESH
2.1 3D FTENFIZRIFE

e 1 S8 B R IE TR, 2.0%~4.5% HRE
T PETREN (SA) /K EEEF T ER AN 22 I V- 4%, FRBHH Y
e LRy i . BEE SA WEERBE N, FTEREERS
AN EHEERE N, BrH i AT SRRk SEBR RS
LSRR, NAME D, A1 D, BB SE /N, T
JEH A (P<0.05) EFHEaH. mE H A X
PERE 100 B, H SRR B R AT TENGE
e 1 SCHERE JTIRER . 24 SA HRIEN 2.0% Fll 2.5% B,
FTENBERS BT, A SRR ) 25 ik E g 3|
3.0% Isf, H {E7E 23.320.6 mm, H SZ4ERE )7 W E R
(P<0.05); WRJE 3.5%~4.5% MIFESHFTENRR (4~4.5
) BIFERT R Z Y I, Hodh 4.5% A9FTENSICR e f e,
PG MEESEARTE B, /MU E LA BH . 24 SA #
BETFZ 5.0% B, HFBERSH B o &, 7EFT Bl i vh
IR TEmTE, T B AN L2 TS . b R4 R A MR HY
BB R FISREG . BEE ARG, 7 s B 5 N %
AT F SRR T SR R, (R B IR T A
SRR, WREE S AR B A, X 530k [7,21-22]
B ERIERL . Z5 B ST H PN 1 S8 2 TRl a4 o7 JE i,
24 SA VREIE T (3.5%~4.5% ) I, IKEERE A BEAR IR
g b L T RS FE T, L REYEFTEN S RS R
P B .
2.2 AELIRE SA BIHIRTZHE

B 1 Bs S, SA EEOR, L Bl BY U] 3 5 g 2
BRFE BT B, TN 7 SE R 20 T, B B VAR
AT U BTG R B DI HOR SR SA BERE
LR, B FAG T RN i sl RS, 55T
Fi A REAT R AR = P BT H g B 24 [EE B b
HRET, BEAh BRI, ST HE SA MRS AU I
Ko 24 SA MREF N 3.5%~4.5% I}, WILEREEE(y=0.1 s
B BY G FBEITE 2161~2999 Pa-s, fx 24kl BE (=100 s
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Table 1 Printability evaluation, scores, and actual sizes of hydrogels with different SA concentrations

- ) ) N o SEBR RS (mm)
b SIS ML IEHIA BORIR RIS
D, D, H
]
Rt 240 400 25.0

2.0% SA

2.5% SA

3.0% SA

3.5% SA

4.0% SA

4.5% SA

5.0% SA

e 0, (5 AR | TRk
B, SEBR RS ekl - - -
Y

e, (AASUERFEAR

19.3£0.2° 40.840.2" 18.3+0.6"

B Beig, S — | el
B, BARRCR BT 23.140.2° 39.6+0.3* 23.3+0.6°
* % *

Br B g, A,
* %k Kk

24.1+0.4* 39.6+0.1" 24.2+0.5™

PRl e, AT,
AR 23.840.2" 40.0+0.4* 24.6+0.1°
* % Kk *k

Briiiis, BSRER 5 S PERE S
Rd, BT AR AR R
* % Kk ke

23.940.3" 39.4+0.3" 24.8+0.2°

B — g, AR
SRS
* %k ok

24.0£0.4° 39.6£0.5° 24.5+£0.4°

TE: #0=0.5x % [AFISEPR R RUEAT AR/ NG TR Z ] 22 57 .35 (P<0.05) o

6x10° ; 16x10°
—~ 6x10° {6x10° 3
S 3]
& &
R
& 6x10' 16x10' %
= R
R z
R
6x10° 16x10°
10 100 10 10°

IR (s7)
1 [ R Vi e MR A R Pyt 3 it 2
Fig.1 Flow curves of hydrogels with different SA
concentrations

TE: SO0 AZS OB R BT DI R A BTG

Af)7E 10.01~14.85 Pa-s. ARSI BT 2 H-
B model #IGIEIWSEUNGR 2 R, 4563 1 FTERVF
FHEHE IR, FTENSURAEF 1Y SA KEERE & I BT ULIR
BRTT 7y BITE I 191.9~261.4 Pa, B REL K 1Y
VEREHR 172.3~255.1 Pa-s”, sIHEE n BUTEREHE 0.35~
0.37. T4 SA HEERIL 5.0% B}, ¢, F1 K AI{E 551
Sh7 368.8 Pa Fil 420.5 Pa-s”, i< 5 ARG B K B5 ZE TS,
FEST B AN 22 TS . SR, Liu 5505 58 R B
AR FEAE S %L 1,=312.16 Pa, K=118.44 Pa-s" }&
n=0.33, T8 EIEMEE L e PR R 4 i85 1 i e,
TEZ T 2 TER S UEEE e, RREAS BAEMIFTED
ROR

ABFFE R — B ny U R SRS TED
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Table 2 Rheological characteristic parameters different SA concentrations
B W ANREPE L JRIRAEPE LRSI R
7,(Pa) K(Pa-s") n n7,(Pa‘s) RI(%) z,(Pa) Ly(%) G'(Pa) G"(Pa) tand
2.5%SA  79.47£8.92° 94.37+9.18" 0.30+0.02° 803.4+49.0° 91.11+4.76°  22.80+0.48"  2.03+0.38° 747.5+101.3*  162.6+7.1*°  0.22+0.02°
3.0%SA  131.7+16.0° 137.5£11.7° 0.32+0.03*  1224+165° 87.37+6.53°  24.31+£0.74°  1.95£0.29" 1247+210.4° 244.3+16.9° 0.20+0.04™
3.5%SA  191.9+21.9° 172.3+14.5° 0.37+0.01°  1810£96°  87.07+6.26°  30.61+4.61°  1.92+0.11° 2271+121°  433.9+24.8° 0.19£0.01°
4.0% SA  242.8+14.7%  230.7+5.0°  0.35+0.02° 2161=£118¢ 93.56+3.52%  46.11+3.82¢  1.70+0.62*  3107+544°  538.4+65.9° 0.17+0.01*
45%SA  261.4+33.3°  255.1+42.9° 0.35+0.01°  2740+116° 78.82+6.26"  51.62+6.26°  2.00+0.35°  3509+421°  673.2+99.6° 0.19+£0.01°
5.0% SA  368.8+13.2" 420.5+103.8" 0.32+0.03"  3844+141" 84.26+5.18" 58.84+10.98" 2.19£0.24* 5160+1101" 876.2+193.6" 0.17+0.01°

T FSIAR R NG FRER R 22 5 1.3 (P<0.05); 317

TR SA EERCREBEAR L . 2R — I BRI L AT AE
PRHE PO AT RS 58 I BORBIET e R
SRR SERS; 55 =B I e E THTE &
PR, ARIEE 2 fhZfER 2 B8, 55— BB T
BRE S RG I iR =il 7, TE 827~3844 Pas Ju [
N, MLESHEERZ P28 S5 S8 . S8 BB R T By L
PN 0.1 PEEIE S 100 7', JUrAG 6 S R 38 SR T 5%
(7,<10 Pa-s), ULBFEEIE I LS4 5 N 12 B IR, (IORY B2
H I TEER AT TEN T L g Bt i . 568 =B, 2edwish
)5, BEE LBV (R AT RESE PR E . A
[FIHEE SA BERCPRE FREE 22 40K T A R & fih
ASEIF I PR S FRER T 78%, Hirp SA MR N 4.0%
FORE S fih 28 K 52 3R RI(E KN 93.56%, Mu S5
SR gl R PR BT B S 1Y) 2 R AT B R 2 A TE SN
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Fig.2 Thixotropic viscosity curves of hydrogels with different
SA concentrations
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Fig.3  Shear stress ramp curves of hydrogels with different SA
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Fig.5 Transverse relaxation time profiles of hydrogels with
different SA concentrations
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Table 3 Micro-CT scanned analysis results of hydrogels with
different SA concentrations
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