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Abstract: An artificial gastrointestinal system that can be-uised to simulate in vitro digestion was established. The sealability and sterility of
the system during use was evaluated, and simulated ‘digestion processes using digestive substances from gellan gum microgel or
gellangum(@chitosan microgel were investigated. The system exhibited efficient sealing and antibacterial properties, rendering it suitable for use
as an in vitro digestion simulation system. Recording observations before and after digestion, including optical microscope images of microgels,
Zeta potential, particle size distribution, and average. particle size, revealed that the gellan gum microgel was partially hydrolyzed during
digestion in the stomach, whereas‘the gellangum@chitosan microgel was not easily hydrolyzed in the stomach. Both types of microgel
structures underwent fragmentation after intestinal digestion, with the gellan gum microgel undergoing more extensive fragmentation. Compared
with rotary shaker exposure, digestion in the artificial intestinal simulation system decreased the volume-average particle size of gellan gum and
gellangum@chitosan microgel by 6.21% and 4.51%, respectively, suggesting a more extensive digestion of these microgels by the artificial
intestinal simulation system. In congclusion, this intestinal simulation system has the potential to serve as a model platform for in vitro digestion
simulation, thereby contributing substantially to research on gastrointestinal function and food digestion behavior.
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Fig.1 Schematic diagram (left) and physical map (right) of mechanical assembly of in vitro intestinal digestion simulation system
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Fig.2 Software interface of in vitro intestinal digestion simulation system

132 FEIg 69 oM AL SR e R (299 1 000 Umg). 0.13 g JEEAR (Z41H
1.3.2.1  fltmef i & 2500 U/mg). 40 g fHERVAT 1 L Z487K, 6 000 r/min

WA SCERP v, P AR 1% 45 AR
W Cm/V BB 3% CaCl, (m/V) ¥, 200 r/min
g 71454 30 min il &R, S8)5, 1@Id 0.037 mm
(i & A

Wl 251G B LA s, IMNE] 0.5%1)572 5%
WA Cm/V), FHEEE 30 min, 2B, HI%155)
SEA IR @7E SRR, 383 0.037 mm [RIFRFLI Y
B
1322 (BRI A LA

K FH SCHR 7 00 B A B R i B 3.1 g
NaCl. 1.1 gKClI. 0.12 g CaCl,~ 0.6 g NaHCO; £10.236 g
B R Al (BREZ8 2 500 Umg) T 1 L 280K,
F10.1 mol/L (15 HCLH4 pH {8 A 3, AL E w7
HY 5.4 g NaCl. 0.65 g KCl. 0.33 g CaCl,-2H,0. 14 ¢g

186

2.0 5 min, HUEVEW, F 0.1 mol/L NaOH ¥ ¥# pH
HRE 7.5, PFEBUR.

W A B GE 104 B HIR S, 7E3%
PR (37 °C, 150 r/min) FIA T &l 25094, 435
HEAT 2 h 1 B SRR A . B IR B R R R
RO RN 1:2:3 MR R LR E I, T
4 h [P E R AR B .
1323 bR

18 FO L OB SO AT S AR R s R b
RN AL FHAEY) BB SR s I R T A

R SCERP i, 96 e R -5- S B UK e

(FITC) 5&5Widtinbric, ZFHH B Yukl 57250

FLNFRIC, F 488 nm 1 543 nm BOEZ 45 & FITC
MZFH B %6l REEIK.



MK EmBHL

Modern Food Science and Technology

2023, Vol.39, No.12

R SCBRE K 732, (6] Zeta HALAMHTAGHATEN
AVGHURIIE « AT ORUE ORI AR E M, B 10% (m/m)
TR IR 0 HITE AT 1) 46 B VR R o
133 HIBEHT

DA SIS EE 3 Kk, SR EE bR
7% (Mean£SD) K. KHHAF SPSS #HAT LRI ZH
ZENT, P<0.05 NFEARVIMEZ [AFE R 2 5,
{8 ] Origin B A%} Gt HE AT P4 -

2 ZR5iMe

2.1 A3 2K T H IR 5L A

WZE 1 fis, TE55 0 12 A1 24 /NSHEFH ATP 46
AR H () RLU B34 0, — A NI H L
B RS TR RERES . K 3 /450, 7855 0. 12
F124 h U IR ST 55 97 IR fERE 7RIk I TR v Y
B UL CI7IE R R BA BRI %EE Pm
P, HAARIMNE AL R G R 261

1 ATP RS AY RLU &
Table 1 RLU value of ATP detector
S5 0h 12h  24h

1 ORLU ORLU ORLU
2 ORLU ORLU ORLU
3 ORLU ORLU ORLU
24h =
Z A\
)

& 3 JLRISEINIGIELESR
Fig.3 \erification results of sterility test
7£: RLU/(Relative Light Unit ) AT 84z, £ —/A4%
St b AF AR R, SRk RT E R,

2.2 I B B S5 AT

Kl 4 NEEA BN ZE A T @5 SE BB E
ARl pH B T 1) Zeta FIAZE] . EHHIEIRTAT, G572 IIMERER
KA Zeta FANAENTE, BEE pH HITHE, Zeta B
PrEEXHERR, W A R R, (AT
R TR T 20, SRR SS R IRKE)E,
TR Zeta HANIEAE, H pH BB, FriiEr
ik, ULHSEERIE S 4R IRAs & R . 1E pHAE N
6 B, ZEATEEL T Zeta HEAA-1430 mV; 5E5EHE
WG, Zeta FAAIEAN 22.43 mV, BTN LLEERT G
Zeta WAL FHAAARTE, 7853 U 1 5e SR D B 1

T EEA BRI IR, 458 IR @5t RMERE R %
BRI B 5 N R AR n R IO R A A
P, 488 nm VeI F4EAREDISE (K 5a), 543 nm
JIR FreRpE R (K Sb), HAROGTE T R
I R i Se o, Tt okt i i IR AR
UFIRIESE T 5 B e e A e Y

g?ﬁ?‘%ﬁ&l :?ﬁ?@ﬁ&@%%ﬁ
S — F==mm A R S
sof——- SN SO S S—
o e
- = -

# 0 ; ; . .
S
N S e
B0 4 I T

pH{E
& 4 EABBAR LS 2 IR BERUE IS FEAE pH A THY
Zeta EEL[E

Fig.4 Zeta potentials of gellan gum gel microgel and
gellangum@chitosan gel microgel at different pH value

5 BRI HRERHEE
Fig.5 Confocal laser microscopy of microgel
E:oa ABANG b AREAE, o AEA k@A,

2.3 AR R B RS T AR L S B

23.1 PRI AL R L ALET 69 Zeta W,
12 A

K] 6a Fr s NES 1A IR AE RE R AR S EAUIH AL
RGP NI Zeta HAARL . TEVHALITRT 2 h, BIA
B, AT Zeta FAT SRS
TETHAI G 4 h, RUBHOZETHAL, 4578 RME L) Zeta
HLAL TR ANER, Ui BASE A IRAE N AL FE /Y
MR ZEARTEIEY . RS I EE S )
RS RE, ARSI, TERRIRIRNHT) Zeta
A M-3.56 mV FE(EEI-16.10 mV; A THziEfiEi %
G Zeta AL N-3.26 mV BEKFI-17.97 mV, BJAI7E
N TG TE 4 R R 257 B B v AL RE P B
i AR,

187



MK EmBHL

Modern Food Science and Technology

2023, Vol.39, No.12

Bl 6b BT NRRIRFIA MRS AL RS54
@7 FREMOER AT G Zeta AT ARk, AT SN, 76
THALHIHT 2 h, RIS S, EARMELIE L RS
HIL RGP R IR @ RBE IR ) Zeta AL A
WAL, TRRREL R G 45 I @5 MR
(1] Zeta HLA 35 T B, ULHEL TR A IRR TR
WA FFIAHE L TEH AL S 4 h, BB IE AL,
IRAMEAUTH A R G 574 TR @70 RE TSR Zeta HE
PR B MHRRIEC RS Zeta WAL FRFEE
7. TETHMARES, WREBILEE RGP 4R R@T
RV Zeta AL M URIIE(E AR N 6, 1E
RIRR A, 54 R @5 RIS Zeta HAALA
31.57 mV F#KF]-9.37 mV; N TESUGIEHEN RS,
Zeta AL 31.97 mV FEEEI-11.26 mV, AL FFEE
FR, XU B RE K, SRR R
2.

COADHERMRS R

ZetaHi i, / mV

6
Time / h
b 40 COANTHERED RS O RIK
s} S S R
2 IS E
20} o R b
#/  10r o \"' """"
g o | |
N
*10—------------r------------|------------E- =
0 2 4 6

Time / h
& 6 FERFUFIMERUH RGH B ARAIG Zeta BRI
Fig.6 Zeta potential changes before and after gellan microgel
was digested by the shaking table and in vitro simulated
digestive system

E:D a WAL, b A AIR@ TR R,
232 FAFPRIMERUEIL AR GO AL 6942 T AL
Kl 7 B APIME AL R GE S5 8 IR st 45 14
B2 (@5 SR IAE I B I 1) e 28 () BB kAR AT o T
DAR R R b, BERR RPRAR BE A T AL (8] (A
KimAe . Wkl 7a ffis, ERKHLRGHL TS

188

AR T o o0 Ll e 22 R4, ABTERIY 114 pum
(0 h) Jl/NE 94 um (6 h), THERRRIIL KRG Hh4s
AR @7 SRWE IR 73 A1 e 22 HTRLAZ AN 109 pm (0 h)
NE] 83 pm (6 h)o EN TIGIEMRIMHAUNE LR S
THAGH, G5 IR IREE IR S AT B % BIREAE A 127 pm(0 h)
N 79 um (6h). 5 6a FRIRTHLAE RAHLL, A
PR IATEAR SSRGS 78 B OBt I R A A8
EER, BB T iE AR b R Geil e T i 7
a%, SRR RAR AT LIRS /)N, IX 5 Zeta AR
TS R — 20 B 7d AN T IE R AMERE L R G0TH
A IR @5t A bz R, 5 b #RRTH
EERAALL, R FIRE S/ Sy vt A\ L
IAMEAHE N R G E I 78 7 H5 N T st
BN L R G A S5 A TR OS LU S AR kLR I
TR ZERE, it AN L s RS NS 3R S AL

X
2
X
o

0 60 120 180 240 300

RifE / um

b
X
2
=
Jhand

0 80 160 240 320

A% / um
X
2
=
s
/ N~
0 70 140 210 280
A% / um



2023, Vol.39, No.12

DR EmRH Modern Food Science and Technology
d —on AR, FERFERENE, 258 R@7 R T
—1b PR S AA BB RAR L 5 A /N, 3% 5 3eikP v
3 b G B TERLADRI, SRR RS
; T S MERH AL R GEh 1) P2 RTAHELRE R,
N XU AR SMEALLTH A RGN T B FR T A SEAY) G o
— G I—REIR e — N LiaiE
—— GERIR@FE R —REIR —— G R@R R — N\ LpiE
, , , , , 110 —{\ -------------------------------------------
0 70 140 210 280 .
i T B
7 PR S RS S oS B S S S
KRR °
Fig.7 Variation trend of maximum particle size of gellan gum
gel microgel and gellangum@chitosan gel microgel digested by (') i 2' é l‘ § 6'
two digestive systems Time / h
A a ABIR-ER; b ABBIR@REAEZR, c AL & 8 FERFAIMELIH R G AN BB R B AR TR
BIZEE

BIR-ALIHE RS d ABAIR@TTRAE-ATIHE £ 4.

8 s NRER A S MEALLTH A R ST A P AL
LR R AR EIRIAE (D) A8k ZEPRRELDIE AL
RGH, A BN S A IR @5 SRR A 1~
BIRSF RN BRI e, X5 zeta BIALIAELL
2, TR AR S P RS /N

La ] %
a e U 'FT’ '.".“
b '.r P
wdl 4 . e Kot
‘i e J
> + ¢
P

Fig.8 Average size changes of microgel before and after
digestion on a rotary shaker and in vitro simulated digestive
system

233" PATEERUH AL R B ALHT R 69 S BAK
40 93 L
b .

A
)/

e

&9

FERFMFIMRIEN RGO R PR B B RRE

Fig.9 Microscopic images of a rotary shaker and in vitro microgels simulating digestion of the digestive system
E: a AR ALIME A%, b ALAIR@QERME-ALMEBR%; ¢ YEAIR-IRR, d HEAR@EFNE-ER.

B

9a Fl 9c Fr NRSMEALTHE L R GAREIR h 25
ARt BB . R, S54RI
THALHTTE BAEE T 2IUEAIBRTE, R RS0
)G 1h, BRESBUARE; 2h GEERIZRA
N, BRI 765 3~6 h, BERER, 270

TR, 25 SR G5 A BB AE 18 SR N e E »
[N ERE .

9 b M9 d s AAMESITE AL R GEAHE R 45
AR @FEFREWBYEO G R K. S5 IR @5 RhE
TR AL RITAE R T FFE IR . W], K

189



MK EmBHL

Modern Food Science and Technology

2023, Vol.39, No.12

5. BABAUARSHELE 2 h N, BURIESZA
Y& E55 3 h, BURIEASAR/N, ERME T2 IR
s TEHALIGHIEE 6 h, BURTLAHIRA N, B
Wi, R TT B IA S . X T SRR B A
AR i, ISR AT AR LA A, A b s
PSS E o

ST AV T VA2 B x5 SR - 48 v R B i
sz, TSR AN R . o, B pH
A T ARSI 58 S-S5 VA ST O 2R T LA, 2 S
FERMERIKAR, BURRA T . BIRPTERERAE
PAIETRAE AR L 1 S5 FIRER, (HRAR A . e
WS Zeta HLALESRARZR ] 7 IRME L E BB
MR AR BRI, ANZTe SR R E > 1
TRCBRI UKL A 0 88 SEZR T AOBE IS A T A o

3 Zig

KB TR B T — R EGE SIS B AT TIM
ENEZ BRIV R SE,  SHEGHARINA R
AHHEE, AWTTERT IR B S 5 T, 1k
FREGESR . IR RER, ZAEE A
RGUEA RIFHESEE. JiFlE, BSARINERT
ARG BE, SRR SE B % i okt
JRAERIH AL TR P Zeta FIAL L HEAR KN A ROLES
IR G AR, GV S RRIRAE S ¥ LI 3B 7
KA, TEEA IR @FE SENEUEUIAE B AR AC A
Gk, WIS IR @ TP BAT AT IR 1§ R ERE
2o BT AL IR 45 IR AR 59 Rl
IRABRAFRRETE K. Horr, A TIE Rl R 254
ARGV @ e TR R I RONE s TEAH R A W] R AR
, RN T B KSRGS ORI a0 2
PERIHACE IR 25 B, AHT TP AL
PATETH B R B8] 1 TR BRI B AL T,
FENATH SRR AT AR 1) 25 T B Tl PN Ak
AU AR IR T TR A RPN A=

[1]  Jung S M, Kim S. In vitro models of the small intestine for
studying intestinal diseases [J]. Frontiers in Microbiology,
2022, 12:767038.

[2] Konishi S, Fujita T, Hattori K, et al. An openable artificial
intestinal tract system for the in vitro evaluation of medicines
[J]. Microsystems & Nanoengineering, 2015, 1(1): 1-6.

[3] LiZT, Zhang W L, Zhan X B, et al. New dynamic digestion
model reactor that mimics gastrointestinal function [J].

Biochemical Engineering Journal, 2020, 154: 107431.

190

(4]

[l

[12]

[15]

[16]

Sun G X, Tom V, Alava P, et al. Bioaccessibility of selenium
from cooked rice as determined in a simulator of the human
intestinal tract (SHIME) [J]. Journal of the Science of Food &
Agriculture, 2017, 97: 3540-3545.

B, E A7) R IHE, 5N AR, B B i R A friE 2
93 7 AT PR P 3 PR 0], 62 o B2,2021,42(23):
268-274.

Ding Q, Nie S P, Hu J L, et al. In vitro and in vivo
and _fermentation of the

Food

gastrointestinal ~ digestion

polysaccharide from Ganoderma

Hydrocolloids, 2017, 63: 646-655.

atrumy— [J].

Intawongse M, Dean J R. In-vitro testing for.assessing oral
bioaccessibility of trace metals in soil and food samples [J].
Trends in Analytical Chemistry, 2006, 25(9): 876-886.

Stolaki M, Minekus M, Venema K, et al. Microbial
communities in a dynamic¢ in vitro model for the human
ileum resemble ~the" human ileal microbiota [J]. FEMS
Microbiology Ecology, 2019, 95(8): 1-13.

Venema K, Verhoeven J, Verbruggen S, et al. Probiotic
survival during a multi-layered tablet development as tested
in a dynamic, computer-controlled in vitro model of the
stomach and small intestine (TIM-1) [J]. Letters in Applied
Migrobiology, 2019, 69(5): 325-332.

S, 48, 75 0, 5 ik 10 A B B R ) B AL o
ARG RN & 55 R Tlk,2021(12):147-153.
Song Q Q, Wang Y K, Huang L X, et al. Review of the
relationships among polysaccharides, gut microbiota, and
human health [J]. Food Research International, 2020, 140(2):
109858.

Manzoor A, Dar A H, Pandey V K, et al. Recent insights into
polysaccharide-based  hydrogels and their potential
applications in food sector: A review [J]. International Journal
of Biological Macromolecules, 2022, 213(31): 987-1006.
Xing X H, Cui S W, Nie S P, et al. Study on Dendrobium
officinale o-acetyl-glucomannan (Dendronan): Part IV.
Immunomodulatory activity in vivo [J].

Polymers, 2015, 117: 422-433.

Carbohydrate

Huang Y, Yang N, Zhang Y, et al. The gelling behavior of
gellan in the presence of different sodium salts [J].
International Journal of Biological Macromolecules, 2021,
193: 768-771.

Mo K 5T SR 45 1 R B R 1) 1 5% 5 B IURS B 72 [D].
T TR R #,2013.

R 5,28 52, E T B KU P 52 SR X S v IR B e B
A SRR A RS IA D). & TV, 2015,36(12):184-188.



MK EmBHL

Modern Food Science and Technology

2023, Vol.39, No.12

[17]

[19]

[20]

Hu J L, Nie S P, Min F F, et al. Artificial simulated saliva,
gastric and intestinal digestion of polysaccharide from the
seeds of Plantago asiatica L. [J]. Carbohydrate Polymers,
2013, 92(2): 1143-1150.

L X AR O, A5 AR 38 Y AR 2R Gt FH DB 25,
CN213032235U[P].2021.

TV X X 55— b N AR i TV A B0 R 48 ,CN
211427692U[P].2020.

Vilela J A P, Perrechil F D, Picone C S F, et al. Preparation,
characterization and in vitro digestibility of gellan and
chitosan-gellan microgels [J]. Carbohydrate Polymers, 2015,
117: 54-62.

Guo Y X, Chen X F, Gong P, et al. Effects of simulated

saliva-gastrointestinal digestion on the physicochemical

properties and Dbioactivities of Siraitia grosvenorii
polysaccharides [J]. International Journal of Food Science
and Technology, 2022, 57: 4495-4506.

Akbari-Alavijeh S, Soleimanian-Zad S, Sheikh-Zeinoddin M,
et al. Pistachio hull water-soluble polysaccharides as a novel
prebiotic agent [J].
Macromolecules, 2018, 107: 808-816.

Fii . ATP £ 5 ST # BCR PR B 5 VA8 72 D).
UM HTTRE,2016.

Cardoso V, Brito N, Ferreira N N, et al: Design of

International Journal of Biological

mucoadhesive gellan gum. and “chitosan nanoparticles
intended for colon-specific delivery /of peptide drugs [J].
Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2021, 628: 127321.

191



