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Fig.1 Effects of thiamine addition amount, temperature, mass fraction of starch liquid and time on system loading
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Fig.2 SEM image of starch—thiamine delivery system
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Table 1 Relative crystallinity of starch—thiamine

delivery systems

S R BE /% AR T 28 5 JE 1%

DM 0.00 11.75 £ 0.35°
DM-VB1 20.1 £0.23" 14.30 £ 0.17¢
DM-VB2 2372 £0.15¢ 18.70 £ 0.11*
DM-VB3 16.96 +0.32" 17.9 £ 0.23°
DM-VB4 16.26 + 0.24° 16.34 +0.15
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Fig.5 Infrared spectrum of starch—thiamine

delivery system
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Table 2 Infrared spectral parameters

of starch—thiamine delivery system

# 5 Rioinion R o025

DM 1.43 +0.02 0.64 = 0.03°
DM-VB1 1.47 +0.02" 0.71 £ 0.03"
DM-VB2 1.76 = 0.02 0.68 £ 0.01"
DM-VB3 1.17 +0.03 0.63 + 0.00°
DM-VB4 1.45 = 0.05° 0.63 = 0.02°
DM-VB4
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Fig.6 Raman spectra of starch—thiamine delivery systems
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Table 3 Digestive characteristics of starch—thiamine

delivery system

A S RDS/% SDS/% RS/%

DM 74.93 £0.30°  12.53£0.61' 13.06 £ 0.21°
DM-VBI 5293 £0.21" 26.46+0.57° 21.03 £0.25"
DM-VB2 49.97 £0.15 29.66 £0.17*  18.96 £ 0.15°
DM-VB3 50.96 £0.15° 27.10£0.50" 21.96 +0.15"
DM-VB4 48.66 +0.49° 24.76 +0.40°  18.00 £ 0.10°

AEMEAERZE, BHS5E0 %63 80E Rk
HREAT,

Li %5275 2o AF 52 ) 68 A 7 %8 01 ROK 3 B 71
PR I 52 % B, D) AR PR U8 I 02 52 T JE A
THAL R S8 VE & M R EN R, BN
REIR I, ROKTE M A BT T 0 0 T f JE 4 &
R T, AR AR A5 R 3, TR Z T
PURT DA E B i 1, R EIEHIE R 5 I OKTE
TE BT AS 5 7K ik 14 v B0 7K St R oK D 93 i e 25 3
PR ZR | JLIE AT DLKE LA A 18 11 AL E # 5 HLK #a4b
FRAS B 1, 23 38 0 R K UE # H8 H AL VE B 1
Eﬁ*ﬁ*ﬁfh[ﬁﬂ(ﬁﬁtp, J|Lﬂff%%5$f*ﬁ%ﬁ*ﬁ7£7k
PAER T 5080, W T 2R 058 SR 45 0 58 2ot
S VER R RS S S A A kTR
B2 PSR . AR HEE AR FITE BT AR S5 A8 LA I
WAk, eI AL R | 3 3R AR R B UK ik |
Rk LG SO TE R B R 8 6 IR R TP AR TE
Bt b T DA R R R A A ) R g ROK T
Wy EAT T B A A D aRIE P X 3
AP R 52 T R K BE # LE /N i v T A R
PE, #E— PR T VE R BRI R A EAEHL I H 3]
T e 2 55 ROK BE A AR A FH it S5 23 52 i) KOK UE #
SRS AR
2.4 EM-RERFBEERNEREYE
24.1 fEH BRI T Bl 7 % DM-VB 1E
TSN i I A A AL T B e 3R R i 1 A AT
DLt BE I A R R A0 1 R, B R
BB PR E W BT, 1~3 h BT, 6 h 5 #4
TR, Bl 2 B TR 50%~60% 2 8] % A7 H
KM BE AR 4k (B Ta), X 5 Sopade % H1 Guo
PR — 3, DM-VB 76l Th B e b
T, 2~5 h B AR B B F T, 6 h J ik
FPFRB(E 7h), X5 Akila %P5 13 #5240 {4
SMIE AT R e e R RO S iR R B A
B BN B 2 RN B E NI AR
T 30 X ROK UE My 0 i e R e A5 ROk R Y
T A VB 0 BB R I, 3 R AR A M R R
K, HAS I VE R 0T A 43 B0 16 AR R 2 R) 25
BB, R R IR R U R R A O TR S 3L
VE A ORL B TR R s, i i R A
KRE,6h Gl RBEREGT MR, Wl 6h)E



25 2

RN AT R B B 3R, EAT A AR B G 2 A e
Bl A A BT AT A, TR RO 0 KO 10%
I, SR UL 4 A 4 [ PR B TV 4 3
AR X BBORDIR 25 55 455t 5 fiff B L =5, BT A >4

60 |-
50
40t

30

[—=—DM-vBI
—+— DM-VB2
20} |—— DM-VB3
—v— DM-VB4|

TEHHE %
Rate of release/%

o1 2 3 4 s s 7 %
P i)
Time/h

(a) H

TE B e 2% 3t 2 A 2Rk T 18 M 9 A B R P B 5
SR, 8 A G SR W AR B I A AR PR
JE Z R 2R th B R B, B E AR
Wi AN S22 T A i v 22 R 3 A AR A

100 -
90
80
70
> 60
50

[——DMm-vB1
W0r —— DM-VB2

—— DM-VB3
, 30T —— DM-VBY|

20

TEHHE %
Rate of release/%

10

I T R S B B T
I A

Time/h

(b) I

B7 AREMERESET DM-VB HmERZBEHE

Fig.7 Thiamine release from DM-VB at different mass fraction of starch solution

242 WEH-BilERBEEROEEE AKE
Wi e BEWAAEREO T, B b pHEZN 1.2,
N pHAEZS R 7.2, ARBFFEAR TG pH {H 22 7 b
I8 T VE N~ R b 25 AR RAE MRS AR B B Y
SRR R, N & 8 TR . DM=VB 7E 0.5 h 1B
RN 15% 2247, U B 3o 36 44 R 76 B vh IR B BRI
PRI R A8 50.5~2 h I} BL e 22 % ol okl 6 22 18 4%
S UE B A IR R AE K T B A R, TR
B, DM-VB1 47 8 8 B 1 2 252 B g IR F e R
AR 14 J5E R) 2 U VT B o BRI, A R A S
BRRE B 1k TR R RAT kA, 7E 2~6 h iE
— A WLER B T U B — B i 2 16 A R I PR R
X AT BE 2 PR Ay FH O 930 2 1) 0 e 35 43 38 R
WA A D B R, IR T s A R
BAESE I A M ) RBE i, A R EAAE 6~8 h B Bt
FRaE, "TLEH 6.5h JFHiEEBCRAS T
100% , 3% U, W 328 36 1R R 7 25 i v 2 58 4 ) B
B, DRI 25 S 3 B 3 i A 3R A 8 LK v R ik
IINEB Gy R 43 S AR 45 i A ) B, A BH T
oy — B e 28 36 326 A 2 S 1) 485 W 1 A 2k TRD s A B
TS B kR R R R — 1E H 7E AR K K 75 B
Bk,

100

9 | >
.
—+—DM-VBI /
80 | . pMVB2
—— DM-VB3
W ~+—DM-VB4
R 60}
g 8
»L"iv( : 50
o Z ol
jaa)
30 F
20 |
10}/
y
0 N ) ] ] y ’ 1
0 1 2 3 4 5 6 7 8
s i)
Time/h

E 8 EM-TRAERRBEME RN RITRAHL
Fig.8 Cumulative release curve of starch—thiamine

delivery system

3 HFig

AT 2o K IR E B e 1 A A B 3T OT S
R BT e -G Rk A R e
WAL 3R 53 1 22 (1] 7 A= 1 AR CEL A s 7 2 B A 2
B ) RS T B IR R R AR Y, BB AR BN R 2
HEA B  A) RE 2 J v E AT B T AR E R A
(1436 1A PR A5 R 5 3 I PR ES BRI 3R X ROK TE
PR SN B TH AL ARBE | A BB 3R A9 I A B
191 M 3R A A A B B 8] O T T A 1



166 oE g S R 2025 4E45 2 )
PR 25 b 38 5 BE Ry B R R R AR R ST JR artificial skin [J]. Advanced Functional Materials,
ST DL TR A T B SE A £ 2019, 29(32): 1903209,

PR B LB [10] GALINSKA A, GALINSKI C. Mechanical joining of

fibre reinforced polymer composites to metals — A

s 2 % # review. Part Il: Riveting, clinching, non-adhesive
form -locked joints, pin and loop joining[J]. Poly-
mers, 2020, 12(8): 1681.

[1] MROWICKA M, MROWICKL J, DRAGAN G, et [11] NIVELLE M A, BEGHIN A S, BOSMANS G M,
al. The importance of thiamine (vitamin B,) in hu- et al. Molecular dynamics of starch and water during
mans[J]. Bioscience Reports, 2023, 43 (10): bread making monitored with temperature —controlled
BSR20230374. . time domain 'H NMR[J]. Food Research Internation-

[2] FLYNN A, KEHOE L, HENNESSY A, et al. Esti- al. 2019, 119: 675-682.
mating safe maximum levels of vitamins and miner- [12] WARREN F J, PERSTON B B, ROYALL P G, et
als in fortified foods and food supplements[J]. Furo- al. Infrared spectroscopy with heated attenuated total
pean Journal of Nutrition, 2017, 56: 2529-2539. internal reflectance enabling precise measurement of

[3] DAVE L A, HODGKINSON S M. ROY N C, et thermally induced transitions in complex biological
al. The role of holistic nutritional properties of diets polymers[J]. Analytical Chemistry, 2013, 85(8):
in the assessment of food system and dietary sus- 3999_4006.
tainability[J]. Critical Reviews in Food Science and [13] TALALA T, KAIKKONEN V A, KERANEN P, et
Nutrition, 2023, 63(21): 5117-5137. al. Time-resolved Raman spectrometer with high flu-

[4] ASLAM S, AKHTAR A, NIRMAL N, et al. Recent orescence rejection based on a CMOS SPAD line
developments in starch —based delivery systems of sensor and a 573-nm pulsed laser(J]. IEEE Transac-
bioactive compounds: Formulations and applications tions on Instrumentation and Measurement, 2021,
[J]. Food Engineering Reviews, 2022, 14(2). 271- 70. 1-10.

291 [14] AL -AHMARY K M. A simple spectrophotometric

[S] AR [Py SR e T RO 9 22 JR i 35 T B 58 e method for determination of thiamine (vitamin B,)
Ul POk, 2014, 17(3): 1-2. in pharmaceuticals[J]. European Journal of Chem-
ZHANG D B. Development trend and research istry, 2014, 5(1): 81-84.
hotspot of functional ingredients at home and abroad [15] ZULKAFFLEE N S, MOHD REDZUAN N A,
[l Beverage Industry, 2014, 17(3): 1-2. HANAFI Z, et al. Heavy metal in paddy soil and

[6] COMUNIAN T, BABAZADEH A, REHMAN A, et its bioavailability in rice using in witro digestion
al. Protection and controlled release of vitamin C by model for health risk assessment [J]. International
different micro/nanocarriers [J]. Critical Reviews in Journal of Environmental Research and Public
Food Science and Nutrition, 2022, 62(12): 3301- Health, 2019, 16(23): 4769.

3322. [16] SHU X L, JIA L M, YE H X, et al. Slow diges-

[7] PACELF, TESONE A, LAUDL N, et al. The rele- tion properties of rice different in resistant starch[J].
vance of thiamine evaluation in a practical setting]J]. Journal of Agricultural and Food Chemistry, 2009,
Nutrients, 2020, 12(9): 2810. 57(16): 7552-7559.

[8] JOO J, KIM B, LEE S, et al. Development of an [17] CHATTERJEE N S, ANANDAN R, NAVITHA M,
isotope dilution mass spectrometry method for accu- et al. Development of thiamine and pyridoxine load-
rate determination of thiamine in diverse food matri- ed ferulic acid—grafied chitosan microspheres for di-
ces{J]. Food Analytical Methods, 2020, 13. 348 - etary supplementation [J]. Journal of Food Science
337, and Technology, 2016, 53: 551-560.

(o] RYPLIDA B, LEE K D, IN'I, et al. Light -in- o1 1pipa1 ¢ S, CHATTERJEE N S, ELAVARASAN

duced swelling - responsive conductive, adhesive,

and stretchable wireless film hydrogel as electronic

K, et al. Dietary supplementation of thiamine and

pyridoxine —loaded vanillic acid—grafted chitosan mi-



25 % 2 oy AR E R A MR L AR 167

crospheres enhances growth performance, metabolic K, et al. Raman and infrared spectroscopy of car-
and immune responses in experimental rats|J]. Inter- bohydrates: A review[J]. Spectrochimica Acta Part
national  Journal of Biological ~Macromolecules, A: Molecular and Biomolecular Spectroscopy, 2017,
2017, 104. 1874-188l1. 185: 317-335.

[19] SAIFULLAH M, SHISHIR M R I, FERDOWSI R, [25] KADRI R, BRESSON S, AUSSENAC T. Effect of
et al. Micro and nano encapsulation, retention and alginate proportion in glycerol —reinforced alginate —
controlled release of flavor and aroma compounds: A starch biofilms on hydrogen bonds by raman spec-
critical review[J]. Trends in Food Science & Tech- troscopylJ]. Applied Sciences, 2023, 13(15). 8846.
nology, 2019, 86: 230-251. [26] BOYACI I H, TEMIZ H T, GENIS H E, et al

[20] CALABRESE L, PALAMARA D, PIPEROPOULOS Dispersive and FT-Raman spectroscopic methods in
E, et al. Deviceful LiCl salt hydrate confinement food analysis[J]. Rsc Advances, 2015, 5(70): 56606—
into a macroporous silicone foam for low—temperature 56624.
heat storage application[J]. Journal of Science: Ad- [27] LI C, YU W, GILBERT R G. The effects of starch
vanced Materials and Devices, 2022, 7(3). 100463. molecular fine structure on thermal and digestion

[21] SUN X, SUN Z, SALEH A S M, et al. Under- properties of rice starch[J]. Foods, 2022, 11(24).
standing the granule, growth ring, blocklets, crys- 4012.
talline and molecular structure of normal and waxy [28] SOPADE P A, GIDLEY M J. A rapid in - vitro di-
wheat A—and B-starch granules[]J]. Food Hydrocol- gestibility assay based on glucometry for investigating
loids, 2021, 121 107034. kinetics of starch digestion[J]. Starch - Stirke, 2009,

[22] TCAEE. AR SR AR X T I M Ak R AT 61(5): 245-255.

S ESE D). AR . kRS, 2022. [29] GUO L, GOFF H D, CHEN M, et al. The hydra-
JIANG X F. Effect of chlorogenic acid on gela- tion rate of konjac glucomannan after consumption
tinization process of lotus seed starch under mi- affects its in wvivo glycemic response and appetite
crowave effect[D]. Fuzhou: Fujian Agriculture and sensation and in witro digestion characteristics [J].
Forestry University, 2022. Food Hydrocolloids, 2022, 122. 107102.

[23] BAI X, ZHANG M, ZHANG Y, et al. Effect of [30] AKILA S R V, MISHRA S, HARDACRE A, et al.
thermal treatments and non —starch fraction on in Kernel structure in breads reduces in witro starch
vitro starch digestibility of oat bran[J]. Journal of digestion rate and estimated glycaemic potency only
Food Processing and Preservation, 2022, 46 (12): at high grain inclusion rates [J]. Food Structure,
el7219. 2019, 21: 100109.

[24] WIERCIGROCH E, SZAFRANIEC E, CZAMARA

Construction of a Starch—thiamine Delivery System and Studies of Its Digestive Properties
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Abstract The objective of this study was to address the challenges posed by the short retention time and inadequate
targeting of thiamine in vivo. To this end, a rice starch—thiamine delivery system (DM-VB) was engineered through a
hydrothermal method, whereby the opening and polymerization of the starch molecular structure were regulated. The im-
pact of temperature, time, starch concentration, and thiamine addition on the structural stability, thiamine loading ca-
pacity, and release characteristics of the delivery system was thoroughly investigated. The structural integrity of the system

was examined through scanning electron microscopy and X-ray diffraction. The findings revealed that the primary interac-
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tion mode between starch and thiamin was through hydrogen bonding, with a subset of thiamin molecules accessing the
helical cavity of starch. The loading amount of thiamin exhibited a substantial influence on the release characteristics,
with higher loading amounts correlating to higher contents of slow—digested starch. The results demonstrated that the con-
structed starch—thiamin delivery system exhibits excellent stability and slowed release, which suggested significant potential
for application in the domain of functional foods. This finding not only unveiled a novel approach for the delivery of wa-
ter—soluble small molecules but also provided a comprehensive understanding of the preparation method and release con-
trol mechanism of starch—based functional foods. This knowledge was of paramount importance for the advancement of
functional food development.

Keywords starch; thiamine; structure; digestive properties



