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Understanding the Water Structures in Antifreezing of DMSO
Derivatives by Near-infrared Spectroscopy
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Abstract The molecular mechanism of L-methionine sulfoxide [ L-Met(Q)-OH |, a derivative of dimethyl sulfoxide
(DMSO), in inhibiting ice crystal growth was studied using near-infrared spectroscopy combined with chemometrics.
High-resolution spectra were obtained through wavelet packet transform, allowing for a detailed analysis of the NIR
spectra of L-Met(0)-OH solutions at various concentrations during the freezing process at =5 °C. Spectral information
regarding the interaction between the S=0 group and ice was extracted. The results indicate that the primary reason
for the effective inhibition of ice growth by L-Met(0)-OH is the formation of hydrogen bonds between the S=0 group
and ice. Further analysis of solutions at 0 °C revealed spectral features of interactions between water molecules and
the S=0 and C=0 groups in L-Met (O) -OH. During the freezing process, the intensity of the spectral peaks
associated with these interactions gradually decreased, indicating that the interactions between the S=0 and C=0
groups and water molecules weakened, and this weakening effect became more pronounced at higher concentrations.
Finally, the role of the NH group in the inhibition of ice crystal growth was investigated. It was found that during

freezing, the binding of NH groups to water molecules increased, forming a stable hydrogen-bonded network. The
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result indicates that the NH group consistently interacts with water throughout the freezing process and does not

significantly interact with ice.

Keywords Near-infrared spectroscopy; L-Methionine sulfoxide; Ice crystal growth inhibition; Hydrogen bond
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R AR, WESEARI], DMSO 25| & S i U A I, JFHA AR, AT REXS OR A A0 A i L K]
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L- 35 R WA [ L-Met (O) -OH ] (4l £ >98% ) . L- 5 2 1% (L-Met) ( 4k &£ >99. 5% ) F1 —. F JE . iR
(DMSO) (4 E>99. 5% ) Y0 H 27 5e k(B3R ) A F] . BEPRER 2% vl (PBS, pH=7. 4) g H B[ A ¥4 ( i)
IR

Vertex 70 BYIT Z1 AN ETEAL, R 2 A5 5T 6 U5 A1 R BB (InGaAs) K U 45 (78 [ Bruker Optics 2
F ) 5 B AR H 9 [ Specac 23 F AR 77 BY LSSk PIN GS21530 W A AR 13 S ik s ], PEIRRE R
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1.2 X
12,1 HRBEH 4 ISR L-Met(0)-OH A PBS Z his v h , Pebhis e, 158143100, 20,
40, 60, 80 F1100 mg/mL [ L-Met(O)-OH % . LAMIRI 52 £ L-Met 7AW, ¥4 30 mg/mL.
122 BEHEHSEEXE L AMEREE M 1 mm AL, HEE F A 12000~4000 cm™, 43 #¢
FR 4 em™. N TIREGEWRL, XSO T 64 A . 7E0 CTF I T L-Met (0)-OH F1
L-Met W PUTLLAMERE . 450KS286 1 5885 0. 1 mL PBS 28 s i A He €6 P 4 25 vk, SR 5
A0.2 mL L-Met(0)-OH ¥ , FE7E-5 CT REARFIEEE L-Met (0)-OH R A VKRR G, B350 80K
YOk, HERAE 120 min.
123 & /NEAAR (WPT) 2 — R 8 R ik s BE i T ARG B iU N 224 (DW'T)
FI 22 ROBEAR B3 #5502 (MRSD) - A 158, W55 40w iear . BV A gy s it i) Ak
WU (B EGEGT ), FFE— 25 XA R 3 ilE 47 22 ROBE 4 ff . WPT )& DWT ik —2 & &, #£ WPT 144
wf TR B AT RN S A oA T 22 ROBE A3, LB BEE WO/ RS . IR, (i FH WPT AT AAS- 2 530%
e B A — R 9 % B S HGE T . A BT
w(j+ 1,2%b) = Hu(j,b) (1)

u(j+ 1,2%0 + 1) = Gu(j,b) (2)
Kb w(0, 0 WEIRIE S j=1. .. JRIb=2-1 I3 REE . H={h,),.,F1G ={g),., 505X BT 7N bR
A A R R A . L, B R L ARRR RS — RAME T A, FUR A S 1)
BN F L Ay PR Wb A RS S G d & . o T ER SRR ARG N AR 4 1
Daubechies JE i #% (db4) , M FKEL TR 7. WX HCREIE T, T LIS E] 254 ARSI u(f, b))
e, AR R T IS S ATRARAE , 38 2 X AS [R5 55 AR B A3 16 125 SR 43 R AT 2 31 26 B
FEIEFRAE B AR AL S . AW T (5,11, [5,2], [6,21F1[7,4 )75 55 R M B 43 6 1% 143 0045 43
B, 3RS T 550 B i o BOGTERHIE . A £ 43 B #RTE MathWorks 23 w] & (9 8008 b FR R 14
MATLAB R2021b HiE4 715 .

2 GRS

2.1 KERKEEBRES T

h T BF5E L-Met(0)-OH 57K/AKZ BIMAREAE ], 76-5 'CF, RAE T AR L-Met (0 )-OH 45
VKIS FEAITLTAMERS . B 1R T 100 mg/mL L-Met(0)-OH R AESS vkt BRI 635 A8k, FTLAR
100 mg/mL L-Met (0)-OH ¥ ¥ ) 5% 1% 78 6850 F11 5100 em™ B T H BH 2 4~ & 3 A9 . 3 2 4S04 43 51 )
J& T RARFUK i OH Sk A1 A 47 41 20 1) — A A5 AN OH ik 141 25 il 5 o 48 I 3 i 4 & 4501 SR
L-Met(0)-OH 73§ F H 5K AR B AE AR 2wk

TS 1T 100 o W RO WRERLLE T T veoron
FEIEA A RTINE B, AT 20T T 6850 em™! 3t ) c/ﬁvj)io.q ‘

AEE AR 0 . B DK F K R0 1 M I

BB h , IR AE UK S SR B 351 6700 e, JF 7

FEBEZTE 6130 em ™ 4b H BLHIT I, R ISR T 1, <l o550 A o130
RIPK A RAAEIE , o] RO KR I 25 R 257 . Iee growth‘ m
T HER I, ML) B AR L-Met (0)-OH OR

KA EAE G E., [ REE UK LR, 12000 10000 8000 6000 4000

i R B BERRAIG, e it & B NIk, & Wavenumber/em™
BRI T IR AR IE P A e, LIRSS Fig.1 NIR spectra during ice growth in a 100
VKRR R R] K S5 B"Jﬁééﬂﬂ 1%4‘%\ ) mg/mL L-Met(0O)-OH solution at -5 °C
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Fig.2 Ice growth in L-Met(O)-OH solutions at different concentrations

(A) Spectral component with enhanced resolution of a 100 mg/mL L-Met(0)-OH solution during ice growth at =5 °C; (B) variation

in peak intensities at 6142 cm™ in different L-Met(0)-OH solutions during ice growth.
2.2 KERIEP L-BERBRITRSK/KBEERSHT

T T4 L-Met(0)-OH 5 KA FAE I BOEIEE B, W45 UK)E L-Met(0)-OH 19 S=0 fh 47 ik )
U X I (6500~6350 em™) MEAT T R A3 HOEIE AT . B 3(A) R T ARIFIVR I L-Met (0)-OH VA5 UK
TELT, 411 8 TR HOEIE O . 5 PBS G MR L , L-Met(0)-OH I IR AE 6424 cm™ Faz H 8L T
LASHT U, Qi 3(B) BT, 3205 1Y 5 B2 Bl L-Met (O) -OH 75 W B2 1 385 0 T 3 i, 3¢ B i W i e 5
L-Met(0)-OH A5G . $E3CHR[12 415, % 6424 em™ AL T I JE 2 S=0 i 5ok AH EA/ER . B13(C)
T 40 1100 mg/mL L-Met(0)-OH # HiZ i W i) AR fb a5 . S T8 F Fodss, AN AR B i i fic e
5E B AT IH— B PR . AT RIE H, #E 40 mg/mL Al 100 mg/mL L-Met (O)-OH ¥ H , 0558 i il 5 45
KB 3G 0 T 2 4G i . RIS, 100 mg/mL L-Met (O) -OH ¥ W H U4 i B 3% O 14 3 B2 BT 40 mg/mlL
L-Met(0)-OH ¥, X FWITE e L-Met (0)-OH W, S=0 S T pK&5 4, AT S A R0t 1
MK A . SR, T C=0 4 dIk3h B I vk A WA 35, IR BE4R 2 C=0 5 UKAY A ELAR
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Fig. 3 Spectral analysis of the direct interaction between L-Met(O)-OH and ice during ice growth

(A) Spectral components from 6350 cm™ to 6500 cm™ after freezing; (B) peak intensity variation at 6424 ¢m™ with concentration.

1

The black dashed line represents the fitted trend line; (C) peak intensity changes at 6424 cm™ with ice fraction. The blue lines

represent the fitted trend line.
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Fi—J7 1, P T G vkl B TP PRSI SR F A EAE AR L . 20 CCTR, Wi T ORIk
J& L-Met(0)-OH ER AT LI NGRS, Wl 4 iR . E4(A)F(D) 43R 75 s k6,2 115,21/
IIPERIETERSY . 5 PBS WA A L, L-Met(0)-OH VR AE 6918 Fll 6860 em™ BT Hi HL 1 #rig, x4t
WA P 3 B B 4 L-Met (O)-OH #0VR FE 35 i3 K [ 4(B) FN(E) |, SRBIX Eg il 5 L-Met(0)-OH
K. 1€ L-Met(0)-OH 5 Frf, S=0 Fl C=0 FLH o] N EHER 2K, 57K T H—OH M EAEFTE
. PESCERL 18,23 [#iA, 5 OH---O=C Z S 45 4 AH X A WS A7 F 6937 em ™ Bif i, I, 6918
em RE RIS AT I )& F OH---O=C A EAEH . i T 321k 6860 cm™ Zb IS A2 75 15 OH---O=S A
iR G, MIH T DMSO-7KIR A YI7E DMSO FEIR 43800 10%~90% J. [l N I 1AM, & IRAE 6850
em 20 IR TR AGIRICIE , RITIZIE AT BE Y OH---O=S & MZ5 A ¢ . yitk—L ik, MW T 0 °CT
L-Met BT 21 A6 . B F L-Met A S=0 3L, WK 4(D) LB LI~ , 1£ 6860 cm™ 4b & A T 1L
U . p LTI, 6860 em™ ARSI N )& F OH---O=S tHEAEH .

A) - - PBS — 20 mg/mL B 12+(C 240 mg/mL. @100 mg/mL
2 _( ) 40 mg/mL ——60 mg/mL ®) L% = © e mem
80 mg/mL —— 100 mg/mL 6 . T o
= - - Met S . 2 8 !
2 6918 . z S 2 O3 R
2 2 = X
8 2 3t o 3
= = 2 8
z g e F 04f
of -7 :
. Z
s 0 [
1 q 1 1 1 1 1 1
7000 6900 6800 0 20 40 60 80 100 0 0.2 0.4 0.6 0.8
Wavenumber/cm=! Concentration/(mg-L") Fraction of ice
10 H(E) L% > 12-(F) 040mg/mL o100 mg/mL
- ‘@ Q3
. < £
g Z o 27 £
8 5 Or e 3
E E . g
g 5 ’
= e g
-10F .70 z
rd
S
1 1 1 1 1 1
6900 6850 6800 0 20 40 60 80 100
Wavenumber/cm™! Concentration/(mg L) Fraction of ice

Fig.4 Spectral changes of hydrated water during ice growth
(A) and (D) show spectral components of L-Met (0)-OH solutions from 6800 cm™ to 7000 cm™ at 0 °C. The inset in (D) shows
spectral components of DMSO-water mixtures from 6700 cm™ to 6900 ¢cm™ with 10%—90% DMSO, with increasing DMSO
content indicated by the color gradient; (B) and (E) present variations in peak intensities at 6918 e¢m™ and 6860 cm™ with
concentration, respectively. The black dashed line represents the fitted trend line. (C) and (F) display changes in peak intensities

at 6918 cm™ and 6860 cm™ with ice fraction in L-Met(0)-OH solutions. The blue lines represent the fitted trend line.

N T W 5T X Rl R VR e vk AR K R R A AR AL, A M T MR B Y BN 0~100 mg/mlL ()
L-Met (O)-OH ¥ W AE -5 “CF B 8 45 vk 1) = 43 B i . B 4(C) F(F) 43 5 JE 78 T 40 1 100 mg/mL
L-Met(0)-OH 4 8 H W Sg i it 45 vK e A AR bR 4%, AN )k B Ay g g e i B8 2 R A 5 0 — AR AR B . MK
E4(C)F(F)FTLLE H, 7E L-Met(0)-OH A vkl B, 6918 F116860 cm " 4b Y W45, J& 151 Bt 25 K o 1)
HEANTE R B . XS R K AR UK, 5 C=0 RLHF1 S=0 3k F A BAE F 89K 4372, I S5
OH---O=C M OH---O=S M BVE kL, sl i T Ff . 76 R R L-Met (O)-OH IR, A5 T B
TR HO IR B T B R, MR TRV UK T, e VAR B VAT T HP R et 38 AR, 156 B R VR I L-Met (O)-OH VA
H C=0 F1 S=0 J: A1 5K A AH EAE D, w5k 6, XWfdRe 7 s L-Met(0)-OH
VTR K i A RO T G R

Chem. J. Chinese Universities, 2025, 46(2), 20240424 20240424(5/7)



. P4 s Kkhaus g

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?ﬂiﬁ:\,i

23 K&ERKIERNHAKSERSH

T WFFE L-Met (0)-OH (1) NH, 3 FIAEBT R B v i R FERAE T, X 7K 5 NH A B A A A i DX 3k
6900~7000 cm™ #47 T 43H7. BI5(A) R T s k05, 2 s a3 GG sy, 5 PBSOGIEAH L, HLidRH
VS IRAE 6985 16954 cm™ Zb H B 2 A4 (W b, Bl L-Met(O)-OH ¥R BE () FH 7, DAai B 1S i , FeHiX
S I S HT R FIAR B A S B S K G5 A G . R SCHR (23 J4E , OH---N SRS G /K 45 44 (1) W i 0e 3
WALTF 6968 em™. AN, HILMAFAEL FEE I 2N ERE T ANFR, IS Fd Ry 2 2
S K R B W SIS BN, TR, 6985 16954 em™ A Ao MR AT I AT L 01 Jis 28 5k 5 7K 22 ) ) e it
MEAER . ESB)HAI(C) 25178 H T 40 #1100 mg/mL L-Met (0)-OH ¥ %1% H 6985 F1 6954 cm™ AbF)
Vg5 B Bl 5 P T A AR AR . T RAE Y, FEZS vKa B b NHL B /K 2562 8 14 I , 6B NH, 3% A1 72 45
VKRR IR L SAKAAEM AR, TR S0k A AR E AR .

1.2 1.2

(A) - - PBS —20 mg/mL (B) 940 mg/mL. @ 100 mg/mL ©
4+ 40 mg/mL —60 mg/mL q
80 mg/mL ——100 mg/mL}| Q
~ 6954

2 6985 |

10'Intensity
Normalized intensity
Normalized intensity

1 1 1
7000 6950 0 0.2 0.4 0.6 0.8 0 0.2 04 0.6 0.8
Wavenumber/cm™! Fraction of ice Fraction of ice

Fig. S Spectral analysis of hydrogen-bonded water with NH and water during ice growth

(A) Spectral components of L-Met(0)-OH solutions from 6930 em™ to 7000 cm™ at 0 °C; (B) and (C) show the variations in peak

intensities at 6985 cm™ and 6954 cm™ with the fraction of ice, respectively. The blue lines represent the fitted trend line.

3 &

IR LA IS A A 07 e, BRI T DMSO 2R 4 L-Met (0)-OH 31 vk ity A= K ML)
N AR e (WPT) 42 35 6 1% 43 HR . KL T L-Met (0)-OH Ff S=0 85 vk AH BAE F HE T IE P
6424 cm™ RFFAEGE )5 B Bl G DK NIG  , FW] S=0 5 5 UK IR 45 G 2 I vk b 2B i G
. IEAh, 7R T 85K R Bt R S5 K o0 F Z [ A AR AR, BARRBN 5 S=0 flC=0 3%
A BAE R B K 2708, TS5 NH SRR K o3 F-38n . AR & BRaE—25 B B T B A A il vk
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He KA THLHRI A ST B . AWFIEIERAL T % DMSO AT AE Wi bL] (0% , 3 /N FHUA R et
S LR T EE SR
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