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Abstract Cryopreservation is an essential technology for long-term storage of organs, tissues, cells and other biological
samples. During cryopreservation, antifreeze agents are commonly used to reduce the freezing point of the system and inhibit
the formation of ice crystals (ice nucleation, ice growth, and ice crystal recrystallization), thereby avoiding damage to biolog-
ical samples caused by uncontrolled ice formation at low temperature. However, due to the difficulty in obtaining microscop-
ic details of the interaction between antifreeze agents and water/ice in experiment, the mechanism of antifreeze has not yet
been clearly understood. The hydrogen-bonded structure of water is very sensitive to temperature changes. By combining
temperature-dependent near-infrared spectroscopy (NIRS) and chemometric methods, the hydrogen-bonded structure of water
in low-temperature environments and the interactions between antifreeze agents and water/ice crystals are studied. The anti-
freeze mechanisms are understood at the molecular level using spectral information of water that changes with temperature.
The details of the interaction between antifreeze agents and water/ice crystals at the atomic level are investigated using mo-
lecular dynamics (MD) simulation, and the antifreeze mechanisms are revealed by combining spectroscopic experimental
methods. This Account provides an overview of the research progress on the antifreeze mechanism of antifreeze agents, with
a focus on the recent advances in the study of the interaction between antifreeze agents and water/ice crystals using tempera-
ture-dependent NIRS and MD simulations. Overall, the Account aims to provide new ideas for the study of antifreeze mecha-
nisms and deepen our understanding of the molecular details of the antifreeze mechanism. Finally, the challenges and pro-
spects of using NIRS to reveal the antifreeze mechanism of antifreeze agents are discussed and possible further improvements
are proposed, such as developing more effective chemometric methods to extract the spectral information of water molecules
with different hydrogen-bonded structures from the NIRS of water, introducing importance sampling technique specially
designed for water icing into MD simulations to enhance the sampling efficiency, so that MD simulations can be used to ex-
plore the entire process of water freezing inhibition by antifreeze agents, deepening the understanding of the antifreeze
mechanism.
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A AR A7 (Cryopreservation) & f8 7E JE W IR IR R
(—80 CHi—196 C)SLIARHE . L. gHMIAIHAR A
FE i B B A7 I AR A VR DR AE I AR R S AN e
PRFF IR 25 M AR 5 DhRe 1) s B84, 1 B A Ve st —
G RN 5 B 7T, 928 B R L HE TR
FRAEBE2AEE0S1 SR, (EA R RE, UK S RAS v 5
Fe 2 3 B2 BT U 19 RIS 028 e 7, 5% 4t L P R4 g
AN SR I8 AN PTIE ARIR, d 2 A R I 1 AR
A B2 2R AR BT Rel-) O T R K PR B ARGV R I R X A
LRI R 3R A5 i A M A2 vE 28, 3 A8 DL 1R
HIVK SR TR, W UK A%« UKAE R ANDK b 21 45 4 561,

7S BRI HUR IR 1) 52 — MR B AR R AR (KB
B 7K IBAR) A DA B AR A4 ZR K R (R 2k B ik 2 465 UK BCH )
R P IKER K EMTVEK Y, A% 2, W
BN TR R Hil(glycerol, GCL). — HJ:
TEH(DMSO)AE) B (Un R | W 45) AR
R ZJWE (polyvinyl alcohol, PVA)ZE). 4Kt Rl. 7Kkt
JBe4EB). DMSO & H Hi il R A7 AU A8 FH 532 i vk
FNRL A B AT LB R AR 24 2 AR RE o, (T
HAYNME M, AT 8 G2 i s g e d v fnin B &
FET, BRI AL RS T2 B Sk E A
(antifreeze proteins, AFPs) & A=) /Ay HEARMI L 17k 25 11 32
e —2RE B, BA G 1E M (thermal hysteresis,
TH). A VKEIE (dynamic ice shaping, DIS)#E /1 VK
&k 4 (ice recrystallization inhibition, IRT)JE M, iXA#
A5 HAEARIR DR AF S0 T AR K PR T8 £ 2 FH A 610121,
1977 4, Raymond Z5EISEH W B4 ALE], NN
AFPs & 18 W 7E UK &8 FRRR 8 R 15 K Kelvin RN K
UK b AR AL B BT AW AFPs HLik bl
Hil14, (E 2, T3 I AFPs S5UKER 456 B AR AE
77, IXFRHLEE R R GEfERE AFPs 51K A AR KR
R A AR R R ¥ P ) 7 A T A R AR R UK ) AR KA
1k, JERBE AR FEATDN AFPs 59K & 2 [0 A0 BAE F 54T
T2 K BL AFPs ST NLEIFEA T LL4r A
PR, “EABREEE” PURIA “ 2Tk HLdl. “=
LG ML R TS AR BAE F JJESOE AFPs BV
T T 2 AR UL 24ROk LU A AFPs
UK it 45 A R 22 T BT TR J 1) S8 UK 45 40 R T 5 0K il 3R
T BN, MOMARRR “ 10 BAN” ML, i B /E
VAR T Z MM EAER 71, SRS EAER 1. K
FHEAR Ay Ay e 7y 28060 {5 4, 10 B —F i 1L
Bl “EEMEE” PN AFPs i@ B K 1FH K
gy F ks 7 XAES, JRi i SR T X K e g
(RUKARAK G54, T J5 5 71 %6 1% 3 43 7K 79 - (anchored
clathrate water, ACW )il it S8 5 UK PLRC 45 512122, i
TRIG R RAMECAIRTS AFPs 5 UK-—/K S EAH EAEH 1)
TOAH T, FETAMENT AFPs BIPTIERMLEN T Z — AR
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1T ZL A 3 (NIRS) & 5 7t 7K 45 44 LA KoK 5 3% A
HAERMA J) T RR2 e e S B A BE A 25 1)
1738, & fe I W S8k 55 7 1 N 231 ) A LA FH R4S
B, AT TR FE KV A R BE K S B R A4 2R (41
Wit A ZER). TR AR R E S K, 2
AP WERE . W pH 25}, /K1) NIRS 2
RAEBIR AR, AR R 7K G T R B B o 45 74 1) e AR B
KGR 2 (A AR AR, S el 3k 01 RE B
(5 E. 2006 4F, Tsenkova ZEROMEH T “/KIiLH
(Aquaphotomics)” , A& — A FT AT HEL. 7K
FEREZH 22248 DUKAE AW R &R, i F AR K
SERITEIR B SE BN A A T PR AR AL, AR L]
RS RS S Thee. BIHRCAIE, AOBEH 2
S T FE WIS, 1 Ozaki TR FT T
ANFHREE F/KBINIRS, (B2 0 AT 175
A RIRBI KSR, BIEH 0~4 DNEBRIKE .
Gowen VR 8l I W 58 TEHLER (NaCl, KC1, MgCl, #
AICL)KIEW /KK NIRS il (5 5 b B2 i i 7= Ak
HAE4k, I NaCl A KCI A5 [F] TPl K 7 1] (1) S 5
W%, T MgCly 1 AICL fiit ] T ik 7K 43— [|] S8 1)
B EUE VR ZH PO KO 1 AH A T 2 W A e A4k
R R, $EH T — MR K E NIRS 15 B4
e BT RS R R S R R R L. AR
THURIE NIRS BiR, JFE T KE KGR T T 1 ¢
TAE. BRI 7K NIRS A5 A0 2E T 2 071250 B0
T AWK 233031 i 375 B2V i 2 R Y A )
LA R E RN, IR AN [FHR BT (178 % 0
NIRS, & 30 %5 Kl 5 7K 2 18] B AH B AF F AT LARS € DY T
PRI GERE), INTITASE 7K P &5 48 B DA 2 B4, 76 BR 480 1%
IR NIRS BEARIRAG 1R 52 2 /KA O
IKEE G TEAE BB, A KB AE I K O 78 A
[F] 7K 25 46 (5 231,

T MR ZE T ERPTE I BUATLEI, B E
13z F IS BRI 43 18 ) % (MDY BB R TR 1K
B A BRI LAE. Oh Z5B75@ id 43 DMSO-/KIR&
P ZL AN ETE S, DMSO 57K 7E 2L i i B A AR
F o, X RESR IR S YUK AR R K. Zhang 5508
KH T8 115 (MD)YBUIIESE DMSO A it 57K ik
SUBRRIG I AR K LL], I3 o 1 IS AA R
I 52 P . Meister ¥R 8 2H B9 S F 4R 30 A0 A0 1
(vibrational sum-frequency generation, VSFG)F AR M 5|
T I8 AFP UKEE &AL s AL S VKRR G5 M AR AE, TESE T
AFPs UK & I TR J7 45 A (preordering-binding, POB)
ML 6 221, Ebbinghaus PR MO-4EH THz HiE+;
REFFE T AFPs K& 3N 1%, ks 7 K28 H-7/KAH BAE
FATESUE AFPs HUERIEPETT OB ER . 14k, A
TR AR AE B SR PLAR ML BB 5T 0 T e T % T
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Figure 1 (A) NIRS of x%DMSO-water mixture; (B) transformed NIRS of water and DMSO; (C) transformed NIRS of x%DMSO-water mixture; (D)

variation of the peak intensity at 6442 cm™! of x%DMSO-water mixture!*?!
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SR, T 3 U (T ARG, DW2 S bR 11T U6 [ 5 P28 36 T 1
n, RUPEED R TEZT DW2 454, TEw %
7R, KR T Y E A LS ). DMSO-/K 8 &40
iR 2774 DW2 450, g5 fE— e fE R 3] 1 I
TH] A 45 K 1 T2 i, I AT RE IE 2 VR A W UK s T B A JE
[R[4251 SR 7 T iR (R 5T DMSO BUigk M BE R s m, ff
R4 NIRS B 70 T & (A A AL A 40 P Ik i (FA) Yo
DMSO-/KIRE W A s S5 M 52 ml2, JEid CWT $#25
NIRS K73 #i%, 53] 7 DMSO 5K B Ak it ik
TRV, T FLR B2 R R 5 B B #F FA-DMSO-/KIR &
Yk 2 FA (8 BRI PR, X vT 5815 B FA R T
o) DMSO, KRR T EE. S BRI =%
PEO R (ATLD) AN 22 e PE B A 738, i T 5K
#= LK DMSO & ARG IR AR AL, (HEAE K
55 FA & B OGN BB IE R, X R IR FA 7]
AE2x{f DMSO-/KIRA VIR RN RO BE R PR, 5
DMSO 142 BAE BT 1) 3 EE R4y

5 DMSO #Lk, AFPs J& T K7 7 B4BTA A,
TR KL ERER], WO -5 /K 5 A B AR R R
INZHFE. AFPs 4318 W A 5 KB IR 58 7K ik A ATt K 2k
H, J&T 88 s R AE Y Ko7, B ] DUs R P05
K3 [ 55 7K AU A B A P R 5 K 35 1] 5 7K 9 5 7K A
HAERE B S Breinmkd. BERSUE s FE5
G- TR)M ELAE R AR AR, 48 G B AE T R 2 ek i /K MR ELAE
FA A5 55 i VB AH LR AR o, HEI SIS AFPs (45 H5
DR PUEIETE) AR, Rk, fEBIIE# NIRS HoAR AT 3
BOFEMR AFPs FIPUANLE]. R IHZ ER (PPro) /& fili T &
HI—28 AFPs Y, BAAEDMHATELE . & BUSA
MREEE A, CULE IR BEEH RIS BE 20 A 1R ¥4V (R A7 P 75 3]
RIS, FEBIH B 5 () PR R 5S4, SR, H ATk
F PPro (BT NLHI I 708 MR RIE, Ik, AT Eif
HNE AR A iz A R, B2 R RE ST AR R i

A LEXT PPro BIHLEARMLEIEAT IR T A T ST
PPro #MHIUKAKAIHLHE], £ —4 CFKE T ARH
PPro ¥RFEMIVK—7KIB & WTEA [F S5 0K IS %) NIRS.
2A JEN T N AL AR He (WPT) J7 V545 21 1) = 43 F%
NIRS MUK HIHFE 1 (6300~6000 cm ™). 7] LAFE 3, 7F
JEREM I, TR RS A RO UK Ry,
T AE PKARFAE G a9 LT8R oK el . B
KA, I E S B EEsE, BHRGKEFELER, &
Ja iR FEARREE AR, K 2B JBIR T UKTE 6142 cm™!
REAE WAL BB (] 5 BE AR AL, OB T AR PPro ¥
WK AR, ATRAE 2, 7E 10,20 1 30 mgemL™!
SAMIRIREE AT, UK I i B AR A4, 5 Al K 4 vk i
FEARMRL, FWKIKREE PPro VAN RE R ILPTURIG M. THiTE
40 1 50 mgemL XN EIREZAE T, UKIVRFIE ISR
FESGIRARLE, H AR VKR, VKRR AE IG5 FE i AL T
2K AR PPro IS, VKR AR ARRE I 58 B, i BA
FIE PPro IR AR A BN VKA. N T WFFT PPro W
B B Uk —7K AL 2 I K 5 PPro/vK 2 18] (IA HAEH, 204
TUKE BN 30%(1 PPro vK—7KIRA W iR 43 HER 6L,
SEHRRIN, KB EIRE R PPro vK-/KIR-E W o iR
JERE R I T OB IR ARG, IR SRR MRS S PPro/Uk R E
A EAE IR A R, ©FRELEET PPro 5K
i 8. FZEEE] PPro /r THE&AFEE NI HFEEKE
RE], I K 54 m] BESK H T F R S5 0k 2 Ta] K
K, HEA =AY A5,

3 HURHHIR S FAEUAAR

7 ¥ B 1A (MDY B AE IR 77K BRI 144
REEH SR TSNS . Ao T U
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Figure 2 NIR spectral component with enhanced resolution for ice growth in 40 mgemL™"' PPro solution (A) and the change of peak intensity at 6142
cm ! with time of PPro solutions with different concentration (B) at —4 °C. The inset shows an amplification of the spectra from 6300 to 6000 cm™'. For
the concentration of 40 and 50 mgemL ', three repeated experiments were conducted. Reproduced from Ref. [43] with permission from American Chemi-
cal Society, copyright 2023
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(I8 AN ] DA SR BOAS Ab 3ok B2 vk 2R b ) R S RN i
WAL, ] LSS AL 22 R 1) B B R S A
FIEG AR, XS MR T R L s 7451
SRR R HBR B A R AE S R L N T
AT REUASS BRI DR TS50 T B A 2.

AR, MD B 12 T AFPs fEVK-—KIR A
YA R ST 7L, 1 H C SO R AFPs 5iK45 &
Fa g 1 DA B 0K i 4 1 R AR K B J 52 1 7 T EBL
41 Chakraborty 2601 il MD 548 W 85 4 #4 SR 71
TRK A BEBAIE T AFP L3 i 75 202 H 368 i L
KT 5 UK & kAR A HAR S R B R S
Chakraborty 5@t MD HiUFI H HBETHEUESE [
sbwAFP 5K &4 FETH 45 & 68 1B am; Grabowska ZF[62)
FIFH MD HE40 i B 7 AFP IR0 3 PR AR st TG A
TR TR K 7] 2 UK 45 K4 T A A8 DA R 3 466 4 5 K R T
MUCEAE. R Ry, RE/EEGED
(hypAFPs) .45 — 5& 45 /) 4k & K 20 7 1 g 1, (BILAE
IKIE IR A RET K 7 T T R UK S5 1163601, JE 4 0 5%
TERUWUTIRAIK RIS 2 8552 AT RIZX W8, A
WA MD BELTE B T /K BB AT I
TmAFP VKA K A RS, #7/R T AFPs HiKdh2
R EEVE R, H4RH T TmAFP 5K 4 &0 =B
PEFIMLEIEEL: (R E- W -4, 75 TmAFP 5K
G2, BT TmAFP HIUKE 447 & (ice-binding site,
IBS) 45 /e 4k 7 J& B () 356 43 7K 43 7, SmiAE — e Yu il A
(%JEFEIREZ IBS BI7KA /KX, SXOR UK S 7K X k)
IS T I IE R 7 UK b AR K. Bl 3 UK AT BE AN W
IBS JAFIRI/K S FHEINE T, %A IBS S5ikind&
(IR, 45 TmAFP 72 [ e 1 vk T b, Fee B i
TmAFP HR T Kelvin 208, M T oK e —5
K IWEFFE ] T TmAFP 25 H 5 0K 5 2 8] (1 B
RN, koK i PR AR, &Sl TmAFP 50K
mE G, N TR TR S HAL AFPs tHHA (2
UKAEKIMER, 16 MD SR 7T 7 HoRp EA AN A 457
FUASH] 35 1 K48 AFPs il oK 2B K il 72, B 46
RiAFP(H 75 1), sfAFP(HE IS 1), TmAFP(E i& 7F),
LpAFP(H 45815 1) F1 AFP TII( 25 85 1E)4S). 45 5%
W, RE@ENE AFPs A Refe b vk A, i H &g
PE AFPs AN, LRI HEVKAE K AT AFPs A1 A 2 3 i B
. UbAh, XTI TR R IUKT BT AFPs fiRik vk Ak
K LS B EH, B AFPs {23HKAEKKMIME R
e R AAE KA B RIK K S Z TR . o T g
5 TmAFP RAFAAE) LpAFP R I b 538 v i TR A,
8 F MD BT e RE TR AL T LpAFP ¥ IBS L
Jr B (Thr) & X H 5 UK b 45 A BE 1 R2 a7, 55k
IS RAS LpAFP 1) IBS b [0 7 75 TR ik A, W T —
RY| LpAFP RAAZER, 1 IBS FAIR & &E D
0, ARG R 8 SEREE TR T LpAFP L RAR
EKEEA SRR E BN, &HRKY, IBS LJF
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AR R, HS5KRMEEERE DRE R, 4R
A5 IBS 5 TmAFP ff] TXT (Thr-X-Thr, Thr /& 75 2 B 5%
B, X RIECRSF IR IR (R UK I RR)) BT —FF
i, HSUKISE AR iR, Bt adT 1BS JE B A K
PRI R IBS UK 2 8] i SR A BRI U M 4%,
H—PHR T LpAFP ARG UK 45 A e 1390 1) JR
(A, 253K, RS R, 1BS i MK 1
WHMZ, HREFENR K, 50K mmE
B E. 5 LR, LpAFP RIS 1 1)
FEFZ IBS AR SR, Fik, #in7a
B 1) v LA 2 iy P 5 P AFPs BLifRis ok,

PUI%KE 2 A (antifreeze glycoproteins, AFGPs) /T4
FLrE B a5 MR R [, 2 B AT RO oK E 4
A AR, AE ORI AR 2 4. 2018 4F,
Molinero PR F] A MD fR4LIESZ T AFGPs i ik
BEAUREIE E AR KL 5ok R S [F4E,
Meister 40 20 O8I i G AR 3 B SE UG UESE T AFGPs 1
PN E R AN T 7 NG UK s . aln, A
PRAH MO ] MD BT T AFGP8 FRIHLIRMLE, 45
FRW] AFGPS BE AT LAJE i F s /K 1 Y 5 ml ot b &5 45 39
VKT, SORT DA I H 3% A I 3 3540 AN T 3 3 5 0k
mgE . I H AT D T X PR g A
(ISR, R T RS SE & LU IKEESS & fa e, AEREIE S,
&b, AFGPS F—AN BT /> — W00 30 1ok S5 5 Dk T
SE TR SEAEVK A T, SRRV 45 TEAKEESE
A, AFGPS @i H 3 1) i /K HH ELVE P R B 0 vk T I,
SETISE S, AL, 24 AFGPS [l ZREE W R A
I, JHAth B 43 X6 K ) SR S AN B 1k T L fr K
YRk, S EATHE UK R, S2Ee EOR B, BKH
AFGP 7R LE S K A K 5 THI 2 50 H S8 A S () 1k g,
b, A LS MU ER R @R AFGP XK
A KB OR SE RN, B 5 8 (1 B (AFGPY,
AFGPS) M Lk, K 1 T AL 2 AT 5 22 (1) K 1 45 B 58 4,
A AR B TR 401, A R It S AR R R 1 R

HA 3R, AR MD LR T 454
TALZEH R AT NIRS 5256, 78R /K7 B4y 55k
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Figure 3 Adsorption of methyl groups of PPro on the growth surface. (A) Water molecules in the area of ice growth are classified as liquid, ice-like, and
ice, shown by orange dots, purple, and cyan lines, respectively. The peptide backbone and methylene groups of PPro are shown in red NewRibbon repre-
sentation and as green spheres, respectively. Effective contact area between PPro and ice, represented by QuickSurf. Right-hand side: top and bottom views
of the contact area. (B) Binding of the methylene groups to the cavities formed by ice-like water within the contact area. Reproduced from Ref. [43] with

permission from American Chemical Society, copyright 2023
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