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Cryoprotective effects of deicing micro/nanomaterials with
different sizes and shapes on cells

XU Miao"*, SONG Yu"?, ZHANG Jingjinqiu'?, ZHAO Yeyu'?, GENG Huaman'?,
WENG Xiaogang'?, LIU Zhonghua'?, CHENG Jinju®, YAN Tingsheng"*"

1 Key Laboratory of Animal Cellular and Genetic Engineering of Heilongjiang Province, Northeast Agricultural
University, Harbin 150030, Heilongjiang, China

2 School of Life Science, Northeast Agricultural University, Harbin 150030, Heilongjiang, China

3 School of Food Science, Northeast Agricultural University, Harbin 150030, Heilongjiang, China

Abstract: Extensive studies have been conducted on deicing nanomaterials to improve the
cryoprotective effects on cells, tissues, and organs. The nanomaterials with different
composition, sizes, and shapes can inhibit the formation and growth of ice crystals, thereby
reducing the damage to the cryopreserved samples. In this study, the carbon composite particles
(CCPs) with different sizes and shapes were prepared by the hydrothermal method. The results
demonstrated that the cryoprotective effect of CCPs enhanced with the decrease in particle size.
Compared with spherical CCPs, Janus nanoparticles and WSP nanoflower with special shapes
demonstrated improved protective effects on cryopreserved cells. In addition, the combination
of deicing micro/nanomaterials at appropriate concentrations with commercial cryoprotectants
exerted improved cryoprotective effects on cells. The prepared deicing micro/nanomaterials can
improve cell cryopreservation, demonstrating great application potential in biomedical research
and cryopreservation.

Keywords: deicing materials; cell cryopreservation; carbon composite nanoparticles; nanoflower;

Janus nanoparticle

R AP U PR A 10— M2 i R P 3 B ) VR A R
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Ak, VAR (dimethyl sulfoxide, DMSO).
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HAr, ET/Nr+. AW, BREWELTEH
KT B AAOK A R R R RS, T AL
H WA ASE CPA Fl—SL A TN K CPA. A
WEFE A B, BEZE AT LUAG 250 400 i K A A A
AP IR B B0 KR, S AT, A
A RO E TARROR A . — 2k B Sl
XUBEI/INGTF CPA A FHAE UK 45 S 3 i 5 (ice
recrystallization inhibitors, IRIs), HREJE &k
VP2 0OKEIA, 8 DA S I D) RE ke o
X/ NF CPA PRI AR RS VeV A
— P EA AR AR R R IR RN, #E)
WFFEAE A fESe CPA ITETER A, 2010 4F,
Lynch 25020 53 A= Wy B -G WpB i bl by 15 =40 %
LLAnMh . AROBERE T AR, Lin F
KB, AR SRR S5t 22 1] %) DR R AR ELAE
AL LIS 5 ] By 192 325 i 38 R0 oK A58 4 B ) D47
R UEBH T AR AR A O FCRD Ve S50 IG5
FHECRT N T IR o B ER 3T/ N+
HIZAK CPA Fh, BETH ML I AK CPA [RIFEHY
TESE A SR IR IR AR AE o Pegg 532 BB
#E M (antifreeze protein, AFP)Ji &, ik /K#igk
il 2 i T — i B 55 %58 (glucose  carbon dots,
G-CDs)f{ 5k s5. (carbon dots, CDs), H A% =Y
IR W&, A A RO ] oK A2 K T4 A
ORGP AR IS R RV, 2
FEVA RARAT FE A BRI 5T A T, LI e ) 5]
RSE | TEST 20 B3 VR ORAF 8385 M 4] 75 2 —
BRER . Xk, AR K #R T Ty s i 25
T 5 5 A AR R R A AS [R) RS i &2 A ARG
#i(carbon composite particles, CCPs), FF 5T T 1X
SO ST CCPs X 4 i A M AR 75V A 52 me LA K
X MLV VRO AE I VE T o KoL+ B R
N TESRGE, BTSRRI,
TMAKAEEE B T I VKSR AL . A= LR PRkt
THRAL— R LD RENS Sk skt FRATTSHI
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2 TARFEDESR I VKA B Si0,-Au ASKIFRANK AL
“F(Au Janus)F1 WSP 44K 4E(WSP nanoflower)if1 7
PR, DD 4R s AV VR IR

1 #eE5FiE

1.1 ##

R WA . RERE . FLBEE A BT
THAMRH R A RRA ] RS Sk
K1 A 127 v kA AR B A BR A+
4-FHIRIL TR . BNGTR . IEREFR TR . AR
Ab 57 | TR Sh 1A (selenourea crystals) . 7NZEALEIH)
R(WClg). T LIk Bifi(polyvinylpyrrolidone,
PVP). NN-HIEH B . Jo/K 4% . DMEM
BFRm . W BE AN (dimethyl sulfoxide, DMSO)
Y0 [ VG A I LT Ay () B 5 A R
Cell Counting Kit-8 (CCK-8 i&jll &)y 5 dt 5t >=
MR A RN R 3 Calcein-AM/PI 3% 41 fifl/5E
2 B LG R R S A 2B e R () B4y
AHRRAF

M. A ER K N B2 40 B9 (human umbilical
vein endothelial cells, HUVEC) & /) FL s UL 4H Jig
(C2C12) A i AR A RA A 43
B E A (MAC-T)W A it A Rk
B

ARG B - H-7650 B 51 B A5 H H 37
Al; SYNC BOGK AU A & e ABR AR5
ek iR R S 22 W AT A SN AT BR A 5
TP-350E+% RE B0 W4 J1 A+ 45 W B AT oK
MRALES A PR F] 3 Allegra 64R 5 1814 B L L
W 8 3SR RFEA PR ] YTLG-10A FL4S %
TR A B R R A R/ F] 5 Forma
Steri-Cult 4 bk 3% F2 A1 F FEER CHERBH
/NF); SpectraMax iD3 bR B L8 FUE
( B A FRZN 7 ; Evolution 201 £84MA] WLAMG G
TG A FE I RRHE A W] ; MDF-U3386S 11k
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TVKFEIA B =R F; HWS-24 L #VE R K I
B A i ERHA RA A

1.2 HIKGRE Kb R il &

12,1 RER~T#%RE & ERMAH &

DIHIZRE . RERE . LB RTIR, kR
2 1 2% AN W) ROSE /0 5k 52 A AR B380OREL (carbon
complex particles, CCPs), fiy44 J % %5 B -CCPs
(glucose-CCPs, G-CCPs) ., J##i-CCPs (sucrose-CCPs,
S-CCPs)Fl1F[#¥#-CCPs (lactose-CCPs, L-CCPs),
SIFRI 0.5 g AR, #T 50 mL £B 1K
HiEBEE RS, 180 °CALFE 4 h, ¥4 KI5
AR A VLA 4 000 t/min B0 10 min, 3R
VEW) . TS 43 F5 4 10 000-14 000 Da [
BEHTEENT, 2 R EE R AR S
TR WIS AR R TR, RIFARRIR
TR S A R TORE [ AR R
1.2.2 WIS FREN A #45) &

SEFSERTE i R S M A, A
Si0,-Au ANXFFRGIAKAL F-(Au Janus) . 7HL 1 mL [
SIARRLF B, A 4-3 R L G R AR
NIRTRAS 10 uL, EHSEHE 1 he B, K
A 0.4 mL IEfERR ZBEFN 50 pL A AL BRI L
2 R R A o B SO R TR B R L
6 000 r/min #5.0>, Ff5 EIEW, BT IR (Y
B> T804 8 000 Da)br L ULHEY 5k /N1
GalT. WURTE, /15 Aulanus ok, BT
4 cCUKFEHIRAF
1.2.3  TEIER BB KRR F B F &

T 3ok — 2 R FRGAR AR SN i A A A
(WSe»)- T £, 1 ML 1 5t [l (polyvinylpyrrolidone,
PVP)EARR G TN AKARLT-(WSP nanoflowers).,
4 0.5 mmol AR AR . 0.1 mmol 7SELE R
(WClg)F1 0.1 g (5 0.5.1.0 A1 2.0 g) PVP JRIA T
20 mL N,N-"HUEERITERE, SEMRG)E, BA
FIEE I E T, 180 °CHE N 24 ho LW
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SdE, BHEMRHERRER, HOBEMAERK
FATEYE, BT3RS WSP nanoflowers, &
T 4 cCukAET P RAFA L IE o440 WSP 0.1,
WSP 0.5, WSP 1.0 1 WSP 2.0,

1.3 #RRYRIE

SRR AE S AR T R oK, IR
TR BB B SR FEE R A ) L, Rl
HAR Rk Z G, #3525 (transmission
microscope, TEM)MEAE LA . #F—PAERDHE
FEASCH A F 8 A6 HUS) (dynamic  light scattering,
DLS) ik Xef A i Aor B 4 A 55 LR TAG I
1.4 HDKGRAN K LB 48 5 M
1.4.1 paFHENi

FIIH CCK-8 12t 51 G X A [R] A 2 41 vk i i ok
PR A AR S PEEA TR . B HUVEC K37
1€ 96 FLAR |, HFLERN 5x10° M4, £ 37 °C
FAF T HESR 24 ho BEINOKTRAA AR 3G 77 2
S3EC, BCHI LRSI, 3 100 ul A FE
Q1PN 2B T W e ¥ BB 3 AR
MudtRE R 24 h J5, 8RR EL S v (phosphate
buffer solution, PBS)¥& ¥t 3 ¥X, Ml A#T DMEM
BegR gk, BEJSRALIIA 10 L CCK-8 ¥k, 4k
ZiEE 2 h, FEESRAUNE 450 nm ALKOL(E
(ODyso fH)o BB 3 P47, IR
GE ARG FRAE, O iR,
AR R LE

Y EAFTE (%)=L 30 4] ODyso fH—25 14
ODuso fE)/( X HE 41 ODuso fH— %5 F1 41 ODaso
{i)x100,

XF EIRES SR HAT b IE 3 R 0 TR R R
HUVEC., MAC-T L\ J C2C12 EH FiREH,
I ILE A0 M BG4 vh 5 A L 5 5 24 48,
72 h Ja X AN EE R AT I E o BRI 3 AT,
X REZH AL 5 A A SR L, A 2 s Rk
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1.4.2 AR
SR /0N BRI 200 B B VB R 1 T il S 36 P
— E R AR S 5 mL 5 2%7)8 B 40
WO 0.9%M) AN RGBS, TR 2k
JER 1.25, 2.50 1 5.00 mg/mL)IRA, 37 °CIFHE
3 ho SR KM A A AR A 1000 t/min 250> 10 min,
FHEAN AT WAL BE T E 545 nm AbWE YG(A
(ODsys ), TR, LSRR KAE K B
XTRE, DL 0.9% M) &AL B AR R BT HE
I bR A=A F

V5 1ML LE=(S 382 ODsas {H— 11 XT RELL ODsas
{E)/(FHPEXT REZH ODsys fH—BH X B84 ODsys
1E)x100%.
1.5 PR R XS RS R IR TER 220

PEH HUVEC #1728 VR IR A A LR Z 5T
3 K T A5 A UK 4 K MRS L T R
(DMSO). i fbFs O HTE R (hydroxyethyl starch,
HES, 800 mg/mL)F1% Z )&l (polyvinyl alcohol,
PVA, 4 mg/mL)Z H7E PBS W, UL 10%
DMSO M FHMAEXT R, UL PBS 25 X R4,
DMEM Bt il 6.25x10° A~ 4ii/mL AR, 5
0.4 mL AIRBTFREE | mL B HE G, 5
B P4 0.1 mL bR AR, FHEXT IR
Hrhn A 0.05 mL DMSO % 0.05 mL PBS
(DMSO LR R 10%), 25 FAXT BRZH A 0.1 mL
PBS., HAGEHEHIEE TR HEEMTS, ALK
29-10 °C/min (3 R VRAE G . 7E-80 °CUKAH
HYR VR 24 h 5 B VRS IS B R RURE AR AE
7dJE, KARREMNRAREPIGE, A 37 °C
KRR 7R, B 5 L 10 mL DMEM 85553
VRN o 1% I CCK-8 06t 20 A 36 P A 700 52
B RAEE D 24 h)o, A Calcein-AM/PI M4t
T ) 5 O A i 24 5 S 240 L 1 A6
1.6 FitaHh

K SPSS 19.0 #AFHEATERALEE | Fiit
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ST RAR DGR 38T, 7 2843 H P<0.05 B, KB
SEIRHARENEES, H*RR; P<0.01 6, H
** RN P<0.001 B, FH***FKIx. KA Prism
Wit A

2 BRS04

2.1 ARIR~HRR TR RLE K
W ) 5 Al B2 AR TR 5 ) S 1) 4 A Kok
F(Au nano)fHX b, FEXTHRARHA TS BYT
H(TEM)Z R BN, S MENRR 2 BR0R, 41
HER Y, CHIRIZ (8 1A-1D). HOLk X
K Wl (DLS) %5 - 5 7”8, Au nano F{-F- 34k 42
(36x12) nm (& 1E), G-CCPs 4(192+18) nm
(Kl 1F), S-CCPs }(346+22) nm (& 1G), L-CCPs
9(899+31) nm (& 1H). Frifil % 1) 3 Rk 2 &1k
ks, SEXRIAZE KT Au nano, A L-CCPs
HERRiAR i K, G-CCPs “EHpkifeiE b, 7ER
SPR/INJTIET, DLS 5 TEM RAELE RHA 3, (H
K28 DLS RAE AR A S ROT, i 45
HJH B M5+, B DLS MR R
“P2s bt TEM WLEREE M R —28 . tehh, £ 4k
B AR R AR S A AR S, ¥ — 1 RAT,
S5 R 0T LA
2.2 ARIR~HE KRR FEES TN
20 L A AR S TN B R AR PN AR W R
AV EESE. B Aunano, G-CCPs,
S-CCPs #il L-CCPs 435l '5 HUVEC 41 il 3L 5 5%
24 h J5, WA AL A AR KRS, it CCK-8
TR GRS I A [R] e J32 45 40 vk 40 Kok~ X HUVEC
L TR R S o D USRS R R, b
7% 24 h J51 HUVEC 4ifA KR Ry, Hd
H T L-CCPs Rifa i K, 165 4t aRid #it b
Al DL 8L H] L-CCPs WY/ A, 1 Au
nano. G-CCPs. S-CCPs [ FHkif24/N, JLF-
WMELAF(F 2A—2D), CCK-8 MIRZE R BoR, M
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1 Aunano (A). G-CCPs (B). S-CCPs (C)F1 L-CCPs (D)fZh K41 #1 89 TEM [El 1§ & 8 St i (U 46
il Au nano (E). G-CCPs (F). S-CCPs (G)#1 L-CCPs (H)BIHI {29 H1E R

Figure 1

Morphology and particle size distribution of different particles. TEM images of Au nano (A),

G-CCPs (B), S-CCPs (C), and L-CCPs (D) micro/nanomaterials. Laser particle size analyzer was used to
detect the particle size distribution of Au nano (E), G-CCPs (F), S-CCPs (G), and L-CCPs (H).

TR RELL, WS I vk g Kok T 19 45 S IR A Y
TS TEXI R T 100% (Kl 2E-2H). 34h, #41
ORGP RHEMRA I (1.25 mg/mL)Zs i £5 5.
ARG 5 E T, W] 1.25 mg/mL &
HAMKGA BB EA RIFR AWM, XA
A s RIME R . BEJS, FRATER Tk B
9 1.25 mg/mL WA LIV K A AL, 535115
HUVEC (& 21) MAC-T (& 2J) ) C2C12 (& 2K)
LR 24 48, 72 h, FRIE CCK-8 iz,
SR, g5 R BN, SXTRAML, &
L AMIKILDK BT ZFh AL 24, 48, 72 h
P 3 S35 77 R ) B 20 R AE Y L
it — PRI e T, AT T T
IS5, 0 i A A DA 0 K R X
0 2P 8 A DA R, v ) L I R A 2
ZLAHMEAE PBS 22 ol h AT LI EAETE, A5k
%, /N EREL AR MAE PBS H -3 I3 5.33%.
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5 PBS 4iAHIL, AEIHSE G-CCPs, S-CCPs #l
L-CCPs MU, XJ/IN BT 20 M s R TG i 5 52
M, 2% B0 AR 47 (9 214 B AH 25 7% (8] 2M—20),,
{H = FE B9 Au nano (5.00 mg/mL)#s in2s 5 8
R MR, RIS Au nano X140 H A
— B PE(E 2L).
2.3 ARIR T KR F X 40 B R F 4R 1P
T RERF R

SRR G 45 W A RARIORE XoF 400 B A VR AR AT 1Y)
S, R SRR . HES 1 PVA 43K
T PBS WP EN B R H, HowHxt
HUVEC TER IR A IR ad B i AR 4P E H .
ZE RGN, MHIERTF PBS XfHHZH, Au nano.
G-CCPs., S-CCPs il L-CCPs ZH ¥ & I 5 B 4
FRLAE 15 2R BH S 5, 156 B X SR Kl e 21 T
XA ARVRAF PRI I RICR o R RS X Al IR A7 PR
PRERA B B, Hd i/ MNUTR Au nano
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";' ’F 100 pm 100 um
HUVEC:s viability by HUVECs viability by HUVEC:s viability by HUVEC:s viability by
E CCK-8 assay F CCK-8 assay G CCK-8 assay H CCK-8 assay
—_ #% o~ —
3 160 9 160 3 S 160 . S 160 .
= 140 = 140 = 140 B oax 2 140  aw ok
E LA L = o = 120 ;im = 120 Exl
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=00 T ‘ﬁ_jloor ] Z 100} Z 100}
) [}
8 gobo Ll L. 1l. O gl S gl 11O golo Ll
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concentration (mg/mL) concentration (mg/mL) concentration (mg/mL) concentration (mg/mL)
I HUVEC:s viability by CCK-8 assay MAC-T viability by CCK-8 assay K C2CI12 viability by CCK-8 assay
J
o Control oControl 2G-CCPs < L-CCPs
r SO CHECR e e o SRR o SRRRCNER
2 150 ns NS ns 7 ns 2 _‘? 200 ns nsnsi nso L-CCPs 2 150 ns ns'nsns ol
= B ns < ns e nsl 1§
£ 100 £ 100 s i S 100 *:
= = [ = 350
g 8 I g
0 | 1 0 1 1 1 0 1 1 1
10 k] 24 AR 172 24 48 7?7
© * - ns s —
£ 10 ns g 10 ns b g 20 g 10 ns NS ns
g 5 g 3 10 ns ns 1S g s
T T T a2
0 0 0
PBS 1.25 2.50 5.00 PBS 1.25 2.50 5.00 PBS 1.25 2.50 5.00 PBS 1.25 2.50 5.00
Concentration (mg/mL) Concentration (mg/mL) Concentration (mg/mL) Concentration (mg/mL)

2 FARIRTHMAKRKFEMEASMEITEN  Aunano (A). G-CCPs (B). S-CCPs (C)F1 L-CCPs (D)f#
KM RS HUVEC g SR 57 68 K. AR B A9 Au nano (E) .G-CCPs (F).S-CCPs (G)FI L-CCPs (H)
YK AT HUVEC 40 M 5 PER . V& B4 1.25 mg/mL B9 Au nano. G-CCPs. S-CCPs Fl L-CCPs 44
KR HUVEC (I). MAC-T (J) /& C2C12 (K)A A s Al . AR BE A9 Au nano (L), G-CCPs (M),
S-CCPs (N)F1 L-CCPs (O)aN KA RN /N ERELAH ML M52 . IR ZELRRIR X+s (n=3, A7 505); ns
FRTC B HZH] P>0.05; *F/R8 P<0.05; **3F/R P<0.01; ***F/K P<0.001

Figure 2 Evaluation of biocompatibility of different nanoparticles. Au nano (A), G-CCPs (B), S-CCPs (C), and
L-CCPs (D) micro/nanomaterials co cultured with HUVEC cells under light microscopy. Different concentrations
of Au nano (E), G-CCPs (F), S-CCPs (G), and L-CCPs (H) micro/nanomaterials were used to detect the
cytotoxicity of HUVEC cells. Detection of cytotoxicity of Au nano, G-CCPs, S-CCPs, and L-CCPs nanomaterials
with a concentration of 1.25 mg/mL on HUVEC (1), MAC-T (J), and C2C12 (K) cells. The effects of different
concentrations of Au nano (L), G-CCPs (M), S-CCPs (N), and L-CCPs (O) micro/nanomaterials on mouse red
blood cell hemolysis. The error line represents X+S (N=3, independent experiment); ns represents no significant
difference, P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001.
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TERWREER, HAESAE A sEE, T 40
MLRAEAR R s G-CCPs. S-CCPs Hl L-CCPs
BERAR ROT I/  , AHME AR AR DR P ROR G o,
H1 5.00 mg/mL ) G-CCPs 2H 41l il 7715 i i

KE] 41.56% (K 3A), HimF 10% DMSO 4 (4f
FLAFTE 2R 12.57%) o (HE, il 4 i i 52 4 A
B2 R AR P RCRATY AN B R b A R AR A R Y
HES (JUIA7TE 3 64.76%)H1 PVA (21 MIA7 15 3
48.43%). AMMLIHIEY AL RS CCK-8 K2

RAH—2 . 7F PBS XFHEA H, {OMEL RN D%
TEAM, KR AMEIE T . G-CCPs X 41 il R A7
PRAPRCR B, ADWER B IE 4 i, R
Z T Aunano 4, ¥ TR S AL R A 97 71 HES
ZH 1 PVA 41 (& 3B).
24 AR KRR TR ERLZE K
ik — B PRGOS FE T8 3O 4 A2 VR R
FEYFEI , ABIFSE A8 T B A [ 3% T2 1A F
JE S RFE ) Au Janus Fil WSP nanoflower fi{ 44

5/
wo

)
U 21 ik s i = * % i ==
" * = G ¥ o
0 T | I o |
& & T S RSN S N N N I
Au nano | | G-CCPs | S-CCP L-CCPs

Concentration (mg/mL)

PBS HES PVA

100 prm

Dead

100 pm

3 AERT WA KT 3B HR TR IR R

10% DMSO Au nano

00 pm 100 pm 100 pm

A: HAEIEE IR0 HUVEC MEAAE %, B: %

G 98 HUVEC 4003 SESL 90O E RIS, ARR 100 pm. RZELFER X+s  (n=3, JHA7 528 *: P<0.05;

* ok

: P<0.01; ***. P<0.001

Figure 3 Study on the protective properties of micro/nanomaterials of different sizes for cell cryopreservation.
A: Survival rate of HUVEC cells recovered after cryopreservation. B: Fluorescence images of HUVEC cells
revived after cryopreservation and stained for viability and death, with a scale of 100 pm. The error line
represents X+S (N=3, independent experiment). *: P<0.05; **: P<0.01; ***: P<0.001.

&: 010-64807509

: cjb@im.ac.cn



2302 ISSN 1000-3061 CN 11-1998/Q 4=4# T #2244k  Chin J Biotech

Kk, BB R ER, Au Janus #RHE
ras 5 (B 4A), RIAERZSE P IR A5
BAR A AR R, S8R 42 R (78+12) nm (] 4B).
K 4C JE/R T WSPO.1 () TEM E1%, Hili£)2
K ORGSR RE T AN R AERE R S 2R 250, A
BOPE R, SFEERIAR R (142423) nm (] 4D).
2.5 FREIFEE WSP HIH|& & MIETER
P RER R

Bl A B PVP RIS 3, WSP 344 ok
KL FAEIR S B W R, A MUK ERTE
(K SA-5D). X, Hokifde K/NE T
o (HASE AR (8 SE), Hf, WSP 0.5 ()
S SA R AR K (135.60+13.00) nm, WSP 1.0 1)1
B4R A(122.10+12.30) nm, WSP 2.0 H°F- ki 43

#7(114.00£13.02) nm, CCK-8 K45 R HIs,
BtiZ5 PVP FH AU TN, WSP 44 K KL F 4 55 14 5%
U 55 (B SF) o S 82359 5% FH Bl R R0 S5 A 1)
WSP 0.1 #E17F— 0 HR5E .
2.6 AREIFIMMM KR FBIEDHE R MHIF
N S MR FIRIP AR

MM EEPEAR I 25 7R Au Janus Fil WSP
nanoflower A1 #HEAKF 2.50 mg/mL (1) &
BF, JCA M s, TR BN A 5.00 mg/mL A,
W 5 o AR A i 2P (8] 6A. 6B). &
ARSI 25 S R, P RORA e e I e S L oY
IO R g, A R Il 20 AR 2
(Kl 6C. 6D), MR IR IRE RN,
Jin 7 A [El4E Au Janus 5 WSP nanoflower )& 75

20+

Intensity (%)

0 I II i 5
10! 10° 10° 10
Size (nm)

Intensity (%)

i 11111 .
10! 10? 10° 10*
Size (nm)

4 Au Janus 1 WSP nanoflower B2 $R R RI1E 9% A: Aulanus BATHELR. B: Au Janus Kifs
ML C: WSP 0.1 EH LR D: WSP 0.1 kit A
Figure 4 Morphology and particle size distribution of Au Janus and WSP nanoflower. A: Au Janus

transmission electron microscopy image. B: Au Janus particle size distribution map. C: Transmission electron
microscopy of WSP 0.1. D: WSP 0.1 particle size distribution map.
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Figure 5 Preparation of WSP with different morphologies and study of cell cryopreservation protective
properties. Transmission electron microscopy of WSP 0.1 (A), WSP 0.5 (B), WSP 1.0 (C) and WSP 2.0 (D).
E: Size of WSP nanoparticles. F: CCK-8 method was used to detect the effect of WSP micro nanoparticles on
cell cryopreservation. The error line represents X+S (n=3, independent experiment); ns represents no

significant difference, P>0.05; ** indicates P<0.01.
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Figure 6 Study on the biocompatibility evaluation and cell cryopreservation protection performance of Au
Janus and WSP nanoflower. A: Toxicity test of different concentrations of Au Janus on HUVEC cells. B:
Toxicity test of different concentrations of WSP nanoflower on HUVEC cells. C: The effect of different
concentrations of Au Janus on hemolysis of mouse red blood cells. D: The effect of different concentrations
of WSP nanoflower on hemolysis of mouse red blood cells. E: CCK-8 method was used to detect the effects
of Au Janus and WSP nanoflower on cell cryopreservation. F: Detection of the effects of Au Janus and WSP
nanoflower on cell cryopreservation using live death staining. The error line represents X+£S (n=3,
independent experiment); ns represents no significant difference; P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 7 Analysis of the protective performance and mechanism of the combination of micro/nano ice
suppression materials and commercial cryoprotectants on cell cryopreservation. A: Study on the protective
performance of micro/nano ice suppression materials combined with HES for cell cryopreservation.
B: Analysis of cell cryopreservation protection mechanism of micro/nano ice suppression materials.
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