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Figure 1 (Color online) Procedure, injury mechanisms and optimization in cryopreservation
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Figure 2 (Color online) Two-factor hypothesis of cell injury during
freezing[33]. There is a cell specific optimal cooling rate. At slow cooling
rates below the optimal rate, cell injury results from “solution effects”.
At high cooling rates above the optimal rate, the formation of
intracellular ice leads to lethal cell injury
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Figure 3 (Color online) Effect of nanoparticles on cell volume response and membrane hydraulic permeability parameters. (a) The osmotic volume
responses of PIECs (an osmoticshift from PBS solution to 3XPBS+O.Ol%HA-Nanoparticles)[38]; (b) effect of different temperature and nanoparticles on
cell membrane hydraulic conductivity (Lp) of PIECs™Y, (c) effect of different temperature and concentrations of nanoparticles on Lp values of Sf21
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Figure 4 Effect of different kinds of nanoparticles on freezing-rate response at the core of the cell, where the volume fraction of particles is distributed
uniformly by # = 1% in the cell, and n = 2% (a), n = 20% (b) outside the cell, respectively[41]

4



P A

okl FIFHVKS BT AL IR A 5E 25 SR LB B IR
St WERFER S FRABIRSORE Y, B Io Sk,
BB L A R AR R AL, IS ECF AR K.
Y NP K 4 R AR BURLA WO ST RS N S, W
T RV REREL S R B AR S TR ma B, 25 SR Al
()T~ FEREAZRIRET A RE S 1B L T, K0k i
FEAR T LU REIR B AR, X T4k
AR = b/ | 2 E A 1 T T 5 R N B et
THECE. MWIRAZIRIRR 2 R 4%, il
VA IRV DG IR TP RO R U+ EEZE. A&l S(b)
7N, TERAORFURE RS, 7T LAY RS R 5 R Tk
BRYE B HL A= oK BRI AR T, ke el T R 12U
02 ek R A BT B A R 3R 1 L A5 MR Z RN R YT
“H X, MRS IGRIATTRCE, AT HArd 21978
AP, GERARIR G ITRE TG IREIA YT 45
R, A AR IR [ R O A ok, Rl LR 3% % F
R IR A, FEIRIR AR S T IR A A (E.
222 HUKRAMRBRE R R R A A S T T

B, GUOKABERT AR m PR AP R B R, 1O
AT AR R A R R e, (HS TIEw
JAR, HEMTRZ A o iiehE S fse v, IROR B 7
WAEE NI R REE, SHRR AL RE vk Y
TR T 8k B, vigg \PhaEnt B e
FIBREEMNR RS, BF9E T 0~—30°C, HAGK RS H
FHEYPIRD = JC ORI 570 %5 AR 2 (DMSO-H,0-NaCl#l
glycerol-H,O-NaCD)ZEBE Y52 R, SEER 25 A, fmA

Without injecting

rticle -//

Temperature (°C)

-120+4
-1604
Probe tip
-200 T T T T T
0 200 400 600 800 1000 1200

Time (s)

0.1%(w/w)HA G A ITURL T LA A 37 750 7 T80 4 366
T 3 B B2 i A A T e R A K K TR R
A, ABGOKRIORL 5 1R R rp HAD A7 AR BAE TS H
FERS IR PR B B S A e — 2 Y

BEAN,  GRAPR AT LB i PR3P 717 VR A A AR .
Gao% N "PIE 5 2 43 L i (polyvinyl pyrrolidone,
PVP)RAFFI S ITHAGOK IR, 25 5 K IR KO A
Ra Tt A T R R IR BT T AR R AR RV R A
FEL LAY R E, SUSI LEAAES, DTG 5 f%
B, Linde N5 25 R e BT R B, B
HTHAZ KL REAE W SRR IR =R i) LU FAES . X
XU/ MR CRAP AR B, BRI M B S M A
EEZEMER. JEH, HRFRIR AR T R 52
B, REU e SRR SOR.

TIAR,  AUKIARL AT DAIR T ORAP A W 2 v R
BAZIRLEE . TE Ve B A G O N TR R vk i, SMB AL
SRR, AT IR0 e BB, — PR R 2
FHeHp oK 0 77 2ORERTTE UK AZ,  LABCE VK E Y
TR R/ IN TAREE). 380 5 (50 FH A 385 3 2o il
BT D A R O B i, AR RAER T
R FEL A BAZ A A2z 7k, ZEiaR i etk ak
AR SR 22 77 T HAT SR BRAE T, T gl K 0k ) 25 T
FKYE ANRGE S 5y TR SAREEE S 7 L, Han
2t NRIFSE T BN K R AP R A R . A
FZAER I SENR, 2 RS NGRR3R A% T FE
I, Ha vy EEREIR. anEl6) iR, B MR EL —

(b) Without injecting Boundary of ice ball

Injecting nanoparticles

nanoparticles = —— —
\// N
[ ]
Tumor

Blind zone

Bl 5 (MR 6) K BOR BT H AR U URECE. (a) INERANKIORLATS, Y R TEARIRIEE RS TS 0L T, 1 T-48 R 2L Aok
IR, (b) ML, ZRCAVRIRE SERE R IR A AR . Aok WORC W T LAY RS RO FE TG BB, S RIAy TR X0

Figure 5 (Color online) Effect of nanoparticles on improving the freezing efficiency of targeted tissues. (a) Temperature-response curves in pork
tissues (with and without injected nanoparticles) recorded at different measurement positions (5 and 10 nm)[m; (b) the cross section of ice balls formed
under the function of several freezing probes in tumor tissue: loading nanoparticles expands the functional area and overcomes the “blind zone”

. T2
compared to conventional cryosurgery
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Figure 6 (Color online) Effect of diamond nanoparticles on ice growth
rate of ethelene glycol (EG) solution during freezing (a) and
devitrification temperature of EG solution during rewarming ()
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Figure 7 (Color online) Improved and rapid rewarming of frozen samples using magnetic nanoparticles. (a) Blood vessel tissue rewarming using

[271,

inductive heating of magnetic nanoparticles™ *: Vitrified tissue loaded with cryoprotectant and nanoparticles is placed in an alternating magnetic field, an

inductive coil stimulates rapid and uniform heating of nanoparticles in the tissue, which avoids warming failure and ensures further testing or use of the
. e . . . . . [48

tissue; (b) temperature distribution in the frozen EC2 solution sample, during microwave antenna rewarming process
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Currently, cryopreservation is considered as one of the most effective methods for preserving biological samples, such as
biological molecules, cells, tissues and organs. Cryopreservation of cells has been studied a lot and attracts most interests.
The conventional cell cryopreservation technique has a few limitations, including the cytotoxicity of the high
concentrations of cryoprotective agents, osmotic stress caused by adding and removing of the protectants, uncontrolled
formation and growth of ice during freezing process, ice recrystallization due to not rapid enough warming rate during
rewarming process and so on. Nanotechnology has been more and more widely applied in the research of cryobiology field.
The nanoparticles own characteristics of quantum size effect, surface effect, small size effect and macroscopic quantum
tunneling effect. Among them, magnetic nanoparticles (mainly iron oxide nanoparticles) are one of the most common used
nanomaterials, due to their excellent particle size controllability, biocompatibility and biodegradation, surface modifiability
and intrinsic magnetic response. It has been expected that the nanotechnology will solve the current bottleneck problems
for cryopreservation, as well as bring new ideas for expanding the research area of cryobiology. This article mainly reviews
the recent research status concerned with applying the nanotechnology to the cryopreservation studies. It has been reported
that loading nanoparticles in cryoprotectant solutions will affect the membrane hydraulic permeability parameters and
volume response of cells, therefore, by fitting the parameters with proper model and predicting the cell volume change, the
adding and removing process of the cryoprotective agents can be optimized to reduce the osmotic stress to cells. Moreover,
nanoparticles are found to be able to change the thermal and physical properties of the cryoprotectants, e.g., specific heat,
viscosity, nucleation and vitrification temperatures. As a result, the ice formation and growth can be regulated, and the
freezing/cooling efficiency is largely improved. Furthermore, it has been shown that the magnetic induction heating effect
of magnetic nanoparticles can provide a rapid enough warming rate under electrical and magnetic field, which avoids the
ice recrystallization and rewarms the frozen samples uniformly with high efficiency. Besides, the nanotechnology has more
applications such as the nanoparticles can bring the impermeable protectants into cells, increase the tolerance of organs to
oxidative stress during cryopreservation and so on. The further studies to be done in future are also discussed: (1) The
functionality of nanomaterials, e.g., the biocompatibility, including the toxicity of the nanomaterials, the effects and
reactions of adding the different kinds of nanomaterials to organisms and so on; (2) removing the nanomaterials from the
biological samples after cryopreservation is one challenge when applying the nanotechnology, the questions like how to
remove the nanoparticles with minimum damages, whether the nanoparticles can be completely cleaned and how to detect
the rest of them need to be considered; (3) the properties of nanomaterials during freezing and rewarming process, such as
mechanisms of heat and mass transfer, thermodynamics concerned with ice nucleation and formation; (4) developing the
optimized cryopreservation protocols according to the practical clinical uses is also of great importance. Hopefully, the
application of the nanotechnology will achieve new breakthroughs in cryopreservation field, and the advancement benefits
mankind and promotes the development of clinical medicine.
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