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Ao 5z B4 2(C21)[7.5%DMSO+2.5%PEG+2%BSA]; ZE W £ al b, LR 2 MR W EWRF AL AR AL L B
O H B IR B E (C11: -3 C/min; C21: —1 C/min) PA X £ S8 9 R 7 77 3 [ A BB 4 (C0)][10%DMSO0+90%
FBS it EREERE |NEFERRE. FESIEEAFHN, TN EARNNREER BT, LR SEEE K
Fusfgp, LEER X B4 (CO)AE 7R 0 h 40 L B d R (65.70+1.06) % B B K T 52 36 28 1(C11) (82.45%+3.27%, =
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[ Abstract] Objective To compare different cryopreservation methods for lymphocytes and explore an optimized
preservation protocol. Methods Cryoprotectant formulations [containing different concentrations of dimethyl sulfoxide
(DMSO), fetal bovine serum (FBS), polyethylene glycol (PEG), and bovine serum albumin (BSA)] were screened for
lymphocytes to identify two optimized formulations: experimental group 1 (C11): (7.5% DMSO + 10% FBS + 2.5% PEG +
2% BSA) and experimental group 2 (C21): (7.5% DMSO + 2.5% PEG + 2% BSA). On this basis, cryopreservation
performance was compared between the two optimized cryoprotectant formulations paired with their respective optimal
cooling rates (C11: =3 °C/min; C21: —1 °C/min) and the conventional cryopreservation method [control group (CO0)]: (10%
DMSO + 90% FBS) with gradient cooling. After 5 days of cryopreservation, cells were thawed to assess preservation
quality indicators in terms of cell viability and functionality across groups. Results The cell recovery rate at 0 h post-
thawing in the control group (CO0) (65.70 + 1.06)% was lower than that in the experimental group 1 (C11) [(82.45 +
3.27)%, t = —8.44, P < 0.05] and experimental group 2 (C21) [(83.96 £+ 0.81)%, ¢t =—23.72, P < 0.05]. The apoptosis rate
at 0 h post-thawing in the control group (CO0) (6.93 + 0.55)% was higher than that in the experimental group 1 (C11)
[(5.30% + 0.56)%, t = 3.61, P < 0.05] and experimental group 2 (C21) [(4.93 + 0.45)%, ¢t = 4.87, P < 0.05]. Moreover,
the differences between groups were statistically significant. Conclusions Based on multifactorial screening and
optimization, the experimental group 2 using a serum-free cryoprotectant with a cooling rate of —1 °C/min outperforms
the conventional cryopreservation method in terms of cell quality. This preservation protocol provides a scientific
reference for the cryopreservation of lymphocytes.
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IR EL 4 Mt %o 4 By vk T A e 2 i g
FUg R iE 7 ) &8 50 B B, IR (R A7 A2 BT 40 i
1l 3 s B 92 36 = A TR N B R R AR, I8 AR
T8 15 A B A B TR AR S AR R L DR, N
M S AR MR A B K ARG A7 AP i . AR AR AR
T ORAT 25 1 1T 4 o 40 B vs J FO T e, I % 2K
RAEYIREARERMZ RO RBEFEEZ L. H
AT P2 2 ARG IR OR 97 32 AR — Y ik T B
(dimethyl sulfoxide, DMSO), H 1 10% K & &
Y RE AN AE A7 T SR BRI R ), {H DMSO T fig
S AN AL T A0 R A A 1O B i 2 B A, T AR
2F ML 75 (fetal bovine serum, FBS) £ 7E i35 4 X, [ 1
Mk ER, HRAR . ik, E{K DMSO & &
B4R T 22 4 1 O 7 55 B 4K DMSO #1 FBS, X 4
HREMBEN et ERXEE, MO TEAD
% £ % (polyethylene glycol, PEG) g8 5 /K 7 T 45
A BEAR B HAKS &, b 0K % B, I 8 B AR
FL AR ST R P R 3 38 M R 791 7 SR R ek i B k1
I FE LN, ¥4 VR AR (1 9 U 28 0 48 A B
ANTET AN, R R AN S B R A R E T e fE TR
2R, AH M TE 48— b v AR T AR A7 sk ms B, R, &R
G0 AR T A 20 M 2 2 (kB A A ) 1) A £ B IR
R, AR R T AT A i, 2T
URAT R SRR AT o A 70 DL A I T bk S
24 H (Jurkat) Ry 5256 A, RG VPG T A [F 4R 7
FILH G BRI IR 2 AR A SR T X E 2
F AT AR A7 I [ECER R TR R,
B TE € H SRR AT A, IR i
KRR AR EE S,

1 MR57E%

1.1 2 2##. XA ENE DMSO(H HZEE
E RN, PEG(HEEZG A A ), FBS(3 E Thermo

Fisher Scientific /A &) ), 41L& FH & H (bovine serum
albumin, BSA) (3£ [ Sigma /A 7] ), RPMI1640 1% 7%
H (32 [E ThermoFisher A &) ), B ER 5 2% ¥ (Pho-
sphate Buffered Saline, PBS) (3% [ Cytiva A ] ), 1
52 ATP R & (F EE 2 KA F] ), Annexin-
FITC 4 A 08 T2 A W 7 & (P B 2 = R A A D,
CCKS8(YL 75 gL 2 A=) A\ ) 5 Jurkat 4 ffg (5 B &}
G M ), — R AE M TGS (b R A
o)), MEFRAC(3E E ThermoFisher A &) ) , 6 J [
I & ([ Biosharp A #]), #4277 Bl X (4 E Gold-
Sim A ), CO, 5% 7% 4 (3% [H ThermoFisher A ] ),
G T F5C Crp B 3 IR A A =), o A A A (35
BD A Al ), 2 IhREW /ML R I R 88 (3E
Spectramax®™iD5 A ] ), e 38 ¥4 T 85 0 ML (f
eppendorf A ] ) .

1.2 ity 3Ek  Jurkat 41§ DL (2~10)x10°/mL
B E B R T & 10%FBS (1) RPMI1640 £ 77 %5 i
R F%, B9 N 5% CO,. 37 C MIATVESE . 24h
W — R IR, 2 d 5 BT AL AR, 20 A AR 3 B]
4 R R a] 34700 N B VA A7 BT 6 i 4
20 M VS P TE 95% LA b

1.3 @miafky MaesbmEmam(kl) AR
LR 7 A BC 1) LA 5 iR 2 13 1 RPMI1640 5 77
SR SRR AR PRFRBR IS A A & A Ah, &Rl
SR N 10%, H A it /47 771 2 DMSO
AR (vv) I Ry FHEB E MRS N
PEG, %51 & t (wiv) NN FBS 3% (viv) NN, 2R )5
TE NN 40 i % 3% 2% DMSO #i F 0.22 pm 3 i €
BRI 5, PRAFAE 4 °C VKA BT H A& sL 56 %
K H AR 7] — %N 10%DMSO F1 90%FBS [t 2H
A, Bk, A 5T % B 10%DMSO Al 90%FBS
HAE NIEAEN IR, HA N SZih 4.

. Wi 0k S il D N

Table 1 Composition of cell cryoprotectants

AP RIS DMSO(%, v/v) FBS(%, v/v) PEG(%, w/v) BSA(%, wiv) RPMI1640%%5 73 (%, v/v)
Co 10.0 90 0.0 0 0.0
Cll1 7.5 10 2.5 2 82.5
CI12 5.0 10 5.0 2 85.0
CI3 2.5 10 7.5 2 87.5
C21 7.5 0 2.5 2 92.5
22 5.0 0 5.0 2 95.0
C23 2.5 0 7.5 2 97.5
C31 7.5 10 2.5 0 82.5
C32 5.0 10 5.0 0 85.0
C33 2.5 10 7.5 0 87.5
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1.4 MRAL/Fi%E

1.4.1 F B F B 4 (controlled rate cooling, CR)
i FRR P B R A 1T B R AR P s (1) B& R R
—1 ‘C/min #4: 7£ 4 'C $2 € 10 min, PLES & AL, 28
J& LA—1 “C/min [£5]-90 °C, 4% 10 min J& % # it
~80 C MK UKAH . (2) B E %2 ‘C/min 4 7E
4 °C € 10 min, LAE2 € %, 48 J5 LL—2 C/min
R 2]-90 ‘C, Fa 5 10 min J5 #5380 C #HK IR IK
F. (3)PFIEI#E %3 ‘C/min 4: 7€ 4 C #27E 10 min,
DL R& 58 5 BE, AR J5 PA—3 C/min P& 3] -90 C, f& &
10 min Ji5 ¥ #% 3 -80 C MR IR VK . (4) B &
-5 C/min 4H: 7£ 4 'C F2 € 10 min, LAFR IR %,
SR )5 LL—5 °C/min P&3-90 C, 25 10 min J& #5553k
80 C BRI VKAH - (5) B 18 % ~10 °C/min 2 :
1E 4 °C F27€ 10 min, LIF2EIRE, 285 LA-10 °C/min
[% F]-90 °C, fa %€ 10 min J5 % £ i -80 C KR
VKAH o

1.42 #% )18 ¥ 2 (the passive slow cooling, PSC)
BIRAAE BEE THE R R G FR L 1E-80 C
AR IR VKA - 24 h J5 % B R BB T WA+ 6iE
12, LLik F~ 1 ‘C/min!.

1.5 #AREXE MAEREDHNXE-80 C
HBACIE AR AE FI—196 °C IR ABAC IR AE -

1.6 @mpp g4 (1)/KKHEER: HEFE
HIEE T 37 C/KBH, 2min B H 2R
SE4 Ak, B 234 5 mL RPMI1640 15 9% 3 (1)
208, 1000 r/min B0 5 min 5 £ LiE, X
Jn 3 mL PBS & WEEE 2 &, 0GB i 1% 55 5 4 i
HREFHATHEN. (2)FKEiE: U IETE I E
T, 252 AH 10 min, £ UK &4 R AL 5
HREELES, HRDEAE,

1.7 e =M 454n (1) 40 R . ks 4a
Jig BA 1x10° & & F PBS 1, 1 000 r/min & 0>, 3 L
TE A 4 5R A ATP RS I 6K 50 & AR I, Gl i A
ATP & & VPS40 B Pk 2 A5 0L . 40 Bl (R U Ze =4 1k
Ja 4 i ATP &5 &P IME /A VR AT B ATP & & °F
BIE) x100%. (2) 4IIAEE 2R DAAIIECH 1x109/4L
PR T 96 FLAR, 37 'C 3537, fE4mMALJE Bl A in A
100 pL J& B PBS; 75 # & B 18] 9, &2 FL A0 10 uL
CCKS8, 37 ‘C K5 7% 2.5 h, [ x4 I € % L 450 nm
Ab G FEAE o A0 AT 5 2R = (A [R5 A7 2% 1 4 i
W B 1P BB =5 1 LR B IR~ I 4ED) /(R T
1740 M W B =5 1 FL R B P 34 ) x100%
(3) 4R ML H T3 B 1x10° 40 M ] PBS #4 %% i &
40 B, 1 000 r/min & 0> 5 min, 3 3, ] PBS i
Ve 2 35 {5 FF 4 PR O T AR 00 AR R A AT ARG

1.8 %t AT K SPSS 26 B AF Xt S 6 45
HEAT IE S TERG 56, 195 2 1E 2529 A K ) 7 Jth 37 B A
R, AN R IES AR HAES B K LI 4
FLAx+sEIR, P<0.05 NERA G %E L.

2 8 R

2,1 A ERRIP A A Y h ik R X EEH L (K 2)
AT 1 d Ja, BTG R 30 7% 40 Co [l
(63.98+2.15) %, SZ 56 20 C11(75.89+4.17)% Al C21
(75.27+3.09) % [FZ0HE R 2 2 & 42 = (35 P<0.05)
i HeAth 45591, 21 C13. C23(DMSO ¥ [ & 2.5%)
PL A T BSA 4H (C31. C32. C33) fy o] it K 3 2% B
o 2T W0 ik &5 R, ik FE R AR B H
REFZAS ] M3 5w (C11 & 10%FBS, C21 ¢ FBS)
1) C11 A1 C21 A, 1F e B2 B T R 55 S 50k
LRI T B

2 AELRYFIXS Jurkat 4HHL ECRRIEZIE (n=3, X+5)
Table 2 Effects of different cell cryoprotectants on the recovery rate of Jurkat cells (n =3, X+ )

Ry FULT AR AR % fH Pl
Co 63.98+2.15

Cll 75.89+4.17 —4.40 0.01
C12 50.09+2.16 7.90 0.00
C13 2.97+1.22 42.82 0.00
c21 75.27+3.09 -5.20 0.01
C22 36.27+4.90 8.97 0.00
C23 3.10+1.83 37.37 0.00
C31 64.17+1.13 -0.14 0.90
C32 58.76+2.12 2.99 0.04
C33 6.40+3.09 26.49 0.00

W AR TS R .
22 Mgk F ik
22,1 CL1 LR 770 % i 8 20 () i e (3R 3)  fE AR
50 ] A i 1k bR E LA & CLL A C21 2
fith b, 3E— 2D PEAN A [ F I 26 ) F VR A7 AUR 1
oW P AEARIR R AR L d R B 98, T R R

R R R I TR MR 24 h )5 B B AR IE R
T C11 #4777, —3 °C/min, fi#¥% 0 h 20 i35 /g 2
T H A ZE ) (£ = —15.08, P<0.05) . B % 40 M [
BURE N I Y Y SR e A
I o 6K Ui R A7 15 B 55 52 10 TR
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x®3 AFFFRERXT CLL ARSI IMAT 5 R AR (n=3, T+ )

Table 3 Effects of different cooling rates on the survival rate of Jurkat cells treated with C11 (n =3, x+s)

R iELd 22/ (°C /min) 0 h&HJAEE %/% E Pl 24 hIAT IR/ % E Pl 48 WA IER/% HE Pl
X 2L 74.96+1.06 80.88+1.24 73.26+5.12
-1 72.14+1.57 2.58 0.06 81.98+5.19 -0.36 0.74 74.13+3.68 -0.24 0.82
-2 70.19+9.44 0.87 0.43 75.96+5.90 1.41 0.23 67.34+2.23 1.84 0.14
-3 93.35+1.83 —15.08 0.00 82.19+0.97 —1.43 0.23 76.98+3.01 —1.08 0.34
=5 65.41+9.74 1.69 0.23 73.86+3.67 3.14 0.03 70.00+2.42 1.00 0.38
-10 57.47+3.93 7.44 0.00 70.58+3.04 5.43 0.01 72.17+0.15 0.37 0.73
= X IRALR HICORIP 1, B EEFER & IR, CO. CLLERIF IR HI IR o
222 C21 LRIFFIBERDERIFIL(K 4) —1°C/min T HAE A, 25796 Gt m (3 P<0.05)
PR o U 3 3 2 ) 4 PR AE AR J5 O 1 24 h AT
% 4 RFIFERERAT C21 Y AN 5 I (n=3, T5)
Table 4 Effects of different cooling rates on the survival rate of Jurkat cells treated with C21 (n =3, ¥+ )
Fé I 73 32/ (°C /min) 0 h F7¥5 /% ff PlH 24 h 7% 2/% HE Pl 48 W7 /% HH Pl
X L ZH 74.96+1.06 80.88+1.24 73.26+5.12
-1 82.59+4.03 -3.17 0.03 88.61+2.84 —4.32 0.01 75.52+1.06 -0.75 0.50
-2 74.53+1.42 0.42 0.70 77.314£3.59 1.63 0.18 69.67+6.50 0.75 0.49
-3 80.28+4.21 -2.12 0.10 79.39+2.51 0.93 0.41 68.47+2.96 1.40 0.23
-5 67.75+4.96 2.46 0.07 68.98+5.20 3.86 0.02 65.05+1.82 2.62 0.06
-10 60.12+7.93 3.21 0.03 63.04+3.93 7.50 0.00 52.53+3.17 5.96 0.00

e X BRAR F COLRI T, B BEFRIR & UL, COL C21IRF FIC I W1 o

23 fEAREIRE(ES) YA GHRAE 1dEK
R, 0 24, 48 h VG PELE-80 'C AI-196 C
FETCHH 2 25 (35 P>0.05) - W] WLTEAE 3 A7, TRAK
1580 °C F1-196 'C XTAHMIEERIEL N # C21 fr

17 Ph—1 “C/min 5 17 41 P £ A7 B [8] ZE K 22 30 A

60 d J& » M5 A [ i A7 iR PN 10 4 T R O O
Peo 45 RE IR, JEKAE A E], —196 'C A A T
S it 1) DR A 0 R S5

#=5 RNEBIFREEXT Jurkat 40165 7E 30 d A1 60 d IR BRI R AU (n=3, T+5)
Table 5 Effects of different storage temperatures on the survival rate of Jurkat cells rewarmed after 30-day and 60-day
cryopreservation (n =3, X+ s)

TEAFIRE/C A7 E)/d 0 hfFIE /% il Pla 24 WFVE /% HH Pli 48 hMFIE /% il Pla
-80 i 90.22+4.00 91.08+5.04 91.54+1.09

-196 86304194 152 020  93.07¢448 051 064 95024221 244 007
80 30 64.9149.59 76.13+7.96 69.10+4.20

-196 80214242 225 010 93.86£416 342 004  90.05:330 680 0.00
80 60 52.7242.88 66.33+2.54 5261091

~196 67.00£335 560 000 69524321 135 025 66.641.05 1744 000
24 HiBAXBE(K6) KA HIR COCPA, KEERMTAER. R ER, ZAEREH

PLPSC F#ik; C11 CPA, PA-3 ‘C/min [£i5; C21 CPA,
PA—1 °C/min B Y647 T-196 'C F, 205K H

O (4 7 05 AR ARV S 04 24 A1 48 h K T /KIS B

753, Z R YA g R () P<0.05)
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F 6 AR Jurkat ZHIEAFIE KT (n=3, X+ 5)

Table 6 Effects of different rewarming methods on the survival rate of Jurkat cells (n =3, X+ )

gl =i I 0 hZH JE 1735 2/% il Pl

24 WU HIAFE R /% HE Pfy

48 h4H A7 TG 2R /% HE PiE

COH. K 75.14+0.31 2776  0.00
it 61.04+0.82

ClI#H K 76.05+1.42 449  0.01
it 64.10+4.39

C214H K 73.26+0.94 1137 0.00
it 61.00+1.62

69.01£2.87

68.35£5.16

77.17+0.62

81.90+2.63 5.73 0.00 66.61+0.77 4.56 0.01
59.27+2.68

82.38+1.23 4.58 0.04 68.58+0.22 6.87 0.00
53.06+3.91

88.69+1.61 3.53 0.02 74.14+0.33 7.96 0.00
51.91+4.83

2.5 IR ek A Ty XA R = RN

251 MR (R 7) BT AT GRY 7 i ik A0
R Y5 3T SR AR Ak 45 R (C 11 B A B4 IR 3 %2 -3 °C/min,
C21 F IR E -1 C/min), LI TGRS
2 (CO AL & B FE B & PR )« e Ak & i 7 =
(C11 B & -3 C/min) A A TG 1L iE 77 & (C21 AL
4 —1 C/min) 7£-196 ‘C % 47 5 d J& 940 ff it & .

SRR, R O, SEI A 1(C1) ML AH 2
(C2NAME T X HREH(C0), Z R IH Gt 23 (¥
P<0.01); &34 24 h 55 5% 5, 5 X A (COo) L %2,
4 Mo =] Y% 38 b, SR A C21 R 3P 77, —1 °C/min
A MM AR A G R E S EoR, Z5H
giit %= L (=6.46, P<0.01) .

7 RRIMCEGAH AT Jurkat A EHCE BT (=3, Tx5)

Table 7 Effects of different cryopreservation methods on the recovery rate of Jurkat cells (n =3, X+ )

P 0 hZHEAAE 2 /% HH PlE 24 hAHAETE /% i PlE
X HEZH(CO) 65.70£1.06 84.72+0.98

SLI1(CLL) 82.45+3.27 —8.44 0.00 91.27+4.11 -2.68 0.06
SLEGA2(C21) 83.96+0.81 -23.72 0.00 93.97+2.28 —6.46 0.00

252 MMRIHTIER fEMEBIER E 4B S 1S
Ja» KA B R A Bk 3 B R AE 7 R A7
5d JE X R G AR TR R . 45 R BN, KR
. SLIGH 1, LI 2 B O h P TSR 5 R
(6.93£0.55) %. (5.30£0.56) % A1 (4.93+0.45) %, 5L
R 1(CI1) AIsEEG2H 2(C21) KT X FZH.(COo) ,
Z 3 WE G = L (=3.61. 4.87, $ P<0.05) .
S 24 h J5 PR T2 55 0 08 (3.4040.26) %, (4.20+
0.61) % F1(3.77+0.15) %o, 244 5 X0 & 20 b 45 %2
S LG E L (=-2.09, -2.08, ¥ P>0.05) .
33 i

AW TR 5 B B SR e AR Ak Ik B 4 M
7%, |t 2 H A FIE 7 b, i ik
H R AR T R AR AT 5 1 (10%DMSO+90%FBS )
HEGRAE M AEACE S & 10%FBS K
C11(7.5%DMSO+2.5%PEG+2%BSA) A1 & FBS [¥]
C21(7.5%DMSO+2.5%PEG+2%BSA) . [ &, T
FRBHMEWAE, RV T FBFIREE, i§47
T AN A 7 SO FL VR A R M R e, B 24T
TS HMRES A S (CL: -3 C/min; C21:

1 °C/min) , I 554G IEMAT T A REW. 18
o EHE A A, AR A R4l L A 7E 7.5% DMSO
(R B B A BB PR R 40 ) O30 40 0 M o AR B
) DMSO 2> 5. 25 i I8 41 i 5 B 1, 5 85 lml fi R
FE AR S 10, BT BL DMSO A B 58 4 3 H i 3 3%
% AR 755 (PEG) BT B 10

AT T T FBS [AE DB v VR OR AT
o 2 I 22 A PR AR A, I B AR OR AP R AR,
XSz B AR A B . ASHE IR B, BSA RE%
A BB A LR S R R, X S AR T4 A
— M, X Al B 5 BSA 1 £ 5 4 P i 45 #) A B
fIRVA PR 3 FIV2 3 40045 7 T A Z2E A 2%, BSA
A — IR 5 A A S B o LA

R % Mazur P 25151 37 < R AR 0, i &
I FE B R T RO A A E R T R S 5% 56 IE
(Rl Ay i — 38 R Y we T B AR (0 40 B 2 8L CPA Ff
R EE R F o AW TN A [F) B iR 3 2 20 g
J5 VAL 45 B2 B, Jurkat 40 i % T C21 4R 47 7
e FE VA 215 B -1 °C/min, 3X 42 S50, 40 g ) g 78
Lo AH BT A A A TR R AR 47 57 2 TR B A7 A
25U X Cl AR B4, -3 C/min A2 H 4
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R EHHZ . FEAE AR EFE RSN, -5 *C/min M
—10 ‘C/min 74 AR B %, X ARG T4 4
Ik AR A g B P 2 K s R, {HR X T CLL AR
A, =3 C/min & 7~ 40 J2 35 P B 4, 3X 3R B U
T 10%FBS [ C11 fr 47 MK I OR A7 1Y 40 i 7] £
Y 05 2 A B P K, TT RE 2 o AE A 4 i
A 5T R 2 e I K R UL, e VR B B A A 0 R
fEAE P R R AR A R, O TE AN 5 W AR R S
g8 JLIR A BT 5 R R i VA A 38R AT DL 4 A A
R ARAZ S 1], B I VR0 B FE , AT 86 I A D% B
A, B O LE — 5E IR 1A]SE LA 2R AT 2
AU AR BB,

KT AR, SCHERIRIE A7 TE 2 57, 0 B 52
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