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Optimization of the Cryoprotectant for Composite Lactiplantibacillus
plantarum and Its Protective Mechanism

XIAO Ye, LI Ruili, BIE Xiaomei"

(College of Food Science and Technology, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: To improve the survival rate of Lactiplantibacillus plantarum during freeze-drying, this study developed a
composite cryoprotectant and prepared freeze-dried bacterial powder using vacuum freeze-drying technology. The
composition of the composite cryoprotectant was optimized through single-factor and orthogonal experiments to enhance
bacterial viability in the freeze-dried powder. The protective effects were evaluated by comparing viability before and after
freeze-drying, measuring cell membrane and cell wall integrity, observing cellular microstructure, and assessing storage
stability. The protective mechanism was further investigated via Fourier-transform infrared spectroscopy analysis of the
freeze-dried powder, differential scanning calorimetry to determine thermal properties, quantification of subcellular
damage, live-dead cell staining, and lactate dehydrogenase activity assays. Results showed that the optimal composite
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cryoprotectant formulation consisted of 0.15 g/mL skim milk powder, 0.06 g/mL trehalose, 0.03 g/mL Tween 80, and

0.014 g/mL L-glutamic acid. After 60 days of storage at —20 °C, the freeze-dried powder exhibited a survival rate of
59.64%%1.74% and a viable count of (4.58+0.13)x10° CFU/mL. Scanning electron microscopy revealed that cells treated
with the composite cryoprotectant maintained intact morphology with smooth surfaces. Fourier transform infrared

spectroscopy analysis indicated integration of cryoprotectant components into bacterial cells, strengthening hydrogen

bonding. Differential scanning calorimetry results demonstrated enhanced thermal stability of the freeze-dried powder. Cell

membrane and wall damage assays showed significant (P<0.001) reduction in structural damage, while lactate

dehydrogenase activity increased significantly (P<0.0001). Correlation analysis suggested that the composite cryoprotectant

improved survival primarily by preserving membrane integrity and enhancing lactate dehydrogenase activity. This study

developed an effective composite cryoprotectant for Lactiplantibacillus plantarum. 1t elucidated its protective mechanisms,

providing a theoretical basis for the application of cryoprotectants in probiotics, such as lactic acid bacteria.
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L 5 min PEPR 3 WRJE, FRECE A LHM, 5 H5 0.9%
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PAAZ (D AR TS 3

FIEE %) = % x 100 A (D

P Ny, IR THIVE %L, CFU/mL; Ny, U T/51E
HH, CFU/mL.
1.2.2 L4570 ik
1.2.2.1 FERBRPFIMBE TR E % 1.2.1 a7
125, R S AR BT L 1:2.5(v/v) I LE
R A, LAk EE A 0.05. 0.10, 0.15., 0.20. 0.25 g/
mL NS TRy Rk SEhe 2l , ARAFHZH S IRLH, 7S
FEAHT—20 °C TR 24 h JEE R AT AT B, 115
IRTAAER,
1222 HEMRPFIRE R #% 1.2.1 Y7
2, 2% R Ik LU B AR P R v B R
0.006. 0.008. 0.010. 0.012. 0.014 g/mL HJ L-24 R,
0.03. 0.06. 0.09. 0.12. 0.15 g/mL KM, 0.01,
0.02. 0.03. 0.04. 0.05 mL/mL f¥nt-75 80, 0.01. 0.02.
0.03. 0.04. 0.05 g/mL [ HMH, 5 1.2.2.1 §ik/5 093k
AR FSRT L, B IS RAE DR LA 1: 1 (vv)IR G,
I T—20 °C B 24 h, HEH TG LEE %,
1.2.2.3 MR FIESR i biSS:  AR YRGB IR
T AL 3R S B0 A5 R, ARIR ORI AN [R] D e, ve45
JLFP LRI R B 4T 00 5l B AR P77, BT IR 38356 .
¥ 1.2.1 BRI TR T, LRBAENE SR, FBI AR5
TEASIREG RN AR LK 1.

R HB PRI IE SR P KR

Table 1  Orthogonal experimental factors and levels
for optimization of auxiliary cryoprotectant
%
KF AN Bt 80% BE C L- e g
(g/mL) (mL/mL) (g/mL)
1 0.03 0.02 0.010
0.06 0.03 0.012
3 0.09 0.04 0.014

1.2.3  URTARPFIHAEZUAT B AR SR

1.2.3.1 TS TS J1XF e AR e ity R
JHA R I2:53 ST A N 52 6 R TP R R T8
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T W #5(0.06 g/mL 1SS, 0.03 g/mL fJILiE 80,
0.014 g/mL iy L-54 02 . 0.15 g/mL AIARIEDIH) &2
IK Z J5 BIRE S BEAT R ARG T B, 45 R A CFU/mL 3%
e X HGRT RIS & AHEFUT R IAE G5, BRITIS
IR TR RIS S AP FLAT TS T PR P RIOCR
1.2.3.2 HRTP)EHEPIZFEIMNBHOIES  BinkE
G TR F IR T R 5 P4, —2H B AR,
— A ARV R A R TR R a K b B E—

HMEL . SN PBS AT B E 5t RBZHAE[RIEAY
ﬁ}io

Z7% Chen 25 (U7 i IR ARAE &, R R A

i B2 K JE il L B R, T 2.5% (w/v) I TR R
H1 4 C EE . BRSO R BEN K : 30%.
50%. 70%. 80% Fll 90% 4% ii7K 10 min, 100% Jlii 7K
PAYK 10 min,

¥ # + B85 (Scanning electron microscopy,
SEM) WLE& A FH -5 L ey B VR T 6 i N S s e 7K i
FARE SR AR LR, SRS TR TR 2 . R
TR SEM ERAFERESE R it
1.2.3.3 HTEBEREHE =% Li 50 kit
2L, 53 RAR S TR T B A ZE—20 °C.. 4 °C
AR A RT3 60 d, BERE 15 d X HIE B EGE
AT, LB RIS R A7 AN [R) A [ BEA R T4
R 5 IE AL AR AL
1.2.4 R TR FIXHE S ZUAF R LR AL
1.2.4.1 fHRMZIANSEIERIE 2% Umar 5527
P v Ao A B AR i 21 48 3% (Y (Fourier trans-
form infrared spectroscopy, FTIR) M E NN T
PRAFFA RS 9 FITR D63 . K 2 mg £ 4h 5 KBr DU
1:100 FEBITRAS 5 HCE AR S AR L, RS 1 400~
4000 cm ', FFFIEE AL I EE S PTIR
1.2.42 #HIj2EPEREMIIINGE  SH RS
J5 s, 18 22 78 33 5 #4Y ( Differential scanning
calorimetry, DSC) W %EZR T EH A i 122 ERE .
BEFPRE Y 2 mg FREE A GR IR SE b I 3. (i
EEAENZS . KRR AT S, SRS S
M—20 C JnFAE] 80 °C, I#EIFEA 10 °C/min, A<
Ao, MIEEE IR
1.2.4.3 AMEEERIVIMNE =% Yao P 1L
FEFETEME L, [ 0.9% Jord AR BRER K 4351 %) & 2 —
PRAFPFN BRI . L-AF 208 . M3k . thiR 80) IR
T 2SRRI OR T R AT B KISk
e, SRJGTE MRS BRlIRiEFR AN E7E 80 png/L ¥
g MRS IR IREE P AE 37 C FHSR 48 h Je
#IHEL LIS PBS BYER T RO E S X BRZH, 4[]
FEROALIE, 34T 3 YOI B R .

ML R (%) = (1— %)x 100 X @
i N, A IS NaCl 1 MRS Biig 537

FEP RN AL, CFU/mL; N, iy MRS EIg G FR Ik
TEANIE%, CFU/mL,
1.2.4.4 RIS AIE =% Yao P ik
FEFEVEAEL, 43 0 2 s — L4 R OB AE Wby . L-45
S Wil iR 80 IR T BT . & = &P
PR T A Z i T AR B ER K, B S, S IAE &
NaCl B3 FRIEFIA ST NaCl {1y [F AR 55 383
F¥ 48 h JE BRI, LAGSIN PBS MR T B VE Sy Xt
L2 W R0 11027 ) <9

AR ESEP 04 0y vk, gt (5 B A% IR gL kst
SYTO FILL (a2 S A% I Gk L PR BE (P PPk 4 T
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ML AR SE R . o3 PR B B — LR QBN S
. -0 . Vel . iR 8O) IR TRy, R
G RINR TR EOK, B0, YRR EE . 158
FW P INA STYO F PI, ##5% 37 °C % F 30 min.
LAGSHN PBS WU T TRV E T BEEH, A RIRE AR 2T
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2 Zhang 350 (1 )7 15 R FH 2L I8 S S ) 3
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)5 8 0 A B — R TR 377 (0.06 g/mL 171
. 0.03 g/mL AYItIE 80, 0.014 g/mL FY L-BS&E MR .
0.15 g/mL MMEAR DI TR By, YEk 3 e, &
T 5 mL PBS R A . F BRI & ay R 2 2L
P Ht A BES J1. BSIN PBS BOUR T B A iR
21, AR A ER
1.3 B

JH Graphpad 8 4%, Origin 2025 K A4-fitl=]
K Pearson FHHES 114347, IBM SPSS Statistics 26
AT 22 5 WSRO, T SEI BSR4 I B AT 3 IR,
SO 4E R R R P MM E AR E S, P<0.05 FoR2E S
W
2 HBRE5ESH
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2.1.1 FERBORPPFIR B A TRE AR DR & RS T
BT, T DATE S 2 PRAS A L v 4 RS e P AT
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JERE DDA E AR TR S i SRR R0, 5 R R im b
E AR B R TAENE . B 1 ol A, SAEIn
RE W Ry I %F FEZH AH B, %00 0.15 g/mL G018y X
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=, FLPHZHR] TG 35 25 5, DI ve PRk 0.15 g/
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Fig.1 Determination of the concentration of the basic
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FANE R S G O350 b el B B 5n) il 45, G045 2 Ak
TR (-4 2R ) « /KA Qi a2 T 4 57
(iR 80) AN STl (HMD o anEl 2 o, LA 0.014 g/
mL L-A 2R A BP0, A ZUAT e AR 1
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Fig.2 Single-factor experiment for the optimization of auxiliary
cryoprotectant
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P, AT R T RIA B E 7K 89.56%+
5.74%([# 2B), BEE P I BERE &, R TS 358
FHE SE KA, 302 FH T e B/ MR BESR S B, 43
TS An R AR A 2R, AR UK TR S
I Y A ) S PR 2%, T v B el R BsE, bR B S AN,
i 4 it it B AN /K S EPE T8, ) 0.03 mL/mL AYnt
i 80 AE Al B AR 4P 50 AR W) ZLAT TR R T 77 3k
2| 91.67%=+3.79%, ‘i35 (P<0.05) /5 T HAb Ik 22 4 b 2
ZH(E 2C), MEE LAY RIS S =, R TSR TS
JE AR, 3 TR S ki 80 i@t FHim ARyt
FEIE 22, A5 R e S DU R B4 . Rl B st by
SECITERY, RIWE R 0.02 mL/mL Y HuhVE A4l
BR3P 500 AR B ZLAT TR R T A2 06 SRR 3 79.33%+
3.21%(E 2D) . FEFRREZREIIEE, B8 3 Fhil
B EPRI (EvE 80 . MFsEmE | L-A &R RS SEIERS
R, YEHFUE S 0.010, 0.012, 0.014 g/mL ¥ L-
AR WFE N 0.03, 0.06. 0.09 g/mL FTEHBE . 1
BE>M 0.02. 0.03. 0.04 mL/mL AJItia 80 #EAT /5 LEHY
TERAARIRES

2.1.3 FBEMRPFNER RSB SEXE R
PR R R SRS S R A T T, B A FLRR TR AR LR
80. Vg EhH . L- ¥ 2R 3 AR RIrER B
B R AT 3R, XX 3 B B84 7 1528156
ik, 188 E S0 TR .

FHER 2. 3 3 Al40, 3 Al BRIl nd s Bl 2= 50
oot R 2 IE ARSI T T T LA IEAS IR, A9 2 IEAS IR,
iR R 20 . RIS R, 3 4>
P22 Arsz i) s 2 R R T o A QRN ) >C(L-A5201%)
>B(hilk 80), F /K SFLH G20 A,B,Cs, B4R
85 DA 2R S N e AR vk B2 SR WS i 0.06 g/mL 1) I 5
B . 0.03 mL/mL it 7R 80, 0.014 g/mL i L-B4&,
152, FIBIERS RIS EE R, B R—P FIH A M:0.15 g/
mL BABWIHY . 0.06 g/mL AY¥EEHE . 0.03 mL/mL &)
nkyE 80. 0.014 g/mL Y L-B &R, MR T &
A3k 93.29%+3.05%.

* 2 HBRIP RO E SR 4G
Table 2 Results of the orthogonal experimental design for
optimization of auxiliary cryoprotectant

SHS AQERHE  B(HLIES0) CL-FEM)  HTATHHR(%)
1 1 1 1 70.43
2 1 2 2 80.37
3 1 3 3 78.29
4 2 1 2 81.08
5 2 2 3 93.29
6 2 3 1 92.15
7 3 1 3 69.91
8 3 2 1 58.87
9 3 3 2 70.43

K1 6.873 6.642 6.643
K2 7.996 6.976 6.218
K3 5.238 6.488 7.245
R 0.306 0.054 0.114

3 MR E S TT 22 BTk
Table 3  Analysis of variance for optimization of orthogonal
test of auxiliary cryoprotectant

TEFRIR BRI A FfE PfH

TR 2

AGHEHHE) 0427216178 2 *
B(nift-80)  0.013805833 2
C(L-B4R) 0.059155062 2
R 0.037561003 20

48.93675195 0.00000005
1.581430387 0.23296097
6.776093131 0.00640011 *

PR B BEM 2R, P<0.05,

2.2 FETHRIPFIRTEDZLT EARIFSER
2.2.1 AR FLAT B R TS 06 1 520
IR TP, B P Al pa s T LA 43,
P& 25 AR R UR TARIE R RR e PP . AR
5 T2 ALY TR T B IE J1isemn . K 3 Al
Jl, ARG At BELHAH Lo, BRIl , Al
PR R BOUR T 0G R  E HE 5 (P<0.05) . Hirp, #f
— R R, RS WY H AR T B I T e,
R T AR AT TG KA E 87.90%+0.77%, AN
EE5 PR S, AW FLFF TR AR TS R IA B 94.22%+
2.36%, t B 35 v T4 R ZH (P<0.0001), {H 5 %30 2a.
— B WA R P R 4 18] 25 5N 35 (P>0.05) . &2
BRI, FEIUROR ARSI D R E T, nTA
RYREARUR T AT B AR A 5345, Horp 22 R P4 E
FHO RS BR s . 2R8H, BSInE & T lis
A R R T R AR Z LT RN ), ELERES R
— LR SR B A A AR R

125 —

sk sk sk ok

100

75

50

VAR (%)

25

AN

Z%

0

K3 R RIS 1A HLSGIE
Fig.3 Comparative verification of the viability of freeze-dried
bacterial powder
T oo R g ) 22 57 .35 (P<0.0001) ; AN Rl REFm 21 [H] A
BFEIE5H(P<0.05).

2.2.2 URTRP SRR LT B TOUL S35 #4) 1) 2 )

I SEM HE— 225 5 UR T AR I R S ) ZLAT
AR A ROUEZS B2 . 1R 4A TR 25 1R
R IR A B A I A T, AR LA R B A
MDD GHE, FAAAITERE . X RELH B ARG g il 2
LA AE G, F o0 TR AR A I cA (151 4B) o Al 4C
AP, BRI AL S R TR RS, AL AT
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B4 R w i e B A (10000 )
Fig.4 Scanning electron microscopy images of freeze-dried
bacterial powder (10000x)

TE: A AT TR B, XA C RBRE B VR T4
D. Xf B (ZBRE B RTRYHD o

2.2.3 HHRAP R R LA AR E ER e TR
A G UR AR FI R T R, FEZE IR (RT) L 4 C.
=20 C A FWAFAET R BER TR A2 A 17 o T LAAE
MR TR R E A I WY . R &L S AT, Esm
ZAH TP FRS R T R TE-20 °C. 4 °C ik
TE 60 d PILRRFES 0075 1 o AEEIRARATF RO 22, I
7 60 d JS R TFEG REE S 4.88%+0.88%, 1l PR ECH
(4.84+0.88)x10° CFU/mL. 7E 4 °C {#1F 60 d /&, 1%
W RYEFRTE 46.91%+3.88%, 1% B E K (3.60+0.30) x
10° CFU/mL. T B I AR A 7 1B S —20 °C
WINE AT LRI R T R 7E—20 °C fififf 60 d
J& , TR0 FANYERAE 59.64%+1.74%, BIG W E G
(4.58+0.13)x10° CFU/mL, 7 BT & T3S IRARAT
FOARESH (P<0.05), o H A pi e Aefdse o

= RTTEGH -o 4 CTEHR —— 20 CIAGR
O RTIG AL 22 4 CIEHA = —20 “CIGREL

100 S 1x10%
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