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Sigma—-Aldrich ; 75 K & = S 4L Bk (FeCl;-6H,0) , P4
Be #} 2% & 3 A R 2> 7] ;Sulfo —~Cyanine5 ~-DBCO
(Cy5), b Bafhr T A= A BHH B 6y 43 B2 7 5 Phos-
phate buffer saline(PBS)Z% i F, B FE 4k /R A= )
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10 2 SPF %% C56BL/6J It B, 14 57 it (20+2)
g, JE i 6~8 i, A 7 DUAR (AL 50 AR W H R A IR
8w (4 AT IE S . SCXK (51)2019-0010) . 1] 3% 4%
1 Py TR BE R (22+1)°C, 12 W12 h W KT /B %
TEFS . /NBAE A BARE . POKE SRS B 1R
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1.2 E&S5MNEE

BSC-1304 Il A2 #8¥5 TAE &, TN & 24828 R4k
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TR B TR, U RO A A i A R
A 5 H R 3C 3000 OB AR EE 4 B AR, 95 H IR SCAYL
P4 RN F)JSM—-6701F ¥ 37 K S 6 i 1 W 1
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(Transmission electron microscope, TEM), H 4% H
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fi T 8 mL MRS W ARE F 5 JF 8 T 37 CHYE
KRG AR RS, HREREEO
(6 000 r/min,4 min) 3K 15 & e , I H PBS 2% vp il
VRV TRIE 2 WK, Bl B e F 2 T 1 mlL PBS 220
Wb, & H L F 100 L A (TG A 1x10°8
CFU/mL) .10 pL. TA % (40 mg/mL) F1 10 pL
FeCl; % W (10 mg/mL) 4371 it A 880 wl. PBS & i
bR TE 60 s, i HAE LL 21 1P A ZE [ /Y 4 )8 -
Ty I8 P90 28 (Fe—TA) 4544, 3545 LL@Fe-TA 1A%, H
PBS & sy VeI %R 5 2 UK, ABR 25 R KU ) TA
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mg/mL, Jf4R75 5% H LAk g 3R W A 1 2L R FL Bk
F AR LL@Fe-TA@mGN,, #¢Ji ]l PBS 2% vl i ¥t
W2 LB BR R TP 24109 mGN,
1.4 LL@Fe-TA@mMGN HHI1Z2 5B S

B 1 mL 3 ) 4% (9 LL@Fe-TA@mGN 7 B
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TA@mGN k42 5 i A R 70 22
1.5 LL@Fe-TA@mMGN RI&E K& iNlE

# LL@Fe-TA@mGN % 18 2% (1R FL 43550 1)
P Rp o RN TR E 1 MRS TR 256 K% ik
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FE) MRS AR RE F2 AR 28 A, RAHAY LL
Xt BE2H . 55352 0,2,4,6,8,10,12 h )5, fdi I il
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M P Feng %5 12V0 J7 ik, ffi I SEM W 42
LL@Fe-TA@mGN R IEIEA . # MRS 4 57
FE P BRREAS B0 (6 000 t/min, 4 min) 3 2 [
VEW, O PBS S8 MR TR 3 WK, B R K DT TE
2.5% M I RSV A A2 3 h, B R E AOREAR
FH PBS 28 iRk 3 WK, T FHE K VR 2 W A
U8 30% ,50% ,70% ,80% ,90% 1) . 5 %5 Wi %
SEXTREAHEAT K, B IBLK 15~20 min, ZJ5 H
100% 1) 2 BB K 2 8, BB K 15~20 min,
fidi 1 8 46 AE 40 °CF XFRE 5 E AT T4 10~15
min, ffi J5 $EAT W4 0 LAEILER . B 1 AN BF
WO HLUUFRAE Formvar/carbon 200 H B A% F T
S T Bl S 51T TEM %%,
1.7 LL@Fe-TA@mMGN HB R SR Em =45

$ 4% LL Al LL@Fe-TA@mGN (1x10° CFU/
mL) 73 i F2 2) 1.6 mL Fr & LS % P (Simu-
lated gastric fluid,SGF;pH 2.5,1 000 mL ZE1# 7K ,
5¢ HHEHE,8.5 g NaCl) Ml 4% iTEhrp ) SR)5
£ 37 °C,200 r/min MFEIR 5 FIEE . 16 B i
B8] #5.(0,1,2 h) B 300 L S W3 W, 2540 (6 000 1/
min, 4 min) 74 BUCVE , I A PBS 22 il vE % 2 1K,
TEE SR G , B KA 00 41 B B TR R A AE AR

MRS ¥t I, 37 CWiFE 24 h J5 , #1740
1.8 LL@Fe-TA@mGN K1k A # B8 i 1%

¥ 10 2 C57BL/6) /MR (25 12h) 43k 2
4,535 TR Cy5 #ric 9 LL@Fe-TA@mGN Fl LL
(1x10° CFU/mL) . i FHE A 8 & ge e/ B H IR
25 24 5 T9UE I 1] 250 (4 h, 8 h) ZR BN BT 4 1 i
KL .
1.9 HE\LRESHH

& H GraphPad Prism 8 #4748 104, £ ¥
DLV B E bR ifE 22 " KR o Gt 0 3 o ik
B R J5 2381 (ANOVA ), *:P < 0.05; **:P <
0.01; *#%, P < 0.001;**%, P < 0.0001,
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AR 5 HL A 3 BT 2 B AIE 25 AR TR A 3 75 2D
ME BT B, Yl B A AN R o 4 BE B A 3 25
AT, PS4 AR T A AR ZR A R L 2
KA EAE . Anselmo 25 PYFI 22 H A3 10
P A FLIR R AT, R £ AR R A
Tl L — 2 RS KRR E S
FERANZ AL A L M B, TR R
PR HL 38 B H  Lia A5 ok A2 5 L 1Y 28
b ke 6 B 25 2R B AL R B, AR DRS T, dE Rt
LL@Fe-TA@mGN [¥hife 50 50T, #iE T LL
() F HRAR L 5 e A2 mGN R S A4 I 750 4 [
1A 2 fras, AT AR A LL,LL@Fe -
TA@mGN (kA2 5 B A A 8% 1L, Ui mGN
B4 B - T 25 450 (Fe—TA) W FfH7E LL B9 3%
M, MM LL B mGN JT & % E 4 0.12 mg/mL
i, LL@Fe-TA@mGN )i 1%2 Fl zeta— L A7 i %]
WEAE , R IAEIZ R T, 504 LL 3% mGN 584
%,
22 LL@Fe-TA@mGN ByEK &N E

M7 HEBR mGN AL LL A= 4 9 A] RE
YT 12 h N LL@Fe-TA@mGN 5 K 4L HE i LL
AR 2, I 3 al %, mGN AR 52 LL )
K, RR S B T A
2.3 LL@Fe-TA@mMGN BIMMFEES S

i SEM 5 TEM FAE AT DL %2 2] 4 HE A |
JER LLIEZS , K 4 T RLE B, KA LL %



4 hoEE W R 2024 4E55 4 1]
5000 - o 1L mGN 19 /5T ¢
1 _ |# LL@Fe-TA@mGN Mass concentrations of mGN/mg-mL™"

4000F J%
w £ 2% '%%/; "
11

(=)}
j=]
[S]
(=]

LL 0.040.08 0.12 0.1

mGN (14 )5 i 7 JiE

Mass concentrations of mGN/mg-mlL™
1 :*. P<0.05;%% P<0.01,

BB ERERN mGN RE%K E (0~0.2 mg/mL)
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Size distribution characterization of LL@Fe-TA@mGN

B 1

Fig.1
encapsulated with different mass concentrations of mGN

(from 0 to 0.2 mg/mL) during the encapsulation process
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Fig.3 Growth curves of LL and LL@Fe-TA@mGN

TG, WAL S Y LL 454 52 %, R iR, HLik
A LL AN, X — 25 00 A i 4 s - i
W 2% 25 R R R AR, AT mGN A o BE A A 280 b
AL LL, TEM 2 #7145 A8 T mGN $ %6
B 7E B4 LL A9 300, AN ,SEM 5 TEM 43 #7745 51
T AR A LL oRiAE 2 kA B AR
24 LL@Fe-TA@mGN BB % 5 BB & i = 14
T

i A2 TR RO AR R USRI R i R
BE i 25 A4 R R Z 2SR IR (pH <2.5) AY 2 1
230, DAL 5 25 4 P 7R B S A BT i o &
AW TR WA 6 N R ALY LL
FERLHL W (SGF) M A BE TR E 0.5 h, 7716 R %
% 39.35%;MF 1 h 5 /A% 13.00%; 158 2
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TE:*. P<0.05,
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Fig.2 Zeta potential characterization of LL@Fe-TA@mGN
encapsulated with different mass concentrations of mGN

(from 0 to 0.2 mg/mL) during the encapsulation process

(a)
4 LL(a)5 LL@Fe-TA@mMGN (b)# SEM E (x30k)
Fig4 SEM images of LL (a) and
LL@Fe-TA@mGN (b) (x30k)

(b)

E 5 LL(a)5 LL@Fe-TA@mGN(b)# TEM B (x30k)
Fig.5 TEM images of LL (a) and
LL@Fe-TA@mGN (b) (x30k)
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h J& , LL AT AF 15 RAUH 0.71%, 1t
P LL ARG R 200 TR LL, HAETE
W EM 2R . LL@Fe-TA@mGN 7& SGF 55 F i
H 0.5 h MG R E A 68.60% , 15 F 1 h J5 1715 R
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A5 31.79% , BMEFERE T 2 h J5 , 2645 B A A7 05 oK
58847 10.39%, s R AL 25 A R A7 15 11 14.63
i ZEE R E 4 mGN 35 LL #EHT B 8 fE
715 F T

MATTERA YT, + 48 W 2 50 W ff IR 52,
AT S 3 AR A s 0 AR A R A 4 1) B ) 3
i RRAF A IR, R AR AH TR Ak
ke, T AR 72 AR 55 08 B SR, L i -
WEDE A R G AR, AR B IHE 7 F ZE T AL By
BrReg g EE R H 2R, XKML EZ M T #5248 1A
BT PE . LR T RERE DL — 2 A B0 2 0 T i
IE LA DT E | 25 4 B 75 BRI R 1) R i 281,
AP 7 AT AL B Y LL HR P AE A fE ) B R
Tt, BIEEMIE R E 2 h, WHEAERE
42.66% , FXT T AR ALY LL B A7 15 2R (22.01% )
HERFEZS, D Eg5REY , mGN T T LL
AR PR PERE
2.5 LL@Fe-TA@mGN Kk (it B8 5L 16

i 38 85 Bh N T 25 4 R HEE ek % 25 4k A
Bl HE AR S 0 B A R T 45 2R R R 3 Y A
mGN 1E R —Fp 25 4= o0, vl 4 3 w6 i 18 B R G
WY W 4 R W R . Bl fe /12 mGN (K, Fe—
TA S5t b2 207 . % T 4 Jm — T W I 2% 25 Fg o
AR RE S, #E—2 %R T LL@Fe-TA@mGN 7£
N B RE 1, M Cys Xt LL i f1hRic™, 7t
FEE Cy5 #ric 89 LL@Fe-TA@mGN . JH#5ic 5 1
LL 8{# LL@Fe-TA@mGN # B /NE, 2091 4 h
M8 h Ja HEATIE ARG, 25 R Kl 8 B, K 8
N2 A b JE  BEHE B LL AL /N B AR N 5
G WS T LL@Fe-TA@mGN /N,
VB LL g o i A HE A4, RIEZERE S 8 h
J& , LL@Fe-TA@mGN 7£/]> B4 PI AT SR Df 4 258 5 1)
A BB T LL SEARHHE B RS DL R R
B, LL@Fe-TA@mGN HA7 5 & (i {4 Py s B i 7

3 #Hit
AR SCLUIR W AL B OBt O BEAF | il i 4
JiE — Py T 184 245 245 4 R IR I A P, T S B LA LR

FLER B SSRGS Rh A B T ok g R PR A
AU RFLERE A SRR LT, TR R
THELRRFLERE T B WS YU ERBE T, R IE R

100
[P

80 B LL@Fe-TA@mGN

60

%

Survival rate/%

0.0 0.5 1.0 2.0
i 1]
Time/h
* % P<0.05,
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(pH 2.5) PRI FEZE
Fig.6  Survival rate of LL and LL@Fe-TA@mGN
after exposure to SGF (pH 2.5)
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Fig.7 Survival rate of LL and LL@Fe-TA@mGN

after exposure to bile salts
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Fig.8 In vivo fluorescence imaging of mice gavaged

with Cy-5 labeled LL@Fe-TA@mGN or LL
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Single—cell Encapsulation of Lactococcus lactis and Evaluation of Its Performance

within the Gastrointestinal Environment

Wan Hao,

Xie Anqi,

Feng Lei

(State Key Laboratory of Food Science and Resources, Nanchang University, Nanchang 330029)

The development of novel and effective probiotic encapsulation systems is imperative in light of the susceptibil-

ity of probiotics to the acidic and highly —concentrated bile salts environment within the gastrointestinal tract. Car-

boxymethylated B-glucan

(mGN) was utilized in this study to adhere to the surface of Lactococcus lactis

(LL) through
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the bridging of a metal—phenolic network (Fe-TA), aiming to achieve the single—cell encapsulation of LL (LL@Fe-
TA@mGN) and assess the gastrointestinal stress resistance and intestinal retention capacity of LL@Fe-TA@mGN. The re-
sults demonstrated that the particle size and zeta—potential of LL@Fe-TA@mGN reached maximum values when 0.12 mg/
mlL mGN was applied, indicating the full encapsulation of LL at the single—cell level. No significant difference was ob-
served for the growth curve between LL@Fe-TA@mGN and LL in the MRS medium, ruling out the potential toxicity of
mGN. Both SEM and TEM clearly revealed the presence of a distinct ‘film’ layer on the surface of LL, providing further
evidence that LL was encapsulated within the mGN. With the protection of mGN, the survival rate of LL@Fe-TA@mGN
could be up to 14.63 and 1.94 times higher than that of bare LL after exposure to simulated gastric fluid and bile salts
for 2 h, respectively. In wvivo fluorescence imaging corroborated the prolonged intestinal retention ability of LL@Fe -
TA@mGN. In summary, the single—cell encapsulation strategy we developed here could significantly enhance gastrointesti-
nal resistance and prolong the intestinal retention of LL. These results offer novel insights for the development and appli-
cation of probiotic encapsulation systems.

Keywords carboxymethylated B—glucan; Lactococcus lactis; anti—gastric fluid; anti-bile salts; prolonged intestinal reten-

tion



