- 1402 - 2% %R Acta Pharmaceutica Sinica 2022, 57(5): 1402 -1410

RN D FRPIFICEE B EIERADEM TR

Rk F O, BRECEL O MEFL BEmiEgr
(L. T AR BRI E R R, 4% T 510006; 2. H il R 2E ARy (R, )T 4R )N 510006)
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7t 7 (FITC) A 5(6)-# 2 M0 Y A= 2 ) BT 5% B I9: 3V i B [5(6)-TAMRA-SE] 73] 15 D-#i 2 B HEAT (%, 3R15 7 %
T ) 5 )t D-E 34 /R (fluorescent D-amino acids, FDAAS) 541 £t 3541 (fluorescein-D-lysine, FDL) Fl4T (35 4T
(TAMRA-D-lysine, TDL), 2% %} "¢ B2 L FF B (Lactobacillus acidophilus, LA). T E& #L AT & (Lactobacillus casei, LC)
ISR ERTA (Veillonella atypica, VA) 3 Fh i A B AT 14 4Mmic . Bl J5 K FDAAS B 2/ B 1E B B AR L, BT
LT 3R A AR DR ARSI L. FTA s 7 RE MR M B 25 K 2E3h Wit B2 bl 2 W Al id .
SRR, A BRI PR FDAAS AT LG B H 58 455 3 Fh 2 A8 B HEAT PR SR i 383 FDAAS 93 5 b ic 1 AR o A= B a0,
LA 1715 88 1719 92.30% = 1.67%, LC F VA 4735 2 AT, 737 9 84.13% + 4.06%.82.27% + 2.43%. AHf 58 Al il
T PRI E AN [ 35 AR B 7E A PN T LA S R N AR A, Dl i A T T TR AT P R (R B A S, [ St I R 2 A B
SHMAAGEGRSIEM.
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In situ activity analysis of two-step labeling probiotics with double
fluorescent probes in intestinal tract
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Abstract: Effective supplementation of probiotics can be beneficial to intestinal health, but in situ analysis of
probiotics activity has rarely been reported. In this study, by coupling fluorescein 5-isothiocyanate (FITC) and 5(6)-
carboxytetramethylrhodamine N-succinimidyl ester (5(6)-TAMRA-SE) with D-lysine, two fluorescent D-amino ac-
ids (FDAAs) probes were obtained: green probe (fluorescein-D-lysine, FDL) and red probe (TAMRA-D-lysine,
TDL). Then, we tried to label the three kinds of probiotics, Lactobacillus acidophilus (LA), Lactobacillus casei
(LC) and Veillonella atypica (VA) in vitro. FDAAs was applied to the labeling of intestinal flora in mice, and a
method was established to investigate the oral survival rate of three commonly used probiotics. All animal experi-
ments were approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine. The results
show that the two synthetic FDAAS can be non-toxic and 100% for the in vitro labeling of the three probiotics.
Known by FDAAs two-step labeling of oral probiotics, the high survival rate of LA was 92.30% + 1.67%. The
survival rates of VA and LC are similar, 84.13% + 4.06% and 82.27% * 2.43%, respectively. This study can quickly
compare the changes of colonization survival rate of different probiotics in vivo, provide theoretical support for the
in situ colonization activity of probiotics in the intestine, and guide the rational drug use of clinical probiotics.
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LR, ETEARIC B B R X i 26 B A P9 B B
Peft TARGF RIHOR SR . H AT a8 2R AR AR 2 Hr e,
R VA ER PP e N o U S DS B pE Y P
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AT B RIEAB, AT AR & BRI 20 T B 1% | B AU,
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WA T AT 5 9Ok B S5 S, AN s 25 B
Haxt g A SEEHN, AFT T 2. 4

AT 7R B G R4 (CFDA-SE) /& — Ff {7 B i 4k 2
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W ICISIFRGE, AR IR PARET TV X 7 A0 R 5 20, AR
BT AR P A0 R T A

w6 D-Z AR (fluorescent D-amino-acids, FDAAS)
T — PR 48 41 B 4 M BE 11 3 2 R 2 Ik R BE (peptido-
glycan, PG) 7t & B 2 9 75 2 D-Z 2L 1R, Wit A
TEZH R B By A I A2 o A R T S 30 B A4 AR R
EHRO, D-ZERR A AR = AR S, SR N
FERARH D- F g, H ARSI ) 44 45 41 i B
A B FE R Y, MO S RO R A 4 A R, AT
PWE DL PR & HEW e 75 1) FH X PR B 0T 2 AR
PRI AE 8 S5 T 5 AL P AT AR o [ B Bl T A AR
W R AR KA —, B4 KT i A2 1 € HE TG I AT 5
T D 28 FR R 5 2 5 TR KN SRPA, WA HIT 5 b ik
) 3 h 2 2B B AR T R 73 i AR B ) B AR R /N o
WE 1% FLAT 1 (Lactobacillus acidophilus, LA) {F 4 £ it
M) LR 5 A2 B 22—, BARZ) 1~6 um ARER T K& 4T
E IR/ F2EBRE (Veillonella atypica, VA) 7E A%
WY AR T BUN) —2R3REE; TR FLF A (Lactoba-
cillus casei, LC) B A% K, 29 10~20 pm A% T 415
W R AR IROR I — 2, DL 3R RST AR SRt 1 28 A T R
PEAG VLT J% A2 B O 0 S R PR I T AT

AT L | —Fh T FDAAs bRic (1) % 42 [
I 2 A= A E i D A 5 AR 1 ) v . RIS P A AR
£t (TAMRA-D-lysine, TDL) #4Mric 2 A= B 1 AREE 5 45
NG, B R & (fluorescein-D-lysine, FDL),
MHE B 5 A0S ORI 2 AR B 2 ibn i Bkt AR
FZEE ST IR 2 AR 1R 1) W T8 A i R 1

MR5REE

& 400 MHz % i 3L 4R w4 (Fifi 1 Bruker 24
\l); w6t 6 BT (H A Hitachi 2 &]); CO, 5 77 4
(K in 3 ESCO 52 A BR 2 w); 2 Th e By d A (36
Bio-rad /A 7]); BX53 9 )¢ WL i 8% (H A Olympus £k 5
Sk, UK V) A ML (36 1 Thermo Fisher R A 7); #
et T AR A (1 [ Zeiss & F); WAl 4H AR A (35 E
Agilent BHE A BRA F]).

RF RERARKLER (FITC) M- RHRE L
(DIPEA), L BRHEUR A BR 2 7l ; 5(6)-#& # U
5% PF I BE B R 4 [5(6)-TAMRA-SE], L iff H13
I 25 BF 7 K A B 2 75 N(@)-Boc-D- i 2 ¢ (Boc-D-
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Lys-OH) & N,N-— H B i i fir (DMF), g ff iz T A=
R B M A IRA A, L8R W8 & &, RiESuz
ERFERA T, =R O, BREwRAEREE
BRZA T —H LA, 35 [E Mpbio 24 7]; MRS 1% 77 % %
BHI R 75, i S A MB ARG R AR, Billa b, 5
[E Sigma A ] .

EM LA (CICC6096).LC (CICC6117) Iy [
VAR A Foh OB B R, VA (ATCC17744) T H
2 [ AP ORE  O

B4 MEYE SPF 2% C57BL/6 /NBR,, 4 8 18~22 g,
HERE R EA YR A R A & 4L, TR S
SCXK () 2020-0051; 555 A 1A] 1Al 7= T M = 25 K
SEEN I L, IRBEL )N SPF 2%, S B A7 A VR AT AIE
SN SYXK (#) 2018-0085. ASSLIGFRAF I A E 2
KEFZIEEEZ 5 2= e (fit#E 5 20200918002)

FDAAs & B 5464 RAE  HL 13.2 mg Boc-D-
Lys-OH (0.054 mmol) 1 20.7 mg 5(6) -TAMRA-SE
(0.038 mmol) T % 4 0.8 mL DMF /% 10 uL DIPEA f{]
(] JE Joe I H, PR 0 70 B 2% AE TR S SR T IR R B
7 (18 h); 72415 10 mL 1: 1 (¥ TFA:DCM ¥ ¥k 4% 22
57 30 min; BI45 TDL =4,

% 30.1 mg FITC (0.078 mmol) F123.7 mg Boc-D-
Lys-OH (0.094 mmol) T %4 1.5 mL DMF ) [5 Ji 5% ki
W, R IR R R C AR N =R 4 h; 7R S
10 mL 1:1 (¥ TFA: DCM ¥ ¥ 4k 4 Jx B 30 min; BI 43
FDL ¥ =4,

it FH 1] 4% ¥ MR F C18 A (250 mm x 10 mm) b %}
FHL AR AT 4lidk, W BIAH A N E 0.05% TFA [ 21,
TBIAH B F 0.05% TFA [1J7K, #itid A 5 mL-min™; HH
TDL &0 A0 Eb 4] 9 AT B = 50:50, 1% K 9 555 nm,
FDL Ji#hAH E 491 9 ADB = 30: 70, k&% K 2y 440 nm.

K ARG ILHRIE AT B W4 I RAE, 56/
S BETHVE AR P 58 UL, Xk TDL AT FDL 2
e RE AT RAE «

AR SRS AR AR CO,H;
FRAE R % AR B HEAT R R (37 °C, 5% CO,), LA
HITLC K 72 52 9 MRS %7, 11 VA R 77 52 8 & AL IR 1
BHI W, H&&ERESE i T8 7% .

¥ FDAAS 7 fif £ DMSO H it 1] Bl 3dE B i FE ) B
T, 75 0.99 mL 4b X £ A= K A 1 1 9 N 10 ul 19
FDAAs B}, 1 H 209k 5 4 0.3 mmol-L™* 78 43 1R 21,
k8595 3 h e U B R, 250 (5 000 r-min™, 5 min),
FE IS, DTTEION 1 mL 70% [f) 2, 1 & B 5 720K b
fiil 32 10 min, &> (5 000 r-min™, 5 min), 3 &, H
2x1 mL [ 70 B PBS ¥t ¥, UUE H & TE 1 mL [f 0 B

PBS HL{E N fF Il B ¥R, 34T F — 5 B A o I s
E o UNREAT AR N E R AL, TG FE [ 58, R R 2N
1x10° CFU-mL* B A] .

FDAASHYSE S H 7 H % FDAASKT ALK
[ B0, 2496 B 4 0.125.,0.3.0.5. 1.2 13 mmol-L™
) FDAAs 5 A~ [A] 15 3% 7 5% & 12 h 5 BUH B, B0
(5000 r-min, 5 min), 7 L&, F 2x1 mL [\ PBS
Ve G, DUVE EELE 1 mL FE # PBS AR A A I B
W, WL 0.2 mL - 96 FLAR H A FH AR 0 & ODy,
18, L3603, BUFME.

PAEEEFRIC 4T C57BL/6 /MR EH 0.2 mLik
% 4 3 mmol-L™ ) FDAAS ¥ ), 4 h )& B 5 librid, #
HERE AR FE/IN R, ARAE 228 SCERP L BUE W S A 25
JIN 1 mL JG B PBS HBY 4 A 100 pm 48 A 7 ok 8 B
F2 R AR 2 B A ; USCER BBV, 540 (15 000 r-min®,
2 min), & _EIEW, YOI 1 mL 70% 1) £ B & & )5
FE VK L [E 52 10 min, &0 (15 000 r-min™, 2 min), 3 L
TEW, TR 2x1 mL O E B PBS Wik, PliE EELE 1 mL
[ JC B PBS HLAE A A7 I B R -

EEREREEEEMAR K EA 1x10° CFU-mL™
f) TDL kR ic B W5 0 (5 000 r-min™, 5 min), # %
W, 0.2 mL I PBS H &, 4A/NRAEATHER, &
2 h)E, B H/N R IR T 9 3 mmol-L™ 1 FDL
FW 0.2 mL, £3d 4 h ARIC S5 FHAE G F1 AR SE, $2 0
AE .

RABMENEIRICE REL0L gBlERE T &
4 10 mL 1 PBS (pH 7.0) FIKEAR H, in 4 4 55 i b
SEA AL WY 0.2 mL i 7E B 0B B8 A A (R], R E
V8 55 3 TSCTE S YRR ) T 1) S 4 s LA T Rl B i 4
2 WLEEHTHUT 852 3% Fr, 7E B A L in 10 pL ) B
0, EEHT 5 5 B JE 08 P BX53 9l B AT W 5K

RAMMCIEE SHRICE i ACEA Quanteon it
=4 A A3 B I % 38 T S bR i B R AT AR I, A
FEAS Y £E 20 000 /> =4, f# A Flowjo %X (V10.0.8rl)
HEAT B0 53 B LS B bR 0K

ZitFE S N IBM SPSS 21.0 4t it #iE k4T
gt it EERR G IES oA, DI E bRk
% (x £5) M RBAT G224k . RABRE T %
53§t (one-way ANOVA), J7 % 55 I DL Tukey 75347 41
R BB, 7 22 RS LA Dunnett's T3 #5347 20 #7,
PAP <0.05 %/~ %57 A G0 .
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K ¥ K 4, TDL, 'H NMR (400 MHz, MeOD-d,): 6 =
8.76 (d, J = 1.7 Hz, 1H), 8.26 (dd, J = 7.9, 1.8 Hz, 1H),
7.54 (d, J = 7.9 Hz, 1H), 7.15 (d, J = 9.5 Hz, 2H), 7.07
(dd, J = 9.5, 2.4 Hz, 2H), 7.01 (d, J = 2.4 Hz, 2H), 3.91
(t, J = 6.4 Hz, 1H), 3.51 (t, J = 7.2 Hz, 1H), 2.05~1.89
(m, 2H), 1.77 (dt, J = 14.8, 7.4 Hz, 2H), 1.65~1.49 (m,
2H), 1.24~1.12 (m, 2H). *C NMR (100 MHz, MeOD-
d,): 6 = 172.3, 160.8, 159.1, 158.9, 137.6, 131.9, 131.1,
115.5, 114.7, 97.5, 54.2, 40.9, 40.6, 32.2, 30.2, 23.2.

FDL, 'H NMR (400 MHz, MeOD-d,) 6 = 7.92 (d,
J = 8.4 Hz, 1H), 7.84 (d, J = 7.4 Hz, 1H), 7.42 (s, 1H),
6.69 (d, J = 2.4 Hz, 2H), 6.66 (s, 2H), 6.56 (dd, J = 8.7,
2.4 Hz, 2H), 3.84 (t, J = 6.1 Hz, 1H), 3.59 (s, 2H), 2.03~
1.91 (m, 1H), 1.91~1.78 (m, 1H), 1.73~1.59 (m, 2H),
1.59~1.41 (m, 2H). “C NMR (100 MHz, MeOD-d,)
§=155.3,131.1, 130.9, 129.6, 126.3, 122.0, 114.9, 112.7,
103.5, 53.9, 45.0, 31.3, 30.7, 29.5, 23.4.

i Ik o A o6t b5 ) B SCRRPAR R A, IE B
47 TDL 5 FDL.
1.2 FDAARIRIEHIE  H 60 6ot vk &%~
VI PBS ¥ W AT 2O GG 44, TDL e K EJE,, =
550/582 nm, FDL ] 5 K E,/E,, = 460/526 nm.
1.3 SETMEFDAAFRIZE {4 FH BX53 %t & st
Xf % FDAAS 73 5 ARIC [ LA LC AT VA #E4T W %2, 40 /&
LHrax, WIS 2 G B 40 0 2 & PG A 1 3 IR Ar
Ao LA REIGFR, K 2B, PG & BUE BKTE H i
N, P — i 5 L BH S SO IR BR AR, T L4 27 K

LA

TDL

FDL

Figure 1

N LAy 5 LC AR TROR, BREEIR, B 2, Ak
PG & I B B 228 YOR; VA M /N I ER 1, 43 41
PG TEER M v 3 K B A i, ST A8 4 R i 7 bR A S 2 11
PIAN B A
1.4 FDAAs#ricZE i F i U4 A0 FDAAS X B
M bR IC 2 AT T ORI, AT 2 i =X R e] DL D,
TDL 5 FDL fE R AMPRC I 3 R 25 A2 T, HBE 5 R 4 hx
0B € A T, 153 100% IR IR
1.5 FDAASHIHHEZFM H% 7 —RIIKE N FDAAs
Xf f AR B AE KR P, X% R BRIC 12 h 5 Bl R ODg,
B, & RSIREHS EFAML, MEEKERERT
guil2E = L (P> 0.05), UEH] T FDAAS [ % 4= 1 .
2 WEREBERMFRC AR

FDAAs X A- AR 8 ) 0 B 4T FRad, #0nT
LU 1 S5 9 25 R 0 ¥ 6 25 2 TR T T AT ARG
55— N AR AN LT 40 () TDL X 28 A8 T R AT b 25
TR N RES S, RS S A1 FDL X AEE
R B AR AT AR L, AT SEBLIL RS AR . i T
TDL B & 5 IO B, AURT ATE A4 4 A B (]
FREAZAE, X 41 M (0 6453475t mT DLk B fge b, PR AE Hp
JCAE B iz, FDL W JRCAE Ji5 7
21 BERHPEEMRICETWE 5o hiEw it
HEAT B bRc, B CRERET 75 /N B Y B8 5 3 b b 40
W o X434 FDL ORI TDL 3 ic i) Bz 8 B B e F 52
A LAE B, TDLFDL ¥ W] 75 £ Jig 0L Ji 38 240 11 % 25 S
PG & BRNE AL AL (OIS AL), 5 T B4 i K
JE 2N LU B m AR =, WK 3,

LC VA

Lactobacillus acidophilus (LA), Lactobacillus casei (LC) and \eillonella atypica (VA) marked by fluorescent D-amino-acids

(FDAAS). The arrow points to the peptidoglycan (PG) active site and the white box is the extended region. TDL: TAMRA-D-lysine; FDL:

Fluorescein-D-lysine
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LA-FDI LA-TDI
LC-Ca LC-FDL . LC-TDLI

o
3 /\ /\\\
|
10° 10* 10° 10 10¢ 107 10 107 10° 10*

FDL TDL
Figure 2 FDAAs labeling rate of LA, LC and VA. Con: Control

group

22 HEENEHRICETMNE NTHEMND ﬁma
IR DLAE AR s BN E bRl fEAR AN TR I 25 2R
AT T R RRIL L5, B e HE4T TDL Emaﬁa}éﬁ
BT FDL ARIc . B 4T DUE 2, 3Fh 45 I R 47
FIRRIC R R, B AR AL AL A S — 25 A R PG, T 4%
O IAACTER JG K A T PG. Wi B A bRid . TDL
Fric FDL #51c BA M2 TDL&FDL %6 J5 An i 1 3 Fh 2k 4
P EAT RN, T DA SE I S5 ) 43 B, SR B AT DA s
VEREAT 2 A TR T T A
23 HEEBEWNEFRICE TME /R RN w
BEAT XS EAR I S2 5, B B S E B TOL bric I i 5 75
B FDL HEAT 58 kb, 3R EU I8 8 FUEE, K5
JEoR T i v KN TERA — 0 2 A i, an ek (K
5A). FF i (K 5B). IR (K 5E) &5 Wk Bt £ T
PG & S8 JE I, BIAT €6 R Je A& i PG, 48 N
2 JE G B, BRI AT DA W7 R AS R 4 B ) AR K R
3, e Y 7E T A R A BB AT 4 24 (] 5ALC)
R 2215 AT 3 24100 (I 5H) . I8 W1 5% 31 — L 5 1)
PG & B A1 77 =X, Wil 5C. D 58 4 A1 I I PG & i

IG5 ; Pl 5B 7 B Ak Hh 3 5 JHL H — i F w0 [ B R AT
PG & H; & 5E MR #0A i;  5F TSN ity skt i3k
174 B P 5G| U AH 8] 1R 47 A5 R 2 B 4 B A SR,
BEBE R %2 il 41 B ) W B bR e AR B T SRS e AR B
R T AL I &85 5, 15 W 122 v AT 6 B T P S5
T A T 1 9 AR
24 MBEEBFDLARICE N FDLEE MR AIA
B AR B AR IC Ze, WOER T B £ bR 1 TR B AN AR I B
8] o Ad FH ¥ 4> 51 4 0.25.0.5.1. 2 11 3 mmol-L™ [
FDL X /)~ B 18 1 B 32EAT b ac 4 h, 0 B8 B 1 26 e it i
HEAT I ARG DU B, A B PRI B & ) bR 2R 4
56.53% + 0.68%. 68.73% + 3.17%. 84.63% + 1.00%.
85.33% + 2.03% F191.27% + 0.07% (n =3, x £5). Ff#H
Frac Wk 5 Tt R, B W BRI 5 5 I 3G 0, FDL bR
AR F . 23 mmol- LX) I AR I =]
PLIA #1] 91.27% + 0.07%, & A B 4 bric B9 /038 2 B
CL 48 2% 25 AR VA 1k B 78 A K o 40 72 P I AN K
D-Hfi 2 2 -

i FH ¥ B 8 3 mmol-L™ 1) FDL Xt/ B b id 1.2
4.6 F18 h J5 BUE W b #3047 i X A, AR ad F AR X
N 4.30% + 0.50%.67.73% *+ 1.14%.92.50% + 0.10%.
92.57% + 0.31% 194.33% + 0.15% (n = 3, x + 5). BE#H
B[R] S, B AR 5% e i BE B A e 2R B 1 i, (E e T4 h
Ji& P R K B[R] A 1 2R AR AN K, BRI S 8 A P SR B R
Ht 3 mmol-L* FDL %t i i B #Ebric 4 h.

3 AEMIBZEEGRRNIRLEEEMES

31 HETMEEBRHFEWLALC.VA E6ER
T & W AR JE s 0 1708 A7 55 N SR 1 LALLC,
VA, H A B R HARiC N ] 3 R 25 A W B e
TE5 2 IR RET bRl 2 1, WAk B &0 T:. A
F 3 W 40 B AR S bR i FDAAS J5 78 & &8 FE i B 97 3

MERGE

MERGE

Figure 3 Intestinal flora labeled by FDAAs. The arrow points to the PG active site. DIC: Differential interference contrast
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A j MERGE

MERGE]

FDL

Figure 4 Two-color labeling of probiotics. A: Sequential labeled bacteria by TDL and FDL. The arrow points to the PG active site and the
white box is the extended region. B: Flow cytometry of labeled bacteria

Figure 5 Sequential labeled intestinal flora. The arrow points to the PG active site and the white box is the extended region. A: Coccus; B:
Bacillus; A and C: Diaphragm division; C and D: Opposite sequence of PG synthesis; E: Vibrio; F: Synthesis of PG from the end point; G
and I: Synthesize PG in segments; H: Budding
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Figure 6 LA, LC, and VA survived after gavage. The white box is the extended region

TR 6~8 h, W G A4 O AR 10 2 A ARG By, T BL#%
HE B REH A N BRIC I 24 h 5 5 SR T DLRLEE 3 52615
S E 6w LU 3R AR R A AR K T N 1k
SRR, (H 2R A 5 5 A U LU R OR FRAR, #iRT e A2
TSN TR i P B R A IR A H e H A A 5

B 3 A AR S R G s 1 4R 5E, S 8 v 1 AR KA
BN .

32 LA.LC.VARERMERIEMEXTEE K 7B At
71N, X 3 ek A B AE B W R ) 7 EEREAT BRI, VA
i Eb i, 1A 1 9.21% + 1.23%, LC y 1.37% + 0.31%,
LA 4 3.60% + 0.35%. 11 7C frax, X i AL i S )G
TE 38 N A7 35 R AT LUBOR I, LA A7 75 R 1 1A
92.30% + 1.67%, 1 LC A1 VA 43 7] {75 84.13 % + 4.06%-
82.27% * 2.43%. [T VAZERE, B AEAR 1 um, #§
TE W 18 R 525 5 B T 0B R AR TR, BRI o B AR
i LC B A& 10~20 um 72 47, WK, Z Wi, S
BRAAYE 70 B, F IR AN A2, W5 HE AR A BAE S 288
i LA S, 555G R840 4l B AR oK/, HH A
SRl A BRI IoT, B AT RO IR 3G PR, WA R 1
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