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Oral engineered microbial biosensor for in vivo ionizing
radiation detection
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(Academy of Military Medical Sciences, Academy of Military Sciences, Beijing 100850, China)

Abstract: Current physical and chemical dosimeters are limited in that they cannot directly measure the
biological effects of radiation or detect it within the body. Biosensors based on engineered probiotics demonstrate
high stability and safety, can be used to detect ionizing radiation in vivo. In this study, an oral engineered microbial
sensor for ionizing radiation detection has been developed. The Escherichia coli Nissle 1917 (EcN) was selected as
the chassis strain. Using CRISPR/Cas9 gene-editing technology, the cryptic plasmids of EcN were successfully
removed to yield the chassis strain AEcN. To design a radiation-responsive gene circuit, the rec4 promoter from the
SOS response pathway was utilized as the radiation response element, while a fluorescent protein served as the
reporter element. This system was designed to be induced by mitomycin C and y-rays. The performance of
engineered bacteria with various gene circuits was characterized and optimized, resulting in the selection of
improved candidate strains. Animal experiments were approved by the Ethics Committee of Academy of Military
Medical Sciences and the experiments were conducted in accordance with relevant guidelines and regulations
(approval number: IACUC-DWZX-2022-521). After comparing the in vivo radiation detection capabilities of these
strains, the EC-8, which exhibited higher sensitivity, was identified as the final oral microbial sensor. This research
applies synthetic biology principles to design and engineer a probiotic capable of detecting ionizing radiation
within the body. The findings offer a novel method for in vivo ionizing radiation detection and lay the foundation
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for the development of live biotherapeutics for the precise diagnosis of radiation damage.

Key words: ionizing radiation; engineered probiotic; Escherichia coli Nissle 1917; microbial whole-cell

biosensor; live biotherapeutic product
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Table 1 Plasmids and strains used in this study

HEAT (#LHES: IACUC-DWZX-2022-521).

BRALSME  AREFE P R Bk S g T
W 1,

14 AW IR S AR 2. A
ToRERR UL, BTAE T 5 0 R BE 12029 10 pmol L. A
SO B B  Z R e MER (GENEWIZ) AR
HIRAFE .

R RZSEEAGIE U7 90 1w ,
RIZEHEM T LB b, #7503 K S PR 1 7%, 3
BT 30 mL ¥ LB K 74 55 75 Bk of 7% 3 55 9% B W06 B2
(OD,,) 11X %] 0.3~0.5 2 A, TyK L& E 10 minJ5, T
4°C.4 000 xg B5.L» 10 min, % E3F, A 20 mL oK i
7 1) 10% o B H I s v B A4 3 4K, BN 1~2 mL
UK BT F) 10% 6 B H s iR e R R AR, R

Name Category Source
pEcCas Plasmid Miaoling Biology Co., Ltd.
pEcgRNA Miaoling Biology Co., Ltd.
pT7-stGFP Miaoling Biology Co., Ltd.
psfGFP Laboratory preserved
pEC-PrecA-eGFP Laboratory preserved
pEC-PrecA-sfGFP This study
pJ23119-EcNBOX-sfGFP This study
pJ23119-SOSBOX-sfGFP This study
DH5a Strain Beijing Biomed Gene technology Co., Ltd.
E. coli Nissle 1917 Donated by Prof. Liu Gang
AEcN This study
EC-5 This study
EC-6 This study
EC-7 This study
EC-8 This study
EC-9 This study

Table 2 Primers used in this study

Name

Sequence (5'-3")

pMUT1-check-F
pMUT1-check-R

AAACTTCCTTCAGGGCTCGGGGAT
AGATTTCATTTAGCCTGCCGCTCG

Muta7 GACCAAGCGATAACCGGATG

Muta8 GTGAGATGATGGCCACGATT

MUT2-sg2-F TAGTATCCCCGAGCCCTGAAGGAA
MUT2-sg2-R AAACTTCCTTCAGGGCTCGGGGAT

RelB-F GCTCTAGACCTGATTATCCAAGGCTCCCAG

pMUT2-RelB-R
His_sfGFP_Kpnl
sfGFP_HindIII
SOSBOX_EcN_L

GGGGTACCATGGGCAGCAGCCATCATCAT
GCCGCAAGCTTTTATTTGTAGAGCTCAT

TAAGAAGGAGAGGTAC
SOSBOX_EcN_S

AGCTGTCAAAT
SOSBOX0 L

AAGAAGGAGAGGTAC
SOSBOXO0_S

GCTGTCAAAT
No_SOSBOX L

No_SOSBOX R

CCAAGCTTTTATAGCTCATCCAGTGACACCTTTACGCC

CGATTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCTACTGTATGAGCATACAGTAACTAGTTTTGTTTAACTT

CTCTCCTTCTTAAAGTTAAACAAAACTAGTTACTGTATGCTCATACAGTAGCTAGCATTATACCTAGGACTGAGCT

CGATTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCTACTGTATATATATACAGTAACTAGTTTTGTTTAACTTT

CTCTCCTTCTTAAAGTTAAACAAAACTAGTTACTGTATATATATACAGTAGCTAGCATTATACCTAGGACTGAGCTA

CGATTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCACTAGTTTTGTTTAACTTTAAGAAGGAGAGGTAC
CTCTCCTTCTTAAAGTTAAACAAAACTAGTGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAAT
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1.5 mL &5 08 1, B4 70 25 100 pL, T -80 °Cuk 4
17 .

MHE AL KA E T UK B4, A
100 pL HLAE AL 2 25 20 B, Bl JS NN 1~ 5 pl Bk, T
VK F#E 10 min, B 5 X E WK N2 500 V, HE R
25 uF, HIFH A 200 QAT A . B4k 58 U 1 HL iR
F R TR RS A 2 C N 1.5 mL B0, AN 0.5 mL 1)
T 37 °CKI AR 1) LB AR 1 772 2 R 5 55 9% 1.5 he
URAT TR B PUIE  LB AR P4, 37 °CHE 7 48 h 31 &
K716 h.

PRRLRALA PR 278 ORI AT EcN Bk o kL
FRRE23, 4% Escherichia coli Nissle 1917 (EcN) fH,
AL RS2 45, 5 pEcCas i ki ds N EcN H, PhEH 73 e 4
BB I% NN FE S 10 mmol- L ) 5L 254815 5 Cas9
Fik. FIH CRISPOR 7E I 5 [A X 3k 4% 2 A1 ¥ 11 20 bp
Y H.5E 7] 5 RNA (single-guide RNA, sgRNA) /7 %P4,
T B [ 5 b BRI BTRE pMUT 1/pMUT?2 () sgRNA J7
B, 51 WA B FE IR KL R 1L 159 1] sgRNA 7 51,
J# 1T Bsal fi§ 1] - Zymoclean™ Gel DNA Recovery Kit i
[ i FT T4 DNA % 42 i 3% 32 B pEcgRNA # 4k |, ¥
P pEcgRNA Jii i — 54K &2 EcN, ¥R 0 Ja Pk B 5
B AT PCR G UE, 15 21 Boobh UKL R bR B bk . T34 B 15
T PR B RD T AE S B AT RE (5 g L) B9 LB AR ES R 35 JF
WTSHEERE (5 gL MEERE (10 L") K LBFIR
I, 15 S 31T pEcCas Fl1 pEcgRNA )15 B, S &3R5
JRL R Ak AECN

AECN FIEFEBIIGE X% AEcN AT H 1555 7%, DA
AECN B ¥ B AR i PCR K 4% R H K 36 31E pMUT
5 pMUT2. HUAECN B 43 A i AT T 6t LB [E 44
B, & 40 pg-mL ' B B2 < 85 2= 1 LB B4 FIR 5 &
60 pg-mL™" %5 = 1 LB [# /& 7 b, 85 3% 5 % uF
CRISPR/Cas9 Jii #i [1) 5 B« &% Jid % AECN HEAT Jit #i 2
EORI A T HL UK SR AIE

EREEIE R TIREMME % AECN HLH 1%
2 A, % pEC-PrecA-eGFP HL 3 b N\ AEcN 1, 75
F EC-5; LL Jfi KL pT7-sfGFP Ny £ 4% #F 17 PCR, i it
DNA 4lift, \KpnI-HF f HindIT1I-HF X 1) Al T4 3% 5% 5
it pEC-PrecA-egfp i KL [ egfp F Bt, 15 £ pEC-PrecA-
sfGFP. )5 ki Hi % N\ AEcN H1, iy 44 A EC-6. 43 A{E
F 51 % SOSBOX EcN L/SOSBOX EcN S 5 3| #
SOSBOX0 L/SOSBOX0 S #E1TiE ‘k 5kmtk, 15515
B 764+ pJ23119-EcNBOX Jv Bt Al pJ23119-SOSBOX Jv
Bt J@3d Kpnl-HF 1 Clal XU ) i [B1ORT T4 % 354
PN 5 B 6 43 3l 38 N psfGFP 5 ki h , £33 pJ23119-
EcNBOX-sfGFP 1 pJ23119-SOSBOX-sfGFP. ¥4 % 4

Joi R il e B Al 1) J7 U N AECN, 43 2 EC-7
EC-8.

FEIEEE A& M EEEM  FEH) 1 mgmL!
K22 345 & C (mitomycin C, MMC) 7K & R BER, 1@ i
10 5 7 B 1 7 3049 2 S &K % 4 10'.10°. 107,107,
10 pg-mL" KWW . 73 7 B EC-5/6/7/8 34T 4 14
IR, BUYT 0 8 5% A (R0, PAAS 5 FURE ) AECN
control ZH . HX 200 pL B ¥ AN 96 FLAR 1, B AN IR FE A
JE12 4L, T 37 °CHE R, BB A FI ) fi i £
Ty e Bl s SRS WU 24 D't 93 55 OD g M, AU 58 ' N UK
BTy 485 nm, KPS 535 nm, BRI T 4R
RS so THEAHXT SO GIRE: AN POGERIE = e
#{H (relative fluorescence unit, RFU) / OD,y,0

THEEXAREEMENE MWEC-5/6/7/8 THH
WRBEAT R 9%, Bi R IE A 107 pgmL ' 228 K C i
F4hE, AT EHE GRS 2 ul, WA+
B b, JFd by, BETIHRERME T, T
Wi 5 g (R 6 R o0 SR, IF B B AECN AE N [

TEERBImAMERERNKRN I EC-65EC-8it
ITH 1R IR, B B 55 97 5 10 R R 20 2%, R B VRS 4y
B 7, B % 3 mL EW, 4 AR R 0.10.204.30,
40.50.60 Gy, & & 7 & % N 467.36 cGy min™. %7 &
JE N BB 42,335 K 96 FLAR H, B AR HEBS FE N 12 4
FL, BAFLIY N 200 pL B . HUA TR AECN AE
BRI . F 0B T 96 FLARER BT 37 °CRE IR
AT S, B AN FI 8] ST OD 8 5 9 LR g
(RS

FAiBREFEFTIEESHBREERGEN  H
5% No_SOSBOX L 5 No SOSBOX_S #47iE k 5k
B A, A1 F EC-7 #4) g 15 21 1) 1 ZR 4044, E4T T4 &%
F£49 3 pJ23119-sfGFP, fif A B %% 1k (1) 75 7% % N\ AEcN
W, A4 N EC-9. FIERE IR EC-9, HUEC-9 B 100 mL,
HEOJEM A 10 mL LB R FREES, NRER (FH
200 pL). 4l BOHE E AT W HEE JE RIS, DAJCHEE 5 2.
4.6.8.10.12.24.48 h 1] /)N iR 1oy 4 27 G AR AR AR
M5 o TG AR BB ARG E DN 0.1 s, SR BE R
465 nm, K 5G9 540 nm. JCEEREE S 0.2.4.6.
8.10.12.24 h B/ B (H, TR BURAOC T W5, il
I VE R AR AR A AniView %143 ROTIX i 545 57
B .

INRERBRT R HLCST/NR, BENLIEAT 4, SN
AEcN A3 2  ABcN #8 i 4H L EC-6 R 58 [ 4H . EC-6
HEIBZH EC-8 RARMB M EC-8 4R IR, A3 R, 4T
AH N B 200 ul. 55 HEZLEEE 0.5 h G BRERHEAT /N R
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I R, FFIE N 12 Gy, FIE %N 72.24 ¢Gy'min™s
HoAth 3 LHABATHR

THRORMBEREERQN IEB/ESH
(/N B A AT WS A UG 52 . BUEE 15 )5 10 h i) /)
R AT 22K, BE S F S pom G I JE AR AT I O
I UEJE 4 000 xg 5 min B0, B0 5 4 1 mL JE T
i 5 2% v EE R, KRR I ON 2 5 TR 96 FLAR H, A
F 2 Ty G B A A3 2 BRI 5 vk 04T 9% D6 58 5 A 0D,
{IERIRE RIS

it F a4t SR SPSS 16.0 #4F if f N & Ty
ZE Y TR R AT Ge it S A0 W . SEES B DA B AR
HEZ (x +5) Ko LLERLLIE 2 5%, P < 0.05 KR A &
EMER.

HR
1 REENMRK

B4R 7Y BeN & 2 /N Baoph i k™, S S0 i A%
32 BB . 3R R EoN 3 B TR Ak 2%, @ it
CRISPR-Cas9 5 [K] 4 48 £ AR bR 1 H A1 19 2 AN B ik o
K pMUT1 A pMUT2, 43 2§35 18 4% ¥ 6 Jii FE AECN
P, PCR 45 L\ JiRL 2 B 45 S Pi 1t 56 ik 45 SR 3570 B 24
BB RS A AT R (B 1)

A M 1 2 3 4 C M 1 2

oo
[

ht 6000 bp —>

- 5000 bp —>

500 bp - 3000 bp —»

o 2000 bp —»
250 bp e
100 bp ES

Figure 1
tion of pMUT1 and pMUT?2 (lane 1 is pMUT1 PCR result of wild
type (WT); lane 2 is pMUT1 PCR result of AEcN; lane 3 is
pMUT?2 PCR result of WT; lane 4 is pMUT2 PCR result of AEcN);

B: Resistance verification of AEcN (from left to right, non-antibi-

The cryptic plasmids curing results. A: PCR verifica-

otic plate, streptomycin plate, and kanamycin plate, respectively);
C: Nucleic acid electrophoresis of the extracted plasmids (lane 1 is

plasmid extraction of WT; lane 2 is plasmid extraction of AEcN)

2 N[E Tt R B 4R S R R B ] 4k R A M 1 RE Y
Al

FEIR 2 % 2 TR W AR YR RE M 0. AR BIPERE
B (1 2 DR 2 e, AR HIE 9T 0 T A A T A S Bl

BEAT I IE (B2). T MMC AJ {840 i (¥) DNA fi# 2 51
i DNA 451477, 5 F 85 6 565 51 62 ¥ DNA 553403 2807 26 4,
Tiii MMC Ak 35 441 13 H LE T A 85 % 5T 4 B2 58 0 3] 468 55
AT, DR ok 5 PR R 6 9 20 AT A7 ik R P MIMIC b AR
B F B S TR, DU R PN R,

— T

Basic > Optimized \1
radiation-responsive |J Screening radiation-responsive [/

; y ———— ; |
\\plasmld ;/} , !)lasmld {/; y
J J
e S

]_

Main gene elements of radiation-responsive plasmid
Figure 2 Schematic diagram of the ionizing radiation-responsive

circuit design

e, KR O R R HEAT TR, 1B BRI A N
£k Y6 B [ eGFP (EC-5) fl sfGFP (EC-6), i@ it T.7%
B 5 S 7 A 0 5 A 5 A K e B R AT LU R R 0 3
PR AR AT TR A, 36 R 45 A R AR R
S A W L SR AR AT 5 B VP o BC-5 198 6 9 5 55,
et R 2%, 7/E MMC 5 S BE KT 1 pg-mL ' i), EC-5
5GBS & B, REUE % (B 3A). EC-6 53
S 1) 5 s 5 I [ 39 5, A £ TR BSR4 2 £
FE AT WP, H EC-6 B B AR wiE, £ 10° &
10" ugmL" X ] N 2 I R 4F 41 58 & (B 3B). 4
MMC 5| & i K, EC-6 5% i I R A8 7, 7] B A
FRIEYS KR, FEUEETRL ST E@6h/E,
EC-5 % SULI 7 AN RA R AT £ 7 HEMKT
X BB ZH, T EC-6 M S % AR U, fE MMC K 2
107 pg-mL" i, EC-6 BRI 7™ A2 2 25 (1) 58 %, £ MMC ik
FE 10" pg-mL I 268 sy (B13C). FEARVE T,
EC-6 [ e B 5 control L A4H tL B 5 ¥l B 2 7, 4
TP BEAFAE DO R (IR 5 R IE . /£ MMC K N
107 ug-mL" I, EC-6 1) 5 5t Wi B 5 FE ikt 2 3 15 T EC-
5, EC-6 5 EC-5 AH Lt 44 1y i )97 5% FE 15 21 1 B B 42
F+ (B 3D). I, sfGFP 5 eGFP HA H 5k 115 5 F
L o S 8 g, B3 G AR B A

B J5 5 BhoeF AT % . ASHIE 7 F 1K SOS &
BN TCAT AT 53 N 3AN X3, 3 N B R A A L
& (ribosome binding site, RBS). FH & {7 1 SOSBOX.
EC-6 1A ) yo i 3 /N X 435 EcN J5 [ recA JA 2T
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Figure 3  Fluorescence intensity of EC-5 and EC-6 harboring different report elements under different conditions relative fluorescence

intensity of EC-5 (A) and EC-6 (B) under different mitomycin C (MMC) concentrations at different recovery time. Relative fluorescence

intensity of EC-5 and EC-6 under different MMC concentrations after 6 h recovery (C) and their comparison (D). n =12, x+s. P < 0.001

Xk K AR, AR FER E EC-7 ¥ KRR B T B 4l
YRR A58 JE BT Py, EC-8 44 5 81 \RBS BB 54
53 5 B ¥ P, T7T-RBS AL [ SOSBOX. SOSBOX
& SOS M B [ B oA, O A WF 78 3% B B 6 SOSBOX
HEAT N L ¥, AT $2 T+ SOS mi 3 i o fEC7 . EC-6 Al
EC-7 () SOSBOX Jt {4 A EcN J& 4 [f] EENBOX, EC-8
M 22 SCERP Tk 200 N Tt SOSBOX .

f# i MMC %} EC-6EC-7 fll EC-8 #4715 S, 16l
3 AR M PERE LI E SR R B Fl Bk . FER @2 h
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