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AT, FFEIRZR G AR S AE PR B s D i e b (1 T A7 4

T i AR T O SE R T B AL TR pPb-indigo-TAIFEEL. A2 2540 i ] %
FEAG S A o TR AR . A R AR T B TR 2 5 B G i B
FESLES 2 554 F 257 P(ID) 7 &&-Ma REFRAE I 2R (0.125-1uMD o BIF T8 S5 B IR Y T VL 38
7A G RIS 5 AN SR I KR, K FIAN 4 o i 4 i 1) i 4 T
W, FKKFES 10xLB 8973 3% LB R & o 2 TREH, % 4597 10 he (6 /HRE
PRI E BE MR (Aso) » FHFE W EMARIECEEES (Z9REE 0.125-1 uMD
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SPSS Statistics 26 #l1 GraphPad Prism 10 58 i G i+ 7041 Sz B 2204

GER: ARIRIRTE 0.125-1uM P11 FE v Bl ) 230 B G 57 -1 9 50 R, A o il 2
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Engineering Bacteria to “Draw” Lead in Water: Construction and Environmental

Validation of an Indigo Biosynthesis-Based Visual Biosensor for Pb(II)
Authors: Eric Luo, Zihan Yang
Abstract

Objective: This study aimed to enable high school students to independently construct a
whole-cell colorimetric biosensor based on Escherichia coli TOP10 for rapid visual detection
of Pb(Il) in surface water from urban parks and coastal seawater in Shenzhen, and to explore
the feasibility of synthetic biology in environmental monitoring practice,

Methods: The high school student researchers independently performed.all molecular biology
procedures, including extraction of the recombinant plasmid pPb-indigo-TA, preparation of
competent cells, and transformation. The biosensor was based on a Pb(Il)-responsive
promoter and an indigo synthesis reporter gene. A Pb(Il) dose-response standard curve
(0.125-1 uM) was established under laboratory conditions. The researchers personally
collected environmental water samples from five sites; including Honghu Park, Xiangmi Park,
and Daya Bay in Shenzhen. A simplified pretreatment using only medium-speed filter paper
filtration was adopted. The water samples - were.mixed with 10xLB medium at a certain ratio,
inoculated with the engineered bacteria, and induced for 10 h. Indigo-specific absorbance
(As20) was measured using a microplate reader. Spike recovery experiments (final
concentration 0.125-1uM) were.independently designed, and graphite furnace atomic
absorption spectrometry (GFAAS) was simultaneously used to detect Pb(I) in the
environmental water samples. Data were analyzed and plotted using SPSS Statistics 26 and
GraphPad Prism 10.

Results: The biosensor exhibited a good dose-response relationship within the Pb(II)
concentration‘range ‘of 0.125-1uM, with a standard curve R>=0.9771. The Ae2o readings of the
five environmental ‘water samples showed no significant difference from the blank control
(P>0.05),7and the qualitative results were below the limit of detection (<LOD), consistent
with GFAAS results (all <0.1pg/L). Spike recovery experiments showed that the biosensor
maintained a stable Pb(Il) dose-response relationship in both freshwater and seawater
matrices.

Conclusion: In this study, two high school students independently completed the core
experiments and constructed the whole-cell colorimetric biosensor TOP10/pPb-indigo-TA,
achieving visual detection of Pb(II) in water. The biosensor is simple to operate and low-cost,

suitable for on-site rapid screening of surface water. It exhibited a good dose-response
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relationship within 0.125-1uM (R?=0.9771), and its detection limit met the Class III water
requirement of GB 3838-2002. The Pb(Il) concentrations in water samples from five sampling
sites in Shenzhen were all far below the Class I water limit of the national standard, indicating
that the tested water quality is safe.

Keywords: whole-cell biosensor; Pb(II) detection; colorimetric reporter; _indigo;

environmental water
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1.5]

ot

ST R AR YL, 2 FAEM A R RA BRI, T 387 o SE bR A7 7E 1
NS MM LI & Y = S SO i/ I B o I /N T B 1 N ¥ AN/ 17 2 S = R N
N Tl P90 o JE AR 25 B DR Y i ot —— SR B AT H S B i K A, L2 At
REOAEIB R . ERER—ADRREIR, BRATA THRE: 4 (Pb) 2w
WA E4E, EHEREE, WA TP LE RN IEE K E0 .

AR, EEEE e S T B R . WEZRSHEAE, 2011-2022
SR A R HERCR R 155,242kg U820 B 20,456kg. SRT, AR AR 5 Ak v 5
FRIXIE, BR=AME 20 (el 80 4540 21 20 y), He FRgE I Ed, wa ™
BTG G B R HT KIS RBTRAT AR BIPR N SE i LA AR U T Kk 2
P G 1] A, 488 T 7K A R 4 e D B RS I T Bt i SE R, L) SR I S e A R
(IR A 25 AR ATI AN 25 A

HAT, KRR 7 v BRI SR P R TR ISOE S (GFAAS) Bl L
EHEETAETE (ICP-MS) o X ET7 i AR RS R AR, (ESC% I SR 4
PA T PR TRERRA . RS S A nAb R, BERERECK, DL S I PR T A
B RS Yo S SR ¥ 75 RO, PR, PR —FhfaifE . 25 45 R B IR AR
7%, BB ILSE R Y

FAE T —AKRERRZ B Be i IR T W B T, F o IR ar I
B AR ? G AR LR AL T AT RE A RSB —— 8 R K AT B SO . T
PR —FF, R B AR ) “Gm OB, BV RE S R AR I B
PO R . A X — ), FRATTE R SCHR I, A A A iR 220 B RS A )
T 20 AR VR BTG e FELLE 6 B A= A0k . Bk RIE S, HARARE. HE
i, S@EPERIND . TR (EedE indigo) . JoFR AN A= P ik 5%
BIHAEERVES, By L, Cupriavidus metallidurans CH34 T & 9 pMOL30 Ji
R EAFEATE FHE RS, L PR &EE BT MerR 28) fghs 7041151 Pb(I) FHBUE
Ppbr J& 21 T — X A FATR T8 AL [ AL 1 B AR

TR, EEIMET T, FATHWE T —MET KHH# E.coli TOP10 )4 4l Lt 4
A=A I %e TOP10/pPb-indigo-TA: FJH Pb(ID)M 5 2 £l T Ppbr 4% indigo & FipkHe
5, ¥ Pb(IDE 5 #46y 620nm Ab mT I & W ARG EE S . AT EIE LI =10
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UE'E “RER W R WA HEAAE ", BB B A TR R 2 REATEEE, %
Bl — A AR IR R A JRATH WA K, SR A4

2R 5 ik

2.1 Pk BORLS 17

6 X H: E.coli TOP10.

ik Jf BL: pPb-indigo-TA /& #% Cupriavidus metallidurans CH34. J# ¥k I 7 5t Hi
pMOL30 =75 S4B TPk AL BT AN Tas A% (Rl SO 4R 3 A o1 B LAY
BT RS % 2 11 PhrR AU T 1K Ppbr 5 31 F—— X FUS B 72 MerR K1 A
T —Fh, BERI PO 454, MR 2 Rk DR fsgt

MNAEHL: JFRLE A trxA-bfmo ZRAl A FE N . FIAMEILEH (TrxA) fENELE
LR E T R R INARE (bFMO)MI T, (2ib#edE (indigo) Ak, EPLLETE 115
RN PR AT I £ R AU,

RGP RE L 0 A F IR A M P (I 4 5 M B ECEE PorT W] B B g 4k
P(ID)E N AHAR . S8 0 A N 52 FR Po(ID I &, [RITAA R T Ppbr J3 8 TG B0E . 4F
SR AR AR P ZH R R SR TR IR R I S MerA K T B AR BEAE 7R 1K He (D& #
R 9 KA Heg(0), MR L VEFR MerR ZCR R % 82 PbrR X Hg(ID) B AE X B, - 3 4
(L ERE R

kbt AEHFHERIUEER (AmpR) , B {RIFURLAE K AT B g 25 b i e it
.

FEGG: R PO(NOs) (0#rgk, BlHi T, b o L-& iR (AP
FOEHE R LB BRIy (BERHEE) . B AR, NaCD

FHEE K BRI (Feyond-A300, 620nm yEK) ; fHIRZER: & B4R B Ol
i TIES.

2.2 BRI i KA

AT T GEINT D B PUAS 23 el AR R MBS AT KPR (IR 1A 1. 2)
I HF AR AR R EAT B X BOORE o BRI 4 SR A — e R JEE B RE S S 2% 1 Ja 7K
RISLSERE Lo F 51 R 7K ISR 28 BE B A M AR B A M 7K SRR AIE 22 St - 30 2 [l ) 7 D8 B A
T N Bl i BRI e K 52 MK SR B, KRR 4% & E R
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el K SEEAE L 2 el (R 7K AR A 3858 N AN KB ZAOR4ESF, BRI 45 05 30 Cln o Y #
A R B AT SR R PR AL AN A 5 S gt LR R

R 1 URYIT DY AN RAE 2 el 3 2 7K ) 7K P

AbE CHTAE X380 F KU
PR A PR K (CBHIXO A SR N TIRIHAL PG 445, Bl DL RIRFEIK
AEARMRAK CHREX) PARIRFEK AU ER « I JERN I L0y BRAT W AR S B 2

. T AR K BUK FU AN 58 F S SR A, i AR IR B K .

ey /N Y
LRI el R K e XD P E T RN
NA AR (R X0) KEEYNE R BT hOiiE, ARG . &R

BT 2 B R S R B 2 7 8 A IR SEn R

2.3 AR AR L IR

2.3.1 EAH R FR IS B AL

(—) JFURiFZE

SR FH 7 b P SO $ A 7] 45 B2 B 41 7 bE pPb-indigo-TA « WU 5 H A 5k H
WM, EMTEEATEER (100ug/mL) 1 LB A 7REH, F 37°C. 250rpm/min
W R R R S X HIRER R, B0 (12,000xg, 1min) WEBEATTE. %ERF&
Wi A P LS B ZEL R DNA, F-20°CHRA7 4 P

(=) RAZ ARG L 1) ) 2%

K H CaCla f4 55l 4 KA o B2 S 4l . HX-80°C HH i R 1T E B Ak (E. coli
TOP10) RIZEFNT LB Bt (AEHAER) , 37°CE IR R H PRI R v B
FiF SmL LB Wik 953K, 37°C. 250rpm/min $& 3% 35 7R3 B . % 1:100 LB 45 8 =
S0mL Hrff LB ¥ 95k, k45595 % ODeoo 1A 0.4-0.6 BRI o B HERIKIS
10-15min &, F 4°C. 4,000rpm/min 250> 10min Y F 4. 35 B, HBA K 0.1mol/L



CaClL IR B B AA, UK 30min J5 RO . RAHEE TR CaCLiniR R H
R, 3N 100pL/, UK FEE & R BB B TR0,

(=) R AR 55 0 14 5 o i ik

HX 50uL Topl0 EAZA40ML, IANZ) 1-2uL 4tk i ki DNA (& 50-100ng) , AW
TRAT, VK 30min. B 5 T 42°CKIB#G# 90s, RIEFLH 2K ¥ A 2-5Smin, ¢ 4
N ImL ANEFA RN LB AR :%E, T 37°C. 200rpm/min %% & 75 555% 60min.
HHER)E, HEWT 3,000rpm/min 550 2min, FEEKE> BiE, B4 100uL 5755
FEREATUE, WARATEETEER (100pg/mL) ¥ LB BARFH . FFRTsE
SRS BB TR, T 37°CIEIRE IR 16h, BIR[3kA KA B bR wEyER TR,

2.3.2 Po(I)Fl 5 — M Jo7 i 28 44) 4

WA HHZ 1% %2 ImM B R IIHTEE LB 1 7R3, —A5MEE I Po(Il) (£
W 0. 0.125. 025, 0.5, IuM) , 37°C. 150rpm %5 5 10h. %% 5 J5 HL 100uL
OD600, 4 900uL 2.0y To/K ZEERES . DMSO #EHL indigo, I Aexl®e EEANUKEE 3
ANEYFEE . MR SE RN E P A AR 7R — i 5 2k .

2.3.3 NI K FER I A2

(=) X ERER ]

KA KR4 T 1 A PR A8 T 0 S5 TR 7 IRBOB B (GFAAS) X Po(I) & & i
TR, SRR RN T 0.1pug/L, RIS G H PR

(=) IR

SLIHT— H, M LB AR _EBRE#EAT pPb-indigo-TA AL TOP10 BB, #fhT
TRFEFEER (Sopgml) 1 LB AL FAY, T 37 °C. 250rpm/min £ R I & 85 77
2y 12h,AF P A o

FCH10<LB B (& 50g/L BERFREUY . 100g/L 25 . 100g/L NaCl, H4h7e
10mmol/L L- & B Afc I & i) , @iz KEG & M. BBk CREA
FINH I A FEAR. EELAE A AR K SRR T8I
—HERCRSE, FEHIEAUEATIEIE, DAEBR BRI .

B SRR AR ER s AN R SOk R aE Eﬁ%uﬁnozzum TERS L e A TR T 3, FRATT
IKFEACE A e AT 2 YOS B8 G, ah B T a2 se eI, X 7R L BRKFE R R



BRI S0 8 S L T-Poan i AL K el S N A, PREE 138 2 RIR S i, Ay
FHHIZHEME (B3 .

Kl 3 BB KRR IEK S
(=) FEaINbs 51 35597

W R 5 IR KR 5 I T &R FE R I10<LB % 9:1 LR A QKA & i
BONHEIKTEH K 10xLB =5:4:1) , RABILEAEI 1% NS BOERIF T . 75>
WIEIRS)JE 3355 15mL 08 F, FEImL (HE—% 2mL A FRERE S .

A& 2mL 3% 92001 250 SO 20uL 0.1mM Pb(NOs), bRAEVE R, Bl J5 S —
5B FE R R A R R R R 56 04 0.125. 0.25. 0.5, 1uM (F& 5 MR EERAE,
7 U0 R R 45 SRR AL B RZOK R R I 45 5 o T 37 °C. 150rpm R IK 15 3 15
F 10,

QUPEER=I =45} ¢/

LA, FFE L 100ul IR A 96 FLAR, A FH B AR & ODgoo LA M B
IRAERRZS o A A2 49,9000l H 2 12,000xg 250 2min, /NOFFEE B, I 500uL &
IK O BRI DT, FREO G E B (KD o BIGMA 200pL — FEETE
B CDMSO) , 7S BT S LR IGEE W, 2500 J5 B 100pL _EIR R 28T 96 LB,
T 620nm U KA SEHUB N E A PhEATERES W E =AML A FESE, ¥
SRR 4.
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4 IR KRR DU AURE A 13 o S B 4R S 4R
2.4 W LRI RS o b

AW 58 B 23 4 4 ) IBM SPSS Statistics 26 K58 /%, K% GraphPad Prism 1042
W, BT bR EE (brdE2E, n>3) B, X RALAE LB SR ¢ #3875
TN ZHBE 2 A 2R, SR Z 5 (ANOVA) , P<0.05%K5A 4it

7

3.4R 5’

3.1 R I AR

AAL B TAENLHI A ETC PN, PbrR —BAALE & T Ppbr B3I T X5, 0
#] trxA-bfmo #35%, indigo A& K. X4 Pb(IDHEALIM)E, 5 PoiR 454, SR,
fRBREGSANS], 3 3h R R RIE . RIEW TrxA-Bfmo LA L- & NI AL AE
%5 £ indigo (%03 BRI KA 620nm) 101, A (&g 1 TAENLEI LI 5. %
J&7R T JE T PbrR—Ppbr i 456 H 3£ 8 4 PorT 5 i 9 MerA [ B M 5 388 4% [1] 2%
REER ORI, A0 5 IR AR Po(L) 4y 7 M SR BGEE PorT {3k 4 P
R, B M P A Po(LD) R, AT JBOKR Ppbr Ji5 86 T I # S E 5 5 o R AR
PR B PN 2H OB IR R K L R MerA K T RE A B A7 7E ¥ Hg(ID) L £ M58 5
NFERME Hg(0), MBS THER MerR %1% 8 1 PbrR % Hg(ID) [958 S, 8 4o i BH
PSS . oL 7E T Po(IDIF, PbrR — BAKLE & T Ppbr J5 5 1 X 404 T i
F3%; PN NI 5 PorR FE S tE4E &, 15 FHM G BN IFERRING], BIE trxd-
bfino il & FERRIL . GREIEEH (TrxA) FREREERBINAN (bFMO) )R] ¥k
Fik, bFMO VL L- e NP A: il (ot s e i (indigo) , =& 5 Pb(Dik
JEEAHDS, APIEIE-620 nm AL IESE (Aso) SEHLE AT .
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%1 TnaA TreA-bFMO s+ Oxidation -
T =5 iy e { N

L-tryptophan *

Kl 5 41 A &k &8 — 4531747 pPb-indigo-TA JiURL ) TOP10 4 8RS HYES 17 £ U5 (015 5 AL

3.2 Pb(I0)F) & — M 7 il 28
WK 6 frr, K7ESLI A AERFE N IR 0.125. 0.25+ 0.5+ 1uM A [A] Pb(ID) %}
M Aezo Bl AE L IS 15 RIFRHEH ZE, R>=0.9771.

2.5+
-
20
o 1.5 ®
8 |
<, 1.0 ?
Y=0.1878+3.758"X-1.704"X>
054 e R?=0.9771
0.0 T T 1

00 02 04 06 08 10 12
Pb(ll) (uM)

P 6 S = I TR IR T AR R b of it 28 S UL 45 T3 R
3.3 SEPRARASIIN G R S AR R (A Joit 1) A% Sk e R B

#|F TOP10/pPb-indigo-TA fZ KA 5 (B /KFESEAT AR, AFHRERYITH 4 ST
O Dl SR AKFERT 1 AN KT i KRE A iatf LI 7
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o ( /B e} @
% o——

1 fmmmo % =
] TrxA-bFMO 7 Oxidation
e — o N

Step 1.
Sample eollection -

Bl 7 5EKRE PoID) bL A I AR R s =
LRSS RANZE 2 B . FrAFES ) Aco BEEUN 5 E B TCEEZR (p>0.05) ,
RPNIEART TR FAE T, Topy S PRk RS8R 7 AR B B 1 Po(INMi 5, e Pb(IDK 5
RFALRESRNIR (8 o RS A EPET RGO (GFAAS) HIKINZS
=, A 12 AR R F SRR AR TR R TR, R R HBERIK T P(ID) Bk
i B SR AEN Y, 2 A TR Y

R 2 RN LA RAE KRR A A% A 5 GFAAS BlE45 R

/) —+

FEmas | SRR | ARRTL | R b GFAAfﬁffé”
KEE A LA A [l ik K K (<LOD) <0.1
KFEB | BEAW. | JEK R (<LOD) o1
KFEC | mihAF | EK FR (<LOD) o1
KFED NAA HiZR K A (<LOD) <0.1
K E K K Kk H (<LOD) <0.1
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<

10 |® 0.0 0 1.0 1.0 o
<

| 0. 03 Lo 1.0 0 0

12 | S ELF- Lo L0 Lo 1 1
ity =

13 | & 0.01 0.01 0.01 0.02 0.02

14 | 0.0 0.05 0.05 0.1 0.1

15 | & 0.00005 |0.00005 |0.0001 |0.001 0.001

16 | &5 0. 001 0.005 0. 005 0.005 0.01

17 | s |om 0.05 0.05 0.05 0.1

18 | & 0.01 0.0l 0.05 0.0 0

19 | Wik 0. 005 0.05 0.2 0.2 0.2
=

20 | Ekm 0. 002 0.002 0. 005 0,01 0.1
<

21 | A 0,05 0,05 0.05 0.5 107
S

20 |BITRE |o.2 0.2 0.2 0.3 0
EHER < ;

21 | skt 0. 05 0.1 0.2 0.5 1.0
=

K 8 GB 3838—2002 (HR/KIELFREARAE) e H G| R IRE 7k
N T R AL AR AE SE bR B P BRI, AR SCRL BT R AR B TR BEAE IR 156 . R
P S 45 AN W, A8 AT E SRR A A0 B A% SR O A I Po(ID A s B -2
BT indigo o3 (K1 9) , RIMNAHEHBMEZRLR (B 10)  HRIFEKEREH
BRI T SN TR B A A S R B R 0 Rk 2 15 i U I N T A B AR, HA
[l KA AE I i e A BEAE B FHUBRARIK Z S (0.125pMD AR HIE S, R izfE
AR GERIAZ O SR R S PR T30, e AS e PR Sl PR LB mT 5 .

S 3 - = =V . — ———

B9 B KPR IAREE IR G B (1) SHEEEIRBOR CA51D BOUR B — 25 AR RIK
A, B. C. D\ B)
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KEEA

IKFEB
2.5+
JKFEC ;
2.0
JKFED /
T 8
o 1.5 . JKKE g 5
8 ke 1 & I
< 104 s = —1
T
0.5 -
OO VI;/ T T T T
0 0.125 0.25 0.5 1
Pb(ll) (uM)
IKFFA KB IKEEC TKFED KHE
0 00513 00534 00563 00428  0.0430 00446 00431 00475 00442 00425 00446 00429 00509  0.0495
0.125 0.3603 0352 03556 04372 04853 06136 02763 03514 02071 05272 06134 05209 05226 05642
0.25 04965 05548 05051 09798  0.8294 09213  0.6909  0.6142 0732 15081  1.1207"» 1.2021  1.0326  1.2125
05 08837 09816 07496 12523 13523 12584 10444  1.1497 13203 16667 13458/ (16876 14276  1.2988
1 12704  1.3387 09253  1.5338  1.6654 1619 1.6064  1.7541  1.8941 21541 {5741 ~ 1.9911  1.9732  1.6377

P 10 T AN FREE KR [ 546 S50 RIZE A [F) (IR T 1 Ao Wil

B, ASHT ST ) Po(IDE R A% L JT A PbrR-Ppbr 5 Skl T LR KA ST
MR, T R R R R B A AR ET FE R RL AR TIE )G IR T A A i
EASREOR, 22D HREAT BRI & o RN SR PorT .
R S 1 2 B AR R MerA 5 it i 2 €0 [0 % 48 5 2 i) BTKL pPb-indigo-TA 15 [ £x5 B
Gy A M R DL /oK, L B A AR AT AL BT 56, NSRRI, &
RFEPEOR B RIRAKARIE DL T8 BRI  AREK 2 RS A AL S MR A . bR sege, SR
GFAAS AR T AT EEX, AR 45 SR BR = A1 X R K IR TS Bet DL EAT VA, SE R
SEEB0 2 43 AL B LSBT K AR R I0NE, Dy T /D AR R ERAE A AT 2 I3 T AL O
BRATITITR.

mlb '3%

3.4.1 45k

MEAITE B TAE G T TR AL, BRSO R AR, FE AR
AL A TE . AN AVATE R RS R, ARBEFETE T — IR NI = B F S R )
TEERPEIREC

ASHIF T BT 4 40 D BL 2 A W4 S 2% TOP10/pPb-indigo-TA &I S2Hl /K 44 Fh Pb(II)
R ARA R . 7ESR50 ARAEL RS s AR AR XT T 0.125-1uM BT S T & &
S IEWFIE -V K R (R=0.9771) , FEFE Po(ID)RE TS, TR B ™ A 1 5 05 1
Z, WHRE I, ST T CHEDNE AT MEWE S . HA IR CIA ]
GB3838—2002 (M1ZR/KIAEL S AhnitE) Pl =K B9 EK, W] I 2 P i A F =
ST =TI,

15

=1

A

0.0569
0.4948
1.1204
1.3629
2.0411



T FLAREREE AKRE U 23 T 2 el 2R 7K B K0 Vs VA 7K D PR ARG 25 SR 350l A At
(<LOD) , 5 GFAAS T PAT 5L M4 B IF— 5. &8 5 BT & ATV M Po(IL)ik
FERE _EFAR T IR AR bR UERRAE (B 10pg/L B2 48.3nM) o iX— “PIPESE R A
BIRE I MES S, ROTE LFENE T IRYITY 2 2k = fid &5 =R AL S 35
S5 BT HLASH ) S5 A

TERRAE 2T, FRRLPEHL . JBSZASHI % B0 IRE DL R br v i 2R A 2 . oKFF Kb 2
IARBETE SPSS A Gi T R JE T A% O SE BN ES, B4 b A B OB IE TS, BTR
FH B0 i AL B B R AR N (47 B BB AR I 98 CORE A 400 ) — X FEBEAR B T 5K
FERELSEZH BORAS B 30T pa A R A N B ) ST s P B 2% A

342 @

AHEFARKY, & RAED AL T H P T Bi S, i s 2R mr A
PRTSEERM TR RAAUM LS =AT5 A ket ik

o, iR CEET REE. IUA T DUE TR IR = SOK 2R, (HK
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