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Abstract: Cell-free biosensing systems that perform signal reporting at the RNA level feature a sim-
ple system architecture and rapid response. However, the poor stability and susceptibility to degrada-
tion of RNA limit their application in complex environmental samples. This study proposes a novel
cell-free biosensing strategy based on a paradigm shift of the signal carrier. By introducing the T7
RNA polymerase mutant QMF-M6, which efficiently utilizes dNTPs to synthesize single-stranded
DNA, into a transcription regulation system centered on an allosteric transcription factor (aTF), we
achieved the transition from an RNA signal carrier to a stable DNA reporter molecule, thereby signifi-
cantly enhancing the robustness and anti-interference capability of the biosensing system. Experimen-
tal results demonstrate that this platform exhibits excellent detection performance for tetracycline and
copper ions, with limits of detection reaching 0. 62 pmol/L. and 26 nmol/L., respectively, and shows
good applicability in spiked recovery tests for copper ions in environmental water samples. In summa-
ry, this study proposes a DNA signal output strategy to overcome the instability of reporter systems,
providing a feasible technical pathway for developing robust cell-free biosensing systems suitable for
applications such as on-site monitoring and point-of-care testing.
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Fig. 1 Schematic diagram of the T7 RNAP mutant-based biosensing system
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1.1 FE5iAH

AR S (WH3,  EHFP VIS ) . R BRIRZ 748 (ZQZY-BS, FUELEE), B
W 20 MK TR HL (01C429, 2 W), pH it (Five Easy Plus, MEAF¥I-FLHI L), B KGR S
(Azure300, Azure Biosystems) , HEH HUKEE (Mini protein tetra system, Bio—Rad), & &AL (H4-
20KR, B RANER) , SRS OB EE T (Nano-300, BUMBLRAE AR 2w, A0 A% £ Dh e R bRAX
(Cytation 5, 3£ BioTek),

FABEF (Kana) . 5P EEGL AR (IPTG) . SALEN (NaCl) . =FEFE B BEHI B (Tris) . WKk
(Imidazole) . BRFHBERE (DTT) YW TBTH T (L) 5 H I (Glycerol) . EJEFRIASMEHAK . DEPC /K |
2xTBE-Urea FAEZZ ML . BERERZE 0P (PBS) %5 fh A= T AR TR (Bl ) Iedy A IR 28 ml S fit s BL21
(DE3) A2 254N M) T AL s RV E Y B Ry AR A 7] 5 Gene Green X IRGLRHE T RAR A L BHZ (b
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AR T ; PreScission Protease [ . M HEZE =02 (NTPs) . Wi EAZMEAZE =00 (ANTPs) . 1%
TritonX-100, T.H.fif DNase I, RNase A FlIJEETEHL L AR A 5500 T Ll 2 = KA H AR By A PR 2>
") ;5 PAGE SER PR ] #5150 S T 2 AR R (i) Iy ABR 2 w) 5 oK IR el ) T BE A B 24
RS SYBR Green I RNA W H Z3EE (AL BHBAABR AR /NrF498F ThT BRI & i

ARSI P A A TR P ) 38 H AR (B0 ey AR A |, b 5 00 SO 0% (RPC) 4ifk,
HARRFEINE 1 PR,

®1 GFETRTS

Table 1  Oligonucleotide sequences

Name Sequences(5’ -3 )
1FE X EE-TG TAATACGACTCACTATAGGGAGATCCCTATCAGTGATAGAGAGGGTGGGTTGGGTGGG
& LEE-TG CCCACCCAACCCACCCTCTCTATCACTGATAGGGATCTCCCTATAGTGAGTCGTATTA
1E X HE-CG TAATACGACTCACTATAGGGAGAGTAGCCCACCCCCAGTGGGGTGGGATACGGGTGGGTTGGGTGGG
L LEE-CG CCCACCCAACCCACCCCATCGGGTGGGGGTCACCCCACCCTATGTCTCCCTATAGTGAGTCGTATTA

The T7 promoter sequence is indicated in bold and underlined, and the transcription factor binding sequence is indicated in italic and under-

lined. The corresponding sense and antisense strands were annealed separately to obtain double—stranded DNA templates: ds-TG and ds-CG(T7
S BT B TR GBS 2R, s D T2 A 7 I A TR0 b, SRR 9 1 SCRE 052 S 53 13 A 15 1 DUk DNA 458
#: ds-TG. ds—CG)
1.2 KEWHZE
1.2.1 BEERES44 EHIHENTT RNA RGEEHETRRLME, Kok pGEX-6p-1-GST-T7 RNAP #%
U BL21(DE3) JE&Z ST A RL, PREFL G A%, B FSPitEm LBy, F
37 °C. 180 r/min 55t FEEE, HZEOD,, [HiEF]0. 6~0. 8, FAEMINO. 5 mmol/L IPTGAKIR(15 °C. 200 r/min)
P16 ho I E OB IR RS, RIS PN PBS T, Jf R B P VA B R4t 1 . I 2
W0 (10 000 t/min, 15 min) FE T FHE 0. 45 wm JEREE I8, K& 1P MO I S L& NN GST 2T
FECRIAE S H 105 FERRIPBS A ), FRIRIRRUMAN PBS LIBR 20 A, HAIHE SRR A~ 248, B
10 f5FERFH PreScission Protease BEUIZE PPk, FZELBIMIAN PreScission Protease B FNEEUIZE P,
BT 4 CAMRYIEE. WKH, MABYIZMREERIER T, 2% S8t Rit)s, BEaE
FEREE RN 20% Hith, BT - 80 CIKF BT -

TetR 5 CsoR 2 W IR 440 A 8 5 T7 RNAP R ARA L, 2804 pET28a—6x His—TetR Fokbr ik, 7
S A E N30 C. 160 r/min, FFEEIE S 16 he 4ifbi};, B TetR Z4# i (50 mmol/L Tris—HCl, 1.5
mol/L NaCl, 10 mmol/L Imidazole . 5%({&F53%0) Glycerol. pH 8.0)EA, WG E A FiFMANE
FEFIAE (FEF 5 M 10 REFE PR — 2K Fll TetR 2R R ) , 2 J5 H TetR PRi%ZZ M (50 mmol/L Tris—
HCI, 1.5 mol/L NaCl, 50 mmol/L Imidazole, 5% Glycerol, pH 8.0)BRZZIE A, HMNEEH EDKmE
(600 mmol/L Imidazole ) ) TetR YEMELE M0 H M B A BEE TR Beha, IR & B ) B sh Ak i —
A Bt AL P (20 mmol/L Tris—HCI, 600 mmol/L NaCl, 2 mmol/L DTT, pH 8.0), Ab¥ 52510 & A w
20% HIMIFAEFFFE-80 C. 1E CsoR WIS RIBMTEL, BE &M 430 °C. 200 r/min, 3£35S 5h, CsoR
S P (500 mmol/L NaCl. 25 mmol/L Tris—=HCl, pH 8.0). CsoR PE#ZZ M (500 mmol/L NaCl, 25
mmol/L Tris—HCI, 30 mmol/L Imidazole, pH 8.0). CsoR fi&f7Z% M (200 mmol/L NaCl, 15 mmol/L Tris—
HCl, 2 mmol/L DTT, 10%(fEF/2%0) Glycerol, pH 8.0)., HANBIES TetR & A M £ IBA L ERE—5L,
1.2.2 FOMERRFYREMERT  T7 RNAPIRSMNER . Je2erk EECHSETA 10 wL 89 5
Z, MINZHREE 400 nmol/L ) T7 RNA Z841 . 200 nmol/L B BU5%E DNA KT . 2. 5 mmol/L ) 4 A% 1
T2 ey LA B 1x R 4 53 52 % 2% 00 i (60 mmol/L HEPES . 2 mmol/L I E % . 40 mmol/L DTT, 24 mmol/L
MgCla. 10% PEG8000. 0. 01%({fAF43450) Triton, pH 7.5), )&l DEPC/AKANFIRTR R 5100 BN
BT37°C THE4h, FE/EZ80 °C SR 20 min Kif R GHEFFL LRV

FEE X T7T RNAP $H TR MR 2T, BUS pl LaRiIR A1, N 10 pg/mL RNase A 51 10% ({R 514y
BOBI G LT (FBS), W BRI SR FE) DEPC K, 1R 2)E.0JGTE 3T CAAFEE 1 h, 570 Ci
TEIEE 20 min KIGEZ RN .
1.2.3 Urea-PAGE SR HIX R 5, MFERZY PN T UDNase I, F37 °C M 1 h {HB
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DNA #i#, Ff)5HIT 65 “Caim KIHAZIERGE . BUS wLAES EMN FEEFRE 2xTBE Z2 0 IR 5], IR 2]
BORES BT 95 ‘CZ8ME S min, RGN 10 pmol/L ) SYBR Green Il Jekl 5 il FEd 2, LL IXTBE buffer
YEHIKZ N, BU10 pLAES S 3 WLAZER marker NE 15% FR -5 UM IDERGBE NS H HEA T HU VI SE T, ek
A U S A S O SR BT R 5 45 4R
1.2.4 RWRAITRRRERFUREME IS pLREETLRIAER . 100 mmol/L KCIAI 10 pmol/L ThT,
H DEPC KB RAME 220 pL, TEMZENRR R . 1R HEEPRGCSR WV 2 G, Mk
KA 425 nm, WK A 495 nm,
1.2.5 EFT7RNAPRTEMAEMERRAFWIESLE HoE, 1620 pLBRNMAER P, A 200
nmol/L QMF-M6 Z¥Z544 | 100 nmol/L DNA #54 . IxfRAbEE R BN 22 0L . 0. 02 U [ BETo AL AL IR |
2.5 mmol/L dNTPs . 100 mmol/L KC1 L% 10 pmol/L ThT, FIAMAEFH DEPC KNS, i BRI & 3 h
H9EIeh T2 ek, RIS A 37 °C, I A 425 nm, MR 495 nm.
1.2.6 #HREFXT7 RNAPREEXERRGEMHEM 5 5EL00E TetR XF T7 RNAP B4, Jei il
4 uL TetR 5EIMASEMR R, MINZHKEE 500 nmol/L ds—TG . 20 pmol/L TetR. 1xTetR DNA Z54&%%nh
7% (10 mmol/L Tris. 0.5 mmol/L 6K Z 2% . 10 mmol/L NaCl, 0.0525% NP-40. 5% ({&F 5350 Hib .
pH 7.4), PSR DEPC/AKANS ., IRA)GTEST CWEE 30 min, FECH 20 wL RV EZR HT29¢ %30 B
SERGI, B4 wLAZER R L 200 nmol/L QMF-M6 587481 . IxHufbfEsR W ZZ0pif . 0. 02 UL TEALEE
WEREE . 2.5 mmol/L dANTPs. 100 mmol/L KCI LA &2 10 wmol/L ThT, 43T DEPC /Kb, TRATE
O, AR 2 Sh RN B8 68l 1A 2k, RVIRE HR37 °C, WA I 425 nm, WIS
43495 nm, K3 he

PN AR DY IR MR BRI AR, FEPEE 2 kiiis &b, IIANARERE(0, 0.1, 1, 2, 4,
10, 20, 40, 100 pmol/L)MIVYIRZE , LSRR AN 24 AAE
1.2.7 T7 RNAPREEFEBERERN Cu( Il ) FEIEHIT CsoR SN ds—CR d1%e, AL A
4 wL Y HEEE R, I 500 nmol/L ds—CG. 1.5 umol/L CsoR. 1x CsoR DNA %54 2% o i (1 mmol/L
MgCl,) , FIRAFH DEPC/AKANSF . RRIESIE.C, 1637 CWEE 30 min, FRHEZOEH J2#G0m . &
H4 nLAHFEPR R . 200 nmol/L QMF-M6 57484 | 1A AbFE % I B 22 M . 0. 02 U B B: TeALEE R |
2.5 mmol/L dNTPs, 50 mmol/L. KC1, 10 pmol/L ThT LA Bz A 5] ¥ £ i) 4R 55 - (0. 0.01, 0.02, 0.03,
0.04, 0.07. 0.1, 0.2, 0.3, 0.4 pmol/L), PSR DEPCAKKNT. RHAMME AL 2 D REREFR (I
BUOE 1Ahe, ROVIRE 37 °C, R KR 425 nm, WIS KR 495 nm, AEBE 1 min BEH—IK
G

2 HRSHE

2.1 QMF-M6 R i K= i bR M sE i 5%

TEE AN TR, RNA 2 T4 5% N R P B NG PE A BEAZ BR RE 0 F fRs2 0 . R R0 VEAE QM-
M6 ZEAS AL 7 A ) DNA PR AEDURR AR AR PE 7 T A T RFAE T T7 RNAP #65% RNA IO, B 56
PR T B SR P RNase A O AZ20E . SCI8% ) G-DU B 7 AV B ™, 4 3ol SR FH 0 A2 70 17
RNAP (L rNTPs A Y ) FIZE A5 % QMF-M6 T7 RNAP( L) ANTPs My ) SEi ik a7 . $ 3450 )5,
1] SR 2 HO N FE A 10 wg/mL Y RNase A FEATIE B ALEE, BHJGFIH 15% Urea-PAGE BEIE HLYK 57
Wirety sesett . e 2A FroR, BFAER T7 RNAP 4R F=Y)7E RNase AWFE | h G R BEREM, 52
FHEG, QMF-M6 5384 s A b ) DN A 43Tl B B I i TR A BE .

gkt RGBT BIIE, SRR T G-V BRA DI S R TR I 500 o K dE s
(51 wmol/L ThT) 55 RNase A SEWFE 4 h G 5 mE, HamFRRE (B 2B), & 88T R, Tt
R R R R TS AFAE RNase A, QMF-M6 5838 PRF5 5% P24 1) 58 K6 A5 5 ) B2 (R 26 ok nin A8 Ak,
<5%); TEFAET T7 RNAPHERF2WILE RNase A RbBRIG , 2800455 B RRAE C T REZ199%)

B Hh, RIEIZEE SR RGAE B SEY R TP R E T, B8 T SRR WAE FBS Wi A2
W4k e 5 10% (RSO FBSTE 37 “CHIFE 1 h )5, RA 15% Urea-PAGE BE{TRAE, [RIHHIE 2k
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fF o (E2C. D)o BELHIK SIS R —SCRY] . BAERITT RNAPS45KH) RNA 7r 715 FBSIF H /G
PR FEAR ;T QMF-M6 AR SR AL i) DNA P 25 #) PR e, HABRE S ThT 2557 AR RR R i)k
55 X R B HET 100%)

A None WT QMF-M6 B 40 C None WT QMF-M6 D 40
NTPs ©¢ © @ o ©O “99.6%y |EME+RNaseA  NTPs @ @ @ o O 797.8%) WEE+FBS
dNTPs 0 o0 O e e 5 B -RNaseA dNTPs 0 0 O @ ® 3 [ -FBS
RNaseA O O © O @ K FBS © 0 @ O o z
(nt) % (nt) Z
T 3.6 Z 3.89
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€2 Urea-PAGE SEESRAE G4 RNA F=H71 G4 DNA FHI7E RNase A HIRE M (A) LU SEOEIEL R (B), G4 RNA T
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Fig. 2 Urea—PAGE characterization of stability of G4 RNA and G4 DNA products in RNase A (A) and fluorescence validation
results(B); stability of G4 RNA and G4 DNA products in FBS (C) and fluorescence validation results (D)
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Fig. 3 Scheme of the T7 RNAP mutant-based biosensing system for tetracycline (Tc) detection (A), fluorescence kinetic curves
of TetR inhibiting the transcriptional activity of T7 RNAP mutant (B), relief of TetR-mediated inhibition of the transcription sys-
tem by tetracycline (Tc) (C), fluorescence kinetic analysis of transcriptional activity at different Tc concentrations (D), re-
sponse curves and limit of detection assessment of the system at different tetracycline concentrations (E), selectivity of the T7

RNAP mutant transcription system (F)
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HIG, TETCRRSME T IR TetR RHFESRIE PR INHIRCR . SEB 98N A IS A SR R . R TR
M TetR X RRZHH, ARG EIH A TG FiB I MR TetR 5, UGS IHA AR E R
IV HIE SRS, Fe0H TetR BEBIRZE & tetO BT IFH,  EtHBELIE QMEF-M6 145wt iin (#13B) . %E
T, #E— 50 S R IR DY BR 3R (T ) X5 SR M M SRR . & 3C s, N Te (% 40
pmol/L) 5, ZEMAFE T LRI B IR E W) LA, XRIH Te @il 5 TetR B 25 &, 15SHARA
PRI N DNA BT AR RS, TR AE QMF-M6 AO%EsRyE M, ileah3Rk3h G-DU A DNA P it 4 s A i 5
P O ETEAE ThT B 5 F & s Z198 . DLESE R AIE 73T QMF-M6 2878 1R ) L4 DNA
R E RGN & S DhEE LA T3

K RGN AL & 0 BRI RS, HE— 0 E T RGO DY I3 0 B R, SR TR
IIAR[EIAEE Te (0. 1~100 pmol/L) , SN BN 5 HAF 591 B 5 Te ¥ BE 2 IEAH S (B 3D) o SR JH 31 2k i )37 f)
Logistic FARIXF 5 00 B - BE BRI T RIE (K 3E) , FrS S T mm 57 i 2800 &P 5 [l o~ 2~40 wmol/L(2>
0.99), M3 FEEMELL (S/IN=3) 115, RENRBER(LOD) A 0. 62 pmol/L, FiRZRE, % Fa1E
TER FETEE P U R AT RAH o] B OREIGE 77, AN T SRR S o T B A T SE I AR

WG, NHERFENEERNE, EREC— R IVE W FECARE A AE TP k47 28 SO B 525, )
Ko Fads: Z RV (Amp) . FHBEEE (Kan) . PEE-B-D-BRAREFLMER (IPTG) . whiFE#E (CLR) .
R (Ery) FISEREZR (Str) o S8R NE 3F R, (VUM ERRE B E S RS BN E S &,
H ARGy 75 [ B9 5 6 B7 ¥ 32 28K o 145 SRIUESE TetR IRFITCHEAE QMF-M6 /549 DNA §i
RGP PR R e
2.3 E T QMF-M6 R4k /Y 7o 4 B 4 ¥ 1% =X 2R Se A9 38 RIS E

YT QMF-M6 S48 PR HE - A I G-DU RS e I vp R th e 55 00 RS S5, AT ik
— PR HFE SR N 100 KR AR LI 1% R A RIS . CsoR 1R —Fe 22 Fha b b v B (<5
P 5 TR AT B, ICRE LAAAEE R ZGE R e e 2 45 Cu( 1), il A4 G e A8 W A B A AH DG 5E
MR TIAN . TR MR R O EAREIREN DTT, et A RS R i Cu( )ik
JEA CuC 1), 3B CsoR XF W () DNA JE#E R4 (Bl CsoR 3R T )75 SINEERE RS, M@ TIT
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Fig. 4 Schematic diagram of the T7 RNAP mutant transcription system for copper ion detection (A), analysis of CsoR-mediated

inhibition efficiency on T7 RNAP mutant transcription (B), response curve of copper ions (C) and linear range (D) and system

selectivity (E)
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MEGIEZE G BT, SR TS R VR CsoR XFAERIGTEAO I HIVE R . KL 3 h i
EPICIRE, AR IR BZ CsoR X HELL P2 AL s ZU B N5 5 MAETFAE CsoR IUTHOL T, 9EKME
S 2 98% (K 4B ), X FH CsoR FETELARSA: FRE Mk 4l & HARI T F 5, ARUFHLIE QMF-M6 Y
sk,

HE—p M, IR EE TR OISR R BE CuS04(0. 01~0. 4 wmol/L) , RHZALRCE G Cu( 1) By S 46
PRI R JRIF R G 58, SLOnah R RN, SURIE Cu( 1) BJREMRFR CsoR ML, P2 Az iH S i 2 )
N7, 2o ERE Cu( TR EF @ s AR sg, 2R E (55 IEM M. RHA Logistic B2}
PN —Cu( 1D HRJEE IRV TS, BRITAIN) ST R - 2 (2 > 0. 99) o FET 34525 I bRifE
ZBo)iH5E, RGO Cu( 1)) LOD 24 26 nmol/L(&14C) , Zet:IX BIFEF 24 0. 03~0. 1 wmol/L(&4D) .
e — A FHuEE Cu( D FAIHABSEE T (W Ba®™ . Ni**, Ca®., Co™HlMn*) X} 56155 A2 (& 4E) ,
B Cu 11 ) P=A: WEAE- S M R Ah, oS RG-S A . 3 — P RGBT & A A ik
PEPE, BEASESERTIN Cu(1D),

g R, e R SRR DL B A B ) DNA B, QMF-M6 /56 FE 4l i
YRR GERENS TRk ok v U DR 3 TR 6, SEB Ca( D) Y SESNZSTEIR . BRI,
FEATIIE T AR R G 8 5 T 4 e
2.4 INFKEEARCu( Il )BISEERE N Az A

BT FORWRIT AR 00 i R 5 TE PR B R R, AT SRR T QMF-M6 2878 ki) T
I AE AR TR R GE N T 5L bn K A B 2 00 € B AT . S RGP RFE R R 5P R THRE
71, REEZRHIBE T KIS DS FE KRR b A T4 5 - bR S2 50, DIASTRISE B K f AN [ 75 B /K P 1Y)
] B8 AN COIPRIREE . 40, 701100 nmol/L) o SEERZESE LR, AH ] DRI E T (1258 ) B A5 5 i
FHIE,  SEBRKARE AR 25 11 IR RIS 28 A7 83. 0%~107%, AHAMAR (R 22 (RSD)<5. 5% (#2), FBi%tE
IR G B BB 5P THag

#2 HEKEES Cul I IIAREICSEE (1=3)

Table 2 Experiment of spiked recoveries of Cu( I ) in environmental water samples (n=3)

Cu( 1) concentration/(nmol - L") Measured value/(nmol - 1.”") Recovery/% RSD/%
40 44.78 41. 62 42.17 107 3.9
70 60. 84 55.86 57.59 83.0 4.4
100 82.29 88.79 79. 89 85.6 5.5
A
AN\
3 & it

ARSI T RET QMF-M6 2828 4k 5 A2 i B 4% DNA (ssDNA) B TCAMIAE LIRSS, %A A R
R TG RNA )35 00 F S 0B M 00 JRPR , S 38040 15 R R AE 5 Ak S 3 I v i A MR 4
P DL TetR Al CsoR 7 A A8 XA e MR AL B2 i1, ASLSEBL T 6 DY 2R Z R 2 ) v RS . 58
NASFEBREI , B FE/UESE T 1% V-6 00l PRI o 40 et . 1% RGEAE KT B KL IR RE 25 50
WE T H SRR R T 1. 28 BRNR, ARl ERES IR G TR R, A MR HE RNase (1)
TAMEYMEEE &, AT . & T R A 7> P2 Wi B AR & R IR I T H TR,
FERRSR TS QLR . BB By 72 W S s EL A T s i) 82 i 5 o

Sk
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