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Fig.1 Quantum-sensing-enabled Chemical and Biological Metrology
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Fig.3 Quantum Chemical Metrology Methods: (A) Schematic Illustration of Magnetic Flux Density Components Induced by Ionic

Currents in a Nanopore Device“”; (B) Classical and Quantum Microscopy Images of Two Hela Cells“‘”; (C) “Quantum Patch-Clamp”

Technique for Live-Cell Sensing (Left) and a Conceptual Illustration of Live-Cell Quantum Sensing Using a Controllable Single

Nanodiamond Probe Hosting NV Centers (Right) ™’

b A SRR P DR R RAR T B[R] 1 e B T ARET BERL
T IRATARR A G B AT S B AR e e Y o R
PEPRIC S BRER  JF AR BEAS I 5 4 18] A% 07 T R
TR SR, I AN S 2500 52 A O ORI e 25 T3
IR B TR TR o AR R T i
BUis sk BRPRAG . NI, AT AT TS B S AR T I A BAy
RGPS PR TR IR SEBTR R A BRS (5 5 ORRE |
e R LU A RS 0] 5 R BRI SR, LA S
RS A AR ) A e , BLRAE B % UL i) SE B oz HH
RHETT 1] o LUK, I S AR S T ik B R R g i
AR — WS SR B | R S B RS A 2
YIRS A I EARAR AP RFRA R LUSGE T
S AA IR RT3 SO A S T PR AE
FLIA AT YR 2 445 {5 5 TR 5 I 28 3 i
BT BIRTOR AR R E SR T A —RI T
Pl 258, BAKIN 7 BT R B AR i
75N RS D i N U A e L 2l D AT AT R
SRR R AR R AR ARG 4R
IREREHL Ot REFEZ RN SRR A . XL
RGN T LIS Yo TR AT B SE I
5 PR R A, AR I A AR W RO Y
KT H. Fa FEE 2 RGN S S Ei 7
T, W 4 2 W) B Bt S ML o 2 Ok A
MR EER & | 220 3E A TS A 55 R SR BT R A
A=A F 2, SR TR B 3 R ST RE Y= AT
Z5 L TIA  3XBET7 [ A RFEEAfE B i A BR 1 A= £l
= SRS IR DS AR A A 1) JSUEN 58 T Bl A
e S HIL -5 A B TR = PR

5 REERE
(L2 27 T 2 2 GG B T2 S 1

REUZ w2 o PR O E A IR R R . TEIX— &
JEHEHT AL Ge I & J7 10 AT X 2 2R Al IR R A
Pyt FE RO B8 S AR A IR OR T 1R
B AR A s 2 ok 2 i B U S R T
Heo A 725 R o R S TP, WFFE 0
A BB | A b R SRR AR AR
St (4 5031 SO A0 i RUE P00, AT 75 DATE MEL
WL A RO~ R . e R rp AR I RIR AT
A TR S 25 ST S Ak,
Syt A A IS AR O L R R TR A A R R
AR B T HEAE . A F BT AE Al T ) | i
TR V22 LA AR S T S 2 5508 22, (HL A R 15
DN S B o 5 R R WA, Al
AR RBUE ARRAE 2 RE 5 ] E f
SN o X R EARA DO S A 2 I e A
(1 5, HRE D A B2 RIS LA BORS 3 ot S
PRt e AL T H ST .

gi LTk, AR T RO USRI AT ik | IEHES)
— GG AL S A YN IR 2V . X O TR IR
FEAR 2 2 AT S BRI , g 1R AR A B o 43
FARBE T P AL . TN T AR R AR R AL
SOJ5 T R ALA LS, fe dE M B Ao AR AR
SR BOR B A AR S5 SUS R TR BE R 5, SR AL BRI 5
BRI, A BRI ER B S RIS E
“QUBRL I A A AR BRI A2 . TEILEERD L, T4
TEFE PR ARGy e i X — 4B RRE
AN 5 B 0 e G AR B S X B4y 5 A i o R
(VAREIENHEZ U BASTIRE O 2 55199 il R AT o
IrPE A ERAER SEOARR R DARAS 5 Tk [ 7
B AW R 2 S SC B U 14 i A B35 RE ) A% O
e . P TERHE A ST F R A RIS TR A e



332

o R

ESE -

4 2026 4F

Tk

SR X — B il v L, B S B A~ I i

S B A SR E R IR Bl T

[4]

(5]

(6]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

TR, BERE, EATE, 5. A T R R ARIAEE.
ERME Ak, 2021,51(7) :944—957.

Wang CX,Mao LQ,Huang YY,et al. The 14™ Five-Year Plan of the
National Natural Science Foundation of China for chemical measure-
ment science. Science China Chemistry,2021,51(7).:944—957. (in
Chinese)

Karton A. Quantum mechanical thermochemical predictions 100 years
after the Schrodinger equation. Annual Reports in Computational
Chemistry. Amsterdam; Elsevier,2022;123—166.

Ye J,Zoller P. Essay:Quantum sensing with atomic,molecular,and
optical platforms for fundamental physics. Physical Review Letters,
2024,132(19):190001.

Wang H,Ralph TC,Renema JJ,et al. Scalable photonic quantum
technologies. Nature Materials,2025,24(12) . 1883—1897.

Jiang M,Su HW,Chen YF et al. Searches for exotic spin-dependent
interactions with spin sensors. Reports on Progress in Physics,2025,88
(1):016401.

Hui DD, Algattan H,Yamada S,et al. Attosecond electron motion
control in dielectric. Nature Photonics,2022,16(1):33—37.

DeMille D,Hutzler NR,Rey AM,et al. Quantum sensing and
metrology for fundamental physics with molecules. Nature Physics,
2024,20(5) :741—749.

SuJ,Kong ZH,Zeng LY , et al. Fluorescent nanodiamonds for quantum
sensing in biology. Wiley Interdisciplinary Reviews Nanomedicine and
Nanobiotechnology,2025,17(3) :¢70012.

Wang W, Tian MY, Xing YQ,et al. Fluorescent nanodiamonds for the
nanoscale quantum sensing of typical biomacromolecules:Proteins,
DNA,RNA ,and lipids. Advanced Quantum Technologies,2025,8
(10):€2500112.

Katsumi R,Takada K,Jelezko F,et al. Recent progress in hybrid
diamond photonics for quantum information processing and sensing.
Communications Engineering,2025,4.85.

Gruber A, Dribenstedt A,Tietz C,et al. Scanning confocal optical
microscopy and magnetic resonance on single defect centers. Science,
1997,276(5321):2012—2014.

Taylor JM, Cappellaro P,Childress L,et al. High-sensitivity diamond
magnetometer with nanoscale resolution. Nature Physics,2008,4(10) :
810—816.

Maze JR,Stanwix PL,Hodges JS,et al. Nanoscale magnetic sensing
with an individual electronic spin in diamond. Nature,2008,455
(7213) .644—647.

Neumann P,Mizuochi N,Rempp F,et al. Multipartite entanglement
among single spins in diamond. Science,2008,320(5881):1326—
1329.

Silani Y,Smits J,Fescenko I,et al. Nuclear quadrupole resonance
spectroscopy with a femtotesla diamond magnetometer. Science
Advances,2023,9(24) :eadh3189.

Dolde F,Fedder H,Doherty MW et al. Electric-field sensing using
single diamond spins. Nature Physics,2011,7(6) :459—463.

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Shi FZ,Zhang Q,Wang PF, et al. Single-protein spin resonance
spectroscopy under ambient conditions. Science,2015,347(6226) .
1135—1138.

Lovchinsky I,Sushkov AO,Urbach E,et al. Nuclear magnetic
resonance detection and spectroscopy of single proteins using quantum
logic. Science,2016,351(6275):836—841.

Li M,Zhang Q,Kong X,et al. Quantum relaxometry for detecting
biomolecular interactions with single NV centers. Proceedings of the
National Academy of Sciences of the United States of America,2025,
122(35):€2509102122.

Kre¢marova M,Gulka M, Vandenryt T,et al. A label-free diamond
microfluidic DNA sensor based on active nitrogen-vacancy center
charge state control. ACS Applied Materials & Interfaces,2021,13
(16):18500—18510.

Li CH, Soleyman R,Kohandel M, et al. SARS-CoV-2 quantum sensor
based on nitrogen-vacancy centers in diamond. Nano Letters,2022,22
(1):43—49.

Chernozem RV ,Romashchenko AV ,Chernozem PV, et al. A wireless
magnetoelectric-driven strategy to boost nose-to-brain drug delivery
with core-shell nanotransducers. Journal of Controlled Release,2026,
389:114421.

Schnabel R. Squeezed states of light and their applications in laser
interferometers. Physics Reports,2017,684.1—51.

Grote H, Danzmann K, Dooley KL, et al. First long-term application of
squeezed states of light in a gravitational-wave observatory. Physical
Review Letters,2013,110(18):181101.

Lough J,Schreiber E,Bergamin F,et al. First demonstration of 6 dB
quantum noise reduction in a kilometer scale gravitational wave
observatory. Physical Review Letters,2021,126(4):041102.

Casacio CA ,Madsen LS, Terrasson A,et al. Quantum-enhanced non-
linear microscopy. Nature,2021,594(7862) :201—206.

Zou X, Wang L,Mandel L. Induced coherence and indistinguishability
in optical interference. Physical Review Letters,1991,67(3):318—
321.

Lemos GB,Borish V,Cole GD,et al. Quantum imaging with
undetected photons. Nature,2014,512(7515) .409—412.

Kutas M,Haase B,Klier J,et al. Terahertz material characterization
with visible light. Conference on Lasers and Electro-Optics. San Jose,
California. Optica Publishing Group,2021:SW4F.6.

Kalashnikov DA, Paterova AV ,Kulik SP,et al. Infrared spectroscopy
with visible light. Nature Photonics,2016,10(2):98—101.

Paterova A, Lung S,Kalashnikov DA , et al. Nonlinear infrared spectro-
scopy free from spectral selection. Scientific Reports,2017,7:42608.
Dorfman KE. Nonlinear interferometers with correlated photons;
Toward spectroscopy and imaging with quantum light. Light; Science
& Applications,2020,9.123.

Fan WR,Qian GW,Wang YT, et al. Deep learning enhanced quantum
holography with undetected photons. PhotoniX,2024,5(1) .40.
Topfer S, Gilaberte Basset M, Fuenzalida J, et al. Quantum holography
with undetected light. Science Advances,2022,8(2):eabl4301.

Qian GW,Xu XQ,Zhu SN, et al. Quantum induced coherence light
detection and ranging. Physical Review Letters,2023,131(3):033603.
Kitching J,Knappe S,Donley EA. Atomic sensors—a review. IEEE
Sensors Journal ,2011,11(9):1749—1758.



40 A2 M

AR AR bk T AR IR Sl B9 fh 2 5 A ) ek

333

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Bell WE,Bloom AL. Optical detection of magnetic resonance in alkali
metal vapor. Physical Review,1957,107(6) : 1559—1565.

Kominis IK,Kornack TW,Allred JC,et al. A subfemtotesla multi-
channel atomic magnetometer. Nature,2003,422(6932) :596—599.
Yu CJ,von Kugelgen S,Laorenza DW et al. A molecular approach to
quantum sensing. ACS Central Science,2021,7(5):712—723.
Yamauchi A, Yanai N. Toward quantum noses : Quantum chemosensing
based on molecular qubits in metal-organic frameworks. Accounts of
Chemical Research,2024,57(20):2963—2972.

de Riedmatten H,Afzelius M, Staudt MU et al. A solid-state light—
matter interface at the single-photon level. Nature,2008,456(7223);
773—771.

Hedges MP,Longdell JJ,Li YM, et al. Efficient quantum memory for
light. Nature,2010,465(7301) : 1052—1056.

Zhong MJ,Hedges MP,Ahlefeldt RL,et al. Optically addressable
nuclear spins in a solid with a six-hour coherence time. Nature,2015,
517(7533):177—180.

Serrano D,Kuppusamy SK,Heinrich B,et al. Ultra-narrow optical
linewidths in rare-earth molecular crystals. Nature,2022,603(7900) .
241—246.

Pettit RM, Farshi FH, Sullivan SE et al. A perspective on the pathway
to a scalable quantum Internet using rare-earth ions. Applied Physics
Reviews,2023,10(3):031307.

Bonizzoni C,Ghirri A, Santanni F, et al. Quantum sensing of magnetic
fields with molecular spins. npj Quantum Information,2024,10:41.
Lanza M, Bonizzoni C,Mironova O,et al. Quantum sensing of time-
dependent magnetic signals with molecular spins. Physical Review
Applied,2026,25(3) :034045.

Sun L,Yang LM,Dou JH,et al. Room-temperature quantitative
quantum sensing of lithium ions with a radical-embedded metal—
organic framework. Journal of the American Chemical Society,2022,
144(41):19008—19016.

Yamauchi A,Fujiwara S,Kimizuka N,et al. Modulation of triplet
quantum coherence by guest-induced structural changes in a flexible
metal-organic framework. Nature Communications,2024,15.7622.
Chen WT,Wang RS,Yuan DF et al. Quantum interference between
spin-orbit split partial waves in the F + HD — HF + D reaction.
Science,2021,371(6532) :936—940.

Qiu MH,Ren ZF,Che L, et al. Observation of Feshbach resonances in
the F+H,—HF+H reaction. Science,2006,311(5766) :1440—1443.
Wang T,Chen J, Yang TG, et al. Dynamical resonances accessible only
by reagent vibrational excitation in the F+HD->HF+D reaction.
Science,2013,342(6165) : 1499—1502.

Dong WR,Xiao CL,Wang T,et al. Transition-state spectroscopy of
partial wave resonances in the F+HD reaction. Science,2010,327
(5972):1501—1502.

Feder JS, Soloway BS, Verma S, et al. A fluorescent-protein spin qubit.
Nature,2025,645(8079) : 73—79.

Xu JJ,Jarocha LE, Zollitsch T, et al. Magnetic sensitivity of cryptochrome
4 from a migratory songbird. Nature,2021,594(7864 ) : 535—540.
Totoiu CA, Follmer AH,Oyala PH, et al. Probing bioinorganic electron

spin decoherence mechanisms with an Fe2S2 metalloprotein. The

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Journal of Physical Chemistry B,2024,128(42):10417—10426.
Heng X,Zhang LC,Yin QY,et al. Quantum-enhanced sensing with
squeezed light: From fundamentals to applications. Applied Sciences,
2025,15(18):10179.

Rovny J,Kolkowitz S,de Leon NP. Multi-qubit nanoscale sensing with
entanglement as a resource. Nature,2025,647(8091) :876—882.
Briegel KD, von Grafenstein NR,Draeger JC,et al. Optical widefield
nuclear magnetic resonance microscopy. Nature Communications,
2025,16.1281.

Neuling NR, Allert RD,Bucher DB. Prospects of single-cell nuclear
magnetic resonance spectroscopy with quantum sensors. Current
Opinion in Biotechnology,2023,83:102975.

Liu KS,Henning A ,Heindl MW et al. Surface NMR using quantum
sensors in diamond. Proceedings of the National Academy of Sciences
of the United States of America,2022,119(5):e2111607119.

Tan TH, Wang ZX,Zhao CX, et al. Magnetic sensing of ion transport in
a single nanopore. Nano Letters,2025,25(33):12637—12644.

He Z,Zhang YD, Tong X,et al. Quantum microscopy of cells at the
Heisenberg limit. Nature Communications,2023,14.2441.

Javanainen J,Gould PL. Linear intensity dependence of a two-photon
transition rate. Physical Review A,1990,41(9).5088—5091.

Dayan B,Pe’er A,Friesem AA,et al. Two photon absorption and
coherent control with broadband down-converted light. Physical
Review Letters,2004,93(2):023005.

Lee DI,Goodson T. Entangled photon absorption in an organic
porphyrin dendrimer. The Journal of Physical Chemistry B,2006,110
(51):25582—25585.

Varnavski O,Pinsky B,Goodson T III. Entangled photon excited
fluorescence in organic materials: An ultrafast coincidence detector.
The Journal of Physical Chemistry Letters,2017,8(2):388—393.
Varnavski O,Goodson T III. Two-photon fluorescence microscopy at
extremely low excitation intensity : The power of quantum correlations.
Journal of the American Chemical Society,2020,142(30):12966—
12975.

Tabakaev D,Montagnese M,Haack G,et al. Energy-time-entangled
two-photon molecular absorption. Physical Review A,2021,103(3):
033701.

Parzuchowski KM, Mikhaylov A,Mazurek MD, et al. Setting bounds
on entangled two-photon absorption cross sections in common
fluorophores. Physical Review Applied,2021,15(4).044012.

Xiao D,Liu GB,Feng WX, et al. Coupled spin and valley physics in
monolayers of MoS, and other group-VI dichalcogenides. Physical
Review Letters,2012,108(19):196802.

Yang YB,Zhou ZR,Xu Y,et al. Quantum-sensing-enabled in situ
imaging of free radicals in chemical reactions. Nature Catalysis,2026,9
(3):319—327.

Xu Y,Yang YB,Chen YA, et al. Live cell quantum multiphysiology
enabled by a manipulable single nanodiamond. National Science
Review,2025,12(6) :nwafl130.

Xu Y,Zhang C,Zhou YZ,et al. A single-nanoprobe-integrated multi-
modal microscope (SNIM). Review of Scientific Instruments,2025,96

(9):093702.



334 RN S 2026 4F

Quantum-sensing-enabled Chemical and Biological Metrology
Jiandong Feng!~  Aimei Zhou! Dawei Wang”®  Yong Wang®™  Jinghong Li*'

1. Department of Chemistry, Zhejiang University, Hangzhou 310058, China

2. School of Physics, Zhejiang University, Hangzhou 310058, China

3. Department of Chemical Sciences, National Natural Science Foundation of China, Beijing 100085, China

4. Department of Chemistry, Tsinghua University, Beijing 100084, China
Abstract Quantum sensing is driving the chemical and biological measurements into a new era. This paper systematically
introduces the underlying logic and representative systems of quantum chemical measurements. Quantum chemical
measurement employs the superposition or entanglement of quantum systems—such as electrons,photons,atoms,and
molecules—as probes. These probes are initialized ,manipulated,and read out via optical and microwave techniques,
enabling the transduction of physical-field signals generated by chemical and biological systems into precisely decodable
quantum signals,and thereby allowing in situ,real-time,and high-precision measurement and imaging. This
interdisciplinary direction achieves a deep integration of quantum physics,analytical chemistry,and biological physics,

signifying a profound transformation of chemical metrology from classical measurements to quantum sensing.
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