
Mouzhe Xie (谢谋哲), Ph.D.
April 3rd, 2023

Diamond-based quantum sensor for 

molecular analytics
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“Quantum sensing” describes the use of a quantum system, quantum properties, or 
quantum phenomena to perform a measurement of a physical quantity

Quantum sensing permits some most precise measurements 
Laser interferometer gravitational-

wave observatory (LIGO)
NIST’s three-dimensional strontium 

quantum gas atomic clock
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Quantum sensing permits some most precise measurements 
Laser interferometer gravitational-

wave observatory (LIGO)
NIST’s three-dimensional strontium 

quantum gas atomic clock

A new astronomical tool to observe 
the universe

…

Global satellite navigation systems; 
International System of Units (SI);

Fundamental test of physics;
…

Atomic clock loses only ~0.1 s over 
the age of the universe

LIGO detects a change in distance 
between its mirrors ~1/10,000th

the width of a proton

© advancedligo.mit.edu/



The quantum revolution 

An era that we can quantum engineer a state of matter as 
advanced sensors to explore uncharted territories of knowledge 
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Biological systems are complex

© Cell Signaling Technology, Inc.© Steve Gschmeissner / Science Photo Library

© David S. Goodsell

Mechanistic understand at 

molecular level:

• Structure

• Interaction 

• Dynamics



Vision: probing biological systems with quantum metrology

Nanoscale NMR enabled by diamond-based quantum sensor
© NASA/JPL-Caltech

Why NMR?
Why nanoscale?



Structural determination Protein dynamics

Polymer physics Metabolomics

Xie & Yu et al. Sci. Adv. 2019, 5, eaax5560
Xie… et al. Angew. Chem. 2021, 133, 150

Yuan, Yuan, Xie et al. Biochemistry 2018, 57, 5096

Li, Xie & Brüschweiler. JACS. 2020, 142, 10730
Xie et al. J. Phys. Chem. C. 2016, 120, 24463

Zhang, Xie et al. Anal. Chem. 2016, 88, 1003
Zhang, Xie et al. Metabolites. 2018, 8, 21

• High spectral resolution
• No prerequisite of extrinsic labels
• Non-invasive
• Under (near-)physiological condition
• Probe dynamics on wide timescale

Why NMR: a powerful molecular analytical technique 

Ensemble molecules (~1016 spins)



Coil-based detection: 
macroscopic sample amount

Nitrogen-vacancy (NV) center in 
diamond crystal can be used as a 
quantum sensor for nanoscale 
NMR/EPR

Technology invented and developed at:
Stuttgart, Harvard, UCSB, IBM, USTC… 

in the past two decades

Why nanoscale: probe tiny systems that conventional NMR can’t

Ensemble molecules (~1016 spins) Few molecules (<105 spins)

In situ detection

Lab-on-a-chip analytics
© Polytec

Portable device

Single-cell physiology

…



Outline

• NV-NMR sensor mechanism

• Biocompatible diamond surface functionalization

• Integrated sensing platform based on thin 
diamond membrane

• Conclusion & Outlook



Confocal scan

NV sensing mechanism
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Detecting oscillating NMR signal through dynamical decoupling 

𝑓𝑓 = 𝛾𝛾𝛾𝛾

Frequency domain
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Dynamical decoupling on NV

NV-NMR spectrum of 
objective oil 

(organic molecule)

Sensitivity: 
(10-1000) nT / 𝐇𝐇𝐇𝐇

Taking advantage of conventional NMR techniques



Domains of NV-NMR detection

 Individual protein sensitivity 
 Low spectral resolution 

Lovchinsky et al., 
Science 2016, 351, 836 

13C

 High spectral resolution 
 Low sensitivity (pL volume)  

Allert et al., Chem. Commun. 2022, 58, 8165

Glenn & Bucher et al., 
Nature 2018, 555, 351

Smits et al., Sci. Adv. 2019, 5, aaw7895 



We need a biocompatible surface functionalization 
method to interface target molecules with diamond 
quantum sensor

Missing piece: biocompatible interfacing methods

Lovchinsky et al., 
Science 2016, 351, 836 

13C

Surface-dried ubiquitin sample 
soaked in objective oil
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Motivation: why immobilize biomolecules on diamond surface?

Diffusing Immobilized

• Increase the effective concentration

• Reduce diffusion noise

• Investigating the same molecules over a long time

Criteria to satisfy

• Retain sensor coherence

• Thin (tunable thickness)

• Biocompatible

• Specific conjugation

• Stable

• Recyclable

ns 



Xie & Yu et al. PNAS 2022, 119, e2114186119

Biocompatible diamond surface functionalization architecture

Widely used in 
single-molecule microscopy



Xie & Yu et al. PNAS 2022, 119, e2114186119

Immobilizing ssDNA via two conjugation methods

Single-molecule fluorescence microscopy

Stable for days 
(phosphate buffer pH 7.4)



Only label aptamer (HD22) 

Only label thrombin 

Increasing biotinPEG percentage 

1

2

Preliminary data acquired on glass coverslips
PDB: 4DIH 

Molecular “pull-down” by ssDNA aptamer

KD ~5 nM

1

2



Xie & Yu et al. PNAS 2022, 119, e2114186119

Impact on NV coherence: minimal
15 ± 18% reduction in T2 by spin-echo sequence
49 ± 22% reduction in T2 by (YY-8)N=8
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Xie & Yu et al. PNAS 2022, 119, e2114186119

100 s 1,000 s 10,000 s

Integration time required for detecting a 
single 1H spin with SNR = 1 and 5 nm 

thick functionalization layer 
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Quick notes

Research highlight in Nat. Rev. Mater. 

• We developed a biocompatible, versatile, 
stable, and recyclable functionalization 
method on the surface of diamond quantum 
sensor with long spin coherence

Commonly used 
labeling techniques

Aptamer-mediated 
“pull-down”

Specifically attach molecules of 
interest for NV sensing under 

physiological conditions

A step closer to real-world applications
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Diamond membrane?

Motivation: novel platform based on diamond-membrane 

Difficult to rapidly apply environmental change

When study a biological system, it is common to: 

• Attach/detach samples repeatedly

• Add or remove substrate, binding partner, co-factor etc.

• Change conditions such as pH or salt concentration

• Apply chemogradient

…

mm size



Nanofabrication of diamond membrane-based heterostructure 

Guo & Xie et al. Manuscript in preparation

Tunable thickness from 100 to 400 nm

Prof. Alex High Xinghan Guo

“smart-cut”

2 nm Sapphire

Diamond

Plasma activation



Sensing platform based on diamond membrane heterostructure
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Alexa488-labeled 
streptavidin

Streptavidin-conjugated 
QDot-525

NV centers under wide-field fluorescence microscope

Quantum properties as good as bulk diamond
Guo & Xie et al. Manuscript in preparation

Figure removed due to confidentiality 



Sensing platform based on diamond membrane heterostructure

Living E.coli bacteria (that over-expressing GFP protein)

Evanescent field
(c.a. 200-300 nm)

TIRF illumination

Diamond 
membrane

Cell

Quartz coverslip

Epi TIRF

Toll-like receptors (dye-labeled) on RAW cell membrane

Guo & Xie et al. Manuscript in preparation
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• NV-NMR (NV-EPR) is an emerging molecular sensing technology that 
has unprecedented spatial resolution (single molecule)

• Biocompatible surface functionalization and diamond-membrane based 
sensing modality pave the road for the future applications of NV quantum 
sensing technology to better understand biological systems

Conclusion

Pg.21



Outlook

Time

New knowledge

Conventional 
methods

Quantum sensing

Lovchinsky et al., Science 2016, 351, 836 

13C

Igumenova et al., JACS 2004, 126, 6720 

Ubiquitin by conventional NMR

Ubiquitin by NV-NMR



Advertisement

I look forward to starting my independent research lab this fall!

• Technological development on 
quantum biosensing platforms

• NV-NMR (NV-EPR) on single-
molecule biophysics

• Multi-disciplinary approach to 
decipher molecular mechanisms of 
biological processes

xiemouzhe@uchicago.edu
xiemouzhe@gmail.com

working at the interface of Physics and Biology

Figure removed due to confidentiality 



Collaboration 

The Peter Maurer lab @ UChicago The Rafael Brüschweiler lab @ Ohio State

Funding
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