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Structure of the talk

1. Detection of single molecules in biology and medicine

2. Optical microscopy and spectroscopy of single molecules

4. Quantum engineering of radiative properties of nanoscale emitters 

of light

3. Detection of single molecules and virions



I. Detection of single molecules in 

biology and medicine



Single-molecule experiment relying on fluorescence detection is dominating over 
all other optical techniques for the last 20 years



The Nobel Prize in Chemistry 2022 for the development of click chemistry and 
bioorthogonal chemistry



Is it possible to find a single specific molecule (analyte) 
in a big volume?

?
Bottle with liquid

1. Yes/No

2. Concentration

3. Limit of Detection

4. Single molecule



Ultra-low concentration in optics, how much low is it?

l



Ultra-low concentration in optics, how much low is it?

l

biomolecule

biomoleculeL

L >>l
N ~ 107 cm-3



Optical Sensing approaches
Refractive Index Measurements

Detection limit: 
108 molecules ( 20 pM) 

Single Molecules Detection

Detection limit:  
1 molecule!!!
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Single-Molecules-Counting Method

Laser

Detection time = Nmolecules × tsingle molecule detection

Singulex Inc.

N= 
time

1 mL / 1 fl = 1012 -> several years!!!

< 1 mm

40 mm

n = N/V



Concentration amplification in a sample

(I) Concentration of analyte 
molecules on the functionalized 

surface

(II) DNA amplification 
(Polymerase Chain Reaction, PCR)

antibodies

Disadvantages:
- Technical difficulties

- Costly
- Long sample preparation time

- Errors due to additional technical steps



Antibodies

Analyte 

molecule

Surface

“Catastrophe” of the Langmuir binding isotherm



“Catastrophe” of the Langmuir binding isotherm

Latour, Robert A. "The Langmuir isotherm: a commonly applied but misleading 
approach for the analysis of protein adsorption behavior." Journal of Biomedical 
Materials Research Part A 103.3 (2015): 949-958.



Selected applications of fluorescence of  

single molecules in our lab



40 mm

Example -1: control of Troponin molecules in blood

Oxygen supply < Load

Heart muscle cell dying

Troponin
molecules in heart muscles
control the heart beating



Example-2: detection of virus particles

Schematic of
SARS-CoV-2 virion

L ~ 1 mm



Example 3: Single DNA 

molecule sequencing



Polymerase molecule



Zero Mode Waveguide

Al

Quartz



Single DNA 

sequencing



“THIRD” GENERATION SEQUENCING
(large fragment single molecule)



2. Optical microscopy and 

spectroscopy of single molecules



SARS-CoV-2

Marking of biomolecules via antibodies

cTnT

Laser

- antibody + - fluorescent marker               =

Emission

- marked antibody



Nanolocalized sources of light–
fluorescent markers



Nanolocalized sources of light
Single atoms and ions

Dye molecule
Defects in crystalsFluorescent proteins



Comparison of different emitters of light
Emitter FWHM (nm) 𝑰𝒔𝒂𝒕 (

𝑾

𝒄𝒎𝟐)
𝝈𝒓𝒂𝒅 (𝒄𝒎

𝟐) 𝚽𝒎𝒂𝒙

=
𝑰𝒔𝒂𝒕 ∗ 𝝈𝒓𝒂𝒅
𝑭𝑾𝑯𝑴

(𝑾/𝒏𝒎)

Quantum yield Size

Quantum dot ~40 ~103 ~10−14 ~2,5 ∗ 10−13 30-50% ~5 𝑛𝑚

Dye molecules ~40 ~106 ~10−16 ~2,5 ∗ 10−12 20-100% ~10 Å

Defects in 
diamond

~5 (ZPL, 300К)
~150 (PSB,
300К)

~104 − 105 ~10−16 > 2 ∗ 10−13 1-10% ~5 𝑛𝑚
− 100 𝑛𝑚

Single atom ~6 𝑀𝐻𝑧 ~10−3 ~10−8 ~10−5 100% ~2 Å



Saturation effect of the photon flux
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Laser power (mW)

Noise of optical detector

Fluorescence of 
molecule~ 1/tsp



Photon flux vs laser power
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Noise of optical detector

Fluorescence of 
molecule

Noise of optical detector

Fluorescence of 
molecule

Parasitic 
luminescence

Ideal (impossible to realize) 
case Real case



Fluorescence microscopy of single molecules



Problems of available quantum emitters of light

1. Low photon flux

2. Large spectral width

3. Photodegradation



Low photon flux and tight focusing of laser light

Laser
D

et
ec

to
r

Detected signal =
 × Ilaser + V × Ilaser

Fluorescence of
nanolocalized source
(single molecules)

Parasitic luminescence 
of surrounding media

V – effective excitation volume

dx.doi.org/10.1021/ac3027178 | Anal. Chem. 2013, 85, 1258−1263



Why spectral width of fluorescence is important? 

3– 5 нм

40 – 60 nm



S0

S1

T1

exc

ISC

0 TT

+3O2

molecule

destruction

pb

Photodegradation of dye molecules



3. Detection of single molecules and 
virions



Single-Molecules-Counting Method with
“unfocused” laser light

Laser

10 – 1000 mm



Detection of Troponin 
molecules



Making samples for Troponin molecules detection

P.N. Melentiev et al. ACS Sensors 5, 3576–3583 (2020)



Optical setup

Melentiev et al. ACS Sensors 5, 3576–3583 (2020)



Single Troponin molecules visualization

P.N. Melentiev et al. ACS Sensors 5, 3576–3583 (2020)



30 mm

Optical imaging of cTnT molecules

Single molecules
registration volume

Registration volume 
of our approach



S. Upasham, A. Tanak, S. Prasad, Advanced Health Care Technologies 2018:4 1–13

20 pg/mL

1 pg/mL

Troponin
Detection

Single-Molecule-Counting-Method



Detection of
SARS-CoV-2 virions



Two strategies for SARS-CoV-2 single virions detection

Viral particle

Pseudo-viral 
particle (not 

harmful)



Making samples for SARS-CoV-2 single virions detection

D. Kudryavtsev et al. Nature Photonics, submitting (2022)



SARS-CoV-2 virions detection with use of hubrid plasmonic nanoparticles 
(nanoscale mesoscopic systems)

P. Melentiev et al. Nature Nanotechnology, submitting (2022)



SARS-CoV-2 Aggregate of antibodies

(1) Total flux of photons

(2) Kinetics of 

photoluminescence 

degradation

dx dx

dx
- Energy transfer
- Fluorescence efficiency
- Kinetics of pumping to the 

triplet sublevel

Viral particles vs aggregates of antibodies

- antibody + - fluorescent dye = - Marked antibody



Viral particles vs aggregates of antibodies

- antibody + - fluorescent dye = - Marked antibody

S0

S1

T1
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Detection of SARS-CoV-2 virions directly in a swab

D. Kudryavtsev et al. Nature Photonics, submitting (2022)



4. Quantum engineering of radiative 
properties of a nanoscale emitters of light



- We show that it is possible to manipulate by the emission rate of fluorescent molecules in 
such systems by carefully designing the energy levels of a specific system formed using a 
strongly coupled dye molecules in the shell and a plasmonic nanoparticle.

- The use such a nanoscale emitter of light is a versatile tool for detection of ultra-small 
concentrations as well as visualization of biomolecules and virions. 

- Two specific cases of biosensing and bioimaging were described: (i) Real-time imaging of 
single troponin-T molecules (hearts pecific troponin isoform specific markers of 
cardiomyocyte damage) in human blood serum and measurement of troponin-T 
concentration with a clinically important sensitivity of about 1 pg/mL; (ii) Detection of only 
virulent single SARS-CoV-2 virus particles, and their discrimination from non-infectious SARS-
CoV-2 pseudovirus particles. 

Outline


