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Imaging across spatial scales

0.1nm 1nm 10nm 100nm 1µm 10µm

NMR
Crystallography

Electron-microscopy

Optical Microscopy

MRI
PET
CT

100µm 1mm 1cm 1m



https://downloads.micron.ox.ac.uk/lectures/onbi_2014-2015/week-1/ONBI_Lecture_03_imageformation_resolution.pdf

Also, for imaging live biological samples
• Speed is important
• Must not disturb biological process



https://downloads.micron.ox.ac.uk/lectures/onbi_2014-2015/week-1/ONBI_Lecture_03_imageformation_resolution.pdf



https://downloads.micron.ox.ac.uk/lectures/onbi_2014-2015/week-1/ONBI_Lecture_03_imageformation_resolution.pdf



Resolution
Airy Disk (Point Spread Function)

https://www.edinst.com/blog/the-rayleigh-criterion-for-microscope-resolution/



LABEL-FREE IMAGING



Contrast Enhancing Techniques



Phase Contrast & DIC



Quantitative Phase Imaging

https://youtu.be/Nj21OJrJqcU
ACS Nano 2022, 16, 8, 11516–11544 https://doi.org/10.1021/acsnano.1c11507



Quantitative Phase Tomography

Nat Methods 4, 717–719 (2007). https://doi.org/10.1038/nmeth1078



Quantitative Phase Tomography

Nat Methods 4, 717–719 (2007). https://doi.org/10.1038/nmeth1078



FLUORESCENCE IMAGING



Fluorescence Basics

https://www.horiba.com/int/scientific/technologies/fluorescence-spectroscopy/what-is-fluorescence-spectroscopy/
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Fluorescent Probes

GFP

Fluorescent proteins

Organic Dyes



Anatomy of Fluorescence Microscope

https://www.olympus-lifescience.com/en/microscope-
resource/primer/techniques/fluorescence/anatomy/fluoromicroanatomy/



Multi-color Imaging

Seo, J., Sim, Y., Kim, J. et al. . Nat Commun 13, 2475 (2022)



Multi-color Imaging

Valm, A., Cohen, S., Legant, W. et al. Nature 546, 162–167 (2017).

6-color LLS imaging of organelles in COS7 cell






ENHANCED RESOLUTION AND SUPER-
RESOLUTION IMAGING



Image formation in fluorescence microscope
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𝐼𝐼 𝒓𝒓 = 𝑈𝑈 𝒓𝒓 ⊗ 𝐸𝐸 𝒓𝒓 𝑐𝑐 𝒓𝒓

𝐼𝐼 𝒓𝒓 :Image
𝑈𝑈 𝒓𝒓 = 𝑃𝑃𝑃𝑃𝑃𝑃 𝒓𝒓 : Point-spread Function
𝐸𝐸 𝒓𝒓 : Excitation Intensity
𝑐𝑐 𝒓𝒓 : Fluorophore distribution in sample



Wide-Field Imaging
PSF OTF

𝑂𝑂𝑂𝑂𝑂𝑂 𝒌𝒌 = 𝐹𝐹𝐹𝐹(𝑃𝑃𝑃𝑃𝑃𝑃 𝒓𝒓 )

𝐸𝐸 𝒓𝒓 =const
𝐼𝐼 𝒓𝒓 = 𝑃𝑃𝑃𝑃𝑃𝑃 𝒓𝒓 ⊗ 𝑐𝑐 𝒓𝒓

OTF(k=0)=0
No optical sectioning

OTF support
kmax
NA=nsin(α) 
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R. Heintzmann, C.J.R. Sheppard / Micron 38 (2007) 145–149



Confocal Microscopy

Epifluorescence Confocal
Carl Zeiss

Image on pinhole plane s, given beam on sample at r

𝐼𝐼 𝒓𝒓, 𝒔𝒔 = �𝑑𝑑𝒓𝒓′𝑈𝑈 𝒓𝒓 − 𝒓𝒓′ + 𝒔𝒔 𝐸𝐸 𝒓𝒓 − 𝒓𝒓′ 𝑐𝑐 𝒓𝒓′

Confocal image, integrate over pinhole (radius = 𝑎𝑎):

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝒓𝒓 = �𝑑𝑑𝒔𝒔 ∗ 𝐼𝐼 𝒓𝒓, 𝒔𝒔 =

�
𝑠𝑠=0

𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑 𝒓𝒓 − 𝒓𝒓′ + 𝒔𝒔 �𝑑𝑑𝒓𝒓′ 𝐸𝐸 𝒓𝒓 − 𝒓𝒓′ 𝑐𝑐 𝒓𝒓′ =

𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎 𝒓𝒓 ⊗ 𝐸𝐸 𝒓𝒓 𝑐𝑐 𝒓𝒓



Confocal PSF and OTF
PSF OTF

R. Heintzmann, C.J.R. Sheppard / Micron 38 (2007) 145–149 w
ik
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For small pinhole (radius = 𝑎𝑎->0):

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝒓𝒓 = �𝑑𝑑𝒔𝒔 ∗ 𝐼𝐼 𝒓𝒓, 𝒔𝒔 =

�𝑑𝑑𝒓𝒓′𝑈𝑈 𝒓𝒓 − 𝒓𝒓′ 𝐸𝐸 𝒓𝒓 − 𝒓𝒓′ 𝑐𝑐 𝒓𝒓′

𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 𝒓𝒓 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 𝒓𝒓 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝒓𝒓

𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒 𝒌𝒌 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑 𝒌𝒌 ⊗ 𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝒌𝒌

Wide-Field

Confocal



Confocal performance vs. pinhole diameter

Borlinghaus, R., Kappel, C. Nat Methods (2016).

Theoretically 1.4x better resolution
But at expense of signal!

Carl Zeiss



Increase in axial resolution – 4Pi/I5M

Journal of Microscopy, Vol. 222, Pt 2 May 2006, pp. 105–117



Image Scanning and Photon reassignment 
microscopy

Image on pinhole plane s, given beam on sample at r (4D data)

𝐼𝐼 𝒓𝒓, 𝒔𝒔 = �𝑑𝑑𝒓𝒓′𝑈𝑈 𝒓𝒓 − 𝒓𝒓′ + 𝒔𝒔 𝐸𝐸 𝒓𝒓 − 𝒓𝒓′ 𝑐𝑐 𝒓𝒓′

Ueff(r), peak is between r+s and r.

For photons detected at s, most likely emitter position is at r+s/2.
Reconstruction:

- shift signal to most probable position
- sum over s

Mueller and Enderlein, PRL 104, 198101 (2010)



Image Scanning and Photon reassignment 
microscopy

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝒓𝒓 = ∫𝑑𝑑𝒔𝒔 ∗ 𝐼𝐼 𝒓𝒓 − 𝒔𝒔/𝟐𝟐, 𝒔𝒔 = ∫𝑑𝑑𝒓𝒓′ ∫ 𝑑𝑑𝒔𝒔𝑈𝑈 𝒓𝒓 − 𝒓𝒓′ + 𝒔𝒔/𝟐𝟐 𝐸𝐸 𝒓𝒓 − 𝒓𝒓′ − 𝒔𝒔/2 𝑐𝑐 𝒓𝒓′

Substitute: 𝑠𝑠 = 4𝑣𝑣 − 2𝑟𝑟 + 2𝑟𝑟′

𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼 𝒓𝒓 = 4�𝑑𝑑𝒗𝒗𝑈𝑈 𝟐𝟐𝟐𝟐 𝐸𝐸 2𝒓𝒓 − 𝟐𝟐𝟐𝟐

�𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼 𝒌𝒌 = 2�𝑈𝑈
𝒌𝒌
2

∗ �𝐸𝐸
𝒌𝒌
2

2x resolution “attenuation factor”

Mueller and Enderlein, PRL 104, 198101 (2010)



Image Scanning Microscopy

Zeiss Airyscan Technology NotesMueller and Enderlein, PRL 104, 198101 (2010)

Measure: 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝒓𝒓
Fourier Transform: �𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝒌𝒌

Wiener filter: �𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝒌𝒌 𝑊𝑊 𝒌𝒌 , 𝑊𝑊 𝒌𝒌 =
�𝑈𝑈 𝒌𝒌

2

𝜖𝜖+�𝑈𝑈 𝒌𝒌
2 ∗ �𝐸𝐸 𝒌𝒌

2

𝜖𝜖=0.01

Reverse FT



Optical Photon Reassignment Microscopy

Roth, S., Sheppard, C.J., Wicker, K. et al. Opt Nano (2013).Biomed. Opt. Express 4, 2644-2656 (2013)



Structured Illumination Microscopy
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Illumination Image

Information previously inaccessible

Acquire 3 images (φ=0, 2π/3, 4π/3), solve linear system

Reconstruct by shifting components in Fourier Space

= m=-1,0,1



3D Structured Illumination Microscopy (SIM)

Gustafsson et al, Biophys J, 2008



Structured Illumination Microscopy

Li et al, Science, 2015 Caveolae dynamics in a COS-7 cell






I5S (SIM + 4Pi)

Shao et al, Biophys J, 2008



Stimulated emission depletion (STED) microscopy

Vicidomini, G., et al . Nat Methods (2018).



Resolution scaling in STED microscopy

Harke et al, Opt Express (2008)

𝑑𝑑 ≈
𝜆𝜆

2𝑁𝑁𝑁𝑁 1 + 𝜁𝜁
, 𝜁𝜁 = ⁄𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆



Combination of STED with 4Pi interferometry

Hao, X., et al . Nat Methods (2021).



Single-molecule localization microscopy (SMLM)
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Jimenez et a. Methods (2020).






Discoveries by SMLM

Lelek et al. Nat Rev Methods Primers (2021).



Image-based Single-molecule Localization

Theory: Thompson et al (2002); Molecular motor tracking: Yildiz et al (2003).

Fundamental limit: signal-to-noise (“uncertainty principle”)

100 photons 1,000 photons 10,000 photons












3D Localization approaches

Chem. Rev. 2017, 117, 11, 7244–7275

Bi-Plane InterferometryPSF Engineering



Advanced Techniques:
Modulation-enhanced Localization

Excitation
Wave
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Wang et al., Cell (2016)
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Modulation enhanced localization

Loïc Reymond et al 2020 J. Phys. Photonics 2 041001



IMAGING LIVE CELL AND MULTI-CELLULAR 
SYSTEMS



Multi-photon Microscopy
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Multi-photon Microscopy

Zong et al, Cell (2022)






Trade-offs in imaging live biology

Laissue et al. Nat Meth (2017).



Selective-plane Illumination Microscopy (SPIM)

Huisken et. al. Science (2004)



Gaussian Beam propagation

Source: wikipedia Nature Methods volume 14, pages360–373 (2017)

Trade-off between spatial resolution and FOV

https://www.nature.com/nmeth


SPIM with “Non-diffracting” Bessel beams

Nature Protocols volume 9, pages1083–1101 (2014)

Problem: significant side-lobes and out-of-focus excitation

https://www.nature.com/nprot


Bessel Beam Arrays and Bounded Optical Lattices

Chen et al, Science (2014)






Bounded 2D Optical Lattices

Chen et al, Science (2014)



SPIM with Bounded Optical Lattices (Lattice Light-
Sheet Imaging

Chen et al, Science (2014)



Lattice Light-Sheet Imaging

Chen et al, Science (2014)



3D Interferometric LLS Imaging

Cao et al., Nat Biotech (2021) Increased 3D resolution and OTF support



Selective-plane Illumination Microscopy (SPIM)

Chen et al, Science (2014)



Selective-plane Illumination Microscopy (SPIM)

Chen et al, Science (2014)



Image Degradation in thick samples
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Ni et al, Nat Meth (2010)



Closed-loop AO with direct wavefront sensing

Shack-Hartmann wavefront sensor

aomicroscopy.org



Adaptive Optics Imaging

Rodríguez, C., Chen, A., Rivera, J.A. et al. . Nat Methods (2021).



Adaptive Optics Imaging (Wide-field)

Liu et al, Science (2018) Thorlabs.com



Adaptive Optics Imaging

Liu et al, Science (2018)



Adaptive Light-sheet Imaging
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