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Confocal vs Wide Field



Confocal vs Wide Field





Super-Resolution Microscopy



Localization



Photoactivation localization microscopy 
(PALM)

Mean-squared position error:
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s is the standard deviation of the PSF. 
a is the pixel size in the image 
Nm is the total number of photons measured from molecule m 
bm is the number of background photons collected in the fitting window 

Russell E. Thompson, Daniel R. Larson, and Watt W. Webb, Biophysical Journal 82, 2775 (2002).
Eric Betzig, et al., Science 313, 1642 (2006).

Lateral resolution  Δxy ≈  0.61 λ / N.A.
≈ 200 nm

Axis resolution  Δz ≈ 2λ / N.A.2

≈ 450 nm 

Diffraction-limited system:





























Direct stochastic optical reconstruction microscopy (dSTORM) 

Angew. Chem. Int. Ed. 2008, 2009, Nature protocols 2011

Reversible photoswitching mechanism of standard fluorophores 

Localization imaging concept Multicolor imaging



TIRF images             Super-resolution images

Multicolor superresolution fluorescence imaging
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Vinculin

Actin filament

1. Characteristic distance between focal adhesion 
complexes.

2. Cross-correlation between different focal 
adhesion complexes.

3. Number of focal adhesion complexes at 
different adhesion types.

Objective
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Fibrillar Adhesions 
(FB)

Focal Adhesions
(FA)

Focal Contacts
(FC)

J. Cell Sci. (2010).
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minimal photon flux



Operation Principle of MINFLUX

Illumination Pattern: MINFLUX uses a donut-shaped laser beam, which has a zero-
intensity dark spot at its center. This unique configuration is crucial for the method's 
high-resolution capability.
Positioning the Dark Spot: The central idea is to position this dark spot near the 
fluorescent molecule of interest. The precise localization is achieved by detecting where 
the photons are emitted relative to this dark spot.
Photon Emission: As the fluorescent molecule emits photons, the position of the dark 
spot is adjusted based on where these photons are detected. The goal is to center the 
dark spot as close as possible to the actual position of the molecule.
Iterative Refinement: The process involves iterative adjustments of the dark spot's 
position. With each iteration, the system collects data on photon emissions, refining the 
estimated position of the fluorophore.
Efficient Use of Photons: By focusing the interrogation to the vicinity of the dark spot 
and iteratively narrowing down the position, MINFLUX significantly reduces the number 
of photons needed to achieve localization. This efficiency helps in reducing 
photobleaching and photo-toxicity, which are common issues in super-resolution 
microscopy.
High Localization Precision: The iterative process, combined with the unique 
illumination pattern, allows MINFLUX to achieve localization precisions in the range of 
sub-nanometers, surpassing the capabilities of many existing super-resolution 
techniques.











STED Microscopy:

Depletion Beam: STED uses a donut-shaped depletion beam that surrounds a 
central excitation spot. This depletion beam effectively "turns off" fluorescence by 
stimulating the emission of photons from the excited state to the ground state, 
excluding the central spot where the fluorescence remains active.
Resolution Enhancement: By reducing the effective volume of fluorescence, 
STED can achieve a much higher resolution than conventional confocal 
microscopy. The resolution is limited by the intensity of the STED beam—the 
higher the intensity, the greater the resolution.

MINFLUX:

Photon-efficient Localization: MINFLUX uses a donut-shaped illumination 
pattern similar to STED but for a different purpose. Instead of depleting 
fluorescence, the zero-intensity center of the beam is used to pinpoint the location 
of fluorescent molecules with minimal photon emission.
Iterative Positioning: The core of MINFLUX is the iterative positioning of the dark 
spot near the fluorophore and detecting where photons are emitted. This process 
minimizes the number of photons needed for high-precision localization, leading to 
extremely high resolution with less photobleaching compared to other methods.



Key Differences

STED achieves high resolution by physically restricting the fluorescence emission area, 
which can require high laser intensities and may lead to photobleaching.
MINFLUX achieves similar or better resolutions by optimizing the photon budget and 
reducing the area needed for scanning to localize molecules, which is significantly 
photon-efficient and reduces photodamage.

STED involves complex and expensive setup due to the high-power lasers required for 
the depletion beam and the need for precise alignment of the excitation and depletion 
beams.
MINFLUX, while also complex, primarily focuses on the innovative use of photon 
detection and spatial manipulation, potentially allowing for more straightforward 
adaptations in existing fluorescence microscopy setups.

STED is widely used for imaging structures at the nanoscale within biological tissues 
and cells, particularly useful in neuroscience and cell biology where high-resolution 
images of dense molecular complexes are needed.
MINFLUX is particularly advantageous for tracking single-molecule dynamics with high 
temporal resolution and minimal photobleaching, making it ideal for live-cell imaging 
and dynamic molecular studies.



















Light sheet fluorescence 
microscopy











Optical Clearing























Spatial Biology

Spatial Biology is an interdisciplinary research field that focuses on the study of 
biological systems in relation to their spatial organization and distribution at various 
scales, ranging from molecular to cellular, tissue, and organism levels. This field 
combines advanced imaging techniques, computational methods, and molecular 
biology approaches to investigate the spatial arrangement of biomolecules, cells, and 
tissues, and how these spatial relationships influence biological functions, processes, 
and interactions.
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Directions of Spatial Biology
Advanced Imaging Techniques: Techniques such as super-resolution microscopy, 
cryo-electron microscopy, and light-sheet microscopy will be further refined and 
expanded, allowing for greater resolution, sensitivity, and speed in imaging cellular 
structures and molecular interactions.

Integration of Omics Data: Combining spatial biology with other omics data types, 
such as genomics, transcriptomics, proteomics, and metabolomics, will enable a more 
comprehensive understanding of the spatial organization of biological systems and 
their functional consequences. 

Spatial Analysis and Computational Methods : advanced computational methods 
and tools for data analysis, visualization, and interpretation. Machine learning and 
artificial intelligence algorithms will play a crucial role in processing and understanding 
these complex data sets.

Single-Cell Spatial Analysis

Organoid and 3D Culture Systems

In Vivo Imaging and Therapeutics: 



Applications of Spatial Biology
Drug Discovery: Spatial biology can be used to identify drug targets and understand their 
spatial organization, expression, and function within cells and tissues. This can facilitate 
the development of drugs that target specific cellular components, pathways, or 
interactions, leading to more effective and targeted therapies.

Diagnostics: Spatial biology can help identify disease-specific spatial patterns or 
biomarkers, which can be used for the early detection, diagnosis, and monitoring of 
diseases such as cancer, neurological disorders, and infectious diseases.

Personalized Medicine: Understanding the spatial organization of cells and tissues in 
individual patients can lead to the development of personalized treatment strategies 
tailored to their unique biological context. Spatial biology can inform decisions regarding 
drug selection, dosage, and administration, as well as the identification of patient 
subpopulations that may respond differently to specific therapies.

Tissue Engineering and Regenerative Medicine: Spatial biology provides insights into 
tissue organization, development, and repair, which can be applied to tissue engineering 
and regenerative medicine. This information can guide the design of artificial tissues and 
organs, as well as the development of strategies to promote tissue regeneration and repair 
following injury or disease.









mRNA
mRNA exists in a variation of sizes, quantified by their number of nucleotides. 
For example, the GFP protein has a size between 300 and 1,000 nucleotides. 
Conversely, mRNA molecules such as the COVID-19 mRNA vaccine and Cas-9 
have sizes between 2,000 and 4,000 nucleotides.
Average length 1200-1500 NTs

1 tacacacgaa taaaagataa caaagatgag taaaggagaa gaacttttca ctggagttgt
61 cccaattctt gttgaattag atggcgatgt taatgggcaa aaattctctg tcagtggaga

121 gggtgaaggt gatgcaacat acggaaaact tacccttaaa tttatttgca ctactgggaa
181 gctacctgtt ccatggccaa cacttgtcac tactttctct tatggtgttc aatgcttttc
241 aagataccca gatcatatga aacagcatga ctttttcaag agtgccatgc ccgaaggtta
301 tgtacaggaa agaactatat tttacaaaga tgacgggaac tacaagacac gtgctgaagt
361 caagtttgaa ggtgataccc ttgttaatag aatcgagtta aaaggtattg attttaaaga
421 agatggaaac attcttggac acaaaatgga atacaactat aactcacata atgtatacat
481 catggcagac aaaccaaaga atggaatcaa agttaacttc aaaattagac acaacattaa
541 agatggaagc gttcaattag cagaccatta tcaacaaaat actccaattg gcgatggccc
601 tgtcctttta ccagacaacc attacctgtc cacacaatct gccctttcca aagatcccaa
661 cgaaaagaga gatcacatga tccttcttga gtttgtaaca gctgctggga ttacacatgg
721 catggatgaa ctatacaaat aaatgtccag acttccaatt gacactaaag tgtccgaaca
781 attactaaat tctcagggtt cctggttaaa ttcaggctga gactttattt atatatttat
841 agattcatta aaattttatg aataatttat tgatgttatt aataggggct attttcttat
901 taaataggct actggagtgt at



GFP

MSKGEELFTGVVPILVELDGDVNGQKFSVSGEGEGDATYGKLTL
KFICTTGKLPVPWPTLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFYKD
DGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKMEYNYNSHNVYIMADKPKNG
IKVNFKIRHNIKDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHM
ILLEFVTAAGITHGMDELYK



FLUORESCENCE IN SITU HYBRIDIZATION (FISH)

Fluorescence in situ hybridization (abbreviated FISH) is a laboratory technique used to detect 
and locate a specific DNA sequence on a chromosome. In this technique, the full set of 
chromosomes from an individual is affixed to a glass slide and then exposed to a “probe”—a 
small piece of purified DNA tagged with a fluorescent dye. The fluorescently labeled probe finds 
and then binds to its matching sequence within the set of chromosomes. With the use of a 
special microscope, the chromosome and sub-chromosomal location where the fluorescent 
probe bound can be seen









30 nucleotides long, 
which includes a 20-
nucleotide sequence 
complementary to the 
target RNA, a 6- to 10-
nucleotide readout 
sequence for the 
fluorescent readout probe, 
and a spacer region.





around 16-48 probes were used per mRNA molecule, depending on the 
length and sequence of the mRNA. The study used a set of 130 probes 
targeting 130 different mRNAs in single cells.

In the original MERFISH paper, the authors used a pool of 130 probes, each 
targeting one of 130 different mRNAs in single cells. For each mRNA species, 
they designed a set of 16-48 oligonucleotide probes. The exact number of probes 
for each mRNA varied depending on the length and sequence of the mRNA.

Thus, the total number of probes used in the experiment is the sum of all the 
individual probe sets for the 130 mRNAs. While the exact total number of probes 
is not provided in the paper, considering an average of 32 probes per mRNA 
(midpoint of the 16-48 range), the total number of probes would be approximately:

32 probes/mRNA * 130 mRNA species ≈ 4,160 probes



In the original MERFISH paper, the authors used 16 distinct readout sequences 
and two spectrally distinct dyes. The 16 readout sequences corresponded to 16 
different binary bits in the error-robust barcodes assigned to each mRNA species. 
Each of these readout sequences was conjugated to a fluorophore in one of two 
colors.

The authors performed eight sequential imaging rounds, hybridizing and imaging 
a combination of eight readout probes per round (one for each bit position in the 
binary barcode). In each imaging round, a subset of the 16 readout sequences 
was labeled with one of the two colors, resulting in 2^16 or 65,536 potential 
binary barcodes.































UMI and Barcode
Unique Molecular Identifier (UMI): A UMI is a short, random sequence of 
nucleotides that is attached to individual mRNA molecules during library 
preparation for sequencing experiments. The primary purpose of a UMI is to label 
each original mRNA molecule uniquely, allowing for accurate quantification of gene 
expression by distinguishing between PCR duplicates and independent molecules 
originating from the same gene. This helps to correct for PCR bias and improves 
the overall quality and reliability of the gene expression data.

Barcode: In spatially resolved transcriptomics, a barcode typically refers to a short, 
known sequence of nucleotides that is used to label transcripts based on their 
spatial origin within a tissue. Barcodes can be introduced during library 
preparation or directly on the capture probes or primers used for in situ 
sequencing or hybridization-based techniques. The primary purpose of a barcode 
is to enable the assignment of sequenced transcripts back to their original spatial 
location within the tissue, allowing for the reconstruction of spatial gene 
expression patterns.
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