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Introduction to BioAxial Super-Resolution Technology and its Unique Benefits for Live Cell Bioimaging



Purpose of the presentation • Introduction to BioAxial technology – Conical diffraction – Algorithms – CODIM100 instrument



• Applications of BioAxial super resolution in live cell imaging • Unique benefits of BioAxial technology



Patented technology and patents pending
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BioAxial is a technology company that offers biologists and microscopists who do live cell imaging the most evolutionary, user-friendly, customizable and affordable high performance super resolution technology. BIOAXIAL VALUE PROPOSITION



Patented technology and patents pending
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BioAxial is a young, well staffed and funded promising company • Founded in 2010 by L.Philippe Braitbart (CEO) and Gabriel Sirat (CTO) • 8 employees – 6 PhD’s in Physics, Biology and Mathematics – 1 Master in Applied Mathematics – 1 Master in Chemistry + MBA



• Financed by venture capital – Round A of 1.9 M€ completed in May 2013 – 3 investment funds (CEA Investissements, Viveris Management, Inserm Transfert)



Patented technology and patents pending
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BioAxial has partnered with Imagopole, the bioimaging facility of Institut Pasteur and Nikon • Dr. Spencer Shorte, head of Imagopole at Institut Pasteur has believed in BioAxial’s technology since 2009 and has provided regular support in terms of technology and target applications • Dr. Jean-Yves Tinevez, Imaging and Data Analysis Specialist from Institut Pasteur has provided ongoing feedback to help BioAxial improve the technology and the instrument • A partnership with Nikon France was initiated as of 2011



Patented technology and patents pending
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Theory of Conical Diffraction in Biaxial Crystals Implementation in the first commercial instrument : CODIM100



Patented technology and patents pending
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Conical diffraction occurs when a polarized or unpolarized beam propagates in a thick piece of crystal Biaxial crystal



R Optic axis



 Z



Poggendorff rings



Unpolarized or circularly polarized light input



R0



Sir Michael Berry, 2007: “Although conical diffraction exemplifies a fundamental feature of crystal optics . . . This effect seems to occur nowhere in the natural universe, and no practical application seems to have been found.” Patented technology and patents pending
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Thin biaxial crystal



Left circular pol.



Adding an analyzer in the optical path at the outlet of a thin crystal produces different light spot shapes



Circular polarizer



Right circular pol.



Optic axis



Left circularly polarized light input



Patented technology and patents pending
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By controlling the input and output polarization states it is possible to get families of light distributions Similar to Airy disc



Biaxial Crystal



• Generation of high contrast / high spatial frequency local distributions within the Airy disc • Robust and highly reproducible process • Compact optics • Very versatile



Vortex



‘Half-moons’ at any angle



…



Sub-diffraction illumination spots Patented technology and patents pending
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Examples of possible light distributions



Different combinations of the polarizers produce different illumination spots within the Airy disc



Patented technology and patents pending
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Different distributions of the size of an Airy disc are projected on the sample to produce super resolved images Excitation



Detection



Reconstruction algorithm



Least Square Estimate algorithm • Redundant information • Negligible drift • Local illumination: very limited diffused light • Low SNR proof • Linear result



Patented technology and patents pending



Sub diffraction localization
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A powerful algorithm reconstructs the 2D or 3D super resolved images from raw data recorded by a camera



Reconstruction algorithm 1.7 µm



…



Super resolved images with BSR



Camera



300 nm Wide-field image w/o BSR Patented technology and patents pending
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CODIM100 SUPER-RESOLUTION MODULE



Patented technology and patents pending
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CODIM100 is the first add-on commercial instrument based on conical diffraction



Bioaxial Module



Confocal Microscope



Patented technology and patents pending
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Conventional diffraction-limited confocal microscopes alone cannot exceed 200-250 nm resolution



Laser illumination



Commercial confocal microscope Direct coupling of laser to confocal microscope



Patented technology and patents pending
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Conventional diffraction-limited confocal microscopes hyphenated to CODIM100 can exceed 100 nm resolution Laser illumination



Commercial confocal microscope



Coupling of laser through CODIM100



Compact optics Camera (microscope back port) Automation by µController Patented technology and patents pending



Sub-diffraction illumination spots 16



CODIM100 is an add-on module which can virtually integrate any confocal microscope HW and SW CODIM100 integrated to a confocal microscope



405nm 488nm 561nm 640nm



ROI scanned by CODIM100



Nikon NIS software



CODIM100



Excitation wavelengths



CODIM100 Software integration



CODIM100 coupled to Nikon Eclipse Ti + C2 confocal module Patented technology and patents pending



BioAxial CODIM100 software menu 17



PROCESSING FLOW AND ALGORITHMS IN CODIM100 FOR MICROSCOPY SUPER-RESOLUTION



Patented technology and patents pending
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IMAGES EXPLOITED IN BSR SOFTWARE



Patented technology and patents pending



19



Acquisition devices in CODIM100 module A low-light (very sensitive), fast camera for fluorescence imaging + a secondary fast camera for beam positioning



Primary camera images (diffraction limited fluorescence) (520 nm)



Secondary camera images (shaped beam) (488 nm)



Patented technology and patents pending
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A very accurate and sensitive imaging process • Very accurate beam positioning – < 50nm max. err. @ λ = 488 nm and NA = 0,95 for secondary camera



• Intensity of the laser beam is also accurately measured – correction of fluctuating power



• Small ROI with single laser shot acquisition ensures very low amount of diffused light in measurements • Depth of focus of illumination close to the Airy pattern depth – ~ 500nm with λ = 488nm and NA = 0,95



• Camera more sensitive than classical PMT – EMCCD : 90% Q.E. , SCMOS : 70% Q.E. at 520 nm



Patented technology and patents pending
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Fluorescence shot noise and camera DSNU calibration



The stochastic nature of photons hitting the camera and photometric non-uniformity are taken into account



Shot noise probability function



Sensor dark signal nonuniformity (DSNU)



Patented technology and patents pending
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Image processing flow



Raw images



Positionning Intensity calculation Image cropping ...



Reduced dataset and Configuration files



Local Processing



Remote Processing



Patented technology and patents pending



Processed BSR image(s) 23



DEMYSTIFYING RESOLUTION INFORMATION IN BIOAXIAL IMAGES



Patented technology and patents pending
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A linear image formation process E(x,y)



E(x,y) x U(x,y) Light (E) is shed on a fluorescent object (U)



Sub-diffraction illumination spots



1



( E(x,y) x U(x,y) ) * Airy



Light (Airy) is emitted by each point in the fluorescent object



Light projected on the fluorescent sample



2 Patented technology and patents pending



Diffraction limited images
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ALGORITHMS PRINCIPLES AND RESULTS



Patented technology and patents pending
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BioAxial observation matrix Unknowns Image 1 0...0



• The relation between data and fluorescence concentration is a linear operator represented by a matrix



0...0 Image 2 Image 3 0...0 ... Micro-images coefficients



L



• Input : Discretized fluorescence concentration – 2D image with approx. 20.000 terms



• Output : Concatenated observed images – 3D array with approx. 1.000.000 terms



• Matrix with 2. 1010 terms (7x7 µm, 2D)



sys



Large matrix Patented technology and patents pending
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Algorithms are based on measurement likelihood



Assuming independent pixel noise realization :



Likelihood expression for an observation matrix Lsys , measurements Mk[q,p], and an unknown U Each pixel in the observation camera has a statistic close to Poisson law for identical measurements • K : image index • N : number of images • Q,P : image pixels • B : Background term Patented technology and patents pending
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Interpretation of likelihood function • Likelihood is the probability of observation of the dataset for a fluorescence concentration U • It is a guiding criterion for estimating U but : – Deblurring is an ill-posed inverse problem so maximizing likelihood as a function of U can be troublesome – The matrix Lsys is non-invertible and its exact range of possible inversion depends on the illumination • e.g. : Airy pattern illumination has lower resolution power than halfmoons / sine function



Patented technology and patents pending
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Algorithms at BioAxial What is the most probable positive signal with limited resolution of 2x or less than a classical confocal microscope resolution ? Solution: MAP with band frequency and positivity constraint



What is the average positive signal given our measurements for the probability density function described previously ? Solution: Posterior Mean (aka L.S.E.)



Patented technology and patents pending
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Algorithms at BioAxial • MAP algorithm maximizes likelihood up to a threshold : – Similar to Richardson-Lucy algorithm in case of Poisson noise – Artifacts are smoothed by early stopping and frequency limitation



• LSE algorithm takes into account more possible images : – Innovative approach more often used in financial Monte-Carlo simulations • Quadratic risk minimizer



– Artifacts are smoothed by averaging over many different high probability images • More stable estimator



Patented technology and patents pending
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Conclusions on algorithms • Images acquisition is a very robust, simple and sensitive process • Resolution information derives from frequency mixing up to 2fmax and is better conditioned with BIOAXIAL illumination than standard Airy pattern • Algorithms use standard and non-standard tools – Linear algebra + optimization (fast) – Stochastic integration computationally highly demanding



Patented technology and patents pending



32



APPLICATIONS OF THE BIOAXIAL SUPER RESOLUTION TECHNOLOGY



Patented technology and patents pending
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Tubulin-Alexa488 in U20S cells Very well documented protein and structures for super-resolution Tubulin-Alexa488 in U20S cells



Sample Courtesy of Dr Gabor Csucs, ETH Zurich



Patented technology and patents pending
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Tubulin-Alexa488 in U20S cells Conventional Imaging



5 µm



1 µm



Patented technology and patents pending
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Tubulin-Alexa488 in U20S cells BioAxial Super-Resolution Imaging Conventional



BSR 1 µm



1 µm



1 µm Patented technology and patents pending
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Faint Actin Structures Challenging structures for imaging in general and even more for Super-Resolution due to low signal Biologically important areas home for many key protein interactions Sample Courtesy of Dr Olivier Curet and Dr Nasire Mamhudi, Sanofi Aventis



Patented technology and patents pending
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Faint Actin Structures Conventional Imaging 1 µm



5 µm



Patented technology and patents pending
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Faint Actin Structures BioAxial Super-Resolution Imaging Conventional 1 µm



BSR 11µm µm



Patented technology and patents pending
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Faint Actin Structures Comparison Conventional vs BSR BSR



Conventional 1 µm



200 nm



200 nm



BSR



Conventional 200 nm



Conventional



BSR 200 nm



BSR (large field) Patented technology and patents pending
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Tubulin + Actin BioAxial Super-Resolution Imaging Conventional



1 µm



BSR



1 µm



Actin (red) Tubulin (green)
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Tubulin + Actin Comparison Conventional vs BSR BSR (large field) 200 nm



Conventional



BSR 200 nm



1 µm



300 nm Conventional



BSR



Actin Tubulin Patented technology and patents pending



42



EM Samples for correlative microscopy Special requirements for an air objective for use in vacuum (40x 0.95 NA) Sample preparation optimised for EM and not for light microscopy (fixation protocol, no immuno stainting etc.) Extremely dim samples: lowest expression cells of C1-GFP are of interest High performance required for effective correlative measurments



Patented technology and patents pending
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Correlative Light/EM Samples Conventional Imaging 1 µm



5 µm



Patented technology and patents pending
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Correlative Light/EM Samples Comparison Conventional vs BSR Conventional 1 µm



BSR 1 µm



Patented technology and patents pending
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Correlative Light/EM Samples Comparison Conventional vs BSR Conventional



BSR Conventional 200 nm



1 µm 300 nm



140 nm



BSR 110 nm



Conventional



BSR 40x 0.95NA objective!



200 nm



BSR (large field) Patented technology and patents pending
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Linearity Quantitative analysis of BioAxial Super-Resolution images



Patented technology and patents pending



47



Preliminary study shows that BSR is linear which demonstrates suitability for quantitative analysis Linearity curve between SIM and BSR



1800



mean in Bioaxial reconstruction



1600 y = 2,4083x + 151,6 R² = 0,9138



1400 1200 1000



Série1



800 600 400 200 0 0



100



200



300



400



500



600



mean in SIM reconstruction



Gray : Elyra SIM x63 NA 1.4 Blue : BSR x40 NA 0.95 Selected ROIs for linearity assessment Patented technology and patents pending
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CONCLUSIONS CODIM100 major benefits



CODIM100 major benefits • Above 2x improvement in XY resolution – 80-90 nm on biological samples with 1.20 NA immersion objective at 488 nm – Possibility to use lower NA objectives with good resolution (e.g. 110 nm with 0.95 NA objective – interesting for CLEM)



• No need for special fluorophores: – No change to sample prep facilitating scientists’ adoption of BioAxial super resolution



• Linearity: – Preliminary results of ongoing study show that BSR imaging is a linear technique Patented technology and patents pending
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CODIM100 major benefits • Physiologically friendly: – Low photo-toxicity1 with energy load of less than 1 µJ/µm² compatible with time-lapse imaging over long periods of time



• High sensitivity: – Compatible with low expression levels – Broad dynamic range



• Seamless integration: – Only technology capable of integrating seamlessly to existing Nikon Ti Eclipse with C2 confocal module reducing CAPEX by a factor of 2x-3x 1 Conical



diffraction illumination opens the way for low phototoxicity super-resolution imaging Cell Adhesion & Migration 8:4, July 1, 2014 Patented technology and patents pending



51



Thank you!



Patented technology and patents pending
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For more information please contact Louis-Philippe Braitbart, CEO [email protected] William Amoyal, VP Sales & Marketing [email protected] Stephane Oddos, Applications Scientist [email protected]



Patented technology and patents pending
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