
Small intestine slices were immunostained and embedded using the acrylamide-based A-ha polymer (refractive index R.I. = 1.53), 
developed by Prof. Shiue-Cheng (Tony) Tang’s lab at National Tsing Hua University, Taiwan (Nat. Commun, 14:3395, 2023; 
https://www.nature.com/articles/s41467-023-39082-4). This preparation ensures high transparency, excellent refractive index uniformity, 
and strong resistance to photobleaching. Point spread functions (PSFs) were extracted from TetraSpeck  microspheres (diameter: 100 nm, 
Thermo Fisher Scientific) embedded in custom-made RapiClear 1.53 gel (R.I. = 1.53, SunJin Lab Co., Taiwan). These extracted PSFs were 
used for Non-linear Deconvolution either before or after imaging of the small intestine samples.

The imaging target was peptide hormone vesicles (GLP-1) in mouse intestinal L-cells, which secrete GLP-1 to promote insulin secretion and 
regulate metabolism, an important focus in obesity and diabetes research. Both oil- and silicone-immersion objective lenses were used for 
examination. 3D datasets were acquired by Confocal and ISM modes with 0.1 µm Z-steps. We compared full width at half maximum (FWHM) 
measurements of vesicles processed by Linear and Non-linear deconvolution methods.
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Results

Image Scanning Microscopy (ISM) improves spatial resolution without compromising signal intensity. When combined with deconvolution 
processing, ISM enables the generation of super-resolution images that surpass the traditional optical resolution limits.

However, in three-dimensional (3D) imaging, refractive index mismatches between the immersion medium of the objective lens (e.g., 
water, silicone, oil) and the biological sample can introduce distortions along the optical axis. This remains a challenge even with ISM-
enhanced in-plane resolution.

In this Application Note, we applied Non-linear Deconvolution using point spread functions (PSFs) extracted from fluorescent beads 
embedded at various depths. We compared the resulting optical axial resolution with that obtained through standard Linear Deconvolution 
based on theoretical PSF models.

Fig. 3-a Fig. 4-aFig. 1 Fig. 2

Fig. 4-b

0-10 µm
20-30 µm

40-50 µm
60-70 µm

80-90 µm
100-110 µm

120-130 µm

Fig. 3-b

0-10 µm
20-30 µm

40-50 µm
60-70 µm

80-90 µm
100-110 µm

120-130 µm

Small intestine tissue (~350 µm thick) embedded in A-ha polymer (R.I. = 1.53).
Fluorescent markers: nucleus, DAPI (cyan); GLP-1 vesicles in L-cells, Alexa Fluor (AF) 
488 (orange); blood vessels, AF 546 (red, perfusion labeling); nerves, AF 647 (green).

Fig. 1: Global view of a coronal slice of small intestine. 10×/0.45 objective, 2×2 stitching, 
pixel size 1.72 µm. scale bar = 1000 µm

Fig. 2: Zoomed area (rectangle from Fig. 1) captured with 20×/0.8 objective, pixel size 
0.86 µm. scale bar = 200 µm

Fig. 3-a: Orthogonal view from rectangle in Fig. 2, captured with 60×/1.42 oil objective, 
pixel size 0.28 µm, Z-stack step 0.1 µm (over Nyquist sampling). scale bar = 50 µm

Fig. 3-b: Averaged PSF shapes (~20 samples) at different depths using the same 
settings as Fig. 3-a.

Fig. 4-a: Orthogonal view captured with 60×/1.30 silicone objective, pixel size 0.29 µm, 
Z-stack interval 0.1 µm (over Nyquist sampling).

Fig. 4-b: Averaged PSF shapes (~20 samples) at different depths using the same 
settings as Fig. 4a.
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Fig. 5: Maximum intensity projection of L-cells. Volume data corresponding to the area shown in Fig. 3-a. scale bar = 50 µm
Fig. 6: Orthogonal views of Non-linear Deconvolution images of L-cells (Confocal). GLP-1 vesicles in Cell 01, Cell 02, Cell 03, and Cell 04. Crosshairs indicate the locations where FWHM 
measurements were performed. Inserted images show depth-matched PSFs extracted from Fig. 3-b. scale bar = 5 µm

*QR movie shows the differences in brightness and resolution between oil- and silicone-immersion lenses.
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Table 1

Table 1. FWHM Measurements of GLP-1 Vesicles by Confocal Imaging. We measured the GLP-1 vesicle size along the optical axis (n=5). This table presents FWHM values in XZ and YZ planes 
for each L-cell shown in Fig. 6, comparing standard Linear Deconvolution (std DCV) and Non-linear Deconvolution (psf DCV) processed with Lucy-Richardson (10 iterations). Images were acquired 
using Confocal mode with oil- and silicone-immersion objectives.  Table 2. FWHM Measurements of GLP-1 Vesicles by ISM Imaging. Table 2 presents the FWHM values for the same vesicles 
measured in ISM mode, comparing std DCV and psf DCV approaches. All processing was performed with the Lucy-Richardson algorithm (10 iterations). Values highlighted in red indicate possible 
deviations due to sample drift or external vibrations during ISM imaging.

Table 2

Fig. 7

Fig. 7: Orthogonal views of Non-linear Deconvolution images for L-cells imaged by ISM mode. (Cell 01, 02: pixel size 0.041 µm; Cell 03, 04: pixel size 0.032 µm, Z-step 0.1 µm.)
Inserted images show extracted PSF shapes corresponding to each L-cell depth. scale bar = 5 µm
*(QR codes link to movies showing GLP-1 particle Z-stacks: Left = std DCV, Right = psf DCV.)

Summary
As demonstrated in Figs. 3 and 4, refractive index mismatch between the sample and immersion medium significantly impacts imaging 
performance. Oil immersion (R.I. = 1.52) closely matched the sample refractive index (R.I. = 1.53), maintaining brightness and resolution 
up to depths of 150 µm, whereas silicone immersion (R.I. = 1.41) led to a marked decline in imaging quality at shallower depths.

Thus, although transparency techniques improve deep tissue imaging, optimizing the refractive index match between the sample and 
objective immersion medium remains critical for achieving high-resolution results. Tables 1 and 2 confirm that Non-linear Deconvolution 
using depth-matched PSFs outperforms Linear Deconvolution, especially under conditions of refractive index mismatch.

However, the high resolving power of ISM requires careful management of vibrations and sample drift to avoid artifacts, as noted in Table 2.

With ISM rapidly becoming the new standard over traditional Confocal microscopy, enhancing axial resolution through Non-linear 
Deconvolution represents an essential advancement for 3D biological imaging.

The PSF Extractor is a tool for deconvolution, designed to correct for spherical aberration that arises from refractive index mismatches 
between the sample and the objective lens immersion medium. It achieves this by extracting depth-dependent PSFs directly from measured 
bead samples. To effectively utilize this feature, follow the step-by-step guide provided below.

Step 1: Determine the depth of the actual sample from the glass interface.
Step 2: Acquire Z-stack images of fluorescent beads at corresponding depths, using the same pixel size and Z-step as your sample.
(Note: Select bead diameters appropriate for the objective lens magnification.)
Step 3: Open "PSF Extractor" (Top Menu > Deconvolution > "Extract PSF"), select bead diameter and number of layers.
Step 4: Confirm PSF shapes in Orthogonal view, then save the PSF file.
Step 5: Extract the relevant channel from your sample image for deconvolution.
Step 6: In the "3D Deconvolution" window, set General parameters, then import the saved PSF file under the Advanced tab.

Appendix: Protocol of PSF Extractor 

Product information is 
here

AX/AX R with NSPARC Confocal-based
Super Resolution Microscope
The super-resolution detector NSPARC, which has 
a 25-detector array, achieves even higher 
resolution with a high S/N ratio, without impairing 
the functions of the conventional AX/AX R confocal 
microscope.

Fig. 8: Comparisons of orthogonal views of Linear and Non-linear Deconvolution images for L-cells 
imaged by ISM mode. (Cell 01; images on Fig. 7 are reused for Non-linear deconvolution images). 
scale bar = 5 µm
Fig. 9: Close-up views of YZ images on Fig. 8. Regions indicated by white rectangles are shown. As 
indicated by the blue arrows, after non-linear deconvolution processing, the elongation of red bright 
spots in the axial direction is suppressed

Cell 03

Linear Deconvolution Non-linear Deconvolution
Fig. 8 Fig. 9 Linear Deconvolution Non-linear Deconvolution

Cell 02 Cell 03 Cell 04Cell 01
XY YZ

XZ

XY YZ

XZ

XY YZ

XZ

XY

YZ

XZ

XY

YZ

XZ

5 µm

5 µm 5 µm 5 µm5 µm

Z Z

https://www.microscope.healthcare.nikon.com/ja_JP/products/confocal-microscopes/ax

	スライド番号 1
	スライド番号 2


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



