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Abstract: A microscope operating in Digital Holographic Microscopy (DHM) and classical widefield epi-
fluorescence microscopy in a time sequential manner is developed to study morphological alterations of
mouse myoblast cells under simulated microgravity in real time.

OCIS codes: (090.1995) Digital holography; (180.0180) Microscopy; (180.2520) Fluorescence microscopy

1. Introduction

Spaceflight causes alterations in living organisms that is associated to reduced gravity. Previous research works
focusing on muscle tissue have shown that spaceflights cause muscle atrophy and associated decline in peak power
and force [1-3]. In order to better understand the underlying biological mechanisms, these findings directed
researchers from tissue level to cellular level investigations. Organization and stabilization of cytoskeleton can be
explained by considering cell as a tensegrity structure that preserves the integrity based on self balancing of tension
and compression on the structural elements such as microtubules and microfilaments [4]. Cell morphology
experiments conducted in parabolic flight missions showed that exposure to microgravity for 20 seconds is sufficient
to observe slight change on cell shape [5]. Cell spreading, lamellipodia formation and actin filament redistribution
were observed at longer duration parabolic flight experiments [6]. Random positioning machine (RPM), which is
composed of two randomly rotating concentric frames that accommodate biological sample at the center of the inner
frame, was proven to be valid ground based microgravity simulation tool suited for such biological studies[7,8].

In this work, a microscope is constructed for the real time imaging of living mouse myoblast cells (C2C12)
exposed to simulated microgravity on a RPM using digital holographic microscopy (DHM) and fluorescence
microscopy. DHM has proven itself as a robust technique for real time 3D microscopy and attracted the attention for
microgravity studies [9]. In this technique, both sample thickness and refractive index information are accessible in
real time with diffraction limited lateral resolution and nanometer level axial accuracy for thickness [10]. Selective
imaging of transfected cytoskeletal sites is carried out by fluorescence microscopy. Taking advantage of these
capabilities of both methods, cell contour variation in three dimensions and actin filament arrangement are imaged in
real time to access more information on the cytoskeletal dynamics under microgravity.

2. Method

Holography has been a well known method for a long time to encode the complex field of an object in form of
intensity. It basically relies on the recording of the interference pattern of two waves, one of which experiences an
unknown distortion caused by an object (also called as object wave), emerging from the same coherent source. Later,
the recorded interference pattern is illuminated by a wave that is identical to the known wave (reference wave) of
recording procedure. This illumination results in the construction of a perfect replicate of object wave and eventually
a 3D image of the object. In digital holography, holograms are recorded on a charge coupled device (CCD) camera,
and the complex object field is numerically reconstructed. Reconstructed complex object field is decomposed into
amplitude and phase images that provide absorption and optical path length information of the object in the full field
[11]. Optical path length (OPL) is considered to be either topology or optical thickness (absolute thickness times
mean refractive index) of the sample, according to the recording scheme (reflection or transmission).

Depending on the relative axes orientation of reference and object waves, hologram recording is classified as in-
line or off-axis. In the case of off-axis recording, object and reference waves reach to the CCD camera with a small
angle between their axes. Thanks to this tilt angle, spatial frequency information related to the object wave can be
filtered from the unnecessary frequency content at the beginning of the numerical treatment of the hologram [12].
With the numerical corrections any aberration can be easily compensated [13]. DHM in transmission mode has
become an attractive tool for the non-invasive marker free imaging of 3D cell morphology with the advantage of
speed and digital refocusing over other methods [14].
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3. Experimental Setup

Experimental microscope that is fixed on RPM encloses DHM and widefield epi-fluorescence microscopy that
operate in time sequential manner in the same housing. For DHM operation, a collimated diode laser beam is split
into two arms using a beam splitter. One of the arms is expanded and directed to a dichroic beam splitter, while the
other arm first passes through a condenser lens, cell sample, and a 60X microscope objective. Both arms are
combined by the dichroic beam splitter and form the hologram on the Andor Luca electron multiplying CCD
(EMCCD) camera located at the image plane. This dichroic beam splitter is selected to have a suitable spectral
response (cut-off wavelength at 500nm, 85/15 at 653nm) to be used for both fluorescence and DHM. In the
fluorescence microscopy mode, a light emitting diode (LED) with the central wavelength of 470nm and width of
30nm that coincides with the excitation band for the EGFP transfected actin filaments in C2C12 cells is used as the
excitation source. A lens and a diaphragm are placed on the excitation path to provide uniform illumination. Shaped
illumination light passes through the excitation filter and dichroic beam splitter and impends on the cell sample
through the microscope objective. Emitted fluorescence signal is imaged on the camera after being directed by the
dichroic beam splitter and passed through emission filter. Fig. 1 shows the 3D model of the microscope housing and

optical scheme.
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Fig. 1. 3D model and simplified optical schematic of the microscope: M mirror, BS beam splitter, BE beam expander, MO microscope objective, R
reference wave, O object wave

Experimental platform of RPM is large enough to house a small computer and several other small sized
instruments as well as the microscope with limited number of inputs. Experimental computer on the platform is
responsible from the image acquisition and source switching between the laser of DHM and LED of fluorescence
microscopy mode sequentially. However, computational power of this computer is not sufficient to post process
captured holograms and reconstruct the phase images. Experimental computer is linked to an external computer via
Wi-Fi over TCP-IP protocol and streams lossless compressed forms of captured holograms and fluorescence images
to the external computer. External computer hosts software to reconstruct phases from streamed holograms. In this
way, OPL variations on the cells are observable in real time. Furthermore, in case of sample shift in axial direction it
is possible to refocus phase images digitally.

4. Results

In order to evaluate the performance of the microscope, a complete automated operation setting is constructed with
all required elements to image fixed C2C12 cells with EGFP transfected actin filaments on a 1D rotational frame. As
an extremely important advantage of DHM in such a case, tilt of beams and defocusing of sample due to stability
problems can be digitally compensated. Following figure shows phase and fluorescence images from this automated
setup. Fig.2a has phase images for three different rotational positions. Because of the slight movement of reference
beam from position to position, original reconstructed phase images express tilt like linear phase increase. These
images are numerically corrected for this effect. However, defocusing and shift of the cell are observable on these
images. After application of digital focusing procedure to every hologram independently, all phase can be
reconstructed at best focus plane as shown in fig.2b. Residual shift of the cell is corrected using a simple tracking
code fig.2c.
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Fig. 2. A set of (a-c) phase (d) fluorescence images of a fixed C2C12 cell during microscope rotation. Phase images with tilt (a), digital focus (b),
and shift (c) correction.

5. Conclusion

A microscope operating in DHM and widefield epi-fluorescence microscopy was built to observe cytomorphological
modifications of living cells under simulated microgravity by RPM in real time. Microscope sequentially operates in
DHM and fluorescence microscopy modes under the control of an on-board computer, and numerical hologram
reconstruction is carried out on a remote server. Initial results from the microscope on a 1D rotational frame with
fixed cells confirms preliminary DHM robustness for such imaging conditions thanks to numerical corrections and
focusing. Future work involves actual experiments carried out for living cells to observe cytomorphological
modification and further improvement of post processing methods.

The authors would like to thank to EPFL Space Research Programme (ESRP) for its financial support, Lyncée
tec (www.lynceetec.com) for their technical help and fruitful discussions.

References

[1] R. H. Fitts, D. R. Riley, and J. J. Widrick, “Physiology of a microgravity environment. Invited review: Microgravity and skeletal muscle”, J.
Appl. Physiol., 89, 823 — 839 (2000).

[2] R.H. Fitts, D. R. Riley, and J. J. Widrick, “Functional and structural adaptations of skeletal muscle to gravity”, The Journal of Experimental
Biology, 204, 3201 — 3208 (2001).

[3] Y. Ohira, et. al., “Gravitational unloading effects on muscle fiber size, phenotype and myonuclear number”, Adv. Space Res., 30, 777 -781,
(2002).

[4] D. Ingber, “How cells (might) sense gravity”, The Faseb Journal, 13 (1999).

[5] M. Hughes-Fulford, “Function of the cytoskeleton in gravisensing during spaceflight”, Adv. Space Res., 32, 1585 -1593 (2003).

[6] H. Rosner, T. Wasserman, W. Méller, and W. Hanke, “Effects of altered gravity on the actin and microtubule cytoskeleton of human SH-
SYS5Y neuroblastoma cells”, Protoplasma, 229, 225-234 (2006).

[71 A.G.Borst,J.J. W. A. van Loon, “Technology and Developments for the Random Positioning Machine, RPM”, Microgravity Sci. Technol.,
21, 287-292 (2008).

[8] B. M. Uva, et. al., “Clinorotation-induced weightlessness influences the cytoskeleton of glial cells in culture”, Brain Research, 934, 132-139
(2002).

[9] N. Callens, et. al., “Hydrodynamic lift of vesicles under shear flow in microgravity”, Europhysics Letters, 83, 24002-24007 (2008).

[10]J. Kiihn, et. al., “Axial sub-nanometer accuracy in digital holographic microscopy”, Measurement Science and Technology, 19 (2008).
[11]E. Cuche, P. Marquet and C. Depeursinge. “Simultaneous amplitude-contrast and quantitative phase-contrast microscopy by

numerical reconstruction of Fresnel off-axis holograms”. Appl. Opt. 38, 6994-7001 (1999).

[12]E. Cuche, P. Marquet, and C. Depeursinge, “Spatial filtering for zero-order and twin-image elimination in digital off-axis

holography,” Appl. Opt. 39, 4070-4075 (2000).

[13]T. Colomb, E. Cuche, F. Charriére, J. Kithn, N. Aspert, F. Montfort, P. Marquet, and C. Depeursinge. “Automatic procedure for

aberrations compensation in digital holographic microscopy and applications to specimen shape compensation”. Appl. Opt. 45, 851—

863 (2006).

[14]P. Marquet, et. al., “Digital holographic microscopy: a noninvasive contrast imaging technique allowing quantitative visualization of living
cells with subwavelength axial accuracy”, Optics Leters, 30, 468-470 (2005).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


