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Multiwavelength digital holographic microscopy (DHM) has been used to improve phase
reconstructions of digital holograms by reducing 2m phase ambiguities. However, most
samples used as test images have been solid or adhered to a surface, making it easy
to determine focal planes and correct for chromatic aberration. In this study we apply
3-wavelength off-axis DHM to swimming protozoa containing distinct spectral features
such as chlorophyll and carotenoids. We reconstruct the holograms into amplitude
and phase images using the angular spectrum method. Methods for noise subtraction,
chromatic aberration correction, and image registration are presented for both amplitude
and phase. Approaches to phase unwrapping are evaluated and compared to expected
results from simulated holograms. The algorithms used are implemented in plug-ins
using the open source Fiji platform and are available for use, significantly expanding the
open-source software available for DHM.

Keywords: digital holographic microscopy, phase imaging, phase unwrapping, multiwavelength, imaged,
hologram reconstruction, image registration

INTRODUCTION

Digital holographic microscopy (DHM) is an emerging technique for 3-dimensional imaging and
tracking of microorganisms [1-5] and for in vitro analysis of cellular and subcellular processes such
as ion channel function [6] and apoptosis [7, 8]. Digital holograms measure the interference of a
light wave that has been diffracted through a sample and combined with a coherent, non-diffracted
reference wave. The intensity of the fringe pattern is captured by a digital camera; the measured
intensity is the sum of the zero-order or DC terms, the virtual image, and the real image,
respectively given by:

I, = |Er|* + |Eol* 4+ E}Eo + E&Eg, (1)

where | |? indicates the absolute square and * indicates the complex conjugate. Interference may
be obtained using transmissive or reflective geometries; the most common type of transmissive
interferometer is the Mach-Zehnder configuration, where the object and reference beams are at
some angle 6 to each other [9, 10].

Because both intensity and phase of the wave are recorded, separate images corresponding to
intensity changes and phase shifts resulting from interaction with the sample may be reconstructed
from the real or virtual image. Either the real or virtual image is selected by applying a mask in
Fourier space, and the selected frequencies are reconstructed into amplitude and phase images
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by a chosen reconstruction algorithm. Reconstruction methods
include the Fresnel transform, the convolution method, and the
angular spectrum method, and have been well reviewed [11].

In this paper we exclusively use angular spectrum. In this
method, the Fourier frequencies are considered as plane waves
traveling in z away. The field at any z point can be calculated
by adding the weighted contributions of these plane waves
accounting for phase shifts during propagation. In the hologram
plane, the angular spectrum of an object (he E;) is given as a
function of spatial frequencies by the Fourier transform J :

1 o0 o0
m/ f h- ER exp[](kgi

+ky M) ] dg dn (2)
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Where &, n are spatial variables and ke, ky, are corresponding
frequency variables. After propagating a distance z, each plane
wave component is shifted in phase, so that the reconstructed
phase at arbitrary z is given by:

- LT [ e

—00 —00

F'éEn

x exp[—j (ke &+ ky )] dke dk. 3)

The function I" is known as the “propagator” and is related to
intensity I and phase ¢ by:

I&n = I Enl?
¢ &n) = arctan (Im [[ &n)]/Re [ €] ). (4)

In digital holographic microscopy, a microscope objective lens is
inserted into the optical train to provide magnification of objects
otherwise too small to resolve. The presence of the lens causes a
magnification of the object according to the rules of geometric
optics, with a resulting quadratic phase aberration. Removal of
this aberration, and others such as astigmatism, may be done
by a variety of methods; the literature is extensive, with recent
reviews [11, 12]. One of the most easily performed, if the data
permit, is to define a “reference hologram” that is subtracted from
the rest of the holograms in the data set prior to reconstruction.
The reference hologram may be a blank area of the sample or, in
samples without abrupt edges, the low-frequency elements of the
image itself; the latter approach is called “self-reference.” For long
acquisitions, reference holograms may be averages of several time
points; new reference holograms may be defined at different time
points if aberrations change during the course of the recording.
The intensity image is equivalent to brightfield microscopy
and poses few difficulties in interpretation. The sources of
aberrations that affect the phase images do not appear in
intensity; thus the use of a reference hologram for intensity
reconstructions is not needed. However, in DHM, speckle
and aberration noise often obscure the color information of
amplitude images. Noise subtraction is essential to obtain useful
images. For samples containing moving objects, such as living

protozoa, this may be done using median subtraction on each
z plane after intensity reconstruction. Averages are taken over
time and may be the average over the entire time series or a
selected subset. For stationary objects, moving the sample using
a micrometer stage can permit noise subtraction.

The phase image is more challenging both to reconstruct
and interpret than the intensity. The field of quantitative phase
imaging (QPI) [13, 14] is a rapidly growing area of interest
that aims to extract quantitative information from phase images
by relating the observed phase difference Ag to the optical
path length (OPL) of the sample, defined as the product of the
sample thickness t and index of refraction difference with the
medium A n:

2

Ap=—thn ——OPL (5)

The difficulties with QPI arise because of two principal factors:
(1) the phase shift is exquisitely sensitive to optical aberrations,
including tilt, astigmatism, chromatic aberrations, and other
errors; (2) the phase shift is modulo 27, so when phase shifts
more than 27, its absolute value is ambiguous.

Dual- or triple-wavelength DHM has been described
numerous times as a method for reducing 2m ambiguities
in phase imaging [15-17]. If a hologram is recorded at two
wavelengths, k1 and A, then two independent phase maps are
obtained according to Equation (4). If the phase images are
subtracted, the resulting image is the equivalent of recording the
phase using a “synthetic” or “beat” wavelength A:

MA
A= [ A — A ] ©

This is potentially extremely useful for biological experiments,
since it can eliminate phase wrapping in many samples. For
example, if A} = 520nm and X\, = 638 nm, A = 2.8 um, larger
than the majority of bacteria in any dimension.

However, in practice, phase maps using DHM are plagued
with noise and ambiguities, and so far the usefulness of the
beat wavelength approach has not been demonstrated in
complex biological samples. The phase noise is amplified
in the multiwavelength images, so that de-noising [18]
becomes essential before interpretation. Most importantly,
objects captured at different wavelengths are usually offset
in x, y, and z. For rapidly moving objects such as bacteria
or protozoa, the two (or more) microscope illumination
sources must be spatially offset so that they may be captured
simultaneously and then filtered separately in Fourier space.
Different spatial tilt results in linear offsets in the Fourier
plane, so that the real and virtual images at each wavelength
do not overlap. In the reconstruction, there is a resulting xy
offset of the images, which must be corrected; there is also a
small difference in magnification. Unless achromatic lenses
are used, chromatic aberration leads to significant z offset
between different wavelengths. For objects that absorb much
more strongly in one wavelength than another, determining
the corresponding focal planes can be difficult. Thus, accurate
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registration of the different color channels in x, y, and z
is required.

Because of the rapid expansion of super-resolution techniques
in fluorescence microscopy, multiple algorithms for chromatic
aberration correction, and registration are now available.
Registration of each object has been shown to be superior to
calculating a “global” correction and applying it throughout the
sample. This is because dispersion in the medium and irregular
substrates mean that the registration parameters are different at
different points in x, y, and z throughout the sample [19].

In this paper we use a 3-wavelength spatially multiplexed
DHM to capture images of protozoa: Euglena gracilis, which
contains both green and red features, and bleached E. gracilis,
from which the chlorophyll has been removed by drug exposure.
Simulated holograms representing objects of similar shape and
size are used to illustrate the reconstruction and amplitude
and phase overlay procedures in the absence of noise. Methods
of noise removal in both amplitude and phase are shown,
and the results of amplitude and phase reconstructions of
living Euglena are presented. These steps represent standard

approaches used in the literature, but not previously collected
into an open-source software package. All of the processing steps
used in the workflow here are developed as Fiji plugins, and
available for use and development. Alternative algorithms for
reconstruction and unwrapping are included in the package in
order to facilitate choosing the best approach for different types
of DHM data.

MATERIALS AND METHODS

Chemicals and Cultures

Euglena gracilis was obtained from Carolina Biological Supply
(Burlington, NC) (Catalog # 152800). Acridine orange was
obtained from Sigma Aldrich® LLC (St. Louis, MO) (Catalog
# A6014). Streptomycin (Catalog #BP91050), ProLong™
Gold Antifade (Catalog #P10144), and ProLong™ Diamond
Antifade (Catalog #P36965), were obtained from Thermo
Fisher Scientific™ Inc., (Rockford, IL). Ingredients for Euglena
propagation were obtained from local supermarkets; large wheat
berries were a product of Bob’s Red Mill (Portland, OR).

A ccp
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FIGURE 1 | Multiwavelength off-axis DHM. (A) Schematic of the microscope design. Instrument part specifications are as in Wallace et al. [22], with the dashed red
boxes indicating modifications for the multiwavelength design as specified here. (B) Fourier pattern showing spatially separated frequencies corresponding to the red,
green, and blue laser lines. Each could be filtered separately for reconstruction. (C) Photo of a sample chamber and its positioning in the instrument. The spacing of
each hole was determined precisely with a template, and the chamber was aligned by verifying that fringes could be seen using each wavelength separately.
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FIGURE 2 | Brightfield images and absorbance and fluorescence spectra of wild-type and streptomycin-bleached Euglena gracilis. Scale bar applies to both panels.
(A) Wild-type Euglena showing the eyespot (arrow) and nucleus (arrowhead). (B) Streptomycin-bleached Euglena. (C) Absorbance spectrum of wild type vs. bleached
Euglena in methanol. (D) Emission spectrum (excitation 400 nm) of wild-type vs. bleached Euglena in methanol.
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Euglena Propagation and Preparation
Euglena gracilis cultures were maintained on a medium with
the following components: 12 wheat berries, 15 grains of rice,
1 tablespoon of powdered milk, and 500 mL of distilled water.
The broth was autoclaved (20 min at 121°C) and inoculated with
~5mL of the previous stock. The inoculated solution was left to
incubate in natural light (through a window in Portland, OR) at
room temperature.

Euglena were bleached (removed of chlorophyll) by two
methods: exposure to the DNA intercalating dye acridine orange
(4, 8,12, and 16 wM) [20] or exposure to streptomycin (172 wM)
[21]. The prepared concentrations were wrapped in tinfoil and
checked for bleaching under a brightfield microscope. Bleached
and unbleached Euglena were imaged by brightfield and digital
holographic microscopy.

Brightfield Microscopy and Spectroscopy
Brightfield imaging was performed on a Zeiss Primo Star
microscope using a 60x/NA 0.60 Plan Apo and images were
captured on an Axiocam RGB camera.

Spectra were collected on a CLARIOstar plate reader
(BMG Labtech). For spectroscopy, 500 pL of undiluted
Euglena gracilis culture were pelleted in a 1.5mL Eppendorf
tube using a tabletop microcentrifuge in 5min intervals at
14,000 rpm. The medium was pipetted out and the pellets
were re-suspended in methanol, then vortexed using the

maximum setting on a vortex mixer until a homogenous
mixture was achieved. Wide spectrum absorbance, 220-
800nm, was performed on 200 pL aliquots of both
samples in a 96 well F-bottom clear plate (Fisher Catalog
#12-565-501). Samples were transferred to a 96-well
black plate (Fisher Catalog #06-443-2) for fluorescence
measurements with excitation at 400nm and emission
420-740 nm.

3-Wavelength Digital

Holographic Microscope

The instrument used was a modification of a common-path
Mach Zehnder DHM described elsewhere [22, 23] (Figure 1A).
Lasers of 3 wavelengths (B = 405, G = 520, and R = 638 or
685 nm) (Thorlabs 4-channel fiber-coupled laser source, Catalog
#MCLS1) are passed through a fiber combiner (OZ Optics,
custom 3-way combiner) and collimated with a collimator lens
(Newport Catalog #PAC052AR.14). The combined light then
passes through a filter assembly as shown. The central filter is
clear glass only, made from the same substrate as the bandpass
filters (custom cut by Chroma). The three surrounding filters
are narrow bandpass centered at the R, G, and B emission
wavelengths (Chroma 8 mm diameter filters). The beams then
pass through a sample chamber of matching geometry so that
the central light, of all 3 wavelengths, illuminates the sample
of interest. The 3 filtered beams pass through a blank chamber
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50 pm

FIGURE 3 | Simulated holograms of RGB pure amplitude objects. Scale bar applies to all panels. (A) Ellipses corresponding to approximate Euglena dimensions. (B)
3-wavelength hologram simulation with the magnified inset showing the 3 sets of fringes rotated with respect to each other. (C) Fourier transform of the hologram
showing the actual and virtual images in each wavelength. (D) A red sphere of sufficient depth to cause phase wrapping (OPL > ). (E) Hologram of the red sphere.
(F) Fourier transform of sphere hologram. (G) A simulated RGB Euglena showing green chloroplasts and a red eyespot. (H) Simulated hologram of model Euglena

with inset showing size of features relative to fringe spacing. (I) Fourier transform of Euglena hologram.

filled with dH,O and provide the reference beams. All 4 beams
then encounter matched aspheric objective lenses (NA = 0.37)
(Asphericon, custom part) which immediately follow the sample
chamber. A relay lens then forms an image of the specimen
and the reference chambers and overlays them on the detector
array, producing interference fringes for each wavelength. The
lateral separation of the two objective lenses of each color, and
the focal length of the relay lens are paired such that the resulting
fringes are properly sampled by the pixels on the imaging array.
In the final focal plane, at the CCD, three sets of fringes are
formed, each with a unique orientation. Each set of fringes
is normal to the vector that defines the sample-to-reference
objective for that wavelength. Because there are three orientations
of reference objective lenses with respect to the sample objective,
there are three fringe orientations on the array, as seen in
the Fourier transform of the hologram. The fringe spacing is
proportional to wavelength, so longer wavelengths correspond to
lower frequencies in Fourier space; thus the red image and its

twin appear closest to the center, green in the middle, and blue
the farthest from the center [22] (Figure 1B).

The sample chambers were produced using a 6.47 mm
diameter hole punch in an adhesive silicone sheet of 1/32 inch
thickness (McMaster-Carr #9010k41). In order to ensure that
the sample chamber geometry matched the aspheric lenses, a
laser-cut template was used to indicate the necessary positions of
each hole. The resulting mold was adhered to a microscope slide
(Fisherfinest Premium, Fisher Scientific). The sample of interest
was delivered to the “science” chamber with a micropipette; the
reference chambers were filled with dH,O. After filling, a 22 x
22mm No. 1 GoldSeal Coverglass was placed over the top and
the sample was imaged (Figure 1C).

FIJI Programming

This paper reports new plug-ins for reconstruction, phase
unwrapping, and registration (multi-image landmark
correspondences) (a tutorial is provided in the on-line
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FIGURE 4 | Amplitude reconstructions of simulated objects from Figure 3.
Scale bar applies to all panels. (A) Colored ovals (B) Colored ovals with white
balance correction. (C) Red sphere. (D) Red sphere with white balance
correction. (E) Complex simulated Euglena. (F) Complex simulated Euglena
with white balance correction.

documentation). The reconstruction plugin is based on Opto-
Digital’s Numerical Propagation plugin [24] using JTransforms.
The user does not need to install the Numerical Propagation
plugin manually to run our plugin, as ours downloads all
necessary dependencies. Upon running the “Plugins > DHM
> Reconstruct” command, all of the parameters including
wavelength, image dimensions, and reconstruction parameters
can be set. Aberration correction by use of a reference hologram
may be selected as desired. The reference hologram’s negative
phase is multiplied with the hologram before propagation as
described previously [25]. Automatic correction of tilt is done
through polynomial fitting as described in Colomb et al. [26]. In
the tilt correction, the “auto” setting determines flat horizontal
and vertical lines by picking several lines and finding which of
them best fits the polynomial using a least-squares approach.
The phase unwrapping plugin attempts to unwrap the phase in
a phase image once it has been reconstructed. There are currently
two algorithms available in this plugin: quality-guided single
wavelength unwrapping and double wavelength unwrapping.

The two algorithms are found in the “Plugins > DHM > Phase
Unwrapping” menu. The quality-guided unwrapping method
uses a quality metric and unwraps pixels one at a time, picking
the next adjacent pixel that has the highest quality. This method is
described in Goldstein [27]. The quality metrics can be extended
programmatically by implementing the Quality interface. The
double wavelength unwrapping method uses the subtraction
method described in several places in the literature [12, 16, 28].

Chromatic aberration correction was performed using image
registration using a multi-image landmark correspondences
plugin. This plugin is based on mpicbgs landmark
correspondences plugin [29], but extended to any number
of images. The command is not included in the DHM
folder and is instead under “Plugins > Transform > Multi-
Image Landmark Correspondences.” Before running this
command, corresponding points must be chosen on each
image. This can be done manually or through some method of
automatic registration.

Simulated Holograms

Simulated holograms were prepared in Fiji. Briefly, images of
selected sizes, shapes, and colors of objects were generated in a
2,048 x 2,048 pixel RGB image. The image was split into color
channels as 3 8-bit images (R, G, and B). For purely absorbing
objects, only a real input was used, equivalent to amplitude. For
phase-shifting objects, a value of OPL was chosen that was similar
to that seen in real samples, and the phase shift calculated for each
wavelength according to Equation (5). To simulate dispersive
objects, a phase shift was applied only to the blue channel. The
real and imaginary inputs were then calculated according to
Equation (4). Each of these types of objects was propagated
using the Angular Spectrum method as described elsewhere
[24]. The depth to which each color was propagated varied
to represent chromatic aberration, using differences in focal
planes similar to those observed experimentally on our system.
Simulated fringes at the 3 angles and colors were generated
using OD-utilities as described elsewhere [30]. According to
the following parameters: blue, 405nm and angles a = 90°,
= 87.8°; green, 520 nm and angles a = 92°, p = 89.8°; red, 638
or 685nm and angles o = 94°, B = 91.8°. These wavelengths
represented our experimentally used lasers and the spacing
as determined by the microscope geometry. Reconstruction
of the simulations was performed wusing the Angular
Spectrum plug-in.

Data Processing Workflow

Amplitude and phase images suffer from different types of noise
and thus require different types of processing. Amplitude images
did not require reference hologram subtraction, but if a reference
hologram was not used, then tilt correction was necessary. After
reconstruction, noise was removed from amplitude images by
subtraction of the median image calculated over time at each z for
each color. Color channels and z stacks were then concatenated
to create a 5D stack. The white balance was equalized by getting
statistical RGB values from a selected background region and
normalizing them using a Fiji macro.
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FIGURE 5 | Phase images of dispersive and non-dispersive red sphere and simulated Euglena. (A) Non-dispersive sphere with strong phase shift across all
wavelengths. (B) Dispersive sphere, with a strong phase shift only in blue. (C) Phase of simulated (non-dispersive) Euglena.

Phase images were reconstructed using a reference hologram
consisting of the median of either the full time series or the
first 10 frames of the series, depending upon the stability of
the recording. Further noise subtraction was not required after
reconstruction. Phase images at the different wavelengths were
overlaid and white balance corrected as described above.

Both amplitude and phase images were corrected for
chromatic aberration and dispersion. The z plane of best focus
was determined visually. Offsets and magnification differences in
x and y were corrected by applying Landmark Correspondences
as discussed above.

For unwrapping, holograms were cropped around the cell or
region of interest and processing was applied to the cropped
image. Some cropping of the image was always necessary to
remove phase jumps at the edges that would otherwise result in
low dynamic range reconstructions.

RESULTS

Euglena Appearance and Spectra

Wild-type Euglena gracilis showed distinct colored features
under brightfield microscopy, particularly the green chloroplasts
(Figure 2A). Absorbance and emission spectroscopy showed
peaks consistent with chlorophyll and carotenoids [31, 32]

(Figures 2C,D).  Streptomycin-bleached Euglena appeared
hollowed wunder brightfield, with transparent regions
(Figure 2B). The absorbance spectrum was dominated

by scattering that showed a monotonic decrease with
wavelength consistent with simple dispersion. There was
a 75% reduction in fluorescence emission intensity. This

reduction in absorbance and emission was consistent with loss of
chlorophyll (Figures 2C,D). Acridine-orange bleached Euglena
were flattened and non-motile, so were less appropriate as a
control (not shown). We therefore used streptomycin-bleached
cells for all of the comparisons presented here.

Simulated Holograms

In order to test the ability of the reconstruction algorithms to
convey color information, we created holograms from a variety
of simulated RGB shapes as the sum of holograms from each
color channel. Each channel was put into focus at a different z
plane in order to simulate chromatic aberration. Pure amplitude
objects are shown in Figure 3. Figures 3A-C shows the original
objects, the simulated hologram, and the Fourier transform for
colored ovals approximately the size of a Euglena cell but without
depth or 3D properties. Figures 3D-F shows the 2D projection
of a 50 um diameter red sphere and its simulated hologram
and Fourier transform. Figures 3G-1 shows simulated Euglena
containing 3D organelles.

Amplitude reconstructions of these same objects using our
Fiji plugs-ins are shown in Figure 4. Finding best focus could
be done visually or using any best-focus algorithm. The original
color of the objects was accurately conveyed by the 3-wavelength
reconstruction, but white balance correction or background
subtraction was required to eliminate background color. The
intracellular features comparable in size to the fringe spacing
were accurately reconstructed (Figures 4E,F).

Simulations of phase objects illustrated wavelength-
dependent phase wrapping. An object with an identical index of
refraction at all three illumination wavelengths (non-dispersive)
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FIGURE 6 | Holograms and Fourier transform. (A) Hologram of Euglena
culture with inset showing fringes. (B) Fourier transform.

will show phase shifts that scale with wavelength according
to Equation (5). If the phase shift is >2m, phase wrapping
will occur at different places in the 3 wavelengths. Figure 5A
shows an object that was designed to wrap twice in blue and
green, but only once in red. The RGB overlay shows bands
of mixtures of the three colors. Figure 5B shows a dispersive
object that wrapped twice in blue, but showed only weak phase
shifts in green and red. Figure 5C shows a simulated Euglena
cell containing non-dispersive organelles with wrapping in all
three wavelengths.

Real Holograms

A single hologram of an active Euglena culture is shown in
Figure 6A. Cells were present on multiple focal planes, and came
into focus on different planes depending upon the wavelength,
since the aspheric lenses used had no chromatic aberration
correction. All three sets of fringes were visible, though the
405 nm fringes were the highest contrast. The Fourier transform
showed real and virtual image power spectra corresponding to
each wavelength (Figure 6B).

Unbleached  Euglena  were  highly  active  (see
Supplementary Video 1). Registration to correct for xy offsets
and slight magnification differences among the three colors
was essential (Figures 7A,B). Best focus in z was determined
visually, and registration in x and y by manual choice of
corresponding points in both amplitude and phase. Images with
larger numbers of cells gave the best results, since more points
were available. Ideally 8-9 points were used, though 2-3 could
also yield satisfactory results. No automated technique we tried
was superior to manual choice of points for registration. Given
several images with point ROIs on them, the algorithm first
used mpicbg’s plugin to compute the transformation needed to
transform between any two images. It then picked one to be
the reference and transformed all images to correspond with
the reference. The reference was chosen by the algorithm to be
whichever image was the smallest. Interpolation could be done
as well, but could be turned off at discontinuities. Turning it off
at discontinuities was always done on phase images so that the
27 jumps remained sharp for unwrapping.

Amplitude reconstructions showed both red and green
features (Figures 7C,E,G). The prevailing color of the cells

was green, as in ordinary brightfield images, although some
color variation across the field of view was always apparent
(Figure 7C). The eyespot appeared red. Swimming cells showed
two distinct motility patterns: forward swimming with cell
rotation, and contraction/tumbling. Figure 7E shows a time
series of a single cell rotating. The eyespot could be used
to determine orientation (also see Supplementary Video 2).
Figure 7G shows amplitude reconstructions of a cell as it
contracted. The corresponding phase images are shown in
Figures 7D,EH and Supplementary Video 3. Strong phase shifts
were seen at all wavelengths, resulting in patterns resembling
those of the non-dispersive simulated object. Most of the
intracellular features seen in amplitude could also be seen in
phase. In Figure 7F, the rotating cell can be seen, with both the
eyespot and tail region clearly shifting position. In Figure 7H,
increased phase shifts were seen as the cell contracted and its
thickness increased (see Supplementary Video 4).

Streptomycin-bleached Euglena were noticeably different
from untreated cells in amplitude and phase (Figure 8). The
cells were sparser and less motile than unbleached cells (see
Supplementary Video 5). In amplitude (Figures 8A,C,E), the
majority of the green was absent, with the cells appearing
bluish-red. The cells also appeared less dense overall with fewer
intracellular features than the unbleached cells. A rotating cell is
shown in Figure 8C and a contracting cell in Figure 8E. In phase,
there was markedly less red and less phase wrapping overall.
A more obvious correspondence between amplitude and phase
could be seen compared with the unbleached cells. A rotating cell
is shown in Figure 8D and a contracting cell in Figure 8F (also
see Supplementary Videos 6, 7).

Phase Unwrapping
Both bleached and unbleached Euglena showed phase wrapping.
Poor results were obtained with dual-wavelength unwrapping
algorithms, so single-wavelength unwrapping was used for all
of the images. In wild-type cells, multiple phase jumps over
small spatial areas were apparent in blue. In green and red,
phase wraps were mostly restricted to a large area in the center
of the cell (Figure 9A). Despite the complexity of the phase
image in blue, unwrapping yielded good results, with excellent
correlation between features in the unwrapped phase and the
amplitude images. Recognizable subcellular features, such as the
nucleus, could be seen; the nucleus demonstrated positive phase
contrast in blue. Of the three unwrapped phase images, the
green showed the fewest features, with most of the phase shift
corresponding to an essentially featureless intracellular region
that did not demonstrate the features seen in amplitude. The red
phase image had the least wrapping and so was easiest to unwrap,
although the resolution of the resulting features was lowest due to
the degradation of resolution with wavelength. Areas of positive
and negative contrast were apparent, correlating with dark and
light features in amplitude. Figures 9B,C shows the unwrapped
phase at each wavelength and its correspondence with amplitude.
Figure 9D shows surface plots of unwrapped phase, showing
areas of positive and negative contrast.

In bleached cells, overall phase shifts were considerably less. In
blue, wrapping was seen primarily at the perimeter of the cell. In
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FIGURE 7 | Images of wild-type Euglena reconstructed at a single focal plane. (A) Amplitude image of a single cell before registration. (B) Image after multi-point
registration. All following images have been registered. (C) Amplitude, wide field of view. (D) Phase, wide field of view. (E) Amplitude reconstruction of a single cell
rotating as it swam in x and y with minimal change in z. Scale bar applies to all panels (E-H). The arrows indicate the eyespot. (F) Phase reconstruction of rotating cell.
(G) Amplitude reconstruction of a cell contracting. (H) Phase reconstruction of contracting cell.

green and red, phase wraps occurred near the center of the cell,
with multiple small regions rather than a single large wrapped
region as seen in the unbleached cells (Figure 10A). Unwrapping
in blue yielded excellent results, with numerous micron-sized
sub-cellular features that correlated with the amplitude images.
The green and red unwrapped phase images also showed a
significant amount of subcellular detail. Areas of positive and
negative contrast were apparent, correlating with dark and light
features in amplitude. Figures 10B,C shows the unwrapped
phase at each wavelength and its correspondence with amplitude.

Figures 10D shows surface plots of unwrapped phase, showing
areas of positive, and negative contrast.

DISCUSSION

Microalgae, such as Euglena, are vitally important parts of aquatic
ecosystems and determine the amount of light that penetrates
into bodies of water. Because of this importance, their optical
properties at the molecular, cellular, and bulk level have been
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FIGURE 8 | Images of streptomycin bleached Euglena reconstructed at a single focal plane. (A) Amplitude. (B) Phase. (C) Amplitude reconstruction of a single cell
rotating as it swam in x and y with minimal change in z. The arrows indicate the eyespot. Scale bar applies to all panels (C-F). (D) Phase reconstruction of rotating
cell. (E) Amplitude reconstruction of a cell contracting. (F) Phase reconstruction of contracting cell.

well characterized and modeled; an excellent review is found in
[32]. A Euglena cell and its components fall between the Mie
regime (comparable to the wavelength of light) and the geometric
optics regime (much larger than the wavelength). The cytoplasm
may be considered as homogeneous, with organelles and the
cell itself corresponding to areas of altered real and imaginary
refractive index. The real part of the refractive index causes phase
shifting and is related to the density of the material (mostly
related to carbon content). Values for cytoplasm are ~1.36 and
for chloroplasts ~1.51 across the visible spectrum. The imaginary
part is related to the absorbance (extinction coefficient) and is

near zero for everything except pigments such as chlorophyll
and carotenoids.

We therefore used the presence or absence of chlorophyll as
a method of evaluating the ability of DHM amplitude and phase
imaging to reflect changes in both the real and imaginary index.
Wild-type Euglena have a large number of chloroplasts, with the
majority of the cell appearing green in brightfield as seen in
Figure 2A. Notable exceptions are the eyespot, which appears
red, and the nucleus, which appears translucent. Streptomycin-
bleached Euglena contain much less chlorophyll and fewer
organelles overall, as shown in Figure 2B. Their absorbance
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Raw phase imag
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FIGURE 9 | Phase unwrapping of wild-type Euglena in three wavelengths. Phase scale bars are in radians. The spatial scale bar applies to all panels. (A) Raw phase
image showing decreasing wrapping with increasing wavelength. (B) Unwrapped phase images compared with (C) amplitude image. In the blue (Left), the nucleus
can be seen (arrow). In green (Center), features at the edge of the cell correspond in amplitude and phase (arrow), but the phase in the central part of the cell is almost
featureless. In red (Right), areas of both positive and negative contrast are seen (arrows), with large areas of positive phase contrast corresponding to dark areas in
amplitude. (D) Surface plot of phase shifts in blue (left), green (center), and red (right).
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Red
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FIGURE 10 | Phase unwrapping of streptomycin bleached Euglena in three wavelengths. Phase scale bars are in radians. The spatial scale bar applies to all panels.
(A) Raw phase image showing decreasing wrapping with increasing wavelength. (B) Unwrapped phase images compared with (C) amplitude image. In the blue (Left),
there are multiple small features on the edges of the cell apparent in both amplitude and phase (arrows). In green (Center), large areas of the cell that appear
transparent in amplitude are dark in phase. In red (Right), areas of both positive and negative contrast are seen (arrows), with large areas of positive phase contrast
corresponding to dark areas in amplitude and negative contrast corresponding to transparent areas in amplitude. (D) Surface plot of phase shifts in blue (left), green
(center), and red (right).
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spectra differ accordingly and clearly illustrate that two of the
wavelengths used (blue, 405 and red, 638nm) are strongly
absorbed by chlorophyll, whereas the third wavelength (green,
520 nm) fell between both absorbance peaks.

These properties were clearly illustrated by the amplitude
and phase reconstructions seen in Figures 7, 8. In amplitude,
assignment of our chosen illumination wavelengths to Blue,
Green, and Red channels led to a surprisingly accurate
reconstruction of the real color of the cells. This was made
possible by the sharp peaks of the chlorophyll spectrum.

Phase images showed large shifts across all 3 colors, as
simulated in Figures 5A,C. This is consistent with the real
part of the refractive index being reasonably constant across
wavelength. Wild-type Euglena were very dense, resulting in
multiple phase wraps with all wavelengths. The dual-wavelength
“beat wavelength” approach to phase unwrapping did not work
for these samples. We did obtain good results using this approach
with a microlens (data not shown), indicating that the algorithm
worked as previously reported in the literature. However, it may
not work for many biological samples, probably due to multiple
factors: phase noise that varies across the wavelengths as well as
some degree of dispersion in the cells. Even minimal dispersion
would affect the performance of the algorithm at the spatial scale
of organelles, which were the objects of interest here.

Nonetheless, a single-wavelength algorithm worked quite
well. For cells of this size and density, tomographic techniques
[33-35] would be required to obtain greater resolution
of organelles.

Streptomycin-bleached Euglena showed a dramatic loss of
the green color in amplitude, and a significant reduction in
phase shift at all wavelengths. Intracellular organelles down to
the ~1 pm scale could be resolved after phase unwrapping with
the 405 nm wavelength. This increased ease of phase imaging
resulted from an overall decrease in cell density and number
of organelles, as could be confirmed from the brightfield and
amplitude images—the cells appeared “full of holes.”

Amplitude and phase reconstructions, registration, and
unwrapping were all performed using the algorithms cited in
the literature, which we converted to custom Fiji plug-ins. These
plug-ins are maintained on a Fiji update site that we maintain
regularly. In the future, we hope to add more reconstruction
algorithms, automatic focus detection, and a way to insert custom
extensions throughout the entire process. We also wish to add
more robust unwrapping methods.

In conclusion, 3-wavelength DHM can provide realistic RGB
renditions of microalgae and insight into their real and imaginary
indices. The volumetric imaging capability of DHM allows for
this imaging to be done while microalgae move unconstrained in
a 3D environment populated by multiple organisms interacting
with each other and their environment.
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