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Optical measurements of the morphological and biochemical imaging of phytoplankton are presented.
Employing quantitative phase imaging techniques, 3-D refractive index maps and high-resolution 2-D
quantitative phase images of individual live phytoplankton are simultaneously obtained without exogenous
labeling agents. In addition, biochemical information of individual phytoplankton including volume, mass,
and density of individual phytoplankton are also quantitatively obtained from the measured refractive index
distributions. We expect the present method to become a powerful tool for the study of phytoplankton.
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I. INTRODUCTION

Phytoplankton are major food sources in aquatic ecosystems
and play an important role in the global cycle of carbon
and silicon, which has led many researchers to focus their
efforts on investigating their diverse characteristics [1]. To
research this microscopic organism in detail, an appropriate
imaging system is essential. Several optical microscopic techni-
ques have been used for the study of phytoplankton [1, 2].
However, conventional light microscopy techniques have
severe drawbacks in imaging and quantitative studying of
phytoplankton. For example, bright-field microscopy only
produces low imaging contrasts for transparent objects such
as phytoplankton. Phase contrast [3] or differential interference
contrast (DIC) microscopy [4] provide enhanced imaging
contrast for phytoplankton via interference; however, neither
the phase contrast nor DIC microscopy provides quantitative
information, and they are not capable of 3-D imaging.
Although confocal laser scanning microscopy [5] provides
the 3-D structures of phytoplankton, samples usually need to
be labelled with exogenous agents such as fluorescent proteins

or dyes, which cause phototoxicity, photobleaching, and inter-
ference with intrinsic cellular metabolism [6].

Recently, there has been an emergence of quantitative
phase imaging (QPI) or digital holography techniques and
their applications in the study of transparent phase objects
such as biological cells and tissues [7-13]. The QPI techniques
— based on light interferometry — quantitatively measure
optical path length shifts introduced by the refractive index
(RI) distribution in a specimen. Several QPI techniques
have been extensively employed for investigating phyto-
plankton research, as summarized in Fig. 1. Using digital
in-line holographic microscopy or digital holographic microscopy
based on Mach-Zehnder interferometry, the shapes, sizes,
and 3-D positions of living organelles were measured [14-22].
However, previous works have only focused on the 2-D
imaging of phytoplankton and 3-D internal structures of
individual live phytoplankton have not been measured yet,
largely owing to the limitation of tomographic capability
of conventional in-line holography or digital holographic
microscopy. We note a notable exception in which 3-D RI
maps of non-living diatom skeletons have been measured
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FIG. 1. Classification tree of representative phytoplankton
species which have been studied using holographic techni-
ques with references. Red boxes: species measured in the
current study.

[23].

Here we present the measurements of high-resolution
3-D RI maps of phytoplankton employing optical diffraction
tomography [24-26]. Multiple 2-D QPI images of individual
phytoplankton are recorded with various angles of illumi-
nation, from which a 3-D RI map of the sample is recon-
structed taking into account the effects of optical diffraction,
analogous to computed tomography in X-ray. This measure-
ment of a 3-D RI map provides the quantitative structural
and biochemical information of phytoplankton including
the dry mass, the volume, and the cytoplasmic density of
phytoplankton. Furthermore, the measured set of multiple
2-D QPI images of phytoplankton recorded with various
angles of illumination was also utilized for generating a
high-resolution 2-D QPI image employing the synthetic
aperture algorithm [27], which provides the spatial resolution
beyond the diffraction limit determined by the numerical
aperture (NA) of a used imaging system. The measured
2-D and 3-D quantitative phase images of phytoplankton
and the parameters obtained clearly demonstrate the viability
of the present method as a useful tool with unique
advantages for the study of phytoplankton.

II. METHODS

2.1. Optical Setup

To measure the quantitative phase images of individual
phytoplankton, we employed quantitative phase microscopy
based on Mach-Zehnder interferometry (Fig. 2). The experi-
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FIG. 2. Experimental optics setup based on Mach-Zehnder
interferometry equipped with a two-axis rotating mirror
based on galvanometer. BS: beam splitter; GM: galvanometer
mirror; OL: objective lens; M: mirror; CCD: camera.

laser

d
o

mental setup is equipped with a two-axis galvanometer mirror
(GM, GVS012/M, Thorlabs, USA), which varies the illumin-
ation angle of an incident beam for the tomographic
measurement. This setup is conceptually comparable with
setups used in previous works [24, 28].

For an illumination source, a diode-pumped solid state
(DPSS) laser (A = 532 nm, 50 mW, Cobolt Co., Solna,
Sweden) is used. After spatial filtering, a laser beam is
split into two beams by a beam splitter (BS, BS016, Thorlabs,
USA). One of the beams serves as a reference beam and
the other beam, which traverses the beam splitter and passes
through a sample positioned in the stage of an inverted
microscope, serves as a sample beam. These two beams
are then recombined by another BS in front of the camera
with a slightly tilted angle, and resultant off-axis inter-
ference patterns are captured by the high-speed CMOS camera
(Neo sCMOS, ANDOR Inc., Northern Ireland, UK). One
objective lens (UPLFLN, x60, NA = 0.9, Olympus Inc.,
San Diego, CA, USA) positioned in front of the sample
stage was used as a condenser lens for illuminating purposes.
The total magnification of the imaging system is 240, consisting
of the high NA imaging objective lens (PLAPON, %60, Oil
immersion, NA = 1.42, Olympus Inc., San Diego, CA,
USA) and an additional 4-f telescopic imaging system. The
field of view at the sample plane is 48.1 x 47.7 iy,
which corresponds to 1,776 x 1,760 pixels with a pixel size
of 6.5 um at the CCD plane.

At the microscopic stage, a sample is illuminated by a
plane laser beam, and the angle of illumination can be system-
atically controlled by rotating the two-axis galvanomirror.
For one sample, a set of 300 interferograms with various
angles of illumination is recorded at a frame rate of 100
Hz. From the set of measured interferograms (Fig. 3(a)),
the corresponding phase and amplitude information (Fig.
3(b) and (c)) of the sample can be retrieved using an
appropriate phase retrieval algorithm [29]. These holograms
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FIG. 3. A schematic flowchart depicting the process for
various QPI imaging modalities. (a) A set of measured
holograms of phytoplankton obtained with various illumination
angles. A set of (b) phase and (c) amplitude maps retrieved
from the holograms in (a) via the optical field retrieval
process. (d) 2-D high-resolution phase image obtained with
the synthetic aperture algorithm, (¢) emulated DIC image
calculated from (d). (f) Reconstructed 3-D RI distribution of
the phytoplankton.

measured with different illumination angles are then used
to reconstruct the high-resolution 2-D quantitative phase
map using synthetic aperture algorithm [27] and 3-D RI
tomogram image of a sample employing optical diffraction
tomography [24-26], which is explained in detail in the
following section.

2.2. Image Reconstruction Processes

In order to construct 2-D high-resolution phase images
of phytoplankton (Fig. 3(d), we employed the synthetic
aperture imaging algorithm [27]. The principle of the synthetic
aperture algorithm is to numerically extend the aperture of
an imaging system in order to achieve high spatial resolution
and high signal-to-noise ratio (SNR) [30, 31]. Measured
holograms of a sample obtained with various illumination
angles contain information on the scattering potential of a
sample, which cannot be accessed by a conventional optical
imaging system with a fixed aperture. Employing the
synthetic aperture algorithm, this information can be fully
harnessed and reconstructed in the 2-D Fourier space, and
finally provides a high-resolution 2-D phase image of a
sample beyond the diffraction-limit determined by NA of
the optical imaging system used. The representative phase
image obtained with the aperture synthesis algorithm is
shown in Fig. 3(d).

Compared to the phase image directly measured from
the QPI system (Fig. 3(b), the phase image obtained with
the aperture synthesis algorithm (Fig. 3(d)) provides higher
spatial resolution and SNR ratio. In conventional quantitative
phase images, the maximum spatial frequency kue which
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determined the resolving power is determined as |kua| = 2
TNAimg/ N, Where NAins, denotes the NA of the imaging
objective lens. Whereas the k... achieved by the synthetic
aperture algorithm is |knw| =2T(NAuwmt NAimg)/N\. In this
case, NAunn denotes the NA of the condenser objective
lens. In addition, using the synthetic aperture imaging, the
SNR ratio can be significantly enhanced by reducing speckle
noise. Moreover, the emulated DIC image (Fig. 3(e)) can
also be numerically obtained. A DIC image can be calculated
by interfering a synthetic aperture image, containing both
amplitude and phase information, with a laterally translated
synthetic aperture image [32]. Internal structures of phyto-
plankton can be clearly seen in the emulated DIC image,
because the imaging contrast of DIC images depends on
optical phase gradient.

In order to construct 3-D RI maps of phytoplankton, we
employed an optical diffraction tomography algorithm. Based
on the Fourier diffraction theorem [33], a set of measured
2-D optical fields can be mapped onto a 3-D scattering
potential spectrum. The spatial frequency information of a
2-D optical field measured with a plane wave with a specific
angle of illumination corresponds to a hemispheric area, so
called Ewald’s surface in 3-D Fourier space. Due to the
limited NA of an objective lens, some information is inevitably
inaccessible in the 3-D Fourier space. This missing information
can be filled using an iteration method with appropriate
assumptions [34]. Finally, the 3-D RI distribution of a
sample can be converted from the 3-D scattering potential
spectrum via 3-D inverse Fourier transformation. The repre-
sentative 3-D RI map of phytoplankton is presented in Fig.
3(f), which shows high-resolution structural information of
phytoplankton in 3-D with the quantitative RI values. The
details on optical diffraction tomography and the custom-made
MatLab codes used, which can be found elsewhere [26].

1. RESULTS

3.1. Quantitative Holographic Images of Individual
Phytoplankton

To demonstrate the capability of quantitative imaging of
phytoplankton, we measured 4, 11, 12 of spherical-, rod-
shaped-, and non-spherical phytoplankton, respectively.
These phytoplankton samples were collected from a pond
in Daejeon, South Korea. The 50 uL of pond water was
directly loaded between two coverslips (24 X 50 mm,
Matsunami, Japan) without adding any exogenous agents.
The holographic images of representative individual phyto-
plankton are depicted in Fig. 3. The high-resolution 2-D
phase images obtained with the synthetic aperture algorithm
(Figs. 4(a), (d), and (g)], the emulated DIC (Figs. 4(b),
(e), and (h)) and the 3-D RI distributions (Figs. 4(c), (),
and (i)) of individual spherical-, rod-shaped-, and non-spherical
phytoplankton were reconstructed from sets of measured
2-D phase images, respectively (See Methods).

Based on the measured morphology and internal structures,
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the measured spherical phytoplankton (Fig. 4(a)-(c)) seem
to belong to Thalassiosira decipiens. Overall morphology
and the internal structures with high RI [indicated with the
arrows in Figs. 4(a)-(b)] were seen in both the high-resolution
2-D phase and DIC images. The 3-D RI distribution of the
spherical phytoplankton (Fig. 4(c)) clearly reveals the complex
internal structures of the phytoplankton. The nucleus has
higher RI value (n > 1.36) than cytoplasm [the area with
green color in Fig. 4(c)]. Furthermore, the retrieved values
of RI can serves as intrinsic imaging contrast for phyto-
plankton, which can be utilized for the extraction of various
quantitative imaging parameters of phytoplankton including
the mean RI (n), dry mass M, and the volume V of
individual phytoplankton. The calculated quantitative parameters
of the spherical phytoplankton are indicated in Fig. 4(c).
The rod-shaped phytoplankton (Figs. 4(d)-(f)) seem to belong
to Pseudo-nitzschia australis based on its distinctive rod-like
shape and the morphology of internal structure examined
from the measured 2-D phase image and 3-D RI map. The
nucleus structure with high optical thickness is clearly seen
in the middle of the rod-shape phytoplankton in both the
high-resolution 2-D phase image with the synthetic aperture
algorithm as well as the emulated DIC image. The 3-D
morphology of the rod-shape phytoplankton and the nucleus
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FIG. 4. Representative QPI results of individual spherical
phytoplankton (a)-(c), rod-shaped phytoplankton (d)-(f), and
non-spherical phytoplankton (g)-(i). (a), (d), and (g) 2-D
high-resolution phase images obtained with the synthetic
aperture algorithm. Units for colorbars are radians. (b), (¢), and
(h) emulated DIC images corresponding to (a), (d), and (g). (c),
(), and (i) 3-D RI maps of corresponding phytoplankton. The
calculated mean RI (n), total volume ¥, and dry mass M of
individual phytoplankton, are specified.

are also seen in the retrieved 3-D RI maps. The repre-
sentative non-spherical phytoplankton (Figs. 4(g)-(1)) is
thought to be Navicula sp. based on its shape and size
seen in the measured quantitative phase images. Compared
to the spherical and the rod-shaped phytoplankton, the
non-spherical phytoplankton has high RI values ((z) = 1.398)
for its cytoplasm, indicating the high density of bio-
molecules in cytoplasm. Furthermore, the large nucleus shown
in the spherical and the rod-shaped phytoplankton is not
found in the rod-shaped phytoplankton. Yet, it contains
several small internal structures with low RI values dispersed
in the cytoplasm, as indicated with the arrows in Figs.

4(g)-(h).

3.2. Quantitative Phytoplankton Parameters: Volume,
Dry Mass, and Density

In order to demonstrate quantitative analysis capabilities
of quantitative phase imaging of phytoplankton, we retrieved
morphological and biochemical properties of individual
phytoplankton. The reconstructed 3-D RI maps and 2-D
quantitative phase images using the synthetic aperture algorithm
allow the quantitative analysis of phytoplankton, which
provides various parameters including the volume, dry mass,
and cellular density of individual phytoplankton, simul-
taneously. From the measured volume and dry mass, we
also can calculate the density of each phytoplankton. These
analyses were performed to 4 spherical and 11 rod-shaped
phytoplankton and the results are represented in Fig. 5.
We did not conduct statistical analysis for the non-spherical
phytoplankton due to their large diversity of sizes and shapes.

The volumes of individual phytoplankton are obtained
from the measured 3-D RI maps. The accumulated number
of voxels in a 3-D RI map of individual phytoplankton
having the RI value greater than that of surrounding media
was translated to the total volume considering the volume
of a unit voxel. Figure 5(a) presents the volume distri-
bution of the spherical and rod-shaped phytoplankton group.
The mean values of cellular volumes of individual phytoplankton
are 242 + 130 fL (n = 4) and 239 + 108 fL (n = 11), for
the spherical and the rod-shaped phytoplankton, respectively.
The error term means a standard deviation of the parameter.
The dry masses of non-aqueous biomolecules [35-37] in
individual phytoplankton are determined from the measured
high-resolution 2-D quantitative phase images using the
synthetic aperture algorithm. The integration of optical path
length values over an area of individual phytoplankton is
linearly proportional to the total dry mass in the phyto-
plankton via a proportional constant called RI increment
[37], because the RI of biomaterials such as cells and
tissues is linearly proportional to the concentration of non-
aqueous biomolecules. Because the values of RI increment
do not significantly vary among different species of phyto-
plankton, we used the report value of the RI increment
0.18 mL/g [38] for the analysis. The result is shown in
Fig. 5(b). The mean values of the determined dry masses
are 36 £ 19 pg and 36 + 27 pg, for the spherical and the
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FIG. 5. Statistical analysis of quantitative parameters in QPI
results of phytoplankton in spherical and rod shapes. A
box-and-whisker plot of (a) volume, (b) dry mass, and (c)
cytoplasmic density of spherical and rod-shaped phytoplankton
are represented. Boxes, median values with upper and lower
quartiles; whiskers, range. The spherical and rod-shaped
phytoplankton groups contain 4 and 11 samples, respectively.

rod-shaped phytoplankton, respectively. Then, the dry mass
density of individual phytoplankton is calculated by dividing
the total dry mass of phytoplankton by its volume. The
result is shown in Fig. 5(c). The mean values of the dry
mass densities are 0.16 = 0.04 pg/fL and 0.15 £ 0.08 pg/fL
for the spherical and the rod-shaped phytoplankton, respectively.

IV. DISCUSSION AND CONCLUSION

In this paper, we propose and experimentally demonstrate
that the QPI techniques provide unique advantages for the
study of individual phytoplankton. High-resolution 3-D RI
maps, 2-D synthetic aperture images, and emulated DIC
images of live phytoplankton are quantitatively and precisely
measured. In particular, we show that from the measured
quantitative phase images, the structure and biochemical
parameters, including phytoplankton volume, total dry
mass, and cytoplasmic density are simultaneously retrieved.
Furthermore, internal structures of phytoplankton are clearly
visualized without using exogenous labeling agents.

QPI techniques, with their capacity for 3D RI imaging,
their potential for generating contrast by intrinsic optical
property and their quantitative and non-invasive nature, would
be a welcome complement to the existing imaging tools
for the study of diverse aspects in phytoplankton biology
and biophysics; (1) QPI techniques could be useful for
investigating precise morphological and compositional alterations
in phytoplankton under diverse environmental conditions,
because the RI distributions can serve as an intrinsic
optical indicator reflecting the structural and biochemical
information. (2) Even though the particular focus of this
study is on static 3-D images of phytoplankton, dynamics
of 3-D RI tomograms of individual phytoplankton can allow
to measure intracellular dynamics of subcellular organelles
[39-41] or dynamics fluctuation in cell membrane [42-47]
which can provide abundant information about pathophysiology
of phytoplankton. (3) In addition, recent advances in QPI
techniques can also be further employed to investigate
phytoplankton research including super-resolution imaging
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[48], Fourier transform light scattering technique [49-53],
real-time visualization of 3-D RI maps [54], multi-spectral
QPI [55-59], and polarization-sensitive QPI [60, 61]. (4)
Furthermore, QPI techniques can be accessible to an existing
microscope by attaching the recently developed QPI unit
[62, 63], which will further extend the applicability of QPI
techniques for the study of phytoplankton.

With QPI techniques, many interesting open questions in
phytoplankton biology are now accessible to direct experi-
mental study. Furthermore, the present approach can also
be extended for the study of general plankton [17, 64, 65]
or zoospores of alga [66]. This new approach has many
potential applications. For example, when combined with
underwater electronics, 3-D RI imaging of live phytoplankton
could be of particular interest to marine microbiologists
trying to study biological oceanography [67] and plankton
ecology [68]. In addition, 3-D RI tomogram of individual
phytoplankton can also be utilized for automated plankton
identification [69] or the study of fluid dynamics of plankton
[62, 70, 71].
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