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Abstract

Herein, we propose a convenient method to enable pretreatment of target objects using digital holographic microscopy (DHM). As a test
sample, we used diatom frustules (Nitzschia sp.) as the target objects. In the generally used sample preparation method, the frustule sus-
pension is added dropwise onto a glass substrate or into a glass chamber. While our work confirms good observation of purified frustules
using the typical sample preparation method, we also demonstrate a new procedure to observe unseparated structures of frustules prepared
by baking them on a mica surface. The baked frustules on the mica surface were transferred to a glass chamber with 1% sodium dodecyl
sulfate solution. In this manner, the unseparated structures of the diatom frustules were clearly observed. Furthermore, metal-coated frus-
tules prepared by sputtering onto them on a mica surface were also clearly observed using the same procedure. Our method can be applied
for the observation of any target object that is pretreated on a solid surface. We expect our proposed method to be a basis for establishing
DHM techniques for microscopic observations of biomaterials.
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Introduction

Digital holographic microscopy (DHM) has been recently gaining
acceptance as an efficient method for studying micron-sized
objects, such as living cells (Cotte et al., 2013; Lee et al., 2013;
Donnarumma et al., 2018b; Park et al., 2018; Zuo et al., 2020).
Although the spatial resolution of DHM currently used in practice
is approximately 100 nm, the three-dimensional (3D) morphol-
ogy of target samples can be conveniently visualized without
any pretreatments, such as staining. Furthermore, the inner struc-
tures of living cells can also be distinguished by DHM based on
optical information such as the refractive index (RI) of each
pixel of the obtained data (Kemper et al., 2007; Belashov et al.,
2017; Bohannon et al., 2017; Frometa et al., 2017). Bianco et al.
(2021) successfully analyzed fractal geometry of microplastics in
polluted water, thus demonstrating a unique application of DHM.

With regard to observing biological samples using DHM,
observations of animal cells, including red blood cells (RBCs),
have been intensively demonstrated by various researchers

(Doblas et al., 2016; Grzhibovskis et al., 2017; Donnarumma
et al., 2018a; Funamizu & Aizu, 2019; O’Connor et al., 2021).
Observation of microorganisms such as diatoms, which are
major photosynthetic planktons, and diatomites, which are fossils
of diatoms, has also been intensively reported (Xu et al., 2001;
Zetsche et al., 2016; Memmolo et al., 2020; MacNeil et al.,
2021). For example, 3D RI tomograms of phytoplanktons, includ-
ing Navicula, Pseudo-nitzschia, and Thalassiosira, were reported
by Lee et al. (2014). Recently, Zetsche et al. (2020) analyzed the
flow and diffusion around and within diatom aggregates.
Memmolo et al. (2020) succeeded in classifying diatom species
by analyzing DHM images using machine learning.

However, sample preparation methods for biological DHM
studies have not been well established yet. Many previously
used protocols in published research involve target objects for
observation being deposited on a glass substrate, or in a glass
chamber, without any additional treatment (Baczewska et al.,
2021). Some procedures involve filling the glass substrate/cham-
ber with certain glues to optimize the conditions of the samples.
Hence, we recognize a huge demand for establishing a wide range
of sample preparation methods for diverse research purposes.

In this study, we present a new sample preparation procedure
for biological DHM studies. The sample preparation procedure
used generally for DHM observation is shown in the diagram
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on the top (Fig. 1a). In the generally used procedure, samples such
as cell suspensions or microbeads are added dropwise on a glass
substrate/chamber and then observed by DHM. This procedure is
effective for many types of samples; however, this procedure
requires the samples to be in the form of solutions or suspensions.
In the usual method as shown in Figure 1a, the structure of the
diatom frustule is broken up in the process of preparing it in sol-
ution, and it cannot be observed in an unseparated state. The tar-
get objects, frustules, in the case of our experiments, were
pretreated on a mica surface. Next, the mica was placed in reverse
in a glass chamber (Tomodish), which was filled with 1% sodium
dodecyl sulfate (SDS). This procedure enabled the pretreated tar-
get objects to be transferred from the mica surface to the glass
chamber without losing their pretreated structures (Fig. 1b).
The frustules can thus be clearly observed using DHM with
their structural integrity being preserved. We believe that our
sample preparation method can be applied to DHM-based obser-
vations of various target objects, not limited to frustules. Our new
method reported in this paper will contribute to expanding the
options for pretreatment methods that were lacking in the study
of DHM observation.

Materials and Methods

Nitzschia sp. were collected from Okinoshima Island in the Chiba
Prefecture and subcultured several times using Guillard’s (F/2)
culture medium (G9903; Sigma-Aldrich, Munich, Germany) with
Daigo artificial seawater (395-01343; Nihon Pharmaceutical,
Tokyo, Japan) for approximately 2 months (Murase et al., 2011,
2012; Umemura et al., 2015; Ide et al., 2020; Shoumura et al.,
2020; Hamano et al., 2021).

Purification of diatom frustules was carried out using nitric
acid (Ming et al., 2007; Sakuma et al., 2013; Van Eynde et al.,
2016). The artificial seawater from cell suspensions was replaced
with pure water by centrifugation (3,000 rpm, 5 min, 5 times).
A quantity of concentrated nitric acid four times as that of the
cell suspension was added for removing any organic components.
The mixture was incubated for 40 min at 95°C. After incubation,

an amount of potassium nitrate measuring a cupful of a medical
spoon was immediately added to the cell suspension and diluted
with pure cold water on ice. Then, nitric acid was removed by
centrifugation (3,000 rpm, 5 min, 7 times). The suspension thus
obtained was stored in a refrigerator as a frustule suspension.

The DHM samples were prepared using the following different
procedures:

To observe the aforementioned chemically purified frustules,
20 μL of the suspension was added dropwise into a Tomodish
(Tomocube Inc., Daejeon, South Korea). The suspension was
diluted with pure water, when required. The upper side of the
Tomodish was sealed with a coverslip.

To obtain the baked diatom samples, cleaved mica was immersed
in culture medium containing living cell suspension and incubated
for 2–3 weeks. Glutaraldehyde (GA) was added to the culture
medium (final concentration 1%). The medium was then incubated
for 1 h at room temperature. The mica substrate was then rinsed
with pure water and baked for 4 h at 600°C (Umemura et al.,
2008, 2010). For DHM observation of the baked samples, 20 μL of
1% SDS was added dropwise into a Tomodish; next, the mica sub-
strate was reversed and placed on the SDS droplet in the Tomodish.
After 10 min of incubation, the mica substrate was removed, and a
coverslip was placed in the Tomodish. Using this process, frustules
were detached from the mica surface and added dropwise onto
the Tomodish surface.

For sputtered frustules, an aliquot of the chemically purified
frustule suspension was added dropwise onto a cleaved mica sur-
face and air-dried. Several frustules could be observed at a magni-
fication of 100 μm2 by means of optical microscopy. The samples
were sputtered using MSP-1S (VACUUM DEVICE Inc., Ibaraki,
Japan) with a gold–palladium (Au–Pd, 4:6) target. The sputtering
operation periods were set as 2, 4, 6, 8, and 10 min. The specifi-
cation of the instruments constrained the maximum setpoints for
one operation to 2 min. Therefore, operations with longer periods
were achieved by repeating 2 min operations. For example, in the
case of a 10 min operation, a 2 min operation was repeated five
times. The first minute of any operation was dedicated to estab-
lishing a vacuum for the operation; thus, the actual discharge

Fig. 1. Schematic view of the proposed method. (a) Typical method for DHM sample preparation: solutions or suspensions are directly deposited onto a glass
substrate or into a glass chamber. (b) Proposed method for the pretreatment of samples: The target objects are pretreated on a mica surface. The mica is placed
in reverse in a glass chamber (Tomodish), which is filled with 1% sodium dodecyl sulfate solution to transfer the objects from the mica surface to the glass
chamber.

Microscopy and Microanalysis 2173

https://doi.org/10.1017/S1431927622012508 Published online by Cambridge University Press

https://doi.org/10.1017/S1431927622012508


period for any operation was one minute lesser than the specified
period. This makes the actual sputtering periods to be 1, 2, 3, 4,
and 5 min. The sputtering current was 34 mA. Bare frustules
were also prepared as a control. The DHM observation of the
sputtered samples was performed by transferring the frustules
to the Tomodish, as was done for the baked frustule samples.

All DHM observations were performed using a commercially
available DHM (HT-2, Tomocube Inc., Daejeon, South Korea).
Water droplets were inserted between the lenses and the
Tomodish. The laser for the DHM observation had a wavelength
of 532 nm and a power of 0.05 mW. The field of view (FOV) and
exposure period were 40.816 μm and 0.971 ms, respectively. All
the experiments were repeated three times; thus, 21 frustules
were observed for each sputtering condition. The DHM data
were analyzed using TomoStudio (Tomocube Inc., Daejeon,
South Korea). The RI of pure water was assumed as 1.333.

Results and Discussion

This study found that pretreated diatom frustules on a mica sub-
strate were easily observed using DHM by transferring them to
the chamber with 1% SDS while preserving their structure.
First, the maximum intensity projection (MIP) image observed
by DHM shown in Figure 2a1 is a frustule purified by the usual
method shown in Figure 1a. The MIP image displays the projec-
tion surfaces of the 3D data from an arbitrary viewpoint. The
maximum values in the projection path are indicated on the pro-
jection surface. The nanoporous structures of frustules were also
resolved at the edge of the frustule, although the resolution was

obscure. A white particle seen in the frustule might have been a
remnant of organic components. Figure 2b1 shows a typical
MIP image of the baked frustule prepared by our method. In
this sample, living diatom cells were deposited on a mica surface
with 1% GA. After GA fixation of the cell, the mica surface was
rinsed with water to remove excess GA. The mica substrate was
then baked for 4 h at 600°C. Finally, the mica substrate was
reversibly placed on a Tomodish, which was filled with 1% SDS
solution, to transfer the baked frustules into the Tomodish.
These techniques form our proposed procedure. This method
allowed for the baked frustules to be well observed by DHM
(Figs. 2b1, 2b2). In this case, most frustules were observed as
unseparated structures comprising two parts, as indicated with
arrows in Figure 2b2. A 3D image illuminated with two colors
is shown in Figures 2a and 2b. The parts shown in gold had an
RI ranging between 1.3400 and 1.3600. The frustules were well
visualized in this RI range. The solvent (water) had an RI below
1.34. The RI range of the parts shown in violet was greater than
1.3600. Thus, the differences between the parts shown in gold
(frustule) and the parts shown in violet were clearly identified
by this RI analysis. Figures 2c1 and 2c2 show scanning electron
microscopy (SEM) images of the purified frustules.

In general, diatom frustules consist of several components. The
major parts are called the epitheca and hypotheca, which are
observed to be positioned facing each other. During cell division,
new epithecae and hypothecae are produced and separated into
two cells. Chemical purification of the frustules leads to their
loss of the combined structure. In the case of observing purified
frustules, a single epitheca or hypotheca was observed in most

Fig. 2. Digital holographic microscopy (DHM) and scanning electron microscopy (SEM) images of purified and baked diatom frustules. (a1) A maximum intensity
projection (MIP) image of a purified frustule. (a2) A three-dimensional (3D) image of a purified frustule. Gold: RI range 1.340–1.360. Violet: RI range above 1.360.
Arrows indicate parts having high RI values. (b1) An MIP image of a baked frustule. (b2) 3D image of a baked frustule. Arrows indicate two parts of the unseparated
frustule.
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cases, although there were some exceptions. Five DHM images of
purified frustules are shown in Supplementary Figure S1a. Among
the five different frustules, only one frustule was seen to have
combined structures. On the other hand, in the case of baked
frustules, the combined structures were well observed in many
cases, although there were some exceptions. Five independent
examples are presented in Supplementary Figure S1b. Among
the five independent frustules, only one was seen to be separated.
Therefore, we consider our method to be effective for observing
the combined structures of frustules using DHM.

Figure 3a shows a schematic diagram of the sputtered treat-
ment newly reported in this study. The purified frustules were
placed on a mica surface and dried. The mica surface was then
sputtered with an Au–Pd target. After this procedure, the mica
was placed in reverse on a Tomodish filled with 1% SDS in
order to transfer it to the sputtered frustules. Figure 3b shows a
typical MIP image of the sputtered frustules. Frustules were
smoothly moved to Tomodish. When pure water was used instead
of 1% SDS, the transfer did not work well. In the case of the
sputtered frustules, flares caused by laser scattering on the metals
were observed in the 3D images (Fig. 3c). The number of flares
seen gradually increased owing to the sputtering periods
(Supplementary Fig. S2a). Thus, our report is the first to visualize
the state of MIP and 3D images around the frustule at different
sputtering periods. Since it was difficult to maintain the frustule
structure and control surface modification with metal by the
usual method, the state of frustule that could be observed was lim-
ited. When pretreatment is possible with our method, DHM
expands the possibility of observing frustules in various states.
In addition, this method can be applied not only to frustules
but also to other cells, which will greatly contribute to the study
of DHM observation.

Conclusion

In this study, we have proposed a new sample preparation method
for DHM observation of biomaterials. When target objects, such
as cells or microarchitectures, are functionalized or modified on a
solid substrate surface using our proposed method, the pretreated
objects can be easily transferred to a glass chamber using a surfac-
tant and clearly observed in liquid by using DHM. We expect our
proposed method to have a wide range of applications in DHM
techniques for observing various microscopic biomaterials.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S1431927622012508.
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