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Abstract: Current smartphones equipped with high-sensitivity and high-resolution sensors in the
camera can respond to the needs of low-light imaging, streaming acquisition, targets of various
scales, etc. Therefore, a smartphone has great potential as an imaging device even in the scientific
field and has already been introduced into biomolecular imaging using fluorescence tags. However,
owing to the necessity of an excitation light source, fluorescence methods impair its mobility.
Bioluminescence does not require illumination; therefore, imaging with a smartphone camera is
compact and requires minimal devices, thus making it suitable for personal and portable imaging
devices. Here, we report smartphone-based methods to observe biological targets in various scales
using bioluminescence. In particular, we demonstrate, for the first time, that bioluminescence can be
observed in an organelle in a single living cell using a smartphone camera by attaching a detachable
objective lens. Through capturing color changes with the camera, changes in the amount of target
molecules was detected using bioluminescent indicators. The combination of bioluminescence and
a mobile phone makes possible a compact imaging system without an external light source and
expands the potential of portable devices.
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1. Introduction

Given the recent development in camera performance in smartphones, such as sensitivity
and resolution, their application as an analytical tool in the scientific field cannot be ignored.
A complementary metal-oxide semiconductor (CMOS) image sensor is the main detector for a
smartphone’s built-in camera, which currently has high pixel counts over 10 mega [1,2]. Such numbers
already exceed those of cameras conventionally used in scientific research. In addition, it can support
various situations such as the requirement of high-sensitivity, time-lapse shooting, stream acquisition,
and long exposure. Because of these strong capabilities, several smartphone-based methods for
analyzing biological phenomena have been reported [3—7]. Fluorescent tags are the tools to perform
imaging in combination with smartphones, and various fluorescently labeled targets have been
detected by a smartphone camera [8-10]. In addition, the combination of a smartphone camera
with an optical attachment, a fluorescence microscope, has been developed that can observe specific
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targets in cells [11-13]. At present, fluorescence detection with a smartphone camera is also applied to
super-resolution fluorescence imaging to detect single molecules in cells [14].

Another aspect of smartphone utility is its mobility. A smartphone comprises the basic components
of an imaging device including a sensor, display, and computer. Moreover, it is equipped with a mobile
battery and can function anywhere. The captured data can also be saved to a cloud server via Wi-Fi.
Therefore, these mobile platforms greatly expand the potential for scientific research, which opens
up possibilities for applications that were previously unthinkable. For the purpose of this mobility,
however, a set of an external light source and filters should always be attached to a smartphone camera
when observing fluorescence. Such additional devices impair the portability of smartphones.

To mitigate this limitation, we focused on the use of bioluminescence for biological detection.
Bioluminescence is generated by a bioluminescent protein such as luciferase. Luciferase produces
bioluminescence by an enzymatic chemical reaction with a substrate called luciferin; therefore, we can
obtain the luminescence signal without any external light source. In considering its application to
smartphones, the property of bioluminescence that does not require the excitation light leads to the
realization of a compact imaging device. Several methods for measuring bioluminescent indicators
using smartphones have been proposed [15,16]. However, there are no applications to bioluminescence
imaging at the cellular level.

Herein, we attempted to establish bioluminescence imaging methods using a smartphone camera.
As bioluminescent probes, we selected a color palette of enhanced Nano-lanterns (eNLs) [17] that are
chimeric proteins of NanoLuc [18] with color variants of fluorescent proteins. With this simple method,
we could measure various scale targets from whole mouse body to organelle.

2. Materials and Methods

2.1. Smartphone and Detachable Objective Lens

A Samsung Galaxy S8+ (out camera: 1220 x 10* pixels, pixel size: 1.44 pum, focal length: 4.2 mm,
F-score: 1.7) was used for all smartphone-based analyses. The optical or digital zoom was not
activated. The body of the equipment attached to the smartphone and its shading case were made
of acrylonitrile-butadiene styrene (ABS) resin using a three-dimensional printer. A compound
lens consisting of a spherical lens was purchased from a Japanese mobile-lens manufacturing
company. Information on the specifications of the lens were provided by the manufacturer as
follows: magnification, 180x; focal length, 2.9 mm; numerical aperture (N.A.), 0.25; working distance,
3.8 mm; theoretical resolution, 1.44 um. The spatial resolution was calculated from the full width at
half maximum to be 2.1 um (Supplementary Materials Figure S2). The equipment was attached to the
smartphone using a double-sided tape.

For brightfield images, room light or LED light was used as the light source. Images for measuring
point spread function were taken by dark-field observation with fluorescent beads (diameter: 500 nm)
and an LED light source. All photos were managed by the pre-set camera software in Android OS
(manual mode, ISO800; white balance: 5000-5500 K).

2.2. Gene Materials

The cDNA of NanoLuc was provided by Promega and was inserted into the pcDNA3vector
(Invitrogen) for expression in mammalian cells. The pcDNAS3 coding for the five color variants of
enhanced Nano-lantern (eNL, cyan, green, yellow, orange, and red) was the same as registered in
Addgene (ID: 85199, 85200, 85201, 85202, and 85203). Large-scale plasmid DNA was obtained from
200 mL of Luria-Bertani (LB)-liquid culture by using the alkaline— sodium dodecyl sulfate (SDS) lysis
method, PEG8000 precipitation, and two rounds of phenol/chloroform extraction. The cDNAs of
CalfluxVTN [19], GeNL(Ca?*)_520 [17], and GeNL(Ca?*)_520-H2B [20] were the same as in each
reference. For mammalian cell expression, these cDNAs were amplified by PCR using specific primers
and inserted into pcDNA3 using BamHI and EcoRI sites.
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2.3. Live Cell Imaging

The HeLa (RIKEN BRC) cells were cultured on a 24-well polystyrene plate in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells under 50% confluency
were transfected with pcDNA3 vectors coding each bioluminescent protein using Polyethylenimine
Max (Polysciences, Inc.). Cells were re-cultured in 35 mm glass-bottom dishes after 20 h and incubated
for 24 h. The medium was replaced with Hank’s Balanced Salt Solution (HBSS)(-) supplemented with
20 uM Furimazine (Promega) as substrate for NanoLuc and enhanced Nano-lanterns. For Ca?* imaging,
phenol red-free DMEM/F12 supplemented with 20 uM Furimazine was used. Fluctuation of Ca®* in
cells was induced with 10 uM histamine. Each image was taken using a smartphone camera with the
attached objective lens. The exposure time was 10 s/frame. The colors in the original images were
separated using Metamorph software and measured for intensity. The HeLa cells stably expressing
yellow eNL were established by screening with G418 (Sigma). The localization of GeNL(Ca?*)_H2B
was confirmed with a fluorescence microscope, IX-83 (Olympus). Hoechst33342 (Molecular Probes)
was used as a nucleus marker.

2.4. Mouse Imaging

The HeLa cells transiently expressing cyan and red eNL (1 x 10° cells) were suspended in 100 uL
of PBS and injected under the skin of a BALB/c nude mouse (female, 5 weeks old, 16 g body weight).
One hundred microliters of PBS with 20 uM Furimazine was injected in the same region.

3. Results

First, we tried to perform bioluminescence imaging of a living body. In the application of
bioluminescence imaging to tissues and living organisms, the advantages over fluorescence were
even more pronounced. There are many considerations when using fluorescent markers for in vivo
imaging. It is difficult to irradiate the markers existing inside of a living body [21]. Furthermore,
biological samples have several sources for generating autofluorescence [22]. Bioluminescent probes
can address those concerns owing to their spontaneous emissions. Especially, using the color palette of
eNLs [17], different targets can be distinguished by their perspective bioluminescence colors. The HeLa
cells (1 x 10°) transiently expressing cyan and red color variant of eNLs were injected subcutaneously
into a mouse, and the substrate was added to the same area. Bioluminescence imaging generally needs
to be performed in a dark environment to prevent external light leakage; therefore, we set the mouse on
a hand-made smartphone stand and took the bioluminescence image in the dark (Figure 1A). As a result,
different emission colors could be simultaneously detected by the smartphone camera without using
any filter (Figure 1B). In a conventional in vivo imaging system, a cooled charge coupled device (CCD)
or electron multiplying CCD (EM-CCD) image sensor was mainly used for high-sensitive imaging.
However, most of these are monochromatic image sensors that cannot separate the wavelengths by
themselves; hence, it was necessary to take an image of each wavelength by alternating optical filters.
In contrast, because the camera mounted on smartphones is a color camera that identifies colors
by the intensity balance of red, green, and blue, bioluminescence at different wavelengths can be
detected simultaneously. Therefore, the smartphone imaging method does not need additional filters,
resulting in a compact design for the whole device.

The property of simultaneously detecting multi-color bioluminescence may also be useful for
the biological assay or diagnosis of multiple samples using a plate reader. In this case, a time lag
occurred in the measurement between the wells because the bioluminescence from each well of the
plate was sequentially detected by a photo multiplier tube (PMT). To avoid errors due to the time
lag, a method was proposed for taking the whole well plate image with an EM-CCD [23]. Even with
this method, if multiple wavelengths needed to be detected, a time lag occurred depending on the
time required for the replacement of the optical filter. Therefore, we attempted to perform filter-free
multiple wavelength imaging of bioluminescent samples on a 96-well plate using a smartphone



Sensors 2020, 20, 7166 40f 11

camera (Figure 1C). We cultured HeLa cells (0.5 x 10° per well) transiently expressing NanoLuc or
any of the five color variants of eNL, cyan, green, yellow, orange, and red, on a 96-well plate and
took bioluminescence images in each well. Owing to the one-shot acquisition of multicolor images,
the throughput of data acquisition could be dramatically improved.
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Figure 1. Simultaneous multiple wavelength bioluminescence imaging using a smartphone camera.
(A) Imaging setup: a cardboard box was used as a stand for the smartphone. (B) Whole body imaging
of a mouse. HeLa cells transiently expressing cyan eNL or red eNL were injected subcutaneously into
the mouse. The bioluminescence image was taken in a dark room. Scale bar, 10 mm. (C) Wide-field
bioluminescence image of cultured cells on a 96-well plate. HeLa cells transiently expressing NanoLuc
or each color variant of eNL were cultured on a 96-well plate. Bright field and bioluminescence images
were taken by adding the substrate.

Next, we examined whether the application extended to single-cell bioluminescence imaging.
To take images with a spatial resolution at the single-cell level, we developed detachable optical
equipment for a smartphone camera. Assuming the use of a 35 mm glass-bottom dish, the equipment
comprised two parts: an objective lens and a pedestal (Figure 2A and Figure S1A). The distance between
the lens and the bottom of the dish can be adjusted by rotating the pedestal (Figure S1B). The equipment
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is installed to the inner or outer region of the camera of the smartphone using a double-sided tape
(Figure 2B). A shading cover for the culture dish can be used to capture images in places with light
(Figure 2C). Based on the specification of the objective lens, the theoretical spatial resolution was
1.44 pum at 590 pm fluorescence. Optical aberration was not considered; therefore, effective resolution
when mounted on a smartphone camera was verified using a micrometer. The objective lens can
easily recognize the minimum distance between scales of 10 um (Figure S2A,B). Therefore, it was
estimated to have sufficient effective spatial resolution to distinguish individual cells. In the image of
the micrometer, some distortions were observed at the edge of the field of view. To assess the distortion
at each point of view, we analyzed the point spread function using fluorescent beads (Figure S2C).
Compared to the center region, the midpoint of the field exhibited a larger point spread. Therefore,
we chose the central area to obtain a more accurate image.

A. B. E.

Figure 2. Bioluminescence imaging using the smartphone microscope. (A) Overview of the detachable
objective lens. Images were taken from the front. Scale bar, 10 um. (B) Attachment of the lens to the
outer camera of the smartphone. (C) Side views of the equipment. The lens part had a screw (top),
and the pedestal part was connected (bottom). The focus was adjusted by rotation of the pedestal.
Scale bar, 10 mm. (D) Cell population imaging using the smartphone microscope. HeLa cells stably
expressing yellow eNL were cultured on a dish and observed. Scale bar, 100 um. (E) Population
imaging of HeLa cells transiently expressing either NanoLuc or any colors of eNL (cyan, green, yellow,
orange, or red). Scale bar, 100 pm.

Owing to the effective resolution, the smartphone microscope has the potential to detect
bioluminescence from an individual cell. To demonstrate this, HeLa cells stably expressing the
yellow color variant of eNL were cultured on a dish, and an image was taken after adding the substrate
(Figure 2D). The result revealed that each cell could be clearly distinguished at the cell boundary.
Next, the bioluminescence color discrimination ability of the smartphone microscope was examined.
We performed bioluminescence imaging of the population of HeLa cells transiently expressing NanoLuc
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or any of the five color variants of eNL (Figure 2E). The emission peaks of the six bioluminescent
proteins ranged from 400 to 700 nm [17], and the smartphone microscope could simultaneously detect
each colored cell. Therefore, we established a filter-free, multi-color bioluminescence single cell imaging
technique using a smartphone camera.

For cultured cells expressing Ca®* indicators, we detected the change in bioluminescence using the
smartphone microscope. The GeNL(Ca?*)_520 is an intentiometric Ca2* indicator based on eNL [17].
Some of the cells showed a histamine-dependent transient increase in bioluminescence (Figure 3A,B).
Several tens of seconds after the stimulation, the emission intensity returned to the base line, and a spike
in emission was observed, which is a typical response seen during Ca?* oscillation. The differences in
the timing of Ca?* spikes between the cells were also observed by the smartphone camera. Therefore,
the time resolution and sensitivity of the microscope were sufficient to observe the cellular events by
bioluminescence. For observing a faster phenomenon, the exposure time can be shortened, considering
the balance with the bioluminescence intensity.
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Figure 3. Ca’* imaging with GeNL(Ca?*)_520 in HeLa cells based on the smartphone microscope.
(A) Time-lapse bioluminescence images of GeNL(Ca?*)_520 in cytosol. Cells were stimulated by
histamine. The numbers indicate the elapsed time after stimulation. Scale bar, 20 um. (B) Time-course
variations of bioluminescence intensity in cells. Regions of interest (ROIs) for the measurement are
shown as white circles in A. The x-axis shows the elapsed time after the stimulation (at 0). Broken lines
indicate the time points of selected images in A.
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Tagged with the nuclear target signal peptide, histone 2B, GeNL(Ca?*)_520 can be used for
monitoring Ca?* changes in the nucleus (Figure S3, GeNL(Ca**)_520-H2B). Luminescence was observed
in the nucleus as a green color (Figure 4A, “Before”). Upon histamine stimulation, the bioluminescence
oscillation was observed in each nucleus (Figure 4B). The difference in Ca?" changes between the
cytoplasm and nucleus has been discussed several times, and one report using another Ca?* indicator
showed no significant difference [24]. Our results, including Figure 3, agree with these reports.

A.
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Figure 4. Ca?* imaging in the nucleus with GeNL(Ca?*)_520-H2B based on the smartphone microscope.
(A) Time-lapse bioluminescence images of GeNL(Ca%*)_520-H2B in the nucleus. HeLa cells transiently
expressing the indicator were stimulated by histamine. The numbers indicate the elapsed time after
stimulation. Scale bar, 20 um. (B) Time-course variation of bioluminescence intensity in the nuclei.
Regions of interest (ROIs) for the measurement are shown as white circles in A. X-axis shows the
elapsed time after the stimulation (at 0). Broken lines indicate the time points of selected images in A.

Therefore, the combination of a smartphone camera, a detachable objective lens, and the
bioluminescence indicator allow for real-time imaging of Ca?* dynamics within cellular organelles.

We also detected changes in emission color of the other indicator using the smartphone microscope.
CalfluxVTN is a ratiometric Ca?* indicator which was based on NanoLuc and a fluorescent protein,
Venus [19]. Through the smartphone camera images, CalfluxVTN showed blue bioluminescence in
the cytosol (Figure 5A, “Before”). Upon histamine stimulation, the color changed to green, repeating
the sequence of blue and green, which reflects Ca?* oscillation (Figure 5A,B and Figure S5). By using
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a smartphone camera, it is possible to detect the signal of an indicator as the bioluminescent color
change without using a spectral filter.
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Figure 5. Ca’* imaging with CalfluxVTN in HeLa cells based on the smartphone microscope.
(A) Time-lapse bioluminescence images of CalfluxVTN in cytosol. Cells were stimulated by histamine.
The numbers indicate the elapsed time after stimulation. Scale bar, 20 pm. (B) Time-course variation of
bioluminescence intensity in cells. The intensity was measured for each color image separated from the
original (Figure 54). Region of interest (ROI) for the measurement is shown as the white circle in A.
The x-axis shows the elapsed time after the stimulation (at 0). Broken lines indicate the time points of
selected images in A.

4. Discussions

We developed smartphone-based methods for bioluminescence imaging at various scales.
Especially for single cell imaging, this imaging system was able to detect the Ca?* dynamics in
cells through bioluminescence. In this study, we used an outer camera of the smartphone for
observation. The developed objective lens can also be attached to the inside camera according to the
observation target. Furthermore, we can also connect the smartphone to other devices to acquire the
images remotely.

For simultaneous multiple wavelength imaging as shown in Figure 2E, it is necessary to consider
chromatic aberrations that affect the image quality. To eliminate this influence on the image, a lens
with an optical system for compensation of chromatic aberrations can be combined with the system.
In addition, since smartphones usually corrects the images automatically, they do not always accurately
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represent the true light emitted by the object. It is important to establish a smartphone app that allows
manual adjustments of the image acquisition setting including this point.

The compact size of the smartphone microscope is useful not only for its portability but also for
applications in space. Stress and damage to cells in weightless space are important for study in space
exploration [25-27]. Because of the limited space available in a spacecraft and space stations, it is
essential that the measurement equipment used are as compact as possible with minimal components.
Smartphone-sized detectors are suitable for this purpose, and the bioluminescent techniques are
convenient in such extreme environments.

Observation of plants is also an important application of bioluminescence imaging using
smartphones. Plant cells are often light-sensitive, and observation with fluorescent labels can affect
their activity owing to the intense illumination by the excitation light. Recently, the development of
autoluminescent plants [28] has made it possible to observe plants without the need for the excitation
of light or the addition of substrates. The smartphone microscope, which can easily observe the
bioluminescence, makes it suitable for plant imaging.

5. Conclusions

Current imaging systems comprise specialized and precision equipment such as microscopes,
cameras, and computers. As a result, preparing these often becomes a bottleneck when starting new
research with imaging. Smartphones have become popular as ordinary mobile devices, and annual
smartphone production has exceeded 1 billion units [29]. Considering its popularity and potential,
now we have the opportunity to easily use high-sensitive imaging devices. Using bioluminescence
as a probe, the size of the imaging part is compact, and portability can thus be ensured. Therefore,
bioluminescence could open up a new mobile imaging era.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/24/7166/s1,
Figure S1: Structures of objective lens detachable from a smartphone, Figure S2: Accuracy evaluation of the objective
lens, Figure S3: Localization of GeNL(Ca?*)_520-H2B in HeLa cells. Figure S4: Time-lapse bioluminescence color
image of CalfluxVTN in cytosol.
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