ROYAL SOCIETY

OF CHEMISTRY

Lab on a Chip

View Article Online

View Journal | View Issue

Dual-phone illumination-imaging system for high
resolution and large field of view multi-modal
microscopy

i '.) Check for updates ‘

Cite this: Lab Chip, 2019, 19, 825

Sara Kheireddine, ©2 Ayyappasamy Sudalaiyadum Perumal, @2 Zachary J. Smith, ©°
Dan V. Nicolau @ *? and Sebastian Wachsmann-Hogiu @ *°

In this paper we present for the first time a system comprised of two mobile phones, one for illumination
and the other for microscopy, as a portable, user-friendly, and cost-effective microscopy platform for a
wide range of applications. Versatile and adaptive illumination is made with a Retina display of an Apple
mobile phone device. The phone screen is used to project various illumination patterns onto the specimen
being imaged, each corresponding to a different illumination mode, such as bright-field, dark-field, point il-
lumination, Rheinberg illumination, and fluorescence microscopy. The second phone (a Nokia phone) is
modified to record microscopic images about the sample. This imaging platform provides a high spatial
resolution of at least 2 um, a large field-of-view of 3.6 x 2.7 mm, and a working distance of 0.6 mm. We
demonstrate the performance of this platform for the visualization of microorganisms within microfluidic
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devices to gather qualitative and quantitative information regarding microorganism morphology, dimen-
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1. Introduction

There is a compelling need for an imaging system that can
provide simultaneously high spatial resolution and large field
of view (FOV) at a moderate cost. This need manifests itself
in biomedical application areas such as reading well plates
for colorimetric assays or cell cultures, where high spatial res-
olution is required for observing cell morphology and subcel-
lular structures. In addition, a large FOV is required to survey
large sample areas for high throughput screening,' histopa-
thology,”> embryology, where phenotypic screening in trans-
genic mice is performed by monitoring of embryo organogen-
esis,” and developmental biology.* Moreover, in neuroscience,
brain sectioning is used as a means to identify specific brain
networks involved in behaviours or functions via reconstruc-
tion of neural wiring diagrams,” which also requires a large
FOV for accurate reconstruction and high spatial resolution
for precise identification of these paths.

Lens-based imaging approaches are faced with a trade-off
between resolution and field-of-view (FOV). Generally, the
greater the resolvable detail in a sample, the smaller the FOV
we can observe. To delineate this, in a totally incoherent im-
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sion, count, and velocity/trajectories in the x-y plane.

aging system (such as in fluorescence microscopy), a 100x
microscope objective lens with numerical aperture (NA) of
1.4 offers a theoretical resolution of 0.25 pum, with a FOV di-
ameter of ~60 um, whereas a typical 2x objective with NA of
0.05 provides a theoretical resolution of 6 um, with a FOV di-
ameter of 1.5 cm. While low magnification, large NA objec-
tives are available, they typically have large costs and may
lead to pixel-limited rather than optically limited perfor-
mance due to their high space-bandwidth products. Further-
more, beyond fluorescence imaging, in a partially coherent
system such as in bright-field or phase imaging, both the NA
of the objective and the NA of the condenser need to be
taken into consideration. The resolving power of the micro-
scope in this case is determined by:

D=122 L— , (1)
condenser NA + objective NA

where D is the minimum resolved distance in um, and 4 is the
wavelength in um. Consequently, spatial resolution, and there-
fore image quality, is not only dependent on the specifications
of the lens system in use, but also on the illumination.®

Due to this imposed trade-off between resolution and field
of view, at high resolutions, the sample would have to be im-
aged in sections and then the image mosaic-assembled via
stitching techniques. Image stitching or mosaicking includes
two steps: image registration and image merging, with the
latter adjusting for non-uniform brightness within the
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images and blending the images in a way that ensures uni-
form transitions from one tile to the next.” Merging the indi-
vidual partitions into a large FOV in this manner, however,
takes a long time and often results in a checkboard-like pat-
tern in the final mosaic because of differences in illumina-
tion in adjacent images, with the inhomogeneities being
most apparent at the edges of the stitched images, as well as
image focus errors within parts of the sample having various
depths, as is common in biological samples.’> While low-cost
three-dimensional microscope systems have been reported,
their increased complexity presents a barrier to adoption.®
Flatbed scanners have also been used to achieve ultra-
widefield imaging at high resolution,”*® but often require ex-
tensive post-purchase modification, and have slow scanning
speeds. This is particularly relevant for applications that re-
quire recording image sequences or real-time tracking where
partitioning the FOV would lead to loss of valuable data.

On the other hand, lens-free approaches allow for better
resolution and larger FOV than lens-based ones since they
can make use of the full potential of the image sensor, with-
out being limited by lens specifications. As such, using an
image sensor with a large area and a small pixel size is cru-
cial for large FOV and high resolution, respectively. Lens-free
microscopy also offers cost-effectiveness, portability, and
depth-resolved three-dimensional (3D) imaging.'® This ap-
proach is particularly useful for applications that require
heavy statistical analysis. Moreover, the lens-free system de-
sign can also be adapted for a number of applications, such
as fluorescence imaging,'” and imaging S. pombe yeast cells'®
and C. elegans'® within microfluidic devices. However, they
require extensive data post-processing and complex recon-
struction methods that may present a barrier for non-experts.

Cameras of mobile phones, meanwhile, create a lens-
based platform that is more than the sum of its parts - a
standalone imaging system capable of data transmission,
which in addition to being portable, makes it invaluable spe-
cifically in resource-limited settings. Consequently, mobile
phone based imaging has been applied in areas related to
health, the environment, and education.?® In terms of bio-
medical applications, mobile phone imaging has been used
as tool for partial blood counts,*" complete blood counts,*?
fluorescence detection of Giardia lamblia water-borne proto-
zoan parasites,> and soil-transmitted helminths (Ascaris
lumbricoides, Trichuris trichiura, and hookworm) in stool
samples,>* as well as diagnosis of malaria,>” sickle cell anae-
mia," and dermatological disease.>® As for environmental ap-
plications, a mobile phone based system was developed for
imaging a plasmonic colorimetric assay that performs
mercury(n) detection in water samples.”” Phone based sys-
tems have also been used for imaging microfluidic devices,
such as for detection of Salmonella,” and imaging
microfluidic-based enzyme-linked immunosorbent assay
(ELISA) used for the detection of a food contaminant.>® Thus,
mobile-phone microscopy might be seen as an intermediate
point between traditional microscopy and lens-free methods.
However, mobile phone microscopy has traditionally used

826 | Lab Chip, 2019, 19, 825-836

View Article Online

Lab on a Chip

simple LED illumination, generally optimized for a single im-
aging type, such as fluorescence, bright field, or dark field.

Ilumination is often one of the most critical determinants
of image quality in microscopy, and may need to be dynami-
cally adapted based on the requirements of the sample.
Unstained mammalian cells, for instance, can be more
clearly distinguished using dark-field (DF) or phase-contrast
(PC) illumination, rather than using bright-field (BF) illumi-
nation. Other samples may find certain wavelengths photo-
toxic, or require narrow-band excitation to provide greater
contrast. In general, such illumination modes require addi-
tional microscopy hardware such as condenser annuli in
multiple sizes to accommodate objectives with different nu-
merical apertures (NAs), and specialized PC objectives, which
makes such setups relatively restrictive in how adaptive they
can be. To overcome this, programmable light-emitting diode
(LED) arrays have been used as adaptive illumination sources
that offer more imaging flexibility.** These arrays have also
been adapted to allow for real-time acquisition of image se-
quences using time-multiplexed LED illumination.>" More-
over, specific modifications of the LED illumination allows
for extracting quantitative phase information via differential
phase contrast (DPC).*?

In this paper, we demonstrate for the first time that two
mobile phones can be combined to create a simple microscopy
platform with high resolution, large field-of-view, and dynami-
cally adaptive illumination. For our imaging system, we used
the Retina display of an Apple device (iPhone 6) as a versatile
illumination source. The screen, which is composed of high
density RGB LEDs, is used to project various illumination pat-
terns onto the specimen being imaged, each corresponding to
a different illumination mode, with a second phone (a Nokia
Lumia 1020) capturing the resulting image. The patterns in-
clude BF, DF, point illumination (PI), Rheinberg illumination
(RI), and fluorescence microscopy. Not only does this illumina-
tion setup allow for design and projection of a variety of pat-
terns with ease, but it permits creativity in terms of production
and testing of novel illumination patterns or structures, and
merging multiple illumination modes together, and is overall
simpler to control and use than an LED array.

We use a Nokia Lumia 1020 mobile phone as a portable,
user-friendly, and cost-effective imaging platform with high
spatial resolution and large FOV. As such, our system pre-
sents great potential to cater for a wide range of applications.
We show that, in contrast with traditional microscopy, for an
objective lens with a comparable FOV, the Nokia phone offers
better resolution. Moreover, the system can capture standard
(720p) or full (1080p) high-definition (HD) image sequences
(videos) at rates of 24, 25, and 30 frames per second (fps), in
addition to images at long exposure times of up to 4 seconds.

2. Results and discussion
2.1 Description of the imaging platform

To build an imaging system that is capable of high spatial
resolution and a large FOV, we used the Nokia Lumia 1020,
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which has a 41.3-megapixel (MP) image sensor with a pixel
size of 1.12 um, and attached an external lens (iPhone 5 lens:
NA = 0.23, f2.2) for an overall 2x magnification and a theoret-
ical spatial resolution of 1.3 um. We assembled this system
to image biological specimens in free space or confined in
microfluidic devices. For imaging, we place the sample in be-
tween the Nokia-lens system (Fig. 1(a)) and the illumination
source, as shown in the sketch of the optical setup (Fig. 1(b)).
Fig. 1(c) shows the imaging system in use with halogen lamp
illumination, and Fig. 1(d) and (e) show the imaging system
in use with Retina display illumination.

While the imaging phone-lens system is held in place by a
clamp, the sample along with the illumination phone are
able to be moved in 3D via a translation stage. More specifi-
cally, to image microfluidic devices, we place them onto a
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glass slide, which in turn is placed directly onto the screen of
the illumination phone. For imaging thin samples such as di-
atoms, E. gracilis, or human epithelial cheek cells (HECC), we
placed the specimen on a glass slide underneath a cover slip,
we need to add three extra glass slides between the slide car-
rying the sample and the illumination phone screen to pro-
vide the necessary distance such that the screen is not in the
focus of the imaging system.

2.2 Description of the illumination system

Microsoft PowerPoint was used to generate various illumina-
tion patterns to be displayed on an Apple Retina display as
shown in Fig. 1(f). For the BF imaging mode, we project a
white screen, at the highest screen brightness, where the

Excitation filter (b)
External lens

Samplel‘,,— Emission filter

Camera lens and
CMOS sensor

Light source
(LED or
phone screen)

(d)

Mobile phone

Mobile phone

Fig. 1 Description of the system and components. (a) Photograph of the Nokia Lumia 1020 mobile phone, the external lens, and their assembly to
form a microscopy system. (b) Sketch of the overall optical setup of the imaging system and the illumination system. (c) Side-view photograph of
the imaging phone with external lens assembly with a halogen lamp as an illumination source. (d) Similar arrangement as in (c) but with the Retina
display of a second phone used as an illumination source instead. (e) Photograph from a different angle of the arrangement in (d) showing the
sample image on the Nokia phone screen obtained with bright-field illumination on the Retina display of the bottom phone. (f) Examples of differ-
ent illumination patterns created on the Retina display, each corresponding to a different illumination mode, such as bright-field (BF), dark-field
(DF), point illumination (PI), and Rheinberg illumination (RI) (colored-quarters pattern). The inset within the BF illumination pattern shows a micro-
scopic image of the LED pixels on the Retina display obtained with the Nokia microscope, with the scale bar indicating the pixel width of ~78 pm.
The RGB patterns of each illumination pixel are clearly resolved.
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sample receives uniform illumination throughout. In addi-
tion, we designed patterns for PI, DF, and RI. PI was achieved
by creating a very small, white full circle on a black back-
ground. For DF illumination, on the other hand, we drew a
ring of a size just outside the NA of the imaging lens. We cre-
ated single (DF-single), double (DF-double), and triple (DF-tri-
ple) ring illumination patterns by drawing concentric white
rings on a black background.

RI is similar to DF, but whereas DF relies on a ring of
white light contrasted against a dark specimen background,
the RI utilizes a ring of colored light contrasted against a
specimen background of a different color. These contrasting
colors are specimen-dependent, and are typically chosen to
maximally enhance the specimen image without the need for
specimen staining. RI also includes rings that have multiple
colors (two-sector or four-sector patterns) against a dark spec-
imen background. We designed RI patterns where we used
colored rings, and colored the area inside the ring as well.
We also sectioned rings into halves or quarters to make two-
or four-sector patterns.

Retina display illumination allows for ease of pattern de-
sign without any limitations in terms of the shape, size, or
color. Since multiple shapes can be created with PowerPoint,
virtually endless patterns can be generated and tested with
different samples. This makes our illumination platform
more versatile than an LED array. Moreover, this platform is
just as portable as our imaging system and thus this com-
bined setup can be tested in various settings outside the lab-
oratory, which makes it particularly useful in low-resource
environments.

Whereas the patterns we used in screen illumination were
mostly classic illumination patterns, this platform provides
the option for simple experimentation with a variety of crea-
tive patterns, as well as combinations of multiple patterns.
For example, Zheng et al. recently developed a method of
obtaining large FOV, high-resolution intensity and phase im-
ages from stained and unstained samples, using a computa-
tion method dubbed Fourier ptychography microscopy
(FPM).**73¢ Critically, the illumination must come from sets
of LEDs turned on and off by an LED array. The method
could be easily adapted to the dynamic illuminator described
here, substantially simplifying implementation of FPM for
applications in low-resource settings.

Similarly, Tian and Waller recently described the use of an
LED array to create a quantitative phase imaging system with
rather high image quality.’” Again, by replacing the LED array
requiring an external microcontroller with a simple phone
screen that can be controlled through an app, the implemen-
tation of their method in low-resource settings where trained
experts may be lacking could be a substantial benefit.

2.3 System characterization for spatial resolution, field-of-
view (FOV) and working distance (WD)

We determined the spatial resolution of the Nokia phone-
lens system under different illumination conditions by
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mounting the external lens onto the Nokia phone camera,
and imaging a 1951 USAF resolution test chart, once using
halogen lamp illumination (Fig. 2(c)), and another time using
the Retina display illumination (Fig. 2(d)). The Nokia-lens
system was held in place by a clamp, and we placed the reso-
lution chart, along with the illumination phone, if applicable,
onto a translation stage. We then moved the stage until the
line pairs on the chart were in focus, and took the images.

Fig. 2 also shows a plot of intensity profiles of the line
pairs in the resulting images generated by using the Fiji
(Image]) software. We observed that our system is capable of
spatially resolving 406.4 line pairs per millimeter (Ip per mm)
(group 8, element 5) with halogen lamp illumination
(Fig. 2(c)), and 362.0 Ip per mm (group 8, element 4) with
Retina display illumination (Fig. 2(d)); therefore, both illumi-
nation approaches provide us with a comparable spatial reso-
lution of below 2 pm. If the spatial resolution were assessed
qualitatively, however, up to element 1 of group 9 can be re-
solved by eye in both cases, which corresponds to a spatial
resolution of 512.0 Ip per mm. Moreover, we used a stage
micrometer and Fiji (Image]) software to measure the FOV,
as shown in Fig. 2(b), and determined it to be =3.6 x 2.7
mm. Furthermore, we characterized the WD to be 0.6 mm in
air (Fig. 2(a)).

Given the low magnification in our system (2x), the system
requires small pixels in order to Nyquist sample the optical
point spread function. Therefore, to achieve high resolution
with large FOV, a system with a large number of small pixels
is required. In terms of system hardware, the image sensor of
the Nokia Lumia 1020 is currently one of the largest on the
market (41.3 MP), that in combination with a 1.12 um pixel
size provides both high spatial resolution and large FOV.

2.4 Application to imaging of microorganisms in microfluidic
devices

As a potential application, we imaged multiple microorgan-
isms in various microfluidic structures under different illumi-
nation conditions. We chose to image two species: E. gracilis
and E. coli. Since E. gracilis have relatively large physical di-
mensions (=15 pm width), this makes them a good sample
for testing the image quality of the microscopy system. More-
over, because these microorganisms are pigmented, and their
bodies scatter light well, they serve as an ideal sample for use
in testing the DF and RI capabilities of the imaging system.
On the other hand, in the case of E. coli, because of their
small physical dimensions (=0.5 um width), they are a good
candidate for demonstrating the high spatial resolution of
the system.

These organisms are studied in complex environments to
learn about their motility and behavior. In this article, we
show that our illumination-imaging system can be used to
observe them in confined spaces, such as channels or plazas
of microfluidic devices, to provide valuable data about their
behavior. Depending on the device design, different aspects
of the microorganism can be studied. For instance, we used

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 System characterization for spatial resolution, field-of-view (FOV) and working distance (WD). (a) Optical setup indicating the working dis-
tance (WD) of the system. (b) Image of the stage micrometre that was used to determine the FOV. (c) Image of the 1951 USAF resolution test chart
taken with the phone-lens system using halogen lamp illumination. From left to right, subsequent insets are shown with the image on the right
providing a cross-section of the circles highlighting the lowest resolved groups (group 8, elements 4, 5, and 6). These cross sections are used to
determine the spatial resolution of the system. (d) Similar photograph, with Retina display illumination in bright-field mode (white screen).

devices with straight channels of various widths ranging from
50 to 450 pm that provide information about the movement
trajectory of microorganisms. We also used for our experi-
ments microfluidic devices that have micro-fabricated pillars
(50 um pillar diameter), which are typically used for observ-
ing traffic and group motility behavior in microorganisms.
Moreover, we imaged a microfluidic device with 2 pm-wide
channels that was previously designed for parallel exploration
by biological agents.*®**° Finally, wide areas with borders,
such as plazas, provide an idea of the affinity of microorgan-
isms for walls or corners, and can also be used to perform
particle counts and dimension measurements.

Fig. 3 shows microscopic images of these microorgan-
isms in the microfluidic devices described before. In order
to demonstrate the utility of the illumination with the
Retina display, we show images of E. gracilis and E. coli
with Retina display illumination (Fig. 3(a) - left) and halo-
gen lamp illumination (Fig. 3(b) and (c)). We also com-
pared images of E. gracilis in a microfluidic device with
multi-sized channels taken with the phone imaging system
(Fig. 3(a) - left) and with an Olympus IX83 microscope

This journal is © The Royal Society of Chemistry 2019

(4x magnification with NA = 0.16) (Fig. 3(a) - right). The
results suggest that for a comparable FOV, the phone sys-
tem demonstrates superior image quality compared with
the traditional microscope (Fig. 3(a) - insets). We also
took images of E. gracilis in a microfluidic device with pil-
lars and were able to observe chloroplasts in individual E.
gracilis (Fig. 3(b)). Moreover, we imaged E. coli within a
microfluidic device. Our system was able to resolve intri-
cate details within the device junctions (Fig. 3(c) - left),
as well as individual E. coli in the plaza areas

(Fig. 3(c) - right).

2.5 Application to imaging cells with different illumination
patterns

In the previous section we presented images of microorgan-
isms in microfluidic devices with a Retina display illumina-
tion in BF mode and a Nokia phone microscope. In order to
observe the range of capabilities of Retina display illumina-
tion, we used our microscopy-illumination system with differ-
ent types of cells, and imaged them wunder various

Lab Chip, 2019, 19, 825-836 | 829
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Fig. 3 Application to imaging of microorganisms in microfluidic devices. (a) Comparison of images of E. gracilis in a microfluidic device with
multi-sized channels taken with the Nokia phone-lens system (Retina display illumination) (left) and with the Olympus IX83 microscope (4x magni-
fication with NA = 0.16) (right). The insets show zoomed-in images of individual E. gracilis. (b) Image of E. gracilis in a microfluidic device with pil-
lars (halogen lamp illumination). The inset shows a zoomed-in image of E. gracilis. (c) Image of a microfluidic device taken with the Nokia phone-
lens system (halogen lamp illumination), where the inset shows a zoomed-in image of the device junctions (left). Image of the plaza region of the

same device showing E. coli bacteria (right).

illumination conditions. We imaged thin samples of diatoms,
E. gracilis, and human epithelial cheek cells (HECC) under a
cover slip. Diatoms were tested in powder form because they
form highly variable and heterogeneous samples. HECC are
particularly interesting because, as translucent mammalian
cells, they are difficult to observe in BF mode. We used illu-
mination patterns such as white screen (BF), single-, double-,
and triple-rings (DF), and colored rings encircling differently
colored backgrounds (RI), as well as two-sector or four-sector
circles with multi-colored sectors (RI). These contrasting
colors in RI are chosen depending on the specimen being im-
aged to enhance the specimen-background contrast. The
resulting images are shown in Fig. 4.

Fig. 4(a) shows digitally zoomed and cropped images of di-
atoms and E. gracilis under BF, DF and RI illumination pat-
terns (Fig. 4(a), second and third rows). The illumination pat-
terns as projected on the Retina display are shown in the top
row of the figure. We used single dark-field (DF-single), dou-
ble dark-field (DF-double) ring illumination patterns (second
and third columns). Moreover, we prepared different forms
of RI: yellow ring with blue background (fourth column), and
red-green half-rings pattern against a dark specimen back-
ground (fifth column). Fig. 4(b) shows digitally zoomed and
cropped images of stained and unstained HECC under BF
and DF illumination patterns. Images formed with single
dark-field  (DF-single)  ring  illumination  pattern
(Fig. 4(b), second column) were subtracted from images
formed with double dark-field (DF-double) ring illumination
pattern (Fig. 4(b), third column) in MATLAB using regular ar-

830 | Lab Chip, 2019, 19, 825-836

ithmetic difference (Diff) or absolute difference (Absdiff),
which resulted in an effect similar to that of image
embossing (Fig. 4(b), fourth and fifth columns).

Our choice of imaging samples was intended to test the
extent of our system capabilities in terms of spatial resolu-
tion and contrast enhancement. In the case of E. gracilis, a
qualitative assessment of the images shows that the microor-
ganisms are easier to observe with the green pattern com-
pared to the blue pattern. This can be attributed to the pres-
ence of chloroplasts in E. gracilis, which are green in color,
and therefore reflect green light well. Moreover, with dia-
toms, the blue background highlighted the intact diatoms
within the diatom powder mixture. Additionally, for HECC,
DF images provided much better contrast than BF images,
and the embossing-like effect that we achieved with subtrac-
tion of double- and single-ring DF images further enhances
visual cell detection. These results verify the adaptability of
our imaging-illumination system to different types of speci-
mens with varying optical properties.

2.6 Application to quantitative analysis of microorganism
motility

The still images we showed previously can provide us with
qualitative information regarding cell/microorganism mor-
phology, and quantitative information such as cell/microor-
ganism dimensions and count. However, when it comes to
calculating velocities of microorganisms, image sequences
(videos) would have to be taken instead, and particle tracking

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Application to imaging cells with different illumination patterns. (a) Zoomed-in and cropped images of diatoms, and E. gracilis under
bright-field (BF), dark-field (DF) and Rheinberg (RI) illumination patterns (second and third rows). These illumination patterns were created with the
Retina display and are shown in the top row. We used single dark-field (DF-single), and double dark-field (DF-double) ring illumination patterns
(second and third columns). Different forms of Rl were prepared: blue-yellow patterns (fourth column), and half-rings with multiple colors (red-
green half-rings pattern) against a dark specimen background (fifth column). (b) Zoomed-in and cropped images of stained (methyl blue) and
unstained human epithelial cheek cells (HECC) under bright-field (BF) and dark-field (DF) illumination patterns. Subtracted images formed with sin-
gle dark-field (DF-single) illumination pattern (second column) from images formed with double dark-field (DF-double) ring illumination pattern
(third column) using regular arithmetic difference (Diff) or absolute difference (Absdiff), which resulted in the images shown in the fourth and fifth

columns respectively. These images show an effect similar to that of image embossing. Both scale bars indicate 125 pm.

would have to be done between successive video frames. Par-
ticle tracking is typically time consuming and can be particu-
larly difficult in areas where there is a large number of micro-
organisms with overlapping trajectories. In order to
overcome this, we took still images of motile specimens with
long exposure times to help us determine their velocities and
trajectories in the x-y plane. In a long-exposure image, the
trajectory that a microorganism follows is highlighted over a
predetermined period of time.

First, we took a DF image with the maximum exposure
time of 4 seconds of the motile E. gracilis sample, and then
converted it to 8-bit in Fiji (Image]) and performed back-
ground correction to better highlight the trajectories. Using
the Simple Neurite Tracer plug-in®® in the Fiji (Image]) soft-
ware, we traced the microorganism trajectories semi-automat-
ically, where we specified various beginning and end points
for each trajectory, and the plug-in would then predict the

This journal is © The Royal Society of Chemistry 2019

overall trajectory from these points. After tracing several hun-
dred trajectories of E. gracilis, we exported the trace length
values we got in pixels, converted these values to micrometers
using the predetermined scale of our imaging system, and
calculated the respective speeds by taking the exposure time
used into account. We then plotted a histogram with the
speed distributions of the microorganisms, with the error
bars indicating the standard deviation from the mean trajec-
tory length of all the analyzed images per bin.

Fig. 5(a) shows the DF image we took of E. gracilis with 4 s
exposure time, where the microorganism trajectories can be
observed. Fig. 5(b) shows the processed image after back-
ground correction and tracing of the E. gracilis paths, where
the individual trajectories are highlighted in green. After
using data from 10 different images and exporting 20 trajec-
tories per image, we constructed a histogram of the speed
distribution of E. gracilis using these 200 data points
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Fig. 5 Application to quantitative analysis of microorganism motility. (a) DF image of E. gracilis with maximum exposure time (4 seconds), where
the trajectories of the microorganisms can be observed. (b) Resulting image from (a) after image background correction and trajectory tracing
using the Simple Neurite Tracer plug-in in Fiji (ImageJd) software, where the trajectories are highlighted in green. Here we show 50 trajectories. (c)
Histogram of the speed distribution of E. gracilis, with the error bars indicating the standard deviation from the mean trajectory length of all the
analysed images per bin (c). To construct this histogram, we used data from 10 images and exported 20 trajectories per image.

(Fig. 5(c)). The error bars in the histogram indicate the stan-
dard deviation from the mean of all the images per bin. As
such, we determined the average speed of E. gracilis to be
~90 um s ', with a standard deviation of ~24 pm s™*, which
is consistent with values previously reported in the
literature.""

2.7 Application to fluorescence microscopy

Fluorescence is a valuable imaging technique for biological
samples that can be used to determine cell viability and activ-
ity, to distinguish a specific cell type or multiple cell types
within a mixture of cells, and to track cells. The addition of
fluorescence capability to this simple and versatile phone
illumination-imaging system will make this technique suit-
able for a range of applications in the field where fluores-
cence needs to be detected.

Here we demonstrate fluorescence imaging of both micro-
fluidic structures and cells wusing the dual phone
illumination-imaging system. The illumination is performed
with a solid, blue-colored 15 mm circle generated with the
Retina display screen. The luminance of a typical screen is
on the order of hundreds of cd m™, and since we only use
the blue emitters, the luminous intensity of the blue illumi-
nation circle is in the order of 107 cd. This allows us to use
the Nokia phone microscope to record fluorescence images
of a fluorescein dye solution inside microfluidic devices with
varying channel shapes and sizes (Fig. 6(a) and (b)). In addi-
tion, we used the same system to record fluorescence images
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of CMFDA-stained HEK 293 cells and compared those with
images obtained with an Olympus IX83 microscope (10x
magnification with NA = 0.4) (Fig. 6(c)).

3. Experimental
3.1 Imaging

For imaging, we used a Nokia Lumia 1020, which has a 41.3-
megapixel (MP) image sensor with a pixel size of 1.12 um,
and attached an external lens (iPhone 5 lens: NA = 0.23, 2.2,
2x magnification) to the camera to improve focus, which
limits the theoretical spatial resolution of our system to 1.3
pum. For illumination, we used a 120 mm Retina display of an
Apple device (iPhone 6), with a pixel density of 326 pixels per
inch (PPI) which translates to an RGB pixel size of =78 pm.
The imaging phone-lens system is held in place by a clamp,
and the sample along with the illumination phone is placed
onto an XYZ-translation stage (Thorlabs Inc.) for simple direc-
tional manipulation. The pictures were taken using the
Lumia Camera application. Characterization of the phone
system for spatial resolution was done using 1951 USAF reso-
lution test chart (Edmund Optics). Characterization of FOV
and WD was done using a stage micrometer (Motic) and
cover slips (Fisherbrand, 150 um thickness), respectively.

3.2 Illumination

Patterns to be projected onto the Retina display are designed
using the Microsoft PowerPoint application for iOS. Different
patterns correspond to different imaging illumination modes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Application to fluorescence microscopy. (a) Zoomed-in and cropped fluorescence image of a microfluidic device taken with the Nokia
phone-lens system (Retina display illumination) with fluorescein dye solution in the plaza regions and channels. The inset shows a zoomed-in im-
age of the device junctions, similar to Fig. 3(c) - left. (b) Zoomed-in and cropped fluorescence image of a microfluidic device with fluorescein dye
solution in plaza regions and multi-shaped channels (Retina display illumination). (c) Comparison of zoomed-in and cropped fluorescence images
of CMFDA-stained HEK 293 cells taken with the Nokia phone-lens system (Retina display illumination) (left) and with the Olympus IX83 microscope

(10x magnification with NA = 0.4) (right).

BF mode is attained by projecting a white screen, at the
highest brightness, where the sample has uniform illumina-
tion throughout. DF illumination is typically achieved with
ring illumination, where the ring lies just outside the NA of
the objective lens. We created single (DF-single), double (DF-
double), and triple (DF-triple) ring illumination patterns by
drawing concentric white rings on a black background.

RI is similar to DF, but whereas DF relies on a ring of
white light contrasted against a dark specimen background,
RI utilizes a ring of colored light contrasted against a speci-
men background of a different color. These contrasting
colors are specimen-dependent, and are typically chosen to
maximally enhance the specimen image without the need for
specimen staining. RI also includes rings that have multiple
colors (two-sector or four-sector patterns) against a dark spec-
imen background. Designs can be expanded to include more
colored sectors per circle. PI can be accomplished by drawing
and filling a small white circle on a black background.

3.3 Fluorescence imaging

To adapt the system for fluorescence, we used a fluorescence
excitation filter (Chroma, 470/40 nm) inserted between the il-
lumination phone screen and the sample, and a fluorescence
emission filter (Chroma, 525/50 nm) between the imaging ph-
one camera and the external lens.

For illumination of fluorescent samples, we prepared and
used a blue-colored filled circle with a diameter of approxi-
mately 15 mm on the illumination phone screen. To observe

This journal is © The Royal Society of Chemistry 2019

fluorescence within microfluidic devices, we added a 2.7 mM
solution of fluorescein dye (Sigma-Aldrich) into the channels.
As for cells, we used CellTracker™ Green CMFDA dye
(Thermo Fisher Scientific) and followed the staining protocol
for cells in suspension specified by the manufacturer to stain
HEK 293 cells. The final working concentration of the dye
was 25 pM. All fluorescence images were recorded with an ex-
posure time of 4 s with the mobile phone and 10 ms with the
Olympus IX83 microscope.

3.4 Microfluidics

Our microfluidic devices are fabricated using soft lithogra-
phy. Polydimethylsiloxane (PDMS) (Sylgard® 184) is mixed in
a 10:1 polymer to crosslinker ratio, poured onto silica mas-
ters (designed and written at the Kavli Institute of Nano-
science Delft, The Netherlands), and cured overnight in an
oven at 60 °C. The cured PDMS is then cut and peeled from
the masters, and bonded to glass cover slips (Fisherbrand,
150 pum thickness) using plasma treatment for 30 to 45 sec-
onds. Next, the finished device is pre-wet with a medium
suitable for the microorganism to be used, by adding 50 to
100 pL of medium onto the cover slip of the device, and plac-
ing it in a vacuum chamber for 30 minutes. The device is
then ready for use in experiments.

3.5 Microorganisms

For the microorganisms that we used in testing our imaging
system, namely Escherichia coli and Euglena gracilis, we
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acquired the E. coli 437 strain from Prof. Howard C. Berg's
laboratory at Harvard University, and we purchased E. gracilis
from Carolina Biological Supply Company (USA). We grow E.
coli colonies on Luria-Bertani (LB)-agar Petri dishes at 37 °C
and E. gracilis in liquid Provasoli's enriched seawater (PES)
medium at room temperature. For using E. coli in experi-
ments, we inoculate a single colony in 4-6 mL of LB and in-
cubate it at 37 °C overnight. On the day of the experiment,
the liquid culture can either be directly pipetted onto the
microfluidic device, or if its optical density is too high, then
it can be diluted in LB to a more suitable concentration. The
diluted mixture should then be further incubated at 37 °C for
anywhere between half an hour to three hours, depending on
the concentration, until the bacteria regain their growth and
motility. On the other hand, E. gracilis can be directly used in
experiments by pipetting a few microliters of the microorgan-
ism from its liquid culture onto the microfluidic device. LB
and PES media were prepared according to the protocols
mentioned in the Handbook of Culture Media for Food and
Water Microbiology.*”

3.6 Cell lines

To prepare unstained human epithelial cheek cell (HECC)
samples, we pipette 50 pL of Milli-Q water onto a glass slide
(Globe Scientific Inc., 1.1 mm thickness), and place the cells
directly onto the water drop, then add a cover slip on top.
The HECC were harvested by swabbing the inside of the
cheek using a toothpick. To prepare stained HECC samples,
we follow the same procedure, but we use 50 uL of methylene
blue (Bio Basic Inc.) solution (0.1% W/V) instead of Milli-Q
water. For diatoms and E. gracilis, we pipette 50 puL from a di-
atom suspension in Milli-Q water (1% W/V) or from E. gracilis
suspension in PES medium, respectively, directly onto a glass
slide, and then add a cover slip on top. The HEK 293 cells we
used for fluorescence imaging were obtained from Prof.
Amine Kamen's laboratory at McGill University.

4. Conclusion

In this manuscript we report for the first time the combina-
tion of two mobile phones to provide a simple, versatile, and
portable microscopy system that uses the screen of one phone
for illumination and the camera of the other phone for imag-
ing. While the phone screen illumination allows for facile gen-
eration of illumination patterns that can be used in different
microscopy modalities, the imaging phone provides high spa-
tial resolution and large FOV. With this system we demon-
strate imaging of cells, microorganisms in microfluidic struc-
tures, as well as accurately determine their velocities. Overall,
the design and construction of this system allows for substan-
tial integration and miniaturization of the illumination-
imaging components into a portable and user-friendly device.

The imaging system is based on a Nokia Lumia 1020 with
an attached external lens (iPhone 5 lens: NA = 0.23, {2.2)
yielding an overall 2x magnification and a theoretical spatial
resolution limit of 1.3 um. This platform has an image sensor

834 | Lab Chip, 2019, 19, 825-836

View Article Online

Lab on a Chip

with 41.3 MP and 1.12 pm pixel size, with a spatial resolution
of at least 2 um, a field-of-view of 3.6 x 2.7 mm, and a work-
ing distance of 0.6 mm. We used this device in combination
with a Retina display (iPhone 6) illumination system to pro-
ject multiple illumination patterns such as bright-field, dark-
field, Rheinberg, and point illumination. To demonstrate the
capabilities of this system, we imaged E. gracilis and E. coli
within microfluidic devices, diatoms, and human epithelial
cheek cells. We also measured the velocities of E. gracilis
using images recorded with long exposure times, and deter-
mined that they agree with previously reported data. Finally,
we demonstrated that with this simple screen illumination,
fluorescence microscopy can be performed as well.

These results verify the aforementioned capabilities of our
Nokia-lens imaging system with Retina display illumination
and demonstrate a range of applications that this system can
be used for. While our choice of phones was based on their
specifications, other phones and combinations of phones can
also be used. In particular, various patterns of illumination
can be easily obtained with other smartphone displays as
well, adding to the versatility of the microscopy platform. Ob-
vious imaging applications for this platform include micro-
fluidics, motility studies of microorganisms, and cell analy-
sis. Based on the results we showed, potential applications
for our systems could include blood counts, downstream cell
analysis, and reading colorimetric assays. This last application
may especially benefit from a well-controlled illuminator, as
quantifying colorimetric assays depends critically on an illumi-
nation source with stable, well-calibrated color characteristics.*®

This new imaging-illumination microscopy system, by vir-
tue of its portability and versatility, can complement or even
replace heavy and complex microscopes, in addition to being
relatively inexpensive and adaptive. Our system can serve as a
platform for further development, where it can be adapted
for other applications as well, and would be especially advan-
tageous in low-resource settings.
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