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ARTICLE INFO ABSTRACT

Keywords: This paper demonstrates the use of a smartphone-based sensor for fluorescence polarization (FP) analysis of
Fluorescence polarization assay biomolecules. The FP detection can rapidly sense ligand-analyte bindings by measuring molecule mobility, and
Immunoassay thus, FP-based assays have been widely used for rapid diagnostics in clinics. Here, we implemented the FP
Smartphone

detection apparatus using a 3D-printed compact holder and the built-in camera of a smartphone. The system
offers accurate measurements of the degree of polarization by simultaneously detecting the fluorescence in-
tensities parallel and perpendicular to the polarization of the excitation. The fluorescence signal of the sample is
excited by a laser or light-emitting diode and separated by a polarization beam cube depending on the polar-
ization. Parallel and perpendicular polarized emissions are projected onto two different regions of the sensor
chip in the smartphone camera. A custom software app was developed to count the average intensity in the areas
of interest and compute the degree of polarization. We validated the system by measuring the polarization of dye
molecules dissolved in solutions with different viscosities. As an example of biomolecule sensing, a competitive
FP immunoassay of Prostaglandin E, was demonstrated using the developed system and exhibited the limit of
detection of 1.57 ng/mL. The smartphone-based FP assay platform can also be implemented for the detection of

Mobile sensor

toxins, disease biomarkers, and pathogens in resource-limited settings.

1. Introduction

Fluorescence polarization (FP) interrogates the polarization of light
emitted by fluorophores, which are excited by a linearly polarized ex-
citation (Ameloot et al., 2013; Jameson and Ross, 2010; Lakowicz,
2006). Since fluorophores are free to rotate in solution, the polarization
of fluorescence emission within the fluorescence lifetime can point at a
direction that differs from the polarization of the excitation light. The
change of FP depends on the molecule's rotational speed and is asso-
ciated with the solution's viscosity, temperature, and the size of fluor-
escent molecules. In particular, the size-dependent feature has been
utilized to develop FP immunoassays (FPIAs) (Duckworth and Aldrich,
2010; Flotow et al., 2002; Hall et al., 2016; Lea and Simeonov, 2011;
Lucero et al., 2003). Most FPIAs detect the change of FP caused by the
binding of fluorophore bound ligand to the analyte of interest. As a
homogenous assay, the FPIA eliminates multiple washing steps and
only requires simple sample preparation and signal readout (Jameson
and Ross, 2010). Thus, the FPIA is suitable for the rapid detection of
chemicals and biomolecules in resource-limited settings. Currently,
expensive laboratory instruments are needed to measure FP signals.
There is strong demand in using low-cost, compact, and portable

systems to replace laboratory-based instruments.

Recently, smartphones, in conjunction with portable accessories,
have been exploited for the in-vitro molecular diagnostics applications
that have previously been available only to well-trained technicians
using expensive analytical instruments (Hussain et al., 2017; Ludwig
et al., 2015; Roda et al., 2016; Vashist et al., 2014; Xu et al., 2015;
Zhang et al.,, 2015). For example, smartphone cameras have been
adopted for several colorimetric detection assays, such as enzyme-
linked immunosorbent assay, lateral flow immunoassay, and nano-
particle-based homogenous assays (Berg et al., 2015; Guler et al., 2017;
Long et al., 2014; Ludwig et al., 2015; Wang et al., 2017, 2016). At-
tached to a compact spectrum analyzer, smartphones can be turned into
compact readers for Raman spectroscopy and reflectometric label-free
biosensors (Ayas et al., 2014; Cetin et al., 2014; Dutta et al., 2014;
Gallegos et al., 2013; Liu et al., 2018). Furthermore, smartphone-based
fluorescence detectors have been demonstrated for fluorescence-based
DNA and protein assays (Chen et al., 2017; Damhorst et al., 2015;
Kuhnemund et al., 2017; Ludwig et al., 2015). These recent develop-
ments have been successfully implemented for pathogen detection,
toxin detection, and disease diagnosis (Koydemir et al., 2015; Priye
et al., 2017; Quesada-Gonzalez and Merkoci, 2017; Wei et al., 2013).
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Using a smartphone, citizens with minimum training can carry out as-
says and thus facilitate the goal of point-of-need tests for in-vitro diag-
nosis.

This paper demonstrates a smartphone-based FP detector that is
capable of measuring the degree of polarization and thus detecting
biomolecules. To obtain a compact FP detector, we implement a novel
optical design that integrates a 3D printed housing and off-the-shelf
optical components. The FP detector interfaces with smartphones
through the built-in camera and a customized application (app). The
compact FP detector can measure the degree of polarization with the
performance comparable to a commercial laboratory fluorescence plate
reader. The smartphone-based FP detection can be applied to most
existing FPIAs. As an example, we demonstrate the quantification of a
drug compound using a competitive FPIA. By combining the rapid, no-
wash, and low-cost features of the FPIA and detector, the smartphone-
based FPIA plateform offers a promissing solution for affordable bed-
side diagnostics.

2. Material and methods
2.1. Materials and reagents

Rhodamine 6G (R6G) and Coumarin 540 A were purchased from
Exciton (Oakley Inc. West Chester, OH, USA). Methanol, phosphate
buffered saline (PBS), and glycerol were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Prostaglandin E2 (PGE,) FPIA kit (Catalog # ADI-
920-001) was purchased from Enzo Life Sciences Inc. (Farmingdale, NY,
USA). The FPIA kit contains a monoclonal PGE, antibody, assay buffers,
fluorescein-conjugated PGE,, and PGE, standard sample.

2.2. FP detection apparatus

The underlying principle of FP analysis is illustrated in Fig. 1(a),
where the fluorescent molecules are excited by a linearly polarized
light, and then the polarization of their fluorescent emission is ana-
lyzed. For molecules that rotate slowly with regard to the fluoresce
lifetime, the emission is polarized. In contrast, the emission of fast
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Fig. 1. Schematics of the FP detection mechanism and optical setup. (a)
Ilustration of the FP assay. The fluorescence molecules are excited by a linearly
polarized laser and the polarization state of the emission correlates to the ro-
tation speed of the molecules. The binding with target molecules slows down
the rotation and results in a more polarized emission. (b) The smartphone-based
FP system setup consisting of a linearly polarized excitation, sample cuvette,
iris, collection lens, polarizing beam splitter, two mirrors, emission filter, and
smartphone camera.
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rotating molecules become depolarized. The design of a compact FP
analyzer (Fig. 1(b)) can be implemented to determine the degree of
polarization.

The FP detection apparatus consists of a smartphone (HTC One M8
running Android 6.0) and a 3D-printed housing that contains optical
components and can be attached to the rear camera of the smartphone.
The housing of the FP detector was designed using SOLIDWORKS
(Dassault Systems Inc., MA, USA) as shown in Fig. 2(a). The housing
was printed by Shapeways Inc. (NY, USA) using acrylic with a black
finish. Fig. 2(b) shows the 3D-printed housing with all optical compo-
nents including an excitation light source (DJ532-10 or L462P1400MM;
Thorlabs Inc., NJ, USA), a collimation lens (LJ1402L1; Thorlabs Inc.), a
linear polarizer (40-990; Edmund Optics Inc., NJ, USA), a plano-convex
lens (LA154-A; Thorlabs Inc.), a polarizing beam splitter (49-001; Ed-
mund Optics Inc.), two mirrors (43-790; Edmund Optics Inc.), and a
bandpass filter (1005190B and FF02-485/20-25, Semrock Inc). The
black surface finish and the cover prevent stray light from reaching the
camera. In this work, a microfluorescence cuvette with the light path
length of 3mm (Type 507, FireflySci Inc.) was used to hold samples.
The cuvette can be inserted into the housing to perform FP assays. The
overall size of the fabricated housing is 98 mm x 60 mm x 58 mm.

To design the FP detection optics, we utilized an optical design
software (LightTools 8.5, Synopsys Inc.) to simulate and optimize the
fluorescence imaging system that can measure two different polariza-
tions simultaneously. In the assembled system, the collimation lens
(focal length=15mm) is placed in front of the blue laser diode
(A = 462nm and Py, = 1400 mW) or the diode-pumped green laser
source (A = 532nm and P,,,x = 40 mW) to create a collimated excita-
tion beam with the beam diameter of 2 mm. The excitation source can
be easily installed and changed at the input port and are powered by the
battery stored in the battery compartment as shown in Fig. 2(a). The
collimated laser beam is vertically polarized with the electric field
along the z-axis (Fig. 1(b)). During the 3D printing process, a pinhole
(diameter of 1 mm) was created on the thin-wall against the sample
cuvette. The position of the pinhole is aligned at the center point of the
excited volume inside the cuvette. A projection lens (focal length =
11 mm) collects fluorescent light emerging from the excited volume
passing through the pinhole. Then, the fluorescent light is split into two
beams depending on the polarization using the polarizing beam splitter
cube, as shown in Fig. 1(b). The vertical and horizontal polarizations
(I,, and I,) are reflected by the mirror, which is oriented at an angle of
30° to the light path. To enable the analysis of the degree of polariza-
tion, two beams, representing I,, and I, emissions, are collected by the
rear camera of the smartphone. As illustrated in Fig. S1, the smartphone
can be attached to the 3D-printed housing with its camera behind the
emission filter. The emission filter, selected according to the fluor-
ophore, can be inserted in the filter slot in front of the smartphone
camera. The camera needs aligned to the fluorescent beams to image
the beams at two different locations on the internal CMOS sensor,
which is sensitive to visible light from 400 nm to 700 nm. The width of
each fluorescent imaging spot is ~25 pixels.

2.3. Android app for image processing

The Android app was developed to capture images from the
smartphone camera and calculate the degree of fluorescence polariza-
tion. The app functions as a graphic user interface that allows users to
read and record assay results instantaneously. Images acquired from the
CMOS sensor consists of 2592 x 1936 pixels (20 megapixels), and each
pixel represents a 24-bit RGB color. As shown in Fig. S2 of the
Supporting information, the app can identify the spots of vertically and
horizontally polarized fluorescence and calculate the FP-value. For the
sample with a low degree of polarization, the intensities of the spots are
close, and vice versa. For both vertically and horizontally polarized
spots, the intensities of red, green, and blue components are extracted,
averaged, and displayed on the screen. The intensity of each channel
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Fig. 2. Diagram and photograph of the FP hardware. (a) Schematic design illustrating the housing and optics inside the FP detector. (b) Photograph of the 3D-printed
housing and installed optical components. The total weight is less than 175 g. The cover part of the housing is not shown.

ranges from O to 255. Since the fluorescence emissions usually fall
within a given spectral band, the app calculates the FP-value based on
the color channel specified by users.

2.4. Fluorescence anisotropic tests

The smartphone-based FP detection system was tested using two
proof-of-concept fluorescence anisotropic experiments. The degree of
polarization of two fluorescence dyes (Rhodamine 6 G and Coumarin
540 A) dissolved in solutions with different viscosities was character-
ized. The fluorescent dyes were dissolved in methanol with the con-
centration of 0.01 mg/mL for both Rhodamine 6 G and Coumarin 540 A
samples. Glycerol was added in the dye solutions to adjust their visc-
osities. A series of samples with different amounts of glycerol, from 0%
to 83% (v/v %) were prepared. Based on the volume ratio of the mix-
tures, the sample viscosity can be calculated (Cheng, 2008; Volk and
Kahler, 2018). These samples were measured to determine the fluor-
escence intensities (I,, and I,). The FP-value can be calculated using:

:% (Ameloot et al., 2013). The degree of polarization of the
samples was also measured using a laboratory desktop fluorimeter
(Synergy 2 Multi-Mode Microplate Reader, BioTek).

2.5. FPIA assay for PGE,

As an example, PGE, was chosen as the analyte to demonstrate the
quantitative FP analysis of biomarker using the smartphone platform.
The reagents of PGE, detection assay were provided in the FPIA assay
kit. The assay was performed in the cuvette in a competitive manner.
The first step is to add the PGE, analyte with a volume of 50 L into the
cuvette. Then, a 25 L fluorescein-conjugated PGE, (10 ug/mL) was
pipetted into the same cuvette and mixed with the unlabeled analyte.
The mixture was incubated with a 25uL of PGE, specific antibody
(10 ug/mL) for 30 min. And as a competitive immunoassay, the un-
labeled analyte in the sample competes with the fluorescein-labeled
PGE, to bind the PGE, antibody. Hence, the amount of labeled and
unbound PGE, is proportional to the amount of analyte in the sample.
After the incubation, the cuvette was inserted into the dongle and the
FP results were read using the smartphone. The emission of fluorescein
was excited using the blue laser diode and imaged through the green
bandpass filter.
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3. Results and discussion
3.1. Fluorescence anisotropy measurement of dyes

As a proof-of-concept experiment, we measured the FP-values of
two organic dyes (Rhodamine 6 G (R6G) and Coumarine 540) dissolved
in methanol solutions with different viscosities. A sample with a high
viscosity should exhibit a high degree of polarization since the dye
molecule rotation becomes slow. To adjust the sample viscosity, we
added glycerol into the methanol solutions. At room temperature, the
viscosities of glycerol and methanol are 1.41 Pas and 0.57 mPas, re-
spectively. It is possible to control the sample viscosity by mixing gly-
cerol and methanol at a desired percentage. The R6G and Coumarine
540 dyes have different absorption and emission signatures. The
Android app and FP detector were slightly modified to measure the FP-
values of both dyes. The details of the experiment, smartphone setup,
and results are discussed as follows.

3.1.1. Fluorescence anisotropy measurement of R6G

The R6G dye is a highly efficient fluorophore with the absorption
maximum and emission maximum located at approximately 530 nm
and 575nm, respectively. To measure the fluorescence emission of
R6G, we installed the diode-pumped green laser (Aex = 532nm) and
the bandpass filter (560 nm < A, < 592 nm) in the 3D-printed holder.
Since the main portion of the R6G emission locates in yellow and red
wavelengths, the Andriod app determines the spot intensities with only
the red channel of acquired RGB images. To prepare the samples, we
dissolved R6G in methanol at the concentration of 0.01 mg/mL and
mixed the R6G-methanol solution with glycerol. For this experiment, 13
R6G samples were prepared to generate a series of viscosities with the
glycerol concentration ranging from 0% to 83.33% (v/v,%). The cor-
responding viscosities of the samples are from 0.89 mPas to 97 mPas.

The fluorescence images of the samples with glycerol concentrations
of 0%, 40%, and 80% are shown in Fig. 3(a) from top to bottom. The
exposure time was kept at 10 ms during the experiments. The red
channel was extracted from the RGB images, and the averaged intensity
in each fluorescent spot was calculated. For each concentration, the left
and right spots represent the vertically and parallelly polarized fluor-
escence emissions, respectively. The sample with a high concentration
exhibits a more significant difference with regards to the spot intensity.
To compare the I,, and I, quantitatively, the intensity profiles along the
dashed lines across both fluorescent spots in Fig. 3(a) are compared in
Fig. 3(b). The sample without glycerol (red curve) shows nearly
equivalent emissions for both polarizations. The increase of glycerol
concertation results in the uneven emissions as shown in the yellow and
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Fig. 3. Analysis of FP-values for samples with different
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blue curves. The FP-value reflects the degree of difference between the
vertically and parallelly polarized emissions. Based on the averaged
emission intensity in the left and right spots, the FP-values of the
samples with 0%, 40%, and 80% glycerol are 0.08, 82, and 308.42
milli-polarization (mP), respectively.

The semi-log graphs in Fig. 4 are plotted with a logarithmic scale on
the x-axis representing the sample viscosity and a linear scale on the y-
axis representing the FP-value with the unit of mP. The results in
Fig. 4(a) were measured using the smartphone-based FP detector.
Measured data was fitted using the exponential function as shown by
the red curve. The curve follows an exponential trend, and the polar-
ization value reaches saturation when the sample viscosity is over
0.04 Pas. The linear response region is from 0.003 Pas to 0.041 Pas.
For each viscosity, three replicated samples (n = 3) were measured and
the coefficient of variation (C.V.) was calculated using C.V.= o/L,
where o and p represent the standard deviation and mean values of the
FP-values, respectively. To validate the smartphone-based system, we
also measured the same samples using a commercial fluorescent plate
reader (Synergy 2, BioTek). The results obtained by the benchtop
reader are plotted in Fig. 4(b). The response curves in Fig. 4(a) and (b)
match well.

3.1.2. Fluorescence anisotropy measure of Coumarin 540
The smartphone-based system can be implemented to measure FP
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signals emitted by many fluorophores. In addition to R6G, Coumarin
540 is a common organic dye, which has been widely used as the op-
tical gain medium in dye lasers. The absorption and emission bands of
Coumarin 540 locate at approximately 460 nm and 550 nm, respec-
tively. The FP detector only needs to be slightly modified to measure
the FP signals emitted by Coumarin 540. We replaced the green laser
with a blue LED (A.x = 485 nm) and changed the bandpass filter to one
with an emission band of 465nm < A < 495nm. Since the main
portion of the Coumarin 540 emission locates in the green region, the
app calculates the I,, and I, values based on the green channel of ac-
quired RGB images.

Similar to the measurement of R6G samples, we prepared 13 sam-
ples with Coumarin 540 dissolved in methanol and different con-
centrations of glycerol. For each viscosity, three replicated samples
were measured to calculate the C.V. numbers. The Coumarin 540 dye
was dissolved in methanol at the concentration of 0.01 mg/mL. To
generate the series of viscosities, we mixed the Coumarin 540 solution
with the glycerol. The glycerol concentration and solution viscosity
range from 0% to 83.3% (v/v,%) and from 0.89 mPas to 97 mPas,
respectively. The semi-log plot in Fig. 5 shows the measured polariza-
tion value as a function of sample viscosity. The FP curve of Coumarin
540 follows the same trend as the R6G test shown in Fig. 5. The results
of the FP analysis of organic dye solutions with different viscosities
demonstrates the feasibility of using the smartphone system for FP-
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Fig. 4. FP-values plotted as a function of the R6G sample viscosity. The FP response curve measured using the smartphone-based FP detector (a) and the benchtop
plate reader (b). The FP-values and C.V. numbers are shown by the left and right axes, respectively. The FP-values are fitted using exponential functions of
y = —299e71064x 4 277and y = —338e~%7* + 321 in (a) and (b), respectively. The error bar represents the standard deviation of the replicated samples.
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based analysis.

3.2. FPIA detection of PGE,

To determine the performance of the smartphone-based system for
biomolecule analysis, the detection of PGE, was performed using a
competitive FP immunoassay. PGE, is a bioactive lipid that is relevant
to a wide range of biological effects. For example, PGE, can be released
by blood vessel walls in response to infection, inflammation, or cancer
(Flower and Blackwell, 1976; Moncada and Vane, 1978). Here, the
detection for PGE, is performed in the manner of a competitive
homogeneous immunoassay, where analyte (unlabeled PGE,) competes
with labeled PGE, molecules to bind the PGE,-specific antibody. The
binding of a fluorescein-conjugated PGE, molecule to its antibody re-
sults in a slower rotation and consequently an increased FP-value. The
presence of the analyte PGE, competes with the labeled PGE;, and re-
sults in a smaller change of the FP-value. Therefore, the FP-value should

(a) (b)

Schematics of FPIA for PGE,
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be inversely proportional to the amount of analyte in the sample. The
protocol of the competitive FPIA assay for PGE, is summarized in
Fig. 6(a).

To generate a titration curve for the analysis of PGE,, we prepared
PGE, samples at a series of seven concentrations ranging from 1.64 ng/
mL to 100ng/mL, with 2.5-fold dilutions and a reference sample
without PGE,. For each PGE, concentration, eight replicated samples
were prepared and measured. We measured the signal of a sample
without the fluorescein-conjugated PGE, and used it as the background
signal. The background signal was subtracted from the imaged fluor-
escent spots. The FP-values of all these samples were calculated and
shown in Fig. 6(b) as the dose-response curve. The measured curve
correlates well with the results provided by the manufacture of the
PGE2 FPIA kit (Enzo Life Sciences Inc, 2018). The limit of detection
(LOD) of the FPIA was calculated based on the FP-value that represents
zero analyte concentration plus the three times of the standard devia-
tion (FProp = FPy + 30) (Taylor et al., 2001). For the detection of PGE,,
the LOD value is 1.57 ng/mL (Fig. 6(b)). It is worth noting that the
proof-of-concept FPIA experiment used the PGE, samples dissolved in
PBS buffer without interfering molecules. Because of the limited se-
lectivity of immunoassays, the LOD value may vary when PGE, mole-
cules are in a complex buffer, such as blood or urine, Here, we focus on
the demonstration of the smartphone-based FP detector, rather than a
particular FPIA detection.

4. Conclusions

This paper demonstrates a portable FP detection system that ex-
ploits the smartphone hardware to perform FPIAs. The FP detector,
consisting of a 3D-printed housing and off-the-shelf optical compo-
nents, can be attached to smartphones for a rapid FP analysis. The FP
detector was prototyped with the total cost of $300 and weight of 175 g.
We also developed a mobile app that functions as the user interface to
facilitate the tests. Using two proof-of-concept experiments for red and
green fluorescent dyes, we showed the system is capable of measuring
FP states of the dye molecules and is identical to a commercial benchtop
microplate reader. Furthermore, the smartphone-based FPIA was im-
plemented to detect PGE, with a detection limit of 1.57 ng/mL. Owing
to the benefits of portability and low cost, the smartphone-based FP
detector can be adopted as a point-of-care testing tool for a variety of
chemicals and biomolecules, such as biomarkers, drug compounds,
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Fig. 6. (a) Major steps of the FPIA detection assay for PGE,. As a competitive assay, the analyte is mixed with the fluorophore-labeled PGE, molecules and incubated
with the PGE, antibody. The presence of PGE, consumes the antibody molecules and results in a higher number of the unbound, fast-rotation, and labeled PGE,. (b)
Titration curve of PGE, with the FP-values measured using the smartphone-based FP detector. The left and right axes show the FP-values and C.V. numbers,

—1.3
respectively. The data points are fitted using an exponential curve (y = 182¢~ 20883 + 41.5) shown in red.
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toxins, and metabolite products. For future work, we will explore the
potentials in the following aspects. Firstly, a microfluidic chip will be
integrated with the FP detector to enable multiplexed FP detections
with minimized sample volume. The microfluidics chip will further
reduce the assay time to meet the needs of rapid analysis for point-of-
care testing. Secondly, we will add network connectivity to the mobile
app in order to allow civilian users to share the FPIA results. Thirdly,
the mobile FP technology in conjunction with FPIAs will be explored in
potential fields, such as environmental monitoring and food safety in
resource limited settings.
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