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ABSTRACT: We demonstrate the first use of smartphone

spectrophotometry for readout of fluorescence-based biological
assays. We evaluated the smartphone fluorimeter in the context

of a fluorescent molecular beacon (MB) assay for detection of

specific nucleic acid sequences in a liquid test sample and
compared performance against a conventional laboratory
fluorimeter. The capability of distinguishing a one-point
mismatch is also demonstrated by detecting single-base
mutation in target nucleic acids. Our approach offers a route
toward portable biomolecular assays for viral/bacterial
pathogens, disease biomarkers, and toxins.

here is tremendous interest in transition laboratory-based

biomolecular assays to mobile platforms that would
enable disease diagnostics tests, pathogen detection, and toxin
detection to be performed in point-of-use scenarios. Since the
introduction of smartphones, hundreds of millions of the
devices have been sold, with competition among platforms
resulting in ever-increasing capabilities for computation,
display, and sensing. In particular, smartphone cameras
developed for producing high pixel-count images and operating
under low-light conditions have proven sufficient for
fluorescence microscopy capable of observing individual
fluorescent nanoparticles,1 detection of the output of photonic
crystal biosensors,” and colorimetric spectroscopy of colored
liquids in enzyme linked immunosorbent assays (ELISA).” In
each of these cases, the smartphone camera was used as a
sensor to perform functions equivalent to much larger and
more expensive laboratory instruments.

Light-emitting reporters are the most commonly used tools
for studying the interactions between biomolecules and for
imaging cell structures in applications that include genomics,*”*
proteomics,g_12 disease diagnostics,13_15 life science research,'®
and drug discovery.'”~?° Light emitters operate via a variety of
optical mechanisms that include fluorescence,™>* chemo-
luminescence,**** phosphorescence,26 and semiconductor
quantum dot”’~*° excited electron relaxation. Photon-emitting
biomolecular tags have taken a dominant role due to ease of
coupling covalently to most biomolecules, the wide variety of
inexpensive/compact excitation sources, and the range of
available excitation/emission wavelengths. Among these
approaches, those that utilize the Forster resonance energy
transfer (FRET) as a mechanism for observing changes in the
quenching efficiency between matched donor—acceptor pairs
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are effective methods for diagnostics applications because
single-step assays are performed in liquid, without complex
mixing-washing steps, by adding the test sample to a solution
that contains a fluorophore-tagged probe molecule that
specifically recognizes its intended target. For FRET assays,
the ability to measure the spectrum of fluorescent emission is
especially useful, as the combined contributions of donor and
acceptor fluorophores can be measured independently, while
wavelength-selective filters are not necessary. The importance
of using mobile platforms, for FRET-based fluorescent assays,
has been previously recognized using quantum dots that are
carefully selected to emit specifically within the red—green—
blue (RGB) passbands of the internal color filters of camera
pixels.*!

In this work, we implement a system that is capable of
measuring the full emission spectra of any light emitter
(chemical fluorophore or quantum dot) and is thus capable of
differentiating a broad range of tags. We demonstrate a simple
interface to a conventional smartphone that enables its internal
camera to function as a high resolution and sensitive
fluorescence spectrometer. By placing a transmission diffraction
grating directly in front of the camera (iPhone4 with a §
megapixel camera (2592 X 1936 pixels)), along with optics for
collimating light emitted from a liquid fluorescent sample onto
the grating, an emission spectrum is distributed across the
pixels of a complementary metal-oxide semiconductor
(CMOS) image sensor with a single-pixel wavelength incre-
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ment of 0.338 nm/pixel. We demonstrate that the smartphone
fluorimeter is capable of performing a sensitive molecular-
beacon FRET assay for a specific microRNA sequence with
performance that is better than a conventional laboratory
fluorimeter, with a detection limit, the lowest measured
concentration that has an intensity value greater than three
standard deviations above the negative control value, of 10 pM.
Our results show that smartphone-based spectroscopic
fluorimetry is a route toward portable biomolecular assays for
viral/bacterial pathogens, disease biomarkers, and toxins, and
this general-purpose approach may be extended to other
photon-producing assay platforms such as FP, chemolumines-
cence, and fluorescent-tagged sandwich assays. The resulting
capability may find applications that include point-of-care
detection/analysis of pathogens, specific nanoparticle detection,
human/animal diagnostics, and food safety.

B MATERIALS AND METHODS

Smartphone Fluorimeter System. A schematic of the
optical system is shown in Figure 1. A custom-designed cradle
(Figure S1, Supporting Information) interfaces the rear-facing
camera of the smartphone (iPhone4; Apple Inc, CA, USA)
with the optical components required to gather, collimate, and
disperse light from a small volume of liquid that contains
fluorescent emitters. The cradle mechanically aligns a
diffraction grating (GT13-12; Thorlabs Inc, NJ, USA), a
cylindrical lens (NT48-354; Edmund Optics Inc., NJ, USA), a
collimating lens (NT63-491; Edmund Optics Inc.), and a
pinhole (NTS56-291; Edmund Optics Inc.). In this work, a
transparent sample cuvette (16.100F-Q-10/Z15; Globe Scien-
tific Inc, NJ, USA), a laser excitation source (a green laser
pointer; Sunplore, Guandong, China), a focusing lens
(LJ1402L1; Thorlabs Inc.), a collecting lens (LA1131; Thorlabs
Inc.), and an optical fiber (P1000-2-UV—VIS; Ocean Optics,
FL, USA) are external to the cradle body. While holding all
components in correct alignment, the cradle prevents external
light sources from reaching the camera. In order to minimize
the collection of light from the excitation laser into the optical
fiber, the sample is illuminated at an orthogonal angle to the
light collection axis. A cylindrical lens (focal length (f1) = 40
mm) is set in front of a green laser pointer (power = 300 mW,
wavelength = 532 nm) to create a focused line, centered inside
the cuvette. The focal point of the collection lens (focal length
(f2) = SO mm) is at the same center point of the cuvette. The
opposing focal point of the collection lens is located at the end
face of an optical fiber (core diameter = 1 mm), as shown in
Figure la. Light emerging from the distal end of the fiber is a
quasi-collimated point source that is further collimated by the
pinhole (aperture diameter = 1 mm) and collimating lens (focal
length (f3) = 75 mm) before incidence upon the cylindrical
lens (focal length (f4) = 50 mm) which focuses incident light
along only one axis onto the transmission diffraction grating
(1200 lines/mm), oriented at a 47 degree angle with respect to
the light path in order to match the grating first-order
diffraction mode. Finally, the grating disperses the light onto
the smartphone CMOS image sensor, enabling separation of
the spectral components that can be observed in a photo as a
multicolored band as shown in Figure 1b. The internal camera
is sensitive to wavelengths within the visible spectrum, 400 < 4
< 700 nm. The width of the colored band in the image is ~180
pixels (in the nonspectral direction), enabling the spectral
intensity of each wavelength to be integrated from the
contribution of many independent sensors. Considering the
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Figure 1. Illustration of the smartphone fluorimeter system and its
broadband light source/two laser sources responses. (2, c) Scheme of
the smartphone-based fluorescence detection platform. The focus
enhanced excitation laser (532 nm) illuminates a cuvette containing
the probe-target duplexes. Fluorophores linked to one end of the
molecular beacon probes are excited to emit fluorescence in all
directions. A portion of the emission is gathered by a collecting lens
oriented perpendicular to the laser and enters the cradle, where it is
further collimated before incidence upon a diffraction grating placed
directly in front of the camera. (b) Photo of the optical cradle installed
on the smartphone. The screen of the smartphone shows a spectrum
of the transmitted light dispersed by the grating. (d) Images of
broadband light, red and green laser beams over smartphone screen.
(e) Light intensity distributions of two lasers (green laser: solid green
line with Ay, = 532 nm, red laser: solid red line with 4.4 = 653.26
nm) and a broadband light source (solid black line) measured by the
smartphone fluorimeter. Corresponding wavelengths are determined
by pixel-wavelength calibration with a single-pixel wavelength
increment of 0.338 nm/pixel.

camera pixel resolution and the wavelength range, the
smartphone-based fluorimeter has a dispersion of 0.338 nm/
pixel in the spectral direction. The fluorescence from the target
molecule is analyzed at the ensemble level using target
solutions at various concentrations in a standard 2-window
polystyrene cuvette.

Preparation of Molecular Beacon Probes. We utilized a
molecular beacon (MB) probe and target microRNA-21 (miR-
21) pair that has been reported in previous studies.>>**
MicroRNAs (miRNAs) are a class of noncoding, single-
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Table 1. Characteristics of the Molecular Beacon Probes and the Target miRNAs

molecule sequence specification
molecular beacon (MB) probe 5'-GCGCGT_CAACA TCAGT CTGAT AAGCT ACGCGC-3'* dye: Cy3 (5’ end)
quencher: BHQ2 (3’ end)
total length: 32-nt
stem length: 6-nt
mature miR-21 5'-TAGCT TATCA GACTG ATGTT GA-3’ total length: 22-nt

target miRNAs
mutant mature miR-21

$'“TAACT TATCA GACTG ATGTT GA-3'®

perfectly complementary to the loop
region of a MB probe

total length: 22-nt
single-base mutation (“G” to “A”)

“Bases complementary to the mature miR-21 target sequences are underlined in boldface. The mutated single-base is underlined in italic.

stranded, endogenous ~22-nt RNAs that can play important
regulatory roles in animals and plants by targeting miRNAs for
degradation or translational repression. They are regarded as
key components in gene regulatory pathways and occur in three
different forms: long pri-miRNAs, hairpin pre-miRNAs, and
short mature miRNAs. Only the mature miRNAs trigger post-
transcriptional regulation of the target miRNAs (T-miRNAs)
mediated by a specific set of effector proteins and, in human
tissues, over 1400 miRNAs have been identified.>* The miR-21
target represents one of the first mammalian miRNAs identified
and has been associated with cardiovascular disease,>>™*
through its role in cardiac cell growth, apoptosis, vascular
smooth muscle cell proliferation, and cardiac fibroblast
function. The target sequence has also been found to be
consistently upregulated in several cancerous tissues. Thus, it
has been studied as a potential disease biomarker,**** and an
efficient and simple assessment method of miR-21 would be
useful for diagnostics and identifying therapeutic targets.

As described previously,”******~*" molecule beacons are
functional engineered nucleic acid molecules that can
selectively interact with a target DNA or RNA sequence in a
test sample to render an observable positive change in photon
output when the molecular beacon binds with its comple-
mentary target. Briefly, molecular beacons are single-strand
nucleic acid probes composed of three different functional
domains: a loop, a stem, and a fluorophore/quencher pair.
When the donor fluorophore absorbs a photon within its range
of excitation wavelengths, it is excited to a high energy state
that can relax back to the ground state via emission of a photon
with a characteristic emission spectrum. When the donor
fluorophore is in close proximity to a secondary molecule
(quencher) with an absorption spectrum that overlaps the
donor emission spectrum, the donor emission energy is
transferred in a nonradiative fashion through long-range
dipole—dipole coupling via FRET. When the acceptor quencher
is coupled to the donor fluorophore, little or no fluorescence
emission from the donor can be measured. However, if the loop
region of the molecular beacon encounters and binds with a
complementary target nucleic acid sequence, the conformation
of the molecular beacon changes. The stem regions of the
molecule are forced to open, which consequently separates the
donor and acceptor; thus, the fluorophore started to emit
specific fluorescence. The 22-nt mature miR-21 (5'-TAGCT
TATCA GACTG ATGTT GA-3’) is the “target” sequence that
we wish to selectively detect, while a 22-nt mutant mature miR-
21 (S’-TAACT TATCA GACTG ATGTT GA-3’, mismatched
base is marked in italic with underline) was used to
demonstrate capability of distinguishing single-base mismatch
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(Table 1), in which the single-base mutation occurs near the
end of the hybridization region. The fluorescence intensity
from a probe-target hybrid with mismatched target is related to
the target concentration, the number of mismatched bases, and
the type of mismatched pair. The molecular beacon solution
was diluted to a concentration of 0.5 uM (75 uL), while both
the mature miR-21 and the mutant mature miR-21 were diluted
by phosphate buffered saline (PBS, pH = 7.4) to create seven
concentrations of target ranging from 1 pM to 1 uM (75 uL
each). The detection limit and the concentration dependence
of molecular beacon FRET is demonstrated by varying the
molar densities of target in the test sample. The 32-nt
molecular beacon probes (Cy3-5-GCGCGT_CAACA
TCAGT CTGAT AAGCT ACGCGC-3'-BHQ2, the comple-
mentary region is indicated in bold with underline, stem length
= 6-nt) were designed to be complementary to the mature
sequence of miR-21. A 32-nt single-strand molecular beacon
probe was designed and synthesized containing an internal Cy3
FRET donor (Cyanine 3, maximum excitation wavelength 4., =
550 nm and maximum emission wavelength A, = 570 nm) at
the 5’ end and a BHQ2 FRET acceptor (Black Hole Quencher
2, strong absorption in wavelengths of 550—650 nm) at the 3’
end. The loop domain of molecular beacon nucleic acid
sequence is intended to hybridize with the mature miR-21. In
the absence of target molecule, the residues form a beacon stem
that holds the Cy3 donor and the BHQ2 acceptor in close
proximity. The mature miR-21, mutant mature miR-21, and
molecular beacon probes are hybridized (room temperature, 60
min.) to characterize the presence of targets by emitting
fluorescence from Cy3.

FRET efficiency (F.E.) depends on the donor-to-acceptor
separation distance r with an inverse sixth power law due to the
dipole—dipole coupling process described by the equation:

6

r

1+ —
(Ro)
The Forster distance (R,) is the distance between two
fluorophores when the energy transfer efficiency is 50%. R,
depends on the mutual molecular orientation of them and the

overlap integral of the donor emission spectrum with the
acceptor absorption spectrum.*** Ry is given by:

Ry = 0211(n"*(A)Q)"°

—1

E.E.

where n is the refractive index of the medium, y* is the
orientation factor of the interacting dipoles and is generally
equal to 2/3, and Qy, is the quantum yield of the donor. J(1) is
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the spectral overlap integral between the donor emission and
acceptor absorption,

1) = [ e, 2'a

where €, is the acceptor absorption coeflicient and f, is the
peak-normalized donor emission spectrum. The Forster
distance between Cy3 and BHQ2 is 5.02 nm. When the
hybridization event takes places, the donor and the quencher
are spatially separated from each other by ~11 nm, resulting in
low F.E. (~0.009) and most of the energy from the Cy3 donor
emitted as fluorescence.

Image Processing. When an ordinary digital photo is
taken, the original image is divided into a grid as it is captured
by the CMOS sensor. Pixels (the smallest resolvable grid
spacing) are normally arranged in a two-dimensional grid, and
each pixel of an image is a composite of three subpixels
representing the red, green, and blue primary colors. The color
information on each pixel is stored in 3 different multilayers of
RGB color space. This results in a 2592 X 1936 X 3 matrix
whose elements are real numbers ranging from 0 to 255 (8-bit
number) for each digital color photo. However, when the
camera is operated as a photodetector, we are only concerned
with the total intensity gathered by all the subpixels because the
hue information is spread over the screen as a color spectrum.
Transformation from primary RGB colors to a HSV (Hue-
Saturation-Value) color map was performed to provide a
photon intensity of each pixel. HSV is a cylindrical coordinate
representation of points in a RGB color space, where the V axis
represents brightness of a corresponding color determined by V
= Max (R, G, B).*® The values from our RGB image were
converted into a V image in a 2592 X 1936 X 1 matrix of pixels.

A broadband illumination spectrum from an incandescent
lamp (150 W halogen fiber-optic high intensity illuminator;
Cole-Parmer, IL, USA) that would ordinarily be smooth and
continuous across the visible spectrum results in a smartphone-
determined spectrum that includes intensity fall-offs near 4,
510 nm (cyan) and 1, = 580 nm (yellow). The RGB color filter
strongly responds to particular colors (red, green, and blue) to
mimic the performance of the human eye, leading to the
observed fall-offs between three primary color bands. The
broad spectrum from an incandescent lamp is observed as a
multicolored band that covers approximately 850 pixels in the
dispersion direction and is roughly 180 pixels wide. In order to
efficiently use as much of the incident light as possible, an
overall intensity value for each spectrum is determined by
summing the intensities of all ~180 pixels across the colored
band’s width. The amount of light that reaches the image
sensor is proportional to the exposure time of the camera. We
used the longest available exposure time, 1 s, limited by the iOS
(iPhone Operating System) to maximize fluorescence intensity
values.

Wavelength Calibration. A calibrated fiber-optic spec-
trometer (HR2000; Ocean Optics, FL, USA) and two
conventional laser pointers (4,4 = 653.26 nm, Agreen = 532
nm, ~ 300 mW) were used to convert each pixel index in the
image into its corresponding wavelength value. When the tip of
the optical fiber is illuminated with the laser pointers, it results
in two sharp bands in the acquired image. Utilizing the known
laser wavelengths determined by a reference spectrometer
enables assignment of wavelength values to pixel values along
the spectral direction of the camera image. We assume a linear
relationship between wavelength value and pixel index from the

8808

red and green calibration lasers, resulting in a single-pixel
wavelength increment of 0.338 nm/pixel. The calibration is
maintained as long as the smartphone remains within the
cradle.

As shown in Figure le, the optical spectrum measured for an
incandescent lamp contains two dips. The dips correspond with
regions of the spectrum for which the transmission efficiency of
the RGB filters within the smartphone’s camera are designed to
cut off their respective passbands. Using the scaled difference
between the spectrum from a known source of illumination and
the spectrum measured with the smartphone spectrometer, it is
possible to apply a correction factor that would enable the
smartphone to display a spectrum that closely approximates
that from any unknown source. In the spectra presented
through this paper, no such correction factor has been applied,
and the data obtained directly from the smartphone
spectrometer without modification are presented.

B RESULTS

Fluorescence Detection. The smartphone-based spectro-
scopic system was used to measure fluorescence emission from
a probe-target hybrid with different concentrations of the target
molecule, mature miR-21, which has complementary nucleotide
sequences to the loop region in the molecular beacon probe
(perfect match). Every test sample, including all experimental
controls, was also measured with a conventional fluorescence
spectrophotometer (Cary Eclipse; Agilent Technologies, CA,
USA) that utilizes a Xenon flash lamp (P ~ 75 kW) for
fluorescence excitation, a photomultiplier tube sensor for
detection of emission, and a set of user-selectable excitation/
emission filters that enable sensitivity in the 200—900 nm
wavelength range.

An initial negative control reading was performed using
molecular beacon probes at a concentration of 0.5 M in PBS
without the presence of target analyte. Then, using a series of
cuvettes with molecular beacon probes at the same 0.5 uM
concentration (one cuvette per target concentration), we
prepared perfectly matched mature miR-21 target, over the
range of 1 pM to 1 uM concentrations. The molecular beacon
probes and miRNA targets were allowed to incubate in the
cuvette for 60 min before performing a measurement in the
laboratory fluorimeter and the smartphone fluorimeter. Results
of the experiment are summarized in Figures 2 and 3.

First, we observe that, without the target mature miR-21 to
be hybridized with the molecular beacon probe and to open the
stem region, the Cy3 donor fluorophore is efficiently quenched,
resulting in a dark image obtained with the smartphone
spectrometer (Figure 2a,b). Here, weakly scattered light from
the green laser source appears in the spectrum at its expected
location. Figure 2¢ shows that, when the miR-21 is introduced
to the MB, the fluorescence emission from probe-target hybrid
is easily observed as a colored band at the expected wavelength
range (~570 nm) on the smartphone screen, confirming the
presence of complementary mature miR-21 targets in the test
solution.

Figure 3 compares the fluorescence emission spectra from
identical samples measured by the smartphone fluorimeter and
the laboratory fluorimeter. The fluorescence spectra establishes
a baseline “dark” level that can be compared with subsequent
measurements using various concentrations of targets in which
most of the Cy3 donors will restore their fluorescence by
exposure to the complementary target. The fluorescence
intensity from probe-target hybrid (1 pM miR-21) is almost
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Figure 2. Monitoring probe/target hybridization using molecular
beacons technology. (a) Scheme and mechanism of FRET from
molecular beacon. Molecular beacons are hairpin-shaped oligonucleo-
tide probes. Each beacon consists of a 5'-Cy3 fluorophore, a 3'-BHQ2
quencher, and an engineered stem-loop sequence. In the presence of a
complementary target oligo-nucleotide, the MB probe unfolds to
hybridize with the target and then separates the quencher from the
fluorophore. Then, the fluorscence from the fluorophore is restored.
(b, c) Spectral bands on the smartphone screen, before the target miR-
21 is introduced (target miRNA (T): 0 4uM) and after addition of the
target that is a complementary match to the probe (T: 1 uM), which
switches on fluorescence resulting in observation of a colored band on
the smartphone pixels. Images are rotated through 90° counter-
clockwise.

the same as that from a solution containing only molecular
beacon probes that is used as negative control. Interestingly, a
background fluorescence signal near 570 nm appeared dimly
even for the pure MB solution in the smartphone-based
measurement because the emission energy from the Cy3
fluorophore is not completely transferred to the BHQ2
quencher. For the same sample, we did not observe significant
background near 4 = 570 nm when using the laboratory
fluorimeter. The laboratory fluorimeter used for our compar-
ison uses optical transmission filters in combination with a
broadband light source to select specific wavelength and
delivers light over a much broader band of excitation
wavelengths to the sample than a laser. As a result, when the
emission wavelength of the fluorophore is not sufficiently
displaced from the excitation wavelengths, a tail from the
emission spectrum that is not effectively filtered from the
photodiode in the laboratory instrument can mask the presence
of low intensity fluorescence emission. In contrast, the
excitation wavelength of the laser source in the smartphone
fluorimeter is far away from the fluorescence emission band and
thus cannot contribute to background signals when the
emission is detected spectrometrically. As the mature miR-21
concentration is increased from 10 pM to 1 nM, a clearly
observable difference in the fluorescence spectrum is measured
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from the smartphone fluorimeter, which is similar to that
measured with the laboratory fluorimeter. Indeed, as the mature
miR-21 concentration is increased, greater difference between
the background fluorescence spectrum and the test sample
spectrum is measured. The spectrum approaches the expected
emission spectrum of Cy3 at a miRNA concentration of 1 yM.
The smartphone instrument imposes its color bias algorithm on
the measured spectrum, introducing the “kinks” at 4 = 510 and
580 nm that were also observed for in the spectrum of the
incandescent lamp.

In order to convert the spectra into a single fluorescence
intensity value (normalized total intensity), we integrated the
area between the negative control sample’s spectra and the
spectra for a given target miR-21 concentration over a
wavelength range of 560—580 nm (Cy3 A, (570 nm) + 10
nm). Although the intensity values from the two instruments
have a different numerical basis, we may plot and compare the
obtained dose—response plot, as shown in Figure 3b,d. Here,
each point represents an average value from three independent
measurements, and the error bars represent one standard
deviation. At concentrations greater than 10 nM, both
instruments display dose-dependent changes in the fluores-
cence intensity. However, for the lowest concentrations, 10 pM
to 1 nM, only the output intensity of the smartphone
fluorimeter continues to decrease with decreasing target miR-
21 concentration. The lowest detectable concentration is
defined by the concentration at which the magnitude of the
output is greater than three standard deviations above the zero
miRNA concentration background (straight blue line in the
inset). For the smartphone fluorimeter, the lowest statistically
detectable concentration is 10 pM, while the value is 10 nM for
the commercial fluorimeter. By extrapolation, we found the
limit of detection (LOD) to be 1.3 pM and 3.6 nM respectively.

Detection of Single-Base Mutation. We tested single-
base mismatched target (mutant mature miR-21) to demon-
strate detection of single-base mismatch. As before, hybrid-
ization between a mutant mature miR-21 and a molecular
beacon probe is carried out at room temperature for 60 min. In
this case, one of the bases in the mature miR-21 was mutated
from G to A near the 5’ end to yield imperfect base-pairing,
which results in lower affinity and stability for probe-target
duplex. This leads to reduced fluorescence compared to the
fluorescence from the perfectly matched duplex as shown in
Figure 4a. The fluorescence intensity from the MB with
mismatched target is inversely proportional to the decrease in
the concentration of activated MB probe and the number of
mismatched bases. For the dose—response characteristic for the
assay, fluorescence intensity as a function of target concen-
tration is more gradual than observed for a perfectly matched
probe-target duplex.®' As shown in Figure 4b, when the mutant
mature miRNA-21 was not present, fluorescence was not
detected. The fluorescence is restored as the hybridization
events take place even though the intensity of fluorescence is
decreased, compared to the case in which the target sequence is
an exact match for the probe. Figure 4c shows the smartphone
fluorescence spectrum from a duplex using mismatched target
miR-21 with a concentration of 1 yM. In comparison to the
spectrum obtained with a perfectly matched target, there is an
obvious difference in fluorescence intensity. Numerical values
of fluorescence intensity for exposure of the MB probe to a
range of concentrations of the perfectly matched miR-21 and
the single-base mismatched miR-21 are shown in Figure S, in
which results from the smartphone fluorimeter and the
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Figure 3. Overall converted fluorescence sprectra and plots from the smartphone fluorimeter and the laboratory fluorimeter with different
concentrations of T-miRNAs. (a) Normalized fluorescence intensity distributions in the visible spectral domain measured by the smartphone
fluorimeter. Inset shows magnified spectra that corresponds to the dashed area. (b) Normalized total intensities according to various T-miRNA
concentrations. The intensity over the wavelength range of 560—580 nm was integrated to derive a single intensity value for each concentration.
Inset shows enlarged region of the area encompassed by the dashed box. (¢, d) Normalized fluorescence intensity distributions and total intensities

measured by the laboratory fluorimeter.

laboratory fluorimeter are compared. Significant release of
fluorescence from Cy3 donor in MB probes is not observed for
both instruments until the mutant miRNA concentration is
raised above 0.1 M.

B DISCUSSION

The experimental demonstrations performed in this work show
that the image sensor within a typical smartphone camera is
capable of delivering sensitivity performance that is equivalent
or superior to that obtained with a conventional laboratory
fluorimeter. The differences in sensitivity performance achieved
in this study, in which the same assay liquids were measured for
both approaches, can be attributed to the differences in the
characteristics of the illumination sources and photon sensors.

While the smartphone-based sensing instrument utilizes laser
illumination, the Agilent fluorimeter incorporates a Xenon flash
lamp. In the smartphone fluorimeter system, the wavelength of
excitation source is 532 nm, selected to coincide with 96.7% of
the maximum absorption efliciency of Cy3 dye. The output
power of the laser source (Py,) is ~300 mW, and the beam
diameter is ~1 mm. The number of incident photons from the
laser can be predicted by

Plaser

hc/ilaser

photon —

~ 8.03 x 10" [s7]

where h is the Planck constant and ¢ is the speed of light.
Contrarily, only a small fraction of the output from the Xe lamp
falls within the absorption band of Cy3 because the emitted
light from the broadband source passes through optical

8810

transmission filters to yield a broader but less intense excitation
band. The end output power of the laboratory fluorimeter is
~10 uW, and the number of incident photons entering the
samples is ~2.68 X 10" [s7']. If we assume that both
instruments illuminate equivalent volumes within the cuvette,
we estimate that smartphone fluorimeter’s laser illumination
results in 30 000X greater photon delivery compared to the Xe
lamp illumination. However, the illumination volumes are not
equal in the two approaches. While the Agilent instrument
focuses its illumination to a volume of ~1.96 X 1077 m® using a
slit, our system utilizes a cylindrical lens to focus light on the
cuvette with a volume of ~6.25 X 107" m®. Combining the
effects of the illumination method and the illumination volume
of analyte, the number of photons in the volume of interest is
~2.65 X 10 in the smartphone fluorimeter, while the number
of photons is ~0.18 X 10° in the conventional fluorimeter.
Thus, we attribute the lower limits of detection obtained with
the smartphone fluorimeter, compared with this particular
model of a laboratory fluorimeter, to be mainly attributable to
differences in illumination geometry and illumination efficiency
afforded by selecting a laser as the excitation source.

‘We may also compare the light collection systems used in the
two instruments, which both use dispersion to separate the
wavelength components of the emission, in order to generate a
spectrum. While the smartphone instrument uses a diffraction
grating that spreads the spectrum over the pixels of the CMOS
image sensor, enabling all wavelengths of incident light to be
measured simultaneously, the laboratory fluorimeter used in
our comparison uses a 10 nm wide movable slit, which allows
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Figure 4. Measuring lighter fluorescence from imperfect probe-target
duplex. (a) Scheme of FRET from mismatched target molecule
hybridization. One of the bases in mature miR-21 was mutated from G
to A. The mutant is indicated in the red-colored “A”. The fluorescence
intensity is relatively decreased because a hybridization efliciency is
reduced by the single-base mutation (imperfect base-pairing). (b, c)
Spectral bands on the smartphone screen. When the mismatched miR-
21 is not introduced (mismatched miRNA (M): 0 uM), only scattered
green light was captured like previous measurements using well-
matched miRNA. Mismatched probe-target hybrid (M: 1 uM)
provides weaker fluorescence than fluorescence from original probe-
target hybrid. Images are rotated 90° counterclockwise.

one wavelength band at a time to illuminate a photomultiplier
tube (PMT), where all the photons passing through the slit are
integrated to generate the signal from PMT. Specifications for
the sensitivity of the iPhone4 CMOS image sensor are not
readily available to enable a precise comparison. For the PMT
(R928) used in the Agilent fluorimeter, each incident photon
on the cathode within the 185—900 nm wavelength range leads
to release of an electron by the photoelectric effect, and the
electrons arrive at the anode with a gain of 1 X 107 when supply
voltage between the cathode and all other electrodes connected
together as anode is 100 V. The quantum efficiency of the PMT
is ~12% at A = 570 nm. These electrons register as a “current”
of sensor output. Contrary to this, the conversion gain of a
CMOS image sensor is ~40—160 uV/e and the quantum
efficiency is higher than 40% but does not incorporate a
mechanism for signal gain.>***> Our approach integrates the
contributions of all the pixels along the nonspectral direction of
the image, in a similar fashion that the PMT measures all the
photons passing through the slit. Finally, the sensor integration
time can have an effect on the measurement of incident signal.
Both instruments used an integration time of 1 s. On the basis
of the above analysis, it is not surprising that the smartphone-
based fluorescence spectroscopy is capable of detecting
fluorescent output for target molecule concentrations lower
than those possible using the particular laboratory instrument
used for our comparison. Interestingly, the illumination power
available from compact laser sources, combined with the low
light sensing capabilities of CMOS cameras within current
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Figure S. Plots of the normalized total fluorescence intensities as a
function of the concentration of mutant mature miR-21. The
fluorescence is gathered by (a) a smartphone fluorimeter and (b) a
laboratory fluorimeter. The intensity over the wavelength range of
560—580 nm was integrated, and normalized total intensity of the T1
(1 uM perfectly matched target miR-21) is set to 1 for comparison.
Magnified plots that correspond to the dashed area are shown (inset).

smartphones, appears to be compatible with the goal of creating
a compact, inexpensive detection instrument for sensing the
output of fluorescent assays. While detection of chemical
fluorophores represents a heavily used class of labels used for
biological assays, the approach demonstrated in this work may
also be used for detecting a variety of light emitting materials,
including quantum dots, chemiluminescent materials, fluores-
cent proteins, and phosphorescent dyes.

H CONCLUSION

In this work, we demonstrated that the internal camera of a
smartphone, combined with a set of optical components for
providing wavelength dispersion and a compact, inexpensive
green laser pointer, serves the function of a highly sensitive
fluorescence spectrometer. By packaging the optical compo-
nents in the form of a custom cradle that easily interfaces with
the smartphone, the system serves as a portable tool for
performing fluorescence assays for point-of-use diagnostics
applications. We demonstrated operation of the system in the
context of a molecular beacon FRET assay for detection of a
specific miRNA sequence with 10 pM limits of detection and
that the assay was specific against detection of a miRNA
sequence that differed from the target sequence by only one
base. The demonstrated approach is applicable to any liquid-
based assay using a light-emitting reporter, such as fluorescence,
quantum dots, chemiluminescence, and phosphorescence.
Because the approach measures the spectral output of the
assay, it enables separation of light components such as
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scattering of the excitation source, donor emission, and
acceptor emission. While the laser and sample holder used in
the present work were external to the cradle body, a new
version of the cradle that is under development will integrate
the light source and sample within the cradle body for
improved compactness, without loss of functionality. Fur-
thermore, we are presently preparing a smartphone app, which
will perform all the computation within the smartphone and
direct the user through the steps of calibration, experimental
controls, assay steps, and data analysis. In summary, the
smartphone-based fluorimeter reported in this work outper-
forms the laboratory fluorimeter because we utilize a laser light
source that more efficiently excites the Cy3 tag than the Xe
lamp within the fluorimeter. We do not claim that our system
will deliver better sensitivity than all fluorimeters, although our
results show the mobile system is capable of providing
sensitivity that is sufficient for many applications.
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