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ABSTRACT: This paper demonstrates that, for applications in
resource-limited environments, expensive microplate spectropho-
tometers that are used in many central laboratories for parallel
measurement of absorbance of samples can be replaced by
photometers based on inexpensive and ubiquitous, consumer
electronic devices (e.g, scanners and cell-phone cameras). Two
devices, (i) a flatbed scanner operating in transmittance mode and
(i) a camera-based photometer (constructed from a cell phone
camera, a planar light source, and a cardboard box), demonstrate the
concept. These devices illuminate samples in microtiter plates from
one side and use the RGB-based imaging sensors of the scanner/
camera to measure the light transmitted to the other side. The
broadband absorbance of samples (RGB-resolved absorbance) can be calculated using the RGB color values of only three pixels
per microwell. Rigorous theoretical analysis establishes a well-defined relationship between the absorbance spectrum of a sample
and its corresponding RGB-resolved absorbance. The linearity and precision of measurements performed with these low-cost
photometers on different dyes, which absorb across the range of the visible spectrum, and chromogenic products of assays (e.g.
enzymatic, ELISA) demonstrate that these low-cost photometers can be used reliably in a broad range of chemical and
biochemical analyses. The ability to perform accurate measurements of absorbance on liquid samples, in parallel and at low cost,
would enable testing, typically reserved for well-equipped clinics and laboratories, to be performed in circumstances where
resources and expertise are limited.

bsorbance spectroscopy is the most common analytical and environmental testing to low- and middle-income

technique used for chemical and biochemical analyses. countries.
Solution-based test kits (e.g., tube test kits and microtiter plate Here, we report the adaptive use of ubiquitous consumer
ELISA kits) are commercially available for hundreds of electronic devices to perform low-cost photometry suitable for
important analytes (e.g, metabolites, proteins, environmental use in resource-limited environments. We demonstrate that (i)
pollutants), can provide accurate and precise results, and are a commercially available flatbed scanner with a transmittance
inexpensive (the cost-per-sample of these test kits is typically < mode for imaging photographic films and (ii) a portable,
$5). Although these characteristics make absorbance spectros- camera-based photometer—constructed from a paper box that
copy attractive for use in laboratories and clinics across the houses a white, LED-based, planar light source for sample
world, the required instrumentation (e.g., spectrophotometers illumination, and a cell-phone camera (which is provided by the
and microplate spectrophotometers) can cost from $2 000 to user) as a detector—can be used to perform sensitive
$50 000, depending on their specifications, versatility, and absorbance measurements on multiple liquid samples stored
throughput. Laboratories and clinics in low- and middle-income in a microtiter well plate, in parallel, with accuracy and
countries typically (i) cannot afford this expensive instrumen- precision comparable to microplate spectrophotometers.
tation; (i) do not have access to the components, personnel, Previously, we and others have demonstrated adaptive use of

and expertise required to maintain the equipment; and/or (i) digital cameras and flatbed scanners as low-cost detectors for

lack the infrastructure (e.g, continuous and stable electrical

power) necessary to keep it running.' A simple, low-cost Received: April 7, 2015
alternative to conventional spectrophotometric equipment Accepted: August 4, 2015
would greatly reduce the barriers to providing modern medical Published: August 4, 2015
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colorimetric assays performed on test strips (e.g., dipstick tests,
immunochromatographic lateral flow tests) and paper
devices.”™'® Ozcan and co-workers and Henry and co-workers
have recently reviewed the literature in the field."”~"" Test
strips, however, typically only provide semiquantitative results;
for full quantitation, test kits for liquid samples remain the gold
standard.

To develop low-cost photometers for measuring the
absorbance of liquid samples, other efforts have typically used
colored, light-emitting diodes (LEDs) to illuminate a liquid
sample from one side and a photodetector (photoresistor,
phototransistor, or photodiode) on the other side to detect the
light transmitted through the sample.”’>" For example, we and
others have constructed low-cost photometers based on this
principle to measure (i) antibodies against HIV in serum,”’ (ii)
hemoglobinn’23 in blood, and (iii) fluoride*” and mercury”” in
water samples. Although low-cost photometers based on this
approach have filled important needs in sg)eciﬁc analytical
applications (e.g,, for measuring hemoglobin®”), they have two
important limitations: (i) they are not sufficiently versatile to
perform measurements at multiple wavelengths; that is, they
can only perform measurements at the specific wavelengths
defined by the LED used, and (ii) they are incapable of high-
throughput measurements using microtiter plates (which
typically have 96 wells).

To address the limitations of systems that use narrowband
LEDs for illumination, others have performed optical measure-
ments of liquid samples using broadband light emitted by
flatbed scanners’>®' or digital displays (e.g, computer
monitors,”” ¢ tablet computers,’’ and digital photo
displays*®) and used the ima§e sensors found in flatbed
scanners,”””" Web cameras,”*™*° or smartphone cameras’’ as
detectors. For example, De Lelis et al. and Abbaspour et al.
used reflectance-based flatbed scanners to image test solutions
and then correlated the measured color of the test solution with
the concentration of a chromogenic compound.’””' The
reflectance-based approach, however, is problematic because
the variability of the color values across the sample, due to
variability and complexity of the optical path length of reflected
light, greatly complicates the calculation of absorbance and the
precision of measurements. An alternative approach uses the
light transmitted through the sample to measure absorbance.
Fillipini and co-workers were the first to use consumer
electronic devices to measure the transmittance of liquid
samples.”” They used computer monitors (i.e., cathode ray tube
(CRT) or liquid crystal display (LCD)) to display a controlled
sequence of colors that illuminates the sample from one side,
while a Web camera recorded the transmitted light from the
opposite side. A Matlab-based program decomposed the video
file into individual frames and calculated the gray scale value of
the transmitted light.

This approach, and other similar approaches that have used
consumer electronic devices,’*™*" have two important draw-
backs: (i) they require custom software to extract the intensity
of the light from the image of a sample and (ii) they require
digital displays, which are expensive, and, in some cases, not
portable (e.g., monitors), as light sources. Furthermore,
although transmittance should, in principle, yield more precise
and better-understood results than reflectance, previous efforts
have not established a clear and well-defined relationship
between the analytical signal and absorbance spectrum. This
paper has three objectives: (i) to demonstrate the applicability
of inexpensive photometers based on broadly available
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consumer electronic devices (i.e. flatbed scanners and cell-
phone cameras) to perform high-quality, high-throughput
measurement of absorbance of samples, (ii) to establish a
well-defined relationship between the absorbance of light (as
measured by these commercial image sensors) and the
absorbance spectra of samples (as measured by a laboratory
spectrophotometer), (iii) to outline the conditions required for
performing high-quality, high-throughput measurement of
absorbance using photometers that use RGB-based CCD/
CMOS image sensors; these conditions can be used by
academic laboratories and companies to design low-cost
photometers for chemical and biochemical analysis.

In this work, we used two low-cost photometers, a flatbed
scanner and a camera-based photometer, that employ white,
broadband LEDs as light sources and CCD/CMOS image
sensors as photodetectors. By placing a microtiter plate
(containing the samples) between the light source and the
photodetector, we captured the images of the samples. In this
configuration, the light source illuminates the sample with
visible light (~400—700 nm) from one side, and the pixel
sensors of the imaging sensor digitize the intensity of the light,
transmitted to the other side, into three color channels: red
(R), green (G), and blue (B). An image of a microtiter plate
contains images of several samples that can be analyzed
separately, and therefore, multiple liquid samples can be
analyzed, in parallel. By using the color values of a sample, we
calculated the broadband “RGB-resolved absorbance” of the
sample. We compared the “RGB-resolved absorbance” of
solutions of 11 dyes to the peak absorbance measured using a
microplate spectrophotometer, and we established a rigorous
relationship between the “RGB-resolved absorbance” of a
sample and the measured absorbance spectrum of an analyte.
We demonstrated that the flatbed scanner and the camera-based
photometer could replace microplate spectrophotometers in a
broad range of biochemical and environmental assays and
enable high-quality photometric assays to be performed in low-
resource and remote settings.

B EXPERIMENTAL SECTION

Materials and Chemicals. We purchased a flatbed scanner
(Epson Perfection V500 photo, Epson) for $90 from www.
amazon.com and a low-cost, planar light source (edge-lit LED
backlight for iPhone 5) for $6 from www.Tmart.com. We also
used a cell-phone camera (OPTIMUS F3 4G LTE, LG).
Absorbance measurements were performed using a microplate
spectrophotometer (SpectraMax M2, Molecular Devices). All
chemicals and reagents were used as received without further
purification (see the Supporting Information for the suppliers).
We used Image] or Microsoft Paint to read the color intensity
(RGB values) of a pixel of an image.

Configuration of the Devices. The flatbed scanner
employs a CCD image sensor in a strip and operates in two
different modes: reflectance and transmittance. The trans-
mittance mode is designed for imaging photographic films and
uses a built-in transparency unit that employs a planar light
source in a strip (Figure 1A). Both the light source of the
transparency unit and the image sensor scan across the imaging
surface of the scanner simultaneously to capture an image. We
placed a 96-well microtiter plate containing samples into the
flatbed scanner (that is, between the imaging surface of the
scanner and the transparency unit) (Figure 1A). Although an
~1 cm gap persisted after closing the lid of the scanner, the gap
was small enough that the external light did not influence the
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Figure 1. Images of (A) the flatbed scanner ready to scan a microtiter
plate (the planar light source is outlined by the red, dashed line); (B)
the camera-based photometer; (c) the microtiter plate inside the camera-
based photometer with the planar light source activated (the small
aperture in the lid of the box is outlined by the red, dashed line).

imaging of the microtiter plate. The imaging area of the flatbed
scanner in transmittance mode (27 cm X 8.3 cm) is large
enough to image up to two standard microtiter plates in
parallel. Using the software bundled with the scanner, we
disabled all automatic correction functions to ensure that the
photometric data were not manipulated and then performed all
scans in the transmittance mode (see Figure S-1 in the
Supporting Information). We saved all images as Joint
Photographic Experts Group (JPEG) files.

The camera-based photometer (Figure 1B and Figure S-2 in
the Supporting Information) consisted of (i) a planar light
source (edge-lit, LED backlight module found in most
smartphones and tablet computers) to illuminate samples
from below; (ii) a foldable cardboard box to prevent stray light
from entering the detection region and to define a fixed
imaging distance; and (iii) a cell phone with a CMOS camera
(LG OPTIMUS F3 4G LTE) to photograph samples through a
6 mm hole in the lid of the box (see Supporting Information for
details). Figure 2B shows how we arranged a microtiter plate
(with samples) above the planar light source, which was large
enough to illuminate 32 wells of a standard 96-microtiter plate.
In this arrangement, three separate photos were acquired to
image the entire plate (see Figure S-3A—C in the Supporting
Information). When not in use, the box can be folded (see
Figure S-3D in the Supporting Information) and the whole
device can be stored in a backpack.

Characterization of the CCD/CMOS Image Sensors
and the White LEDs. For each of the channels k = {R,G,B},
we characterized the spectral sensitivity Si(4) of the CMOS/
CCD image sensors (these data are not provided by the
manufacturers of these devices and vary between different
imaging devices) by using a broadband source of white light
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Figure 2. Images of a microtiter plate, containing solutions of 11 dyes
(one per row) at two concentrations each (four left columns vs four
right columns) and water (the twelfth row) imaged by the flatbed
scanner in transmittance mode (A), the flatbed scanner in reflectance
mode (B), the camera-based photometer (C), and the cell-phone
camera in ambient light (D).

(Halogen Fiber Optic Lightsource, Cuda), a monochromator
(SpectraPro-300i, Acton Research Corporation), and a fiber-
optic spectrophotometer (HR4000+, Ocean Optics). We also
used the spectrophotometer to characterize the spectra L(4) of
light emitted by the sources of white light employed in both
photometers.

Comparison between Transmittance and Reflectance
Measurements. To demonstrate the superior quality of
transmittance-based vs reflectance-based measurements of
absorbance, we imaged standard solutions of 11 dyes (see the
Supporting Information for concentrations) and water using (i)
the flatbed scanner in transmittance mode (Figure 2A), (ii) the
flatbed scanner in reflectance mode (Figure 2B), (iii) a flatbed
scanner employing CIS technology (Canoscan, LIDE 60,
Canon; see Figure S-4 in the Supporting Information), (iv)
the camera-based photometer (Figure 2C), and (v) a cell-phone
camera (see Figure 2D), which relies on ambient light (i.e, no
planar light source or box). We read the color intensity (RGB
values) of all the pixels in each well and estimated the
distribution of the RGB values of the pixels in each well.

Absorbance Measurements of Chromogenic Com-
pounds. We prepared solutions of 11 chromogenic com-
pounds (disperse orange 3, methyl orange, fluorescein, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), eosin Y, rhodamine B,
trypan blue, prussian blue, malachite green, methylene blue,
chlorophyll b) at different concentrations (detailed in the
Supporting Information) and measured the absorption spectra
A(A) and peak absorbance A, of these solutions using the
microplate spectrophotometer. Importantly, these compounds
exhibit absorbance peaks with very different spectral character-
istics (e.g., shape, position, and intensity of the spectral peak)
that span the entire visible spectrum (see Figure S-S in the
Supporting Information). We also captured the images of the
microtiter plates that contain these solutions using the flatbed
scanner and the camera-based photometer. We next read the RGB
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values of three pixels, chosen at random from within the image
of each solution, with Image] or Microsoft Paint (see Figures S-
6 and S-7 in the Supporting Information) and recorded the
mean values C; of each group of RGB values. Depending on the
position of the peak absorbance of a compound, one color
value of an RGB triplet typically provided more sensitive results
than the other two. In the Supporting Information (see Figure
S-8), we show that the blue color value is more suitable for
absorbance peaks between 400 and 505 nm, the green color
value is more suitable for peaks between 505 and 580 nm, and
the red value for absorbance peaks between 580 and 700 nm.
We used the above guidelines for the selection of the most
appropriate color value (R, G, or B) to be used for the
estimation of the RGB-resolved absorbance values of each
solution.

Applications in Biochemical and Environmental
Analyses. To demonstrate the use of the flatbed scanner and
the camera-based photometer in laboratory and clinical
applications, we compared the performance of these devices
vs a microplate spectrophotometer in six photometric assays for
the determination of (i) lactic acid in human serum using an
enzymatic assay; (ii) low-density lipoproteins (LDL) in human
serum using a competitive ELISA; (iii) anti-Treponema pallidum
antibodies in human serum using an indirect ELISA; (iv) total
protein in solutions of antibodies using the Bicinchoninic acid
(BCA) assay; (v) hemoglobin in whole blood using the
Cyanomethemoglobin assay; and (vi) nitrite ions in samples of
water using the Griess assay (see Supporting Information for
details). For all assays, we used commercially available test kits
or ready-to-use reagents (see the experimental details in the
Supporting Information). Figure S-9 in the Supporting
Information shows the absorbance spectra of the products of
each assay.

B RESULTS AND DISCUSSION

Comparison between Transmittance and Reflectance
Measurements. Previous approaches to low-cost optical
analysis of samples in microtiter plates have used flatbed
scanners in reflectance mode.””* Using reflected light to
estimate absorbance, however, is problematic because the path
that reflected light takes through each sample is complex.
Depending on the geometry and divergence angle of the light
source, the many different air/liquid/plastic interfaces present
around the sample scatter the light at multiple locations and in
different ways. This scattering cause the colors (RGB values) of
the image to be nonuniform across each well.”” This variation
in the pixel values originates from the angled configuration of
the light source and the photodetector used by the scanner
when imaging in reflectance mode.'® In an attempt to
compensate for these artifacts, approaches based on reflec-
tance-mode imaging use custom software to spatially average
the RGB values of all pixels within each well, and then to
calibrate the relationship between the average RGB values and
the concentration of the analyte.””*’ Establishing a well-
understood relationship between these mean values and the
concentration of the analyte, however, remains complicated for
two reasons: (i) the definition of “mean” value is ambiguous
because there is typically a multimodal distribution of the RGB
color values across each well and (ii) the complex and highly
variable optical path-length precludes the establishment of a
well-defined analytical relationship between the intensity of
light that reaches the detector and the concentration of the
analyte.
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A better, simpler approach to perform low-cost, high-quality
absorbance measurements is to detect the light transmitted
through a sample. In this case, the alignment between the light
source and the detector establishes an optical path length that is
simple, well-defined, and spatially uniform across the plate.

Figure 3 show examples of the distribution of the values of
the green color channel for pixels within a single well
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Figure 3. Histograms of the green channel values throughout an image
of a well (inset) containing a 6.00 uM Eosin Y solution captured using
the flatbed scanner in transmittance mode (A) and reflectance mode
(B), the camera-based photometer (C) and the cell-phone camera in
ambient light (D).

containing a solution of eosin Y captured using the flatbed
scanner in transmittance mode and in reflectance mode, a
scanner (using CSI technology) in reflectance mode, the
camera-based photometer, and a cell-phone camera relying on
ambient light. For measurements taken using the flatbed
scanner in transmittance mode (Figure 3A), the mean and
mode of the pixel values differed by only 0.4%, and the % RSD
of the pixel values in each well was 0.4% (N = 10024) (see
Figure S-10 in the Supporting Information). In the case of the
measurements taken using the camera-based photometer (Figure
3C), the mean and mode of the pixel values differed by only
0.05%, and the % RSD of the pixel values in each well was 0.6%
(N =3532) (see Figure S-11 in the Supporting Information).
These low values indicate that the value of each pixel is nearly
identical across the well, for both transmittance-based measure-
ments. Using Hartigan’s Dip test of unimodality,”® we verified
that the distribution of pixel values was unimodal in both cases
(see Figures S-10 and S-11 in the Supporting Information). By
contrast, for reflectance measurements, the distribution of the
color values of the pixels in each well was broad. For example,
for measurements taken using the scanner in reflectance mode
(Figure 3B), the mean and mode of the pixel values differed by
21% (see Figure S-10 in the Supporting Information). For
measurements taken using the cell-phone camera without the
box and the planar light source (Figure 3D), the mean and
mode of the pixel values differed by 8% (see Figure S-11 in the
Supporting Information). Using Hartigan’s Dip test of
unimodality,”® we verified that the distribution of pixel values
was not unimodal for either of the reflectance-based measure-
ments (see Figures S-10 and S-1lin the Supporting
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Information). We found that these statistics were consistent for
all wells and for all 11 chromogenic compounds. For a
distribution that is not unimodal, a randomly chosen pixel in
the well will not correlate well to the mean of the population.
For a broad distribution, a randomly chosen pixel will be
unlikely to be close to the mean of the population. To average
out these variations and provide reproducible results, in
reflectance-based measurements, custom image processing
and analysis are necessary to estimate the mean of the
population.

The narrow distribution of the color values of the pixels for
transmittance-based measurements enables a precise estimation
of the mean value by sampling only a few pixels. Using eq 1,
which assumes that the distribution of color values follow a
normal distribution in each well, we estimated the number of
pixels N necessary to read to achieve a sample mean (the
average of the color values of N pixels) that does not deviate
from the population mean (the average of the color values of all
pixels) by more than & (the percentage of difference between
sample mean and population mean), within a confidence level
determined by the value of z (which can be found in a standard
tables for statistical analysis®”), and given the relative standard
deviation RSD of the population.

2
z
= (Fr) 0

For transmittance measurements using the flatbed scanner
and the camera-based photometer, the RSD value of color values
of all pixels within each well is less than 0.006. With this RSD,
achieving a sample mean that is within 1% of the population
mean (¢ = 0.01), with 95% confidence (z = 1.96), requires
sampling N = 138 (~2) pixels. This characteristic vastly
reduces the image processing necessary to measure trans-
mittance, simplifies the procedure, and makes it feasible
without any specialized software. To eliminate erroneous
results due to the sampling of an outlier, we decided to
average the RGB values of three pixels from the image of each
well. We selected three pixels at random (by manually choosing
random places inside the image of a well), read their RGB color
values C, with ImageJ or Microsoft Paint, and averaged these
values together, for each color channel.

Definition and Origin of RGB-Resolved Absorbance.
Unlike peak absorbance A,., measured by traditional
spectrophotometers that detect light at a specific wavelength,
RGB-resolved absorbance, Ay, could be measured using RGB-
based photometers. These photometers are based on imaging
devices (e.g, scanners, cell phone cameras) and detect light
over a broad bandwidth. One of the central goals of this paper
is to define the relationship between the broadband absorbance,
calculated using RGB color values, and the absorbance
spectrum of a sample A(4). To quantify broadband absorption
and define its relationship to A(4), we need to understand how
an image sensor converts the spectral intensity of captured light
I(A) into RGB values.

Digital imaging devices use image sensors, which consist of
an array of pixel sensors, to convert light intensity to electrical
current.*”*" Each individual pixel sensor employs a CCD or
CMOS photodetector with a spectral responsivity R(4)
(conversion of photons to electrons), and red, green, and
blue color filters, each with transmittance F,(1), where k = {R,
G, B}. The total spectral sensitivity of each pixel sensor is S;(4)
= R(A)F(4). Every pixel of an image, captured by a digital
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imaging device, has a set of raw, measured values {; that are
correlated with the spectral intensity I(1) by & = /[ ﬁfl(l)
Si(4)dA, where (4, 4,) define the range of wavelengths over

which the sensor can detect light.*”

To reproduce colors better (e.g,, more as they appear in real
life), digital imaging sensors typically impose a nonlinear
“gamma” correction before each color value C, is recorded,
according to the relation, C, = B({,)", where f is a linear
correction factor and y, is an exponential correction factor,
which can be different for each color channel.*' The value of
each color channel encoded into the captured image is
therefore described by C, = ﬂk(/ﬁf I(2)S;(4)dA)™. For a sample

with absorbance spectrum A(4) and for a light source with
spectrum L(4), the intensity of the spectral intensity reaching
the detector is I(1) = L(1)10™4®. The set of the recorded RGB
values of each pixel of the image of the sample is therefore
given by eq 2.

C.= ﬂk[‘/jzL(ﬂ)lo‘A(i)Sk(ﬂ)d,l]rk ”

Using the equation for estimating peak absorbance (Apeak =
—log,o(Is/Iz), see Supporting Information for a detailed
definition), we define the RGB-resolved absorbance A, of a
sample (with measured color value C™) to a blank solution

(with measured color value C{*) by eq 3.

c®

A, = —log 0[—]
“Le® 3)

Substitution of eq 2 into eq 3 yields eq 4, which relates A; to
Ag(A) and Ag(1).

[ L1078 Ds(1)da

A = -y log 7 ™o
B
A 1 L(2)10™Ws (2)dA @

It is important to note that this general of absorbance applies
not only to broadband RGB-based photometers, but also to all
types of photometers (see the Supporting Information for
details).

Through extensive characterization, we estimated S,(1) and
7 for all the color channels of the image sensors of the flatbed
scanner and the camera-based photometer (see the Supporting
Information for details). Using eq 4 and (i) the L(4) of the
transparency unit of the flatbed scanner and the planar light
source of the camera-based photometer, (ii) the A(1) of 11
different dyes measured at a range of concentrations by the
microplate spectrophotometer, and (iii) the extracted values of
Si(4) and y,, we estimated the expected A, for all the standard
compounds. We also calculated the measured A, for all the dyes
and we compared them to the expected A,. Figure S-12 in the
Supporting Information shows plots that demonstrate the
strong correlation between the expected and measured values
of A;. As an example, Figure S-8 in the Supporting Information
outlines the steps used to estimate A for a 10 uM solution of
methylene blue for the flatbed scanner and the camera-based
photometer.

Comparison of RGB-Resolved Absorbance with Peak
Absorbance. We compared the values of peak absorbance
Apea (measured by the microplate spectrophotometer) with
RGB-resolved absorbance A; (measured by the low-cost
photometers) of solutions of different concentration of all 11
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chromogenic compounds. Figure S-13 in Supporting Informa-
tion shows three examples of the correlation lines of A, vs Ay
Table S-1 of the Supporting Information lists the analytical
characteristics of all the correlation lines. For all cases, we
determined a positive, near-unity correlation between the A
and A, (correlation coefficient r > 0.99). Because the value of
Apeax is always, by definition, greater than the value of Ay, all
slopes of the correlation lines were always greater than unity.
Equation 4 shows that this behavior occurs for two important
reasons: the polychromatic nature of RGB-resolved absorbance
and the gamma correction. Relative to a standard narrowband
measurement at 4., broadening the optical bandwidth of the
measurement and/or misaligning 4, with respect to the peak
value of L(4)Si(4) can only serve to decrease the sensitivity to
changes in concentration. This effect occurs because /jf
L(4)1074?Ws$,(1)dA) necessarily includes regions where A(1)
< Apear In this case, the light that does not interact much (or at
all) with the analyte will contribute more to the raw RGB color
values { than light transmitted near A,.,; in this case, the ratio
between the raw RGB values, captured from the light
transmitted through the sample relative to the blank, will
tend to unity ({{¥/¢(>) — 17), and therefore, A, < Apeqy for any
absorbance spectrum A(A). For example, solutions of rhod-
amine B and eosin Y that exhibit similar values of Ay as well
as overall spectral shape A(4) (shown in Figure S-S in the
Supporting Information) may still exhibit very different values
of green-resolved absorbance Ag (~3—4X difference) because,
compared to eosin Y, the position of 4, of rthodamine B is
better-aligned with the peak of L(4)Sg(4).

The nonlinear gamma correction that all imaging equipment
imposes also serves to distort the magnitude of A;. In particular,
because ¥, < 1 for all the devices that we characterized, the
gamma corrections always tended to further reduce A;
compared to a narrowband measurement centered at Ay
Although the gamma correction reduces the sensitivity to
changes in concentration, it does not change the linearity of the
A,, and therefore, any image sensor can be calibrated easily for
linear measurements of absorbance without knowing the values
of the gamma correction factors.

Absorbance Measurements of Chromogenic Com-
pounds. We used the RGB-resolved absorbance A, of
solutions of each chromophore measured with the low-cost
photometers (i.e, the flatbed scanner in transmittance mode
and the camera-based photometer) and the peak absorbance
Apeqx of the same solutions of chromophores measured with the
microplate spectrophotometer, to calculate the calibration lines for
Ag and A, vs the concentration of all 11 chromophores, for
each photometer. As an example, Figure 4 shows the calibration
curves of DPPH vs concentration; Table S-2 in the Supporting
Information reports the remaining calibration curves. In all
cases, the curves were linear, and the limits-of-detection of
concentration of the dyes, measured by both the microplate
spectrophotometer and the low-cost photometers, were com-
parable.

These results demonstrate that RGB-based photometers,
such as the ones we demonstrated, can be useful for absorbance
measurements, regardless of the shape, position, or intensity of
the peak absorbance A, of the sample. The ultimate
sensitivity of the measurements to changes in concentration
of the sample, however, will depend strongly on the position
and the shape of A, relative to the spectral peaks of L(A)S.(4)
for a chosen source of illumination and imaging sensor. The
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DPPH calibration lines
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Figure 4. Calibration curves of the absorbance values (either Apeak for
the microplate spectrophotometer or A for the flatbed scanner and
camera-based photometer) vs the concentration of DPPH. Each data
point corresponds to the mean value of seven measurements; the
standard deviations are smaller than the symbols used for each point.

better the alignment of Ay, for a chosen sample, with the
peaks of L(1)S(1), for each color channel, the more sensitive
the measurements will be. Importantly, despite the reduced
sensitivity of the different RGB-based measurements relative to
those performed with a microplate spectrophotometer, we do not
observe a corresponding decrease in precision or limit-of-
detection. We conclude, therefore, that the sensitivity of RGB-
based measurements will not limit the applicability of RGB-
based photometers. In the case that increased sensitivity is
desired, however, there are two strategies to achieve it. (i)
When developing an assay, choosing or engineering dyes with
narrow peaks that are centered on the peaks of L(4)S(4) will
ensure maximal sensitivity to differences in concentration. (ii)
Addition of bandpass color filters centered on the absorption
peaks of the samples would further improve sensitivity by
transmitting the light that interacts most strongly with the
sample and blocking intense background light that depends
only weakly on the concentration of the analyte.

RGB-based photometers can, in principle, also enable
quantification and discrimination between unknown concen-
trations of colored compounds in a mixture if, and only if, they
satisfy the following three criteria: (i) the three values of A, for
each constituent compound are known (for example, at a
standard, known concentration); (ii) there are no more than
three different compounds in the mixture (this condition arises
because there are only three degrees of freedom in each
measurement: Ap, Ag, and Ap); (iii) the values of A, of the
different compounds are linearly inde%)endent, that is, the
column vectors A®W = {A{; Ag’); AU} of RGB-resolved
absorbances of each compound, indexed n = {1, 2, 3} must
satisfy det[{A(), A®), A®1] = 0. If all three criteria are satisfied,
then a single photometric measurement can be used to estimate
the concentrations of each of the three compounds. In cases
where the Ay are not linearly independent, as may be the case if
some or all of the absorption peaks occur within the same color
channel, or if discrimination between more than three
compounds is desired, it may be possible to satisfy these
condition by adding extra degrees of freedom, for example, by
comparing multiple measurements with and without bandpass
color filters.

Applications in Biochemical and Environmental
Analyses. We compared the performance of the flatbed
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scanner and camera-based photometer against a microplate
spectrophotometer (used as the laboratory standard) as detectors
in six important assays for the determination of (i) lactic acid in
human serum; (ii) low-density lipoproteins (LDL) in human
serum; (iii) anti-Treponema pallidum antibodies in human
serum; (iv) total protein in solutions of antibodies; (v)
hemoglobin in whole blood; and (vi) nitrite ions in samples
of water. We chose these assays because (i) they are commonly
used in biochemical or environmental analyses and (ii) they are
representative of common chemical assays (e.g, enzymatic
assay, immunoassay, and chromogenic assay). The Lactate
assay is used to measure the concentration of lactic acid in
serum and is representative of other assays to detect common
serum components (e.g., glucose, creatinine, alkaline phospha-
tase). The LDL ELISA is used to measure the concentration of
low-density lipoproteins in serum and is representative of other
immunoassays of common biomarkers (e.g., carcinoembryonic
antigen, troponin). The anti-Treponema pallidum IgG ELISA is
used to detect syphilis and is representative of other qualitative
ELISA tests to detect infectious diseases (e.g., dengue fever,
Ebola, malaria). The Cyanmethemoglobin assay is the gold-
standard method to detect hemoglobin in blood. The
Bicinchoninic acid (BCA) assay is the gold-standard method
to measure the total protein concentration of purified biological
samples. The Griess assay is used to measure the concentration
of nitrite ions in water samples and is representative of other
simple chromogenic assays for the detection of pollutants in
environmental samples (e.g., chlorine, metal ions).

Figure 5 and Table S-3 of the Supporting Information
compares the results of analyses of real samples measured with
the flatbed scanner, the camera-based photometer and the
microplate spectrophotometer. Using a t test, we found that the
results we obtained using the flatbed scanner and the camera-
based photometer were not significantly different than those
obtained with the microplate spectrophotometer. From these data,
we conclude that these low-cost photometers can replace a
microplate spectrophotometer in many, routine photometric
assays. Using the flatbed scanner as a photometer could be
very useful in clinics that perform many different analyses on
dozens of samples per day. For in-field absorbance measure-
ments on multiple samples, the camera-based photometer may
prove more suitable due its portability (especially because of
the lightness, low power consumption, and mobility of a cell
phone compared to a scanner). After using either low-cost
photometer to capture images of samples, a user could analyze
the images locally (either manually or using a custom software)
and/or send them to a central location for remote analysis,
interpretation, and logging.

B CONCLUSIONS

Although devices for digital imaging have been used to measure
absorbance in the past, fundamental questions about the quality
and the meaning of these optical measurements have not
previously been answered. Our optical model, experiments, and
analyses yield four conclusions about RGB-based measure-
ments of absorbance. (i) Transmittance-mode imaging is
superior to reflectance-mode imaging because the color-
uniformity of neighboring pixels in transmittance measure-
ments enables any software for imaging be used for reading the
RGB values, and therefore the absorbance, easily and
accurately. (ii) The absorbance spectrum of any sample, and
therefore, the peak absorbance value collected by narrow-band
measurements, is analytically related to the broadband
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Figure S. Histograms of the results of the analysis of samples using
(A) Lactate assay, (B) LDL assay, (C) BCA assay, (D)
Cyanomethemoglobin assay, (E) Griess assay, and (G) Anti-
Treponema pallidum 1gG ELISA. All the assays were performed with
the microplate spectrophotometer, the flatbed scanner, and the camera-
based photometer. The error bars correspond to the standard deviation
of seven replicate measurements. Sample concentrations that were
lower than the limit of detection were “not determined” (N.D.). Anti-
Treponema pallidum IgG ELISA provides binary (positive/negative)
results.

absorbance measured by an RGB-based photometer. (jii) The
highest sensitivity measurements are obtained from the RGB
color channel that best overlaps with the peak absorbance of
the sample. (iv) The accuracy, precision, and linearity of these
RGB-based measurements of absorbance are comparable to
measurements of the peak absorbance performed by conven-
tional (and expensive) laboratory-based equipment in a wide
range of routine photometric assays.

These results show that either a flatbed scanner for imaging
photographic films, or a camera-based photometer (assembled
from a planar light source, a cardboard box and a cell-phone
camera), can be used as low-cost photometers without major
modifications or complex training of operators. Four important
characteristics show that these photometers, both based on
ubiquitous, low-cost reliable consumer electronic devices, are
effective for all common, array-based spectrophotometric
assays. (i) They are versatile enough to detect analytes that

DOI: 10.1021/acs.analchem.5b01612
Anal. Chem. 2015, 87, 9170-9178


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b01612/suppl_file/ac5b01612_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.5b01612

Analytical Chemistry

have very different absorption spectra at different wavelengths
within the visible spectrum, regardless of the wavelength of the
peak absorbance or the shape of the peak. (ii) They are capable
of high-throughput measurement of many samples at a time
(36—192, depending on the configuration and the device),
because every single pixel sensor of the imaging device works as
a single detector. Independent photometric measurements can,
therefore, be performed simultaneously. (iii) They are
affordable and can be easily replaced. (iv) They are portable
and lightweight.

There are three potential disadvantages of using the RGB-
resolved absorbance in place of the peak absorbance. (i)
Measurements of the RGB-resolved absorbance are less
sensitive by approximately 1.3—16X (depending on the device
and selected color channel) than measurements of narrowband
peak absorbance due to the polychromatic nature of RGB-
resolved absorbance and nonlinear gamma corrections. (ii) The
RGB-based absorbance values of a sample are influenced by the
L(A) of the light source and the S.(4) and 7, of the RGB-based
image sensors. Because these parameters differ for different
RGB-based photometers, new calibration curves must be
acquired when using different equipment. (iii) The low spectral
resolution (i.e., broad bandwidth) of RGB channels does not
provide sufficient spectral information for unique discrim-
ination between multiple compounds, that absorb in only one
and the same color channel, in a mixture, at a time. For
example, chlorophyll a exhibits two absorption peaks at 443 and
675 nm and chlorophyll b at 463 and 655 nm (see Figure S-14
in the Supporting Information). In a sample that contains both
chlorophyll a and chlorophyll b, therefore, the concentration of
chlorophyll b cannot be determined using an RGB-based
photometer without further modifications. Adding color filters
to the image sensor could improve both the sensitivity and
selectivity of measurements by narrowing the bandwidths of the
measurements around the absorption peaks of the dyes. The
cost of the color filters is low (e.g., less than $50 for a bandpass
color filter); therefore, the overall cost of the RGB photometer
will remain low. To improve sensitivity and specificity,
analytical laboratories could develop and validate low-cost kits
specifically tailored for use with RGB-based photometers; that
is, they could select or engineer dyes with absorption peaks that
coincide best with the RGB channels of common image sensors
than those in current test kits. In general, however, the reduced
sensitivity of RGB-resolved measurements relative to measure-
ments of the peak absorbance by a laboratory spectropho-
tometer does not affect the quality (accuracy, precision, and
linearity) of the results and, therefore, is not a practical
limitation. The inability to identify unknown samples with
complex spectra uniquely, or many samples in a mixture, is also
not a major limitation because most applications in biochemical
and environmental analysis involve the assay of a single dye
with a well-known absorbance spectrum that exhibits a single
peak.

These simple and affordable alternatives to conventional
equipment are suitable for performing precise and accurate
measurements of absorbance in resource-limited laboratories.
The camera-based photometer is particularly well-suited to in
field measurements, especially if the cell-phone used is
equipped with a software application that can perform all the
steps of the data analysis automatically. A range of laboratories
that cannot afford to buy a new microplate reader, or repair or
replace a broken one, could use scanners for film imaging for
research, education, or routine measurements. For example,
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laboratories that specialize in biochemistry and organic
chemistry might use these devices to monitor chemical and
biochemical processes. Overall, this approach to low-cost
photometry has the potential to reduce the difficulty and cost
of common analysis and may facilitate the wider use of such
analysis for screening of diseases (e.g, infectious diseases,
chronic diseases, malnutrition), comprehensive testing of the
quality of food and water (e.g, bacterial contamination,
evaluation of authenticity) and enable simple environmental
monitoring (e.g., heavy metals, poisonous gases).
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