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ABSTRACT: Colorimetric measurements by image analysis, giving
RGB or HSV data, have become commonplace with optical indicator-
based assays and as a readout for paper-based analytical devices (PADs).
Yet, most works on PADs tend to ignore the quantitative relationship
between color data and concentration, which may hamper their
establishment as analytical devices and make it difficult to properly
understand chemical or biological reactions on the paper substrate. This
Perspective Article discusses how image color data are computed into
colorimetric absorbance values that correlate linearly to dye concen-
tration and compare well to traditional spectrophotometry. Thioflavin T (ThT), Neutral Red (NR), and Orange IV are used
here as model systems. Absorbance measurements in solution correlate well to image data (and Beer’s law) from the color
channel of relevance if the gamma correction normally used to render the picture more natural to the human eye is removed.
This approach also allows one to correct for color cast and variable background color, which may otherwise limit quantitation in
field measurements. Reflectance measurements on paper color spots are equally found to correlate quantitatively between
spectroscopy and imaging devices. In this way, deviations from Beer’s law are identified that are explained with dye interactions
on the paper substrate.

KEYWORDS: colorimetry, RGB analysis, scanner, gamma correction, background light correction, smartphone analysis,
paper-based analytical devices

Microfluidic paper-based analytical devices (μPADs),
introduced in 2007 by Whitesides, are simplified variants

of lab-on-a-chip (LOC) devices.1 Because they tend to employ
chromogenic reagents as indicators in most reported cases,
colorimetry has been the most-used technique for analyte
quantification on paper. For this reason, signal acquisition
typically relies on external equipment such as a camera, scanner,
or smartphone.2,3 Because the final colorimetric signal varies
with the specific device and light source, experimental data is
difficult to cross-correlate. To help overcome this limitation,
equipment-free semiquantification has been explored that may
output distance-,4−7 text-,8−10 timing-,11−13 and counting-
based14−16 signals with the help of chromogenic reagents.
Despite these advances, many PAD principles are difficult to
convert to these types of readouts and still require traditional
colorimetric detection.
Unfortunately, most work on paper-based sensors has not

strongly focused on the acquired color of the image data for
quantitation, even though the response on paper substrate tends
to deviate from ideal behavior.17−22 Also, quantitative image
analysis is known to be difficult in inconsistent lighting
conditions, which is an important limitation for the practical
acceptance of PADs.23 It is therefore important to acquire a
colorimetric signal that can be correlated to spectrophotometric
absorbance values. This would allow one to use image data by
means of a camera detector to evaluate Beer’s law in solution and
on a substrate of choice. It would also help researchers on PADs

understand the influence of the paper substrate on the chemistry
of indicator readout.
This Perspective Article aims to help clarify how image data

are best reported for quantitative analysis by first discussing the
simpler case of homogeneous solution phase and subsequently
moving to paper-based substrates. The concept of gamma
correction and the need for its removal are discussed. Pixel
intensities are converted to a more robust absorbance value that
is less dependent on color background. The resulting data are
successfully correlated to spectrophotometry, both for solution
phase and reflectance with paper substrates.
This Perspective Article builds on earlier work. The

computing of absorbance values from image data has been
reported earlier,24,25 as is the need for the removal of gamma
correction for accurate color analysis.26−30 The removal of
gamma correction has been reported to be important for
understanding the behavior of a chemical reaction26,27,30

because the color produced on the image without gamma
correction reflects the actual light intensity. Unfortunately, these
same reports lacked a direct comparison of the color calculated
from the spectrum of the dye with the experimental color from
the image data;27,28,30 therefore, the validity of gamma removal
was not assessed. Some works compared the absorbance spectra
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of the dye and resulting absorbance calculated by RGB
values,26,31 but they are not strictly comparable parameters
because the calculation methods to obtain absorbance from
spectrophotometry or RGB-based image data are different, as
will be discussed here. Out of the works mentioned above,
Christodouleas et al. demonstrated the correlation of RGB-
analyzed and spectrophotometer-based absorbance in well-
defined aqueous solutions, taking into account gamma
correction and RGB sensitivity.32 We summarize here these
findings and further demonstrate how absorbance values from
RGB data can be made to correlate to spectrophotometry.
Colorimetric absorbance is shown to be independent of variable
background color. An experimental approach to record the
spectral sensitivity and gamma correction of smartphone
cameras is proposed. Furthermore, image data from paper-
based substrates are correlated successfully to reflectometry,
which helps quantify to what extent dye-colored paper spots may
deviate from Beer’s law.

■ RESULTS AND DISCUSSION
Elimination of Gamma Correction.When image data are

taken by a camera, the output color on the screen does not
directly reflect the detected light intensity from the object. The
data are curved by gamma (γ) correction to make the resulting
picture on the screen look natural to the human eye. This
exponential correction is according to Weber−Fechner’s law.33
Therefore, the output light intensity is not proportional to the
input intensity as shown in Figure 1.

Consequently, once a camera detects reflected light from the
subject, it is subjected to gamma correction (Figure 1b),
described by eq 1

I Ioutput input= γ
(1)

where Ioutput and Iinput are the relative light intensities of the
output and input, respectively, normalized to range from 0 to 1.
The corresponding absorbance may be obtained by taking into
account I0 as the light output for when the object does not

contain the absorbing substance. For the color channel of
interest, the absorbance is written as

A I Ilog( / )output 0γ= − (2)

The coefficient γ corresponds to the gamma correction of both
intensities shown. When a camera outputs a color, it aims to
approach the sensitivity of our eyes to red, green, and blue color.
The detected light intensity Iinput is converted by this sensitivity
to the biased intensity Iinput′. Figure S1 shows the theoretical
spectral sensitivity of RGB color space (sRGB obtained with the
standard illuminant C) at each wavelength obtained by an
algebraic conversion from XYZ tristimulus values proposed by
CIE (Commission internationale de l’ećlairage) in 1931 with
primaries at 645.16, 526.32, and 444.44 nm. In this paper, this
color function defined by sRGB (illuminant C) was employed
because the spectrum conversion by this color function derived
well-correlating absorbance values in all RGB channels with
those from the imaging device.
The absorbance value calculated from either Iinput and Iinput′

should be the same because the sensitivity bias equally multiplies
Iinput and I0; see eq 2. In an 8-bit jpeg file, the intensities Iinput′
integrated over the window of wavelengths are expressed as R,
G, or B with a value ranging from 0 to 255. RGB values,
therefore, have the same fundamental meaning as light intensity.
Gamma-corrected RGB values may therefore be used to
calculate absorbance values as follows:

i
k
jjjj

y
{
zzzzR,G,B 255

R,G,B

255output
input=

γ

(3)

A log(R,G,B /R , G , B )Red,Green,Blue output 0 0 0γ= − (4)

The division by 255 in eq 3 is needed because gamma correction
is applied to an intensity range of 0 to 1, as mentioned above.
Absorbance values calculated from RGB image analysis on the

basis of eq 4 can be correlated to spectrophotometric
absorbance. We note, however, that molar absorptivity is
wavelength-dependent and in the general case the wavelength
maximum does not perfectly overlap with a given color channel
of the imaging detector. The correlation shown in Figure 2 is
using the dye ThT at different concentrations, chosen because it
gives a simple spectrum in the blue channel. To calculate the
absorbance value, the blue channel light intensities (solid lines in
Figure 2a) were computed from the spectrophotometric
intensity data (broken lines in Figure 2a) by multiplying each
recorded intensity spectrum with the spectral sensitivity of the
blue channel (Figure S1b). In this manner, the values of
spectrophotometric intensity obtained from the spectropho-
tometer was converted as follows:

I I B( ) ( ) ( )blue originλ λ λ= (5)

where Iblue(λ) and Iorigin(λ) are blue-channel corrected and the
original light intensity and B(λ) is the spectral sensitivity of the
relevant RGB color function (see Figure S1b) of the imaging
device. The converted light intensity (solid line in Figure 2a)
was integrated over all the wavelengths as shown in Figure S3a,
correlating well to the blue values obtained from image data
(Figure S3b) when γ = 1. The discrepancy of the values
originates in the different definition of the output value and is
overcome by use of eq 4 to obtain colorimetric absorbance data.
Those are found to correlate well with colorimetric absorbance
from the blue channel of the imaging device (black circles in
Figure 2b) if gamma correction is removed (γ = 1).

Figure 1. (a) Illustration of a colorimetric detection system where a
picture is taken and output on a screen and (b) relationship between
input and output light intensity in the absence (black line) and presence
(dashed line) of gamma correction.
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Note that the blue channel corresponds to a shoulder of the
original intensity spectrum, giving larger uncertainties than
absorbance values calculated from peak maxima. Consequently,
blue channel absorbance is equivalent to an absorbance
measurement at a specific wavelength, different from peak
maximum. This absorbance has been referred to as “RGB-
resolved absorbance”32 or “relative absorbance analogues”24 in
the literature and is here simply called colorimetric absorbance.
The dye ThT gives much smaller recorded light intensity
changes in the red and green channels (Figure S4). Figure 2b
shows that only data without gamma correction (γ = 1) give
satisfactory correlation with spectrophotometry. A higher
gamma correction (lower values of γ) lowers the observed
absorbance of the imaging device in agreement with eq 4. Note
the deviation with data from an imaging camera (Cannon EOS
40D camera) caused by a proprietary gamma correction
function that does not strictly follow the form given in eq 4.
The function of algebraic conversion fromXYZ tristimulus color
function to each RGB color function is usually reported. One
must be aware that, similar to gamma correction, color-matched
RGB values equally impose a correction on the detected light
which may cause a deviation from Beer’s law from the original
RGB color function (Figure S5).
Analogous investigations for the red channel with Methylene

Blue (MB) and for the green channel with Neutral Red (NR)
also showed good correlations (see Figure 2c and d) similar to
the blue channel with ThT, which supports here the use of the
sRGB (illuminant C) color function. The original spectrum of
the dye should adequately overlap with the spectral RGB
sensitivity to obtain good correlations as shown in Figure S6. It is
important to choose a channel to which the dye of interest is
sufficiently responsive.

Gamma Correction and Spectral Sensitivity of
Smartphones. The spectral sensitivity and the gamma
correction algorithm of modern smartphones tend to be
proprietary and are not disclosed by the manufacturer. It is
here proposed to characterize the spectral sensitivity spectrum
of a smartphone by recording a timed movie in a
spectrophotometer while sweeping the wavelength of the light
in a predefined range and scan rate. Each recorded movie frame
may be assigned to the appropriate wavelength as follows:

n n v( ) fpsf 0 f
1

scanλ λ= + −
(6)

where λ is the wavelength of the light, λ0 is the starting
wavelength of the scan in nm, nf is the video frame number, fps is
the number of video frames recorded per second, and vscan is the
scan rate in nm s−1. Software analysis of the movie frames allows
one to extract the sensitivity spectrum for each RGB color
channel, as shown in Figure 3a for the iPhone XR smartphone as
example.
Figure 3b−d shows the correlation of RGB absorbance values

calculated from spectrophotometric and smartphone image data
from an iPhone XR smartphone. As gamma correction is
typically not known with smartphones, they may be determined
by this absorbance correlation. Because the applied gamma
correction value may vary depending on ambient light and other

Figure 2. (a) Intensity spectrum observed by the spectrophotometer
(dashed line) is shown together with the simulated biased intensity in
the blue channel of the RGB color space (solid line). (b) Comparison of
the blue-channel corrected absorbance values from spectrophotometry
(x-axis) to blue channel colorimetric absorbance acquired with a
CanoScan 9000f Mark II scanner with gamma correction of 1 (black
circles), 1/2.2 (red triangles), and 1/4 (blue squares) and with the
Cannon EOS 40D camera (green diamonds). Figure S2a−d shows
actual analyzed image data. Comparison of the (c) red-channel and (d)
green-channel corrected absorbance values from spectrophotometry
(x-axis) of Methylene Blue (MB) and Neutral Red (NR), respectively,
to those values acquired by CanoScan 9000f Mark II scanner without

Figure 2. continued

gamma correction. Error bars are standard deviations (n = 3). The slope
of theoretical line (black line) in each figure is 1. The slope of the fitted
line and the corresponding R2 value are, respectively, (b) 1.018 and
1.000, (c) 1.019 and 0.997, and (d) 1.078 and 0.997.
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automated settings, it is recommended to maintain consistent
experimental lighting conditions when investigating this
characteristic.
For Figure 3, the mean value of the gamma correction

obtained by eq 2 was used to represent the gamma correction of
each color channel. For the iPhone smartphone, they were
determined as γBlue = 1/2.38, γGreen = 1/2.27, and γRed = 1/1.58
for the blue, green, and red channels, respectively. Gamma
correction values are generally in the range of 2.0−2.2, but
discrepancies from the typical value and inconsistencies among
channels have been reported earlier.32 The relatively high
correction value for the red channel (γRed) means that the
camera stresses purposely its color over those in the other two
channels.
The approaches given here make it possible to obtain the

spectral sensitivity as well as the gamma correction values for
consumer level detection devices such as smartphones that are
becoming important in low cost analytics such as paper-based
assays and sensors.

Independence of RGB Absorbance on Background
Color. Absorbance data (eq 2) should be much less dependent
on the intensity or color of the broad background light than
simple RGB values, since light variations are reasonably
corrected by forming the intensity ratio, I/I0.
The absorbance changes as a function of concentration with

widely different color backgrounds are shown in Figure 4c. Even
with obviously different background colors (Figure 4a) that give
highly inconsistent blue values (see Figure 4b), absorbance
values remain very similar to the values taken with a white
background (all data without gamma correction at γ = 1), and
are within 5.1% to each other (average values in Figure 4c). This
approach may help overcome the reported problem of variable
background light in colorimetric analysis and is highly
recommended for quantitative work.23

Quantifying RGB Images on Paper. Paper-based
analytical devices show color spots that are observed by
reflected, rather than transmitted light. Reflectance spectropho-
tometry can be used to correlate to RGB image data in the same
general manner as for the transmission experiments shown
above. For this purpose, paper spots were colored with ThT dye
at different loadings. In analogy to the procedure used for Figure
2, the recorded spectrum was filtered by the blue channel
sensitivity (see Figure S7 for details) to arrive at the
spectrophotometrically predicted intensity change of the blue
channel. The recorded reflectance spectra for different ThT
concentrations on paper (Figure 5a) give blue channel
absorbance values (x-axis on Figure 5b) that correspond well
to that observed by the imaging device (see y-axis on Figure 5b).
The blue channel light intensities or blue values vs dye
concentration for the two methods are shown in (Figures S7c
and S8), where the integrated blue-biased light intensities (see
Figure S7c) and blue values from the imaging device (see Figure
S8) give analogous behavior to the solution phase discussed
above.
In addition, Neutral Red (NR), a dye responsive in both red

and green channels on paper substrate was investigated in
analogy; see Figure S9 for the associated spectra. Figure 5c and d
shows very good correlation of the red and green values obtained
from reflectance measurement and image data. Therefore, as
with the transmission experiments described above, quantifica-
tion of colorimetric data is possible by correlation with
spectrophotometry given adequate spectral overlap.

Figure 3. (a) RGB color function of iPhone XR smartphone where the
blue solid represents blue sensitivity B(λ), green dashed line represents
G(λ), and red long-dashed/dot line represents R(λ). (b−d)
Comparison of RGB absorbance values from spectra (x-axis) and
image (y-axis) data in blue, green, and red channels, respectively. Error
bars are standard deviations (n = 3). The standard deviation in the x-
axis direction is given in each plot. See Figure S2g for the actual image of
the ThT solution used in this experiment. Determined gamma
correction values were used with eq 4 for the calculation in (b)−(d).
Slopes of theoretical straight lines shown are unity. The slopes and
corresponding R2 values for the least-squares fits (intercept of zero) are,
respectively, (b) 1.002 and 0.993, (c) 0.991 and 0.994, and (d) 1.015
and 0.996.
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Neutral Red is not sufficiently responsive for the red channel
in aqueous solution but does show a signal on the paper
substrate that is caused by a spectral shift from solution phase
(Figure S4b) to the paper substrate (Figure S9) as discussed
below.
Behavior of Dye-Adsorbed Paper. Fundamentally,

colorimetric reflectance data correlate well to spectrophotom-
etry. Nonetheless, absorbance is not found to increase linearly
with the ThT concentration on paper as expected from Beer’s
law, see Figure 6a. Instead, linear behavior is confirmed only at
higher dilution in Figure 6b. This suggests that the observed
nonlinearity is caused by chemical interactions. The ratio of
suppressed to ideal absorbance, or deterioration ratio, is
calculated based on reflectance and RGB analysis (Figure

S10b) and shows the same result. The color of the dye on paper
behaves differently from that in the solution phase.
Neutral Red (NR) and Orange IV are both substantially

responsive in the blue channel and were investigated to further

Figure 4. (a) Recorded images of a 96 well plate holding ThT solutions
of 0, 100, 200, 300, 400, 500, and 600 mg/L from the bottom to the top
with indicated color backgrounds, acquired with a gamma correction
value of 1; in other words, without gamma correction according to eq 1.
(b) Analyzed blue intensity values for each color background of (a),
showing large deviations caused by the variable color background. (c)
Corresponding colorimetric absorbance values for the same ThT
solution with variable color background, resulting in a dramatic
decrease of variability. Error bars are standard deviations (n = 3).

Figure 5. (a) Reflectance spectra of ThT-colored paper spots, (b)
comparison between the resulting blue-channel corrected absorbance
and colorimetric absorbance in analogy to Figure 2, and (c) same
comparison of red and green channel with Neutral Red (NR)-colored
paper spots. Figure S2e and f shows the actual analyzed image data.
Error bars are standard deviations (n = 3). The slope of theoretical line
(black line) in each figure is unity. The slopes and the corresponding R2

value for the least-squares fit (intercept of zero) are, respectively, (b)
1.038 and 0.995, (c) 1.031 and 0.999, and (d) 1.002 and 0.994.
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substantiate this phenomenon (Figure 7b, c). Orange IV
exhibits a very similar absorbance peak to ThT (see Figure
S11). The responsivity of NR in the blue channel is only slightly
inferior to that in the green channel.
Neutral Red (electrically neutral) and Orange IV (negatively

charged, pKa: 2.0
35) were chosen to evaluate their chemical

interaction with cellulose (negatively charged; pKa 3.0−5.036,37)
and solubility. The deviation may be caused by aggregation of
the dye on the paper substrate. As this interaction can be
electrical or hydrophilic, dyes with different valencies, +1, 0, −1
were chosen. In the absence of charge differentiation, the
hydrophilicity of the dyes may also drive aggregation. In
agreement with the solubility order (Figure 7b),34 Orange IV is
more hydrophobic than the other two dyes as it was no longer
soluble at 2.2 mM, in contrast to ThT, which in turn is less
soluble than Neutral Red.
Figure 7c indicates that the deviation from Beer’s law at

increasing concentrations may be generally observed for most
dyes, the extent of which depends on dye structure. We suspect
that the deviation is most probably caused by π-stacking of the
dye due to the aggregation on the paper. Looking carefully into
the reflectance spectrum of ThT (see Figure 5a), there is a
generation of the new peak around 540 nm which is found
outside of the blue channel sensitivity. This can be considered a
gradual absorbance peak shift from the initial 410−550 nm as
ThT is concentrated on the paper substrate. Absorbance peaks
have indeed been found to shift dramatically in the presence of
π-stacking of the dye with other substances.38 Interactions
between ThT and the substance without causing π-stacking may
prevent this absorbance shift, as in water, where each ThT
molecule interacts only with water molecules. The same

phenomenon was seen with Neutral Red on paper substrate as
mentioned above, where the spectrum on the paper is broader
than that for aqueous solution phase; see Figures S4b and S9.
The discussion assumes that dyes homogeneously distribute

through the thickness after the spots were dried. Positively
charged Thioflavin T may interact with negatively charged
carboxylic groups and cause a chromatographic effect in the
thickness direction of the paper. Such an effect was not observed
in the cross section image of the ThT-colored paper spot; see
Figure S12 as dyes uniformly distribute through the paper.

Figure 6. (a) Blue-channel corrected absorbance value of Thioflavin T
(ThT) from the image data taken with the CanoScan 9000f Mark II
scanner and (b) linearity of colorimetric absorbance calculated from
RGB image analysis of ThT-colored spots at low concentration. Error
bars are standard deviations (n = 3). The slope and R2 value of (b) are
2.001 and 0.984, respectively.

Figure 7. (a) Recorded image of paper spots colored by 8 μL of ThT,
Orange IV, and Neutral Red aqueous solutions of 100, 200, 300, 400,
500, 600, and 700mg/L, from left to right respectively; (b) structures of
the dyes used for the investigation of deterioration ratio in the order of
increasing solubility; (c) deterioration ratio obtained with each dye and
(d) deterioration ratio as a function of concentration for each dye at low
concentration, where the black line, red dashed line, and blue long-
dashed/dot line indicate the behavior of Neutral Red, Thioflavin T, and
Orange IV, respectively. Solubility was estimated by ADME provided
by the Swiss Institute of Bioinformatics.34 Error bars are standard
deviations (n = 3).
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Accordingly, we advocate that the more hydrophilic dye can
better interact with the hydrophilic cellulose fiber and π-stacking
under dried condition can be alleviated to some extent. This
hypothesis agrees with the result shown in Figure 7c, where most
hydrophilic dye Neutral Red has less absorbance deterioration
followed by ThT and Orange IV in the order of hydrophilicity.
As shown in Figure 7d, Beer’s lawmay be fulfilled under dilute

conditions, withNeutral Red exhibiting linearity in a wider range
of concentrations, followed by ThT and Orange IV, in the order
of decreasing hydrophilicity.
Dye aggregation can be partly reversed by the addition of

water, as demonstrated with ThT in Figure 8. In practice, this
suggests that the wetness of the paper may need to be controlled
for consistent colorimetric analysis.

■ CONCLUSIONS
Colorimetric detection via a digital camera, smartphone, or
flatbed scanner has become a cornerstone for the realization of
low-cost analytical devices. This Perspective Article aims to give
some recommendations tomake this type of readout as robust as
possible, using transmission with microtiter plates and
reflectance with paper-based devices as concrete examples. A
correlation between established spectrophotometry and colori-
metric detection may be found successfully by taking into
account the spectral sensitivity of a given color channel of the
imaging device. This makes it possible to evaluate the validity of
Beer’s law and find optimal protocols for practical use.
To allow for best quantification of colorimetric data, the

imaging device must allow for removal of gamma correction,
which is a function applied to render images more natural to the
human eye. Unfortunately, photographic cameras may apply
proprietary curves to the acquired image data that make them
poor choices for quantitative analysis. Color matching functions
similarly manipulate the data and should be avoided.
As shown here, it is possible to acquire the spectral sensitivity

of the colorimetric detector by recording a movie in a
spectrophotometer, as shown here with an iPhone XR
smartphone. This information allows one to also arrive at the
gamma correction information by correlating to spectrophoto-
metric absorbance data. For Canon EOS cameras, third party
software such as Magic Lantern may help with controlling
camera settings including gamma correction.
For best quantitative results, one should choose a color

channel as closely aligned to the absorbance maximum of the

dye. Any spectral deviation will invariably result in a decrease of
sensitivity relative to established, uncorrected spectrophotom-
etry.
Importantly, it is recommended to report colorimetric data as

absorbance values by calculating the logarithm of the intensity of
the color spot divided by the intensity of a spot of the same
substrate illuminated by the same light but without colorimetric
reagent. This gives colorimetric absorbance values that should
be proportional to dye concentration, in analogy to spectropho-
tometry. This approach allows one to effectively correct for
variable background lighting conditions and is recommended
for quantitative work.
The reporting of colorimetric absorbance values on paper

substrates follows the same general guidelines as for trans-
mission experiments. This allows one to evaluate whether
linearity with dye concentration is fulfilled, and if not, to assess
the fundamental reasons for any deviation. In this specific study,
dye aggregation by π-stacking is thought to result in a deviation
from linearity at higher loadings on paper.
If the function between dye concentration and absorbance is

properly identified on a given substrate, one should be able to
identify the amount of dye in a given chemical form just by
analyzing the entire color image, without the need for any
particular paper channels or spot shapes, which would greatly
simplify quantitative analysis. This work is currently in progress
in our laboratory.

■ EXPERIMENTAL SECTION
Materials and Instruments. Thioflavin T (ThT), Neutral Red

(NR), and Orange IV were purchased from Sigma-Aldrich (St. Louis,
MO). Methylene Blue was purchased from Alfa Aesar (Haverhill, MA).
Ultrapure water (>18 MΩ cm) was obtained from a PURELAB flex
water purification system (ELGA, Veolia Water, Marlow, U.K.). A 96-
well plate (Grenier Cellstar) was sourced from Greiner bio-one
(Kremsmunster, Austria). Absorbance measurement was performed by
using a SpectraMaxM5 instruments (Molecular Devices, Danaher, San
Jose, CA) and the corresponding software SoftMax Pro. A Canon EOS
40D camera equipped with an EF 35 mm f/2 IS USM lens, a Canon
(Tokyo, Japan) EOS 5DMark III camera equipped with an EF 200mm
f/4 IS USM lens followed by a microscope lens Plan-neofluor 10×/
0.30, and a CanoScan 9000f Mark II scanner were purchased from
Canon. Whatman No. 4 qualitative grade filter paper was purchased
fromGEHealthcare UK Limited (Buckinghamshire, U.K.). CorelDraw
software was used to pattern paper spots on the paper substrate
(Whatman No. 4). Hydrophobic wax was printed on Whatman No. 4
paper by using a Xerox Colorqube 8870 wax printer. The lamination
process was performed by using a GMP MyJoy-12 laminator (Paju,
Korea). A4 size and 100 μM thickness laminate film was purchased
from Laminiersysteme (Hollenstedt, Germany). A 40 cm mini-studio
shooting tent was sourced from PULUZ Technology Limited
(Shenzhen, China). A lamp as a light source for the reflectance
measurement was purchased fromMicasa Migros (model: 230 VMAX
40 W E27, Zurich, Switzerland). Reflectance measurements were
performed by using a Miniature spectrometer (Ocean Optics, Halma
plc, Amersham, UK) and OceanView spectrometer software. The light
source of the UV−vis spectrometer (SPECORD 250 plus, Analytic
Jena, AG, Germany) was used to acquire the spectral sensitivity of the
camera loaded onto a smartphone (iPhone XR, Apple, Cupertino, CA).

Fabrication of Paper Substrate. Spots were patterned by a
hydrophobic barrier on the paper substrate with a procedure
introduced earlier.5 In this work, the bottom side of the wax-patterned
paper substrate was laminated with an A4 sized laminate film. At this
time, the upper side of the paper substrate was covered with a baking
sheet to prevent the detachment of the laminate.

Preparation of Dye Solution and Dye-Colored Spot on the
Paper Substrate. Thioflavin T (ThT) was dissolved in pure water at
various concentrations (0, 1.30, 2.60, 3.90, 5.20, 6.50, 10, 25, 50, 100,

Figure 8. Deterioration ratio obtained with ThT on the paper spots
under dried and wet conditions by applying 2 μL of water. Error bars are
standard deviations (n = 3).
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200, 300, 400, 500, 600, 700, 970, and 1313 mg/L) as stock solutions.
Neutral Red (NR) was dissolved in the same way at various
concentrations (0.54, 1.09, 1.63, 2.17, 2.72, 5.43, 8.15, 10.87, 13.59,
16.30, 100, 200, 300, 400, 500, and 600 mg/L) and as were Orange IV
(1.20, 2.40, 3.60, 4.80, 6.00, 12.00, 120.06, 240.12, 360.18, 480.24,
600.30, and 720.36 mg/L) and Methylene Blue (MB) (100, 200, 300,
400, 500, and 600 mg/L). A volume of 10 μL of stock solution was then
added into 2 mL of water in cuvettes for ThT solution analysis with the
Canon EOS camera; 4 μL of stock solution was dropped into a 196 μL
solution contained in a well of the microtiter plate for ThT, NR, and
MB solution analysis with the CanoScan 9000f Mark II scanner, and 8
μL of stock solution was dropped on a paper spot defined by
hydrophobic wax barrier for ThT, NR, or Orange IV sample analysis on
paper with the same scanner.
Image Data Acquisition by Canon EOS 40D Camera and

CanoScan 9000f Mark II Scanner and Data Analysis. A ThT
sample solution in cuvette was surrounded by a white paper box whose
bottom and front faces were cut out. The camera was set in front of this
box and a picture was taken at ISO 400, f/2.8 and sRGB color space.
Note that gamma correction is not controllable with this camera. Image
data was recorded as CR2 raw data by the camera and subsequently
converted into TIFF (16 bit) format by “digital photo professional 4”
provided by Canon.
A 96-well plate or ThT-colored paper spots was placed between the

cover and the stage of the scanner. In “ScanGear” scanningmode, all the
correction settings were turned off while the gamma correction value
and color matching were set on demand. Data was taken in TIFF format
(48 bit, automatically selected) at 600 dpi.
For image analysis, the color of the image data was split into RGB

channels. A circle spot of both ThT solution or paper spot was selected
and the mean blue value was acquired by ImageJ software.
Acquisition of Spectral Sensitivity and Absorbance Meas-

urement by Smartphone.As for absorbance measurement. One side
of a mini-studio shooting tent was opened and covered with a paper box
containing a 1 × 4 cm2 diagonal opening that served to illuminate the
sample. A volume of 10 μL of 100−600mg/L ThT, NR, orMB solution
was mixed with 2 mL of deionized water in a cuvette placed in front of
the opening of the shooting tent. Focus and brightness of the
smartphone were stabilized manually. The room was otherwise kept
completely dark.
To acquire a video of a scanning wavelength lightsource in the range

of 370−800 nm, the camera was placed just in front of the light source
of the spectrometer while avoiding blockage of the optical pathway for
the reference channel. Brightness and focus were fixed manually on the
screen of the iPhone XR smartphone during movie acquisition. The UV
lamp was turned on, and a 4 nm slit and 10 nm s−1 scan rate setting were
used.
The conversion of light intensity was done by extracting the

sensitivity value at the wavelength closest to the wavelength at which
the transmittance was measured (within ±0.1 nm) and multiplying the
sensitivity and transmittance values. For best results, the video should
be significantly oversampled relative to the spectroscopically acquired
spectrum.
ReflectanceMeasurement.A commercial lamp as a light source, a

dye-colored paper substrate, and a probe for reflectance measurement
connected to the spectrometer body were placed in a shooting tent box.
“OceanView spectroscopy” software was used for data acquisition.With
“Active Acquisition” mode, integration time was set to 20 ms with a
boxcar width of 11. A tip of the probe where reflected light enters was
tilted and stabilized by a clip stand and put on the dye-colored spot of
the paper substrate, making the light angle around 100° though the
center point of the paper spot. The lamp was set to emit the light source
from the diagonal direction to probe through the paper spot. The actual
image of the experimental setup is shown in Figure S13.
Prevention of Dye Aggregation on the Paper Substrate. A

volume of 2 μL of water was added on each ThT-colored paper spot,
and in turn the paper sample was scanned. Scanner conditions and the
analysis method were the same as above.
Acquisition of Paper Cross Section. The paper spots colored by

8 μL of 1313 mg/L ThT were cut across the spot diameter and imaged

with a Canon EOS 5DMark III camera equipped with an EF 100mm f/
2.8 L IS USM macro lens with image data in CR2 format.
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