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Colorimetric absorbance mapping and
quantitation on paper-based analytical devicesy

Yoshiki Soda, Kye J. Robinson, @ Thomas J. Cherubini and Eric Bakker ®*

A wide range of microfluidic paper-based analytical devices (uPADs) have been developed in the last
decade. Despite this, the quality of colorimetric analysis has not substantially improved as the data is
vulnerable to heterogeneous color distribution (e.g., coffee ring effects), non-uniform shapes of colored
detection area, and noise from the underlying paper structure. These limitations are here addressed by a
colorimetric method to quantify freely discharged dye on paper substrate, without the need for a defined
channel or hydrophobic barrier. For accurate quantification, colorimetric absorbance values are calculated
for each pixel based on the recorded RGB values and noise from the paper structure eliminated, to extract
accurate absorbance information at the pixel level. Total analyte quantity is then calculated through the
conversion of absorbance values into quantity values for each pixel followed by integration across the
entire image. The resulting quantity is shown to be independent of the shape of the applied colored dye
spot, with a cross, circle or rod shape all giving the same quantity information. The approach is applied to a
capillary-based potassium-selective sensor, where the sample solution is loaded with the dye thioflavin T
(ThT) obtained by quantitative exchange with K* in a sensing capillary, which is discharged onto a bare
paper substrate without any channels. The resulting dye quantity is successfully obtained by flatbed scanner
and smartphone. The successful automated computation of colorimetric data on uPADs will help realize
simpler paper-based assay and reaction systems that should be more applicable to addressing real world

rsc.li/loc analytical problems.

Introduction

As microfluidic paper-based analytical devices (WPADs) have
been improved over the years,' low-cost and simple-to-use
devices for various analytes such as ions,”® biomolecules and
markers” ™ and small molecules'® have been developed. For
this reason, paper-based analytical devices are recognized as a
simpler variant of lab-on-a-chip devices with higher user-
friendliness.

The expense for this simplicity in device design is that the
rational understanding of the reaction occurring on the
device is often ignored, partly because conventional
quantitative methods such as spectrophotometry are not
readily applicable on paper. While there has been an effort to
measure transmittance on paper, it requires lab-scaled
instrumentation to apply an intense incident light to
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transmit sufficient signal through the paper matrix.'®>°

More invasive methods include reaction systems such as
saturating the device in o0il.*" Nevertheless, researchers still
reply on such methods of limited accuracy because of the
surface structure of the paper that introduces scattering and
noise. In addition, there is no established method to
precisely quantify dyes on paper, and so colorimetric analysis
on WPADs has conventionally been quite vulnerable to color
heterogeneity on paper. More importantly, the relationship
between color and quantitative information has been unclear.

We have recently demonstrated the correlation of RGB-
based absorbance values calculated from the spectra of dye
and color on the image data both in aqueous solution phase
and on paper substrate after characterizing the spectral
sensitivity of the imaging device.”” It has been clarified that
RGB-based absorbance, coined colorimetric absorbance,
follows Beer's law in the aqueous phase but not typically on
paper substrate. Absorbance behavior on paper may deviate
exponentially from the ideal Beer's law, and in this case may
be predictable with an exponential function.

Provided that the relationship between the amount of
dye and colorimetric absorbance value is known, one may
obtain quantity information of the dye in a predetermined
area, even in a single pixel, of the image data. If this is
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successful, one may integrate the pixel-level quantity
information over the image area of interest to obtain the total
quantity of dye on paper. This may then solve most of the
quantification problems on uPADs listed above. In addition,
the single pixel analysis may allow one to map the absorbance
on paper substrate in an elegant, non-invasive manner.

Here, a method for the single-pixel level dye quantification on
paper is introduced, using thioflavin T (ThT) and neutral red (NR)
as model dyes. The colorimetric absorbance values in the red,
green and blue channels were calculated for each pixel by
identifying and selecting the colored pixels by computation. The
apparent noise from the paper roughness was eliminated by using
all 3 channels to formulate simultaneous equations for dye and
paper contributions. These equations were then solved for each
pixel separating the pristine dye absorbance from paper noise.
This allows one to obtain appropriate absorbance values in the
most responsive channel that are largely independent of the paper
structure. Once the function that correlates colorimetric
absorbance to dye quantity in a pixel is established, the 2D
absorbance image is converted to a quantity map that allows one
to obtain the total quantity of the target dye. This approach is
confirmed to be independent of the shape of the color spot for
both ThT, which has very simple absorbance spectra responding
only in blue channel, and NR, which produces a substantial
response in all three channels,” indicating the broadly applicable
nature of this quantification method.

This quantification method is then applied to a capillary-
based K'-selective optical assay utilizing ThT. In this assay an
ion-selective membrane containing K' ionophore, cation-
exchanger and cationic ThT as indicator dye exchanges K"
from the sample with ThT in the membrane. In turn, the
exchanged ThT is dispensed onto a bare paper substrate
without any hydrophobic barrier, and is successfully
quantified by the approach introduced here.

Experimental section

Fabrication of colored paper-based spots by ThT and NR
solution

Spots were patterned by a hydrophobic barrier on the paper
substrate with a procedure introduced earlier but with Advantec
5C filter paper.’ 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.

For ThT spot test, 10, 25, 50, 75, 100, 200, 300, 400, 500,
600, 700, 970, 1313 mg L™ ThT solutions were prepared, 8 uL
of them was dropped on the paper spots and left at room
temperature for drying. Similarly, 10, 25, 50, 75, 100, 200,
300, 400, 500, 600, 700, 900, 1300, 1500 mg L™* NR solutions
were prepared and spotted in the same way.

Discharge of ThT and NR solution on bare paper

To an A4 sized sheet of Advantec 5C filter paper a larger piece
of baking sheet was added to cover the top side of the filter
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paper and prevent the adhesion of a lamination film. These
sheets were placed between a lamination film and laminated
using a GMP MyJOY-12 laminator on its highest temperature
setting (10). 10 pL of 100, 200, 300, 400, 500, 600, 700
mg L' ThT or NR samples were discharged on the
bottom-laminated bare paper in various shapes and left
until dry. Following this, image data of this ThT-colored
paper was obtained using a Canosan 9000f Mark II
flatbed scanner.

Fabrication of capillary-based K'-selective optical sensor and
the quantification of K" on bare paper

16 mg of PVC and 32 mg of bis(2-ethylhexyl)sebacate (DOS)
were dissolved in 3 mL of THF. 0.40 mL of this mixture was
used to dissolve 2.61 mg of valinomycin (4.87 mmol kg™),
1.65 mg of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (NaTFPB; 3.50 mmol kg '), and 0.53 mg of thioflavin T
(3.13 mmol kg™) to obtain a near-exhaustive membrane
response in a 1-4 mM K’ sample. The fabrication of the
capillary sensor was carried out by solvent-casting this
mixture as reported previously.” 1, 2, 3, 4, 5, 6, 10 mM K"
aqueous sample solution were prepared. 10 pL of each
sample was aspirated into the capillary-based sensor and
discharged on bare paper after 3 min incubation. And in
turn, image data of this ThT-colored paper was obtained by
the flatbed scanner.

Image data acquisition by smartphone

A colored paper sample was placed in a black box equipped
with LED light source on the inner side of its roof which was
ultimately covered by 4 sheets of filter paper. For image data
acquisition, Adobe® Photoshop Lightroom, professional
mode was used in iPhone XR, with the following parameters,
Exp: 0, Sec A1/24, I1SO: 25, WB: AWB, focus: auto.

Computation method for dye
quantitation

RGB-based absorbance (colorimetric absorbance)

RGB values of image data are directly related to the light
intensity entering the camera detector, although it undergoes

filtration by the RGB channel sensitivity.”> Therefore, the
negative logarithm of the relative recorded intensities of R, G

or B channels represents the so-called “colorimetric
absorbance™” value as shown eqn (1).
ARGB ==y lOg (RGB/R()G()B()) (1)

where Arggp is colorimetric absorbance, R, G, B denote the
red green or blue values of the image data, Ry, Gy, By is
background red, green or blue value in the absence of the
target dye and y is the gamma correction value. As indicated
in eqn (1), one needs to eliminate gamma correction, which
is an exponential correction on light intensity used in digital
photography. If the value is known and constant, the

This journal is © The Royal Society of Chemistry 2020
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theoretical colorimetric absorbance value can be calculated
with eqn (1). This value is generally different from
spectrophotometric absorbance at peak maximum because of
a mismatched spectral sensitivity of the RGB imaging device.

The purpose of this work is to quantify a dye deposited
onto bare paper without any channel that would confine the
color spot, and apply the methodology to chemical sensing
by using only colorimetric image data. A major obstacle is
the heterogeneity of dye distribution on the paper substrate.
Fig. 1a shows an example of freely dropped dye thioflavin T
(ThT) on bare filter paper, where ThT is spread more or less
heterogeneously.

Summary of the quantification method and mathematical
interpretation

The quantification approach is to compute the amount of
dye in a minute area of the image and to subsequently
integrate it over the entire image. According to a recently
published relationship between colorimetric absorbance and
dye quantity, it should be possible to quantify ThT in an
extremely small area based on the colorimetric absorbance.
The minimum unit of an image data is a single pixel that
contains a discrete RGB data point. Hence, eqn (1) may be
applied to acquire colorimetric absorbance for each pixel to
obtain absorbance information for the whole image. For best
results, one must also eliminate the noise from the
roughness of the paper surface, which will be separately
discussed further below.

We have previously introduced the “deterioration ratio” to
relate the absorbance on the paper substrate to dye
concentration, shown here as eqn (2).>

ARES" = dr([Dye])-AiSH ([Dye]) = f([Dye]) (2)

where dr is the deterioration ratio, [Dye] is the dye
concentration and Al and ARIRS are the absorbance values
following the ideal case described by Beer's law and the
actual value on the paper substrate, respectively. Under
circumstances where the optical path length and
concentration are consistent and homogeneous, absorbance
can be related to the amount of dye:

A = ¢(mol™ L em™)-[Dye](mol dm?)-/(dm)
= ¢(mol ™' L em™")-npye(mol)-a ' (dm ) (3)

where npy. is the number of dye molecules contained in the
area of interest and a is the corresponding pixel area.
Although technically, the distribution of dye in paper is
three-dimensional, because of the relative dimensions of a
thin paper sheet we would expect that the distribution of dye
between the front and back to be relatively homogenous.
Previously presented data supports this assumption and as
indicated in eqn (3), for the purposes of quantification, the
paper can be treated as two dimensional.** Therefore,
absorbance can be written as a function of npy. in the unit

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Example of an image data conversion into absorbance mapping
and quantification of dye using ThT as example dye. (a) Shows the
original image data prepared by dropping 10 uL of 700 mg L™* ThT
solution on a bare paper that is bottom laminated; (b) represents
absorbance mapping figure calculated by the extracted blue value and
eqn (1) (see eqgn (6) for the calculation of background blue value),
containing paper noise; (c) is also an absorbance mapping figure from
the same image data but after elimination of the noise from the paper
structure; (d) and (e) are the 3D plots of absorbance values before and
after noise cancelling, and (f) is the 3D plot showing the ThT quantity
profile on the paper substrate calculated based on eqn (S1)} and the
noise canceled absorbance data in (e).

area, allowing one to relate the number of dye molecules in a
single pixel npy-a ' to absorbance, generally converting eqn
(2) to eqn (4):

Lab Chip, 2020, 20, 1441-1448 | 1443
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ARS" = flnnyea ) or npyea = fARTE) (4)
The deterioration ratio of ThT was obtained as in the
previous report with a flatbed scanner.* Pi-stacking of dyes
is thought to cause this deviation from Beer’s law which
helps explain why the deterioration ratio depends on dye
solubility. As it is challenging to quantitatively predict dye
solubility and its effect on colorimetric absorbance, a fitting
equation is used here. Fig. S11 shows the fitted curve and its
equation to acquire a pixelated quantity (:nDye-a"l) for each
pixel. The sum of pixelated dye quantity over the image will
then give the total quantity of dye on the paper substrate:

N

-1
Npye = Apixel § (nDye'a )k
k=1

= f(~7 1og(RGBy/RyGoBy)) (5)
k=1

where apixer is the pixel area, (nDye-a’l)k is surface
concentration of dye on the paper substrate, N is the number
of all pixels of the image data and RGBy is the RGB value of
kth pixel. Eqn (5) reflects the basic approach for dye
quantification in this work.

Absorbance calculation and automatic recognition of main
and background channels

To carry out the absorbance calculation by eqn (1), an
appropriate background intensity value is first determined. As
the experimental image data contains color from the dye of
interest, the identification and extraction of the non-colored
should be conducted. Colored pixels were first
eliminated by identifying pixels that are above a determined
threshold range and turning these values to 0, making them
black. Following the elimination of colored pixels, the average
background value was calculated by dividing the sum of all
blue values by the number of non-colored pixels below the
threshold range. This process may be formulated as eqn (6).

area

N

RGB;y, 6
N = Ncolor kX:; ( )

RGB, =
where N and Ncoor are the number of the pixels for all image
data and just the dye-colored pixels above the threshold,
respectively, and RGB; is the R, G or B value for the kth pixel,
including those converted to 0 (see Fig. S27 for the threshold
used for Fig. 1a, taking ThT dye as example). This
computation was carried out for all RGB channels. By doing
this, we are able to find the most responsive channel and
define 2 background channels by comparing the mean values
for each channel. Since these channels are compared as
absorbance values which is quite independent of the
background color,>” the algorithm to automatically assign the
major and background response channels can be properly
implemented whatever background color is used in principle.
Please see the code from “To import a picture and split into
R, G and B channels” to “Calculation of absorbance in all
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channels to find the channel with highest response and two
background channels” for the relevant coding process.

Separation of dye absorbance from the paper substrate noise

The notable noise originating from the roughness of the
paper surface as seen in Fig. 1b has been an important
limitation of paper-based analytical devices, and according to
our knowledge no work on uPADs has overcome this issue.
Here, the noise is eliminated by the following computation
method.

As images are obtained with three color channels (see Fig.
S3a-ct), signal originating from both the dye and paper can be
unmixed by using their distinct absorbance profiles.”> By
carrying out this unmixing after conversion of pixel values to
colorimetric absorbance we can avoid the difficulties associated
with pixel values. The absorbance signal for each pixel can be
represented by the following set of equations (eqn (7)):

AR = Arp Wi + Arp W
AYPE = Agp Wk +Acp-Wpi )
Ag‘?ks =App-Wpyi +App- W

_ 1 o
AgGBp = TZ - log(RGByyuter/RGBy) (8
max u=1
_ 1 Vmay -
Agpgep = v— Z - log(RGBinner/ RGBO) —Aggap (9)
max y—q

where Aﬁlfks, A%ﬁ’,? and A%‘}f are an observed absorbance value at
kth pixel in red, green or blue channel, Az p, Agp, Agp are
the scale factor for paper-sourced absorbance among each
channel which can be calculated by eqn (8), or averaging the
colorimetric absorbance of the pixels outside of the threshold
area (calculated using Ry, Go, By of a saturated pixel), Agp,
Agp, Agp are the scale factors for dye-sourced absorbance
which can be found by eqn (9), in other words, subtracting
the average paper-sourced absorbance (Agggp) from the
average observed absorbance in colored area and Wp; and
Whp are the weighting factor representing the deviation from
the average dye- and paper-sourced absorbance to derive the
actual signal. The trick here is that the average paper- and
dye-sourced absorbance can play a role of scale factor in eqn
(7). Since they are just scale factor, Agp, A p, Appy Arps A D
App can be normalized. The amount of contribution from
either dye or paper can then be solved simultaneously for
each pixel, in fact the problem is over specified as such the
solutions was found for both the main/response channel and
the two background channels.

An example of the solution for Wy, in the blue channel
using the red channel as a background is represented by eqn
(10). The pure dye absorbance on the paper in the blue
channel in the kth pixel (ARF") is then given by the product
of the Wy, ; value solved at each pixel with A 1, (eqn (10)).

This journal is © The Royal Society of Chemistry 2020
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obs % _ AObs &
Apaper _ 47 AR,k “App ABﬁk Ar,p

Bk —ABp'Wpi =App 2 ==

RDApp ~App-ARrp

(10)

ARP" here is equal to AR in eqn (4). Fig. S4t1 shows the
extraction process by this program by 2D plots for better
understanding. It is clear here that the paper noise is
successfully eliminated and dye signal was extracted.
Another significance of this algorithm is the robustness to
the shadow disturbance. As seen in Fig. S4a,f the subtle
shadow effect which tilts the paper signal (blue line) is
deleted in the extracted dye signal. Therefore, this
technique is independent not only of paper noise but also
of the error from shadow, although application of strong
shadow effect is still not preferred.

For extremely low dye concentrations or blank paper
where there are still thresholded pixels a simplified
background subtraction method should be utilized as to
avoid calculations based exclusively on noise. The processing
software has a simple check implemented to compare the
standard deviation of absorbance values between the original
image and the signal isolated from paper. If the deviation of
the extracted paper background exceeds that of the original
image, this is an indication that the dye signal is insufficient
for accurate pixel by pixel background calculation. In this
event the program switches to a less sophisticated noise
reduction technique based on a filtered background channel.
See “Background Calculation and Subtraction using
Simultaneous Equations” for the relevant code.

Consequently, in Fig. 1c the paper structure is
suppressed compared to the uncorrected Fig. 1b. The noise
cancelling effect can be best visualized by 3D plots
(Fig. 1d and e) where absorbance fluctuations are alleviated
after noise cancelling.

The Mathematica computation shown here suggests
that the non-invasive measurement of colorimetric
absorbance on paper is feasible, in contrast to
conventional methods that suffer from paper scattering
and require special lab-scaled instruments or additional
chemicals to allow incident light to pass through the
paper substrate.'®%>!

More importantly, this computation algorithm is
applicable to neutral red (NR) to which all the three
channels substantially respond (see Fig. S3d and ef) due to
its broad absorbance on the paper substrate while ThT has
a nearly response-free channel (see Fig. S3a-cf). To
implement the quantification for NR, the same spot test
was conducted with NR (see Fig. S5t) to obtain eqn (S2)f
which can convert absorbance information to quantity of
NR. Absorbance mapping before and after noise extraction
and 3D mapping of those absorbance and quantity values
after conversion by eqn (S2)j are shown in Fig. S6T in
analogy to Fig. 1. Thus, from Fig. 1 and S5, this algorithm
is considered to be robust to absorbance spectrum width,
which will be further supported by the practical
quantification in the next section.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Quantification of freely dropped dye on paper by flatbed
scanner

Based on the absorbance data obtained in the last section
(Fig. 1c or e) and eqn (S1),;f the quantity of ThT and NR on paper
substrate can be calculated. Fig. 1f and S5ff show the resulting
quantity profile. Application of eqn (5) to the data in Fig. 1f and
S5ft give the total quantity 77, on the paper substrate.

Fig. 2 then shows the quantification of image data for a range
of ThT and NR quantities deposited on paper. Absorbance
mapping in Fig. 2a and b (see Fig. S7 a and bt for the original
ThT and NR data) was done as described above. The high
correlation between the calculated and known quantity of those
dyes indicates the quantification approach introduced here is
neither affected by the heterogeneity of dye on the paper
substrate nor the shape of the color spot, given that the pixel
density is sufficiently high (600 dpi in this case), in other words,
there are a sufficient number of pixels to properly resolve the
shape of the spot. Inconsistent color distribution on paper, often
observed on paper-based analytical devices as a coffee ring effect,
may no longer be problematic for accurate quantification.
Indeed, the figures made by low concentration of NR (100, 200,
300 mg L™) shows color distribution from coffee ring effect
where the fringe of the colored area has stronger reddish color
(see Fig. S7bt).

(a)

(b)
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Fig. 2 (a) Absorbance mapping of paper substrate stained by 10 pL of
ThT without any hydrophobic barrier at, from left to right, 100 to 700
mg L%, shown with 5 mm scale bar as in Fig. 1. (b) Absorbance
mapping of paper substrate stained by 10 puL of NR without any
hydrophobic barrier at, from left to right, 100 to 600 mg L™, shown
with 5 mm scale bar. (c) Comparison of calculated and expected
amount of ThT on the paper substrate, shown with a line of slope 1
(black line) which represents ideal expected amount of ThT. R? value
obtained by least square fit with the line of slope 1 is 1.00. Error bars
are representative of SD n = 3 (d) comparison of calculated and
expected amount of NR on the paper substrate, shown with a line of
slope 1 (black line) and 0.99 R? value obtained in the same fashion.
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Fig. 3 (a) Image inset: Absorbance mapping image of differently shaped
ThT color spots on paper prepared by 10 uL of 600 mg L™ ThT solution
with 5 mm error bar. The figure shows the comparison of expected and
calculated amounts of dye. R? values obtained by the least squares
method with the line of slope 1 (black line) is 0.99 for cross, 0.99 for rod,
and 0.98 for circle respectively. Scale bar is 5 mm as in Fig. 1. (b) Image
inset: Absorbance mapping image of differently shaped NR color spots
on paper prepared by 10 pL of 600 mg L™ NR solution with 5 mm scale
bar. The figure shows the comparison of expected and calculated
amounts of dye. R? values obtained by the least squares method with the
line of slope 1 (black line) is 1.00 for cross, 1.00 for rod, and 0.98 for
circle respectively. Scale bar is 5 mm as in Fig. 1.

If appropriate, this technique should allow one to
accurately quantify image data with completely different
color shapes. Here, cross, circle and rod shapes with different
dye loadings were chosen for this test as shown in Fig. 3.

Indeed, Fig. 3 shows that the method introduced here
may appropriately determine the quantity of ThT and NR in
color spots of different size and shape, giving a an average
relative standard deviation from the known value of 3.06%
(cross), 4.24% (rod), and 6.85% (circle) for ThT and 3.78%
(cross), 2.56% (rod), 3.71% (circle) for NR.

Application of quantification algorithm to potassium ion sensing

As an example for the application of this technique to real
chemical sensing, a capillary-based K'-selective sensor
introduced before for K'-selective point-of-care testing® is
used in conjunction with a bare paper substrate. This assay
involves a thin K'-selective membrane solvent cast on the
inner wall of capillary. The membrane is composed of
valinomycin as K'-selective ionophore, NaTFPB as cation
exchanger and ThT as indicator dye. Once the sample
solution containing K' is aspirated in the capillary, K" is
selectively extracted into the thin membrane and is replaced
by ThT. ThT is accordingly extracted out into the aqueous
sample phase which is in turn discharged on the bare paper.
This ion exchange mechanism can be theorized by
considering the mass and charge balance of these sensing
species as eqn (11) shown below.”

4 R ThT1" - Vorg/Vaq '

Rr— (1= Rypyp+ ) ThTr"
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Fig. 4 (a) The actual image of paper substrate colored by the K*
sample solution after ion exchange shown with 5 mm scale bar as in
Fig. 1. (b) lon exchange response characterized by UV/vis
spectrophotometer (white triangles) and quantification of ThT on the
image data by Mathematica computing software (white circles) and the
theoretical ion exchange behavior described by eqn (11) (black line). (c)
The correlation of exchanged ThT amount acquired from UV/vis
spectrometer and image analysis by means of Mathematica
computation. R? value obtained by least square fit with the line of
slope 1is 0.98 as shown in (c).

}?*,aq
solution, V,q and V. are the volume of aqueous sample
solution and membrane organic phase, Ryt is the degree of
ion exchange, K. is equilibrium constant of this ion
exchange system and ThTy', Ly, and Ry are the concentration
of ThT, ionophore (valinomycin) and cation exchanger
(NaTFPB) in organic phase before ion exchange.

Fig. 4a shows the actual images after 10 uL of aqueous
sample solutions containing ThT were dropped onto the
paper substrate (see Fig. S87 for the original figures).

As shown in Fig. 4b, the paper substrate on which sample
solutions were freely discharged can be characterized by the

where ¢ is the initial concentration of K' in the sample

(11)

= |V K
K'aq TS (1~ Rypp+ )-ThT
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Ly~ {Ry~ (1~ Ry )-ThT1* }

+ (1 ~ Ryt )'ThTT+'V0rg /Vaq
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Fig. 5 (@) lon exchange response characterized by UV/vis

spectrophotometer (white triangle), quantification of ThT on the image
data taken by iPhone XR (white circle) and the theoretical ion
exchange behavior described by eqn (11) (black line). (b) The
correlation of exchanged ThT amount acquired from UV/vis
spectrometer and image analysis by means of Mathematica
computation. R? value obtained by least square fit with the line of
slope 1 is 0.97 as shown in (b). See Fig. SO for the original image data
taken by iPhone XR.

colorimetric method introduced here, and the optode
behavior obtained by image analysis correlates with the
theoretical behavior described by eqn (11). Moreover, as
shown in Fig. 4c, each value correlates well to the one
calculated from UV/vis spectrophotometry. This suggests that
a hydrophobic barrier on paper is no longer strictly necessary
for quantitation, which may greatly reduce the complexity of
paper-based devices.

Quantitation of dye on the paper substrate by smartphone

Besides flatbed scanners, smartphones are among the most
attractive tools for data acquisition from the standpoint of
point-of-care and field-based testing, and especially so in
combination with paper-based analytical devices. Since each
smartphone has a proprietary gamma correction, the value
should be obtained to correctly quantify a colorimetric
signal on paper. Gamma correction value can be calculated
by eqn (1) if the theoretical colorimetric and actual
colorimetric values are given. ThT-colored paper spots
confined by a hydrophobic barrier was used for the

This journal is © The Royal Society of Chemistry 2020
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acquisition of gamma values. Theoretical colorimetric
absorbance values of each paper spot were calculated based
on the previously reported spectral sensitivity of iPhone XR
and the result of reflectance measurement**> on the paper
spot. Colorimetric absorbance values were obtained by
taking a picture of the paper spots in a hand-made shooting
studio. The mean of gamma correction values calculated by
eqn (1) was used as gamma correction value, determined
here as 1/1.26. This relatively high gamma correction value
is understandable considering the strong light from LEDs
equipped in the hand-made studio. Most of camera devices
apply high gamma correction to lessen the output
brightness, in other words, higher gamma correction value
can make the output picture darker.

In addition to gamma correction, the difference of spectral
sensitivity between iPhone and Canoscan 9000f Mark II should
be taken into account. This can be done by calculating the
theoretical colorimetric absorbance value based on the
reflectance values for each imaging device as reported earlier*
and just above. The total colorimetric absorbance from the
scanner is 1.91 times larger than that of the smartphone on
average. In conclusion, the colorimetric absorbance value of
the iPhone should be corrected by eqn (12).

@ smartphone
AScannner =24 P

RGB y RGB (12)

where ASGE™ and ApeR™" are the colorimetric absorbance

from scanner without gamma correction and smartphone, and
a is the scale factor of theoretical colorimetric absorbance and
pixel area from the scanner to the one from the smartphone at
a constant distance. In this way, colorimetric absorbance from
image data taken by smartphone can be applied to
Mathematica computation with eqn (S1):f

With eqn (12) and Mathematica computation, as seen in
Fig. 5a, a smartphone is sufficiently useful to quantify the
ionic dye exchange from the capillary-based K'-selective
sensor. Comparison of the response with UV/VIS
spectrometry (see Fig. 5b) gives good correlation although the
accuracy is slightly less than with the scanner (see Fig. 4).
This is wunderstandable considering the much higher
resolution and controlled lighting and recording conditions
of scanner-based images than with smartphones.

Conclusions

Quantification of dye can be done at the single pixel level by
computation with Mathematica or other appropriate
computing software. This approach allows one to quantify
the dye on a paper substrate even if the dye is not
homogeneously distributed. For this to work, the relationship
between colorimetric absorbance and dye loading, which may
deviate from Beer's law, must be known.

Upon elimination of gamma correction, most imaging
devices may in principle be explored for quantification. In
this work, a Canosan 9000f Mark II flatbed scanner was used
because gamma correction can be controlled and disabled.

Lab Chip, 2020, 20, 1441-1448 | 1447
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The iPhone XR smartphone camera was used as second
example in which gamma correction was experimentally
determined and eliminated.

The program developed here can extract the pristine dye
absorbance from paper noise and deflection, and seems to is
robust enough to handle dyes of widely varying spectral
characteristics.

Images of paper substrates used for the capillary sensor
experiment taken by the two imaging devices were
successfully used to quantify ion-selective sensing behavior,
even though the paper substrate was stained arbitrarily
without hydrophobic barriers or channels. This work should
help elevate colorimetric analysis to a more robust,
quantitative readout principle for the realization of truly
useful paper-based analytical devices.
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