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ABSTRACT: Colorimetric assays typically offer a rapid and
convenient method to assess analytes that span healthcare

e . . CIELAB
monitoring to water quality testing. However, such tests can RS
only provide qualitative results when employed in resource-limited
settings or require bulky and expensive equipment such as lab @
spectrophotometers to allow quantitative measurements. In this ST

Estimate

paper, we report on the use of a handheld colorimeter to
quantitatively determine the concentration of analytes in a manner
that is independent of ambient lighting or initial sample color. The
method combines the response of the sensor with first-principles
modeling that better describes the nature of the assay compared to
linear-in-parameters regression modeling that is typically per-
formed in other studies. This method was successfully demonstrated using a number of colorimetric assays: (1) determination of
solution pH using a universal indicator, (2) quantification of the DNase presence using a DNA-gold nanoparticle assay, and (3)
quantification of the concentration of the antibiotic tetracycline using a cell-based assay.
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B INTRODUCTION to matching paint colors, for which several smartphone

. ) . lications have b loped.”’
Numerous colorimetric assays exist for the measurement of applications have been deve opec. .
. . 1 Numerous smartphone applications already exist that can
analytes, ranging from simple pH measurements to more

S utilize the RGB output from smartphone images to match a

complex assays for pesticides’ > and pharmaceutical com- ) . .
67 . 1 . S sample solution color to a predefined linear-in-parameters
pounds,”” which can be valuable in applications such as water o )
calibration curve, thereby allowing for measurement of the

testing and health monitoring. The majority of such tests ) , )
. . . solution pH, glucose, protein, or even soil phosphorous
utilize laboratory spectrophotometry, which allows for simple 182004
. . . concentration. """ However, smartphone cameras are not
development of calibration curves and consistent absorbance . 1 .
. ideal for color measurements due to potential issues with
measurements, whereby the analyte concentration can be ) Y .
. - . ambient lighting™ and automated functions such as the
determined quantitatively by comparing the absorbance at . . . . .
automatic white balance, which are incorporated into the

wavelengths specific to the chromophore of interest to the
& P P CMOS array and can skew RGB measurements.” Furthermore,

calibration curve. .
. . . unlike spectrophotometry, such measurements lack the
To make colorimetric assays portable, or amenable to point- ) a0 .
consistency of the calibration curve development, instead

f- P ing i -limi i h : g L .
of-care (POC) testing in resource-limited regions, the assay using a variety of approaches such as multiple linear regression

can often be_ adgagltse d to funct_l on as part of a p aper-based to relate the analyte concentration to the RGB, HSV, CIELAB,
analytical device. pH and urine glucose test strips are early 19-22,25
or other color outputs.

examples of widely available POC tests, although they require To overcome these issues, we have developed a colorimetric

i f th ip with fe h h . .
comparison o the .test str1.p v.v1t a reterence ¢ art and thus assay system that combines the ease-of-use and portability of
provide only semi-quantitative estimates of the analyte

concentration. Distance-based advanced paper diagnostics
have been developed for more quantitative POC diagnos-
. 16,17 . . . .

tics, and with the arrival of increasingly advanced
smartphones, substantial research has gone into the develop-
ment of applications to enable the use of smartphone cameras
for quantifying colorimetric assay outputs.'"”>* Indeed,
matching assay colors to a calibration curve is synonymous
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Scheme 1. Sample Color Measurement and Analyte Concentration Modeling Method
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POC smartphone tests with the quantitative accuracy of
laboratory spectrophotometry. As shown in Scheme 1, a
handheld colorimeter is used for accurate low-cost on-site
measurement and is coupled with a modeling strategy that is
applicable to assays involving enzymatic reactions or acid—base
equilibria. The advantage of using a portable colorimeter for
sample measurement is the increased accuracy and reprodu-
cibility of colorimetric measurements compared to that of
smartphone image measurements, which is achieved owing to
the ambient light-blocking design of the colorimeter and the
internal light source that is specifically designed for accurate
color quantification.”® With this strategy, first principles are
used to predict the relationship between the analyte
concentration and measured color, with the color output
being converted to absorbance values””*® to derive a
calibration curve. The Beer—Lambert law is subsequently
used to relate the calculated absorbance values to analyte
concentrations. The proposed colorimetric assay method has
been applied to a pH assay, governed by acid—base equilibria,
as well as to enzymatic assays testing for DNase I and
tetracycline concentrations in water samples.

B EXPERIMENTAL SECTION

Colorimeter. In this study, a Nix Pro color sensor was
obtained from Nix Sensor Ltd., and the corresponding Nix
Color Sensor Pro app was used for sample color measure-
ments.”>*” A 1 mL capacity acetal well plate designed to match
the dimensions of the colorimeter aperture was used in all
measurements to permit consistent sampling of solution colors
while blocking out ambient light (see the Supporting
Information for dimensions).

pH Assay. The universal indicator solution used in the pH
assay was prepared as described elsewhere using a mixture of
methyl red, methyl orange, bromophenol blue, and phenolph-
thalein.”® Sample solutions ranging from pH 3 to 11 were
prepared from 0.1 M HCI and NaOH stock solutions using a
VWR Symphony benchtop pH meter. Tartrazine was added to
sample solutions of pH 3, S, 7, and 10 to obtain solutions with
a yellow tint for the purposes of testing the effect of the initial
solution color (Figure S1). In the 1 mL capacity acetal well
plate, SO uL of the universal indicator was mixed with 950 uL
of the sample solution for each sample pH, and CIELAB
coordinate measurements were collected using the Nix sensor.
This experiment was performed in triplicate for each sample
solution.

Assay to Detect DNase | Using DNA-Cross-Linked
Gold Nanoparticles. The DNA-cross-linked AuNP fabrica-
tion procedure used herein is based on previous studies.”"**
100 uL of 100 uM S1 and S2 thiol-modified DNA (see Table
S3 for sequences) was separately added to 3 mL of the solution
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of 13 nm citrate-capped gold nanoparticles (~10 nM) with 1.9
mL of Milli-Q water added to obtain a final volume of 5.0 mL
each. Following 24 h incubation at room temperature, 50 uL of
Tris-HCL (1 M, pH 7.5) and 450 uL of aqueous NaCl (1 M)
were added to each solution, followed by incubation at room
temperature for another 24 h. 25 L of Tris-HCL (1 M, pH
8.3) and 250 uL of aqueous NaCl (1 M) were then added to
each DNA—AuNP solution, followed by a final incubation
procedure at room temperature for 24 h. Each mixture was
then divided into ~550 yL volumes and centrifuged at 4 °C
(14,000 rpm, ~21,000g) for 20 min. The supernatant was
discarded and replaced with 250 pL of Tris-HCI buffer (20
mM, pH 7.5) to obtain the DNA-modified AuNPs at a
concentration of ~12 nM.

DNA-—cross-linked AuNP aggregates were then prepared by
mixing 50 L of S1- and S2-modified AuNPs and heating at 70
°C for 2 min, followed by overnight storage in the fridge at 4
°C. Twenty-four hours later, the DNA-cross-linked AuNP
solutions were centrifuged at 14,000 rpm for 5 min, and the
supernatant was removed. The resulting DNA-cross-linked
AuNP pellets were used in the assays. Figure S2 in the
Supporting Information shows a schematic of the assay.

The DNase I digestion assay was first performed in a
transparent 96-well plate in which 100 uL of buffer solutions
(20 mM Tris-HC], pH 7.5, 10 mM MgCl,, S0 mM NaCl, and
2 mM CaCl,) of DNase I with concentrations ranging from
0.01 to 0.000625 U/uL were combined with a DNA-cross-
linked AuNP pellet for digestion. A Tecan M200 plate reader
was used to monitor the change in absorbance at 520 nm over
a period of 60 min (Figure S3). The assay was repeated using
acetal well plates for Nix CIELAB color measurements,
obtained every S min over 25 min (this was the endpoint
taken). Due to the larger acetal well plate dimensions, a larger
solution volume of 300 xL was used for the Nix experiment
with the same DNA-cross-linked AuNPs. In this case, 100 uL
of the DNase I sample solution was added to the DNA-cross-
linked AuNP pellet in a microcentrifuge tube, as for the Tecan-
measured samples. After 10 min, the solution was transferred
to the acetal well plate containing 200 uL of the DNase I buffer
for Nix CIELAB color measurements. The experiment was
performed in triplicate for each DNase I solution assessed.

Tetracycline Assay. An all-in-one field-portable assay for
the detection of tetracycline in sample solutions was
developed.” The assay is based on the use of a bacterial
reporter gene (denoted the microbial biosensor system—
MBS). The MBS consisted of tetracycline-inducible plasmid
pUT-tetlac harbored in Eschericha coli MT102 (pUT-tetlac
cells)** and was a kind gift from Dr. Seren J. Serensen at the
University of Copenhagen. The reporter cells were immobi-
lized in paper strips (15% w/v acacia gum) to generate MBS
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Figure 1. Schematic of the assay design. Assay procedure involving the sequential addition of the assay components to a tube and incubation,
followed by sample transfer to a custom microwell plate for color determination using the Nix color sensor. LB is Luria Bertani media. MBS is the
microbial biosensor system, composed of pUT-tetlac cells immobilized in paper strips (15% w/v acacia gum).
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Figure 2. (A) Sample solutions ranging from pH 3 to 11 in the acetal well plate. Summed absorbance in the (B) 500—550 and (C) 550—600 nm
ranges as a function of solution pH. (D) Predicted vs actual solution pH for colorless and yellow-dyed sample solutions using calibration curves
from (B,C) and (E) predicted vs actual solution pH using a basis function regression. Error bars represent the standard error.

strips (Figure 1). LB media were prepared in the form of
tablets (10% w/v pullulan), and S-bromo-4-chloro-3-indolyl /-
p-galactopyranoside (X-gal) was entrapped in paper strips (7%
w/v pullulan). Details on the fabrication of the all-in-one field-
portable assay components are provided in the Supporting
Information. These field-portable assays (Figure 1) were tested
on Milli-Q water and lake water (from Bayfront Park,
Hamilton, ON) spiked with tetracycline to concentrations
ranging from 0 to 200 ug/L. Tubes containing 2 mL of the
sample first had a pullulan tablet with LB added, followed by
shaking for 2 min to fully dissolve the media. Dried reporter
cell strips were then added, mixed for 20 s, and then incubated
at room temperature for 1 h. At this point, the sample tube was
inverted to introduce the dried X-gal strip (substrate) to the
assay. The samples were incubated at room temperature for an
additional hour. Samples were either transferred to a clear 96-
microwell plate (100 pL aliquots) for triplicate 610 nm
absorbance measurements using a TECAN M200 Infinite Pro
plate reader or to the custom acetal plate (1 mL aliquots) for
Nix color sensor CIELAB measurements. Data from both
methods were used to generate calibration plots, from which
the linearity of response and detection limits (based on 36 of
the baseline noise) were determined.

Modeling Methods. Upon collection of the color
measurements from the Nix sensor, the CIELAB coordinates
were converted to RGB coordinates and input into Scott
Burns’ iterative least log slope squared (ILLSS) algorithm™® to
determine the associated estimated absorbance spectrum. All
processing was performed using MATLAB version R2018b
(MathWorks, Inc). According to Beer’s law, the absorbance at
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specific wavelengths is proportional to the chromophore
concentration, with the wavelength of interest being dependent
on the chromophore being studied. In each assay, the
chromophore concentration may be related to the estimated
absorbance at a specific wavelength and may also be related to
the analyte concentration from first principles. Note that the
background (initial) solution absorbance was subtracted from
the absorbance measures in all assays to eliminate the impact
of variations in the initial solution color—an important effect
that was mainly investigated in the pH assay. The equations
derived for the pH, DNase I, and tetracycline assays are
available in the Supporting Information as eqs S1, S3, and S4,
respectively.

The limit of blank (LOB) and lower limit of detection
(LLOD) were calculated for the enzymatic assays following eqs
1 and 2 (see below).”® This LLOD provides a lower bound of
the dynamic range of the assay. Assuming a Gaussian
distribution of sample measurements, the LLOD gives the
analyte concentration at which 95% of samples would be
expected to yield measurements above the LOB, which gives
the value below which 95% of the “zero” concentration
measurements would fall.

LOB = meany,,,, + 1.645(SDy.1.) 1

LLOD = LOB + 1.645(SD,y01c) @)

Similarly, the upper limit of detection (ULOD) can be
defined as the value of the 95% lower confidence bound at
saturation for the purposes of the enzymatic assays presented
in this work. This value can be determined upon calibration
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curve fitting and provides the upper limit of the dynamic range
of the assay.

B RESULTS AND DISCUSSION

pH Assay. The pH assay is based on the combination of
multiple indicators present in the universal indicator solution,
and hence, the color varies from orange to purple across the
pH range (Figure 2A). For the construction of calibration
curves, the summed absorbances in the 500—550 nm range
(Figure 2B) and the 550—600 nm range (Figure 2C) were
modeled. Given the sample absorbancesy,_sso and absorb-
ancegs)_goo measurements, pH predictions were obtained by
minimizing the sum of squared residuals from the two
calibration curves. As shown in Figure 2D, the predictions
for the colorless solutions are fairly accurate, with R* = 0.984,
while the predictions for the yellow-dyed solutions are slightly
less accurate but still strongly correlated, with R* = 0.884. In
this case, the ability to subtract the initial solution absorbance
from the final absorbance with an indicator is crucial for
accurate prediction. While a traditional CIELAB linear-in-
parameters regression model (shown in Figure 2E) can be used
to accurately predict the solution pH of colorless solutions
following calibration curve fitting (R* = 0.998) as performed in
other studies,” such a model is unable to account for varying
initial solution colors. The pH predictions of the yellow
solutions using the CIELAB linear-in-parameters regression
model show significant deviation from the actual pH (R* =
0.749). This demonstrates the advantages of the absorbance-
based model with background subtraction in applications
where the initial solution color may vary and must be
considered for the assay. Model parameters for both the first-
principles absorbance model and the CIELAB linear-in-
parameters regression model are provided in the Supporting
Information.

For the DNase I assay using DNA-cross-linked gold
nanoparticles, it is known that the color of AuNP solutions
is strongly dependent on the AuNP interparticle distance.”**
When DNA-cross-linked AuNPs are aggregated together at
interparticle distances <2.5 times the particle diameter, they
produce a dark blue—black color®" or a colorless solution if the
AuNPs precipitate. The addition of DNase I leads to
disaggregation of the nanoparticles due to the digestion of
the cross-linking DNA, resulting in a change of the color of the
solution from dark blue to red or from colorless to red with the
maximum absorbance at approximately 520 nm for 13 nm size
gold nanoparticles (see Figure S2 in the Supporting
Information).

Figure 3A shows the sample solutions in the acetal well
plates as a function of DNase I concentration, indicating a
transition from colorless to deep red. Taking the estimated
absorbance at 520 nm from the Nix sensor measurements for a
range of DNase I concentrations (6.25 X 10™* to 2 X 107> U/
uL) after 25 min incubation, a sigmoidal trend of the change in
520 nm absorbance is clearly visible across the range of DNase
I concentrations studied (Figure 3B). Applying eq S4, the data
can be fit with a sigmoid curve with R* = 0.975 (see the
Supporting Information for model parameters).

The DNase I concentration in each sample can then be
approximated by applying the inverse sigmoid function to
generate a linear response, as shown in Figure 3C (R* = 0.943
in the concentration range from 1.25 X 107> to 0.01 U/uL).
This model suggests that for an incubation time of 25 min, the
LLOD is approximately 1.50 X 107> U/uL. A similar trend is

A o000
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AAbs (520 nm)

uLoD
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Predicted [DNase 1] (U/uL)

Figure 3. (A) Sample solutions in the acetal well plate ranging from
0.0 to 0.02 U/uL after 10 min. (B) Change in absorbance at 520 nm,
measured by the Nix sensor after 25 min and (C) actual vs predicted
DNase I concentration. Error bars represent the standard error from
triplicate experiments. The blue-highlighted regions indicate the
LLOD and ULOD bounds, while the green region indicates the
prediction area within the dynamic range of the assay.

observed when using a Tecan plate reader to obtain
absorbance measurements at 25 min incubation for DNase I
concentrations ranging from 6.25 X 10™* to 0.01 U/uL (Figure
S3, R* = 0.9996). The LLOD for the plate reader measure-
ments (1.26 X 107 U/uL) is relatively consistent with that
from the Nix sensor, although the dynamic range obtained
from the plate reader is slightly larger (Figure S3 in the
Supporting Information).

Tetracycline Assay. As explained in the Modeling
Methods in the Experimental Section, the production of j-
galactosidase in tetracycline-inducible pUT-tetlac E. coli cells is
directly related to the bioavailable concentration of tetracycline
in the environment. As a result, the cleavage of X-gal by f-
galactosidase, which can be monitored by the absorbance at
610 nm, may be related back to the bioavailable tetracycline
concentration. Estimated absorbance measurements derived
both from the Nix CIELAB color measurements and plate
reader absorbance measurements were obtained for both Milli-
Q water and lake water samples spiked with 0—200 ug/L
tetracycline. Comparing the lake water and Milli-Q water
samples as well as the Nix measurements and plate reader
measurements, similar absorbance trends and therefore
calibration curves are obtained, as shown in Figure 4. It is
notable that the Nix measurements better fit the model defined
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Figure 4. Absorbance at 610 nm determined by Nix sensor measurements for (A) Milli-Q water samples and (B) lake water samples and 610 nm
TECAN M200 Infinite Pro absorbance measurements for the (C) Milli-Q water and (D) lake water samples. All data alongside the calibration
curve generated using the MATLAB Curve Fitting Tool and eq S12. Predicted vs actual tetracycline concentration graphs are shown in (E,F) for
the Nix (E) Milli-Q and (F) lake water measurements and the TECAN (G) Milli-Q and (H) lake water measurements. Error bars represent the
standard error, while the blue-highlighted regions indicate the LLOD and ULOD bounds, and the green regions indicate the prediction area within
the dynamic range of the assay. (I) Sample lake water solutions following Nix color measurement in the acetal well plate.

in eq S12 (R?* = 0.943 and 0.957 for the Milli-Q and lake water are given in the Supporting Information. In both data sets, the

curves, respectively) compared to the plate reader measure- change in absorbance values span 0.0 au to approximately 0.12
ments (R* = 0.827 and 0.870, respectively). Model parameters au for the range of tetracycline solutions studied; however, the
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trend observed with the Nix sensor measurements appear to
show a much smoother color progression fitting the defined
model than that fitting the plate reader data. In both cases,
saturation occurs for tetracycline concentrations exceeding 75
ug/L, at which point the absorbance at 610 nm approaches a
maximum. This may be, in part, due to the substantial killing of
the reporter cells at tetracycline concentrations exceeding 75
ug/L, which effectively limits the dynamic range of the assay.
The dynamic ranges determined for each assay are presented
in Table 1.

Table 1. Tetracycline Assay Dynamic Ranges for Each
Measurement Set (Nix vs Plate Reader Measurements and
Milli-Q Water vs Lake Water Samples)

TECAN Infinite 200 Pro

Reader Nix Color Sensor Plate Reader

Water Milli-Q Lake Milli-Q Lake
LLOD (ug/L) 82 8.8 6.9 34
ULOD (,Mg/L) 30.8 52.7 20.6 47.2

The Nix assays presented have both higher LLODs and
ULODs than the plate reader assays. In all cases, however,
predicted tetracycline concentrations based off the calibration
curves significantly differ from actual values at concentrations
above 50 pg/L due to measurement saturation and noise, as
shown in Figure 4. For the enzymatic assays, variations in the
detection window when comparing the Nix measurements and
Tecan plate reader measurements are thought to arise due to
the difference in sample size, sensor, and absorbance
measurement procedure. While the limits of detection are
quite narrow in the assays studied, it is worthwhile to mention
that adjustments to the assay protocols, such as the incubation
time in the enzymatic assays, can be implemented to shift the
detection window as desired.

In all the aforementioned colorimetric assays, color data
obtained using a handheld colorimeter (Nix sensor) through
the colorimeter’s smartphone application were exported to a
.csv file for analysis in MATLAB on a laptop computer.
However, to make these assays fully portable, this measure-
ment and analysis process can be integrated into a simple
smartphone app. This one-step measurement and analysis app
would not only maintain the simplicity of colorimetric assays
but would offer a low-cost, accessible, user-friendly, and highly
portable tool for a myriad of applications from at-home
healthcare monitoring to on-site food and water quality testing.
User interface examples of a proof-of-concept smartphone app
developed using XCode 10.1 for Apple iPhone application
development are provided in the Supporting Information
(Figure S7).

As with any colorimetric assay, recalibration would be
recommended when conditions such as temperature or
indicator formulation change, which may impact the assay
response. However, variations in ambient lighting conditions
which necessitate frequent curve recalibration in smartphone
image-based assays are not of concern with the use of the Nix
sensor thanks to its ambient light-blocking design and internal
light source that enable accurate and reproducible color
quantification.*®

B CONCLUSIONS

Colorimetric assays typically offer fast and simple testing of a
variety of analyte properties, with the drawback of either
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producing semi-qualitative results that must be interpreted by
eye or requiring a bulky and expensive spectrophotometer for
accurate measurements and predictions. The use of a
colorimeter and a first-principles modeling methodology
provides a foundation for the accurate prediction of analyte
properties from colorimetric assays. Such a system brings
together the accuracy of a bench-top spectrophotometer with
the simplicity and affordability of POC colorimetric assays.
Having applied this methodology to three colorimetric
assays—more specifically, pH, DNA-AuNP, and tetracycline
assays—the results demonstrate that the assays and calibration
curve modeling are effective for a variety of assays following
different mechanistic models. Moreover, this methodology
shows promising results for both acid—base equilibria and
enzymatic assays, with the reliability maintained despite the
varying initial solution colors in the case of the pH assay or
complex media in the case of the tetracycline assay.

Previous studies have typically used smartphone cameras for
imaging and linear-in-parameters regression for calibration
curve fitting for numerous assays. While our method requires
the use of an inexpensive colorimeter, the colorimeter offers
more accurate color measurement than a smartphone
camera,”* and the first-principles modeling provides a more
consistent foundation for modeling a variety of assays than the
variable linear-in-parameters regression models uniquely
structured for particular assays. Through integration of the
data analysis algorithms performed on MATLAB in this study
into a smartphone application that would interpret the
colorimeter’s color data, this measurement and modeling
strategy would truly represent a portable and cost-effective
prediction tool for numerous colorimetric assays.
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