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ABSTRACT: The timely detection of aqueous analytes is critical to decision-makers in

agriculture, industry, and municipalities. However, nearly all aqueous sensor systems rely on
single-point measurements, often taken at an instantaneous point in time and in one ?
location, which can limit their ability to detect analytes passing through the aqueous y =

solution at other locations or times. In this work, we present the concept of employing a v &ﬁ

2000060000 sesncscconB
mass-manufactured nanotextured diffraction surface as a variable-area sensor system Multi-Point Measurement ~  Quantification
capable of providing spectrophotometric information about aqueous analytes across
multiple locations over time. We show that by placing the nanotextured surface of the sensor system under or behind a water sample,
the water can be scanned by simply changing the location or angle of the light source and detector. We demonstrate the detection
and quantification of a variety of aqueous analytes, including visible and ultraviolet (UV)-absorbing dyes, dust particles, and
microalgae species, at accuracies similar to those of commercial equipment. A machine-learning algorithm was used to lower the
limit of detection of dye from 5 to 3 ug/mL as well as automate the classification of distinct analyte types. These results demonstrate
that using a mass-manufactured, textured surface can offer benefits as aqueous sensors, facilitating widely deployable aqueous analyte
monitoring in a variety of applications.

1. INTRODUCTION organic carbon,”® nitrate and nitrites,'* total suspended
solids,"> and other aqueous analytes, without the need for
tedious preparation steps or harsh reagents.'® Recognizing the
need for broader sampling, focus has recently shifted toward
developing spectrophotometers capable of near-continuous
monitoring, with fully submersible absorbance spectropho-
tometers gaining in popularity.g’m’18 In near-continuous
monitoring, a probe is deployed into a strategic location and
the data acquired is constrained to the immediate vicinity of
the probe.'” Yet despite these advances, measurements remain
spatially and temporally confined to the deployed probe, with
costs limiting the number of probes available. This is
increasingly true, as more frequent natural disasters result in
the loss or destruction of sensor equipment. To achieve truly
effective, widespread, and robust monitoring of the aqueous

solutions, more inexpensive and easily replaced sensors are
20-22
needed.

Reliable and timely detection of aqueous analytes is essential
across agriculture, industry, and municipal life.'"~* Most often,
the presence of chemical and biological species in water is
monitored using discrete sampling of relatively small volumes
executed by trained professionals, which is laborious, costly,
and time—consuming.s_7 Also, measuring small volumes
collected at single points or composites collected over multiple
time points can miss critical information if the chemical or
biological analyte of interest is either in a different location or
passes through the system when active sampling is not
occurring. " *"? To better facilitate the timely detection of
aqueous analytes and more effectively deploy mitigation,
remediation, or other intervention strategies, widely deployed
sensor systems that can sample aqueous solutions continuously
are urgently needed, particularly as pollution of natural source
waters reaches increasingly higher levels.”

Absorbance spectrophotometry is favored for water analysis
as it is well-suited to detect a wide range of aqueous analytes
from dyes'® and pesticides to suspended sediment and
microorganisms.'' Relying on the unique light absorbance
and transmission properties of chemical compounds,12
absorbance spectrophotometers have been used in recent
years to identify and determine the concentration of dissolved
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To the best of our knowledge, a network of widely
deployable sensors capable of monitoring arbitrary volumes
of water in a near-continuous mode is not presently available.
The capacity of a low-cost surface to act as a sensor that can be
easily deployed and cheaply replaced holds the potential to
provide comprehensive insights into the overall composition
and dynamics as well as both temporal and spatial variations
within water streams. This could be particularly advantageous
in heterogeneous water samples or in multiple simultaneous
flows where conventional sampling techniques may fail to
detect time- or location-dependent changes in the water
content. However, such a sensor system would have to be cost-
effective to be truly field deployable,””’ as there is currently a
lack of low-cost solutions for near-continuous detection of
water composition,”* >

In this work, we demonstrate a method for detecting
aqueous analytes by using a mass-produced diffraction surface
capable of providing photospectroscopic information. The
sensor system uses a variable-area (up to hundreds of meters
squared per sensor) commercial diffraction texture, originally
created for the fashion industry,” that can be cut to a desired
size and placed below or behind a volume of water. The
diffraction surface can be illuminated by a low-cost LED,
penetrating through the aqueous solution and generating a
diffraction pattern containing information about the analytes
within the solution, which can then be captured by a camera.
We demonstrate how multiple points within the aqueous
solution can be measured by moving the location of the LED/
camera setup as well as changing the angle between the two,
allowing for multiple points of measurement within a single
volume. The sensor system’s near-continuous functionality is
shown by identifying shifts in the water composition in 1 s
intervals. We tested the system against several environmentally
relevant chemical and biological analytes, finding that the
diffraction system can detect changes in ultraviolet and visible
light, similar to current commercial spectrophotometers. We
then compared our system to a commercial turbidimeter,
demonstrating the diffraction sensor’s ability to detect
inorganic suspended matter. Together, our work shows the
transformative potential of using mass-manufactured diffrac-
tion as a low-cost and variable-area water monitoring system.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. The chemicals and
materials were used as received. The Allura Red, Tartrazine,
and Fast Green dyes were purchased from Sigma-Aldrich
(Burlington, MA). The 1,9-dimethyl methylene blue, nickel-
(I1) sulfate hexahydrate, and blunt tip needles were purchased
from Sigma-Aldrich. The ISO 12103—1 A2 fine test dust,
phosphate-buffered saline (PBS), and 1.52 mm inner diameter
polyvinyl chloride tubing were purchased from Fisher Scientific
(Waltham, MA). The Rhodomonas sp. (CCMP 739) were
purchased from the National Center for Marine Algae and
Microbiota. The white-light-emitting diode (LED) was
purchased from Adafruit Industries (New York, NY) and
UV-LED was purchased from EDGELEC (Shenzhen, China).
The diffraction surface material Rainbow Coated Ultracast
947,”% 22.68 kg, 160.02 cm wide roll was donated by Sappi
North America (Westbrook, ME). According to the
manufacturer, the Rainbow Coated Ultracast 947 consists of
a transparent film backing coated with a thin polymer layer
containing textured periodic ridges that run the length of the
material. The ridges were found to have a height of 250—300
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nm and width of 641 + 17 nm and are separated by spaces of
228 + 44 nm. The refractive index was found to be 1.59 for the
d line and 1.60 for the e line of the film backing, while for the
coating it was measured to be 1.60 (d line) and 1.61 (e line)
(Figure S1).

2.2. Diffraction Surface Sample Preparation and
Image Collection. The diffraction surface was prepared for
imaging by cleaning with soap and water and cut into a circle
with a diameter of 100 mm. The diffraction surface was fixed to
a black matte-painted square polystyrene dish. The prepared
diffraction surface and white LED light source were placed
below the camera (Canon EOS RP, B&H Photo Video, New
York, NY). The LED was 15 cm from the diffraction surface at
an angle of 120°. The camera was normal to the diffraction
surface at a distance of 40 cm. For the absorbance experiments,
the camera was set with an aperture of 14, shutter speed of 1/
320 s, ISO of 6400, and white balance of 2500 K. For the
turbidity experiment, the was set with an aperture of 7.1,
shutter speed of 1/250 s, ISO of 6400, and white balance of
2500 K. All images acquired were exported in SRGB jpg format
with a resolution of 6240 X 4160 pixels (~355 X 235 mm).
During near-continuous image collection, an image was
acquired at one frame per s.

2.3. Discrete Aqueous Analyte Addition. A 100 X 15
mm polystyrene Petri dish was placed on the diffraction
surface. The Petri dish was filled to a water depth of 3.3 mm.
The aqueous analyte was pipetted into the Petri dish, mixed
with the tip of the pipet until the mixture appeared
homogeneous, and then the same volume was removed to
ensure constant water volume throughout the experiment. For
discrete additions of aqueous analyte experiments, increments
of 20 uL of methylene blue (1 mg/mL) were added to 20 mL
of water. For the Allura Red experiments, increments of 20 uL
was added in 20 mL of water. For the nickel sulfate
experiments, increments of 1 mL of nickel sulfate (0.2 g/
mL) were added in 20 mL of water. An image was acquired for
every aqueous analyte level, as described above.

2.4, Near-Continuous Aqueous Analyte Addition. A
100 X 15 mm Petri dish was prepared for near-continuous
addition of an aqueous analyte by cutting holes into opposite
sides of the dish, and blunt tip needles were attached. Inlet and
outlet polyvinyl chloride pump tubing were connected to the
blunt tip needles. The Petri dish was filled to a water depth of
10 mm. A peristaltic pump (Ismatec, Glattbrugg, Switzerland)
was set for dispensing at a rate of 9 mL/min through the inlet
tubing and retracted at a rate of 9 mL/min through the outlet
tubing to ensure constant water volume throughout the
experiment. A 10 mm stir bar was placed into the middle of the
Petri dish and set to stir at a low speed, to avoid disturbing the
surface of the water. During the first 90 s, 0.1 mg/mL of
methylene blue dye was dispensed into the Petri dish. After the
first 90 s, Milli-Q water was dispensed into the Petri dish until
the water in the Petri container appeared colorless (1910 s).

2.5. Large-Surface Area Sensor Imaging. The diffrac-
tion surface was cut to fit a 20-gallon rectangular glass
aquarium tank and a 30-gallon circular fiberglass tank with a
black poly liner. The diffraction surface was taped to the back
of the glass tank and to the inside of the polycarbonate tank.
The tanks were filled with tap water to approximately 3/4 from
the top. A point-source light was pointed toward the surface,
and photos of the diffraction patterns were taken.

2.6. Multipoint Measurements via Angle Modulation.
The diffraction surface was prepared on 100 X 15 mm Petri
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Figure 1. (a) Photograph of the mass-manufactured roll of the diffraction surface texture. A SEM image of the diffraction surface texture is shown
in the inset. (b) Schematic of the continuous diffraction surface sensor in both control (clean) conditions and test (containing an aqueous analyte)
conditions. (c) Representative image of the clean diffraction pattern. Scale bar: 1 mm. (d) Standard 20 gallon aquarium tank. Scale bar: 30 cm. (e)

Pilot-sized aquaculture tank (30 gallon).

o

! s/

Figure 2. (a) Schematic of the effect of the angle of light on the diffraction pattern location with (i) representing angle modulation and (ii) detector
translation. (b) Representative images of the diffraction pattern at different light angles. Scale bar S mm. (c) Diffraction pattern moving across an
aquarium tank. Arrow shows the movement of the diffraction pattern through the volume. Scale bar 30 cm.

dish. The Petri dish was filled with deionized water, resulting in
a depth of 3.3 mm. A LED light source was positioned above
the diffraction surface with a distance normal to the surface of
15 ecm. The LED was moved from 5° to 25° in increments of
5° between each image.

2.7. Statistical Analysis. All statistical analysis tests were
completed using GraphPad Prism 10. Shapiro—Wilk tests were
used to test the sample’s normality at the 95% level of
significance (@ = 0.05). The Kruskal—Wallis test assessed the
statistical differences in the peak absorbances for the
methylene blue limit of detection samples (n = §).
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3. RESULTS AND DISCUSSION

3.1. Diffraction Surface and Sensor Setup. Our goal
was to develop a method for detecting aqueous analytes and
turbidity (an aggregate water quality parameter) using a low-
cost, mass-manufactured sensor system that could be widely
deployed. To accomplish this, we used a mass-manufactured
diffraction texture combined with an LED, camera, and image
analysis software. The fact that this diffraction texture is
currently produced at a massive scale (4,200 m*/h) could
allow for functional sensor components to be easily trans-

https://doi.org/10.1021/acs.iecr.4c02774
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Figure 3. (a) Schematic of experimental design. (b) Representative images of the dye in the water at set time points with a white stir bar facilitating
mixing of the fluids. Scale bar 1 cm. (c) Representative images of the diffraction pattern. Scale bar 1 mm. (d) Calculated absorption over time graph
of the diffraction pattern with a dashed line to show the max absorbance of the methylene blue dye.

ported, adjusted to a size suitable for a given location, and
cheaply replaced upon damage or loss, unlocking new
potentials for water widespread monitoring sensor systems.
As this diffraction grating material is not fabricated in a
cleanroom, the diffraction texture may contain occasional dust
particles, divots, or protrusions. As a result, the baseline for the
sensor must be set with clean water prior to the measurement
of aqueous analytes. Figure la shows a roll of the mass-
manufactured diffraction surface with an SEM image of the
texture on the transparent substrate shown as an inset. To
better understand the interactions among the textured coating,
transparent material, and light, the refractive index was
measured and is shown in Figure S1. The refractive index of
the d and e lines was found to be between 1.59 and 1.60,
respectively, for the underlying transparent material and
between 1.60 and 1.61, respectively, for the nanotextured
coating on top. A schematic of the diffraction sensor system
under both control and test conditions is shown in Figure 1b.
When an aqueous analyte is present, the particles (depicted in
green) absorb the red and blue segments of the visible light
spectrum. In contrast, the green segment is refracted and
detectable through the optical sensor output. Particle sizes
larger than the wavelength of light*” prompt the dispersion of
the light rays across the water medium (Mie scattering),
contributing to increased background brightness.’’ The
diffraction pattern in clean water conditions with the spectrum
of blue, cyan, green, orange, yellow, and red regions that
contain no breaks between the colors, as shown in Figure lc.
Additionally, to show the ability to turn any large area into a
sensor, we imaged the sensor in two tanks, as shown in Figure
1d,e. The ability of the diffraction sensor to be applied behind
the aqueous solution of a standard 20 gal glass aquarium tank
is shown in Figure 1d. Figure le shows the ability of the
diffraction sensor to line a 30 gal industrial water tank used in
research and development of aquaculture.

3.2. Multipoint Detection of Aqueous Analytes. The
diffraction surface used in this study is currently commercially
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manufactured in a roll-to-roll process at rates of up 4,200 m*/
h; therefore, in addition to being highly sensitive to incident
light angles, it can also be used to cover large areas, enabling
the measurement of user-defined portions of the bulk aqueous
solution simply by angle modulation (Figure 2ai) or detector
translation (Figure 2aii). Angle modulation was used to
measure the bulk aqueous solution. An LED was set up to
move between 5° and 25° in increments of 5° while the
camera remained in a fixed position. Figure 2a shows a
schematic of how the incident light angle changes the location
of the resulting diffraction pattern. The clean diffraction
pattern is shown in Figure 2b. As the incident light angle is
changed, the diffraction pattern moves from left to right,
measuring different bulk aqueous solutions with every angle
change. Figure 2¢ shows how multipoint measurements could
be employed in a glass aquarium tank, as the diffraction
pattern, highlighted by a white arrow, moves across the back of
the tank with angle modulation. The ability of the diffraction
pattern to move to measure the bulk of the aqueous solution
could be useful for the identification of point-source or
heterogeneous aqueous analytes, a task that is still a major
challenge.”’

3.3. Near-Continuous Detection of Visible Aqueous
Analytes. When monitoring aqueous analytes, the capacity for
near-continuous detection is desirable; however, currently it
can be complex and tedious.”” To evaluate our sensor’s near-
continuous operational capabilities, we tested the system by
slowly adding methylene blue dye with a concentration of 0.1
mg/mL into a Petri dish with clean water followed by flushing
the system with clean water, all over 1,000 s, as shown in
Figure 3. To show the stability of the clean water signal, clean
water was dispensed through the inlet stream for an additional
500 s. Methylene blue was chosen due to its environmental
relevance.”” ™ A schematic of the overall setup of the
experiment is shown in Figure 3a. The methylene blue dye
entered the Petri dish on the right and was mixed with a stir
bar at a low stir rate before the liquid exited on the left. As the
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Figure 4. (a) Representative images of the water with experimental concentrations of methylene blue. (b) Representative images of the diffraction
pattern with an experimental concentration of methylene blue. Scale bar 1 mm. (c) Spectra of methylene blue at various concentrations in water (i)
calculated from the diffraction surface sensor and (i) measured using a UV—vis spectrophotometer. (d) Standard curve of blue methylene blue (i)
calculated from the diffraction sensor and (ii) calculated from the UV—vis spectrophotometer.

methylene blue dye entered the Petri dish, the dye mixed with
the originally clean water contained in the Petri dish, diluting
the overall concentration of methylene blue. During the initial
few seconds of the experiment, clean water exited the Petri
dish, as the methylene blue dye mixture had not reached the
outlet port. Due to the mixing within the Petri dish, the
methylene blue dye was more concentrated at the inlet port,
which resulted in plumes throughout the dish. Figure 3b
displays the evolving color of water over the course of the
experiment. The water predominantly appears blue at the 120 s
time point and gradually transitions to a colorless state by 1000
s. Figure 3c shows the diffraction pattern at the respective
times throughout the near-continuous water quality measure-
ment. During the initial stages, the diffraction pattern appears
uniform in intensity and encompasses the full spectrum of
colors. The loss of intensity in red, yellow, and green regions of
the diffraction pattern, evident in the representative image of
120 s, can be attributed to the absorption of corresponding
wavelengths by the chemical molecules in methylene blue dye.
Upon the successful clearing out of the methylene blue dye,
the diffraction pattern regains its initial full-spectrum
diffraction pattern and intensity, as shown in Figure 3c. The
calculated maximum absorbance of the diffraction pattern
between 0 and 1500 s is shown in Figure 3d. As the methylene
blue dye is introduced into the sensor system, the absorbance
value steadily increases, until it reaches a plateau at
approximately 0.52 au. The plateau is likely due to the
diffraction sensor’s absorption range limits. As clean water is
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reintroduced into the system, the absorbance value steadily
decreases, ultimately settling at the baseline absorbance level.
This shows the diffraction sensor’s ability to monitor
fluctuations in visible-light-absorbing aqueous analyte levels
and its capacity to return to the baseline value. It is important
to note that some variability in the baseline absorbance
readings could arise from data processing and image
acquisition techniques. Further reduction in noise levels
might be achieved through the adoption of higher image bit
depths, such as 16- or 32-bit images or using RAW image
capture.

3.4. Comparison between the Diffraction Sensor
System and a Standard UV-vis Absorbance Spectro-
photometer. To gain deeper insights into the efficacy of the
diffraction sensor system in detecting visible spectrum
absorption, we tested increasing concentrations of methylene
blue dye with the diffraction sensor and a UV—vis
spectrophotometer, as shown in Figure 4. In these tests, the
dye solution of 1 yg/mL was added incrementally to increase a
final homogeneous concentration of the 20 pg/mL. The
images were then converted to gray scale in Image], then the
gray value intensities were calculated to absorbance and fit to a
curve via Lowess Smoothing using GraphPad Prism 10.
Representative images of the changing color of water at
increasing dye concentrations are shown in Figure 4a. The
corresponding diffraction patterns are shown in Figure 4b,
where the intensities of the red, yellow, and green segments
progressively diminish as these wavelengths are increasingly
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Figure S. Absorbance from the diffraction surface sensor of different aqueous analytes (a) Allura Red dye (i) representative images of the
diffraction pattern, (ii) diffraction sensor spectra of various concentrations, and (iii) the calculated concentration curve. Scale bar = S mm. (b)
Rhodomonas sp. (i) representative images of the diffraction pattern, (ii) diffraction sensor spectra of various concentrations and (iii) the calculated
concentration curve. Scale bar = 5 mm. (c) Nickel sulfate (i) representative images of the diffraction pattern, (ii) diffraction sensor spectra of
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absorbed. Figure 4c shows the absorption spectra obtained
from both the diffraction pattern (i) and the UV—vis
spectrophotometer for comparison (ii). The spectra of the
diffraction surface resemble those obtained from the UV—vis
spectrophotometer, suggesting the potential for extracting
spectral information through the diffraction sensor. Although
the diffraction sensor measures with the corresponding pixel
location on the diffraction pattern whereas the commercial
UV-—vis spectrophotometer measures with corresponding
wavelengths, it could be approximated that 0—200 pixels are
approximately 450—495 nm and pixels between 600 and 750
are approximately 620—750 nm. Notably, there is a slight shift
in the spectral peak from the diffraction sensor, which might be
attributed to the sensitivity in the diffraction pattern with any
slight changes in the light and camera angle. The slight shift in
the spectral peak could result in a lower limit of detection and
the accuracy of the diffraction sensor. Standard curves acquired
from the diffraction pattern and the spectrophotometer are
presented in Figure 4d, with the R? value from the diffraction
sensor calculated as 0.988 and the UV—vis spectrophotometer
as 0.999. It is notable that the R* values of the diffraction
sensor are close to those obtained from the UV—vis
spectrophotometer, despite the UV—vis spectrophotometer
having a higher level of complexity. We anticipate that
enhancing the signal-to-noise ratio of the diffraction sensor
through higher bit depths or using RAW image capture could
yield improvements in the R? value from the diffraction sensor.
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Improvements could also increase the absorbance range of the
diffraction sensor to be more comparable to commercial UV—
vis spectrophotometers. Importantly, the limit of detection of
methylene blue dye using the image analysis method described
above was calculated to be § pg/mL,*® which is equal to the
accepted threshold set by the United States Environmental
Protection Agency.”” The reproducibility was also calculated at
the limit of detection value and yielded a relative standard
deviation of 45.9%, concentration variance of 0.005 pg/mlL,
and concentration linearity residual error of 0.01 au.

3.5. Detection of Other Visible Aqueous Analytes.
Since the diffraction sensor detected methylene blue dye and
produced spectra similar to a commercial UV—vis spectropho-
tometer, we tested the ability of the diffraction sensor to
produce unique spectra with different aqueous analytes that
absorb in either the visible or ultraviolet region of the
electromagnetic spectrum, as shown in Figure S. The Allura
Red dye was added to the system in increments of 1 pug/mL
until a maximum concentration of 15 pg/mL was achieved.
The diffraction pattern was imaged, and its absorbance was
calculated as described above. The diffraction pattern,
absorption spectrum, and corresponding concentration curve
of Allura Red dye are shown in Figure Sa. The absorbance
curve increases with increasing concentration, as expected.38
The Allura Red dye shows two peaks with maximum
absorbances at pixels 147 and 479, with the peak at pixel
147 increasing linearly with concentration (R* = 0.992). The
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UV—vis of the Allura Red dye has only one peak with a
maximum at 498 nm. The difference in spectra between the
methylene blue dye, as shown above, and the Allura Red dye
shows the diffraction pattern’s ability to yield unique spectra
for homogeneous mixtures. Additionally, a 50/50 mixture of
red and blue dyes was measured to see the effect of multiple
analytes in an aqueous solution. Figure S2 shows the spectra
for 5 uL of red dye, S uL of blue dye, and a 50/50 mixture of
the red and blue dye. The 50/50 mixture spectra shows the
additive spectra with the absorbance from the red dye and blue
dye contributing. Additive spectra is commonly seen in UV—
vis spectrophotometry and multiple groups are working to
improve the analysis of mixtures.”***’

As the diffraction sensor performed well in homogeneous
aqueous analytes (methylene blue and Allura Red dye), we also
tested the sensor’s ability to detect aqueous analytes that are
often heterogeneous in nature. Rhodomonas sp., a type of
microalga with cell sizes between 10 and 15 um (Figure S3),
was selected due to its importance in aquaculture and its
production of the red pigment phycoerythrin.*' Figure Sbi
shows the representative diffraction patterns corresponding to
increasing Rhodomonas concentrations in filtered seawater. The
measured absorbance spectra of the increasing concentrations
are shown in Figure 5bii. Despite the diffraction patterns not
showing any differences visible by eye, there is a linear increase
of absorbances with increasing concentrations of Rhodomonas
with an R? value of 0.814. The linear correlation may be below
desirable values due to the nonuniform distribution of cells
within the liquid medium, as expected in biological samples.
The highest absorbance is shown in the red region of the
diffraction pattern, which is as expected since Rhodomonas has
a peak absorbance around 650 nm."> Other species of
microalgae, particularly Gephyrocapsa huxleyi, Chlorella sp.,
and Synechococcus sp., were also tested. The results in Figure S4
show the ability of the sensor system to produce unique
spectra for each.

For detection of the ultraviolet-absorbing aqueous analytes,
the system was adapted by using an ultraviolet LED, replacing
the previously used white LED. Nickel sulfate was added to
Milli-Q water in increments of 10 mg/mL until the maximum
concentration of 200 mg/mL was achieved. Images of the
diffraction pattern were taken between every increase in
concentration, the images were analyzed, and absorbance was
calculated, as described above. Nickel sulfate was chosen as an
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aqueous analyte due to its known toxicity as a water
contaminant that can result in serious harm to both humans
and the environment.*>** In water, this compound absorbs
light at 400 nm (Figure SS). Figure Sc shows the diffraction
pattern, absorption of nickel sulfate, and its calculated
concentration curve. As with the aqueous analytes tested that
absorbed visible wavelengths, the absorbance increases as the
concentration of nickel sulfate increases. The diffraction
pattern’s intensity decreases with increasing nickel sulfate
concentrations, a clear indication of the ultraviolet light
absorption by nickel sulfate, as shown in Figure Sci. This is
reflected in the calculated spectra shown in Figure Scii. The
concentration curve is shown in Figure Sciii, which has a linear
relationship with an R? value of 0.967. These results suggest
the diffraction sensor’s capacity to detect the presence of UV-
absorbing aqueous analytes within the tested concentration
ranges.

Although it is possible to visually detect the changes by the
color of the water due to the analytes tested in some of our
experiments, the diffraction pattern provides more information
that could be gathered from a simple light and optical sensor.
As shown in Figure S, the diffraction pattern allows for
information to be gathered from both the presence and
absence of particular colors as well as the overall grayscale
values. Effectively, our diffraction sensor enables a UV—vis
absorption measurement, providing a unique spectrum for
each aqueous analyte and allowing for differentiation between
chemicals, as shown in Figure S.

3.6. Turbidity Information from Particle Scattering.
To determine information gathered from the diffraction sensor
of scattered light caused by suspended solids in water,”® we
suspended A2 fine test dust particles in water and imaged with
the sensor system. The same image analysis method used to
analyze the dye aqueous analytes was applied to these samples,
and the absorbance was calculated and converted to a turbidity
measurement. Representative images captured of the diffrac-
tion pattern are shown in Figure 6a. Here, a reduction in the
diffraction pattern’s intensity is accompanied by an increase in
the overall backgound of the diffraction sensor, attributed to
Mie scattering.” Figure 6b shows the calculated turbidity of
the A2 fine test dust at increasing concentrations. The
diffraction pattern captured above the concentration of 1.6
mg/mL was too high to be quantified by the image analysis
software; therefore, analysis was conducted only at values
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Figure 7. (a) Accuracy of the machine learning algorithm with different aqueous analytes. (b) Accuracy of the machine learning algorithm with

different concentrations of methylene blue.

below this concentration. The calculated turbidity values of the
sample were compared to the performance of a commercial
turbidimeter, as shown in Figure 6b. However, it is important
to note that the two different turbidity measurements cannot
be directly compared, as the physics of the turbidity
measurements are different. In the diffraction pattern sensor,
the detector was above the sample, where the full spectrum
white light travels through the aqueous solution, diffracts off
the diffraction surface, and travels back through the aqueous
solution, and its signal is recorded with an image. In the
turbidimeter measurements, the light is between 830 and 890
nm and the light travels through the aqueous solution and the
detector measures the light scattered 90° from the light path.*®
In these experiments, high levels of turbidity were measured as
it is known that fish are significantly affected by turbidities
between 10 and 100,000 NTUs, within the range of these
measurements.”® Improvements in the analysis of the
diffraction pattern such as noise reduction or color analysis
could permit the detection of lower levels of turbidity with this
sensor system.

3.7. Employing Machine Learning Image Classifica-
tion to Enhance and Automate Aqueous Analyte
Detection. To assess the potential of automating the readout
of the sensor system, we trained a machine learning algorithm
to accurately detect and correctly classify differences in the
diffraction patterns with different contaminants. A ResNet 34
algorithm was used as it is pretrained with colored images,*’
making it easier for the model to be trained with the diffraction
pattern images. We tested the algorithm with three colored
dyes: Allura Red, Fast Green, and Brillant Blue. The trained
model was then tested with images of the diffraction pattern
with either ‘clean’ water or water with Allura Red, Fast Green,
and Brilliant Blue dye labeled as ‘red,” ‘green,” and ‘blue.” Figure
7a shows the accuracy of the machine learning model with
different aqueous analytes. The red, blue, and green aqueous
analytes have 1, 0.93, and 0.99 accuracy, respectively. This
demonstrates that the machine learning algorithm can be used
to automate analysis of the diffraction pattern to differentiate
the aqueous analytes present from “clean” water with high
accuracy levels.

Next, we tested whether the ResNet 34 model could
improve the limit of detection of the sensor system beyond
what could be achieved with the manual analysis used in
Figures 4 and S (5 yL/mL). The model was trained using
images of methylene blue from 1—6 yg/mL. The results of the
subsequent model testing are shown in Figure 7b. The model
had an increasing accuracy of 0.58—0.98 with increasing
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concentrations of methylene blue. The detection limit was
calculated based on the concentration above an accuracy of
0.9, the accuracy threshold considered “excellent” for
algorithms.48 The detection limit of the machine learning
algorithm was 3 pg/mL, which is lower than the calculated
detection limit with the manual image analysis. This is
expected as machine learning image classification algorithms
have shown to be excellent at detecting differences in
images*”® and points to the potential of leveraging algorithms
for rapid and automated analysis of the sensor data.

4. CONCLUSIONS

Our results show that a low-cost, mass-manufactured
diffraction sensor can detect various chemical and biological
analytes and can be used to measure analytes in flowing water.
The system can also scan the bulk of a liquid volume by
changing the location or angle of incidence of the light source.
The system can provide information comparable to that of
commercial UV—vis spectrophotometers and turbidimeters. In
measurements of methylene blue, the diffraction sensor
accurately detected concentrations between 5 and 20 pug/mL
(R?* = 0.988), with a limit of detection of § ug/mL when using
manual analysis and 3 pg/mL when classified with a machine
learning algorithm. Additionally, the sensor was able to
quantify turbidity comparable to that of a commercial
turbidimeter. The sensor could also provide absorbance
information for water samples containing microalgae with a
concentration of 1.09 X 10° cells/mL. Moreover, the results
suggest that the diffraction surface sensor could potentially be
useful in creating a new class of mass-deployable, low-cost,
near-continuous water sensors.
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