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Automated passive serial dilution microfluidic chip
for calcium quantification based on the Arsenazo
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In this study, a valveless, resistance-based method was used to design and develop a passive microfluidic
chip to implement an automated calcium assay in urine samples using the Arsenazo Ill method with a 3D
printed mold. The resistive design of the channels provides a precise mixing in the assay at a ratio of 250 :
25:2 for water, reagents, and samples, respectively, with an added advantage of reduced process cost due
to the 3D printed mold. The reaction between Arsenazo Il and calcium in the urine results in a purple-
colored complex that is quantified using a visible light source spectrophotometer, a portable fiber-optic
spectrophotometer with a UV (ultraviolet) source and a smartphone camera capable of capturing RGB
values. A linear range from 1.62-9.59 mg dL? (limit of detection: 0.205 mg dL™) for calcium concentration
in urine was obtained using a visible light spectrophotometer with R? = 0.99. Similarly, the linear range
obtained for the portable spectrometer and smartphone camera was 1.62-6.50 mg dL ™! with R? = 0.93 and
R? = 0.97, respectively. The chip fabrication method and assay were found to be highly reproducible (o <
0.001). The approach becomes highly portable with the use of a smartphone camera for quantification. The
proposed microfluidic system can successfully quantify calcium in a relevant range in urine samples and is
sensitive enough for an automated urinalysis system inside a smart toilet. Additionally, it should also be
applicable to other assays by changing channel resistance according to the desired dilution or mixing ratio.
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1. Introduction

Urinalysis is the first step for diagnosis and detection of various
kidney-related diseases, drug consumption, toxic substances or
pharmaceutical components, and the possibility of exposure to
such chemicals."™ The diagnosis involves checking the
appearance, concentration, and content of urine samples by the
process of sample collection, preparation, and quantification
with necessary reagents.’” For example, the quantification
process of calcium in a urine sample conventionally uses an
Arsenazo III complex assay. In this assay a urine calibrant is
diluted in DI water to create a range of samples with different
calcium concentrations to form a calibration curve based on
biochromatic detection.® An unknown sample can then be
processed identically and measured.

Several researchers have indicated an interest in
developing a “smart toilet”, or a toilet that would
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automatically process urine samples in the toilet and report
the health status of the user. A smart toilet would include
point-of-care (POC) devices would enable rapid processing of
biological samples with quick and precise diagnosis and
detection of many diseases. One approach to POC systems is
to incorporate microfluidic devices to handle fluid
preparation, transfer and analysis in diagnostic platforms.
The capacity for absolute control over geometry, high
repeatability, fast reaction times, and reduced consumption
of expensive reagents in microfluidic system can facilitate
multiple tests on the same POC platform and render the
system cost-effective, portable, and efficient.” Various
microfluidic chips have been presented in the literature for
performing the sample preparation step in urinalysis'®"'" for
the detection and measurement of glucose,"”” urinary
proteins,”*™*>  hormones,'® biomarkers for cancers,"”
leukocytes,'® nitrate, urinary ketones and electrolytes.'®>°
The primary requirement for such a microfluidic system is
maintaining precise mixing of calibrants in a specific ratio.
These platforms utilize motive forces, including pneumatic,**
droplet,*® centrifugal,” and digital microfluidics®® for
performing functions like pumping, valving, and mixing. The
network's complexity increases with the number of chemical
reagents in the assay and mechanical components in the

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sd00022a&domain=pdf&date_stamp=2022-07-12
http://orcid.org/0000-0001-5531-7783
http://orcid.org/0000-0001-8221-3648
http://orcid.org/0000-0002-1877-099X
http://orcid.org/0000-0002-8481-1059
http://orcid.org/0000-0002-5139-6151
http://orcid.org/0000-0001-5843-3464
https://doi.org/10.1039/d2sd00022a
https://doi.org/10.1039/d2sd00022a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00022a
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD001004

Open Access Article. Published on 13 June 2022. Downloaded on 2/7/2026 2:32:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

device. Such platforms could require multiple flow sources
and become challenging to operate, repair and maintain.
Another requirement of such urinalysis is precise mixing of
reagents and several methods are presented in literature* >’
for a pressure-driven microfluidic system in terms of
achieving that. In a traditional soft-lithography manufactured
device, the microfluidic chip contains valves, channels, and
mixing chambers where an external pump or pneumatics
controls the pressure, valving, and flow rate.”®*° The on-chip
valves operate based on the applied pneumatic force and
provide advantages of precise fluid metering, minimal
reagent usage, adaptability, and low operation time. However,
integrating on-chip valves makes the design complex and
usually requires multiple fabrication layers to operate.
Increased complexity in design increases fabrication cost,
and manufacturing scaleup becomes limited to flexible
materials like PDMS. Another method is to control the flow
by a combination of stepper motors and a chip with a syringe
cartridge-like design. The cartridge meters and mixes the
fluids in a chamber, which is then analyzed.>**' While this
method can provide exact metering in a valve-less system, the
hardware's complexity and cost are higher at the expense of a
simple chip design. Hence in this study, we demonstrate a
passive resistive network microfluidic device with a simple
design for calcium analysis in urine that would be easy to
implement in a smart toilet using only the local pressure and
water source and does not require any valves or metering for
precise control over mixing ratios.

In the proposed device, a pressure-driven network design
approach consisting of a resistive-valveless circuit system®>*?
is used. It utilizes a resistive serial dilution network where
each branch has a fixed hydraulic resistance equivalent to
electrical resistance in an electrical network, which produces
specific flow rate conditions in each inlet channel, assuming
a uniform pressure input.** The design of such systems
enables analysis similar to that of an electrical circuit,
leading to a microfluidic design without valves. This method
provides straightforward hardware at the expense of a more
calculation-heavy chip design and the need for more precise
and consistent chip manufacturing. However, once the circuit
calculations are made, chip operation and fabrication are
straightforward. This solution mitigates the aforementioned
limitations of other methods and produces the required
dilution ratios by applying equal pressure to all inlet fluids.
Mixing ratios can be obtained for a wide range of assays with
different dilution ratios. Such networks are yet to be explored
for urinalysis. If assays of this type are to be used in smart
toilets, simple manufacturing and operation, reusability, and
low reagent usage will be required to make them practical.
These passive resistive designs may be the best solution.

In this paper, a calcium Arsenazo assay is demonstrated
with a minimal footprint fluid handling system for urinalysis
utilizing resistive flow circuits to precisely meter and mix a
sample with buffer and reagents for subsequent analysis. The
design includes three inlets and one outlet, applying a
constant input pressure of 34.5 kPa (5 psi). The mixing ratio

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was targeted to achieve 25(reagent):225(DI):2(sample)
volumes. This design's primary advantages include simple
chip operation, passive hardware, a readily reusable and low-
cost chip, easily adaptable design elements for incorporating
other urinalysis assays, low reagent consumption, and well-
established chip manufacturing methods. The chip was
fabricated with a 3D printed mold®® which enables precise
chip manufacturing capable of minimal reagent use. The
performance of the system was quantified by measuring the
absorbance of calcium Arsenazo III complex bichromatically
at 650 nm using a visible light source spectrophotometer and
a fiber optic-based portable spectrophotometer for a range of
urine samples with different calcium concentrations.
Moreover, using a smartphone camera as a quantification
method was also evaluated for the urinalysis chip. As a result,
we demonstrate a fully functional fluid handling chip capable
of continuously processing a calcium Arsenazo assay on urine
samples. The results show a highly linear and robust method
for calcium analysis in urine samples. The linear range
achieved is suitable for implementing the chip in an
automated urinalysis system connected to a toilet bowl or a
“smart toilet.” With a built-in optical data acquisition
capability, continuous monitoring using this assay could
readily be accomplished. The demonstrated chip could
represent a class of urinalysis chips readily implementable
into a “smart toilet.”

2. Materials and methods

2.1 Analytical design based on passive-resistive circuit method

The implementation of the required mixing ratio for the
calcium Arsenazo assay without any valves or volume controls
requires a careful flow resistance analysis to ensure the
proper dilution and mixing ratios. A common approach is to
use the analogous behavior of hydraulic and electric circuits
based on the Hagen-Poiseuille equation and Ohm's law.*> In
this analogy, the hydraulic network's pressure correlates with
the electric circuit's voltage, volumetric flow rate correlates to
current, and the hydraulic resistance to the electric
resistance, assuming that the flow is laminar, viscous, and
incompressible. Though such a method does not account for
transient flow, this analogy is applicable for non-circular
channels and can provide a good estimate when designing
nearly one-dimensional channels.

Fig. 1a) shows a schematic of the hydraulic network
designed for calcium quantification in urine and implements
the resistive circuit method. The system has a total of three
inlets to supply the calcium sample, the calcium Arsenazo
reagent, and DI water for dilution. To determine the calcium
concentration, a two-step mixing process is required in the
network - first diluting the reagent with DI water and second,
mixing the urine sample with the diluted reagent. The mixing
ratio should be maintained as 225:25:2 (DI:reagent:
sample). Fig. 1b) shows a proposed layout of the unit chip
containing the network, and 1c) shows the analogous passive
electric circuit diagram. In Fig. 1b) and c), the reagent, DI,
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Fig. 1 (a) A schematic of the resistive-circuit method with three inlets for DI water, reagent and sample. The mixed fluids are transferred to a
detection chamber. (b) The proposed design of the chip that generates a dilution ratio of DI : reagent:sample = 225:25: 2. The different flow areas
are divided in to five different zones. (c) The microfluidic network hydraulic resistance analogous electrical circuit.

and sample inlets are labeled as points A-C, respectively. The
outlet is labeled as point F. The advantage of this resistive
pressure balanced system is that only one pressure source
(pneumatic pump/syringe pump/compressed air/household
plumbing) will be needed at all three inlets. Any instabilities
from the pressure source will be synchronized and will not
impact the dilution ratio of the different mixing stages.

From Fig. 1b), it can be observed that the design is
divided into five zones. Zone 1 is between inlet A and point
D, zone 2 is between inlet B and point D, zone 3 is between
inlet C and point E, zone 4 is between point D and point E,
and zone 5 is between point E and point F. Each zone has its
own hydraulic resistance and flow rate. Zone 4 starts after

812 | Sens. Diagn., 2022, 1, 810-820

point D, where streams from zone 1 and 2 mix. The hydraulic
resistance of this zone is represented as Ry shown in Fig. 1c).
Zone 5 starts when the fluid streams from zone 3 and zone 4
merges at point E. The variables representing volume flow
rate and hydraulic resistances of each zone are presented in
Fig. 1c). The three inlets have different fluids, but are all
connected to the same pressure source. Even with the same
pressure, the flow rates in each channel will be different
depending on the channels' hydraulic resistance, and the
resistances are designed to generate the desired fluid mixing
ratios. The analogous electric circuit of the chip with the
estimated hydraulic resistance can be seen in Fig. 1c). Here,
the resistance ratios are to be maintained as R, : R = 25:225

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and (RD +Rf’f}ZB)ZRC =250:2. Using these ratios, the flow
rate at point D becomes Qp = Qs(1 + DR™') and E Qg = 126/
125 Q4 ( 1+ DR™Y). Here, DR is the dilution ratio at point D,
and DR = 25:225.

Knowing the dilution ratios, channel dimensions can be
generated that should provide the needed DR. The relationship
between the pressure drop in a rectangular channel Ap and the
volumetric flow rate Q for a pressure-driven, laminar flow of an
incompressible and uniform viscous Newtonian fluid can be
described by the Hagen Poiseuille's law.

Ap = QRcn &Y

Rcn [Ps s* m™'] is the hydraulic resistance and can be described
by the following equation for non-circular channels.

_ i 2)

Rcn
ry
Here, L is the channel's length, 7 is the dynamic viscosity of the
fluid [s Pa™'] and ry is the hydraulic radius. For a rectangular
channel, the hydraulic radius is ry = u”j’—i’,‘z where w and £ are
the width and height of the microfluidic channel. This
equation provides an approximate estimation with up to 20%
error for a square cross-section.’” The hydraulic resistance is
constant for a homogenous viscous fluid and continuous
channel cross-section. The equation implies that the hydraulic
resistance is directly proportional to the channel length and
inversely related to the hydraulic radius, suggesting that by
changing the channel's geometry, the flow rate, and pressure
drop through the channel can be controlled precisely.

The initial design of the microfluidic chip was developed
using eqn (1) and (2) to constrain the channel geometries.
Once a proposed design was created, the geometry of the
model was implemented in SolidWorks, and 3D modeling,
simulation, and optimization were performed using COMSOL
Multiphysics to determine a final design that considered the
3D nature of the flow and compensated for any error caused
by the hydrodynamic radius usage. The dilution ratio was
then calculated using the obtained flow rate at the inlets and
outlet. The geometry was adjusted until the desired dilution
ratio was achieved, and a test chip was then fabricated.

2.2 Simulation model and optimization

The proposed chip was simulated wusing COMSOL
Multiphysics for the simulation, a laminar, incompressible
flow was assumed where the Reynolds number was well
within the laminar range (Re < 100). The fluid flow is
described by the Navier-Stokes equation provided below:

pu-Vu = -Vp + Vou(Vu + Vu)") (3)
V=0 (4)
Here, p is the density (kg m™), u the velocity (m s), g

denotes the viscosity (N s™ m™), and p presents the pressure
(Pa). The model fluid is water with a viscosity of 1 x 107 N

© 2022 The Author(s). Published by the Royal Society of Chemistry
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s m™? and a density of 1000 kg m™. At the inlets, a
parabolic velocity profile was assumed. The pressure at the
outlet was zero, and the no-slip condition was applied.
The mass flux is given by diffusion and convection, and
the mass balance equation is:

V(-DVc + cu) =0 (5)

where D is the diffusion coefficient (m”> s'), and ¢ is the
concentration (mol m™). Here a diffusion coefficient of 1 x
10" m® s™" was used. The concentration of the fluid at the
inlets are regarded as C; = 1.00 mol m > and C, = 0 mol m™®
for various conditions. As an example, for mixing at point D
in Fig. 1b), the concentration at inlet A and B was assigned
C; = 1.00 mol m™ and C, = 0 mol m™ respectively. The mesh
size was set to normal, with a maximum element size of
0.205 mm and a minimum element size of 0.0463 mm. The
total mesh elements generated for the design was 292 954.

2.3 Device fabrication

The fabrication process of the device is shown in ESI{ Fig.
S1. The device was made using a 3D printed mold (Xometry,
Bethesda, MD) and PDMS casting over the mold to create the
microchannels. The material for the mold was Accura ABS
Black (SL 7820) which cures PDMS without any reaction. The
mold dimension was 79.00 mm x 53.97 mm X 4.00 mm. The
cured PDMS layer thickness was 2 mm and achieved by
placing 7.79 grams of PDMS in the mold (Slygard 184, PDMS:
curing agent = 10:1). The cast was removed from the mold,
and vias were created in the inlet and outlet locations using a
2 mm biopsy punch. The PDMS cast was then bonded to a
glass slide (methanol washed glass, 50 mm x 75 mm x 1
mm) using standard air plasma activation.

2.4 Calcium assay

2.4.1 Calcium Aresenazo III quantification process. The
Arsenazo III complex assay and chemistry calibrant were used
for calcium quantification in urine samples (Beckman
Coulter DR0090). During the quantification process, calcium
ions (Ca?" react with Arsenazo III and form a complex. The
absorption of the complex is determined at 650/700 nm
wavelength. The measured absorption is directly proportional
to the concentration in the sample. The urine calibrant was
diluted in DI water to create a range of samples (1.69 mg
dL™ to 9.59 mg dL™') with different calcium concentrations.
The reaction is described by:

Ca®t + ArsenazoI1I -

Ca-Arsenazo III complex (purple
AcidicMedium plex (purple)

2.4.2 Quantification by spectrophotometer. In absorption
spectroscopy, light passes through a sample and is measured.
The absorption coefficient is determined

A =-log,, C—Z) (6)

Sens. Diagn., 2022, 1, 810-820 | 813


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00022a

Open Access Article. Published on 13 June 2022. Downloaded on 2/7/2026 2:32:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

where, Iy is the light intensity transmitted through the
sample and I, is the intensity transmitted through the blank.

The absorption A is related to the sample's concentration
¢ and medium-specific molar absorptivity ¢, and the path-
length d by using Beer-Lambert's Law>°

A=ecd (7)

The relation between absorbance and concentration is not
always linear because, with an increase in the concentration,
the intra-molecular interaction affects the sample's
absorptivity. Moreover, the refractive index of the sample may
change with concentration.

2.4.3 Quantification by colorimeter. Imaging devices like
CCD and CMOS sensors detect light similarly to the way the
human eye does. They register color as the intensity of three
primary colors, red, green, and blue, where wavelengths are
presented as RGB vectors. The spectral sensitivity of the
devices to detect the RGB vector can vary depending on
sensors and manufacturers. Considering the device's spectral
sensitivity, the absorption can be calculated using Beer-
Lamberts law.>” However, without specialized equipment, the
sensitivity coefficient for any particular device is difficult to
acquire, and an alternative approach for measuring
absorbance has been suggested,’® where the relative
absorbance is:

Rs/Gs /BS> ®)

Arja/p = ~logy, (m
where s and ¢ indicate the normalized values of the sample
and blank, respectively.

2.5 Microfluidic device testing

The Arsenazo III assay was performed in the microfluidic
chip. The constant low-resistance pressure set up for
maintaining the pressure at 34.45 kPa (5 psi) is shown in
Fig. 2. Due to the design of the chip, any microliter volume
of the assay can be processed if given an appropriate amount
of time. Once pressurized, the fluids flow into the chip and
are continuously metered and mixed. The analysis can then
occur on or off-chip, depending on the needs of the
experiment. Once the reacted sample's desired volume is
obtained, the chip is washed by flowing 1 mL of DI water

Regulator

(5 psi output)

S psi 5 psi 5 psi

Fig. 2 Experimental set up for constant pressure is shown here.
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through the channels. The desired volume for off-chip
quantification is passed through a spectrophotometer to
measure absorbance after collection. The observation window
created in the design is for on-chip quantification using a
portable spectrophotometer or smartphone camera. When
the window is filled with a volume of mixed samples, a
portable spectrometer and smartphone camera were used to
quantify absorbance and RGB values, respectively.

2.5.1 Issues with fabrication of the chip. The 3D printing
of the mold was an important contribution in terms of the
fabrication of the chip. There were many issues faced during
the printing process that needed to be addressed. The width
of the sample channel was 200 um and SLA printer from
Xometry could provide the resolution for the sample
channels. One of the main obstacles was the roughness of
the mold surface. If the mold surface was not smooth
enough, it caused issues with removal of the PDMS from the
mold Moreover, the mold material needed to be compatible
with the PDMS otherwise the layer does not cure and ruin
the mold. After multiple trials, it was found that Accura Black
(as produced by Xometry) could provide smooth, PDMS
compatible molds that could be used repeatedly.

2.5.2 Off-chip quantification. A spectrophotometer (WPA
Biowave II Life Science Spectrophotometer) was used for
sample analysis. For experimental simplicity, 100 uL samples
were collected from the chip during operation and loaded
into a custom flow cell having a path length of 1.2 mm. The
flow cell was constructed from optically transparent
polycarbonate, and the design is shown in Fig. 3. The figure
represents the design, the cross-section of the flow cell, and
the spectrophotometer used for analysis. A calibration curve
was obtained using different samples of known calcium
concentrations. Control samples were generated manually
using standard pipetting techniques and are represented as
manual data in the calibration curve. The reacted samples
collected from the chip are described as ‘Chip’ in the
calibration curve. Here, ‘Chip’ indicates that the reactions
took place inside the chip but detected from outside of the
chip and is categorized as off-chip quantification.

2.5.3 On-chip quantification. The on-chip analysis of the
urine concentration was performed by replacing the
spectrophotometer with a portable spectrophotometer having
a built in UV source (Ocean Optics USB 2000 +LS 450). The
chip was integrated with a 3D printed manifold (Fig. 8b)

=P \\/aste out

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The flow cell design and cross-section as well as the
spectrophotometer and analysis profile.

acting as a gasket to avoid leaking in the PDMS chip. The
manifold also incorporates the capability of adding optical
fibers to the system for quantification which is suitable for
on-chip quantification. An optical fiber connector was placed
on both sides of the chip's observation window through the

Regulator
(5 psi
output)

5 Chip with
pst manifold
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manifold to connect with the spectrophotometer and optical
fiber. The quantification was performed using OceanView
software which captured the absorbance of the sample at 650
nm. The experimental setup is shown in Fig. 4.

2.5.4 On-chip quantification with a smartphone camera. A
third on-chip quantification approach was demonstrated with
a smartphone camera. The chip was placed inside a white box
without the manifold for light reflection with a smartphone
camera placed on top of it in a fixed position so that it focuses
only on the observation window of the chip. A visible light
source was used as an exciting source. The setup can be seen
in Fig. 5. The Android application “Colorimeter” was used for
capturing the image and generating the RGB value. The
absorption coefficient was calculated considering the RGB
(100%, 0%, 0%) channel from the obtained RGB values.

3. Results and discussion

3.1 Computation and simulation results

The designed chip's final layout with an observation window
can be seen in Fig. 6. A square cross-section was used
throughout the chip. The final channel sizes were
determined as described in the methods and are presented
in Table 1. While these sizes are used here, the chip design

Optical
fiber

Optical

Fig. 4 Experiment set up with Ocean Optics 2000 for on-chip quantification.

Regulator

(5 psi output)

5 psi S psi 5 psi

Fig. 5 Experiment set up with smartphone for on chip quantification.
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Fig. 6 The final layout of the chip with an observation window.

Table 1 The final chip dimensions

Channel dimension Dimensions (W x H x L)

Sample channel
Reagent channel
DI channel
Mixing channel

200 pm x 200 pm X 447.6 mm
500 pm x 500 pm x 245 mm
500 pm x 500 pm X 28.04 mm
500 pm x 500 pm X 54.6 mm

Concentration (mol/m?)

View Article Online
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can be modified based on the assay and required volume of
reagent or sample.

The microfluidic channel network was simulated using
COMSOL Multiphysics. The results can be seen in Fig. 7.
Fig. 7a) shows the concentration profile in mol m™ for the final
design. The concentration in the channel was set to 1 mol m™
for the reagent, and 0 mol m™ for DI water and sample.
Concentration profiles showed the mixing between the DI
water and reagent (point D in Fig. 1b) and can be seen in
Fig. 7b. The mixing profile at the intersection (point E in
Fig. 1b) was achieved and can be seen in Fig. 7c. Table 2 shows
the simulation results, which indicate that for 34.45 kPa (5 psi)
of pressure, the ratio of the channel array is close to the desired
values (225 + 0.007: 25 + 0.018: 2) with adequate mixing.

3.2 Experimental results

The fabricated microfluidic chip and the 3D printed
manifold, shown in Fig. 8. The chip was tested for different
calcium concentrations in urine samples (Liquichek-urine
chemistry control levels 1 and 2).

80 0.8

. L LILUL L | a5
ﬂ 0.5
mm
\ t T 10

(a)

(b)

e

(©)

Fig. 7 (a) Concentration profile of the final design considering reagent channel as 1 mol m™ and other inlets as 0 mol m™ (b) concentration
profile at the intersection of the DI and reagent channels showing proper mixing (c) concentration profile at the intersection of the sample and the

DI channels. The results indicate proper mixing at the intersection.
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Table 2 Simulation results for the final design

Parameters Reagent Water Sample
Inlet average u [m s™'] 0.11 0.96 0.05

Inlet flow rate Q [uL s™'] 26.26 239.12 2.14
Ratio 24.54 223.47 2.00
Pressure [psi] 5 5 5
Pressure [kPa] 34.45 34.45 kPa 34.45 kPa

3.2.1 Off-chip quantification results. The generated
calibration curve for off chip quantification is presented in
Fig. 9. Data indicate the metering and mixing of the assay by
pipetting, and on-chip (using the flow chip) are highly similar.
Experiments were replicated across multiple 3D-printed molds
and castings to demonstrate fabrication repeatability. Fig. 9a)
shows the calibration curve for a maximum calcium
concentration of 9.59 mg dL™ (level 2 of urine calibrant), and
the associated data can be seen in Tables SI and SIL} The 3D
printed manifold was not used for this experiment. The linear
calibration equations for the manual and the on-chip assays in
the relevant concentration range are y = 0.0019x + 0.0429 with
R*=0.953 and y = 0.0023x + 0.048 with R> = 0.985, respectively.
The linear range of concentration detected for the equations
ranges from 2.39-9.59 mg dL " (limit of detection: 0.932 mg
dL™) of calcium. The lower error bar indicates more repeatable
results. Similarly, Fig. 9b) provides the results on a different
day experiment with lower calcium concentration of urine
sample (level 1) and the chip was inside the 3D printed
manifold shown in Fig. 8b) while performing the experiment.
The calibration curve is presented for a maximum
concentration of 6.5 mg dL™, and the data is provided in Table
SIII and S4.7 Both calibration curves follow a linear trend with
R* = 0.999 and R* = 0.997 for on-chip and manual mixing,
respectively. The linear equations for the mentioned conditions
are y = 0.0028x + 0.0254 and y = 0.0022x + 0.0283 respectively,
this indicates that the chip can be wused for linear
quantification of calcium in urine samples for the range 1.62-
6.50 mg dL ™" (limit of detection: 0.205 mg dL™). Here, the 3D
printed manifold provided better connection of the tubes to
the inlets and outlet of chip for which the linear calibration
curve of the chip is comparable with the manual one.

(a)

(a) Fabricated chip (b) the 3D printed manifold with the chip inside.

Fig. 8

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.2.2 On-chip quantification results. Using the
experimental set up presented in Fig. 4, the calibration curve
for a urine sample was obtained for different concentrations
and the results are presented in Fig. 10, and the maximum
calcium concentration tested was 6.50 mg dL™'. The curve
shows a linear trend, and the range of calcium concentration
in urine samples with the setup is 1.62-6.50 mg dL* (limit of
detection: 1.255 mg dL™'). The linear equation of the
calibration curve is y = 0.0169x + 0.1129 with R*> = 0.93. This
indicates that the calcium concentration in urine samples
can be detected linearly with a portable spectrophotometer
when the sample is in the chip's observation window.

3.2.3 On-chip quantification with a smartphone camera.
Using the set up presented in Fig. 5 for on-chip
quantification with a smartphone camera, the calibration
curve is presented in Fig. 11. The maximum concentration
was 6.5 mg dL ™" and the curve was linear with a fit equation
¥ = 0.0345x-0.0412 with R* = 0.976, which indicates that data
fits the linear model relatively well. Using this approach, we
could determine the urine concentration within a range of
1.62-6.50 mg dL™" (limit of detection: 0.522 mg dL™") using a
smartphone camera. Comparing the data using the smart
phone camera with a portable spectrometer, we found that
the R value is higher for the smartphone camera than the
portable spectrophotometer, but with wider error bars, which
can be resolved by an improved experimental set up. The
smartphone camera data follows a linear trend and could
potentially be a suitable alternative to a spectrophotometer.

4. Conclusion

In this work, a fluid handling system containing a microfluidic
chip was designed, built, and tested for precise replication of
the standard calcium Arsenazo III urine assay. The system
utilizes a simple resistive fluid network concept to precisely
meter and mix components of the urine assay. The design
favors simplicity in fabrication and operation by placing the
metering and mixing requirements in precalculated resistive
flow networks that only need one pressure source to run all of
the channels, as might be found in a smart toilet results show
that the system is more than sufficient to analyze calcium

(b)
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Fig. 9 (a) Calibration curve of the Arsenazo assay for calcium concentrations of 2.39-9.59 mg dL. Manual and chip without manifold data show
a linear trend. (b) Calibration curve of Arsenazo assay for calcium concentrations of 1.62-6.50 mg dL™* with a linear trend for both manual and

chip with manifold data.

g y=0.0169x +0.1126

R?2=0.93
0.1

Absorbance 650nm

0.05 |

0 2 4 6 8
Concentration of Ca++(mg/dL)

Fig. 10 Calibration curve of Arsenazo assay with on-chip
quantification using Ocean Optics 2000 which shows a linear trend.

concentrations in a biologically relevant human urine sample
range of 1.62-9.59 mg dL". Furthermore, the chip performance
was demonstrated using three different measurement setups
that represent 3 different use cases: a conventional
spectrophotometer (for in a lab setting), a portable
spectrophotometer (for a POC application or smart toilet), and
a smartphone camera (for remote or at home assays). The
smartphone camera and portable spectrophotometer show a
comparable linear response to the laboratory-based system,

818 | Sens. Diagn., 2022, 1, 810-820

0.25
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Concentration of Ca++(mg/dL)

Fig. 11 Calibration curve of Arsenazo assay for on-chip quantification
using smartphone camera.

suggesting the lab hardware can be easily replaced with a
handheld smartphone camera. The proposed design and
system are effective for use in a POC platform for calcium
quantification in wurinalysis. The comparison of different
detection methods is provided in Table 3.

In the future, because of its simplicity in design, the
system is could readily be adapted to other urine assays like
protein, albumin, creatinine, glucose, ions, and urea.
Moreover, with a modular design, multiple assays could be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the detection methods
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Portable spectrophotometer

Smartphone camera

Detection methods Spectrophotometer

Type Off-chip- uses a flow chip for detection

Calcium concentration 1.62-6.50

range (mg dL™") 2.39-9.59

Slope 0.002

Limit of 0.21

detection (mg dL ™)

Pros No separate software requirement
Reduced data variability

Cons The detection process is laborious

implemented on one chip. For better on chip quantification
with a smartphone camera, advanced software can be used

for

better quantification. The portable spectrophotometer

uses a built-in UV source which can be replaced with a visible
source for future experiments to compare its performance
with the conventional system. This system is also well suited

for

scaleup manufacturing because the chip can be made

using various low-cost techniques and materials such as

inje

ction molding. Overall, the proposed assay chip could

enable rapid at home or POC urinalysis.
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