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ABSTRACT

Progesterone (P4) is a vital steroid hormone involved in the reproduction cycle and necessary for
maintenance of pregnancy in humans and animals. Monitoring P4 concentrations is required in various
fields, such as dairy industry, environmental protection and clinical laboratories. The current available
methods for P4 determination are either expensive or time consuming. Therefore, more affordable and
easy to use sensor technologies for P4 detection are needed. Here, we describe a sensor composed of anti-
P4 antibody-modified poly (N-isopropylacrylamide) (pNIPAm) microgels that can be used to construct an
optical device (etalon) capable of detecting P4. The binding of P4 and anti-P4 antibodies induces collapse of
the pNIPAm microgels in the etalon, resulting in an optical response from the sensor that depends on P4
concentration in solution. Using this developed sensor, a linear detection range of 0.28 ng/mL to 30 ng/mL
P4 could be achieved with a detection limit of 0.28 ng/mL and 0.25 ng/mL at room temperature and 30°C,
respectively. Moreover, the sensor showed low cross-reactivity with 17B-estradiol (E2), demonstrating that

the sensor can be used to quantify P4 in the presence of the interference E2.
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Progesterone sensing, Biosensor, Poly (N-isopropylacrylamide) microgels, Stimuli responsive polymers,

Etalons



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

INTRODUCTION

Progesterone (P4; also known as pregn-4-ene-3, 20-dione) is a 21-carbon steroid hormone, which
plays a critical role in establishing and maintaining the mammalian reproductive system [1]. An imbalance
of P4 levels in mammals can cause malformations in the reproductive system as well as infertility [2]. High
levels of P4 in humans may result in mood swings, anxiety and body pain in women [3], as well as abnormal
behavior in men due to the decreased release of testosterone [4]. In clinical medicine, P4 has been used as
hormone therapy for the treatment of gender identity disorder (GID) in children and adolescents [5].
However, the human body may only partially absorb P4, with the excess being released as waste to sewage
treatment facilities and subsequent release into the environment. The continuous release of P4 into the
environment can also lead to health problems in wild animals, especially with fish and other aquatic life.
Therefore, it is important to monitor P4 concentration in environmental samples to protect the
environment and human health [6]. It is also of utmost importance to monitor the concentration of P4 in
biological fluids in dairy cows, which can be used to detect estrus. Accurate estrus detection can ultimately
lead to improved reproductive efficiency in dairy herds, improved cow health, and increased profits for
farmers [7]. Estrus is preceded by a reduction in P4 and an increase in estradiol (E2) levels [8]. Hence, by
monitoring the level of these hormones in blood or milk it is possible to predict when a cow will be in estrus
and will allow the cow to be inseminated at the optimal time [9, 10]. Therefore, the determination of
progesterone concentration has attracted the dairy industry's interest. While this is the case, the purpose
of this submission is to demonstrate that P4 sensors can be generated, by investigating their performance

in aqueous samples. The results will then be used to develop a sensor for P4 in milk samples.

Numerous methods have been developed for quantifying the amount of P4 in various samples [6,
11-20]. For example, radioimmunoassay (RIA) is an analytical method often used to determine P4
concentration in a rapid fashion with high sensitivity [11]. However, it requires specialized and expensive

facilities and involves the use of radioactive materials, which have serious environmental concerns.
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Conversely, enzyme-linked immunosorbent assays (ELISA) for P4 determination uses antibody-enzyme
conjugates instead of radioactive materials [12], but it requires considerable time to obtain a result and
ELISA kits are still prohibitively expensive. Recently, sensitive advanced instrumental methods, such as high-
performance liquid chromatography (HPLC), liquid chromatography/mass spectroscopy (LC/MS) or gas
chromatography/mass spectroscopy (GC/MS), have been developed to quantify P4 [13, 14]. All of these
approaches require considerable time for sample preparation and analysis, are expensive, and need highly
trained personnel and a lab environment — therefore, they are not suited for field measurements.
Additionally, numerous biosensors have been developed in recent years to monitor hormones in clinical,
pharmaceutical, environmental, and dairy samples [6, 15-20]. In one example, electrochemistry-based
progesterone immunosensors were generated from nanostructured materials, and were shown to be able
to quantify P4 in milk[16] and serum [17] samples. However, enzyme-labeled progesterone (like ELISA) was
needed to generate the signal [16, 17], which makes these methods expensive, complicated, and they have
a short shelf-life. Several optical biosensors have also been developed to detect P4 concentrations using
various techniques and materials. For example, quantum dot-based immunoluminescent sensors have been
developed that are capable of detecting progesterone concentration in the range of 0.3 to 14.5 ng/mL in
10-fold diluted cow milk [18]. Total internal reflectance fluorescence (TIRF)-based approaches have also
been developed that can achieve a limit of quantitation (LOQ) of 0.34 ng/mL [19]. Finally, a surface plasmon
resonance (SPR) spectroscopy-based approach has been shown to detect P4 concentration as low as 3.5

ng/mL P4 [20].

In our previous investigations, we showed that stimuli-responsive polymer-based systems could be
generated and used for a variety of applications [21-24]. Stimuli-responsive polymers have the ability to
respond physically and/or chemically in response to environmental changes [25, 26]. Among these stimuli-

responsive polymers, thermoresponsive poly (N-isopropylacrylamide) (pNIPAm), has attracted the most
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attention [27]. PNIPAm has a lower critical solution temperature (LCST) of 32 °C where it undergoes a
conformational change from an extended random coil to a collapsed globule [27]. PNIPAm-based hydrogel
particles (microgels) can also be synthesized, and exhibit thermoresponsivity, i.e., they decrease in
diameter above 32 °C. PNIPAm-based microgels have been used for myriad applications, e.g., sensors,
catalysts, drug delivery platforms, water remediation materials and artificial tissues [21-24, 28-30]. In this
submission, pNIPAm-co-acrylic acid (pNIPAm-co-AAc) microgels were used to generate optical device
(etalons) and were made sensitive to the concentration of P4 in water samples. Figure 1A shows the basic
structure of the etalon, which is composed of two semi-transparent metal layers (Au in our case)
"sandwiching" a layer of pNIPAm-based microgels, all on a glass support. These devices also exhibit visual
color and multipeak reflectance spectra, as can be seen in Figure 1B. The wavelength(s) of light reflected
from the etalons can be predicted from Equation (1):

_ 2ndcos@
m

A (1)

where n is the refractive index of the dielectric (microgel) layer, d is the distance between the metal layers,
0 is the angle of incident light relative to the device normal, and m is the order of a reflected wavelength
(an integer). For our devices, we have shown that the position of the peaks in reflectance spectra (and
hence the device color) depends primarily on the distance between the metal layers. Since the devices are
composed of responsive microgels, they can be used to modulate the metal layer separation, which leads
to shifts in the peaks in the reflectance spectra and a device that exhibits color tunability. Microgels can be
made responsive to multiple stimuli by modifying their chemistry, allowing the devices to detect multiple
stimuli by monitoring their optical properties. In this investigation, we modified pNIPAm-based microgels
with polyclonal progesterone antibodies, as shown schematically in Figure 1A, which were used to quantify
P4 in water samples. The sensing mechanism relies on antibody crosslinking in the presence of P4, which

causes the microgels to collapse, leading to a change in the optical properties (blue shift) of the device. By



93 monitoring the shift of the reflectance peaks, a P4 sensor could be generated that is inexpensive, easy to

94 use, and capable of quantifying the concentration of steroid hormones in water and wastewater.
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97 Figure 1. (A, left) Schematic of an etalon, where (a) and (c) are 15 nm Au layers (with 2 nm Cr as adhesion

98 layer) sandwiching a (b) microgel layer (d) all on a glass substrate. (A) Also shows the sensing mechanism,
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with microgel-bound antibodies binding the P4 antigen, and becoming crosslinked, leading to a collapse in
the microgel layer. (B) A reflectance spectrum obtained from a typical etalon used in this investigation.

EXPERIMENTAL SECTION

1. Materials

N-Isopropylacrylamide (NIPAm) was purchased from TCl (Portland, OR, USA) and purified by
recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ, USA) prior to use. N, N-
methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), ammonium persulfate (APS) (>98%), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), progesterone,
and 17B-estradiol were purchased from Sigma-Aldrich (Oakville, ON, Canada) and used as received.
Phosphate buffer saline (PBS, 10 mM, pH 7.4) was purchased from Fisher Scientific (Ottawa, ON, Canada),
and deionized (DI) water with a resistivity of 18.2 MQ-cm was used in all experiments. The 25 x 25 x 1 mm
glass coverslips were obtained from Fisher Scientific. Au (99.99 %) was obtained from MRCS Canada
(Edmonton, AB). Cr (99.999 %) was obtained from ESPI (Ashland, OR, USA). Two polyclonal anti-
progesterone antibodies were used in this research. Rabbit polyclonal anti-progesterone antibody
(antibody A) was purchased from Novus (Oakville, ON, Canada), and sheep polyclonal anti-progesterone
antibody (antibody B) was purchased from Pierce Antibodies (Ottawa, ON, Canada). Experiments were

conducted at room temperature (21 + 1 °C) unless otherwise specified.

2. Microgel Synthesis

Poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) microgels were synthesized via
temperature-ramp, surfactant-free, free-radical precipitation polymerization as described previously [31,
32]. Briefly, the monomer mixture was composed of 85% NIPAm and 10% AAc with 5% BIS as a crosslinker.
First, NIPAm (11.9 mmol), and BIS (0.7 mmol) were dissolved in deionized water (99 mL) with stirring in a

beaker. The mixture was filtered into a 200 mL 3-neck round bottom flask through a 0.2 um filter. The
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solution was bubbled with N, gas for ~1.5 h while allowing the temperature to reach 70 °C. AAc (1.4 mmol)
was then added to the heated mixture followed by the addition of 1 mL of 0.2 M aqueous solution of the
initiator APS. The reaction was allowed to proceed for 4 hours at 70 °C and the reaction mixture was stirred
overnight at room temperature. The mixture was finally filtered through glass wool to remove any large
aggregates, and were washed to remove unreacted monomer and linear polymer by centrifugation (~8500

rcf) and resuspension in DI water a total of six times.
3. Etalon Fabrication

A previously described “paint-on” protocol was used to fabricate microgel-based etalons [33].
Briefly, 2 nm of Cr (for adhesion) followed by 15 nm of Au was thermally evaporated onto 25 x 25 x 1 mm
glass coverslips (pre-cleaned by rinsing with DI H,O and ethanol and dried with N, gas) at a rate of ~0.1 and
~0.15 A s, respectively, using a model THEUPG thermal evaporation system (Torr International Inc., New
Windsor, NY). The Au coated substrates were annealed at 250 °C for 2 h using a Thermolyne muffle furnace
from Thermo Fisher Scientific (Ottawa, Ontario). A 40 plL aliquot of concentrated pNIPAmM-co-AAc microgels
(obtained by centrifugation) was spread on the Au/Cr coated substrate according to the “paint-on” protocol
[33]. The microgel solution was allowed to dry completely on the substrate for 2 h at 35 °C. Then the dry
film was rinsed copiously with DI water to remove any excess microgels not bound directly to the Au. The
substrate was then placed into a DI water bath and allowed to incubate overnight at 30 °C. Following this
step, the substrate was rinsed again with DI water, dried with N, gas, and an additional layer of 2 nm Cr and

Au (either 15 nm or 5 nm thick) was deposited.
4. Microgel-Antibody Coupling Reaction

EDC-NHS [34] was used to chemically attach the antibodies to the pNIPAm-co-AAc microgels. In
detail, pNIPAmM-co-AAc microgel-based etalons were soaked in PBS, and incubated with a 2 mL mixture of

100 mM EDC and 100 mM NHS for 1 h at room temperature. The etalons were washed copiously with PBS
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buffer to remove any unreacted EDC and NHS. The activated etalons were further incubated with 50 pg/mL
anti-progesterone antibodies at room temperature for 4 h. The etalons were then washed copiously with
PBS buffer to remove any unreacted antibodies. The antibody modified etalons were stored in PBS at 4°C
until used. Control devices were prepared by performing the procedure above without EDC and NHS

addition.

5. Reflectance Spectroscopy, Optical Microscopy, and Zeta Potential Measurements

Reflectance spectroscopy measurements were performed using a USB2000+ spectrophotometer, a
HL-2000-FHSA tungsten light source, and a R400-7-VIS-NIR optical fiber reflectance probe from Ocean
Optics (Dunedin, FL). The spectra were collected using OceanView Spectroscopy Software in a wavelength
range of 350-1000 nm. Optical microscopy images of the pNIPAm-co-AAc microgels were taken using an
Olympus IX71 inverted microscope (Markham, Ontario) fitted with a 100X oil-immersion objective an Andor
Technology iXon camera (Belfast, Ireland). Andor SOLIS v4.15.3000.0 software was used to record
microscopy images of the microgels. Zeta potential and microgel diameter was measured using a Malvern

Zetasizer Nano ZS instrument (Malvern, UK) with a 633 nm laser at 25 °C.

6. Experimental setup and sensing procedure

Experiments were done in a custom built chamber with temperature control. The chamber was built
to ensure that the position of the etalon and the light source are fixed, and the temperature is well
controlled and stable. The chamber allowed the reflectance probe to be inserted such that the device's
optical properties could be assessed. The intensity and distance of light source from the assembly was
adjusted to result in the highest quality reflectance spectra. During the sensing experiments, the
reflectance spectra were collected before adding target and 30 minutes after adding various concentrations

of target.
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RESULTS AND DISCUSSION

1. Microgel Characterization

Optical microscopy was used to collect images of synthesized pNIPAm-co-AAc microgels. Figure 2 shows
differential interference contrast (DIC) images of microgels synthesized for this investigation. As can be
seen from the image, the microgel diameters are in the range of 1.0 um-1.2 um. Dynamic light scattering
(DLS) revealed that the average microgel diameter was 1120 = 30 nm, which is comparable to that
measured via microscopy. Zeta potential was also used to characterize the microgels. The pKa of AAc is
~4.25, therefore, the microgels should be negatively charged at pH > pKa. Microgels dispersed in DI water
exhibited a zeta potential of -32 + 1 mV, while they exhibited a zeta potential of 0.06 + 0.06 mV after
coupling with anti-progesterone antibodies (Supplemental Information Figure S1). This suggests that the
anti-progesterone antibodies were able to couple to the microgel COOH groups. Previous research has
shown that there is a higher concentration of —COOH in the "inner" regions of pNIPAm-co-AAc microgels
relative to the "outer" regions [35]. Moreover, the size of the antibodies is in the range of 5-10 nm.
Therefore, we expect that the antibodies are small enough to penetrate the microgels to couple to the —
COOH groups inside the microgels. Considering the concentration of antibodies used, and the density of —

COOH in the microgels, ~19,000 antibodies could be coupled to each microgel at 10 % reaction efficiency.

10
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Figure 2. DIC optical microscopy image of pNIPAm-co-AAc microgels used in this investigation, the scale bar

is 20 pm.

2. Etalon Fabrication and P4 Detection — Antibody A Modification

The “paint-on” method [33] was utilized to form a monolayer of pNIPAm-co-AAc microgels on a
glass substrate coated with 2 nm of Cr followed by 15 nm of Au. In previous research, the thermo- and pH-
responsivity of pNIPAm-co-AAc microgels was reported, and is well documented [36, 37]. Therefore, the
etalons constructed here from pNIPAm-co-AAc microgels should also show responsivity to temperature and
pH [32, 38]. To confirm that our microgels and etalons behave as expected, their response of the fabricated
etalons to pH and temperature was analyzed. Analysis revealed that the etalons exhibited the expected
behavior — a blue shift of etalon’s reflectance peaks was observed when their temperature was increased
and when the solution pH was decreased. Likewise, a red shift of the reflectance peaks were observed
when the solution temperature was decreased and/or the solution pH was increased (Supplemental

Information Figure S2).

With the basic etalon responsivity confirmed, we moved on to evaluate the devices ability to detect
P4. Initially, progesterone antibody A-modified microgel-based devices were fabricated and their response
to P4 investigated. Figure 3(A) shows that the position (Amax) of the monitored reflectance peak shifts as
the device is exposed to various P4 concentrations. Figure 3(B) shows the average peak shift (AL) of three
devices to various P4 concentrations. As can be seen, the maximum peak shift was ~50 + 20 nm in response
to 50 ng/mL P4. A linear range up to 20 ng/mL was obtained, and the response could be described by

Equation (2) with R?=0.9869:

AL =1.68 (+0.28) Cpy + 2.02 (£0.42) (2)

11



207  Thus, the sensor developed here can be used to measure P4 concentration in aqueous solutions, and can
208  impact environmental monitoring efforts. A detection limit of 3.6 ng/mL was calculated based on three

209 times of standard deviation of blank samples.
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Figure 3. (A) The position of a given reflectance peak as a function of P4 concentration. (B) Cumulative shifts
of the etalon's reflectance peak for the addition of progesterone to the etalon at room temperature. The
peak shifts were calculated relative to the initial peak position. Each data point represents the average of at

least three independent measurements, and the error bars are the standard deviation for those values.

3. Effect of Au Overlayer Thickness on Device Sensitivity to P4

The thickness of an etalon’s Au overlayer has been shown to significantly impact the transportation
of molecules from solution into etalon [39]. Specifically, thin Au has big pores, which we hypothesize will
favor the transportation of P4 antibodies and P4 into the etalon, and lead to enhanced sensitivity. To
investigate this, we determined the response of a device composed of a 5 nm Au overlayer, and compared
that to the response from a device composed of a 15 nm Au overlayer. The results can be seen in Figure 4.
As can be seen, the device composed of a 5 nm Au overlayer showed a response of 42 + 7 nm when
exposed to 50 ng/mL P4. Comparably, the device composed of a 15 nm Au overlayer exhibited a response
of 50 + 20 nm when exposed to the same P4 concentration (data shown above). As can be seen, the overall
sensitivity of the device to P4 was not significantly affected, although the precision was greatly enhanced
for the device with the 5 nm Au overlayer. Additionally, the linear range of the 5 nm Au overlayer device
was much larger than the 15 nm Au overlayer device — 0-50 ng/mL P4. The equation that fits the 5 nm Au

overlayer data can be seen in Equation (3) with an R?=0.9531:

A\ = 0.80 (£0.26) Cpq + 5.11 (% 2.86) (3)

A detection limit of 1.77 ng/mL was also calculated for the 5 nm Au overlayer devices using three times the
standard deviation of blank samples. This sensitivity is also improved compared to the 15 nm Au overlayer

devices.

13
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Figure 4. Reflectance spectrum peak shift of antibody A-modified etalons with a Au overlayer thickness of 5
nm as a function of P4 concentration at room temperature. The peak shifts were calculated relative to the
initial peak position. Each data point represents the average of at least three independent measurements,

and the error bars are the standard deviation for those values.

4. Effect of Temperature on Device Sensitivity to P4

Previously, we have shown that our etalons change their optical properties in response to
temperature, and are especially sensitive in the region around the LCST. That is, a blue shift of the devices
reflectance peaks is observed as the temperature approaches 32 °C, and is extremely sensitive in the range
of 30-34 °C [40]. Therefore, the devices response to other stimuli should exhibit enhanced sensitivity near
this transition temperature. We investigated the response of the sensors (5 nm Au overlayer) to different
P4 concentrations at 30 °C (Figure 5). As can be seen, the response to 50 ng/mL P4 was 55 + 7 nm, which is

not significantly different to that at room temperature (42 + 7 nm, P= 0.14 at 95% confidence). Additionally,
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two linear ranges were obtained with these devices, from up to 30 ng/mL and above 30 ng/mL is described

by Equation (4) and Equation (5), respectively.

AA =6.02 (£0.36) Cpy + 0.24 (£0.12)  (4)

AA =1.08 (£0.0.13) Cpy + 15.34 (£1.67) (5)

A detection limit of 0.25 ng/mL was also calculated for the 5 nm Au overlayer devices at 30 °C using three
times the standard deviation of blank samples. The results suggest that the sensor has two different
sensitivities in two separate linear ranges. Specifically, the sensor response to P4 is more sensitive at lower
concentration. Finally, the response of an etalon to P4 concentration at 40 °C was also was investigated,
which exhibited a low sensitivity of 16 £ 6 nm. This diminished sensitivity is likely the result of the microgels
in the device being collapsed, and hence cannot respond by deswelling any further upon P4 addition.
Therefore, we determined that the sensor has the highest sensitivity at 30 °C, although the device is still
functional at room temperature, capable of quantifying P4 in the range of 1.77 ng/mL to 50 ng/mL. These

results demonstrate that the device could find real-world applications.
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Figure 5. Reflectance spectrum peak shifts of antibody A-modified etalons with a Au overlayer thickness of
5 nm as a function of P4 concentration at (A) 30 °C and at (®) 40 °C. The peak shifts were calculated
relative to the initial peak position. Each data point represents the average of at least three independent

measurements, and the error bars are the standard deviation for those values.

5. Specificity of the P4 Sensor

The specificity of the devices for P4 was determined by exposing the devices to 17p-estradiol,
which is a common interfering species. As can be seen in Figure 6A, the devices showed a maximum
response of 11 + 2 nm (room temperature) and 12 * 1 nm (30 °C) to 50 ng/mL estradiol; which is
significantly lower than the etalons’ response to 50 ng/mL progesterone, 42 + 7 nm (room temperature)

and 55 = 7 nm (30 °C). The ratio of the etalon’s sensitivity (slopes of the lines in the calibration curves)
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toward progesterone: estradiol is 3.6 (room temperature) and 30.3 (30 °C), which demonstrates that this
device can be used to effectively quantify progesterone in the presence of estradiol. We also performed a
control experiment, by exposing a device composed of microgels with no progesterone antibodies
covalently attached to the microgels in the devices. That is, the microgels were exposed to progesterone
antibodies without EDC and NHS addition. Figure 6B shows the response of the control etalon device to
different P4 concentrations at room temperature and 30 °C. The control sensors showed 24 + 10 nm and 12
1 14 nm peak shift at room temperature and 30 °C, respectively; which also are significantly lower than the
obtained 42 + 7 nm (room temperature) and 55 + 7 nm (30 °C) of those sample etalon sensors. This result
indicates that the physical absorption of antibody in microgels was low, which yielded a decreased

response to P4.
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Figure 6. (A) Reflectance spectrum peak shifts of antibody A-modified etalons with a Au overlayer thickness
of 5 nm as a function of estradiol concentration at (A) room temperature and at (®) 30 °C. The peak
shifts were calculated relative to the initial peak position. (B) Reflectance spectrum peak shifts of control
etalons with a Au overlayer thickness of 5 nm as a function of progesterone concentration at (A) room
temperature and at (®) 30 °C. The peak shifts were calculated relative to the initial peak position. Each data
point represents the average of at least three independent measurements, and the error bars are the

standard deviation for those values.

6. Etalon Fabrication and P4 Detection -- Antibody B Modification

The above results were obtained with antibody A-modified devices, which exhibited good
performance. To confirm the utility of the etalon-based sensor technology, sheep polyclonal progesterone

antibody (antibody B) was also coupled to microgels in the etalon, and the response of these devices to
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different P4 concentrations were tested at room temperature and 30 °C. As can be seen in Figure 7, the
results are similar to what was obtained with the etalons modified with antibody A. Two linear ranges were
also obtained with these devices, at low and high concentration. Equation (6) (R°=0.9931) and Equation (7)
(R’=0.9472) (room temperature) and Equation (8) (R’=0.987) and Equation (9) (R*=0.9963) (30 °C) describes

the response in above concentration respectively:

A\ =5.32 (£0.38) Cp, + 0.25 (£0.12) (6)

A =0.50 (£0.08) Cpq + 14.41 (£1.66)  (7)

A\ =3.66 (£0.36) Cps + 0.24 (£0.12) (8)

A\ =1.00 (£0.03) Cp, + 9.96 (20.40) (9)

Detection limits of 0.28 ng/mL (room temperature) and 0.30 ng/mL (30 °C) were calculated using three
times the standard deviation of blank samples. The sensors also are also more sensitive at the low
concentration range. Successful detection of progesterone using antibodies from different species further

confirmed the ability of the sensors to detect steroid hormones.
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Figure 7. Reflectance spectra peak shift of polyclonal anti-progesterone antibody B modified etalon with Au
overlayer thickness of 5 nm under different concentration of progesterone at (A) room temperature and
at (®) 30 °C. Each data point represents the average of at least three independent measurements, and the

error bars are the standard deviation for those values.

CONCLUSION

In this submission, we described a device capable of quantifying P4 in aqueous solutions by modifying
microgels in etalons with two different P4 antibodies. The ability of the sensors to detect different P4
concentrations was determined by monitoring the position of the reflectance peaks in the devices

reflectance spectra. We showed that the devices could be used over a wide range of P4 concentrations,
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with a detection limit of 0.28 ng/mL and 0.25 ng/mL at room temperature and 30 °C respectively. The
devices also exhibited good selectivity in the presence of the common interfering species 17B-estradiol.
While these devices could find use as sensors for P4 concentration in agueous samples, they could also be
easily modified to determine the concentration of P4 in milk samples, which can help the dairy industry
tremendously. The concept could also be used to determine the concentration of other antigens in samples,
which could be used for disease diagnostic applications. Finally, the cost of each device was estimated to be
~ $4 CAD/inch® with over 97% of the cost coming from the purchase of antibodies. We expect to cut this
cost further by purchasing components in bulk, making this sensing technology feasible for real-world

sensing applications.
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