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Abstract

Biomarkers provide critical molecular insights into diseases and abnormal conditions. However,
detecting them at ultra-low concentrations is a challenge, particularly in areas with limited
resources and access to sophisticated instruments. Our research is primarily focused on mitigating
this challenge. In this report, we introduce a colorimetric immunosensor for detecting insulin, an
essential hormone biomarker that regulates glucose metabolism, at picomolar concentrations using
citrate-functionalized magnetic particles. This immunosensor utilizes a two-antibody sandwich
immunoassay: one antibody is covalently conjugated to the nanoparticles to capture and isolate
the target marker, while the other is labeled with horseradish peroxidase for colorimetric detection
of insulin. We conducted comparative analyses of insulin detection in buffer, saliva, and serum
samples, offering valuable analytical insights. Our findings indicate a detection limit of 10 pM,
with dynamic ranges of 10 pM to 1 nM, 10 pM to 10 nM, and 50 pM to 1 nM for insulin
detection in buffer solution, 2-fold diluted serum, and 20-fold diluted artificial saliva, respectively.
We demonstrate the application of the color immunosensor to type 1 diabetes and healthy human
serum samples. For human saliva analysis, the detection limit needs to be improved in our future
studies. Overall, our study enhances biomarker analysis in biofluids through an equipment-free
colorimetric method, which is particularly relevant for point-of-need applications.

1. Introduction

Nanoparticle-based colorimetric sensors offer a straightforward, sensitive, and user-friendly
approach to detection, requiring minimal sample preparation and no sophisticated
equipment.! A sensitive and selective enzymatic assay based on the peroxidase-like activity
of magnetic greigite (FesS,) utilized sulfur vacancies to function as charge trapping and
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short-range scattering centers by introducing localized gap states. This helps the adsorption
of peroxide on the Fe3S, surface, facilitating glucose detection in serum with a linear range
of 0.5-150 uM and a detection limit as low as 0.1 uM.2 Anténio et a/. reported a rapid
assay for detecting C-reactive protein using citrate-capped gold nanoparticles.3 Platinum
nanoparticles for the detection of cardiac troponin have also been reported.# Other analytes
such as cancer cells, proteins, and bacteria have also been detected utilizing magnetic,
platinum-gold, and copper nanoparticles, they were able to detect as few as 2.17 x 102
colony forming unit per ml (CFU ml~Y) of L/steria monocytogenes bacteria that cause
foodborne illness, 10 cells per mL of cancer cells and 1.95 pg mL™1 of alpha-fetoprotein.>~
7 Furthermore, a recent study has explored the use of graphene oxide/gold nanoparticles/
Triton X-100 nanocomposites for insulin detection. While promising, this approach lacks
selectivity.8 The inherent visual nature of colorimetric sensing allows for quick, convenient
measurements, making it particularly suitable for point-of-care (POC) tests in remote
settings.

Magnetic particle-based colorimetric immunosensors have garnered increased attention
during the pandemic era due to their significant advantages such as negligible interference
with biological matrix,® lower signal-to-noise ratio, highly stable physical properties, faster
separation, and low cost.10 Utilizing magnetic particles (MPs) to immobilize biomolecules
such as antibodies, proteins, enzymes, and nucleotides enables the simple, rapid, cost-
effective, and efficient capture of target biomolecules from complex real sample matrices.!
These biosensing strategies are not only biocompatible and environmentally friendly but also
cost-effective. Additionally, MP-based sensors offer reduced interference because biological
samples typically exhibit little to no magnetic signals.1? The high surface-to-volume ratio,
ease of dispersibility, and ability to conjugate with a variety of target-specific receptor
molecules make MPs highly effective for sensitive detection in minimally processed
samples.13-15 Magnetic particles have been versatile in developing assays to detect CA125
antigen, 8 hepatitis B antigen,1” and various other analytes.

Compared to the millimolar concentrations of blood glucose, insulin, a hormone regulating
glucose, is present at picomolar levels in fasting serum samples of both normal individuals
and those with juvenile diabetes (type 1).18 In patients with insulin-resistant diabetes, known
as type 2 diabetes, fasting insulin levels typically exceed 70 pM.1® While HbA1C tests

are the most common clinical method for diagnosing diabetes, frequent monitoring of
insulin is also crucial, particularly for individuals with malignant insulinoma, which can
lead to frequent hypoglycemic episodes,2° in cases of pancreatic disorders or damage,
helping diagnose impaired insulin production. Monitoring insulin levels is also necessary for
understanding unexplained factitious hypoglycemia in non-diabetic individuals,?! assisting
athletes with type 1 diabetes in achieving peak performance,?? and in the management of
artificial pancreatic systems.

In immunoassays, using selective antibodies for target proteins ensures high specificity in
detecting desired molecules,?® such as insulin, which serves as the model protein, hormone,
or polypeptide in the present report. A sandwich-type electrochemical immunoassay has
been reported for detecting serum insulin with a detection limit of 50 fM24 and in saliva
samples with a detection limit of 41 pM.25 Liu er a/. demonstrated a fluorescence quenching
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method for insulin detection with a detection limit of 0.048 U mL~1.26 While effective,

this approach requires multiple DNA probes, increasing cost and complexity. G-Quadruplex
systems and aptamer-based assays, known for their sensitivity due to multiple binding

sites, can detect various analytes. Despite their potential, they pose design challenges.2’
Chemiluminescence has been used with a detection limit of 1.6 pM but involves multiple
steps.28 Interferometric reflectance spectroscopy offers label-free detection of biological
molecules, yet it is costly.29 Chromatography-based techniques, while documented for
insulin detection, often require lengthy preparation and running times, making them

less ideal for immediate application needs. Given these limitations, especially in resource-
constrained or remote settings, there is a critical need for new methods that are user-friendly,
cost-effective, and independent of complex instrumentation to detect molecules at ultra-low
concentrations.30

In this study, we compared the performance of a magnetic-particle-based colorimetric
insulin sandwich immunosensor for detecting ultra-low picomolar concentrations of insulin
(Scheme 1). Tests were conducted in a simple buffer solution and then expanded to 2-times
diluted serum, 20-times diluted artificial saliva, and human salivary samples. Our goal was
to achieve minimal dilution while maintaining sensor functionality, successfully enabled in
a 2-fold diluted serum. However, greater dilution was necessary for saliva due to its frothy,
viscous nature and to improve signal differentiation from the control saliva (no-insulin)
samples at lower concentrations, as detailed in the Results and discussion section. The
color intensity of the assay correlates with insulin concentration, providing a reliable,
cost-effective means to monitor insulin levels, particularly beneficial for point-of-care
applications in resource-limited settings.

2. Experimental section

2.1. Materials

Fluid MAG-CT (200 nm) citrate-functionalized magnetic particles (MPs) were acquired
from Chemicell GmbH (Berlin, Germany). We purchased A-hydroxysuccinimide (NHS),
polyethylene glycol sorbitan monolaurate (TWEEN® 20), 2-aminoethanol (ethanolamine),
disodium hydrogen phosphate (NapHPQ,), 2-(A-morpholino) ethane sulfonic acid hydrate
(MES hydrate), a monoclonal anti-insulin antibody produced in mouse, insulin antigen, and
human serum from Sigma-Aldrich (St. Louis, MO). Enhanced K-Blue® TMB (3,3",5,5'-
tetramethylbenzidine) substrate was obtained from Neogen® (Lexington, KY). Sodium
chloride (NaCl), potassium chloride (KCI), and sodium hydroxide (NaOH) were sourced
from Millipore Sigma (Burlington, MA). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) and potassium dihydrogen phosphate (KH,PO4) were purchased
from Thermo Fisher Scientific (Waltham, MA). DNase-free water was procured from
Fisher Bioreagents. The insulin rabbit anti-human polyclonal (HRP) detection antibody was
acquired from LS Bio (Shirley, MA). Artificial saliva (sodium carboxy methyl cellulose,
potassium phosphate monobasic, potassium chloride, potassium phosphate dibasic,
magnesium chloride hexahydrate, calcium chloride dehydrates, methyl-p-hydroxybenzoate)
for medical and dental research was purchased from Pickering Laboratories (Mountain
View, CA). SpotReady-16 gold spotted glass microarray chips (1 mm x 18 mm x 18 mm)
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were obtained from Platypus technologies, LLC (Madison, WI). Finally, a magnetic rack
(6.73” x 2.24” x 2,13 for 100-250 microliter Eppendorf tubes (16 tubes) was obtained
from Sergi Lab Supplies (Seattle, WA).

2.2. Methods

UV-vis spectrophotometer was Varian Cary 100 Bio, Varian Inc., CA. The hydrodynamic
size and zeta potential of the particles were measured using a ZetaPALS potential analyzer
(Brookhaven Instruments Corporation, Holtsville, NY, USA), providing insight into particle
stability and interaction. Measurements were conducted at a 90° angle, with the sample
diluted 5-fold in 10 mM PBS (pH 7.4, 25 °C). To validate the color sensor results with
increasing insulin concentration, we used the SPRimager-11 array instrument (Horizon
model, GWC Technologies, Madison, WI, USA), which operates at room temperature and
uses a fixed SPRi source wavelength of 800 nm. Reflectivity changes at an optimally
selected angle indicating surface modification or molecular binding events were recorded. A
charge-coupled device (CCD) camera captured these changes as variations in pixel intensity.
All experiments were performed in accordance with the Guidelines “Occupational Safety
and Health Standards, OSHA Bloodborne Pathogen Standards, U. S. Department of Labor”
and approved by the ethics committee at Oklahoma State University. Informed consent was
obtained from human participants in this study.

2.3. Colorimetric sandwich immunoassay

In this study, magnetic particles (MPs) with a hydrodynamic size of 200 nm were selected
due to their rapid magnetic separation in biofluids, a result of enhanced magnetophoretic
mobility.31 The choice of 200 nm particles is due to their relatively lower surface area
compared to particles smaller than 100 nm. This reduced surface area diminishes the
contact area for the intrinsic peroxidase activity of the MPs, consequently lowering the
background color in control samples that are not spiked with insulin. Each Eppendorf

tube contained 12.5 L of a 25 mg mL~1 citrate carboxylated MP (~COOH, sodium salt)
suspension (0.31 mg, ~7 x 1010 magnetic particles). To activate the -COOH groups, we
added 50 uL of a freshly prepared solution containing 0.4 M EDC and 0.1 M NHS in

MES buffer (pH 6.5) and incubated for 15 minutes at room temperature, converting them
into reactive A~succinimidyl ester groups. We used a strong neodymium magnetic rack

for efficient separation of the -COOH-activated MPs from the bulk unreacted EDC/NHS
solution and washed them twice with 10 mM phosphate-buffered saline (PBS). These groups
are known to form stable amide bonds with the amine groups on the lysine residues of the
anti-insulin monoclonal antibody.1® To accomplish this antibody conjugation, we incubated
the MPs with the anti-insulin monoclonal antibody (50 pg mL=1, 50 pL) for 30 minutes
under ice-cold conditions (in an ice-box) to support the solution antibody protein stability
while conjugating to the particles. After the immobilization, we magnetically separated the
antibody-attached MPs and washed them three times with 10 mM phosphate-buffered saline
(PBS) to remove unbound antibodies with intermittent magnetic separation at each wash. To
block any remaining active chemical sites on the -COOH-activated MPs and thus reduce
non-specific binding in subsequent assay steps, we added 50 pL of 2.5 M ethanolamine

to the MP-antibody conjugate and incubated it for 15 minutes. Finally, we performed a
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magnetic separation and washed the ethanolamine-blocked conjugates once with 200 pL of
10 mM PBS.

Various concentrations of insulin solutions were prepared in 10 mM PBS buffer, 2-times
diluted insulin-free healthy human serum, or 20-times diluted commercial artificial saliva.
These solutions were incubated with the ethanolamine-blocked, insulin-antibody-modified
MPs for 30 minutes, followed by washing with PBS buffer and intermittent magnetic
separation to remove any unbound substances. Next, 50 uL of a 1 pg mL~1 horseradish
peroxidase-labeled detection insulin antibody solution in PBS (pH 7.4) was added. This
mixture was incubated for another 30 minutes in the ice-cold box with occasional stirring
to allow binding to the insulin molecules on the monoclonal antibody MPs, forming a
sandwich immuno-assembly. After washing the immunocomplex three times with PBS
buffer, we added 20 uL of enhanced K-blue TMB substrate solution (containing 3,3°,5,5"-
tetramethylbenzidine, and hydrogen peroxide) and incubated for 25-30 seconds to allow
color development. The total assay time is ~2 h. The blue color intensity, indicative of the
bound insulin concentration, was generated from the peroxidase-labeled detection antibody-
catalyzed TMB enzymatic reaction. Finally, we magnetically separated the insulin immuno-
assembly MPs and measured the absorbance at 652 nm using a UV-vis spectrophotometer
to quantify the insulin levels. For visual documentation, photos of the sample tubes were
captured using an iPhone 12 camera. Control samples included buffer, two-times diluted
serum, and 20-times diluted artificial saliva.

ImageJ analysis

A smartphone camera captured images of the colorimetric change occurring in the sample
Eppendorf tubes at the end of the assay. Then, the images corresponding to each insulin
concentration were cropped into similar-sized snips. The pixel intensity increase with insulin
concentration is represented using the ImageJ software, along with the 3D representation

to easily visualize the color intensity changes that correlate with the UV-vis absorbance
increase of the TMB oxidation catalyzed by the HRP-labeled detection antibody bound to
the magnetic particle-capture antibody-insulin-immunoassembly.

3. Results and discussion

3.1.

Hydrodynamic size

Magnetic particles and magnetic particle-bound insulin-antibody conjugates were
characterized by measuring their size distribution in a liquid environment using dynamic
light scattering (DLS), accounting for Brownian motion and hydrodynamic interactions.32
The measured hydrodynamic size of the as-received, unconjugated MPs from Chemicell
Inc. was 202 + 20 nm, which agrees with the manufacturer’s specified average size of 200
nm. Following the immobilization of the capture monoclonal anti-insulin antibody onto the
MPs, the hydrodynamic size increased to 372 + 45 nm (N = 3 replicates). This increase

is from the antibody immobilization and associated intermolecular and/or interparticle
aggregation when attached to the nanoparticle surfaces, as noted in prior studies.33:34 The
size distribution was quantified using the polydispersity index (PDI), a dimensionless value
ranging from 0 to 1, where values less than 0.1 indicate well-dispersed particles.3® The
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citrate—carboxylic acid functionalized MPs exhibited a PDI of 0.186, which decreased
to 0.009 after the capture insulin-antibody was attached. This indicates a narrower size
distribution of the aggregated antibody-MP conjugate compared to the original particles.

3.2. Zeta (¢) potential

Initially, the carboxyl-functionalized magnetic particles exhibited a negative ¢ potential of
-36.47 £ 0.13 mV, attributed to the citrate (-COOH) surface groups. After the covalent
immobilization of activated -COOH groups with the amine groups of lysine residues on the
capture antibody to form stable amide bonds, the ¢ potential shifted to a less negative value
of —15.27 £ 0.19 mV (V=5 replicates). This shift towards a less negative zeta potential is
indicative of the neutralization of the surface negative charge of the MPs due to antibody
attachment and subsequent ethanolamine blocking. The remaining net negative charge is
likely due to the negative charges on the antibody at pH 7.4, given its isoelectric point (pl) of
6.0-6.5,36 as well as from any residual free citrate groups of the MPs.

3.3. Assay in buffer (10 mM PBS, pH 7.4)

The assay results indicate a clear correlation between increasing insulin concentrations
(ranging from 10 pM to 10 nM) in the buffer and an increase in color intensity, as shown

in Fig. 1(A-D). Visually, color intensities for concentrations from 100 pM to 10 nM were
notably distinct compared to the lower 10 pM concentrations, which closely resembled

the background color of the buffer, a result of the intrinsic peroxidase activity of MPs. A
UV-vis spectral analysis was performed to validate the visual observations. The maximum
absorbance at 652 nm corresponds to the formation of the oxidized TMB compound
facilitated by the enzymatic activity of the HRP-labeled detection antibody in the sandwich
structure. The chromogenic activity of TMB is a result of its two easily oxidizable amino
groups of benzidine, which are enhanced due to its sensitivity to HRP.37 In the presence

of the horseradish peroxidase/H,O5 system, TMB forms a blue one-electron oxidation
product, perpetuating a redox cycle that facilitates the color development characteristic of
this assay.38 The sensor demonstrated a robust linear, logarithmic response across the range
of 10 pM to 1 nM.

3.4. Detection in two times diluted serum

The serum is a complex matrix containing approximately 20 000 different proteins, spanning
a wide range of concentrations and molecular weights, which can significantly influence
the analytical response of sensors.39 Detecting insulin in serum is particularly challenging
due to its low molecular weight (~6 kDa). Our sandwich assay method addresses this

issue by employing two specific antibodies to enhance selectivity. Additionally, to minimize
background interference, we diluted the serum 2-fold with 10 mM PBS. In our serum
analysis, there was a discernible increase in color intensity corresponding to the rise in
spiked insulin concentration from 10 pM to 10 nM (Fig. 2A for visual color changes

and Fig. 2B for 3D representation), as compared to the background color of the serum
(no-insulin), which is attributable to the intrinsic peroxidase activity of the MPs (Fig. 2C,
curve a). Gao et al. have shown that the peroxidase-like activity of MPs increases with
increasing temperature, lowering pH (more acidic), and high molar hydrogen peroxide
(H,05) concentrations.*0 MPs alone require a high peroxide concentration of 530 mM
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and a reaction time of over 100 seconds38 to exhibit significant peroxidase activity. To
counteract this non-enzymatic background activity, our assay was conducted under ice-cold
conditions using a 100 mM peroxide concentration at a physiological pH of 7.4. These
measures effectively mitigated the intrinsic peroxidase activity of MPs. Our optimized
conditions achieved a linear detection range of 10 pM to 10 nM in 2 times diluted serum
(Fig. 2C, curves b—f). While previous studies have utilized 10 to 100-fold serum dilution

to enhance sensor response by diminishing nonspecific signals from the complex matrix,®
such extensive dilution can decrease the analyte protein concentration in actual samples,
potentially compromising the sensor’s ability to detect and overall assay performance.
Application of the designed colorimetric sensor serum calibration plot (Fig. 2D) to a type

1 diabetes patient and healthy human serum samples and correlation of the results with an
enzyme-linked immunosorbent assay (ELISA) run by an independent laboratory located on
our campus (The University Health Services) inferred good agreement at a 95% confidence
level (Fig. 2E). The percentage recovery of the ELISA kit was reported as 91%, and the
correlation with the present colorimetric sensor infers a similar level of accuracy between
the two methods.

Detection in 20-times diluted artificial saliva

Fabre et al. reported a 92% confidence interval for the correlation between salivary and
serum insulin levels, highlighting saliva as a valuable biofluid for non-invasive detection.4!
However, detecting insulin in the saliva is challenging due to its approximately 10-fold
lower concentration compared to serum and the complex nature of saliva’s composition,
which can introduce biological noise and affect the assay’s signal response.38:39 To identify
the optimal dilution that minimizes background noise and maximizes signal response to
spiked insulin, we conducted a series of tests using different dilutions of commercially
available artificial saliva (Pickering Laboratories), each spiked with 1 nM insulin.

In Fig. 3, the highest signal response relative to the control was noted for the 20-

times diluted artificial saliva matrix. The undiluted saliva’s background color was more
pronounced at lower dilutions than that of the spiked sample response, indicating significant
interference. The absorbance changes in 5-times diluted artificial saliva were minimal.
Consequently, we chose a 20-times dilution for the saliva matrix to reduce the impact of
interfering agents effectively. This approach, however, also means a corresponding dilution
of the analyte, impacting the detection of insulin in real saliva samples, which is our future
objective to solve.

In Fig. 4 (A for visual color changes and B for 3D representation), we observed a linear
response in concentrations ranging from 50 pM to 1 nM (Fig. 4C and D). The intensity for
the sample spiked with 10 pM was nearly indistinguishable from the 20-times diluted saliva
samples (no spiked insulin). Visually, the intensities at 10 pM and 1 pM appeared lower

or comparable to the 20-times diluted saliva samples with no spiked insulin. UV-visible
spectral analysis further confirmed that the absorbance at 10 pM closely resembled that

of the insulin-unspiked saliva, and the absorbance at 1 pM was equivalent to that of the
artificial saliva.
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Detecting insulin in human saliva is complex due to its constituents like water, salts,
mucus, enzymes, and proteins. Additionally, the viscosity of saliva complicates sample
homogenization, leading to frothing even after diligent mixing. In our study, we spiked 20
times diluted, non-fasting, healthy human saliva samples with three different concentrations
of insulin. Saliva samples from fasting diabetic patients and non-fasting healthy individuals
were collected in 5 mL glass vials and refrigerated at 2-8 °C. Prior to experimentation,
samples were taken out of refrigeration, diluted 20-times in PBS, and spiked with insulin.
In Fig. 5 (A — type-1 diabetic fasting saliva and B for the 20-times diluted human healthy
saliva, and Fig. 5C and D are the respective 3D representations), we noted a significant
background signal in the human saliva samples (Fig. 5E and F) compared to the less
complex artificial saliva made of salts (Fig. 4C). We achieved detection at 1 nM and 10 nM
concentrations above the insulin unspiked saliva control for both the real human saliva and
artificial salivary matrix (Fig. 5G).

Optimizing sensor performance and sensitivity typically involves refining various
components, such as the type of material and bio-recognizing elements. However, one of
the most critical yet often overlooked factors is the background color of the sample matrix.
This can substantially affect the sensor’s analytical parameters and its ability to detect the
analyte effectively. For instance, in our study, the comparative detection limits shown in
Table 1 indicate better performance for insulin spiked in a buffer. This is likely due to
fewer obstructions for insulin binding to the capture antibody in the buffer, which lacks

the complex biological components and viscosity present in serum and saliva that can
amplify background signals. Additionally, our sensor design relies on direct modification of
magnetic particles, avoiding complex co-materials or hybrid materials that might otherwise
increase the background peroxidase-like color from TMB.

3.6. Validation using surface plasmon resonance imaging (SPRi) analysis

To validate the colorimetric results, we employed surface plasmon resonance imaging
(SPRi), a label-free, real-time optical biosensing technique.*3 This method is particularly
adept at monitoring molecular interactions on a metallic sensor surface populated with
oscillating electrons known as plasmons.#4:45

The experimental setup included a 5 nm thin gold layer on a glass surface, with incident
light interacting with surface-bound molecules via an evanescent wave. SPR gold chips
were placed with the colorimetric insulin sensor solutions, and reflectivity changes were
measured against a buffer background.#2 As the concentration of spiked insulin increased
in the immunoassay solution, a corresponding increase in pixel intensity was noted. Data
acquisition from the SPRi difference images was conducted using the Digital Optics V++
software, and the 3D representation of the data was generated using ImageJ software (Fig.
6). These results agreed with the findings obtained from UV-vis spectrometry.

We have compared our sensor with other colorimetric sensors in Table 2. One such sensor
uses a G-quadruplex insulin assembly coupled with DNA nanotubes and nanoparticles for
picomolar detection of insulin. It’s important to note the complexity and time intensity of
this method, which requires around 5 hours to complete, with multiple stages including an
80-minute incubation in a thermocycler, a 60-minute ligation period, and additional steps
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totaling 2 hours and 20 minutes. Additionally, the assay demands specialized techniques
like electrophoresis for nanotube separation and gel extraction columns for isolating MNP-
coupled DNA nanotubes. Consequently, the process is laborious and requires the skills of
trained professionals.*

Colorimetric sensors developed on peroxidase activity of magnetic particles by Martinkova
et al. has good selectivity and stability, however, the detection limit is affected by the
interference of the plasma matrix.*® Wang et a/. developed a sensor based on core—shell
material and demonstrated the detection of glucose detection with good reproducibility,
however the limitation of this method is that study was conducted in PBS buffer.49 Huang
et al. developed a more straightforward ratiometric assay capable of differentiating between
type 1 and type 2 diabetes mellitus, which is also cost-effective. Their method uses core—
shell nanorods based on GNR@Au,S/AuAgS/Cus exhibiting peroxidase-like activity for
colorimetric signal generation. This assay involves glucose oxidation by glucose oxidase
(GOx), producing hydrogen peroxide as a byproduct, which then oxidizes TMB, leading

to a visible color change. However, it should be noted that this method requires a 100-

fold dilution of serum samples.?0 Additionally, a simpler assay using graphene oxide/gold
nanoparticle nanocomposites modified with Triton X-100 was able to detect insulin levels
consistently over five days, with intra-day and inter-day sample variations of 2.7% and
4.8%, respectively. This approach, which utilizes straightforward spectrometric analysis, is
notable for its simplicity, although the long-term stability of the sensor was not evaluated.®
Despite this, such methods represent rapid and sensitive platforms, employing innovative
strategies like self-assembling nanocomposites for insulin detection in human serum.

We recognize that the inherent peroxidase activity of the magnetic particles presents a
limitation in our sensor, leading to background interference. However, we have demonstrated
that this activity can be mitigated. By limiting the detection step reaction to a brief

30 seconds, we ensure that the HRP-driven oxidation of TMB by hydrogen peroxide

occurs more rapidly than the non-enzymatic peroxidase-like activity of the MPs, which
originates from the iron centers. Additionally, conducting the detection reaction at 4 °C and
maintaining a low hydrogen peroxide concentration further minimizes the non-enzymatic
catalytic activity of the MPs, thereby reducing the background signal attributable to non-
enzymatic TMB oxidation.40

Table 3 presents a comparative account of the developed colorimetric sensor with a
representative set of commercial ELISA kits. The commercial colorimetric ELISA Kits

use different labeling methods, such as HRP, alkaline phosphatase (ALP), and high-affinity
HRP-streptavidin-biotin, costing between $450 to $730 per kit. The Mercodia ELISA kit
employs an HRP-labeled sandwich antibody platform similar to ours, but its detection
limit and linear range are not as good. However, it offers high specificity and minimal
cross-reactivity with other proteins in the matrix. Enzo Lifesciences kit also utilizes a
sandwich antibody approach with a biotinylated sandwich antibody, which is conjugated to
the streptavidin—-HRP label for colorimetric detection. It requires a similar sample dilution
as ours for the serum and plasma samples, but again, our assay outperforms it in terms of
detection limit and assay time. Abcam’s kit, though pricier, offers a comparable detection
limit and dilution factor for serum samples, but the longer assay time of 5 h may be a
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drawback. Novus Biologicals and ALPCO kits have excellent detection limits and similar
assay time as ours, with good specificity due to the use of two monoclonal antibodies.
However, the required sample dilution is not well defined in the manual, and it is up to the
users to determine the optimal sample dilution. Our assay is comparable to commercially
available kits in terms of assay time, dilution factor, and linear ranges. Compared to the
commercial methods, our approach offers advantages such as cost-effectiveness that can be
useful in resource-limited settings.

Functional stability of the sensor

The functional stability of the sensor is a critical factor in determining its longevity,
reliability, and repeatability over time. Stability refers to the sensor’s ability to maintain
consistent performance and provide accurate readings over extended periods. It encompasses
resistance to physical and chemical changes, such as degradation of sensor components,

loss of bioactivity in biological elements, or drift in signal response due to environmental
factors. Ensuring functional stability means that the sensor can be reliably used in various
settings, maintaining accuracy and precision without frequent recalibration or replacement.
This is especially important in clinical settings and remote sensing, where consistent

and dependable readings are essential for patient diagnosis and continuous monitoring
applications.

The antibodies are covalently bound to the MPs v7a stable amide bonds formed with free
amine groups on lysine residues. Despite the stability of these bonds, proteins can denature
when exposed to water or temperature fluctuations.52 To evaluate the durability of the
sensor, we prepared 32 individual vials of the capture antibody-MP conjugates and stored
them at 2-8 °C. Over a period of 8 days, new vials were taken from storage for each assay
to assess their insulin detection response. Although the conjugates settled at the bottom

of the Eppendorf tubes, they were readily resuspended with gentle agitation. We spiked
each assay with 1 nM insulin in 10 mM PBS and noted that the control buffer sample
(no-insulin) consistently showed a lower response than the spiked samples throughout the
8 days (Fig. 7). The average absorbance response of the spiked samples was consistently
higher than that of the buffer samples containing the MP-capture antibody conjugate (no
spiked insulin), indicating maintained functional stability over the tested duration in buffer
solutions. Evaluating the sensor stability in spiked serum and salivary solutions forms a
future objective of our research.

4. Conclusions

The ability to quickly and easily detect biomolecules using a visual sensor is highly
advantageous in resource-limited and remote settings. Our developed colorimetric sensor
effectively measured spiked insulin across various matrices, including buffer, serum, and
saliva. It demonstrated good functional stability and reproducibility, as evidenced by
consistent performance over an 8-day storage period and in replicate measurements. The
sensor can be applied for insulin measurements in real serum samples and can differentiate
between type | and healthy human samples. Independent validation using absorbance
spectroscopy and surface plasmon resonance imaging confirmed the reliability of the sensor
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results. This validation underscores the potential use of the sensor as a robust and reliable
tool for insulin detection and indicates its broader applicability for various molecular targets
in real samples.
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Colorimetric insulin sandwich immunoassay in 10 mM phosphate buffered saline using
magnetic particle-capture antibody conjugates and various spiked insulin concentrations
completing the immunoassembly by HRP-labeled sandwich detection antibody: A) increase
in color intensity with spiked insulin concentration in 10 mM PBS buffer (a—g represents
unspiked, 10 pM, 100 pM, 250 pM, 500 pM, 1 nM, and 10 nM insulin concentrations
spiked in 10 mM phosphate buffered saline, respectively, and the corresponding B) 3D
representation (ImageJ software) and C) UV-visible absorption spectra correlating with the
relative color intensity at the TMB oxidation wavelength maximum of 652 nm. D) The
graph presents the relationship between absorbance and insulin concentration, and the inset
is a linear semi-logarithmic concentration plot (~2 = 0.98). Mean = STDEV is shown for N/
=3.
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Fig. 2.

Colorimetric insulin sandwich immunoassay in 2-fold diluted serum using magnetic
particle-capture antibody conjugates and various spiked insulin concentrations completing
the immunoassembly by HRP-labeled sandwich detection antibody: A) increase in color
intensity with spiked insulin concentration in 2-fold diluted serum: a. represents insulin-
unspiked control serum added with the magnetic particles-antibody conjugate, and b—f.
correspond to 10 pM, 100 pM, 500 pM, 1 nM, and 10 nM spiked insulin concentrations in
serum, and B) 3D representation (ImageJ software) and C) UV-visible absorption spectra
correlating with the relative color intensity at the TMB oxidation wavelength maximum of
652 nm. D) Semi-logarithmic linear concentration plot illustrating the relationship between
absorbance and insulin concentration (mean = STDEV is shown for two replicates). E)
Correlation chart of the ELISA method performed by an independent lab with our magnetic
colorimetric sensor for type-1 and healthy serum insulin samples.
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Fig. 3.

Cglorimetric sandwich immunoassay response over the unspiked control matrix response for
various artificial saliva dilutions. This figure presents data from the UV-visible absorption
spectrum assessing background activity and interference in the artificial saliva matrix at
various dilutions using 10 mM PBS. Solid curves represent 1 nM insulin spiked into
different dilutions of artificial saliva, while dotted curves indicate the absorbance of artificial
saliva without any spiked insulin at each corresponding dilution.
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Cglorimetric insulin sandwich immunoassay in 20-fold diluted saliva using magnetic
particle-capture antibody conjugates and various spiked insulin concentrations completing
the immunoassembly by HRP-labeled sandwich detection antibody: A) increase in color
intensity with spiked insulin concentration in 20-fold diluted saliva: a. represents insulin-
unspiked control saliva added with the magnetic particles-antibody conjugate, and b, c, d, e,
f, g, and h represent the color intensity increase to 1 pM, 10 pM, 50 pM, 100 pM, 250 pM,
500 pM, and 1 nM insulin concentrations spiked into 20-times diluted saliva, respectively.
B) 3D representation (ImageJ software) and C) UV-visible absorption spectra correlating
with the relative color intensity at the TMB oxidation wavelength maximum of 652 nm. D)
Semi-logarithmic linear concentration plot illustrating the relationship between absorbance
and insulin concentration (mean £ STDEV is shown for three replicates).
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increasing pixels

100 pM_ 1 nM

H‘é : Human Saliva
G HS1: Type-1 Human Saliva
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AS
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10 nM
Concentration

Colorimetric insulin sandwich immunoassay in 20-times diluted A) human type-1 diabetic
fasting saliva and B) 20-times diluted human healthy saliva using magnetic particle-

capture antibody conjugates and various spiked insulin concentrations completing the
immunoassembly by HRP-labeled sandwich detection antibody (a. represents insulin-
unspiked control saliva added with the magnetic particles-antibody conjugate, and b, c,

and d represent 100 pM, 1 nM, and 10 nM insulin concentrations spiked in the saliva,
respectively). C) and D) 3D representations (ImageJ software). E) and F) UV-visible
absorption spectra correlating with the relative color intensity at the TMB oxidation
wavelength maximum of 652 nm with spiked insulin concentration. G) Bar chart comparison
of the percentage absorbance changes for insulin spiked at three different concentrations
(100 pM, 1 nM, and 10 nM) in 20-times diluted human healthy non-fasting saliva (HS),
20-times diluted type-1 diabetic fasting human saliva (HS1), and 20-times diluted artificial
saliva (AS) (mean = STDEV is shown for two replicates).
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Fig. 6.
3D representation of SPRi pixel intensity changes. This figure visualizes the MPs-based

colorimetric sandwich immunoassay response to various insulin concentrations in buffer
solution using surface plasmon resonance imaging. a Show the baseline response of
magnetic particle-bound conjugates with buffer (no spiked insulin), and b, ¢, d, e, and f
illustrate the responses to 10 pM, 100 pM, 1 nM, 100 nM, and 250 nM concentrations of
insulin spiked in 10 mM phosphate-buffered saline, respectively.
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UV-visible absorption spectra of the colorimetric assay were performed over a period of

8 days with the covalently linked insulin-antibody magnetic particle conjugates stored as
individually conjugated vials at 2-8 °C and used after different days of storage as labeled in
each graph. The spiked insulin concentration was 1 nM in each case (solid curve) in 10 mM
PBS buffer, and the magnetic particle-bound conjugates with buffer (no-insulin) response is
shown as a dotted curve.
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