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Abstract

YKL-40 is a glycoprotein that may be present at elevated levels in many cancers and
neurodegenerative diseases. It has been investigated in numerous studies as a potential
biomarker for several conditions, including Alzheimer’s Disease (AD). In this study, a
biosensor with Surface Plasmon Resonance imaging (SPRi) detection, sensitive to YKL-
40, was constructed for the detection of this analyte in the blood plasma of AD patients.
Extensive validation of the biosensor was performed. This included the determination
of analytical parameters such as the biosensor’s response characteristics, detection and
quantification limits, precision, accuracy, repeatability, selectivity, stability, and performance
in natural samples. Validation parameters were primarily tested using standard solutions,
while natural samples were employed to evaluate repeatability, stability, and assay accuracy
in three groups of samples from different patients. A YKL-40-specific antibody was used
as the receptor layer, immobilized on a gold plate using the EDC/NHS protocol on thiol
11-MUA. The biosensor exhibited a wide operating range (1–200 ng/mL), a low detection
limit (LOD) of 2 pg/mL, and a quantification limit (LOQ) of 7 pg/mL. High precision
and accuracy were confirmed by the calculated standard deviations (SD) and coefficients
of variation (CV), which ranged from 0.0009 to 7.02 ng/mL and from 0.12% to 9.24%,
respectively. The sensor also demonstrated good repeatability (CV = 4.995%) and was
capable of detecting the analyte of interest in complex biological matrices. Its applicability
was confirmed in a study using plasma from AD patients and two selected control groups:
plasma from smokers and patients with prostatitis. This allowed the assessment of YKL-40
levels across different groups. The results were consistent with literature values, and
statistical analysis confirmed the significance of concentration differences between groups.
Furthermore, ROC curve analysis confirmed the diagnostic usefulness of the constructed
YKL-40 test in the context of Alzheimer’s disease.

Keywords: YKL-40; biomarker; neurodegenerative diseases; SPRi biosensor

1. Introduction
YKL-40, with a molecular mass of approximately 40 kDa, belongs to the group of

glycoproteins that bind heparin and chitin. It is also known as chitinase-3-like protein 1
(CHI3L1). Other commonly used names include heparin-binding glycoprotein of 38 kDa
and human cartilage glycoprotein-39 (HC gp-39) [1]. YKL-40 is secreted in vitro by various
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cells, including immune cells such as macrophages and neutrophils [2], as well as connective
tissue cells, such as vascular smooth muscle cells or fibroblast-like synovial cells [3]. Its role
is mainly discussed in the context of inflammation, tissue remodeling, and angiogenesis [1].

YKL-40 is involved in the development of the human musculoskeletal system, with
both mRNA expression and protein secretion detected across all germ layers. Furthermore,
it contributes to tissue proliferation, differentiation, and morphogenesis [4]. Research
suggests that YKL-40 serves as a diagnostic, activity, and prognostic marker in several
autoimmune diseases, including rheumatoid arthritis [5], psoriasis [6], and lupus [7]. El-
evated YKL-40 levels have also been linked to the progression of multiple cancers, such
as glioma [8], as well as gastric, colon, and gallbladder cancer [9]. YKL-40 secreted by
macrophages may promote cell migration, for example, in breast cancer [10]. Clinical
studies confirm the correlations between YKL-40 concentrations and the development
and metastasis of various cancers [11]. In addition, it can contribute to cancer cells’ trans-
formation, underscoring its potential as both a diagnostic biomarker and a therapeutic
target [9]. As previously mentioned, glycoprotein YKL-40 is associated with inflammatory
responses [2]. Its high expression may be observed in brain cells and astrocytes under
neuroinflammatory states [12]. Literature reports indicate that chronic inflammation is a
hallmark of Alzheimer’s disease (AD) [13]. The primary mediators of inflammation in AD
are astrocytes and microglia. Chronic inflammation in AD is caused by the presence of
intracellular neurofibrillary tangles (NFTs) composed of various forms of phosphorylated
tau and beta-amyloid deposits [14], and by the activation of the neuronal death cascade [15].
Consequently, the brains of AD patients contain pathological structures consisting of fibril-
lar agglomerates of antibody fragments surrounded by microglia. These cells are identified
as the primary mediators of the immune response, secreting proinflammatory cytokines [2].
Other reports indicate that YKL-40 may be elevated in various neurological disorders, in-
cluding stroke, lentivirus encephalitis, traumatic brain injury, amyotrophic lateral sclerosis,
and multiple sclerosis [16–19]. Due to its involvement in many disease processes, it is not
considered a specific potential biomarker. However, when combined with other biomarkers,
it can provide valuable additional information [20]. Several studies have examined plasma
YKL-40 in AD. For example, M. P. Pase et al. investigated the usefulness of plasma YKL-40
as a biomarker of brain aging and dementia risk [21]. Their results indicated that higher
plasma YKL-40 concentrations were associated with reduced brain volume and declining
cognitive function in a study of over 6,000 participants. Furthermore, higher levels of
this glycoprotein are associated with markers of brain health and with the risk of future
dementia in adults without dementia. Therefore, YKL-40 is a promising blood biomarker
that is useful in assessing the impact of inflammation on patients’ brains [21].

Cerebrospinal fluid (CSF) studies further demonstrate that YKL-40 levels are signif-
icantly higher in AD patients compared with controls, and increase with early disease
progression [22]. Importantly, YKL-40 levels also rise during the preclinical and prodromal
stages of AD, with higher concentrations associated with faster cognitive decline and an
increased likelihood of progression to Alzheimer’s dementia. Thus, YKL-40 may support
early diagnosis and monitoring of disease progression, particularly when combined with
established biomarkers such as Aβ-42, total tau, and phosphorylated tau. Measuring YKL-
40 also provides insights into astroglial activation and may enhance the diagnostic value
of biomarker panels in clinical practice. Moreover, monitoring its levels may help evalu-
ate the effectiveness of therapeutic interventions aimed at modulating the inflammatory
response [22].

In addition, YKL-40 is a studied and tested glycoprotein with broad diagnostic poten-
tial; biosensors are being developed to detect it in tested samples. In a research experiment
by W. Chaocharoen’s team, an electrochemical biosensor for detecting YKL-40 was fabri-
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cated [23]. While electroanalysis has not yet been widely applied in clinical biochemical
analysis, it is nevertheless feasible, and the authors indicate that the sensor’s detection limit
is approximately 300 times lower than that of ELISA. This method utilizes gold working
electrodes with immobilized specific antibodies. These antibodies are covalently bound
to the electrode surface using a thiol. Furthermore, a flow-injection analysis system is
employed, which has been shown to significantly improve efficiency [23].

The literature also includes a report on a photothermal immunosensing platform for
sensitive YKL-40 screening [24]. This approach combines platinum nanoparticles (PtNPs)
excited with near-infrared (NIR) light and a handheld digital thermometer. Under optimal
conditions, the system achieved a dynamic range of 0.03–100 ng/mL with a detection
limit of 0.014 ng/mL. YKL-40 concentrations were successfully determined in blood serum
samples using this method, and the results were also compared to those of ELISA. The
sensor is characterized by high sensitivity and reproducibility [24].

In another study, S. Naglot’s research team applied SPR technology to study YKL-40,
but they used the commercially available BIAcore 2000 device. These studies, performed
on blood serum samples from patients with bronchial asthma, achieved a detection limit of
0.33 ng/mL [25].

This paper presents an SPRi biosensor for YKL-40 determinations in biological materi-
als. There are no previous reports describing a biosensor of this kind. The above-mentioned
reports describe, for example, an electrochemical immunosensor that, despite its high
sensitivity, is unsuitable for real-time imaging and multiplexing [23]. The same applies to
the photothermal platform [24], which requires labeling. In turn, the BIAcore 2000 does not
support multi-site imaging or detailed spatial resolution [25]. The SPRi detection method
used in this article offers significantly more possibilities. First, we do not need labeled
receptor layers or complex components in this range to capture the analyte of interest from
the sample. The method is based on a direct protein–antibody reaction.

Furthermore, the instrument is easy to use, and data acquisition and analysis are
straightforward, significantly reducing the time needed to obtain results for biological
material. The measurement itself, including receptor layer preparation, takes about an hour,
and during this time, nine or even twelve samples can be labeled in a single measurement
cycle. This is an additional advantage of our method. The innovative nature of SPRi is also
manifested in its multiplexing capabilities. As mentioned earlier, YKL-40 is not a specific
marker for AD. Nevertheless, its combination with other biomarkers, such as total and
phosphorylated tau proteins, makes it a marker of high diagnostic utility. This report, con-
cerning an SPRi biosensor for selective YKL-40 detection, is part of a project to construct a
diagnostic panel for Alzheimer’s disease. A previous paper described a biosensor sensitive
to erythropoietin [26]. This means that YKL-40 will not be considered a single marker but a
complementary element, enhancing diagnostic power when combined with characteristic
biomarkers of AD and potential markers such as the aforementioned erythropoietin. SPRi
biosensors exploit the polarization of surface plasmons, i.e., electrons and their associated
waves propagating on thin noble metal surfaces [27]. In the SPRi system used, a plate with
a thin gold layer (50 nm) is arranged on the glass prism of the device, which is based on the
Kretschmann configuration [28]. A monochromatic and p-polarized light beam, emitted
by a laser, illuminates the gold layer at a specific angle, exciting the SPR, and inducing
plasmon resonance. The reflected light is collected using a CCD camera [27]. At the metal–
dielectric interface, the beam energy is coupled to plasmons, producing the SPR effect
and reducing total internal reflection. SPR sensor components include an optical device, a
processing medium combining biological and optical elements, and an electronic device
that supports optoelectronics and enables data analysis [29]. Adding and immobilizing
subsequent layers alters the reflection angle and the SPR effect, consequently changing the
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refractive index. This enables concentration-dependent analysis of the tested biomolecules.
In SPRi, the entire surface of the measurement plate is displayed, allowing simultaneous
monitoring of various interactions of the immobilized molecular layers [30]. Studying these
interactions using SPR-based technologies allows real-time observations without label-
ing [31]. Surface Plasmon Resonance has enabled the development of biosensors capable of
detecting numerous biomolecules, even those with low molecular weights. Therefore, it is
suitable for applications in the pharmaceutical sciences, diagnostics, environmental and
water monitoring, and product safety [32].

Improved biosensor technologies now offer disease detection through the determina-
tion of disease-specific biomarkers, and also enable monitoring of the body’s response to
treatment [33]. YKL-40, a potential biomarker for various diseases, exhibits varying levels,
which may depend on the condition [34]. In work by R. Craig-Schapiro et al., biomarkers
used to detect early stages of Alzheimer’s disease were investigated [35]. YKL-40 was
measured in both plasma and cerebrospinal fluid. Patients were analyzed according to the
Clinical Dementia Rating (CDR) scale, a commonly used tool for assessing and staging
dementia, including Alzheimer’s. It was found that the concentrations correlated with CSF
levels. The values recorded were 91.9 ng/mL and 81.1 ng/mL in the AD group (CDR1
and CDR0.5, respectively) and 62.5 ng/mL in the control group (CDR0). The control group
consisted of elderly people in good general health, having no other neurological, psychi-
atric, or major medical diagnoses that could contribute significantly to dementia, or use of
exclusionary medications [35].

In another study by a team led by J. Choi, YKL-40 was investigated as a potential
biomarker of AD. An increase in the mean plasma YKL-40 level was observed in AD patients
(376.86 ng/mL) compared with the control groups—healthy older people (96.91 ng/mL)
and MCI patients (176.49 ng/mL). The levels of the potential biomarker positively cor-
related with neuropsychological test results in MCI and AD patients. This confirms this
biomarker’s diagnostic usefulness in analyzing Alzheimer’s disease [36].

2. Materials and Methods
2.1. Reagents

The biosensor was constructed on a base consisting of plates with a gold layer
(Ssens, Enschede, The Netherlands). The following reagents were also used for the
tests: thiol 11-mercaptoundecanoic acid (SIGMA, Steinheim, Germany), EDC (N-ethyl-
N′-(3-dimethylaminopropyl)carbodiimide hydrochloride) (SIGMA, Steinheim, Germany),
NHS N-hydroxysuccinimide (Aldrich, Munich, Germany), buffered saline solution (PBS
buffer) (Biomed, Lublin, Poland), absolute ethyl alcohol (POCh, Gliwice, Poland), and
ethanolamine solution (SIGMA, Steinheim, Germanyoo), recombinant human Chitinase
3-like 1 (YKL-40) protein (R&D Systems, Minneapolis, MN, USA), anti-hChitanase 3-like
1 (YKL-40) antibody (R&D Systems, Minneapolis, MN, USA), recombinant human HIF-1
alpha protein (Abcam, Cambridge, UK), recombinant human (phospho)-181 Tau protein
(Abcam, Cambridge, UK), recombinant human ANG-2 protein (R&D Systems, Minneapolis,
MN, USA), recombinant human IL-1 beta protein (R&D Systems, Minneapolis, MN, USA)
and recombinant human Tau protein (R&D Systems, Minneapolis, MN, USA).

2.2. Biological Material

The biological material consisted of 18 plasma samples from patients diagnosed with
Alzheimer’s disease, without comorbidities. The relevant Bioethics Committee of the
Medical University of Białystok approved the study using this material (approval no.
APK.002.596.2024, 20 March 2025). Additionally, 18 plasma control samples were used from
patients who were not affected by Alzheimer’s disease but were smokers, as smoking causes
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hypoxia in the brain and can consequently lead to neurodegenerative conditions. Further-
more, smoking can cause chronic inflammation, especially in the lungs and circulatory
system. In this group, we can determine whether YKL-40 exhibits elevated concentrations
in nonspecific inflammatory processes or only in neurodegenerative pathology. The sam-
ples came from the Biobank of the Medical University of Białystok, and consent to conduct
the study was obtained from the relevant bioethics committee (approval R-I-002/600/2019,
19 December 2019). Also, 18 plasma samples from patients with prostatitis were used as
a control group. The research protocol received approval from the Bioethics Committee
at the Medical University of Bialystok (approval number APK.002.307.2023, 22 June 2023).
Prostatitis is a disease unrelated to the nervous system. It is known that YKL-40 may exhibit
greater activity in case of inflammatory diseases. Assessing YKL-40 in this group enabled
us to determine whether YKL-40 is elevated generally in inflammation or more specifically
in CNS. The study was age- and gender-adjusted.

2.3. SPRi Instrumentation

The SPRi apparatus is a prototype developed at the Bioanalysis Laboratory, Faculty of
Chemistry, University of Bialystok. The device components are shown in Figure 1A. The
system includes a laser module that emits light at a wavelength of 635 nm, passing through
a system of polarizers and lenses, and then striking a prism with a biosensor mounted on
the device. Subsequently, the light is reflected from a thin metal surface in a Kretschmann
configuration (Figure 1B). The reflected light is captured by a camera and transmitted
to a computer for analysis. Using ImageJ software (version 1.53, National Institutes of
Health, NIH), a quantitative signal is obtained after converting images into numbers using
appropriate mathematical operations. The angle at which the desired minimum—that
is, the best SPRi signal—occurs is selected using the device’s movable arms. This is the
angle where the maximum contrast between the background and the sensor’s active areas
is achieved. The analytical signal is defined as the difference in the intensity of the light
reflected before and after interaction with the analyte.

Figure 1. A diagram showing the construction of (A) the SPRi device with its components,
(B) Kretschmann configuration.

2.4. Sensor Design

The measurement chips used are made of BK7 glass, but to facilitate gold adsorption
(50 nm), a 1 nm titanium layer is placed between the gold and the glass. The structure of the
measurement chip is shown in Figure 2A. To functionalize the surface, the chip is immersed
in a 1 mM alcoholic solution of 11-mercaptoundecanoic acid for approximately 24 h. After
this time, the chip is rinsed twice in ethyl alcohol and water and dried in an argon stream.
The next step is to apply a propylene foil, which separates nine measurement sites on a
single chip. This allows up to nine samples to be measured in a single measurement. The



Biosensors 2025, 15, 687 6 of 19

foil prevents mixing of the solutions. There is glue on the foil that allows it to be attached
to the chip.

Figure 2. A diagram showing the construction of (A) the construction of the SPRi sensor with a
titanium and gold layer and a polymer foil applied (the thicknesses of the titanium and gold layers are
shown schematically), (B) biological layers created during antibody immobilization and subsequent
attachment of the analyte contained in the tested sample.

All procedures for anchoring the antibody to the thiol surface are performed in the next
step. The EDC and NHS mixture is applied to the measurement sites for 10 min. During
this time, EDC converts the thiol carboxyl group into an ester group, while NHS forms an
active, short-lived NHS-ester, as shown in Figure 2B. The peristaltic pump removes excess
mixture, and 3 µL of the appropriate antibody is applied from a pipette. The NHS-ester
forms a covalent amide bond with the antibody’s amino groups. After another 10 min,
excess solutions are removed using a peristaltic pump, and ethanolamine is applied to the
active sites to prevent nonspecific adsorption. The antibody immobilization sites are then
washed with PBS buffer, and the prepared chip is placed on the prism of the SPRi device
using immersion oil. The appropriate angle is selected, and images are taken. The final step
in the analysis is the application of the analyte to the measurement sites. After the 10 min
association period and a buffer wash, another series of measurements is performed.

3. Experimental
3.1. Selection of the Appropriate Ligand–Antibody Concentration. Calculation of the Surface
Ligand Concentration

Each surface on the sensor has a saturation maximum for a given reagent. Determining
the appropriate receptor layer concentration enables accurate measurement. To obtain
the relationship between the obtained SPRi signal and the antibody concentration, the
following experiment was performed: a plate with a gold layer, a polymer foil, and a thiol
(11-MUA) layer was placed on the SPRi device prism, and data acquisition was performed
at the best SPR angle—the one at which the highest contrast between the background and
measurement sites is observed (Figure 3).

To ensure that the best angle was selected, acquisition was performed within ±0.2
of the angle chosen, so that five measurements were taken of each 11-MUA layer site.
Standard antibody solutions in PBS at concentrations of 1.00, 5.00, 10.00, 20.00, 50.00, and
100.00 ng/mL were then applied to the chip. Each concentration was measured twice on
the chip, and the measurement was then repeated after regenerating the sensor surface.
This resulted in four SPRi signals for each concentration. After 10 min, the appropriate
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association time, data were acquired in the same range. The SPRi signal intensities depicted
in the graph in Figure 4 are averages of four technical replicates. We observe an increase in
the SPRi signal up to a concentration of 20 ng/mL, followed by a decrease until a plateau
is reached. Above 20 ng/mL, we no longer observe receptor binding on the 11-MUA
surface. The signal drop is caused by high antibody density and reduced accessibility of
binding sites. Molecules cannot reach the active sites, binding is limited, and the SPRi
signal effectively decreases. We observed an increase in signal with increasing antibody
concentration used for surface functionalization up to 20 ng/mL; above this value the signal
decreased and stabilized (plateau formation), which we interpret as indicating saturation
of available binding sites on the sensor surface. Therefore, 20 ng/mL was deemed optimal
because it provides a maximum signal with minimal antibody consumption. It should
be noted that higher levels of immobilized ligand do not continue to improve the sensor
layer—too high a density can lead to reduced antibody activity due to incorrect orientation,
aggregation, or steric effects limiting analyte access to binding sites. To minimize these
potential limitations, we used ethanolamine, which blocks residual active sites to reduce
background and improve specificity.

Figure 3. Distribution of the tested concentrations of antibody on the measurement chip. The
analytical signal difference in the signal from the antibody at concentrations 1, 5, 10, 20, 50, 100 ng/mL
and 11-MUA. Image acquired at the optimal viewing angle, maximizing signal-to-background
contrast at the active site.

The next step was to calculate the surface concentration, which permits control of
the functional quality of the surface, as well as normalization of the results and the ob-
taining of comparable of measurements. The surface concentration was calculated for
three independent measurement plates, where the obtained saturation curves were similar
to the saturation curve in Figure 4, so that the antibody concentration was assumed to
be 20 ng/mL. In the first step, the surface area of one active site was calculated using
the circle area formula (A = πr2), where r is the radius of the active site (Figure 2), here
equal to 1.5 mm. Next, the surface concentration Γ = n/A (where n is the number of
moles of antibody and A is the surface area of the active site) was calculated from the
antibody concentration in solution. The calculations yielded a surface concentration of
1.89 × 10−14 mol/mm2. This is a fairly typical value for the receptor layer in this SPRi
technique. It corresponds to approximately 1.14 × 1010 particles/mm2, indicating a densely
distributed antibody layer without crowding.
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Figure 4. Bar graph showing saturation of the thiol layer with YKL-40-specific antibody. The optimal
concentration is 20 ng/mL, pH = 7.4 (Γ = 1.89 × 10−14 mol/mm2, 1.14 × 1010 particles/mm2). Error
bars indicate the standard deviation calculated from four measurements for each sample.

3.2. Selection of Rinse Frequency

Selecting the rinse frequency prevents washing of the desired adsorbed molecules from
the layers. This allows us to determine whether they are immobilized on the surface despite
the use of PBS buffer. Washing is an essential step that removes unbound molecules, which
may interfere with the final analytical result, from the sample matrix. To establish whether
washing disrupts the structure of the adsorbed layers, the resulting SPRi signal is compared.
If its value decreases or increases after washing, we observe an adverse effect of the PBS
buffer on the deposited layers. To investigate the effect of rinsing on the signal obtained,
an antibody was immobilized on the surface of a gold chip at Γ= 1.89 × 10−14 mol/mm2.
After completing this procedure, data acquisition for the antibody layer was performed. A
standard YKL-40 solution at a concentration of 10 ng/mL was then applied to the chip at
each measurement site of the sensor. After 10 min, the excess YKL-40 solution was removed
from the chip surface, and the chip was washed once with PBS buffer. The measurement
was then performed. These steps were repeated for four rinses of the measurement surfaces.
The results obtained are presented in Figure 5. The error bars shown in the figure represent
the standard deviation from four independent replicates. The low standard deviations
confirm the repeatability of the results (mean SD = 20.90 a.u.).

According to the curve, we observe that as the wash number increases, the signals
begin to decrease—this indicates the unfavorable effect of a large number of washes on
the measurement. This may indicate an undesirable dissociation of the analyte molecules
bound to the receptor surface. We also observe that the signal decrease does not exceed
30% of the best signal, indicating layer stability and good protein–antibody affinity, and
lying within the range of typical reported deviations in SPRi studies [37]. A single wash
was chosen as the preferred method, and was performed until the end of the experiment to
avoid altering the measurement conditions.
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Figure 5. Dependence of the SPRi signal on the number of washes. YKL-40 protein concentra-
tion = 10 ng/mL, Γ = 1.89 × 10−14 mol/mm2, pH = 7.4. The error bars shown in Figure represent the
standard deviation from 4 independent replicates.

3.3. Model SPR Curves—Evidence Confirming the Formation of Layers on the Surface of the
Gold Plate

Data were acquired for the thiol layers—11-MUA, a YKL-40-specific antibody, and the
YKL-40 protein—to verify whether the layers were immobilized on the sensor surface at
different ranges depending on the minimum signal. The angles were within a range of 33
to 40 degrees. Each layer should have a minimum at a different SPR angle, with a tendency
to present higher angles than the preceding layer.

The chip with the 11-MUA layer was placed on an SPRi prism, and data acquisition
was performed. Next, the antibody (1000 ng/mL) was immobilized using EDC/NHS
chemistry, and ethanolamine was applied to prevent nonspecific adsorption. After rinsing
with PBS buffer, another measurement was taken. A 1000 ng/mL protein standard solution
was applied, and another measurement was performed. ImageJ software (version 1.53,
National Institutes of Health, NIH) was used to obtain SPR signals from the images. Excess
standard solutions were used for the studies; the excess provides stability and allows results
to be obtained over a wide angular range. The SPR curves for each experimental layer are
shown in Figure 6B. Modeling with WinSpall software (version 3.02, Res-Tec, Rosenheim,
Germany) was also used to confirm that the experimentally determined minima coincide
with the model SPR curves for the given layers (A). In both cases, each curve is shifted
toward higher angles relative to the preceding layers, and the minima for the model (A)
and the experiment (B) lie in similar ranges. This confirms the formation of layers and the
correctness of the experiment.

 

Figure 6. Model SPR curves for each layer forming the biosensor (A) and experimental results of the
SPR curve minima in different ranges (B).
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3.4. Analytical Response Study of the Biosensor: Limit of Detection and Quantification

By investigating a sensor’s analytical response, it is possible to determine the linearity
range. It is assessed to what extent the relationship is a proportional one. This is important
for measuring in further stages of experimentation. Thus, the biosensor’s response is used
for calibration, obtaining a relationship between the signal and the concentration of the
analyte of interest to the researcher. To examine this dependence in the design of the
sensor for YKL-40, a specific antibody to YKL-40 with a concentration of 20 ng/mL was
immobilized on the gold and thiol 11-MUA surface using EDC/NHS. Ethanolamine was
then used to avoid nonspecific adsorption. Data acquisition at the best angle was made
for the antibody layer, and then after 10 min for YKL-40 proteins from standard solutions
with 1 to 1000 ng/mL concentrations. Linear dependence was obtained for a range of 1
to 200 ng/mL. The straight part of the calibration curve is shown in Figure 7. The curve
equation was also determined, allowing concentrations to be determined in measurements
of natural sample signals.

 

Figure 7. Linear range of calibration curve for YKL-40 protein. Receptor layer concentra-
tion = 20 ng/mL, pH = 7.4. Each concentration was tested four times, and the result is the arithmetic
mean. Error bars are added based on the calculated standard deviation (SD).

During the experiment, the limits of detection and quantification were also determined
using the formulas LOD = (3.3 × SD)/a and LOQ = (10 × SD)/a, where SD is the standard
deviation and a is the slope of the simple calibration curve. The LOD value obtained
was 0.002 ng/mL, and the LOQ was 0.007 ng/mL. The LOD results were compared
with available literature data and are presented in Table 1. Comparison of the detection
limit is essential, as it is a significant parameter of analytical performance. It makes it
possible to assess whether the method is competitive with existing solutions and whether
it has potential for diagnostic applications. Representative analytical methods previously
used to determine YKL-40 for which detection limit data were available were selected
for comparison. The comparison includes various approaches, to highlight the sensitivity
range of the SPRi biosensor under construction.
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Table 1. Detection limit values obtained by different methods.

LOD Detection Method

0.002 ng/mL SPRi method (this article)

0.07 ng/mL [23]
Electrochemical sensor using polyclonal antibodies
immobilized on gold electrodes, an electrochemical
flow system with capacitive signal generation [23]

0.014 ng/mL [24]

Photothermal YKL-40 screening platform by
coupling platinum nanoparticles (PtNPs) excited

by near-infrared (NIR) light with a handheld
digital thermometer, using an antibody as a

receptor layer [24]

0.33 ng/mL [25]
Surface Plasmon Resonance (SPR) using a

commercially available BIAcore 2000 device with
antibodies in the receptor layer [25]

2.9 ng/mL [38] Fluorescent immunoenzymatic assay using
magnetic beads [38]

3.5. Precision and Accuracy of the Method

Precision and accuracy are among many validation parameters determined during
the development of a new analytical method. Precision describes the degree of agreement
between individual analytical results during repeated, independent determinations of a
homogeneous sample. Accuracy describes the agreement between the actual value and the
value resulting from the analysis. Table 2 presents the results of the precision and accuracy
tests. The antibody layers immobilized on an 11-MUA gold chip were prepared according
to the antibody immobilization protocol to obtain the given concentration values. Data were
then acquired for the receptor layer, and the appropriate concentrations were applied to
the surface: the LOQ value of 0.007 ng/mL, the two midpoints of the calibration curve—10
and 100 ng/mL—and the final concentration value of the linear relationship–200 ng/mL.
Each measurement was performed four times in independent analyses.

Table 2. Precision and accuracy parameters of the tested method. Each concentration was analyzed
four times (n = 4, SD—standard deviation, CV—coefficient of variation).

Standard Solution
Concentration [ng/mL]

Mean Concentration
from 4 Analysis [ng/mL] SD [ng/mL] CV [%]

0.007 0.008 0.0009 0.12
10.00 11.21 1.04 9.24

100.00 103.26 3.95 3.83
200.00 200.98 7.02 3.49

3.6. Repeatability and Selectivity

Selectivity is the ability to detect a test substance in the presence of components that
may be present in the sample. Three angiogenic proteins, IL-1β, ANG-2, and HIF-1α,
were selected as interfering proteins. These are involved in pathological angiogenesis [39].
Due to the many theories concerning the pathology of Alzheimer’s disease, the literature
provides information on the involvement of angiogenesis in the progressive destruction of
neurons in AD. Large populations of endothelial cells are activated by angiogenesis due to
cerebral hypoxia and inflammation. The endothelium secretes a precursor substrate for
β-amyloid plaques, contributing to deposition in the brains of AD patients [40]. YKL-40
also has angiogenic potential, as mentioned in the Introduction. It is believed that YKL-40
may participate in cell survival and growth during angiogenesis [41]. Selected interfer-
ents also include the total tau and ptau-181 proteins. YKL-40 levels in the cerebrospinal
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fluid significantly correlate with markers of Alzheimer’s disease, including ptau-181 and
total tau, making these proteins relevant interferents in the context of neurodegenerative
biomarkers [42]. To test the selectivity of the developed method, 10 solutions were prepared
in which each interferent was mixed in a 1:10 and 1:100 concentration ratio with YKL-40
protein. The analysis was performed according to the antibody immobilization protocol
described in Section 2.4. After data acquisition for the receptor layer, the protein and
interferent mixture was applied to the measurement sites. After 10 min of rinsing with
PBS buffer, further measurements of the analyte layer were performed. The concentration
of the standard solution YKL-40 was 5 ng/mL, which is the desired concentration for the
determination. Each measurement was repeated three times, and the results are the average
of the obtained concentrations. They are presented in Table 3. The average recovery from all
measurements was 105.19%. The presence of interfering agents does not significantly affect
the SPRi signal because the interfering molecules have different epitopes than YKL-40,
and therefore do not bind to the receptor layer used. Despite elevated concentrations of
interfering agents such as ptau-181 and total tau, which do not occur physiologically, the
tests showed no significant SPRi response in their presence.

Table 3. Selectivity of the tested method. Each concentration was analyzed three times (n = 3).
The concentration of the standard solution was 5 ng/mL, which is the desired concentration for
the determination.

Interferent Concentration
Ratio

Mean Concentration
Marked [ng/mL] Recovery [%]

HIF-1α
1:100 5.24 104.71
1:10 5.26 105.26

ANG-2
1:100 5.26 105.22
1:10 4.62 92.49

IL-1β 1:100 5.43 108.63
1:10 5.21 104.26

Total tau
1:100 5.83 116.52
1:10 5.64 112.82

Ptau-181
1:100 5.02 100.48
1:100 5.07 101.48

The method’s repeatability was assessed by measuring a real sample of blood plasma
from an AD patient five times. The sample was diluted two-fold. The CV for the obtained
results was 4.995%, indicating good repeatability of the SPRI biosensor-based method.

3.7. Stability of the Biosensor

A biosensor’s stability is tested because it is one of the key parameters determining its
practical usefulness. It indicates the biosensor’s ability to maintain its properties over time.
To test biosensor stability, a sample of a standard YKL-40 solution at a concentration of
80 ng/mL and a natural sample of known concentration, determined during a repeatability
study, were analyzed, where the concentration was 314.18 ng/mL. All samples used in
the experiments were collected, and standard solutions were prepared, aliquoted, and
frozen at −80 ◦C. They were thawed immediately before SPRi analysis. Therefore, these
conditions were also met for the reference sample in Table 4, which was not subjected to
storage changes. The analysis results are presented in Table 4. The samples were tested
twice in independent measurements under each of the following storage conditions:

− 24 h at room temperature,
− 2 h at room temperature,
− 2 h in a refrigerator,
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− four freeze–thaw cycles.

Table 4. Stability of the biosensor.

Concentration of
Control Sample C0

[ng/mL]

Analyte Storage
Conditions

Concentration
Marked Ci [ng/mL] ∆ [%]

80

24 h at room temperature 98.45
17.3892.12

2 h at room temperature 81.23
2.0782.12

2 h in a refrigerator 80.23
0.8181.07

four freeze–thaw cycles 81.78
1.1780.11

314.18

24 h at room temperature 320.42
1.61319.34

2 h at room temperature 315.16
0.09314.99

2 h in a refrigerator 315.78
0.49316.89

four freeze–thaw cycles 321.11
1.64318.87

The stability parameter is the error ∆ [%], which was calculated using the formula:
∆ [%] = ((C0 − Ci)/(C0 + Ci)) × 200, where C0 is the control sample concentration (the
concentration of a sample not exposed to factors potentially affecting sample stability), and
Ci is the determined concentration.

3.8. Determination YKL-40 in Real Samples

The biosensor’s utility was confirmed by analyzing natural samples—plasma from
actual Alzheimer’s disease patients—and two control groups: plasma from patients with
prostatitis and plasma from smokers. The biosensor was prepared according to a protocol
involving antibody immobilization at a concentration of Γ = 1.89 × 10−14 mol/mm2,
followed by measurements of the receptor–antibody layer and analyte application. All
samples were diluted two-fold to fall within the linear concentration range of the biosensor.
The results obtained are presented in Table A1 in Appendix A.

4. Discussion and Statistical Analysis
Any sensor design requires prior preparation of the receptor layer. In this case, satura-

tion curves were generated, and then the surface concentration at the measurement site
was calculated; its value was Γ = 1.89 × 10−14 mol/mm2. This prepared layer was used for
validation of the analytical method and the SPRi matrix biosensors. The formation of the
biosensor layers was also confirmed by testing over a wide angular range, and the appro-
priate rinsing frequency was selected, proving that a single rinsing of the measurement
sites with PBS buffer was the most efficient for our analytical process. The first validation
parameter concerned the analytical response of the biosensor, verifying whether a linear
response was obtained. The experiment enabled a dynamic range from 1 to 200 ng/mL
to be obtained. The limits of detection and quantification were also obtained, namely
LOD = 0.002 ng/mL and LOQ = 0.007 ng/mL. These results were compared with those
obtained in other studies on the determination of YKL-40. In a study by W. Chaocharoen
et al., the electrochemical biosensor developed had a detection limit of 0.07 ng/mL, which
the authors describe as significantly lower than that of ELISA tests, making it a promising
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alternative [23]. In a study by M. Schmalenberg et al., the detection limit of the fluorescent
magnetic bead sandwich test sensor was 2.9 ng/mL, which is also significantly higher
than that obtained with the SPRi biosensor method in our work [38]. The two previously
described literature reports on YKL-40 assays also indicate higher LODs than those ob-
tained in our study, namely 0.014 ng/mL [24] and 0.33 ng/mL [25]. This study confirms
that the constructed sensor can operate at low concentrations and in better ranges than the
ELISA test. The low standard deviations and CV values indicate that the method is precise
and accurate.

Furthermore, the broad sample matrix does not pose a problem for detection, as is
confirmed by the selectivity test. The experiment demonstrated that despite the presence
of potent interfering agents, the desired concentration could be accurately determined. The
repeatability test showed that it was possible to repeat this determination in independent
measurements and obtain very similar concentrations, while maintaining sensor stability,
which was also confirmed by the test. Exposing the sample to different conditions and a
series of freezing and thawing cycles did not significantly affect the determination.

The most crucial step in testing the sensor’s performance in practice was the determi-
nation of YKL-40 in plasma samples from AD patients and control groups. Two control
groups were selected for the study: plasma samples from healthy, smoking patients, and
a group of plasma samples from patients with prostatitis, to determine whether, despite
the inflammation occurring in the body, YKL-40 would exhibit higher concentrations in
prostatitis. It is already known that YKL-40 levels can be elevated in various conditions, not
only cancer and neurodegenerative diseases. Because elevated YKL-40 levels are observed
in inflammation, we wished to separate the groups to examine whether levels in patients
with prostatitis would be higher than in healthy individuals. The mean concentration for
AD patients was 322.58 ± 69.51 ng/mL. One of the samples from AD patients showed
lower concentrations than the entire group (Appendix A, Table A1). Due to the small
number of samples, we consider this result a reflection of biological heterogeneity in AD.
The literature indicates that YKL-40 exhibits high interindividual variability—its levels in
AD may even differ several-fold between patients [43]. In some AD patients, especially in
the early stages, the level of this glycoprotein may still be relatively low, increasing only
with disease progression. Genetic factors, such as polymorphisms in the CHI3L1 gene, also
influence levels [44]. For the group of patients with prostatitis, the mean concentration
was 73.52 ± 29.26 ng/mL. In smokers, the mean concentration was 55.25 ± 35.29 ng/mL.
These levels are consistent with results obtained in other studies [36]. This confirms that the
assay was performed correctly and provides reliable results. The results were also statisti-
cally analyzed. The Shapiro–Wilk test indicated a non-normal distribution (p = 0.001575),
hence data analysis was performed using nonparametric tests. Kruskal–Wallis ANOVA for
studying more than two groups indicated the high statistical significance of the differences
in concentrations between the AD group, the healthy control group, and the prostatitis
group. The results are presented in Figure 8A. Post Hoc analysis showed that statistical
significance in the concentration differences arose precisely between the control and AD
groups (Figure 8B). No statistically significant differences were found within the control
groups, and so in the subsequent analysis they were combined into a single control group.
To further examine the differences, rank-biserial correlation calculations were performed.
The results and calculation method are presented in Figure 8. The differences between the
AD patients and control group 1 are large and statistically significant. This means that the
YKL-40 concentrations differ between the two groups. The effect is even more substantial
when comparing the AD patients with control group 2. In practice, the results for these
two groups barely overlap. Comparison of the control groups indicates minor differences
and a lack of statistical significance. The YKL-40 concentrations in these two groups are
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similar. Cohen’s d values (Figure 8B) indicate that the AD patient group is clearly distinct
from the other two, and the control groups are similar to each other, with differences being
small and insignificant.

Figure 8. (A) graph of changes YKL-40 concentrations in plasma samples from patients with AD
and two control groups. Information about the medians is placed above the box plots. (B) Dunn–
Bonferroni POST-HOC graphical analysis. The boxes contain the p-parameter values and Cohen’s
d values.

To examine the diagnostic usefulness of the YKL-40 biomarker, ROC curves were
performed, which are presented in Figure 9. Essential parameters are listed in Table 5. High
statistical significance was obtained for the results.

Figure 9. ROC curve for YKL-40 (n = 54).

Table 5. The data characterizing the ROC analysis for YKL-40. AUC—Area Under Curve, PPV—
Positive Predictive Value, NPV—Negative Predictive Value, CI = 95%.

Direction of the
Diagnostic

Variable
AUC Sensitivity

[%]
Specificity

[%] PPV [%] NPV [%] Cut-Off Point p-Value

stimulant 0.99 94.00 100.00 100.00 97.00 271.17 ng/mL <0.000001

Increasing concentrations of YKL-40 protein indicate increasing risk of developing AD.
Concentrations above the cut-off value of 271.17 ng/mL may indicate the presence of AD.
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The AUC value close to one suggests that patients were accurately assigned to the disease
and control groups. This assignment was not random. Table 5 also provides sensitivity and
specificity values. The probability of detecting a healthy individual is 100%. The negative
predictive value (NPV) indicates a 97% probability of a person’s not having the disease in
the case of a negative test. However, the PPV indicates a 100% probability of having AD in
case of a positive test result.

5. Conclusions
The constructed SPRi biosensor sensitive to YKL-40 demonstrates good validation

parameters, allowing its use in the analysis of biological materials such as blood plasma.
Although YKL-40 is not a biomarker specific solely to Alzheimer’s disease, it demonstrates
significantly elevated concentrations in patients with this condition. Incorporating YKL-40
into biomarker panels increases diagnostic sensitivity and supports the differentiation of
neurodegenerative disorders. Our results indicate that the SPRi biosensor has the potential
for use in clinical trials, particularly in multimarker approaches, where it can be a valuable
complement to existing diagnostic tools.
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Appendix A

Table A1. YKL-40 assay results in different sample groups.

Sample Number

Concentration of
YKL-40 in Plasma

Samples from
Patients with

Alzheimer Disease
[ng/mL]

Concentration of
YKL-40 in Plasma

Samples in Control
Group Patients
with Prostatitis

[ng/mL]

Concentration of
YKL-40 in Plasma

Samples in Control
Group Smokers

[ng/mL]

1 300.29 79.81 30.24
2 386.88 39.87 65.85
3 335.65 102.49 2.46
4 357.22 87.67 15.53
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Table A1. Cont.

Sample Number

Concentration of
YKL-40 in Plasma

Samples from
Patients with

Alzheimer Disease
[ng/mL]

Concentration of
YKL-40 in Plasma

Samples in Control
Group Patients
with Prostatitis

[ng/mL]

Concentration of
YKL-40 in Plasma

Samples in Control
Group Smokers

[ng/mL]

5 271.17 48.44 10.91
6 397.56 30.43 110.33
7 291.73 94.47 60.05
8 365.65 69.82 128.39
9 303.45 66.87 33.38

10 338.52 43.24 47.32
11 307.17 91.59 40.35
12 281.46 41.43 93.85
13 345.19 64.73 69.59
14 410.36 87.24 91.33
15 386.70 54.69 24.19
16 102.60 127.43 36.34
17 284.16 131.92 54.54
18 340.61 61.13 79.92
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