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Despite the increasing efforts in improving bone health assessments, current diagnostics suffer from critical

shortcomings. The present article therefore describes a multiplex label-free immunosensor designed and

validated for the assessment of two bone turnover markers (BTMs), namely beta isomerized C-terminal

telopeptide of type I collagen (CTx) and Procollagen I Intact N-Terminal (PINP), the combination of

which is needed to illustrate an accurate overview of bone health. The immunosensor was then tested

outside and inside of a microsystem, with the aim of becoming compatible with a point of care system

fabricated for automated assessment of these biomarkers later-on at patient side. Custom-made

monoclonal antibodies were specifically designed for this purpose in order to guarantee the selectivity of

the immunosensor. In the final platform, a finger prick blood sample is introduced into the microfluidic

manifolds without any need for sample preparation step, making the tool suitable for near patient and

outside of the central laboratory applications. The platform was exploited in 30 real blood samples with

the results validated using electrochemiluminescence immunoassay. The results revealed the platform

was capable of measuring the target analyte with high sensitivity and beyond the recommended clinical

reference range for each biomarker (CTx: 104–1028 ng L−1 and PINP: 16–96 mg L−1, correspondingly).

They also showed the platform to have a limit of detection of 15 (ng L−1) and 0.66 (mg L−1), a limit of

quantification of 49 (ng L−1) and 2.21 (mg L−1), and an inter- and intra-assay coefficient of variance of

5.39–6.97% and 6.81–5.37%, for CTx and PINP respectively, which is comparable with the gold standard.

The main advantage of the platform over the state-of-the art was the capability of providing the results

for two markers recommended for assessing bone health within 15 minutes and without the need for

skilled personnel or costly infrastructure.
1. Introduction

Osteoporosis is a silent killer, affecting 18.3% of the population
worldwide.1 This is while osteoporosis is largely preventable
thanks to the remarkable progress in the scientic
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understanding of its causes, diagnosis, and treatment.2

However, the prediction of rapid bone loss along with the
incidence of osteoporosis and osteoporotic fracture remains
difficult. Dual-energy X-ray absorptiometry (DXA), the current
gold standard for osteoporosis diagnosis, can only detect the
problem when a large amount of bone is lost and there is no way
back other than expensive bone regeneration therapies.3 This
technique also has a low sensitivity for identifying individuals at
risk of fracture, with the majority of osteoporotic fractures
occurring in those with bone mass values above the osteopo-
rosis threshold.4 Proteomics and mainly bone turnover markers
(BTMs) measurements, determining the activity of bone cells,
on the other hand, can provide a better overview of bone loss
and response to treatment.5,6

Enzyme-linked immunosorbent assay (ELISA) and electro-
chemiluminescence (ECLIA), the state-of-art technique for BTM
measurements requires expensive and elaborate analysis
infrastructure, is highly dependent on skilled human/robots,
suffers from long sample-to-result lead times and needs large
Anal. Methods, 2024, 16, 3337–3348 | 3337
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sample and reagent volumes. These shortcomings have become
increasingly critical in modern societies, as the need for rapid,
accurate and low-cost analysis has proven to be more
pressing.7,8 As for osteoporosis, these shortcomings are shown
to be linked with low compliance commonly reported in these
patients. Not being able to provide the changes in the marker
levels in real time coupled with the fact that the patients do not
feel any plausible transformations following treatment are re-
ported as the main reasons for many patients having a poor
adherence to their treatment.9

Lab-on-Chip (LoC) and biosensing technology aims to over-
come these restrictions, through integration of one or several
analyses onto a single miniaturized chip in order to provide test
results in real time.10,11 Other advantages include cost efficiency,
parallelization, portability, diagnostic speed, and sensitivity.
Several studies have pointed out the fact that having the results
in real time and during the consultation time can help improve
the patients' compliance with treatment.12

Multiple attempts have been made in the previous years to
fabricate biosensors suitable formeasuring different BTMs.13–20 As
explained in the review by Khashayar et al., most of these
biosensors have been designed for a single biomarker (mainly
beta isomerized C-terminal telopeptide of type I collagen (CTx) or
osteocalcin (Oc)).21 This is while the International Osteoporosis
Foundation (IOF) recommends the combination of a bone
formation (Procollagen I Intact N-Terminal (PINP)) and a resorp-
tion (CTx) marker as the most efficient combination in diag-
nosing high turnover individuals at risk of osteoporosis and for
monitoring the treatment process.22,23 CTx is a bone resorption
marker with a broad dynamic range (130–1700 ng L−1, depending
on age and gender according to the MayoClinic Test catalogue),
the high levels of which are linked with a pathologic condition
associated with high bone turnover.24 This is while PINP is a bone
formation marker with a reference range of 16–96 mg L−1

(depending on gender according to the MayoClinic Test cata-
logue) and its low concentrations signify insufficient bone
production and various bone conditions.25 These characteristics
call for a diagnostic capable of measuring both low and high
values accurately to allow precise patient identication and
treatment monitoring. Combining the two markers on a single
platform, therefore, could be challenging and to our knowledge
no such a biosensor exists. The only currently existing multiplex
automated assays specic for osteoporosis are developed by
Roche and IDS iSYS; they however need expensive infrastructures
and thus their use is limited to specic central labs. They are
therefore not accessible for everyone nor are they suitable for in-
office or real time testing.26 In previous projects, we successfully
developed a proteomic electrochemical immunosensor capable of
detecting serum levels of different BTMs.27 The performance of
the proof-of-concept sensor was highly correlated with that of the
ECLIA assays, as the state-of-the-art. While its dynamic range was
within the acceptable reference range for the CTx and Oc,
a broader dynamic range was needed for the application. More-
over the short shelf-life of the immunosensor as well as their long
fabrication timemade them not suitable formassmanufacturing.

In this regard OsteoLab is designed in the context of
PoCOsteo, a Horizon 2020 project to develop a point of care
3338 | Anal. Methods, 2024, 16, 3337–3348
diagnostic (appropriate for in-office use), for accurate (compared
with state-of-the-art), robust, and reproducible measurement of
BTMs, namely CTx and PINP, within a broad reference range
(compatible both for the screening and monitoring purposes) in
real time and with a minimum shelf-life of 6 months.

2. Materials and methods
2.1. Material

Custom-made high-temperature screen-printed gold electrodes
were purchased from C-Mac, Belgium. Casein, 1-octadecanethiol
(ODT), phosphate buffered saline (PBS), PBS-Tween 20, and
potassium hexacyanoferrate(III) (K3 [Fe(CN)6]) and potassium hex-
acyanoferrate(II) (K4 [Fe(CN)6]) were purchased from Sigma-Aldrich
(Diegem, Belgium). Custom-made monoclonal CTx antibody and
protein (beta isomerized CTx) as well as PINP antibody and protein
(intact molecule) were developed by Proteogenix (France). The two
proteins are called the analytes throughout the article.

2.2. Equipment

Electrochemical studies, namely cyclic voltammetry and
Differential Pulse Voltammetry (DPV) were utilized to charac-
terize the electrochemical behavior and performance of the
electrode arrays. Cyclic voltammetry measurements were run in
the potential window from −0.30 V to +0.4 V at a scan rate of
0.05 V s−1 using two subsequent scans. DPV was performed
using following parameters, 0.025 V modulation amplitude,
0.025 s modulation time, 0.005 V step potential and voltage
range from −0.25 V to +0.4 V.

The Electrochemical Impedance Spectroscopy (EIS)
measurements were performed to provide more accurate
information on the layer-by-layer reagent deposition on the
sensing layer. The impedance measurements were performed at
each stage over a wide frequency range (0.1 Hz and 0.1 MHz).
The results were presented in the form of a Nyquist plot, with
Randles' equivalent circuit (R[Q(RW)]) applied for data tting.

All electrochemical experiments were performed in a three-
electrode on-chip format at room temperature using
a computer-controlled potentiostat Autolab PGSTAT101 (Met-
rohm). An electroactive substance, 10 mM PBS pH 7.4 con-
taining 0.1 M KCl and 0.5 mM [Fe(CN)6]

3−/4− was used as the
electrolyte solution for the electrochemical readings. All assays
were run using the NOVA soware, ver. 2.1.5 (Metrohm). The
acquired data were evaluated using R Studio ver. 2022.12.0 + 353
(Posit PBC) and Prism 10 (GraphPad).

2.3. Biosensor fabrication

Based on the results obtained previously by our group, the
following protocol was developed.

1. Cleaning the screen-printed substrates with Isopropyl
Alcohol/Milli-Q water.

2. Characterization of bare screen-printed gold electrodes.
3. Immobilization of the linker at room temperature (RT) in

dark.
4. Immobilization of the antibody at 37 °C.
5. Surface passivation with a blocking agent at 37 °C.
This journal is © The Royal Society of Chemistry 2024
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The incubation steps were all performed in a humidity-
controlled condition. The electrodes were rinsed with a PBS solu-
tion (10 mM pH 7.4) and dried using pure nitrogen (N2) stream
aer each modication steps. Aer the passivation step, the elec-
trodes were rinsed with PBS Tween-20 solution and then PBS.

The next phase was to optimize the layer-by-layer deposition
steps to enhance the chemical stability of the sensor as well as
the sensor performance (Fig. 1). This was performed through
optimizing the concentration and the incubation time of the
linker, the antibodies, and the blocking agent, accordingly.

This was performed in various steps. First, several types of
commercial and custom-made linkers, namely SH-PEG-NHS
(abx085053) from Abexa, poly(2-ethyl-2-oxazoline) (PEtOx)
polymer fabricated in-house28 along with Sulfo-Lc-SDPD, 11-
Mercaptoundecanoic acid (11-MUA), 3-Mercaptopropionic acid
(MPA), dithiol, and ODT from Sigma-Aldrich, with different
concentrations and various incubation times were compared. In
this regard, various concentrations of each linker based on the
incubation times mentioned in the literature or previous expe-
riences of the research group were studied. The details of these
experiments are explained elsewhere.29

The next step was to study the optimal antibody density on
the surface to achieve the best immunosensor performance. In
this regard, various concentrations of the antibody using
different incubation times (2 h and overnight) were applied,
while using the linker of choice as determined in the previous
step. Thereaer, the calibration curves were plotted for each
condition and the performance of the sensors was assessed.

The last step was to nd the best material to suppress non-
specic binding. The low and high-molecular weight blocking
agents such as polyethylene glycol (PEG, MW z 1 kDa), bovine
serum albumin (BSA), ethanolamine (ETA), skim milk, and
casein were compared. Different concentrations of these agents
were tested. The surfactant Tween 20 was applied additionally
in some conditions. The details of these experiments are
explained elsewhere.30

The nal multiplex immunosensor was aimed to be capable
of working with both plasma and whole blood (WB) samples.
For this purpose, a cartridge was designed by IMM Fraunhofer,
Germany and fabricated by TE Connectivity, Spain (in the
context of PoCOsteo) to house the microuid manifold and the
Fig. 1 A schematic illustration of the multistep surface functionalization
detection. The tool shown as the last step for BTM level determination is
PoCOsteo for the same purpose. The validation of this tool is discussed

This journal is © The Royal Society of Chemistry 2024
blisters containing the liquids needed for sample dilution,
washing and measurement and facilitate the uid ow from the
capillary tube on the chip as the inlet to the reaction chamber
for nal readings. The cartridges were all vacuum packaged
within 2 h of the preparation of the electrode array based on the
protocol previously developed by our group.31 The performance
of the combined immunosensor (referred to as “OsteoLab” in
the rest of the article) was therefore compared outside and
inside this microsystem.

In the nal step, the cartridges were tested using the point of
care (PoC) tool developed by Labman Automation, UK (in the
context of PoCOsteo) for the very purpose.
2.4. OsteoLab calibration

OsteoLab calibration was performed at two stages using the as-
fabricated OsteoLab outside the microsystem, and later on in
the system when OsteoLab was integrated into the above-
mentioned PMMA cartridge. As for these tests, the sensors were
incubated with known concentrations of the target analytes (BTM
antigens). The OsteoLab operates based on a label-free detection
strategy, relying on the progressive decrease of the redox probe
([Fe(CN)6]

3−/4−) ux to the electrode surface due to the formation
of the immunocomplex between the target analyte and the anti-
bodies immobilized on the sensing layer of the electrode acting as
a physical barrier. As a result, a decreased current reading is ex-
pected following the introduction of the higher concentrations of
the analyte. The recovery index, calculated as the ratio of the
current values read in the absence of the analyte (CTarget Analyte= 0)
and in the presence of different concentrations of the target
analyte (CTarget Analyte = 100, 200, 400, 600, 800, 1000 ng L−1 for
CTx and 20, 40, 60, 80, 100 mg L−1 for PINP), were used to plot the
calibration curves. In this step, the reaction time for the analyte to
sufficiently react with the surface and achieve the best perfor-
mance was optimized. This reaction time was, later on, used as
the optimum time for plotting all the calibration curves and the
tests using real samples. A four-parameter logistic (4 PL) curve t
was used to translate signal intensity to analyte concentration.
This method is shown to “generate a 95% condence interval of
the limit of detection (LoD) estimate to provide a measure of
uncertainty and a means by which to compare the analytical
sensitivities of different assays statistically.”32
of the as-fabricated label-free immunosensor for bone turnover maker
a picture of the final PoC tool developed by Labman in the context of
further in this article.

Anal. Methods, 2024, 16, 3337–3348 | 3339
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The calibration curves were used to determine the LoD
(=3.3(standard deviation of the response/slope of the calibra-
tion curve)), limit of quantication (LoQ = 10(standard devia-
tion of the response/slope of the calibration curve)), sensitivity
(slope of the calibration curve), and dynamic range of the
immunosensors.33,34 Based on the results, the inter- and intra-
assay coefficients of variation (CV) were also assessed. The
intra-assay CV is an average value calculated from the individual
CVs (standard deviation (SD)/mean) for all of the duplicates.
The inter-assay CV, on the other hand, is an expression of
consistency and therefore, is calculated from the mean values
for the high and low duplicate concentrations.

The reproducibility of the bare immunosensor was
calculated using Residual Standard Deviation�
RSDR ¼ standard deviation current

average current
� 100

�
Horwitz ratio

(HorRat) was used to assess the precision to be expected of the
newly developed cartridge as a function of the concentration of
the analyte:35

HorRat ¼ RSDR

PRSDR

Predicted relative standard deviation (PRSDR) was calculated
using 2C−0.15, where C was the added concentration added,
expressed as amass fraction. The selectivity of the OsteoLab was
tested by studying its cross-reactivity against 600 ng L−1 osteo-
calcin (Oc) and 600 ng L−1 PINP for the CTx immunosensor
(CTx: 600 ng L−1), and 60 mg L−1 Oc and 60 mg L−1 CTx for the
PINP immunosensor (PINP: 60 mg L−1) and PBS as the control in
both immunosensors.
2.5. Laboratory validation

For the laboratory validation, two types of biouids were used:
Plasma and WB:

1. Plasma
First, the plasma separation was performed off-chip, simply

through centrifuge as commonly performed in the central labs
or using commercial anti-coagulant vacutainers (BD Life
Sciences, Belgium). Different anticoagulants, currently available
in the market, were tested and compared.

Their results were then compared with two plasma generator
chips (A commercially available plasma generation chips devel-
oped by microuidic ChipShop, Germany and one developed in-
house by Fraunhofer IMM, Germany), with the aim integrating
the best option in the nal microuidic manifold. Both chips
used membranes with specic pore size to separate the plasma
from whole blood. They were used as instructed by the developer.

The plasma generated using the above-mentioned tech-
niques was later on tested using OsteoLab and the measured
BTM levels were compared, with the results of the centrifuged
samples used as gold-standard. The blood samples used for
these tests were taken from healthy volunteers.

The next step was to determine the optimum dilution ratio.
In this regard, serial dilution ratios of spiked samples (CTx:
200 ng L−1 and PINP: 10 mg L−1) were compared to dene the
3340 | Anal. Methods, 2024, 16, 3337–3348
concentration within the working range that could provide
a reliable result without affecting the performance of the
immunosensor.

2. WB
WB samples were taken through nger pricks from healthy

volunteers. As the rst step, they were exposed in a commer-
cially available capillary tube coated with the anti-coagulant of
choice for different times, in order to determine the sufficient
timing to prevent possible coagulation in the microuidic
channels later on in the study. The samples were then injected
in a chip developed by Fraunhofer IMM, Germany, resembling
the microuidic structure of the nal cartridge. The samples
were incubated in the chip for 30 minutes, which was longer
than the time needed for the sample to travel through the
cartridge later on in the nal device.

The samples were tested using the same procedure explained
earlier in the plasma section to determine the optimum dilution
ratio.
2.6. Clinical application

For Clinical application studies, the OsteoLab was incubated
with samples (plasma and whole blood) from real patients. For
the plasma studies, 20 samples already stored in the biobank of
the Medical University of Graz (MUG) were used. The collection
of these samples was conducted according to theWorld Medical
Association Declaration of Helsinki and approved by the Ethical
Committee of the Medical University Graz (20-492 ex 08/09).
These samples were collected based on the common practice
in the lab using Ethylenediaminetetraacetic acid (EDTA) as the
anticoagulant. In order to compensate for the EDTA effects, they
were treated with 1 M Calcium Chloride (CaCl2) for two hours in
+4 °C before being cast on the electrode array and incubated for
15 min (a protocol commonly used for similar purpose in ELISA
tests).36

For WB studies, seven freshly collected nger prick samples
from healthy volunteers with known BTM levels were used. Aer
being exposed to Li–heparin for 2 min in the capillary tube, they
were diluted (1 : 4 using PBS) and incubated on the OsteoLab for
15 min. The analyte concentration in each sample was then
extrapolated based on the current read using the OsteoLab.

The plasma levels of CTx and PINP were tested in all samples
(from the biobank or volunteers) using ECLIA (Elecsys 2010
autoanalyzer, Roche Diagnostics GmbH, Mannheim, Germany),
as the state of the art. The Elecsys serum assay has an intra- and
inter-assay CV of 2.7–4.1% and 1.7–6.5% for PINP and CTx,
respectively. The results of ECLIA and OsteoLab were then
compared, and a Bland–Altman graph was plotted to illustrate
the agreement between these two readings for each marker.

When testing the PoC tool, several fresh nger prick samples
from healthy volunteers were collected and transferred to the
cartridge using the capillary tube placed on the cartridge to
assess the feasibility of the tool to be used in practice for this
purpose. The capillary tube was coated with the anticoagulant
of choice based on the previous steps. The system automation
was designed in a way that blood would remain in the tube for
a specic time (equal to the optimum exposure time for anti-
This journal is © The Royal Society of Chemistry 2024
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coagulant as determined in the previous steps). This step also
aims to conrm the system works properly as a whole.
3. Results and discussion
3.1. OsteoLab performance

A biosensor is created on a solid electrode surface by chemically
or electrostatically attaching bio(macro)molecules such as
proteins and nucleic acids. The rst step in our research,
therefore, was to dene such surface. In brief, having the nal
objectives of the project, commercialization, in mind, an opti-
mized protocol to screen print electrode arrays using high
temperature gold ink on ceramic substrates was adopted
(Fig. 2). The electrode arrays, produced by C-MAC using this
protocol, were shown to be robust, repeatable and reproducible.
The obtained current intensity of more than 30 arrays showed
a mean of 2.3 × 10−7 A. Moreover, a simple cleaning step con-
sisted of washing with isopropyl alcohol (IPA) and water with no
additional pretreatment step was shown sufficient.

The dynamic range of an immunosensor and its sensing
abilities is determined by the maximum loading capacity of its
sensing layer. Therefore, the next step was to optimize the layer-
Fig. 2 SEM images of the C-MAC screen printed electrodes, with gold a

Fig. 3 Calibration curve of the CTx immunosensor fabricated with (a) 0.1
(the latter represents the performance of the final CTx immunosensor ou
of CTx Antigen were used as the target analyte. 10 mM PBS pH 7.4 conta
solution for the electrochemical readings. Calibration curve fitting is don

This journal is © The Royal Society of Chemistry 2024
by-layer deposition on the electrode surface. Maintaining the
correct orientation, unperturbed conformation, and adequate
density of the antibodies at the electrode surface is therefore
critical to guarantee the array to be reproducible, biocompat-
ible, cost-effective, with long-term stability and large surface
area.37 The comparison of several types of commercial and
custom-made linkers with different concentrations and various
incubation times revealed overnight immersion of the electrode
substrates in a 10 mM ODT solution in ethanol as the linker of
choice. Fig. 3 compares the calibration curve plotted for ODT
and SH-PEG-NHS (one of the tested linkers). ODT, an alka-
nethiol with a long carbon chain, is mainly used as a self-
assembled monolayer (SAM) for surface modication. It helps
facilitate superhydrophobicity and reduce surface energy. The
thiol groups were anchored on the gold surface, forming strong
gold–sulphur bonds. Moreover, it also increases the CH3 surface
chemistry, which increases the antibody adsorption rate. The
selective antigen recognition using this combination conrms
the appropriate orientation of the antibody on the surface.

It is well-known that the selectivity of an immunosensor
depends on not only the binding properties of the antibody but
also the composition and thematrix of the target solution.38 The
s the working electrode, used as the substrate throughout this study.

mg mL−1 SH-PEG-NHS (abx085053) and (b) 10 mM ODT as the linker
tside the microsystem). In both immunosensors various concentrations
ining 0.1 M KCl and 0.5 mM [Fe(CN)6]

3−/4− was used as the electrolyte
e using the 4 PL method.
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assay interference, therefore, can result from the presence of
cross-reacting species altering the concentration of the analytes
in the sample or the antibody binding capacities. Both of which
can lead to the misinterpretation of the results.

The use of monoclonal antibodies is shown to help improve
the performance of the sensor by reducing the cross-reactivity
towards other analytes commonly found in the blood/serum/
plasma matrix. These endogenous molecules might have
a similar structure or common cross-reactive epitopes with the
target analyte. In this regard, custom-made monoclonal anti-
bodies were designed by Proteogenix to only react with the
target analyte and none of the known confounders (mentioned
in the literature and the data sheet of the commercial kits).
These results were conrmed in the preliminary ELISA tests.

In the next step, the concentration of the antibody was opti-
mized. It is well-known that the density of the antibody on the
electrode surface can signicantly affect the immunosensor
performance.39 This is due to the fact that this factor can affect the
surface conformation, thus the measured electrochemical signal,
and nally the LoD and sensitivity of the immunosensor. Higher
concentration of antibodies are shown to arrange differently on
the surface and at the same time improve the antigen accumula-
tion through increasing the solution resistance. Our results,
similarly, showed higher antibody concentrations to be associated
with better sensor performance. It was, therefore, concluded that
using 100 mg mL−1 of each antibody (in PBS as the buffer) was
associated with the highest linearity and sensitivity (Fig. 4). It was
also shown that overnight incubation of the antibodies led to
similar results as that of 2 h incubation. As a result, the latter was
considered as the optimum incubation time throughout the study.

Apart from the application of monoclonal antibodies, in most
studies, an additional blocking agent is applied to suppress
nonspecic binding of the interfering substances more effec-
tively. While many believe smaller and more hydrophilic mole-
cules (such as ETA in our case) to have better blocking capacities,
our studies showed casein 1% as the blocking agent of choice. As
it could be seen in Fig. 5, the as fabricated immunosensors only
react with the corresponding protein, conrming high specicity
of these immunosensors. This also shows the optimum blocking
agent should be chosen based on the molecular size of the
Fig. 4 Response of (a) CTx and (b) PINP immunosensors fabricated with
analyte in the step designed to determine the optimum antibody density. 1
was used as the electrolyte solution for the electrochemical readings.

3342 | Anal. Methods, 2024, 16, 3337–3348
recognition element and that of the potential unwanted inter-
ferences.40 Our results also corroborated with previous studies
showing the improved capacity of milk phosphoprotein for pre-
venting nonspecic binding in the presence of Tween 20,
a known nonionic detergent.41 For this reason, an additional
washing step with PBS Tween 20 was considered as the nal step.
The nal protocol is illustrated in the ESI.†

As mentioned earlier, the EIS was used to evaluate the layer-
by-layer deposition and response to different concentrations of
the analyte. As expected, the capacitive currents increased aer
casting each layer, demonstrating a signicant change in the
interfacial charge-transfer resistance (Rct) and thus conrming
the successful construction of the immunosensor (Fig. 6).

Next step was to plot the calibration curves using the known
concentrations of the corresponding BTMs. The resulted DPV
current intensities suggested the as-fabricated arrays to be fairly
reproducible. As expected, compared with the freshly prepared
arrays, a gradual decrease was registered in the DPV current
peaks with any increase in the concentration of the target
analytes (CTx: Fig. 3 and PINP: Fig. 7). This indicated the
successful reaction between the sensing layer and the analyte.
Compared to the corresponding targets, incubation with PBS or
non-corresponding target analyte resulted in little or no
decrease (typically <5%) in the current (P < 0.05). As already
shown in Fig. 4, the as fabricated OsteoLab was also shown to be
selective and highly specic for the target analyte.

It was also shown that 10 min for CTx and 15 min for PINP
was sufficient, permitting the analyte to react with the surface
antibodies; as the nal goal, however, was to use both markers
in a multiplex manner, 15 min was considered as the optimum
reaction time.

Based on these plots, the two immunosensors were shown to
be capable of measuring the target analyte with high sensitivity
and beyond the recommended reference range (CTx: 104–
1028 ng L−1 and PINP: 16–96 mg L−1, correspondingly).42 Both
immunosensors were reported to be reproducible (RSDR CTx =
0.2, PINP = 0.24). The calculated LoD and detection range were
comparable with commercial ECLIA kits (Table 1). The perfor-
mance of the two immunosensors based on HorRat was also
less than 2, which is considered acceptable.
various densities of the antibody selective to the corresponding target
0mMPBS pH 7.4 containing 0.1 M KCl and 0.5mM [Fe(CN)6]

3−/4− (1 : 1)

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Cross-reactivity tests of the (a, b) CTx (600 ng L−1 of Oc, PINP and CTx) and (c, d) PINP (60 mg L−1 of Oc, CTx and PINP) immunosensors
fabricated using different blocking agents with other antigens and PBS as control. These tests were designed to determine the optimumblocking
agent to improve the selectivity of the immunosensor. 10 mM PBS pH 7.4 containing 0.1 M KCl and 0.5 mM [Fe(CN)6]

3−/4− (1 : 1) was used as the
electrolyte solution for the electrochemical readings.

Fig. 6 Nyquist plots showing successful the layer-by-layer deposition on the sensing layer measurements performed at 0.2 V in K4[Fe(CN)6]/
K3[Fe(CN)6] over a frequency range of 0.1 Hz and 0.1 MHz. Inset: Randles'equivalent circuit (R[Q(RW)] representing the sensing layer of the
immunosensor. Calibration curve fitting is done using the 4 PL method.
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Table 2 compares the characteristics of OsteoLab with some
biosensors reported in the literature capable of measuring the
IOF recommended biomarkers (CTx, PINP).

Most of the biosensors listed here were electrochemical
biosensors; as compared to other technologies, such tools can
offer higher sensitivity, lower detection limits, automation at
reduced costs and miniaturization capabilities making them
suitable for point of care applications. In comparison with
existing optical biosensors, the main advantages of the elec-
trochemical sensors include not requiring expensive infra-
structure and having shorter turnaround time.26,44 From among
This journal is © The Royal Society of Chemistry 2024
the electrochemical biosensors, the labeled and sandwich
immunosensors are more expensive, making the label-free ones
more appropriate for screening purposes.18

Apart from the multiplexing capacity (based on the IOF
recommended biomarkers), the OsteoLab's broad dynamic
range is another advantage over similar sensors reported in
literature.21 This is of great importance, because as for the CTx
immunosensor the accurate measurement of higher concen-
trations for treatment monitoring and for PINP, on the other
hand, the LoD of the sensor to identify at-risk individuals is of
utmost importance.5
Anal. Methods, 2024, 16, 3337–3348 | 3343
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Fig. 7 (a) DPV readings of different concentrations of PINP as the target analyte and (b) calibration curve of the PINP immunosensor tested
outside the microsystem housing. 10 mM PBS pH 7.4 containing 0.1 M KCl and 0.5 mM [Fe(CN)6]

3−/4− (1 : 1) was used as the electrolyte solution
for the electrochemical readings. Calibration curve fitting was done using the 4 PL method.

Table 1 CTx and PINP sensor performance (outside microsystem)

Target protein CTx (ng L−1) PINP (mg L−1)

R2 0.97 0.98
Detection range 50–1500 0.3–150
LoD 15 008
LoQ 49 0.28
CV (inter-assay) 5.39% (2.17–8.61) 6.81% (1.07–3)
CV (intra-assay) 6.97% (1.47–8.67) 5.37% (1.06–5.19)
RSDR 0.2 0.24
HorRata 0.65 0.84

a For 1 ng L−1 for CTx and 1 mg L−1 for PINP.
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3.2. Laboratory validation of OsteoLab

OsteoLab was validated using real plasma and whole blood
samples.

1. Plasma
Table 2 Characteristics of biosensors reported in the literature for mea

Dynamic range Marker

OsteoLab 50–1500 CTx (ng L−1)
0.3–150 PINP (mg L−1)

Ramanathan et al.13 50–600 CTx (ng L−1)
Afsarimanesh et al.14 147–1693 CTx (ng L−1)
Yun et al.16 50 000–3 × 106 CTx (ng L−1)
Afsarimanesh et al.43 100–2500 CTx (ng L−1)
Khashayar et al.27 9000–42 000 Oc (ng L−1)

25–1008 CTx (ng L−1)
Park et al.44 200–2800 Urinary CTx (n

0–2500 Serum CTx (ng
Han et al.18 2–64 PINP (mg L−1)

Claudon et al.26 500–2.8 × 105 Oc (ng L−1)
50–2000 CTx (ng L−1)
25–85 PINP (mg L−1)
0.05–2500 PTH (ng L−1)

a EIS: electrochemical impedance spectroscopy, FMGC: uoro-microbeads
electrochemical impedance spectroscopy; CTx: C-terminal telopeptide of t
hormone; DPV: differential pulse voltammetry; Oc: osteocalcin.

3344 | Anal. Methods, 2024, 16, 3337–3348
First, the existing commercial anticoagulants were
compared. Considering their mechanism of action, the
outcome differed:

- Ethylenediaminetetraacetic acid (EDTA): the chelation
effects of EDTA on the calcium (Ca)/thrombin levels negatively
affected the sensor performance. However, the issue was
resolved by adding Ca to the samples, as performed in certain
ELISA measurements.36,45

- Citrate and sodium (Na)–heparin had negative effects on
the sensor performance. The former reacted with the gold
surface, producing gold citrate, whereas the main reason
behind the effects of the latter is not clear.

- Lithium (Li)–heparin resulted in promising results,
comparable with that of ELISA. It was therefore concluded as
the anticoagulant of choice in the future steps.

In the next step, the ChipShop and IMM plasma generator
chips were compared. Despite being signicantly more efficient
suring CTx or PINP (based on IOF guidelines)a

Technology/measurement

Label-free immunosensor/DPV

Gold-deposited CNT/EIS
Label-free immunosensor/EIS
Label-free immunosensor/EIS
Molecular imprinting technology/EIS
Label-free immunosensor/DPV

g mmol−1) Sandwich FMGC, microbead counting
L−1)

Sandwich immunosensor (amine-modied
zeolite)/
Labeled immunoassay/CCD camera

guiding chip; CCD: charge coupled device; CNT: carbon nanotube; EIS:
ype I collagen; PINP: Procollagen I Intact N-Terminal; PTH: parathyroid

This journal is © The Royal Society of Chemistry 2024
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compared to their counterparts (high yield of about 70%), the
produced plasma using either chip was not sufficient to
completely ll the microuidic channels; as a result, dilution
was inevitable. It should be noted that while dilution can
negatively affect the LoD, it can improve the system accuracy
through reducing the matrix effect. This is different from the
dilution linearity test commonly performed in ELISA kits on
samples with a concentration higher than the LoQ of the kit.46

The results of the serial dilution studies revealed 1 : 10 (1 part
plasma, 9-part PBS) dilution for CTx and 1 : 4 for PINP as the
highest acceptable dilution ratios, not compromising the LoD
of the immunosensors. As a result, 1 : 4 dilution ratio was
considered optimum considering the multiplex testing.

2. Whole blood
Previous studies have shown the viscosity of WB, which is

known to increase with aging, to vary between 5 and 120 mPa.47

Using a chip resembling the microuidic structure of the nal
cartridge, the coagulation risk of heparinized WB with various
dilution factors was evaluated aer a 30 min incubation period.
Results revealed no clotting incidence in the 1 : 4 diluted
heparinized WB samples as well as negligible effects on the LoD
and LoQ of the OsteoLab using these samples. Again, 1 : 4 was
considered as the optimum dilution ration for the WB samples.
Fig. 8 Correlation (a, c) and Bland–Altman (b, d) plots for real serum/plas
art for each BTM. In the correlation plot, the 1 : 1 line is used as a re
instruments. In the Bland–Altman plot, the y axis shows the difference
average values obtained with the 2 methods. The horizontal plain line re
lines the 95% CI.

This journal is © The Royal Society of Chemistry 2024
3.3. Clinical application of OsteoLab

Subsequently, practical application of the immunosensors
using the abovementioned protocols was evaluated using real
plasma and WB samples.

Twenty biobank plasma samples, treated with EDTA at the
time of collection, were used. Aer exposing them to 1 M
CaCl2 based on the abovementioned protocol, the samples
were tested in OsteoLab. Fig. 8 shows high agreement between
the readings of the as fabricated immunosensor and that of
ECLIA. The black line in the correlation plot suggests the ideal
situation where the two readings were the same. The further
the dots are from the line suggests the larger difference
between the two readings. As it could be seen in the gures,
CTx readings of the two instruments have higher agreement
and thus lower difference compared with that of PINP. Bland–
Altman plots are used to assess the agreement of the new
instrument compared with the state-of the art. The horizontal
straight line in the middle of the chart shows the average
difference in the measurements or the bias between the two
instruments. Values further from zero suggest the larger bias
in the new instrument. Fig. 9 shows a small average difference
and a narrow condence interval in the Bland–Altman plots,
suggesting a low relative error in the OsteoLab measurements.
ma samples tested usingOsteoLab sensor and ECLIA as the state-of the
ference to visualize the difference between the readings of the two
between the two paired measurements and the x axis illustrates the
presents the average difference between the 2 assays and the dotted

Anal. Methods, 2024, 16, 3337–3348 | 3345
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Fig. 9 Correlation (a, c) and Bland–Altman (b, d) plots for real whole blood samples tested using OsteoLab sensor and ECLIA as the state-of the
art for each BTM. In the correlation plot, the 1 : 1 line is used as a reference to visualize the difference between the readings of the two
instruments. In the Bland–Altman plot, the y axis shows the difference between the two paired measurements and the x axis illustrates the
average values obtained with the 2 methods. The horizontal plain line represents the average difference between the 2 assays and the dotted
lines the 95% CI.
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These differences could be due to the effect of the CaCl2
treatment step on the levels of the target analyte in the test
samples.

In the next step, seven fresh nger prick samples were
collected in Li–heparin coated capillary tubes. Aer 2 min, they
were diluted (1 : 4 using PBS) and incubated on the OsteoLab for
15 min. Fig. 9 shows high agreement between the readings of
the OsteoLab and ECLIA. The calculated errors in the Bland–
Altman plots, however, were smaller than those of the plasma
blood samples. The lower number of samples in these tests,
though, makes the comparison between the plasma and WB
readings rather difficult.
3.4. Laboratory validation of the OsteoLab cartridges

As for the next step, the OsteoLab was placed in the cartridges
housing the microuidic manifolds and the required add-ons.
Preliminary experiments had revealed that oxygen (O2),
humidity and light affect the performance of the immunosensor
negatively. As a result, vacuum packaging using a multilayer
sheet of Polyamide (PA)/Polyethylene (PE)/Ethylene vinyl alcohol
(EVOH)/PE was selected as the packaging technique of choice to
preserve the shelf-life of the sensors. This multilayer is
commercially used for the preservation of O2-sensitive food
products. The packaged immunosensors were shown to survive
3346 | Anal. Methods, 2024, 16, 3337–3348
at least 10months of storage at room temperature with negligible
changes in their performance. The detailed explanation of the
stability, repeatability and reproducibility of these packaged
immunosensors is published elsewhere.31

The vacuum-packed Osteolab cartridges were shown to be
comparable with the freshly made immunosensors (Fig. 10).

Thereaer, the OsteoLab cartridge was tested using the rst
generation of the PoC Tool developed for the same purpose
(Fig. 1). This tool contains a built-in potentiostat (LabStat) and
the required electronic and Pneumatic systems for efficient
uidic ow and sample measurement. Unlike its commercially
available counterparts, LabStat allows the working electrodes to
be read simultaneously, reducing themeasurement time (6–10 s
vs. a couple of minutes) as well as enhancing the consistency
and accuracy of the tests. The system is also scalable to read up
to 64 working electrodes at the same time, making it suitable for
more complex applications.

Fresh nger prick samples were collected using the built-in
capillary tube in the cartridge, which was inserted in the PoC
tool and tested. The preliminary results revealed successful
performance of tasks such as sample preparation, uidic ow
and assessment of the results. The BTM readings were also
comparable with that of ECLIA. Further tests however are
needed to nalize the tool validation steps.
This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Calibration curve of CTx and PINP immunosensors inside the microsystem housing. 10 mM PBS pH 7.4 containing 0.1 M KCl and 0.5 mM
[Fe(CN)6]

3−/4− (1 : 1) was used as the electrolyte solution for the electrochemical readings. Calibration curve fitting was done using the 4 PL
method.
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4. Conclusions

The goal of this study was to develop a sensitive, reliable,
portable, and cost-effective platform for the measurement of
BTMs in real time. This is the rst time such a multiplex plat-
form for the measurement of BTMs in various biouids (WB or
plasma) with high sensitivity and selectivity has been
developed.

The results showed high agreement with ECLIA, as the state-
of-the-art, while providing a much shorter turnaround time of
about 15 min. The proposed platform uses a sample volume of
10 ml, which is much lower than that needed by its counterparts
including ELISA and ECLIA. At the same time, it reduces the
amount of the reagents needed for each test to as low as only 2
ml for each marker.

The obtained data also conrmed the possibility of storing
the as-fabricated vacuum-packed cartridges up to 10 months in
RT, which has never been reported for similar immunosensors.
Compared to the existing biosensors, OsteoLab has a broader
dynamic range as well as the capability for multiplexing,
turning it into a promising diagnostic tool for the assessment of
bone loss and treatment monitoring. Further studies are
needed to nalize the clinical validation of OsteoLab, showing
its practicality for use in clinical practice. The idea is to test the
same platform with other biological uids such as saliva, urine,
or sweat to provide a non-invasive analytical option. However,
the accuracy and practicability of using BTM levels in such
biouids should be assessed rst.
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