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g r a p h i c a l a b s t r a c t
� Bound-free phase detection (BFPD)
assay is a wash-free heterogeneous
immunoassay.

� One-step versatile assay compatible
with diverse complex fluids (saliva,
serum).

� Demonstration of BFPD multiplexing
capacity using 3 oral markers of
periodontitis.

� CRP BFPD assay verified with Euro-
pean Certified Reference Material.

� Adaptation of assay detection range
through the magnetic/fluorescent
beads ratio.
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We present a simple and fast one-step heterogeneous immunoassay, with performance characteristics
that can enable easy and versatile adaptation to miniaturized, automated point-of-care systems. This
novel analytical method uses magnetic and fluorescent beads as capture and detection agents respec-
tively. Its main feature is the measurement of the fluorescent signal in the bound-free phase for (semi-)
quantitative detection of analytes. Thus, no washing is required and the workflow consists only of sample
and reagent supply, incubation, separation and detection. The immunoassay concept is demonstrated
with C-reactive protein (CRP), a systemic inflammation marker. CRP in only 5 mL of undiluted serum was
measured in the range 20e140 mg L�1 (includes clinically relevant cut-off values). The limit of detection
(LOD) was 22.1 ± 6.3 mg L�1 (incubation 15 min). A CRP certified reference material was measured on
five different days. Intra- and inter-assay coefficients of variation were 4.6 ± 1.9% and 5.6% respectively.
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Micro/nanoparticles
Oral biomarkers
Inflammation
Saliva
To demonstrate the compatibility of the assay concept with additional matrices and concentration
ranges, three oral inflammation markers, namely matrix metalloproteinases 8 and 9 (MMP-8, MMP-9)
and tissue inhibitor of metalloproteinases 1 (TIMP-1), were measured in saliva in the ranges 0.47
e30 ng mL�1 for MMP-8 and MMP-9, and 0.69e44 ng mL�1 for TIMP-1. LODs were 0.24 ng mL�1,
0.38 ng mL�1 and 0.39 ng mL�1 respectively (incubation 20 min). Multiplexing capacity of the assay
concept was also shown with these markers. The demonstrated excellent reproducibility of the results,
combined with the versatility and low complexity of the introduced immunoassay concept, make it an
attractive candidate for applied analytical chemistry and automated point-of-care testing.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immunoassays are an important tool in diagnostics [1e3]. They
provide very specific results due to the antibody-antigen reaction,
which follows a lock and key principle [2], and are used in a diverse
range of fields, from analytical chemistry to clinical diagnostics, and
in application areas like cardiovascular, autoimmune or infectious
diseases, oncology, oral health, food analysis and environmental
safety [1e3]. Application-dependent requirements have guided the
development of a large variety of immunoassay types and detection
technologies available at research and commercial level [1,3,4].
Many of the aforementioned applications strongly favor a move
towards de-centralized testing [3,5]. Especially in healthcare ap-
plications, diagnosis at such settings poses some specific re-
quirements. Analysis must be rapid due to the nature of some
diseases, e.g. sepsis, tropical fever and acute respiratory tract in-
fections, and antibiotic prescriptions (turnaround times > 30 min
are barely acceptable). The analysis procedure must be as easy as
possible for the user, meaning that all necessary reagents must be
pre-stored ideally at room temperature. Another important design
issue with immunoassays is their versatility. In particular, as
different application fields use different sample matrices (e.g.
blood, saliva, urine), and require more than one biomarker for a
diagnostic decision [4e8], an immunoassay should be compatible
with different sample matrices and its format should allow
multiplexing.

Enzyme-linked immunosorbent-assay (ELISA), which uses an
enzymatic reaction to detect proteins, is a state-of-the-art tech-
nology for many diagnostic applications that require protein
quantification [1,2,4,5]. Using particles as a solid phase (heteroge-
neous bead-based ELISA) shortens the procedure in terms of in-
cubation duration, allows the miniaturization and integration of
immunoassays into microfluidic systems, simplifies the washing
procedure [5,9e11], and contributes to the aforementioned
requirement of full integration. Most significantly, the use of
magnetic particles adds the advantage of easy and efficient sepa-
ration using an external magnet.

Nevertheless, magnetic bead-based heterogeneous ELISAs still
require one or more washing steps [5,9,12e15], with the disad-
vantages that more steps are required and more liquid reagents are
involved and must be pre-stored to provide integration in a point-
of-care (PoC) system. Furthermore, washing steps may not always
remove all unbound detection labels. Compared to heterogeneous
assays, the homogeneous assays are by definition wash-free
[4,11,16e18], but most of them require special equipment or spe-
cial detection methods [16], and a common challenge is the high
background noise, which reduces the sensitivity of the assays [17].
The introduction of fluorescent labels to magnetic particle-based
assays can replace the indirect labeling of an enzymatic reaction
with a direct label bound to the detection protein. This can lead to a
reduced number of reagents and assay/washing steps, enable
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multiplexing [5,8,19], and offer high sensitivity [4,10,11,20].
Nevertheless, the assay formats, even of commercial systems, are
difficult to transfer to PoC settings due to long turnaround times
(incubation and detection) or because they require special bench-
top processing and readout equipment not suitable for standard
microtiter plate readout [8,19,21e28].

In this context, and taking into account the key aforementioned
requirements for easy integration into a rapid PoC system, we
developed a competitive, one-step, two-bead-based, wash-free,
heterogeneous immunoassay that detects the analyte in the
bound-free phase (bound-free phase detection assay - BFPD). It
utilizes only one liquid reagent, the assay buffer, as well as mag-
netic particles as solid phase for capture and fluorescent particles
for detection. The bound-free phase contains the reagents and
surplus fluorescent beads that did not react with the solid phase,
after separation from the latter. The assay requires only one incu-
bation step with a duration of 15e20 min (protein dependent). The
importance of the newly-developed method is the combination of
structural (magnetic and fluorescence particles) and functional
(heterogeneous, wash-free nature, detection in bound-free phase)
features that enable a rapid, versatile, easily adaptable, platform-
independent assay realization, with drastically reduced number
of assay steps that can be easily integrated into automated liquid
handling platforms, as well as into PoC systems where automation
is essential.

In this work we describe the technical features of this immu-
noassay method and we provide its analytical characterization. We
also demonstrate its versatility through a proof-of-concept opera-
tion with two different sample matrices (serum and saliva); two
different concentration ranges (mg L�1 and ng mL�1); single,
duplex and triplex configurations; and four different biomarkers. In
particular, we tested our assay with C-reactive protein (CRP), a
major marker of inflammation which circulates in the blood
[29,30], as well as matrix metalloproteinases 8 and 9 (MMP-8,
MMP-9) and tissue inhibitor of metalloproteinases 1 (TIMP-1) [31],
which are biomarkers (among others) that are reported to be
related to periodontitis [32,33], a major oral disease affecting the
tissue that surrounds the teeth and causes gum inflammation.
These specific markers and matrices were selected in order to
demonstrate the analytical performance and versatility of our BFPD
assay (rather than their clinical significance and diagnostic rele-
vance to systemic and periodontal inflammation), in application
areas where recently published clinical work indicates a correlation
between oral, systemic diseases and inflammation [34e36]. The
field of oral health and early diagnosis of periodontal disease is
gaining increased attention as it is a public health issue [37e39].
Therefore, the combination of detecting systemic and periodontal
inflammation could be a promising approach for early risk detec-
tion, prevention of additional systemic diseases like Alzheimer’s,
cardiovascular diseases and diabetes [40e43], and for personalized
monitoring [34,36,44,45].

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Preparation of proteins for saliva assays

Antigens for the MMP-9 and TIMP-1 assays were produced by
BioVendor (Czech Republic) with a mammalian transient expres-
sion system using HEK-293 cells and an in-house vector pBV1. After
molecular cloning, a purification using affinity chromatography
was conducted. Quality control of the MMP-9 and TIMP-1 antigens
was done with a 12% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (12% SDS PAGE). The antigen for the MMP-8 assays
was purchased from Sino Biological (China). Antibodies for the
MMP-8 (monoclonal), MMP-9 (mono- and polyclonal were both
tested; polyclonal was selected) and TIMP-1 (polyclonal) assays
were produced using the hybridoma technology following immu-
nization of BALB/c mice with recombinant proteins. Production of
polyclonal antibodies was performed in cooperation with a
contractual partner. Production of the antibodies for all the saliva
markers received a favorable evaluation by a competent authority
in accordance with the Act No. 246/1992 Col. of the laws of the
Czech Republic. Monoclonal antibodies were purified on a column
with immobilized protein G (BioRad, USA). The specific polyclonal
antibodies were purified by immunoaffinity chromatography. An-
tibodies were stored at 4 �C and their functionality was tested in
immobilized antigen and sandwich ELISA. The specificity of each
antibody was tested in indirect ELISA across MMP-8, MMP-9 and
TIMP-1 recombinant proteins. No response to cross-reactivity was
observed even at the high concentrations (10 mg mL�1). Further-
more, the three proteins of our study were tested for specificity also
against other proteins of theMMP family (i.e., MMP-2, MMP-3), and
again without observing any cross-reactivity.

2.2. Preparation of saliva assay standards

The saliva samples used for the preparation of multi-analyte
standard were collected under approval from the local ethical
committee. Concentrations of MMP-8, MMP-9 and TIMP-1 were
determined using an ELISA (BioVendor) and were mixed with the
saliva to reach an appropriate analyte value. Mixed saliva samples
were filtered with a pore size of 0.4 mm (Millipore, USA) and
centrifuged at 10,000�g for 10 min. The supernatant was subse-
quently lyophilized and stored at �80 �C. Before use, the lyophi-
lized standards were rehydrated to the highest concentration and
then diluted to reach the concentration range of the calibration
curves.

2.3. Preparation of tosylactivated magnetic beads for the CRP assay

Magnetic beads for the CRP assay with a tosylactivated surface
and a diameter of 2.8 mm (Dynabeads, M � 280) were purchased
from Thermo Fisher Scientific (USA). Anti-human polyclonal CRP
antibodies (A80-125A; Bethyl, USA) were coupled on the surface of
the magnetic beads. The manufacturer provided information that
these antibodies react specifically with human CRP, while theymay
cross-react with CRP from other species. The coupling of these
antibodies on the surface of the magnetic beads was achieved by
slightly adapting the manufacturer’s protocol. After incubating the
antibodies onto the bead surface and incubating the beads in
phosphate-buffered saline (PBS) at pH 7.4 with 0.5% Bovine Serum
Albumin (BSA) (Carl Roth, Germany) under rotation, an additional
step for deactivating the surface reactive groups was introduced.
Therefore, the tube was placed on a magnet for 2 min, the super-
natant was discarded and 1000 mL of 50 mM ethanolamine (Carl
Roth, Germany) in sterile 50 mM PBS (pH 8.0) was added. Incuba-
tion was performed at 37 �C for 1 h under rotation. Thereafter, the
3

supplier’s protocol was used. The beads were stored at 2.0% solid in
storage buffer (PBS, 0.1% BSA, 0.03% Synperonic P84 (Sigma-Aldrich,
USA), 0.05% Sodium azide (Carl Roth, Germany)) at 4 �C.

2.4. Preparation of carboxylated magnetic beads for the saliva
assays

Magnetic beads with a carboxyl-activated surface (carboxylic
acid groups on the surface) and a diameter of 2.8 mm (Dynabeads,
M � 270) were purchased from Thermo Fisher Scientific. Capture
antibodies (specific for MMP-8, MMP-9, TIMP-1) were coupled to
the magnetic beads using the following protocol: 8.3 mg of beads
were washed four times with 25 mM MES (2-(N-morpholino)
ethanesulfonic acid) buffer (pH 6). For activation of the surface, a
solution containing 25 mM EDC (1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide hydrochloride) (Thermo Fisher, USA)
and 25 mM NHS (N-Hydroxysuccinimide) (Thermo Fisher, USA)
was prepared in 25mMMES buffer (pH 6). 1500 mL of the activation
solution was added, followed by incubation at room temperature
(RT) for 30 min under rotation. After three washing steps, an
antibody solution (135 mL of the antibody, 237 mL of MES at pH 6.2)
was added and incubated at RT for another 23 h. The reaction was
terminated by adding 2 M glycine to a final concentration of
200mM and the suspensionwas incubated at RT for 2 h. Afterwards
the beads werewashed three timeswith PBS and stored in PBSwith
0.05% Thimerosal (2% solid) at 4 �C.

2.5. Preparation of fluorescent beads for the CRP assay

For the CRP assay, native CRP protein (C7907-26, 95e98%, highly
purified, United State Biological, USA) was coupled to fluorescent
beads (F8810, red (excitation (ex) 580 nm/emission (em) 605 nm),
0.2 mm, Thermo Fisher Scientific). An optimized protocol was
developed, which did not require centrifugation after bead surface
activation. 5 mg of beads was transferred to a tube and washed in
1000 mL of 25 mM MES buffer (pH 6.1). The supernatant was dis-
carded after centrifugation (Eppendorf, 5415D, 16,100�g, max. 10
min). This procedure was performed twice. Surface activation was
achieved by adding 125 mL of 8 mM NHS (Sigma-Aldrich, USA) and
125 mL of 8 mM EDC (Sigma-Aldrich, USA) after the washing buffer
was discarded. After incubation at RT for 1 h under rotation, 70 mg
of CRP proteinwas added. 25 mMMES buffer (pH 6.1) was added to
give a final volume of 500 mL. The CRP proteins were incubated at
RT for 2 h under constant rotation. Post-saturation of free reactive
groups was conducted by adding 500 mL of PBS with 1.0% BSA. After
incubation at RT for 30 min under rotation, 50 mL of 1 M ethanol-
amine in PBS (pH 8.0) was added to hydrolyze any still active
groups. After two final washing steps with storage buffer, the beads
were stored at 2.0% solid at 4 �C.

2.6. Preparation of fluorescent beads for saliva assays

Fluorescent beads for MMP-8 (F8807, dark red (ex 660 nm/em
680 nm)), MMP-9 (F8810, red (ex 580 nm/em 605 nm)) and TIMP-1
(F8811, yellow-green (ex 505 nm/em 515 nm)) were purchased
from Thermo Fisher Scientific (USA). The fluorescence excitation
and emission wavelengths of the fluorescent beads were chosen
carefully in order to allowmultiplexing without non-specific cross-
talk. For all three, the same coupling protocol was used. 10 mg of
the beads was transferred to a tube. For activation of the bead
surface, 35mMEDC and NHSweremixed 1:1 and 160 mL was added
to the beads. After incubation at RT for 1 h on a shaker (600 RPM),
MMP-8, MMP-9 or TIMP-1 antigen (250 mg) was added to the beads.
MES buffer was added to give a total volume of 400 mL. The mixture
was incubated at RT for 2 h on a shaker (600 RPM). After a desalting
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step at RT for 2 h to remove MES, the bead surfaces were quenched
with a 200 mM glycine solution and incubated overnight at 4 �C.
The beads were stored in PBS at 4 �C.

2.7. BFPD CRP assay (singleplex)

Undiluted, CRP-free human serum (HyTest, Finland) spiked with
CRP antigen (C7907-26, United State Biological, USA) was used to
generate the calibration curves for the proof-of-concept of the BFPD
assay. Sample dilution buffer from BioVendor (Czech Republic) was
used as the assay buffer. A certified reference material (CRM) was
purchased (European CommissioneJoint Research Centre, Belgium;
ERM-DA474/IFCC) for the method verification. The magnetic beads,
fluorescent beads, serum and assay buffer (more details in Table 1)
were incubated in a single step at 37 �C for 15 min on a shaker
(1000 RPM, BioShake iQ, QInstruments, Germany). Afterwards, the
bound phase was separated from the bound-free phase with a
magnet (~2 min), and 50 mL of the bound-free phase was pipetted
into a detection well. The fluorescence intensity of the bound-free
phase was detected using a microtiter plate reader for the CRP
assay (Spark M � 10, Tecan, Switzerland; for the specific filter
properties, see Supplementary S1).

2.8. BFPD saliva assays (single- and multiplex)

The saliva assays (MMP-8, MMP-9 and TIMP-1) were incubated
at 37 �C for 20 min and PBS was used as the assay buffer. For the
multiplex saliva assays, all beads, assay buffer and samples were
pipetted into the samewell (more details in Table 1). There were no
further changes in the amounts of magnetic or fluorescent beads
compared to the amounts used in the singleplex experiments, and
the total assay volume (76 mL during incubation) was also kept the
same. After an incubation at 37 �C for 20 min, the bound phase was
separated with a magnet and 50 mL of the bound-free phase was
pipetted into a second well for readout on an Array Reader F-series
(BioVendor Instruments, Czech Republic; for the specific filters and
measurement parameters, see Supplementary S1).

3. Results and discussion

In this work we present the BFPD immunoassay for applicability
in serum and saliva. For method verification we used the inflam-
mationmarker CRP, which is not only used to specify the severity of
an infection, but also to support decisions to prescribe antibiotics
and to monitor treatment responses [29,46e48]. The BFPD assay
format that was developed and validatedwith CRP in human serum
was then transferred to BioVendor (different assay handling and
detection setup), that developed the saliva assays for MMP-8,
MMP-9 and TIMP-1, which can be used for the evaluation of oral
health [33,49e51]. These three biomarkers were used in order to
demonstrate the versatility of the assay concept in terms of: (i) easy
adaptation to other protein assays (even at 1000� lower
Table 1
Reaction setup for BFPD assays. *amounts for the final setup used for both single- and m

CRP M

Amount of magnetic beads [mg] 230 1
Amount of fluorescent beads [mg] 20 1
Assay buffer Sample dilution buffer P
Volume of assay buffer [mL] 70 5
Sample matrix Serum S
Volume of sample [mL] 5 2
Incubation duration [min] 15 2
Measured range 20e140 mg L�1 0
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concentration ranges) and measurement setups, thereby allowing
third parties to develop and/or adapt BFPD assays; (ii) multi-
plexing; and (iii) expanding the application of the BFPD assay to
other complex matrices such as saliva.
3.1. BFPD assay method description

The BFPD assay method in competitive format is illustrated in
Fig. 1A. The assay components comprise magnetic and fluorescent
beads as capture and detection agents respectively, as well as one
assay buffer. These, together with the sample, are incubated in a
single reaction well (one-step assay). Afterwards, the bound phase
is separated with a magnet from the bound-free phase and a spe-
cific amount of the latter is transferred into a detection well, where
the fluorescence intensity is quantitatively measured. Assay mul-
tiplexing is enabled by the introduction of multiple capture and
fluorescent particles.
3.2. CRP assay and method verification

The CRP assay was optimized for a dynamic range that included
in its linear range the cut-off values that various clinical studies
[46,47] have described as crucial for decisions on whether to pre-
scribe antibiotics. A certified reference material (CRM) was used for
method verification. Its concentration was 41.2 mg L�1 (very near
the CRP clinical cut-off value of some studies [46,47]) with an un-
certainty of 2.5 mg L�1 (Supplementary S2). The CRM was
measured on five different days with five repetitions per day [52]
and the concentration was calculated based on the calibration
curve shown in Fig. 1B (equation in Supplementary S3). Fig. 1C
shows the CRP concentration of the CRMmeasured on five different
days, with five repetitions each day, using the same standard curve
obtained at the beginning of the five days in order to simulate a
situation comparable to a PoC device, where the calibration curve is
obtained batch-wise and stored in the device [53]. The results of
the method verification show that the mean value of each
measuring day was in the range of the CRM concentration (Fig. 1C).
The mean value of CRM over all days was 40.5 ± 2.3 mg L�1, devi-
ating by only 1.7% from the expected reference value. The intra-
assay coefficient of variation (CV) for the specific CRM concentra-
tion was calculated for each day, with an average over the five days
of 4.6 ± 1.9%. The inter-assay CV was calculated from all data over
the five days and was 5.6%. A single factorial analysis of variance
(ANOVA) was conducted using the method described by Pum et al.
[52] and Andreasson et al. [54] to obtain information on the mea-
surement uncertainty. With the assumption of a normal distribu-
tion and a Gaussian factor of 2, the analysis resulted in a
measurement uncertainty of 8.4% (for more detailed information
on the ANOVA results see Supplementary S3). This shows that the
assay was able to detect the CRM with a high precision and a
variation below 6% using the same calibration curve, a short incu-
bation duration, nowashing steps and only 5 mL of undiluted serum.
ultiplex experiments.

MP-8 MMP-9 TIMP-1

60* 186* 160*
.13* 0.23* 1.29*
BS PBS PBS
5 55 55
aliva Saliva Saliva
1 21 21
0 20 20
.47e30 ng mL�1 0.47e30 ng mL�1 0.69e44 ng mL�1



Fig. 1. A) Illustration of the workflow for the BFPD assay. 1) Addition of all reagents to the reaction vial at the same time. 2) Incubation at 37 �C for 15 min (CRP) or 20 min (MMP-8,
MMP-9 and TIMP-1). Immune complex formation between the antibodies on the magnetic beads and the target molecule in the sample or the equivalent antigen on the fluorescent
bead (competitive assay format). Separation of the complex using a magnet (keeping the magnetic beads in the first vial). 3) Transfer of only the supernatant (bound-free phase)
into a second vial for 4) detection. B) Calibration curve (N ¼ 3) for method verification with a certified reference material (CRM) (blank of 2070.7 ± 526.0 RFU) using a logistic
sigmoidal fit (Supplementary S3). C) The CRM concentration measured on five different days and five times each day. The supplier’s value is shown with a dashed line. D)
Reproducibility assessment: The boxplots show the data over four days (N ¼ 16, except the 20 mg L�1 concentration with N ¼ 14; two samples were detected as out of range). The
corresponding calibration curves are available in the Supplementary S4.

Table 2
Overview of the median and mean values of the different CRP expected concen-
trations for reproducibility assessment.

Expected concentration [mg L�1] Median [mg L�1] Mean [mg L�1]

20 23.1 22.9
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In case of a sample-to-answer CRP detection (starting from whole
blood) washing would not be required either, as the serum (or
plasma) separation can be done using centrifugation steps, which
can be easily integrated in miniaturized systems, when it comes to
PoC integration [55].
40 40.7 39.9
60 58.3 57.9
80 80.0 80.3
100 99.5 98.9
3.3. Reproducibility assessment

Since the CRM, with its commercially available concentration,
could not be used over the entire CRP measurement range, we
evaluated the reproducibility of the assay in the following way:
spiked CRP-free serum standards were measured (N ¼ 4 for each,
all four calibration curves can be seen in Supplementary S4) in the
same plate and on four different days, resulting in one calibration
curve on each day. Spiked standards were thenmeasured (N¼ 4 for
each) in a second plate on each day (‘expected concentration’ in
Fig. 1D) and their concentration was calculated based on the cor-
responding calibration curve of that day (‘measured concentration’
in Fig. 1D). The analysis showed a linear behavior between the
measured and expected concentrations between 20 mg L�1 and
100 mg L�1 (median and mean values for the measured concen-
trations are summarized in Table 2). A scatter plot with a linear fit
curve gave a slope of 0.98 with an R2 of 0.95 (Supplementary S4).
Only one outlier was measured, for 20 mg L�1, which can be ex-
pected as the concentration 20 mg L�1 is close to the limit of
detection (LOD) of 22.1 ± 6.3 mg L�1 and the limit of quantification
5

(LOQ) of 25.3 ± 4.8 mg L�1 (equations [3,56] in Supplementary S4).
The assay showed a reproducible and robust behavior, with the
mean concentration CVs below 10%, except for 20 mg L�1 with
15.3% (concentration close to the LOD, equation in Supplementary
S4). A concentration CV of 6.5 ± 3.1% in the linear range (40 mg L�1

to 100mg L�1) was calculated by using themean concentration CVs
of each day over four days. These data show that the assay had
concentration CVs below 7% in the linear range over four days, and
thus allows quantitative measurement of crucial, clinically relevant
concentrations in this range [46,47]. The recovery rate of the spiked
CRP concentration in the linear range, using the data obtained over
four days, was 98.3 ± 2.6% (Supplementary S4). This is very close to
100% and in the acceptable range of 80e120%, according to
Andreasson et al. [54]. This thorough analytical characterization
shows that the BFPD assay, which implements a simple and fast



Fig. 2. A) Calibration curve for MMP-8 measured in singleplex (N ¼ 6), duplex (N ¼ 8) together with MMP-9 (where all MMP-8 and MMP-9 magnetic and fluorescent beads are
incubated in the same well) and triplex (N ¼ 5) together with MMP-9 and TIMP-1 (where all MMP-8, MMP-9 and TIMP-1 magnetic and fluorescent beads are incubated in the same
well). B) Calibration curve of MMP-9 measured in singleplex (N ¼ 6), duplex (N ¼ 8) together with MMP-8 and triplex (N ¼ 5) together with MMP-8 and TIMP-1. C) Calibration curve
for TIMP-1 measured in singleplex (N ¼ 6) and triplex (N ¼ 5) together with MMP-8 and MMP-9.
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workflow, exhibits excellent reproducibility and overall perfor-
mance in the absence of any washing steps and in a complex
sample like serum.
3.4. Salivary marker assays

There are several biomarkers that are related to oral health, for
example, the active form of MMP-8 that is already used in PoC
applications for detection of periodontitis [57,58]. In addition,
literature reports the relation ofMMP-8, MMP-9 and TIMP-1 (either
alone, or in combination) with periodontitis or gingivitis
[6,7,49e51,59,60]. We chose to address these three markers, from
the analytical perspective in order to use them as ‘models’ and
demonstrate (i) the multiplexing capacity of our newly-developed
assay concept as well as (ii) the compatibility with a second com-
plex matrix like saliva, in addition to serum. Given that even after
centrifugation and filtering, saliva still contains ~5500 proteins
[61], demonstrating that the BFPD assay is compatible with this
sample matrix and in a wash-free manner, renders it a strong
candidate for saliva-based diagnostics in general, which is a rapidly
increasing field, even for infectious diseases [62,63], due to the
non-invasive nature of saliva. In case of integrating the current
6

assay configuration into saliva-based sample-to-answer analysis,
there are also methods developed to avoid washing even in the
sample treatment step, therefore the whole analysis could be per-
formed in a wash-free way [64].

Fig. 2 shows the comparisons between the singleplex, duplex
and triplex measurements. In all three configurations, all three
target molecules were present in the reaction well. In singleplex,
duplex and triplex assays, the magnetic/fluorescent beads of one,
two or three markers were simultaneously incubated in the reac-
tion well. The singleplex and duplex calibration curves for MMP-8
and MMP-9 were comparable (Fig. 2A and B). The triplex calibra-
tion curves showed an increase in the LOD (in comparison to the
singleplex ones) of: 3.7� for MMP-8; 3.5� for MMP-9; and 2.6� for
TIMP-1 (Table 3). Furthermore, the triplex calibration curves for
MMP-8 and MMP-9 exhibited a reduced signal of the measured
concentration when the TIMP-1 magnetic/fluorescent beads were
present (Fig. 2A and B) than the single/duplex calibration curves
(when the TIMP-1magnetic/fluorescent beadswere absent). On the
contrary, the triplex calibration curve for TIMP-1 was in good
agreement with its singleplex calibration curve (Fig. 2C). This can
presumably be attributed to known biological regulation mecha-
nisms, in which TIMP-1 acts as an inhibitor for MMPs by forming



Table 3
Comparison of the singleplex (s), duplex (d) and triplex (t) assay configuration
performance for the three oral markers (MMP-8, MMP-9, TIMP-1) by calculating the
LOD and LOQ values (Sigmoidal fit curve equations in Supplementary S5).

MMP-8 MMP-9 TIMP-1

s d t s d t s d t

LOD [ng mL�1] 0.24 0.37 0.89 0.38 0.35 1.32 0.39 e 1.03
LOQ [ng mL�1] 0.34 0.48 1.20 0.53 0.48 1.59 0.49 e 1.44
Blank [RFU] 49.8

±5.2
46.5
±10.2

47.5
±2.6

63.8
±1.9

40.5
±2.5

62.6
±2.2

71.6
±4.9

e 89.0
±4.1
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complexes with them [65,66]. Therefore, we presume that in the
triplex assay: (i) the epitopes of MMP-8 and MMP-9 are not
captured by their corresponding magnetic beads when the former
are within MMP-TIMP complexes, leading to a reduced detection of
MMP-8 and MMP-9 in the triplex case (Fig. 2A and B); whereas (ii)
the epitope of TIMP-1 is captured by the TIMP-1 magnetic beads
not only when it is free but also when it is in the MMP-TIMP
complexes, leading to negligibly reduced detection in the triplex
case (Fig. 2C). This different behavior may also be explained by the
different competition and binding kinetics of TIMP-1 antibody/
antigens compared to those of the MMPs. For example, with the
TIMP-1 polyclonal antibodies, different epitopes might be detected,
and therefore the reaction capacity and kinetics of the assay in
triplex format might not be as affected by the formation of MMP-
TIMP complexes as in the case of MMP antibodies. Further and
more detailed analysis of the biomolecular interactions will be
necessary for clarification, but this is not examined in this work,
which focuses on demonstrating the capacity of the assay per se,
rather than exploring specific biomolecular interaction mecha-
nisms. In this context, it is important that in the triplex configu-
ration, the assay showed high reproducibility, as shown by the low
mean signal CVs of the triplex measurements: 2.8 ± 1.2% for MMP-
8; 3.8 ± 0.8% for MMP-9; and 3.9 ± 1.6% for TIMP-1 (Fig. 2A-C triplex
measurements). Thus, it is possible to use the triplex assay for a fast
detection of all three markers after adapting the assay to the rele-
vant detection range for the respective application. It should also be
noted that our measurement setup does not contain simply spiked
markers in a buffer, but our measured standards are reconstituted
lyophilizates of actual, pooled saliva. Therefore, our results repre-
sent realistic conditions, like the interaction between MMPs and
TIMP-1, which is reflected in the reduced signal in the case of
triplex assays.

This adaptation of the detection range (e.g. here as shift from
Fig. 3. The shift of the calibration curve from high to low concentrations was achieved by cha
curve shift for MMP-8. The measurements before and after the shift were conducted on three
shift was 73.21 ± 2.9 RFU and 49.8 ± 5.2 RFU, respectively. B) The calibration curve shift fo
before and after the shift, with a total of N ¼ 6 in both cases). The blank before and after t
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high to low concentrations) can be accomplished through the ratio
of the absolute amounts of the magnetic and fluorescent beads.
Fig. 3A and B show the calibration curves (measured as singleplex)
for MMP-8 and MMP-9. They could be tailored (shifted) and the
dynamic range could be controlled by changing the ratio of the
magnetic and fluorescent bead amounts. Total volume, incubation
duration and temperature, as well as the sample/standard volumes,
were kept the same. Before the shift, for both MMP-8 and MMP-9,
the absolute amounts of magnetic and fluorescent beads were
105 mg and 0.17 mg respectively. The absolute amounts for the
calibration curves after the shift (oral calibration curves with a
detection range between 0.47 ngmL�1 and 30 ngmL�1) are given in
Table 1. The optimization of the calibration curve (after the shift)
led to a ~20� lower LOD for MMP-8, from 4.62 ng mL�1 to
0.24 ng mL�1 (Fig. 3A). For MMP-9 the LOD was ~ 5� lower, from
1.92 ng mL�1 to 0.38 ng mL�1 (Fig. 3B). Such parametrization
simplifies the process during development and highlights the
analytical importance of using two beads in our immunoassay
concept. In principle, our assay concept has such flexible configu-
ration that the fluorescent agent could also be quantum dots or
fluorophores with high quantum yield, as long as it can be
dispersed in the assay buffer and remain in the bound-free phase
(supernatant) after magnetic bead separation. However, the se-
lection of beads as fluorescence agents is additionally highly ad-
vantageous because it enables the aforementioned parametric
tailoring of each assay’s analytical performance and detection range
by means of the ratio of these two bead amounts. A further
advantage of selecting beads as fluorescent agents and therefore
using two types of beads is the fast incubation due to the high
surface to volume ratio of the micro/nanoparticles and the faster
kinetics of the antibody-antigen reaction [1,4,11], which appears to
be independent of the measured order of magnitude of the con-
centration (15 min and 20 min incubation times for mg L�1 and
ng mL�1 concentration ranges, respectively).
4. Conclusions and outlook

In this work we developed the BFPD assay, a bead-based,
competitive heterogeneous immunoassay method whose main
features are the rapid incubation time, the use of two beads for
enhanced mixing, capture and detection, the latter taking place in
the bound-free phase and without the need for any washing steps.
We developed assays for four different protein markers, namely
CRP and three saliva markers of periodontitis, MMP-8, MMP-9 and
nging the ratio between the magnetic and fluorescent bead amounts. A) The calibration
different plates, with a total of N¼ 6 in both cases. The blank before and after the curve
r MMP-9, with a similar experimental setup (measurements on three different plates
he curve shift was 48.9 ± 2.9 RFU and 63.8 ± 1.9 RFU, respectively.
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TIMP-1. For the three latter, we also successfully demonstrated the
assays in duplex and triplex format. We evaluated the analytical
features of the assay and optimized its performance. The versatility
and easy adaptability of the BFPD assay was shown by means of:
compatibility with two different complex matrices (serum, saliva);
suitability for measurement in concentration ranges across three
orders of magnitude (mg L�1 range for CRP; ng mL�1 range for
saliva markers); and easy transfer and adaptation to diverse assay
handling and detection instruments. The importance of the short
incubation duration (15 min for the CRP and 20 min for the saliva
markers) and the very few and easy assay steps of this technology is
that it gains the potential to be adopted in key applications where
time-to-result is critical. The method was also verified by
measuring a certified reference material for the CRP assay and
showed intra- and inter-assay CVs below 6%, which makes it suit-
able for quantitative measurements in the linear range. The assay
reached a LOD of less than 0.5 ng mL�1 in a competitive format,
even in a complex matrix like saliva. The assay is simple to conduct
manually because of the easy handling and reduced number of
steps, a consequence of nowashing being required for this one-step
approach. The two-bead principle makes this assay also highly
suitable for automated systems that use microfluidic cartridges. As
a next step, we intend to demonstrate the simplified integration
and automation of the developed assays on a PoC microfluidic
system. Overall, the BFPD assay retains the advantages of ELISA and
bead-based assays whilst adding the key features of rapidity, wash-
free operation, detection in the bound-free phase, and simplified
multiplexing capability. This makes it highly suitable for a broad
number of applications including integrated analysis, diagnosis and
monitoring.
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