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We developed an integrated version of the homogeneous SPARCL™ (Spatial Proximity Analyte Reagent
Capture Luminescence) immunoassay for rapid measurement of biomarkers on a chip. Our development
is based on a simple microfluidic design with on-chip preserved dry reagents. The assay requires no
washing steps and can be performed in a "mix-and-read” format. A syringe pump and a luminometer
supported the detection. Only one manual pipetting step is necessary to load the sample onto the chip,
and the entire incubation and measurement can be accomplished in approximately 35 min. We have
demonstrated the application of the SPARCL™ on a chip to the quantitative detection of the tissue

inhibitor of metalloproteinases 1 (TIMP-1) in spiked mock samples and a limited number of gingival
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Accepted 8th April 2019 crevicular fluid specimens. The integrated SPARCL™ assay could detect as little as 49.3 pg ml™ (1.76 pM)
TIMPL. To our knowledge, this is the first demonstration of the fully integrated homogeneous SPARCL™

DOI: 10.1039/c92y00198k immunoassay in a lab-on-a-chip. Further, we discuss the optimization of the chip and the assay in order
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Introduction

Immunoassay is an essential technique in laboratory diagnos-
tics. Specific detection of antigens or antibodies in liquid
samples provides information about a patient's health status,
enables assessment of the quality of food and environmental
samples, supports identification of biothreats, etc.

Yet not only is it the presence or absence of an analyte to be
confirmed, but very often also its concentration. Therefore,
quantitative immunoassays have become a workhorse for in
vitro analysis. The most widely used is the Enzyme Linked
Immunosorbent Assay (ELISA)." Its steps are associated with the
sequential addition of reagents and extensive washing of
unbound molecules to ensure the specificity of the signal. ELISA
is thus quite laborious for manual processing. It is preferred by
laboratories with middle to high throughput that perform the
assay (semi-)automatically.

However, modern diagnostics often demands rapid tests for
individual applications in clinical, field, or home settings, also
in the absence of laboratory infrastructure. The transfer of
a conventional immunoassay into an integrated and automated
format is a challenge, mainly due to the need of washing. An

“Fraunhofer Institute for Cell Therapy and Immunology, Perlickstrasse 1, 04103
Leipzig, Germany. E-mail: natalia.sandetskaya@izi. fraunhofer.de
*Mildendo GmbH, Stockholmer Strasse 20, 07747 Jena, Germany
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9ay00198k

2542 | Anal Methods, 2019, 11, 2542-2550

to improve its analytical performance.

ideal format for an integrated test is “mix-and-read”: a simple
introduction of a liquid sample into the reagents and genera-
tion of the result in a short time.

Homogeneous immunoassays generally correspond to this
concept. They are based on the formation of an antigen-anti-
body complex in solution, and the signal is generated only in
the proximity of the analyte and its specific binding partner.
The unbound antigens and antibodies do not lead to signal
generation and thus can remain in solution. This principle
facilitates the advantageous no-wash protocol of the analysis
and makes homogeneous assays very attractive for the rapid
detection of biomarkers in lab-on-chip devices.

There are currently two commercially available homogeneous
assay technologies on the market: SPARCL™ (Spatial Proximity
Analyte Reagent Capture Luminescence) by Lumigen (MI, USA;
a Beckman Coulter company) and AlphaLISA® (Amplified
Luminescent Proximity Homogeneous Assay) by PerkinElmer
(MA, USA). SPARCL™ utilizes an antibody labeled with acridan,
a compound whose chemiluminescence is triggered enzymati-
cally via the second horseradish peroxidase (HRP)-labeled anti-
body. In AlphaLISA®, the two antibodies are conjugated to the
small beads (250-350 nm in diameter). The donor beads contain
a photosensitizer; upon illumination at 680 nm, they convert
ambient oxygen into its singlet form that activates the acceptor
beads in the vicinity. The europium chelate in the acceptor beads
is activated by the singlet oxygen and emits light at 615 nm.

Both assays are based on the correlation of the optical signal
with the concentration of the analyte in the solution. The readout
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is performed in a microplate reader with the corresponding
spectrophotometer functions. Yet the reaction mechanisms of the
assays demand specific technical features of the instruments: a jet
injection of the reagent substrate with the simultaneous
measurement of the luminescence for SPARCL™, and an
unconventional filter combination (excitation 680 nm/emission
615 nm) for the down-conversion of light for AlphaLISA®.
Moreover, AlphalISA® needs a sequential addition of the
reagents during the incubation time. Although the homogeneous
format of the immunoassays would favor their application in
point-of-care devices, these technical requirements strongly bind
them to the advanced laboratory equipment and infrastructure.

In order to overcome this limitation, we demonstrated the
integration of the SPARCL™ immunoassay for the detection of
the tissue inhibitor of metalloproteinases 1 (TIMP-1) in a lab-
on-a-chip format with a true “mix-and-read” protocol. Our
development is based on a simple microfluidic design with the
on-chip preserved dry reagents. The manual pipetting step is
only necessary to load the sample onto the chip. A syringe pump
and a chip luminometer supported the required instrumental
steps. To our knowledge, this is the first demonstration of the
fully integrated homogeneous SPARCL™ immunoassay in
a lab-on-a-chip. Its very simple format requires neither specific
user skills nor the bulky lab equipment like the pipetting
station, microplate washer or microplate reader. The integrated
assay produced quantitative results in the pg ml™" to ng ml™"
range. The simplicity of the homogeneous immunoassay on
a chip facilitates the rapid quantitative biomarker measure-
ment in individual samples that can greatly contribute to the
point-of-care diagnostics.

Experimental

Antibody labeling with acridan and peroxidase

A pair of anti-human TIMP1 antibodies from the DuoSet®
ELISA Development System (R&D Systems, USA) was used for
the development of the SPARCL™ assay. The acridan labeling
reagent was a part of the Lumigen SPARCL™ Detection Kit
(Beckman Coulter, USA). The labeling reagent (19.8 pl) was
mixed in an amber vial with 120 pl of the capture antibody (1 mg
ml ") from the DuoSet® System and 340.2 pl 50 mM sodium
borate buffer, pH 8.5. The vial was incubated on a rotating mixer
for 30 min at room temperature and overnight at 4 °C, and then
aliquoted and stored at —80 °C. A working stock solution was
prepared by dilution of the labeled antibodies to 25 pg ml~" in
PBS and stored at —20 °C for up to 1 month.

The labeling of the second antibody with peroxidase was
accomplished by adding 0.61 ng of Streptavidin-HRP conjugate
(Pierce® High Sensitivity Streptavidin-HRP, Thermo Fisher
Scientific, USA), per nanogram of the biotinylated human
TIMP1 detection antibody; the conjugation occurred directly in
the assay reaction.

Samples

The assay development and characterization were performed
with the mock samples prepared by spiking PBS + 1% bovine
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serum albumin (BSA, IgG-free, molecular biology grade; Carl
Roth, Germany) with different concentrations of TIMP1.
Human TIMP1 was a part of the DuoSet® ELISA Development
System.

The samples of gingival crevicular fluid (GCF) were taken
from clinically healthy volunteers by placing a sterile paper strip
(dentognostics, Germany) or a sterile paper point (VDW, Ger-
many) for 30 s into the space between the gingival margin and
the tooth pocket until a minimum of resistance was felt. The
samples were then eluted in 100 pl PBS at 4 °C for 4 h and spun
down at 400 g for 4 min. The absorbing strips or tips were
discarded, and the samples were stored at —80 °C until assayed.
All specimens were anonymized.

Measurement of TIMP1 in the SPARCL™ immunoassay on
a microplate

The working solutions of the antibodies were prepared by
diluting the stock solutions straight before the assay. The acri-
dan-labeled antibody was diluted to 2 pg ml~" in PBS, and the
biotinylated antibody was mixed with Streptavidin-HRP conju-
gate (see above) in PBS + 1% BSA to the final concentration of
the antibody 0.1 ug ml~". The antibodies were then mixed 1 : 1
(v/v). Twenty pl of this mixture was pipetted to the wells of
awhite opaque 384-well OptiPlate (PerkinElmer, USA), and 10 ul
of a sample was added. Each reaction contained therefore 20 ng
of acridan-labeled antibody and 1 ng of HRP-labeled antibody;
this proportion was determined empirically during the assay
development and kept constant for all microplate and chip
experiments.

The plate was covered with aluminum foil to protect the
reaction from light and incubated for 30 min at room temper-
ature by continuous agitation at 750 rpm on a Titramax 100
shaker (Heidolph Instruments, Germany). The Background
Reducing Agent (BGR) from the Lumigen SPARCL™ Detection
Kit was diluted fourfold with 80 : 1 (v/v) water : ethanol solu-
tion. Four pl of BGR was added to each reaction after the
incubation, and the plate was transferred to the Mithras LB940
microplate reader (Berthold Technologies, Germany).

The trigger for the chemiluminescence reaction contained
55 mM hydrogen peroxide, 50 mM urea, 8 mM p-coumaric acid,
1 mM EDTA, 0.2% Tween-20, and 3.2% ethanol in 25 mM Tris
buffer, pH 8.0. For the measurement, the microplate reader
injected 30 pl of trigger to the reaction wells (injection rate
“high”), and the luminescence was recorded simultaneously
with the injection. Typically, the signal was registered for 5 s
with the counting rate 0.05 s.

Measurement of TIMP1 in the SPARCL™ immunoassay on
a chip

The microfluidic chips were produced by injection molding of
the cycloolefin polymer (COP) and sealed with COP foil
(microfluidic ChipShop, Germany). The chips were available
from the existing product assortment of the company (fluidic
402).

For the Iyophilization, 10 ug ml~* acridan-labeled antibodies
in PBS + 6% trehalose (Carl Roth, Germany) and 0.5 ug ml™*
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HRP-labeled antibodies in PBS + 1% BSA + 6% trehalose were
mixed 1 : 1 (v : v); four pl of the mixture was spotted on the chip.
One pl of BGR was spotted in the adjacent or separate chamber
as described in the Results and discussion section. The reagents
were freeze-dried in a VaCo 2-1I lyophilizer (Zirbus Technology,
Germany) for 3 hours (1 h at 10 mbar, 1 hat 8 mbarand 1 h at6
mbar). Twenty pl of liquid sample was pipetted in the reaction
chamber with antibodies and incubated for 30 min at room
temperature without agitation. The chips were protected from
light during the incubation.

The chip luminometer consisted of a photon counting head
H10682-210 (Hamamatsu, Japan) and a counter/timer module
DM0101 (Sens-Tech, England) incorporated into a measure-
ment chamber (Fig. S17). The chip was placed into a fitted slot
on the top panel of the instrument and connected to a syringe
pump neMESYS 290N (Cetoni, Germany) via a Mini Luer
Connector and PTFE tubing (inner diameter 560 um) (micro-
fluidic ChipShop, Germany) with a 1 ml syringe (Braun,
Germany).

The chip luminometer was closed with a lid for the isolation
from ambient light during the measurement. The reaction was
started by the injection of 20 pl trigger solution at a maximum
injection rate. The signal was recorded for 5-10 s using Counter/
Timer software supplied with the counter module (Sense Tech,
England) with the counting rate 0.02 s.

Evaluation of the SPARCL™ signals

For the quantitative evaluation of the SPARCL™ signals, the
absolute maximum (S) of luminescence in the specific peak
(straight after the trigger injection) was determined. The soft-
ware for the Mithras microplate reader (MikroWin 4.41, Mik-
totek Laborsysteme GmbH) automatically normalized the
measurements for each sample to zero baseline luminescence.
For the luminescence measurements on the chip, this step was
done manually during the analysis of the raw data exported to
Microsoft Excel. Namely, the average luminescence for one
hundred counts (2 s) before the injection-triggered peak was
subtracted from the maximum in the specific peak to derive the
absolute maximum S.

In each experiment, blank samples (sample volume replaced
by PBS) were tested and analyzed in the same manner to
determine the blank signal S,. The signal-to-blank ratio S/S, was
calculated for all the samples within the experiment and used
for the calibration of the assay and the quantitative assessment
of the results.

Results and discussion

Microfluidic structures for the accommodation of the
SPARCL™ on a chip

Although SPARCL™ is a mix-and-read assay, certain fluidic
parameters are critical for its performance. The main parameter
is the jet injection of the trigger solution. SPARCL™ readout is
based on the flash luminescence, a reaction that occurs
instantly upon the addition of the substrate. Since all reactions
contain the same amounts of the enzyme- and acridan-labeled
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antibodies, they can potentially develop equal signals upon
addition of the same amount of the substrate. The specificity
and the precision of the assay depend solely on the proximity
effect, i.e. the instant flash luminescence occurring only when
the labeled antibodies are simultaneously bound to an analyte
molecule. This event is registered as a luminescence peak at <1 s
after the addition of the trigger. The unbound antibodies will
inevitably contribute to the signal; however, since they are
further apart from each other, this process requires time for the
diffusion of the radicals from the enzymatically converted
substrate to the nearest acridan-labeled antibody. The unspe-
cific luminescence in this case gradually develops over a few
seconds. To maintain this difference, the substrate must be
distributed instantly and evenly over the entire reaction volume
to trigger the specific flash luminescence in milliseconds.

For the realisation of the assay in a microplate, a laboratory
microplate reader with the option for the reagent injection and
simultaneous measurement of luminescence is required;
moreover, the injection rate must be high enough to enable the
instant mixing and should exceed 200 ul s~' (according to
communication with the specialists from Beckman Coulter).
The turbulence in the reaction occurring at this injection rate
benefits the mixing. In contrast, the intrinsic characteristic of
microfluidic systems is laminar flow that naturally occurs in
a microscale channel with a pressure-driven fluid actuation.
Low flow velocities in microfluidic chips do not favor the inte-
gration of the described protocol on the chip. Nevertheless,
a combination of a high injection rate and an optimal geometry
of the reaction chamber should enable the transfer of the
SPARCL™ assay. Therefore, evaluation of fluid mixing in
different microfluidic designs was the first step in the devel-
opment of SPARCL™ on a chip.

Various active and passive mixing strategies are described
for lab-on-a-chip systems.>™* The active mixers such as magnetic
stirrers, ultrasound, electrokinetics and others would increase
the complexity and the costs for microfluidics and the actuation
device that is not rational for a simple assay like SPARCL™. The
conventional passive mixers like Y/T, herring bone, zigzag/
serpentine or twisted structures>® mostly utilize the crossing
and recombining laminar liquid flows that are not compatible
with the flash luminescence measurement. Embedded barriers
can be more favorable for creating local vortices and contrib-
uting to the mixing of the liquids. For the instant mixing effect,
the flow path must be very short. For this purpose, we have
evaluated a mixing chamber chip with two directly inter-
connected chambers with a ledge barrier between them (Fig. 1).

The ledge barrier LB is formed due to the different depths
(1.5 mm difference) and volumes of the chambers AC and MC
shown in Fig. 1. The mixing was evaluated in visualization
experiments with colored liquids. Twenty pl of the yellow fluid
represented the sample and antibody mix and was loaded on
the chip through the AC (Fig. 1C). Then 20 pl of red fluid, that
simulated the trigger, was injected manually through the same
AC chamber. Since the capacity of the “atrium” AC is signifi-
cantly smaller than the entire reaction volume, the liquids flow
into the adjacent larger chamber MC. The passing through the
narrow interconnection area with the ledge supports the vortex

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Passive mixing in the microfluidic chip with two interconnected
chambers. (A) Macro view of the chip. The chip accommodates five
independent fluidic structures; the relevant one is framed. (B) Detailed
structure of the interconnected chambers with a ledge barrier. AC,
smaller “atrium” chamber; MC, main chamber; LB, ledge barrier. AC/
MC volumes: 5/45 ul. (C) Visualization of the mixing for the SPARCL™
assay, manual injection. Time after the injection (ms) is indicated
above. (D) The microfluidic chip from the standard product portfolio of
microfluidic ChipShop.

mixing. Fig. 1C demonstrates the nearly complete rapid mixing
of the yellow and red liquids in approximately 500 ms that fulfils
the prerequisites for the effective integration of the SPARCL™
immunoassay on a chip.

Measurement of the flash luminescence on a chip

For the accurate quantitative readout in the SPARCL™ assay on
a chip, it is essential to distinguish the specific and unspecific
increases of the luminescence after the addition of the trigger.
We compared the signal development in the chip luminometer
for the chip measurements with the signal in a microplate
reader. The specific luminescence peak (0-1 s) on the chip was
very well defined, and the flash luminescence developed in the
same rate and manner as it was recorded in a conventional
assay in a microplate (Fig. 2).

Fig. 2 also demonstrates the development of the unspecific
background signal (1-10 s). These reactions are not promoted
by the special proximity of the antibodies and require a longer
diffusion of the chemical species. The visually higher back-
ground in the microplate-based assay can be explained by the
different character of diffusion in a well of a 384-well plate in
comparison to the flat reaction chamber of the chip where the
development of the background luminescence continues also
after the demonstrated 10 s period. These processes do not
affect the interpretation of data since only the specific signal is
assessed. We demonstrate the exemplary developments of the
flash luminescence for various concentrations of analytes in
Fig. S2 (ESI{).

In the next step, we evaluated the suitability and the preci-
sion of the luminescence measurements for the quantitative
assay. The reactions were prepared and incubated off-chip in
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Fig.2 Development of the luminescence in the chip luminometer and
the microplate reader. RLU, relative light units. Zero time point
corresponds to the injection of the trigger, the first peak (<1 s) indicates
the SPARCL signal, and the slowly developing peak indicates the
unspecific luminescence.

the vials (the volume of the antibody mix was scaled down from
20 pl to 10 pl while keeping the amount of the antibodies
constant). The reactions were transferred to the chips for the
measurements where the trigger was injected and the signals
were recorded as described in the experimental section. A
conventional bench protocol for SPARCL™ in a microplate was
used as a reference here.

The on-chip luminescence measurements showed a good
correlation with the levels of TIMP1 in the spiked buffer
samples (Fig. 3). It was possible to achieve about a two-fold
better sensitivity in comparison to the microplate assay. This
improvement may be due to a more favorable combination of
a lower reaction volume and the chip geometry. Yet the preci-
sion of the detection on the plate was obviously higher with the
in-run variation not exceeding 10%, while this parameter varied

250
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Fig. 3 Quantitative measurement of TIMP1 on the chip using liquid
reagents and off-chip preparation of reactions. Here and further, the
error bars designate the standard deviation; number of replicates n =
3.
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for different biomarker concentrations on a chip but generally
was always >10%. Our observations allow suggesting that higher
signal deviations on the chip were caused by random, non-
standardized distribution of the reaction mix upon its loading
into the chamber. Unlike the conventional lab-on-a-chip
approach where only reaction volume-fitted microfluidic struc-
tures are used, the SPARCL™ chamber is initially filled only to
~50% of its volume to enable the subsequent injection of the
trigger. This led sometimes to suboptimal effects like bubble
formations or asymmetric liquid distribution. As an outlook,
the optimization of the chip geometry would minimize these
negative effects and allow for a better assay reproducibility. The
same refers to the linearity range of the assay that was consis-
tent over the tested TIMP1 concentrations (0-5000 pg ml~") on
a microplate but was limited to 2000 pg ml~* on a chip. It was
noticed that the samples with the highest protein concentra-
tions (here: 5000 pg ml~ ') were prone to prominent bubble
formation or even foaming during the fluidic operations on the
chip. This hampered the mixing of the sample with the trigger
and resulted in an insufficient recovery of the analyte. The
bench assay in a plate was not affected by this phenomenon. We
recommend the dilution of the challenging high-protein
samples for their analysis on the chip, and we successfully
applied this strategy for the investigation of some real GCF
samples.

Integration of the SPARCL™ assay on the chip

For the complete integration of the assay, the reagents for
individual reactions must be readily provided on the chip. The
lyophilization of the antibodies and BGR caused a significant
drop of the assay sensitivity both in the microplate and chip
format. Interestingly, the assay performances in the both
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formats were almost equal with a slightly better sensitivity on
the plate (Fig. 4). This phenomenon might be explained by
several consequences of the reagent preservation. Besides the
expected reduced efficiency of the freeze-dried enzyme, some
assay-specific factors must be taken into consideration.

First, little is known about the stability of the freeze-dried
acridan label, and its partial inactivation may cause the reduc-
tion of the overall assay activity. Thus, Tafti et al. warned about
the possible consumption of acridan compounds in side reac-
tions that do not produce light.” These competing reactions
might occur between the chemical species in the buffered
antibody formulation or even upon the contact with ambient air
before and during the lyophilization. They will decrease the
number of the effective interactions and the amount of the
produced light in SPARCL.

Second, both labeled antibodies were mixed together for the
lyophilization, which exposes the acridan-labeled antibody to
HRP prior to the assay. The mechanism of the enzymatic
oxidation of acridan is quite complex and needs not only
peroxide as the substrate for HRP, but also an obligatory
enhancer (e.g. coumaric acid or p-iodophenol, among others)
that serves as a mediator for the reactive oxygen species in the
reaction.”® Both compounds are introduced into the reaction
mix only during the injection of the trigger. Although these facts
imply that the likelihood of the direct interaction of acridan
with the peroxidase is rather low, the enzymatic generation of
the reactive oxygen species during the preparation of the chips
cannot be excluded. One of the possible mechanisms is the
interaction of the chip material (COP) with the enzyme. Some of
the manufacturing procedures involve a surface activation of
COP, which may lead to the formation of the peroxide groups on
the surface.’ This may initiate unspecific reactions in the
antibody mix and lead to a preterm inactivation of some acridan

R*=0,9972
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Fig.4 The effect of the reagent lyophilization on the performance of the SPARCL™ assay. (A) Deposition of the lyophilized reagents on the chip.
(B) Assay performance with liquid and lyophilized reagents (number of replicates n = 3).
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labels or cause other types of oxidative damage to the reagents.
Under certain conditions, HRP can also generate reactive
oxygen species in a peroxide-independent manner;****
theless, the contribution of such interactions is unlikely or low
in a controlled environment and sufficient reagent purity.
Third, an important change in the assay protocol follows
from the complete pre-storage of the reagents on the chip or
plate. Namely, BGR, which in the original bench protocol is
added after the sample incubation with the antibody mix, now
dissolves in the sample-antibody mix during the incubation.
BGR is a compound with antioxidant properties; one of the
effective BGR agents is for instance ascorbic acid.” BGR inhibits
the background light-producing enzymatic reactions while
keeping the specific SPARCL™ luminescence relatively unaf-
fected due to the high rate of proximity reactions. Therefore, it
significantly increases the signal-to-blank ratio, i.e. the sensi-
tivity of the assay. At the same time, ascorbate can interfere with
the peroxidase-catalysed reactions by different mechanisms
including the production of radicals in auto- or enzyme-driven
oxidation." Hence, both the BGR concentration and the dura-
tion of its presence in the reaction must be balanced. The
prolonged incubation of the SPARCL™ mix with BGR on a chip
can lead to the decreased S/S, ratio, as we observed. Yet this
issue can be resolved by at least three approaches. (a) BGR can
be added in liquid form in a separate injection; yet this
approach demands more fluidic connections and instrumental
manipulations and makes the integrated assay less feasible. (b)
A special formulation of lyophilized BGR (e.g. adding a protec-
tive polymer layer or carrier that slows down the reconstitution
of the dried agent; using a chemically masked BGR compound,
etc.) can maintain its controlled release into the reaction during
the incubation time. We assume that this or a similar strategy is
used for the special SPARCL™ plates provided within the
diagnostic kits (Life Diagnostics, PA, USA). (c) Optionally, an
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alternative design of the microfluidic chip can spatially separate
the sample incubation with the antibodies and its subsequent
mixing with BGR.

We modelled the latter strategy on the available chip. The
antibodies were lyophilized in a spare chamber where the liquid
sample was loaded (Fig. 5A). After the incubation, the sample
was transferred with a pipette to the measurement chamber
with the dried BGR. Thus, the sample was exposed to BGR
straight before the measurement as prescribed in the conven-
tional protocol.

The spatially separated incubation of the sample with the
antibodies and BGR resulted in higher S/S, values in compar-
ison to the former strategy with the simultaneous reconstitution
of the reagents in the reaction mix (Fig. 5B). The manual
transfer of the reaction mix between the chambers resulted
however in significant deviations. It is apparent that the manual
transfer of the sample in a lab-on-a-chip device is not accept-
able, and we demonstrated it here solely to confirm the need for
the spatial separation of the lyophilized reagents and the cor-
responding assay steps. The chip design and/or the deposition
of the reagents have to be revised accordingly: ideally, the BGR
should be provided in the same incubation chamber, but its
release into the solution has to be controlled to prevent its
preterm effect on the assay. A different reagent formulation (as
earlier mentioned here) would be an advantageous option. The
spatial separation of the assay steps, while being effective,
would require additional chip structures and precise liquid
transfer control that would lead to the unnecessary complex
concept of integration.

The integrated SPARCL™ assay could detect as little as 49.3
pg ml~* (1.8 pM) TIMP1 (ESI Table 1, Fig. S31). The limit of
quantification was 157.6 pg ml ™' (5.6 pM) (see Section 2 of
ESIf). In order to improve reproducibility, an optimization of
the chip design and reagent preparation will be carried out.
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Fig. 5 Spatial separation of antibody mix and BGR on a chip. (A) Deposition of the lyophilized reagents on the chip. (B) Assay performance in
comparison to non-separated reagent lyophilization (“incubation with BGR"). n — number of replicates.
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We assume that the high standard deviations of the assay are
a result of the two factors: (1) incomplete biomarker and/or
reagents recovery due to the influence of the chip surface, (2)
suboptimal reproducibility of sample distribution on the chip
(e.g. foaming of samples with high protein content). Both
factors can be compensated in further development of the chip
(surface passivation, chamber geometry) and the assay proce-
dure itself (e.g. sample dilution or elution in higher volume to
reduce the viscosity of the matrix).

Application of the integrated SPARCL™ for the TIMP1
quantification in gingival crevicular fluid

We evaluated the suitability of the integrated assay for the
detection of TIMP1 in biological samples. TIMP1 plays a role in
the integrity of the extracellular matrix and is therefore
a biomarker for the pathological processes associated with its
alteration or degeneration.'®"” Periodontitis, an inflammatory
pathology of the tooth supporting tissues, is one of the exam-
ples of such diseases. The levels of TIMP1 in GCF together with
other biomarkers reflect the severity of the degradation of the
connective tissue and can be used for the diagnostics and
monitoring of periodontitis.

The clinically relevant concentrations of TIMP1 in GCF cannot
be specified in absolute values as they strongly depend on the
sampling method, elution volume, and measurement procedure
itself. However, TIMP1 levels are of clinical significance for the
monitoring of periodontitis and its therapy: their measurements
before, during and after therapy provide dentists with valuable
information on the stage of disease, as the concentrations of this
inhibitor of metalloproteinase decrease along with the progres-
sion of the tissue degeneration.'®"” Thus, Reddy et al. determined
1.658 ng ml~" of TIMP1 in periodontitis (mean), while the healthy
patients had 8.623 ng ml™*;*® Kumar et al. reported that in the
chronic periodontitis group TIMP1 increased from 1.592 ng ml ™"
to an after treatment level of 6.408 ng ml~';** Ghodpage et al.
determined 12.88 ng ml*, 20.46 ng ml~* and 25.01 ng ml*
before, after therapy, and in healthy controls respectively,* while
Popat et al. measured 113.65 ng ml~" in periodontitis and 351.46
ng ml ™" in the control.”” In our work, we used TIMP1 as a model
biomarker aiming additionally at the sub-nanogram range of
detection for the evaluation of the SPARCL™ on a chip capabil-
ities, as some other cytokine oral biomarkers like interleukin (IL)-
1 beta, IL-8, or monocyte chemoattractant protein (MCP-1)
require detection in the pg ml™' range.”*

We measured TIMP1 levels in the limited number of GCF
samples of healthy volunteers in the integrated SPARCL™ on
a chip in comparison to the bench assay version. The direct
measurement resulted first in the high luminescent signal out of
the assay linearity range (data not shown). Dilution of the
samples 1 : 10 allowed for the effective detection and quantifi-
cation of the biomarker (with the remark about the previously
discussed insufficient precision) (Fig. 6). The integrated assay
generally correlated with its bench version; however, the recovery
of the biomarker on a chip was incomplete and resulted in the
detection of 2.2 4 1.6 ng ml ™" less than in a microplate, except for
the sample S2. The recovery of the proteins on the chip must be
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Fig. 6 TIMP1 levels in the GCF of healthy volunteers measured by
integrated SPARCL (single measurement per sample: n = 1).

further investigated; a surface passivation strategy e.g. with
albumin or skim milk can be beneficial.

Despite the revealed demand for the optimization, the inte-
grated SPARCL™ assay was suitable for the quick, very simple,
and sensitive quantitative detection of biomarkers in clinical
samples. The integration of the immunoassays into lab-on-a-
chip devices has remained challenging over the past years since
it was mainly based on the heterogeneous sandwich assays and
inevitably required separation and washing steps, storage of
multiple reagents on a chip, complex liquid actuation and
processing of large reagent volumes.””** The homogeneous
assays can revolutionize rapid diagnostics, but for the handling
feasibility, their integrated format must implement no complex
cartridges or instruments and ideally function according to
a “mix-and-read” protocol. One of the popular approaches to
this is based on fluorescence resonance energy transfer (FRET),
yet such assays are generally compatible only with small mole-
cule detection due to the limitation for the FRET distances.”®*”
The main advantage of SPARCL over the FRET-based assays is
its virtual independence on the size of the analytes. The SPARCL
signal is triggered by reactive oxygen species (ROS). They can
travel at least 200 nm in aqueous solution before decay.”®*° This
distance exceeds the average size of a protein (e.g. 10-15 nm for
an antibody), thus allowing proximity interactions within the
sandwich (analyte + labeled antibodies), but restricting the
unspecific long-distance interaction. With the given travel
distance of ROS, it becomes clear that the assay can be appli-
cable to a variety of biomolecules. Nowadays, very few homo-
geneous quantitative immunoassays on a chip are reported for
the protein biomarkers. Tak For Yu et al. demonstrated an
integration of another commercial technology, AlphaLISA®,
with a limit of detection of 10 pg ml~".** However, AlphaLISA®
is a fastidious assay in terms of reagent handling (the beads
require even distribution; preservation of the dried beads on the
chip was not demonstrated; the chip had a complex design with
integrated microvalves and micropumps) and detection (a
custom optical setup based on a fluorescent microscope was
used for the readout). This complexity might preclude
AlphaLISA® from the wide implementation in the integrated
format.

This journal is © The Royal Society of Chemistry 2019
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Liu et al. published a much simpler homogeneous assay
based on the analyte concentration-dependent aggregation of
the gold nanoparticles (GNPs).** Yet for the growth of the GNP
aggregates, a chemically aggressive reagent, HAuCl,, is neces-
sary, and its deposition on the chip or manual handling by lay
users might be unfavorable. The detection limit of the assay for
human IgG was 3.74 ng ml~ " and 5.66 ng ml™~ " for carcinoem-
bryonic antigen. Many biomarkers require a sub-nanogram
sensitivity where this assay will be insufficient. Other examples
of GNP-based homogeneous immunoassays could not
surmount this sensitivity challenge; e.g. Byun et al. demon-
strated a 10 ng ml~* detection limit for C-reactive protein, and
Andresen et al. could determine low nanomolar antibody
concentrations in the sample that corresponds to a high ng
ml " to pg ml~* range.?*%

Thus, the integrated SPARCL™ assay offers not only
simplicity and a high level of integration, but also a remarkably
superior sensitivity (pg ml~", or picomolar range) among the
mix-and-read assays.

SPARCL™ can be used for the measurement of biomarkers
in other types of samples, yet the impact of the sample matrix
must be evaluated in advance. Thus, for the measurements in
serum, it is recommended to dilute the specimen at least 8-fold
in order to avoid matrix effects.** A detailed investigation of the
assay performance in different body fluids is a subject for future
work.

Conclusions

We have developed a fully integrated version of a homogeneous
immunoassay based on the SPARCL™ technology. This is the
first demonstration of this technology in a lab-on-a-chip format.
Due to the short and simple assay protocol, the user only needs
to load the sample onto the cartridge and connect it to the
injector. Such an advantageous processing enables quantitative
detection of various biomarkers without the bulky and expen-
sive equipment and infrastructure for the conventional ELISA;
furthermore, the instrumental setup for the luminescence
measurement on the chip is also cost-saving in comparison to
the conventional laboratory readers. In the outlook, we envisage
further optimization of the chip design that would substantially
improve the precision of quantitative measurements.
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