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Introduction

Hydrogel particles-on-chip (HyPoC): a
fluorescence micro-sensor array for IgG
immunoassayf

Alessandra De Masi, 3¢ Pasqualina Liana Scognamiglio,§*® Edmondo Battista,{°°
Paolo Antonio Netti®®° and Filippo Causa @ *3°¢

Novel microparticles have generated growing interest in diagnostics for potential sensitivity and specificity in
biomolecule detection and for the possibility to be integrated in a micro-system array as a lab-on-chip.
Indeed, bead-based technologies integrated in microfluidics could speed up incubation steps, reduce
reagent consumption and improve accessibility of diagnostic devices to non-expert users. To limit non-
specific interactions with interfering molecules and to exploit the whole particle volume for bioconjugation,
hydrogel microparticles, particularly polyethylene glycol-based, have emerged as promising materials to
develop high-performing biosensors since their network can be functionalized to concentrate the target
and improve detection. However, the limitations in positioning, trapping and mainly fine manipulation of a
precise number of particles in microfluidics have largely impaired point-of-care applications. Herein, we
developed an on-chip sandwich immunoassay for the detection of human immunoglobulin G in biological
fluids. The detection system is based on finely engineered cleavable PEG-based microparticles,
functionalized with specific monoclonal antibodies. By changing the particle number, we demonstrated
tuneable specificity and sensitivity (down to 3 pM) in serum and urine. Therefore, a controlled number of
hydrogel particles have been integrated in a microfluidic device for on-chip detection (HyPoC) allowing for
their precise positioning and fluid exchange for incubation, washing and target detection. HyPoC
dramatically decreases incubation time from 180 minutes to one minute and reduces washing volumes from
3.5 ml to 90 pL, achieving a limit of detection of 0.07 nM (with a dynamic range of 0.07-1 nM). Thus, the
developed approach represents a versatile, fast and easy point-of-care testing platform for immunoassays.

immunosorbent assays (ELISAs). Because of the great quantity
of validated antibody pairs available, sandwich ELISAs are the

Advances in medical diagnostics and patient-tailored therapy
require robust methods for the sensitive and rapid
measurement of protein biomarkers. Traditionally, protein
detection has been carried out through analytical techniques
like  time- and labour-intensive  enzyme  linked
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most common implementation of this assay. This scheme has
been applied to a number of strategies, including planar and
particle arrays." Fixed design, long detection times (from 1.5
h to 4 hours) and low sensitivity (between 0.24 ng ml™* and
1.2 pug ml™)*® make, however, planar arrays unsuitable for
rapid sample processing in diagnostic applications. For this
reason, in applications where the concentrations involved are
very low (a few ng ml™"), such as the detection of
immunoglobulins in urine,®® it is vital to develop sensors
that are both sufficiently sensitive and rapid. To overcome
these issues, suspension bead-based microarrays have been
developed in recent years as alternative platforms, providing
more chemical flexibility through particle modification during
or post-synthesis,” greater sensitivity,'"" the possibility to
encode particles to perform multiplex assays'' and improved
reaction kinetics due to solution-phase diffusion of
biomolecules.'*** Moreover, to reduce incubation times and
limit the consumption of reagents, also favouring their
mixing, the scientific community has been focusing its
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attention on the design of microfluidic devices for the
positioning and trapping of particles, especially through
serpentine and well geometries."””” These devices facilitate
the fine manipulation of few particles, allowing the volume to
be controlled in which the assay is performed through the
number of particles trapped and ensuring a perfusive flow
through porous particles. This allows the target to be
efficiently detected even in small sample amounts, leading to
shortened assay times and lower reagent consumption and
cost. To further improve the performance of bead-based
biosensors, there has been growing interest in hydrogel-based
technologies since they represent a versatile tool to perform
fast and accurate bioassays due to their hydrophilic,
biocompatible ~and  highly  flexible  properties.'***
Furthermore, compared to non-porous beads, these three-
dimensional hydrogel microparticles offer a larger effective

surface area for capture probe immobilization,'***2*2*
thereby providing enhanced binding capacity, and
consequently, a higher sensitivity.”>*® In particular,

poly(ethylene)glycol (PEG) has emerged as the perfect
candidate to synthesise hydrogel microparticles with anti-
fouling properties, preventing non-specific interactions
between the gel and interfering biomolecules, allowing
selective binding of the target even in complex fluids.””*® The
diffusion of biomacromolecules within the polymer network
remains, however, a major challenge in the development and
feasibility of hydrogel-based suspension arrays.”’ As a result,
numerous approaches have aimed to alter the hydrogel
network porosity and/or the partition coefficient of the
diffusing molecules, e.g. with addition of salts/PEG to the
solution or hydrogel,®® or through applied cyclic mechanical
forces.>" An increase in the pore size of the hydrogel may
result in greater diffusivity but nevertheless may compromise
the density of the embedded probe.**

To overcome these challenges, we have recently
implemented a simple preparation for the one-step
generation of porous and reactive PEG-based hydrogel
microparticles, through the addition of a specific cleavable
cross-linker, N,N'-(1,2-dihydroxyethylene)bisacrylamide
(DHEBA), to a PEGDA pre-polymer solution.*® Interestingly,
this new strategy simplifies all synthetic steps, from the
realization of large pores to bio-conjugation. In detail, the
oxidative cleavage of DHEBA increases porosity, and
simultaneously, for each new pore, two functional groups are
generated, useful for probe functionalization under mild
conditions and without any biomolecule pre-modification.
We found that the addition of DHEBA induced a highly
porous morphology in microparticles enhancing the
accessibility to large proteins. The particles were optimized
in terms of immobilized probe density, to
homogeneous target binding and, at the same time, a
sufficiently high fluorescence signal. Afterwards, to
demonstrate the suitability of this tool for a rapid and
sensitive protein-based assay, here we applied these finely
engineered microparticles to the development of an in-gel
sandwich assay for human immunoglobulin G (IgG)

ensure
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Fig. 1 a) Schematic illustration of bioconjugation optimization with
low (0.1 pmol per particle) and high (1 pmol per particle) amounts of
primary antibody and relative confocal images after incubation with
the same fluorescent target concentration; b) illustration showing all
“in-gel” sandwich immunoassay steps; c) illustration and confocal
images showing LOD modulation with the number of particles, in
suspension and on-chip (HyPoC, microparticles were stained for
illustrative purposes only).

detection in biological fluids (Fig. 1). The specificity and
selectivity of our system were determined and confirmed by
performing the assay in complex media, fetal bovine serum
and synthetic urine, showing sensitivity in the low picomolar
range. We also demonstrated that a reduction of the number
of particles in which the assay is performed translates to a
further signal amplification, lowering the detection limit and
compressing the dynamic range of the micro-sensor, which
allows for more accurate analysis.

However, manual manipulation of few micro-sized
particles can be difficult and time-consuming,"”” and
although the increased accessibility of antibodies to the
hydrogel network results in a more time-efficient analysis,
the mass transport in these porous micro-substrates can still
be limited by agitation and mixing of reagents. For these
reasons, in order to make diagnostic tests more accessible
and exploit the versatility of hydrogel microparticles to
develop point-of-care (POC) diagnostics, our particles are
trapped in designated positions inside a microfluidic device
(HyPoC). This microsensor integrates micro-sized suspension
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arrays with fluidic channels to enable IgG-sample perfusion,
improving reaction rates and reducing sample and washing
volumes, while maintaining excellent sensitivity. Definitively,
the HyPoC system has proved to be a sensitive, versatile and
fast platform to perform IgG detection and quantification.

Materials and methods

Hydrogel microparticle synthesis

Polyethylene glycol diacrylate (PEGDA700 by Sigma-Aldrich)
solutions at a concentration of 10% were prepared with
0.07% of N,N'-(1,2-dihydroxyethylene)bisacrylamide (DHEBA).
The pre-polymer solution was vortexed for 1 min at room
temperature, adding 0.5% v/v of Darocur1173 (Sigma-Aldrich)
as a photo-initiator. The droplet generation was performed
starting from the microfluidic emulsification of pre-polymer
solution in a continuous phase (oil). A T-junction glass chip
(Dolomite Microfluidics) was used to obtain 75 um diameter
droplets, using light mineral oil (LMO) with 5% (v/v) SPAN 80
as a continuous phase. The droplets were polymerized on
flow by means of a UV lamp. After photo-polymerization, the
particles were collected and washed. Regarding the cleavage
of the crosslinker DHEBA, the reaction with sodium
periodate (50 mM) was carried out at 50 °C and under
stirring for 16 hours, as already optimized in our previous
After cleavage, a small number of particles were
collected, washed with a solution of 0.1 M sodium
bicarbonate and then visualized under a microscope. The
number of microparticles was evaluated by diluting the stock
suspension and spotting 10 drops (10 pL each) on a thin
glass slide. The drops were visualized with an inverted
microscope (IX 71 Olympus) equipped with a 10x objective,
and the microparticles in each drop were counted and
mediated. Then, the mean number of particles in 10 pL of
diluted suspension was multiplied for the dilution factor to
evaluate the number of particles contained in 10 pL of the
stock suspension.

work.**

Labelling of antibodies

The human immunoglobulin type G (hIgG, Sigma Aldrich) and
the monoclonal anti-human IgG-FAB specific antibody (anti-
hIgG-FAB, Sigma Aldrich) were labelled with a fluorophore
exploiting their amino groups. In detail, the reaction was
carried out with 0.55 mg of higG (or anti-hIgG-FAB) and a
solution (30 uM) of atto647 N-N-hydroxysuccinimide diluted in
a final volume of 500 uL (PBS buffer). The mixture was vortexed
for 30 min at room temperature. After the reaction, the
conjugates (hIgG-atto647N and anti-hIgG-FABatto647N) were
dialysed and characterized through a spectrophotometric
measurement to calculate their concentration and degree of
functionalization (Fig. S1}). The UV spectra were obtained on a
JASCO ]-815 CD spectropolarimeter (Jasco Inc., Easton, MD,
USA). The solutions were prepared in TRIS buffer at a
concentration of 0.1 mg mL™'. The spectra were acquired
averaging three scans between 200 and 700 nm with a 2 nm
bandwidth. The scan rate used was 100 nm min . All the
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spectra were corrected for background by subtracting a blank
scan of buffer.

Primary antibody optimization

In order to optimize the capture antibody concentration for
microparticle conjugation, different amounts (0.05, 0.1 and 1
pmol per particle) of monoclonal anti-human IgG-FC specific
(anti-hIgG-FC, Sigma Aldrich) antibody have been explored,
carrying out the reaction in the presence of 5% v/v of sodium
cyanoborohydride (NaCNBH3, Sigma Aldrich) (Overnight, RT,
500 rpm). Then, TRIS buffer was added to block all unreacted
aldehyde groups. After several washes with buffer solutions,
hIgG-atto647N (100 and 500 pM) was added to microparticles
and incubated for 90 minutes (37 °C, 500 rpm). After several
washing steps to remove unbound hIgG-atto647N, images
using a confocal microscope (CLSM Leica SP5, objective 10x
DRY, scan speed of 400 Hz, excitation wavelength 633,
emission wavelength 648-710 nm) were acquired and
analysed using Image]®” software to evaluate the residual
fluorescence intensity within the microparticles. The error is
represented as the standard deviation.

Reporter antibody optimization

Particles were conjugated with 0.1 pmol per particle of anti-
hIgG-FC. After several washes with buffer solutions, a
solution of hIgG (at a concentration of 1 nM) was added to
microparticles and incubated for 90 minutes (37 °C, 500
rpm). The sample was finally split and then incubated with
different concentrations (0.1, 0.2, 0.5, 1, and 5 nM) of anti-
hIgG-FABatto647N (90 minutes). After washing, images using
a confocal microscope (CLSM Leica SP5, objective 20x DRY,
scan speed of 400 Hz, excitation wavelength 633, emission
wavelength 648-710 nm) were acquired and analysed using
Image]*® software to evaluate the fluorescence intensity and
the error is represented as the standard deviation.

Sandwich immunoassay sensitivity evaluation and modulation

To study the influence of the particle number on assay
sensitivity, cleaved hydrogel microparticles were conjugated
with 0.1 pmol per particle anti-hIgG-FC. Three different
concentrations of hIgG-atto647N (0.1, 0.5 and 1 nM) were
added to 10, 50 and 100 microparticles (total reaction volume
100 pL) and incubated for 90 minutes (37 °C, 500 rpm). After
washing, images using a confocal microscope (CLSM Leica
SP5, objective 10x DRY, scan speed of 400 Hz, excitation
wavelength 633, emission wavelength 648-710 nm) were
acquired and analysed with Image].*® To perform the
immunoassay, anti-hIgG-FC-conjugated microparticles were
incubated for 90 minutes (at 37 °C and 500 rpm) with
different concentrations of hIgG (0-1000 pM) in a total
reaction volume of 100 pL (ten particles for each sample).
After several washes, the microparticles were finally
incubated for 90 minutes with anti-hIgG-FABatto647N.
Confocal images (CLSM Leica SP5, objective 10x DRY, scan
speed of 400 Hz, excitation wavelength 633, emission

This journal is © The Royal Society of Chemistry 2023
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wavelength 648-710 nm) were recorded and analysed with
Image]*” software to evaluate the mean fluorescence intensity
in three independent experiments. In detail, the fluorescence
intensity of a single particle is evaluated as the mean value in
a circular region of interest (ROI) with the exact diameter of
the particle. The average fluorescence intensity of the
particles used for the experiments (about 10, 50 and 100
particles) has been mediated over the replicates and plotted,
and the error is represented as the standard deviation over
the triplicate experiments. The fluorescence emission of the
functionalized particles was acquired as the background
signal and its value was subtracted from the signal intensity
of each point. Data points were fitted with a non-linear
regression based on the Langmuir isotherm model using
GraphPad Prism.

The CV% inter-assay measures the consistency of replicate
samples between experiments, while the CV% intra-assay
measures the consistency of replicate samples in single
experiments, both are calculated as follows:

1)

Standard deviationgepiicati
%CV — < Rephcatlons) %100

Meangepiications

The average of the high and low %CV on independent
experiments is reported as inter-assay CV, while the average
of %CV on all data points of single experiments is reported
as intra- assay CV. The limit of detection (LOD) was evaluated
on the linear section of the calibration curve as follows:

LOD = 30,/S @)

where o, represents the standard deviation on the signal of
the sample with no target (zero) and S is the slope of the
linear section of the calibration curve.

Cross-reactivity tests and sandwich immunoassay in complex
fluids

Firstly, cleaved microparticles were conjugated by adding 0.1
pmol per particle of an anti-dioxin antibody (creative
diagnostics), with an overnight incubation at room
temperature, under stirring at 500 rpm. The conjugated
microparticles were then washed and incubated for 90
minutes, at 37 °C and 500 rpm with different concentrations
of hIgG. After several washes, the microparticles were finally
incubated for 90 minutes with anti-hIgG-FABatto647N.
Another specificity test is performed by firstly incubating
anti-hIgG-FC-conjugated particles with different
concentrations of HSA (90 minutes, 37 °C, 500 rpm) and
secondly with anti-hIgG-FABatto647N (90 minutes, 37 °C, 500
rpm). All the experiments were carried out with ten particles
per sample and the error is represented as SEM. Confocal
images (CLSM Leica SP5, objective 10x DRY, scan speed of
400 Hz, excitation wavelength 633, emission wavelength 648-
710 nm) were recorded and analysed with Image]®® software
to evaluate the fluorescence intensity. The fluorescence
emission of the functionalized microparticles was acquired
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as the background signal and its value was subtracted from
the signal intensity of each point. To test the suitability of
the in-gel immunoassay for direct use in biological samples,
the biosensor performance in fetal bovine serum (FBS) and
in synthetic urine was evaluated. In the first experiment, the
antibody-conjugated microparticles were incubated with
different concentrations of higG spiked in 1:5 diluted FBS
(90 minutes, 37 °C, 500 rpm). The particles were washed,
incubated with antihIgG-FABatto647N (90 minutes, 37 °C,
500 rpm), washed again and finally visualized. Regarding the
second experiment, the synthetic urine was prepared as an
aqueous solution of salts and human serum albumin (HSA)
in the following concentrations: CaCl 0.44 g L', MgCL, x
2H,0 0.52 ¢ L', urea 25 g L', NaCl 4.8 g L', Na,S0, 2.34 g
L™, KCl 1.5 g L™, NH,Cl 1 g L™", and HSA 10 g L™". The
cleaved particles were conjugated with the primary antibody,
washed and incubated with different concentrations of
human IgG spiked in the synthetic urine solution. After
washing, the microparticles were finally incubated with anti-
hIgG-FABatto647N. All the experiments were carried out with
ten particles per sample, the error was represented as the
standard deviation and the LOD was calculated using eqn (2).
The confocal images were acquired using a CLSM Leica SP5
(objective 10x DRY, scan speed of 400 Hz, excitation
wavelength 633, emission wavelength 648-710 nm) and
analysed with Image] software to evaluate the fluorescence
intensity. The fluorescence emission of the functionalized
hydrogel microparticles was acquired as the background
signal and its value was subtracted from the signal intensity
of each point.

Microfluidic device for hydrodynamic particle trapping:
design and realization

The microfluidic devices for hydrogel particle entrapment
were made of polydimethylsiloxane (PDSM) via conventional
replica molding following the fabrication process in Fig. S2.f
All the microfluidic devices realized and tested were designed
in 2D using Autocad and then transformed into three-
dimensional files with Deskam. The CAM files were then
loaded on a micro-milling machine (Mini-mill/GX, Minitech
Machinery Corporation; end mills 0.1-0.5 mm TS-2-SR6,
Performance Micro Tool), to obtain a negative mold of the
device on a 1.2 mm thick polymethylmethacrylate (PMMA)
plate. The molds were cleaned with ethanol, sonicated and
finally used to replicate the microfluidic chip. The replicas
were realized by pouring onto the mold a mixture of PDMS,
in a 10:1 ratio with a thermo-initiator, and Silwet 0.8%
(Silwet 1-77, Momentive). PDSM was cured in a stove at 90 °C
for 2 hours, detached from the master, punched, cleaned and
bonded on a thin glass slide via oxygen plasma treatment for
1 min with subsequent heat treatment at 90 °C for 1 hour.
The slides used for bonding presented a high level of optical
quality, even in fluorescence, an essential feature to ensure
high sensitivity of the assay inside the device. After bonding,
the microfluidic chip was connected to the flow through
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pipes and fittings to carry out loading tests. In order to test
the capability of the microfluidic devices to trap hydrogel
microparticles in well-defined positions, a highly diluted
suspension of microparticles in buffer (10 particles per ml)
was injected into the device in cycles of 100 uL each, using a
1 mL syringe. Images of the microparticles inside the
trapping chamber were acquired every loading cycle with an
inverted microscope (IX 71 Olympus) equipped with a 10x
objective. On average, for each loading cycle, a single particle
is trapped.

Hydrogel particles on-chip (HyPoC): immunoassay
optimization and dynamic range characterization

To optimize washing steps and target binding, the device was
loaded with 5 functionalized particles (0.1 pmol per particle
monoclonal anti-hIgG-FC). Then, 100 pL of a 1 pM solution of
hIgG-atto647N was injected into the loaded device. After the
perfusing time, the microparticles were washed by injecting
TRIS buffer solutions (45 pL at a time). Confocal images of
the hydrogel microparticles inside the device were acquired
after binding with the target and at every washing step (CLSM
Leica SP5, objective 10x DRY, scan speed of 400 Hz, excitation
wavelength 633). The fluorescence signal was then evaluated
using Image]®® software and the error was presented as SEM.
To perform the assay within HyPoC, devices were loaded with
five functionalized microparticles each (0.1 pmol per particle
anti-hIgG-FC). Then, different amounts of hIgG (range 0-5
nM) were injected with a volume of 20 uL each into the
loaded devices using a pipette. After the perfusing time (~1
min), the hydrogel microparticles were washed with 90 uL (45
pL at a time) of TRIS buffer solution. Then, 100 uL of anti-
hIgG-FABatto647N (1 nM) was injected into all the loaded
devices. After a washing step, images of the hydrogel
microparticles inside the device were acquired using an
optical microscope Zeiss axio observer Z1 equipped with a
Colibri 5 epifluorescence LED-light source, Hamamatsu
Camera Orca Flash 4.0 and a 10x dry objective. The mean
fluorescence signal was evaluated using Image]*> software and
the error for each target concentration was evaluated by
applying the rules of uncertainty propagation on the mean
over four independent experiments, performed on different
devices (40 devices) loaded with five microparticles each.

Results and discussion
Primary and reporter antibody optimization

For point-of-care (POC) diagnostics, the timing of the assay
becomes critical and slow kinetics cannot be circumvented by
long incubation times. During a hydrogel-based assay, target
molecules diffuse into the hydrogel and react with immobilized
probe molecules, resulting in a reaction-diffusion process. The
goal of any POC bioassay is to maximize the signal from the
target captured within the hydrogel over the short assay time,
which is related to the flux of the target into the hydrogel.
Many bioassays are performed under conditions where the rate
of reaction within the hydrogel is much faster than the rate of
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diffusion.>* The ratio of these rates is known as the Damkohler
number (Da):***”
kuPyL2
Q="
Dgel

I

where k, represents the forward rate constant, P, is the initial

probe concentration, L is the particle's radius, and Dy is the
diffusivity of the target in the hydrogel matrix. The signal
variation within the hydrogel is therefore dependent on the Da.
Here we sought to apply this knowledge of flux into the
hydrogels to maximize the response of a biological assay by
increasing polymer porosity, through the realization of
hydrogel microparticles based on the copolymerization of PEG-
diacrylate and N,N'-(1,2-dihydroxyethylene)-bisacrylamide, a
crosslinker that simultaneously produces large pores and
reactive aldehydes for 3D capture probe bioconjugation.
Previous results showed a great accessibility of these
microparticles to antibodies and their complexes, without
affecting their diffusion rate within their porous network.**
Thus, to prove the suitability of these particles as diagnostic
tools, here we developed a highly sensitive and specific in-gel
immunoassay for the detection of human IgG (hIgG). First,
anti-hIgG-FC, an antibody able to recognize the FC region of
human IgG, was chosen as the primary antibody and
conjugated to the polymer network of microparticles. Based on
the amount of aldehyde groups generated and calculated in
our previous study,®® different ratios of anti-hIgG-FC were
explored (0.05, 0.1 and 1 pmol per particle). The response of
these differently conjugated microparticles was assessed after
their incubation with two different concentrations of
fluorescent target hlgG-atto647N (100 and 500 pM). After
washing the particles to remove the unbound hlgG-atto647N,
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Fig. 2 Sandwich assay optimization: a) CLSM images and fluorescence
profiles of microparticles functionalized with two concentrations of
anti-hlgG-FC (0.1 and 1 pmol per particle), used to detect hlgG-
atto647N at 100 pM and 500 pM; b) experimental data of fluorescence
signals after incubation of 100 pM hlgG-atto647N with different
amounts of immobilized antibody (anti-hlgG-FC); c) experimental data
of the sandwich assay performed with different concentrations of
labelled reporter antibody (anti-hlgG-FABatto647N).
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the residual fluorescence was evaluated. As shown in Fig. 2a,
hydrogel microparticles functionalized with the higher
concentration present a more inhomogeneous fluorescence
distribution and profile than those functionalized with the
lowest concentration of anti-hIgG-FC and this inhomogeneity
becomes even more evident at a low target concentration.

This effect can be described by the Damkohler number
(Da). In fact, in the case of 1 pmol per particle functionalized
particles, the Da number is higher (Da > 1) than that of
microparticles with 0.1 pmol per particle, so the binding
between anti-hIgG-FC and hlgG-atto647N is much faster than
the diffusion of the target which reacts with immobilized
anti-hIgG-FC before reaching the centre of the particle.
Consequently, the signal is confined to the outer layer of the
microparticle, resulting in an inhomogeneous fluorescence
distribution inside the microparticle, as also reflected by the
high standard deviation of the plotted data in Fig. 2b. As
opposed, in the case of a low functionalization of the
microparticle with the primary antibody, the number of
binding sites is much lower than the product of the reaction
volume and the equilibrium dissociation constant, and
consequently the fractional occupancy is maximized.*®
Therefore, the use of 0.1 pmol per particle anti-hIgG-FC is
preferable for achieving a high degree of target binding while
ensuring a homogeneous fluorescence distribution, as also
suggested by Ekins' “ambient analyte” theory,* which
predicts that the detection limit of an immunoassay can be
improved by reducing the amount of capture antibodies.
After the primary antibody optimization, the concentration of
anti-hIgG-FABatto647N, a labelled reporter antibody able to
recognize the FAB region of hlgG, was optimized to perform
the sandwich assay. The anti-hIgG-FC conjugated
microparticles were incubated with the target hIgG (1 nM),
and subsequently, different concentrations of anti-hIgG-
FABatto647N have been explored. As Fig. 2c shows, the
fluorescence intensity increases until a plateau is reached.
Since the fluorescence signals corresponding to the 5 nM
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anti-hIgG-FABatto647N solution exhibit high inhomogeneity
(high standard error), probably reflecting a steric hindrance
and difficulties in removing the unbound reporter antibody
during washing steps, the optimal reporter antibody
concentration is fixed at 1 nM.

Sandwich immunoassay sensitivity evaluation and modulation

The number of particles can affect the responsivity of the
assays, as the hydrogel microparticles have the ability to
concentrate the analyte in a very small volume, thus
amplifying the signal. For this reason, the capture of the
fluorescently labelled hIgG target in the presence of different
numbers of particles was studied. In detail, the primary
antibody conjugated-microparticles were in numbers of 10,
50 and 100 (following appropriate dilutions of the stock) and
were incubated with three different concentrations of higG-
atto647N, exploring a range between 100 pM and 1 nM. As
shown in Fig. 3a, for each target concentration, the
fluorescence signal intensity increases by lowering the
particle number, due to a reduction in total capture volume.
The lower the particle number in which hIgG-atto647N is
confined, the more intense the fluorescence signal is. Again,
the ambient analyte theory is confirmed, indicating the
achievement of an optimal sensitivity by maximizing the
fractional occupancy of the capture area. Consequently, as
the capture volume decreased from approximately 6.9 x 10~
(100 particles) to 6.9 x 107 (10 particles) cm® in this particle
dilution assay, the limit of detection (LOD) approximately
decreased from 50 pM to 6 pM (Fig. S3f). Thus, all the
further experiments were performed with 10 particles. These
optimized hydrogel microparticles were finally applied to a
sandwich immunoassay for the detection of hIgG in TRIS
buffer at different concentrations, exploring a range from 0.1
to 1000 pM. In detail, to construct a calibration curve, 10
anti-hIgG-FC conjugated microparticles were incubated with
higG for 90 minutes, as optimized by performing binding
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Fig. 3 a) Response of different concentrations of hlgG-atto647N captured by 100, 50 and 10 antibody-conjugated microparticles (lines are drawn
as a guide for the eye); b) calibration curve for detection of higG performed in buffer using 10 functionalized particles (left) and CLSM images of
fluorescent particles at different target concentrations (right): c) 1, d) 10, e) 60, f) 100, g) 200, h) 400, i) 600 and 1) 1000 pM. Each data point
represents the average fluorescence intensity and mean standard deviation calculated on three independent experiments performed with about 10
particles. The line corresponds to data fitting with a non-linear regression based on the Langmuir isotherm model (R? = 0.96).
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kinetic studies (details in ESLj Fig. S4). After washing steps,
the microparticles were incubated with the labelled reporter
antibody (anti-hIgG-FABatto647N). The fluorescence emission
versus the hIgG target concentration is plotted (Fig. 3b),
showing a specific dose-response binding curve, where the
fluorescence signal increases with the target concentration
until a plateau is reached. The linear fraction of the curve
was used to calculate the LOD value, as reported in the
Materials and methods section, which was found to be 4.2
pM (0.63 ng ml™"). Moreover, we calculated a coefficient of
variation (CV%) inter-assay of 9.72%. This result shows that
our assay has a confidence level comparable to that of the
well-established ELISAs (CV% inter-assay about 10-17%).%%"*>
To further improve the micro-sensor sensitivity, the assay was
performed using only five particles (Fig. S51). As previously
demonstrated in Fig. 3a, lowering the number of particles
potentially both increases the fluorescence signal and
decreases the LOD of the immunosensor; in fact, the limit of
detection with five particles decreases up to 3 pM,
corresponding to 0.45 ng ml™". In addition to the limit of
detection, another prominent aspect of effectiveness used to
compare biosensors is the dynamic range. A fixed dynamic
range complicates (or even precludes) the use of biosensors
in many applications. Therefore, the development of
biosensors with a suitably and easily tuned dynamic range is
a valid strategy.”® Here, the dynamic range is scalable by
more than an order of magnitude by simply tuning the
number of particles and, in particular, it widens from 3-20
pM (5 particles) to 4.2-400 pM (10 particles).

Cross-reactivity tests and sandwich immunoassay in complex
fluids

One of the major difficulties in immunoassays is related to
the interference with the fluorescence signal either due to
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non-specific adsorption within microparticles or non-specific
interaction with capture and reporter antibodies. In order to
investigate the specificity of the assay, several experiments
were performed. Firstly, the primary antibody was replaced
with an unrelated antibody (anti-dioxin antibody), which was
conjugated to the microparticles under the same conditions
used for anti-hIgG-FC. After incubation with the hIgG target
and the reporter antibody anti-hIgG-FABatto647N, the
fluorescence intensities from the particles were recorded and
quantified. In this case, the fluorescence intensity did not
decrease with increasing target concentration (Fig. 4a),
demonstrating that the hIgG target is specifically recognized
by the primary antibody anti-hIgG-FC conjugated within
microparticles, without any target non-specific adsorption or
its physical entrapment within the material. A second control
test was performed by replacing the hIgG target with the
most abundant plasma protein, the human serum albumin
(HSA). The anti-hIgG-FC conjugated microparticles were
firstly incubated with different concentrations of HSA,
exploring the same range used for the detection of hIgG, and
secondly, with the fluorescent reporter antibody. The HSA is
not captured by the particles, confirming the high specificity
of the conjugated primary antibody and the anti-adhesive
properties of the material (Fig. 4a). In order to investigate the
selectivity of the developed micro-sensor, the IgG detection in
the presence of a great excess of HSA as an interfering
molecule was performed. The conjugated hydrogel
microparticles were incubated for 90 minutes with different
mixture samples, containing a fixed HSA concentration (3
nM) and different concentrations of higG (from 0 to 600 pM).
After several washes, the microparticles were finally
incubated with the fluorescent reporter antibody. The
experimental data (Fig. 4a) demonstrate that our system can
detect selectively hIgG even in the presence of a high
concentration of interfering molecules, as happens

1.2 a)
o 7 e nhge
2 ¥ Unrelated antibody s
3 . m HSA
©3 g8 4 higesHsA ¢ A
o8
=
L2 =
] [}
85
_-g “':' 0.4 &
= °
B © v 4
2 ot | ] w
00" T T 0 1
0 200 400 600 800
Target concentration (pM)

12 b)
® higG
A FBS

Urine

Intensity (a.u.)
o
[
1
-
= 2

o
IS
1
>

Normalized Fluorescence
)

)
)
=11

T T T 1
200 400 600 800

Target Concentration (pM)

o

Fig. 4 Specificity and selectivity studies: a) comparison of the (green) sandwich assay for higG detection with particles conjugated with an
unrelated antibody, the (pink) sandwich assay performed for non-specific molecule (HSA) detection, the (orange) sandwich assay for higG
detection performed in the presence of excess HSA (3 nM) used as an interfering molecule and the (blue) calibration curve performed in a buffered
solution (blue); b) Sandwich assay for hlgG detection in complex fluids (diluted FBS in red and synthetic urine in yellow) compared with the
calibration curve performed in a buffered solution (blue). For all curves, data points represent the average fluorescence intensity and standard
deviation on three independent experiments performed with about 10 particles for each target concentration. Blue dots are the same for the

curves in a) and b).
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physiologically in biological fluids (human serum and/or
urine). To confirm the high performance of our assay in the
presence of a great variety of interfering molecules, the
detection of hIgG is analysed, spiking the target in two
different biological fluids. In detail, the anti-hIgG-FC
immobilized microparticles were incubated with different
concentrations of hIgG diluted in fetal bovine serum (FBS)
and synthetic urine. The data shown in Fig. 4b demonstrate
that our system is still able to detect the target in FBS
medium and in a very similar way when it is present in a
simple buffered solution, showing a detection limit of 13 pM
(1.95 ng ml™). The same result is obtained when synthetic
urine is used as a complex medium (Fig. 4b), and a
comparable LOD of 23 pM (3.45 ng ml ') is calculated. A
large number of studies demonstrated how altered levels of
IgG in urine are strongly related to renal injuries such as
diabetic kidney disease (DKD)**** and post-transplant kidney
dysfunctions.*®*” In the case of kidney damage, its filtration
barrier does not work properly thus causing the presence of
proteins in urine (proteinuria). Depending on the severity of
the renal injury, low molecular weight proteins, such as
albumin and transferrin, or higher molecular weight proteins
such as IgG may be present in the patient's urine. Active
monitoring of urinary IgG levels, together with transferrin,
IgM, cystatin C, podocytes and other biomarkers, can help to
predict the course of the disease since its earliest stages, in
order to prevent kidney failure.*®*? In this clinical scenario,
the capability of our system to detect IgG in urine in the
picomolar range could represent a powerful tool for diagnosis
and monitoring of kidney dysfunctions. Compared with a
commercial ELISA kit (Invitrogen) to quantify total IgG,* our
in-gel immunoassay definitely shows improved assay time
and sensitivity. Furthermore, compared with other bead-
based assays,””®' our hydrogel particle based (HyP)
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immunoassay exhibits a significant ~100-fold reduction in
detection limit.

HyPoC: microfluidic device for particle trapping and
sandwich immunoassay on-chip

For point-of-care (POC) diagnostics, the timing of the assay
becomes critical and slow kinetics cannot be circumvented by
long incubation times. The immunoassay implementation
inside the microfluidic device is therefore extremely helpful, as
the flux of the target into the hydrogel is forced. For this
purpose, we designed and fabricated a microfluidic device for
hydrodynamic entrapment of particles, which can reduce both
the assay time and reagent consumption and facilitate the
handling of few particles (fabrication process in ESIf Fig. S2).
The microfluidic chip design was based on the optimization of
several parameters: i) stable trapping of the microparticles, ii)
absence of fluid and particle backflow, iii) homogeneous
distribution of the sample inside all the particles loaded into
the chip, iv) no need to use a syringe or pressure pump to load
or use the device, v) high transparency to the fluorescence signal
(atto647N), and vi) simple design, without involving any
expensive materials and/or complex techniques for the
production. The trapping chamber (depth 120 pum, width 1.07
mm) can host up to five particles as shown in Fig. 5a. The
optimal design provides the presence of five traps (each trap
consisting of three pillars and one step), sized to block soft
particles with diameters between 100 and 110 um. The space
between pillars is minimized to ensure good entrapment
stability, thus preventing the squeezing of soft microparticles
during injections at high pressure. Furthermore, the traps are
positioned in a single line to guarantee a homogeneous
distribution of the target samples into all trapped hydrogel
microparticles. The device allows the hydrodynamic entrapment
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Fig. 5 a) Optimized chip prototype. Top view: 2D CAD (left) and stereomicroscopy image (right) of the trapping chamber. Each trap is designed to
contain a 100-110 um particle and a 20 um space between the pillars allows fluid perfusion, avoiding the passage of particles. 2D CAD side view:
the 50 um-high steps allow the passage of the soft particles during the loading and prevent their spontaneous backflow during the acquisition,
while the 120 um-high pillars ensure stable trapping of microparticles. b) On-chip sandwich assay for higG detection in the range of 0-5 nM (top)
and optical image of the microfluidic traps loaded with the microparticles used to perform the immunoassay (bottom). Each data point in the
graph represents the mean and standard deviation over four independent replicates performed on devices loaded with five microparticles.
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of soft particles in an efficient way, avoiding their backflow, and
thus representing a valid alternative to the classical serpentines
and wells widely used in the literature to block particles and
encapsulate cells."”** In detail, during the loading of the
devices with a highly diluted suspension of particles, a
resistance to the flow is observed due to the reduced channel
size compared to the particle size, which causes a squeeze of
the particles flowing along the inlet channel with a lower flow
rate, improving the handling of single particles as widely
reported in the literature.'>>* In our case, when a microparticle
is close to an empty trap, it is forced by the flow to squeeze over
the entering step (side view, Fig. 5a) and is stably confined
between the pillars by hydrodynamic forces. For each loading
cycle, on average, a single particle enters the device and is
trapped into the chamber. Once a trap is filled by a
microparticle, the flow resistance increases so that the next
particle is guided towards an empty trap, until all five particles
are trapped (Fig. S6t). Preliminary tests were carried out to
confirm the HyPoC micro-sensor ability to speed up the
incubation and washing steps, as detailed in the ESL{ These
experiments (Fig. S71) demonstrate that the incubation time
dramatically decreases, from 180 minutes, for the classic off-
chip assay, to less than one minute when the assay is performed
inside the microfluidic device. Furthermore, the washing
volumes are also reduced, passing from about 3.5 ml off-chip to
90 pL on-chip. To characterize the HyPoC performance in higG
detection, the sandwich assay on chip was carried out. The
devices were firstly loaded with five antibody-conjugated
microparticles each, and then different target amounts were
flushed inside the chamber with a pipette. After washing steps,
a solution of the anti-hIgG-FABatto647N reporter was injected
into each device and, after washing again, the fluorescence
emission from the microparticles was registered and measured.
The results obtained from four independent experiments for
each target concentration (Table S1t) are averaged and shown
in Fig. 5b. The fluorescence emission versus the higG target
concentration is plotted, showing a specific dose-response
binding curve, where the fluorescence signal increases with the
target concentration until a plateau is reached, demonstrating
that the target is efficiently captured from the microparticles
and recognized by the reporter antibody. The linear fraction of
the curve (Fig. S9t) was used to calculate the LOD value, which
was found to be 0.07 nM, corresponding to a concentration of
10.5 ng ml™. The CV% inter- and intra-assay values were
calculated and were respectively equal to 6.1% and 1.5%. These
values are adequate to ensure good repeatability and robustness
of the assay. Interestingly, our microfluidic device holds great
promise as it allows a sandwich test to be performed in under
10 minutes, like most FDA-approved POC technologies which
take from 30 seconds to 1 hour.>® The combination between our
system sensitivity and dynamic range (0.07-1 nM corresponding
to 10.5-150 ng ml "), with values comparable to other particle
based systems,’® allows for rapid monitoring of IgG levels in
urine. For this reason, our HyPoC system could represent a valid
technology for early diagnosis of kidney diseases,” where very

low levels of immunoglobulins need to be detected.
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Furthermore, the modulation of the sensitivity and dynamic
range through the number of particles makes our system
extremely adaptable to different clinical applications. In
particular, a wide dynamic range (appreciable with a high
particle number) is required to detect IgG variations in serum
which are key proteins to follow the course of inflammation and
evaluate appropriate pharmacological therapies.”’° Indeed, as
a future perspective, a trapping device for a greater number of
particles could be designed to monitor IgG in blood, whose
physiological levels are much higher (7000-18000 pug ml ™" (ref.
60)) than those in urine. In this scenario, according to the
results obtained, our HyPoC micro-sensor could represent a
versatile platform to perform rapid and easy quantification of
IgG in serum and urine, without any sample pre-treatment.

Conclusions

Recent years have witnessed an explosion in the development of
antibody arrays for immunoassays. Suspension array platforms
have provided faster reaction kinetics, flexibility, and high-
throughput quantification. In this study, we demonstrate the
ability to adapt a traditional sandwich immunoassay to a rapid
particle-based assay for human-IgG detection, as a proof of
concept. The hydrogel microparticles proved high sensitivity,
specificity and selectivity for the target, features that confirm
their applicability for direct use in complex fluids without any
sample purification. After primary antibody and reporter
optimization, the micro-sensor was tested in buffer, fetal bovine
serum and synthetic urine, showing a limit of detection in the
picomolar range, as a result of the combined effects of PEG's
anti-fouling properties and highly porous network. We further
showed that this simple microparticle-based hIgG detection
system provided a similar detection time and significantly
higher sensitivity compared to conventional immunoassays,
including ELISA and 2D bead-based assays. Since the chemical
properties of particles can be easily tuned and optimized
through post-synthesis reactions, these cleavable hydrogel
microparticles could be an ideal platform for the detection of a
great variety of molecules with different sizes. Moreover, in this
work we successfully realized a portable HyPoC micro-sensor for
hIgG quantification, in which a controlled number of particles
are trapped. We demonstrated the system sensitivity (0.07 nM)
and its capability to speed up the sample incubation (less than
a minute) and reduce reagent consumption during washing
steps (less than one hundred microliters). Moreover, the
tuneability of sensitivity and the dynamic range, associated with
the modulation of the number of particles, proved the great
versatility of our system, which is easily adaptable to different
applications, representing a great improvement in the field of
portable analytical devices for biodetection.
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