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A Fully Integrated Miniaturized Optical Biosensor for Fast
and Multiplexing Plasmonic Detection of High- and
Low-Molecular-Weight Analytes

Margherita Bolognesi,* Mario Prosa, Michael Toerker, Laura Lopez Sanchez,
Martin Wieczorek, Caterina Giacomelli, Emilia Benvenuti, Paola Pellacani,
Alexander Elferink, Andreas Morschhauser, Laura Sola, Francesco Damin, Marcella Chiari,
Mark Whatton, Etienne Haenni, David Kallweit, Franco Marabelli, Jeroen Peters,
and Stefano Toffanin*

Optical biosensors based on plasmonic sensing schemes combine high
sensitivity and selectivity with label-free detection. However, the use of bulky
optical components is still hampering the possibility of obtaining miniaturized
systems required for analysis in real settings. Here, a fully miniaturized
optical biosensor prototype based on plasmonic detection is demonstrated,
which enables fast and multiplex sensing of analytes with high- and low
molecular weight (80 000 and 582 Da) as quality and safety parameters for
milk: a protein (lactoferrin) and an antibiotic (streptomycin). The optical
sensor is based on the smart integration of: i) miniaturized organic
optoelectronic devices used as light-emitting and light-sensing elements and
ii) a functionalized nanostructured plasmonic grating for highly sensitive and
specific localized surface plasmon resonance (SPR) detection. The sensor
provides quantitative and linear response reaching a limit of detection of 10−4

refractive index units once it is calibrated by standard solutions.
Analyte-specific and rapid (15 min long) immunoassay-based detection is
demonstrated for both targets. By using a custom algorithm based on
principal-component analysis, a linear dose–response curve is constructed
which correlates with a limit of detection (LOD) as low as 3.7 μg mL−1 for
lactoferrin, thus assessing that the miniaturized optical biosensor is
well-aligned with the chosen reference benchtop SPR method.
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1. Introduction

In recent years, ever-increasing effort has
been devoted to the research and develop-
ment of new sensing technologies for fast,
accurate, and low-cost analytical detection
of relevant targets for environmental mon-
itoring, healthcare or food safety and qual-
ity. Other than focusing on improved per-
formance, one of the main challenges in
these sensing technologies is their transfer
out of the laboratory into real-setting scenar-
ios such as point-of-need (PON) or point-of-
care (POC) systems.[1]

The majority of POC systems already
present on the market are lateral flow
devices, such as pregnancy or COVID-
19 rapid tests, or electrochemical sensing-
based glucometers.[2–3] However, their sens-
ing capability is quite limited, being either
only qualitative or restricted to the detec-
tion of a single analyte. The potential of
POC and PON systems is now focused on
performing more complex analysis, such as
highly sensitive, specific, quantitative and
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label-free detection of multiple analytes, with simple sample
preparation, still in a fast and accurate way. Besides the require-
ment of high sensitivity and specificity, an appropriate minia-
turized biosensor should also be capable of integration, automa-
tion and multiplex detection for use in areas where well-trained
personnel may not be available and in-line/at-line rapid mea-
surements are needed. Although many studies have reported
the integration of miniaturized biosensors, it remains challeng-
ing to develop a fully integrated device in a robust, and user-
friendly format.[4] The smart integration of multiple miniatur-
ized and advanced technological components that are related to
micro/nanoelectronics,[5–6] nanophotonics,[7] microfluidics,[8–9]

and functionalized transducing surface is required.[10]

In this context refractive-index-based (or refractometric) sens-
ing systems have a great potential thanks to not only their high
sensitivity, ease of use, rapid response and low cost, but also the
possibility to perform label-free detection.[11] However, the pro-
cess of miniaturization is still immature due to technical prob-
lems for miniaturized optical-related instrument parts, such as
illumination systems and spectrometers,[12–13] and only recently
refractometric sensors are being developed for both miniatur-
ization and multiplexed detection.[14] By considering surface-
plasmon resonance (SPR) refractomeric sensors, the use of the
typical prism- or grating-based Kretschmann backscattering ge-
ometry allows to perform measurements also in turbid sam-
ples (such as blood, milk, …), differently from other detection
schemes.[11]

Organic optoelectronic devices are demonstrating significant
benefits for PON and POC systems,[15] not only for their ever-
improving optical performance[16–21] but also for the inherent
feature of being miniaturized in sensor architectures.[6] In our
recent work we realized an optics-less and prism-free, grating-
based intensity modulated SPR sensor, with a total chip volume
as low as 0.1 cm3 based on organic optoelectronic devices.[22]

Such a high level of miniaturization was possible by the mono-
lithic integration and device stack on a single substrate of copla-
nar organic light sources and light detectors, with optimally
matched spectral characteristics and geometry, along with the im-
plementation of a nanoplasmonic grating (NPG) directly onto the
thin encapsulating glass of the optoelectronic components.

The NPG is composed of an hexagonal arrangement of
nanoholes filled with polymeric pillars onto a gold surface: this
specific design of the NPG is responsible for supporting a com-
bination of both SPR and localized SPR (LSPR) modes on its sur-
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face, that shift their spectral response when exposed to a refrac-
tive index change of the surrounding medium.[23–24]

In this work, we further proceed in the realization of a field-
applicable PON system by implementing an immunoassay-based
biorecognition system for selective and sensitive multiplexed
biosensing onto the NPG surface once coupled to the minia-
turized organic optoelectronic system.[25–26] To note, the NPG is
favorable to biofunctionalization thanks to its chemical compo-
sition and smooth surface morphology.[23] Given their easy tar-
get engineering, specificity and great affinity toward a variety of
biological analytes,[27] different immunoassay-based biorecogni-
tion elements are used for functionalizing different regions (i.e.,
channels) of the NPG surface (and thus the active surface of the
SPR biosensor itself).[24] This enables: i) label-free detection of
multiple analytes in a 15 min single sample measurement and
ii) easy washing procedure for regenerating the functioning of
the surface for multiple measurements.

The final step in the realization of the stand-alone and func-
tional prototype of the SPR biosensor is the integration of a mi-
crofluidic module and an ad hoc electronics and hardware for
amplification and fast read-out. The broad applicability of the as-
designed sensor for multiplexing in real settings is demonstrated
by selecting two model high- and low-molecular-weight targets
within the quality and safety parameters in the milk chain: lacto-
ferrin (a protein), and streptomycin (an antibiotic). Lactoferrin
is a quality factor of milk,[28] as well as an important animal-
safety biomarker in cow’s milk, i.e., for detecting mastitis, a
bacterial inflammation of the udders.[29] Lactoferrin is a high-
molecular-weight target (80 000 Da), thus a direct immunoassay-
based method is typically used for SPR-based detection,[30–31] as
in the present work. Streptomycin is a low-molecular-weight tar-
get (582 Da) which belongs to the group of the aminoglycoside
antibiotics. Its use in farm animals and the eventual transfer to
meat, milk, and other dairy products,[32] can lead to the well-
publicized problem of antimicrobial resistance and consequent
wide-ranging threat to human health.[33] For the detection of
streptomycin, a competitive immunoassay is implemented since
this approach is the most effective in measuring small analytes
through SPR.[34]

Finally, the collected sensorgrams both related to the self-
testing procedure with standard solutions and detection of targets
analytes in buffer solutions are statistically analyzed by means of
a custom algorithm based on principal-component analysis in or-
der to determine the limit of detection (LOD) of the proposed as-
says in the SPR biosensor prototype, in terms of refractive-index
units and lactoferrin concentration. These results are compara-
ble to a reference benchtop SPR analytical instrument, namely
BIACORE 3000.

2. Results and Discussion

2.1. Design and Fabrication of the Optoplasmonic Chip

The SPR biosensor prototype is formed of several components,
which have been designed, fabricated and sequentially assem-
bled (following the steps schematized in Figure S1 in the Sup-
porting Information) to perform different functions.

The core of the SPR biosensor prototype is the optoplas-
monic chip sketched in Figure 1a. The layout and interaction
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Figure 1. a) Schematic representation of the sensor chip, working in backscattering configuration with intensity-modulated SPR detection. The top
panel shows a section view of a single channel comprising an organic light emitting diode (OLED) and two organic photodiodes (OPDs) monolithically
integrated onto the same substrate and a nanoplasmonic grating (NPG) functionalized on the top side with biorecognition elements, for the selective
immobilization of the target analyte(s) transported on the sensing surface by the microfluidic circuitry. The bottom panel shows a top view of the sensor
chip comprising multiple channels for the parallel detection of multiple analytes. The multichannel optoplasmonic sensor chip is composed of 8 OPDs
and 7 OLEDs, aligned under the 7 areas of the NPG covered with the analyte-specific biofunctionalization; each channel is defined by the area of the
surface where biofunctionalization toward lactoferrin (LF) or streptomycin (STREP) is present, or where there is no biofunctionalization (reference, REF);
the signal from a channel is acquired by switching on the OLED in the center of the channel and acquiring the photocurrent from one of the two adjacent
OPDs. b) Picture from the top view of the optoplasmonic chip with the meander microfluidic flow cell attached on top of the NPG, covering all the
7 channels of the sensor chip. c) Photograph of a sensor chip encapsulated with a transparent cap with no NPG on top, to allow viewing the multiple
OLEDs and OPDs schematized in (a). d) Spectral radiance of a reference OLED driven at 31.69 mA cm−2 and external quantum efficiency of the OPD.
e) Spectral sensitivity of the NPG for a refractive index change (Δn) of ≈10−3 RIU (refractive index units) at the NPG surface, calculated as the ratio of
the reflectivity spectra with the NPG exposed to a 1% sucrose solution and water, measured at normal incidence.

between optoelectronic and plasmonic components in a sin-
gle channel of the optoplasmonic chip are reported in the sec-
tion view in the top panel of Figure 1a. Detection is based on
SPR in a grating-coupled Kretschmann backscattering configu-
ration and exploits miniaturized light-emitting and light-sensing
components, that are organic light-emitting diodes (OLEDs) and
organic photodiodes (OPDs) respectively, and a biofunctional-
ized nanoplasmonic grating (NPG) as the sensing surface. SPR
sensors are typically classified into angular-, wavelength-, or
intensity-modulated systems. Our system is based on intensity-
modulation: the excitation light from the OLED, impinging on
the NPG sensing surface at fixed angle(s) and wavelength(s), is
intensity-modulated according to the variation of refractive index
at the grating, and backscattered. The three elements are inte-
grated to detect the refractive index variation upon analyte recog-
nition at the NPG sensing surface, and to convert the intensity
modulation in an electrical output. Specifically, light emitted by
the OLED impinges the backside of the NPG, whose reflectivity
is modulated upon the capture of analytes by the bioreceptors
anchored at its topside. The ratio between the modulated signal
and the base unmodulated signal, collected and transduced by
the OPD, is the final signal from the sensor. We highlight that

our SPR sensor is different from typical intensity-modulation
SPR sensors and instruments since: i) no optic system is used
for coupling the impinging light with the plasmons of the sens-
ing surface and ii) OLEDs implemented as light sources are not
collimated and monochromatic, differently from the typical light
sources (LEDs, lasers) used in intensity-modulation SPR sensors.
Therefore, a broad range of incidence/collecting angles and ex-
citation wavelengths (distributed according to the electrolumi-
nescence spectrum and angular emission profile of the OLED,
respectively) all favorably contribute to the intensity-modulated
signal collected and transduced by the OPD.

For the design of the optoplasmonic chip layout, simulations
were carried out with proprietary software developed in our previ-
ous work.[22] The optimization of the geometry of the integrated
system under consideration is particularly challenging due to the
multiple wavelengths and multiple angles contributing to the fi-
nal SPR signal from the sensor. Optical simulations were imple-
mented and optimized to fit all geometrical and optical param-
eters of the photonic and plasmonic components (Experimental
Section and Figure S2 in the Supporting Information). According
to our prior work,[22] simulations on a similar system indicated
that the lateral distance between the light source and the light
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detector is the parameter to optimize in order to favor the col-
lection of photons once they are reflected by the NPG at quasi-
normal incidence (i.e., small angles), which is the geometrical
condition that guarantees the largest SPR modulation. In ad-
dition, the lateral distance between adjacent OLEDs and OPDs
must also fulfill fabrication requirements and accuracies. Finally,
interchannel crosstalk should be minimized. Therefore OLEDs
were fabricated as light emitting independent stripes, side-by-
side and alternating with the OPD light-sensing stripes, at an
edge-to-edge distance of 320 μm (Figure S3, Supporting Infor-
mation). The final optoplasmonic chip layout is also designed to
maximize the lateral size of the multiple OLED and OPD stripes
fabricated onto the same substrate, as a trade-off between i) a high
number of active channels onto the same substrate, to allow sens-
ing of multiple analytes onto the same chip, and ii) large active
areas of the OPDs and OLEDs to maximize the signal collected
by the electronic hardware.

The final optoplasmonic chip includes 7 different channels
(scheme in Figure 1a and picture in Figure 1c): each channel in-
cludes one OLED for light excitation, two independent OPDs for
light collection and signal transduction (one OPD on each side of
the OLED), a target-selective biofunctionalization region on the
NPG. Thus, each single channel is sensitive and selective toward
a specific analyte. In this work, two channels are selective toward
lactoferrin, two toward streptomycin and two are used as sig-
nal reference, while one channel was not used (bottom panel of
Figure 1a). The meander microfluidic cell (picture in Figure 1b)
covers all the 7 channels of the sensor chip and conveys the ref-
erence solutions, or the solution to be analyzed, on all channels.
Therefore multiple analytes can be measured at the same time
in different channels onto the same chip, thanks to the different
biofunctionalization in the different regions of NPG and to the
independent switching of OLEDs relating to the different chan-
nels.

Spectral matching between the optoelectronic and plasmonic
components of the chip is achieved by designing ad hoc the
single components. The OLED includes the emitting solid
state blend of PtII-tetraphenyltetrabenzoporphyrin and tris(8-
hydroxyquinoline) aluminum, which shows an electrolumi-
nescence spectrum with a narrow peak centered at 760 nm
(Figure 1d). This emissive layer is embedded in a stack architec-
ture composed of charge selective interlayers, a bottom Ag elec-
trode and a semitransparent Ca/Ag top electrode covered by an
index matching layer, for an efficient extraction of the emitted
light out of the device stack. The optical power of the OLEDs
increases when the operating current increases, although at the
expense of efficiency (Figure S4, Supporting Information). An ac-
ceptable trade-off is found when operating the OLED at a cur-
rent of around 1.1 mA (current density of 10 mA cm−2), which
yields an optical power of around 30 μW (optical power density
of 0.3 mW cm−2 considering the emitting area).

The OPD is based on a blend of zinc phthalocyanine and
fullerene-C60 light-absorbing layer. The thickness of all layers
was optimized for maximum sensitivity in the near-infrared
(NIR) region. The external quantum efficiency (EQE) of the OPD
(Figure 1d) is peaked at 755 nm with a value of 30%, and almost
perfectly matches the emission peak of the OLED and a relative
maximum sensitivity of the NPG for low refractive index varia-
tions, at a quasi-normal incident angle. In addition, the OPD op-

erated at zero bias conditions (i.e., in short circuit) shows a linear
photocurrent response under illumination with an external light
source peaked at 770 nm, in the range of the optical power of the
OLED in the defined working conditions (1–30 μW, Figure S5,
Supporting Information).

The optimized and matched spectral, optical, and geometri-
cal features of the single photonic components must also match
those of the NPG. The NPG is a hexagonal lattice of poly-
meric pillars embedded in a thin gold film. A scanning elec-
tron microscopy (SEM) image of the NPG and a schematic rep-
resentation of its lattice dimensions are reported in Figure S6
(Supporting Information). The NPG is prepared by colloidal
lithography and plasma etching techniques as reported in our
previous work.[22] The emission spectrum from the OLED and
the spectral response of the OPD (i.e., EQE) both perfectly over-
lap with the maximum sensitivity of the NPG at quasi-zero angle
of incidence. Specifically, the sensitivity of the NPG is defined as
the ratio between reflectance spectra measured at quasi-normal
incidence, when exposing the NPG surface to two liquids with
different refractive indexes. Here, a bulk refractive index change
(Δn) of 10−3 refractive index units (RIU) at the NPG surface was
tested by exposing the NPG to a sucrose solution at 1% volume
concentration, and to ultrapure water. To note, a Δn of ≈10−3 RIU
roughly corresponds to the refractive index change given by a so-
lution containing 50 μg mL−1 of lactoferrin, as measured by the
benchtop SPR instrument from Biacore. For this Δn, the max-
imum sensitivity of the NPG, in the vis-NIR spectral range, is
peaked at 770 nm, perfectly matching the OLED emission maxi-
mum, with a value of 2% (Figure 1e).

2.2. Assay Development on SPR Benchmark Instrument

For the implementation of biorecognition elements at the NPG
surface of the sensor, assays were previously developed on a
benchtop SPR instrument from Biacore. Specifically, a direct cap-
ture immunoassay for lactoferrin by lactoferrin polyclonal an-
tibody (pAb) and an indirect competitive immunoassay for the
detection of streptomycin (by a streptomycin–protein conjugate,
strep-BSA, and streptomycin monoclonal antibody, strep-mAb)
were developed. The schematic principles of operation can be
found in Figures S7 and Figure S8 (Supporting Information) re-
spectively.

From the injected lactoferrin standard solutions, a satisfactory
dose–response curve can be constructed (Figure 2a) using a non-
linear fit model. With this constructed dose–response curve, the
range of natural occurrence of lactoferrin in milk samples can
be assessed (tens to hundreds of μg mL−1). For higher concentra-
tions of lactoferrin, that normally occur during bacterial udder
infection (>300 μg mL−1), samples may need to be diluted for
determining the exact concentration of lactoferrin. The injection
of a commercial skimmed milk sample resulted in a lactoferrin
concentration of 75 μg mL−1 based on the dose-response curve
shown in Figure 2a.

Similarly, the sensitivity of the developed streptomycin assay
was tested by injection of a range of streptomycin standard solu-
tions, each mixed with the same amount of streptomycin mAb.
From these injections a dose–response curve was constructed,
using 5 parameter logistics. Based on this curve (Figure 2b),
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Figure 2. a,b) Dose–response curves for lactoferrin (a) and streptomycin (b) assays as measured in the benchmark SPR instrument Biacore.

detection of streptomycin at the maximum residue level (MRL)
set by law, that is 200 ng mL−1, is easily feasible. The sen-
sitivity of the assay even allows a 10- to 40-fold dilution of a
milk samples to stay in the desired MRL-based detection range.
The streptomycin mAb used for the development of the assay
was able to detect both streptomycin and di-hydrostreptomycin.
Cross-reactivity testing for the aminoglycosides group showed
no response to apramycin, gentamycin, tobramycin, neomycin,
paromycin, spectinomycin and kanamycin, not even in very high
concentrations (1 μg mL−1).

2.3. Biofunctionalization at the Sensing Surface

An important step inherent to the realization of sensing surfaces
in biosensors and their implementation for high-throughput
tests is to conceive a functional coating that: 1) provides a de-
sired concentration of receptors; 2) preserves their biological ac-
tivity; and 3) suppresses the nonspecific adsorption of nontarget
molecules. For points (1) and (2), in this study we used the com-
mercial co-polymer MCP-2F as functional coating of the NPG
surface. The MCP-2F copolymer interacts strongly with several
materials through a variety of mechanisms including hydropho-
bic interactions, van der Waals forces and hydrogen bonds.[35]

This makes this polymer appropriate for the coating of the het-
erogeneous surface of the NPG. The NAS unit from the polymer
exhibits the N-hydroxysuccinimide group that allows the covalent
binding of any biomolecule containing primary amine groups,
including the selected bioreceptors. For point (3), the remaining
parts of the chip that were not biofunctionalized were passivated
by using a commercial blocking buffer capable of suppressing
nonspecific adsorption of nontarget molecules (see the Experi-
mental Section).

Immobilization of the proteins following this protocol was cor-
roborated by fluorescence measurements carried on functional-
ized NPGs (Figure S9, Supporting Information). Activity and sta-
bility of the interaction with the counterparts of the immobilized
proteins were demonstrated through measurements of biofunc-
tionalized sensor surfaces in iSPR (data not shown).

2.4. Assembly and Assessment of the SPR Biosensor Prototype

The developed optoplasmonic chip and assays were combined
and tested in the complete SPR biosensor prototype. To allow

the detection of the low photocurrent signals from the optoplas-
monic chip, a stand-alone electronic hardware, which includes
low noise, accurate, fast response and miniaturized electronic
components, was developed (see description in the Experimen-
tal Section). As estimated from simulations (Experimental Sec-
tion and Figure S2, Supporting Information), the expected signal
from each OPD of each sensing channel, for a Δn ≈ 10−3 RIU
at the NPG surface, is about a 300 pA of photocurrent variation
over a base photocurrent of 0.1 μA (0.3% signal variation). The
fabricated electronic hardware demonstrated a resolution and ac-
curacy far below the ones required for the signal expected from
simulations.

Also, all the microfluidic circuitry elements were developed
ad hoc, together with precise alignment procedures on the opto-
plasmonic chip, as described in the Experimental Section, to be
employed in the complete SPR biosensor prototype. This design
allowed the biofunctionalized surface area of the NPG to be ex-
posed to a constant flow of the reference solutions and to analytes.
An automatic syringe pump was connected to the meander mi-
crofluidic circuitry allowing for a controlled and constant liquid
volume and flux during the immunoassays. This scheme resulted
in reliable analytical assays with a limited sample volume (tens
to hundreds of microliters) in a short time (up to 15 min), with
a good repeatability between all the measurements (self-testing
and calibration).

The experimental data from the self-testing measurements de-
scribed in the following section (see Figure S10 in the Supporting
Information for an example of raw output data) with the com-
plete SPR biosensor prototype resulted in a 20-fold larger base
photocurrent (i.e., around 2 μA) and a 3-fold lower signal varia-
tion (i.e., a few nA, that is around 0.1% of signal variation) com-
pared to simulations, for the same Δn ≈ 10−3 RIU. This discrep-
ancy could be easily explained by considering the dataset used for
the simulations: i) reflectivity of the NPG at the small angles was
possibly underestimated; ii) spectral data beyond 800 nm were
neglected although seeming to include a significant part of the
optical power of the OLED and of the spectral response of the
OPD. However, despite these discrepancies, the developed elec-
tronic hardware had a resolution and accuracy higher than the
one required for reading the signal at the LOD (around 200 pA,
see below and Section 2.5.2).

To provide reliability and reproducibility in the results when
the SPR biosensor prototype is used for quantitative measure-
ments of the analytes of interest, a self-testing procedure was
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developed. The procedure consists of measuring the response of
the SPR biosensor prototype to known refractive-index changes
(Δn) at the NPG surface, by collecting the OPD output photocur-
rent over time when the OLED is in the ON state and the NPG
surface is alternatively exposed to reference sucrose solutions and
ultrapure water.

Aqueous sucrose solutions at variable volume concentrations
(from 5% to 0.1%) were tested, covering a range of Δn of more
than two orders of magnitude (Δn from ≈10−2 to ≈10−4 RIU), in
the expected range ofΔn occurring in the quantitative assays (i.e.,
concentration of lactoferrin in milk of lactating cows).[29] The out-
puts of the self-testing procedure are: i) to control and confirm the
linearity of the dose-response curve in all sensing channels/for all
OPDs; ii) the definition of the correction factor of the OPDs, for
the quantification of the response of each OPD of each channel
to the same Δn occurring at the sensing surface. In Figure S11
we report a scheme of the typical profile obtained by using SPR-
based methods for measuring refractive-index variations in liq-
uids where the reference and measure signals are reported. The
channel-specific correction factor is extrapolated to be used for
the quantitative assay analysis (see infra).

Given the multistep procedures of the self-testing and of
the measure of the biological targets, and to avoid any user-
dependency on data elaboration and enable the operability of the
sensor even by nonexperts, data analysis through principal com-
ponents analysis (PCA) was performed on the raw data (see Sta-
tistical Data Analysis in the Experimental Section).[36] PCA can
be used to reduce the dimensionality of a dataset through a lin-
ear transformation of the data in a new coordinate system, in
which most of their variation can be described with smaller di-
mensions than the initial ones. In details, the novel algorithm
that we introduce in this work is conceived to automatically
elaborate the data generated by the biosensor in simultaneous
measurements of multiple analytes (multiplex format). For this
purpose, a first PCA is performed to rule out misbehaving chan-
nels and OPDs considering not only the confidence interval of
the first principal components, but also the Q-residual and T2-
Hotelling distances (i.e., the Q-residual analysis indicates how
well each sample conforms to the model, while the T2-Hotelling
distance is a measure of the variation in each sample within the
PCA model). This analysis is performed in blocks: at first, the
responses from all the channels with the same biofunctionaliza-
tion are compared in presence of a specific analyte, expecting to
observe a similar behavior; then, the responses from all the chan-
nels exposed to the same specific analyte but having different bio-
functionalizations are also compared, this time assuming to ob-
serve significantly different behavior. Channels deviating from
the above described behavior indicate aspecificity on the interac-
tion of biomolecules. The lack of specificity could be explained by
several reasons, as a cross-reactivity of the different analytes used
on the multiplex sensor or cross-contamination within the dif-
ferent channels during the immobilization of the biomolecules.
From this point onward, any channel or OPD deviating from the
expected behavior due to aspecific interactions is defined as “ab-
normal,” or as having “abnormal behavior,” and excluded from
the analysis. The developed algorithm can automatically identify
the channels suitable for the detection of analytes on the multi-
plex sensor, and discard the abnormal ones which may lead to a
misinterpretation of the results.

The data cleaning is then completed with a second analysis
of residuals, used to remove outliers in measurements from the
signals.[37] A last PCA is finally employed as a dimensionality re-
duction technique to smooth the sensorgrams, using only the
first components to reconstruct the signal and thus removing the
noise. The analytical result produced by the algorithm described
above is in full agreement with the experimental quantification of
the analyte, proving its functionality over several datasets, as well
as demonstrating its ability to discriminate between biofunction-
alized and reference channels. Moreover, this automated analysis
provides a sound validation of the experimental methodology for
data collection.

Figure 3a reports a representative self-testing measurement
(sensorgram) due to Δn changes over the NPG sensing surface
of the sensor, for all the working channels of the sensor, after sig-
nal reconstruction with the double PCA analysis. The signal from
each channel is reported as response difference (%), that is the
difference with respect to the baseline, divided by the baseline.
It can be clearly observed the capability of the sensor of monitor-
ing multiple events in real time (6 different reference solutions,
each sample measured 6 times). The response difference aver-
aged on all channels in response to the different sucrose concen-
trations (different Δn) are used to construct the calibration curve
shown in Figure 3b. More details on data elaboration for the con-
struction of the calibration curve are reported in the Supporting
Information.

A linear increase of the signal as a function of Δn can be ob-
served, with consistency of data within different channels. In this
regard, the same calibration curve, with errors calculated as the
standard deviation of the mean response averaged over channels,
is reported in Figure S12 in the Supporting Information. To note,
the linearity of the sensor response was verified also on a wider
range of Δn (Figure S13, Supporting Information). A good corre-
lation between the experimental and the linear fitting was still ob-
tained (R2

> 0.99), although the range of Δn investigated exceeds
the expected range of Δn occurring in the quantitative calibra-
tions of the assays. For the 1% sucrose injection corresponding
to a Δn of about 10−3 RIU, a signal of 0.1% was obtained (con-
sidering raw data, a photocurrent variation of around 2 nA over
a base current of around 2 μA, see Figure S10 in the Support-
ing Information). This is in accordance with the signal predicted
from simulations (0.3%), as discussed above. From the calibra-
tion curve calculated from the self-testing procedure, the limit of
detection (LOD) of the SPR biosensor prototype for bulk refrac-
tive index changes was extrapolated, reaching a value as low as
≈10−4 RIU.

New data analysis procedures were performed, aimed at fur-
ther confirming the results above. In detail, several regression
and classification models were trained to predict the response of
the SPR biosensor prototype using the injected sucrose concen-
tration as a target.[37–44] Among them, a recursive partitioning de-
cision tree provided the best prediction of the sucrose concentra-
tion classes in terms of accuracy and specificity (Table S1 in the
Supporting Information). From the confusion matrix (Table S2
in the Supporting Information) an overlap in test prediction
between 0.1% of sucrose concentration and the baseline sug-
gests that the LOD is reached at around 0.1% of sucrose con-
centration, corresponding to a bulk refractive index change of
10−4 RIU. This is in accordance with the experimental results
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Figure 3. a) Sensorgram for sucrose solutions for different channels of the chip, after signal reconstruction through PCA analysis. All data are normalized
with respect to the baseline before injection. b) Linearity plot of the signal of the sensor, normalized to the baseline, averaged over all the working
channels, versus refractive index variations (Δn) during self-testing. The error associated to each plotted point is calculated as the average standard
deviation of the mean values of the sensor signals for that sucrose concentration over all the working channels, while the LOD was calculated as 3.3
times the deviation of the signal divided by the slope of the calibration curve.

and gives consistency to the LOD calculated from the calibration
curve.

Notably, an ad hoc experiment was carried out to compare the
LOD of our SPR biosensor prototype with a reference benchtop
SPR instrument, that being the Biacore 3000 (Figure S14a, Sup-
porting Information). The experiment consisted in performing a
calibration procedure with sucrose solutions and evaluating the
LOD for both systems. In this direct comparison, the LOD of
the SPR biosensor prototype resulted only one order of magni-
tude higher with respect to the benchtop SPR instrument, which
is a highly developed instrument. Notably, the LOD of the SPR
biosensor prototype here developed is still competitive with other
SPR miniaturized sensors, which are nonetheless at an inferior
level of integration.[45]

2.5. Biosensing of Analytical Targets and Calibration

According to the procedure described in the Experimental Sec-
tion, the biorecognition elements were immobilized on the dif-
ferent channels of the optoplasmonic chip (Figure 1a) as follows:
strep-BSA selective immobilization was provided on channels 2
and 5, channels 1 and 4 were functionalized with lactoferrin pAb,
while channels 3 and 6 were only functionalized with bovine
serum albumin (BSA) to be used as reference channels. Indeed,
as in many other SPR techniques where specificity of detection
is based on biomolecular recognition, the possible occurrence of
false-positive signals due to aspecific interactions is taken into
account by use of a reference channel. BSA is often used in
SPR techniques to passivate the sensing surface of the reference
channel to prevent reactivity toward any biological target under
investigation.[46] To note, we used other blocking molecules (i.e.,
the blocking buffer described in Section 2.3 and in the Experi-
mental Section) to further deactivate and minimize the number
of surface nonspecific groups.

We highlight that the sequence of assays for streptomycin and
lactoferrin is performed by injections in the meander microflu-
idic circuitry, thus on all the channels of the sensor chip (multi-
plex format), to proof its multiplex capability. As a consequence,

any possible cross-reactivity within analytes and channels has
been carefully monitored and evaluated by the PCA analysis.

2.5.1. Streptomycin Assay

After the assembly of the SPR biosensor prototype (procedure re-
ported in Figure S1 (Supporting Information), prototype shown
in Figure 4a) and assessment of its functionality by self-testing
with standard solutions (Section 2.4), the prototype functionality
was tested for biosensing of the selected analytical targets.

The streptomycin assay was performed as a first qualitative
analytical test of the SPR biosensor prototype. The strep-mAb
was injected and data recorded for the interaction of the strep-
mAb and the immobilized strep-BSA. For the competitive test,
the streptomycin standard solution was prepared at a final con-
centration of 10 μg mL−1 and mixed with the streptomycin mAb.

After the streptomycin assay, the two different PCA ap-
proaches described for the self-testing were applied to the raw
data. The PCA analysis of the raw data obtained by the injection
of streptomycin mAb confirmed a specific response from chan-
nel 5 (functionalized with strep-BSA). This channel was success-
fully selected by the algorithm for the measurement of strepto-
mycin analyte. The PCA analysis also confirmed the absence of
a specific response to the streptomycin mAb injection in chan-
nel 3 (functionalized with BSA), thus channel 3 was successfully
selected as reference channel by the algorithm. In addition, the
PCA evidenced the occurrence of aspecific responses to strep-
tomycin mAb from channels 1 and 4 (both functionalized with
lactoferrin pAb), and from channel 6 (only functionalized with
BSA). The aspecific response could be due to a variety of ef-
fects, i.e., contamination with strep-BSA during biofunctional-
ization. On the other hand, cross-reactivity of streptomycin mAb
with Lactoferrin pAb or BSA must be excluded since it was not
observed during assay development on the SPR benchmark in-
strument (data not shown). However, the presence in the opto-
plasmonic chip layout of two biofunctionalized channels for each
assay, and two reference channels, reduces the failure rate of mul-
tiplex analysis after the exclusion of abnormal channels from the
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Figure 4. a) Picture of the complete sensor prototype: the optoplasmonic chip integrated into the electronic hardware and endowed with the meander
microfluidic flow cell. The externally connected automatic syringe pump, injection valve and waste chamber are used for the fine control of flowing
of the reagents during the measurements. b) Sensorgrams obtained during the streptomycin assays: competitive test in presence of 10 μg mL−1 of
streptomycin (blue line) and competitive test in absence of streptomycin (red line). c) Sensorgrams obtained from several measurement cycles of
lactoferrin solutions at varying concentrations (0, 5, 10, 25, 50, 100 μg mL−1) in the direct assays. d) Dose–response curve of the sensor for the lactoferrin
assays. The calculated LOD is 3.7 μg mL−1.

PCA. The sensorgrams for the streptomycin assay obtained after
data analysis are shown in Figure 4b and follow the expected ki-
netics (described in Figure S15 of the Supporting Information).
In absence of streptomycin, it can be observed an increase of
the signal after the injection of the streptomycin mAb only. This
increase is stable during the dissociation phase, which demon-
strates the correct antibody–antigen interaction (strep-BSA and
streptomycin mAb). On the contrary, a signal drop is observed af-
ter injection of a sample containing both the streptomycin mAb
and free streptomycin at a concentration of 10 μg mL−1. This in-
dicates inhibition of the binding of the streptomycin mAb to the
strep-BSA and confirms the effectiveness of the designed (qual-
itative) competitive assay for streptomycin, at the given concen-
tration.

2.5.2. Lactoferrin Assay

For demonstrating the possibility to use the proposed SPR
biosensor prototype for the quantitative detection of a relevant
milk quality target, a semi-quantitative assay for lactoferrin was
performed. As described previously, the lactoferrin pAb was im-
mobilized on channels 1 and 4 of the chip. After the acquisition
of the baseline, a sequence of serially diluted lactoferrin samples
were injected and response data recorded.

The same data elaboration and analysis as described for the
streptomycin assay was used for the lactoferrin assay. The PCA
analysis evidenced a specific response to Lactoferrin from chan-
nels 1 and 4 (functionalized with lactoferrin pAb). Within these
two channels, channel 1 was selected by the algorithm as the
sensing channel for the lactoferrin assay. The PCA analysis also
excluded the occurrence of any specific response to Lactoferrin
from channel 3 and 6 (only functionalized with BSA). Within
these two channels, Channel 3 was selected by the algorithm as
the reference channel (as for the streptomycin assay). To note, the
PCA analysis also excluded cross-reactivity or aspecific response
to lactoferrin from Channels 2 and 5 (functionalized with strep-
BSA), at any of the selected concentrations tested. The sensor-
grams acquired from channel 1 upon injection cycles of lactofer-
rin solutions at different concentrations are plotted in Figure 4c.
Collecting the signal for only about 15 min (for each injection cy-
cle), it is possible to follow the whole kinetics of biorecognition
(Figure S15 in the Supporting Information).

The signal increases when compared to the baseline during
the association phase. This indicates a specific recognition of the
lactoferrin antigen by the immobilized lactoferrin pAb. Further-
more, the signal is constant during the dissociation phase when
the surface is rinsed with a running buffer. This confirms that
the lactoferrin proteins are effectively captured on the sensing
surface by the lactoferrin pAb.

Adv. Mater. 2023, 35, 2208719 2208719 (8 of 13) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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The construction of the lactoferrin dose-response curve was
done by considering the dissociation region. A linear increase of
the signal over the baseline is observed for lactoferrin solutions
with increasing concentrations (Figure 4d). This confirms that
the chosen range of concentrations of the lactoferrin assays stays
in the range of linear correlation between the analyte concentra-
tion and the number of antigen–antibody complexes formed on
the sensing surface, with no saturation issues. From the dose–
response curve, a LOD for lactoferrin as low as 3.7 μg mL−1 was
calculated.

The presented output of the SPR biosensor prototype is very
promising if compared to the performance of the benchtop SPR
instrument (Biacore 3000) when the same direct immunoassay
for lactoferrin was implemented. Indeed the LOD value extrapo-
lated from the dose-response curve obtained by Biacore 3000 is
higher (around 30 μg/ mL−1, please consider Figure S14b, Sup-
porting Information). However, we did not perform a systematic
and throughout optimization of the measurement protocol in the
benchmark assay, thus a lower LOD might be expected for the di-
rect lactoferrin immunoassay.

Overall, the low LOD of the proposed SPR biosensor proto-
type will enable the detection of lactoferrin in real milk samples,
when a proper sample preparation is defined and optimized ac-
cordingly. It is well-known that milk samples might be suitably
diluted and filtered before analytical measures in order to limit
possible adverse effects from the milk matrix. This experimental
activity is out of the scope of the present work. However, the sens-
ing dynamic range is sufficient for detecting lactoferrin at levels
relevant to real samples.[47]

3. Conclusions

We report on the realization and demonstration of an innovative
miniaturized optical biosensor for point-of-need analysis which
is based on the unprecedented design and combination of the
following elements: i) monolithically integrated organic light-
emitting and light-sensing components (such as OLEDs and
OPDs), and ii) a biofunctionalized nanoplasmonic grating work-
ing as transducing surface for SPR label-free detection. A stripe-
like target-selective biofunctionalization of the transducing
surface enables multiplexed detection in the sensor since mul-
tiple channels allocating miniaturized light-emitting/analyte-
sensing/light-detecting units are present within a single opto-
plasmonic chip. In particular, we demonstrated the use of the
sensor for the detection of a high-molecular-weight analyte (i.e.,
lactoferrin) by means of a direct assay, and of a low-molecular-
weight analyte (i.e., streptomycin) by means of a competitive
assay. In order to better assess the operability of the sensor proto-
type, a microfluidic module is integrated on top of the transduc-
ing surface to precisely control the volume of the solutions (stan-
dard, buffer, sample, regeneration) during the measurements
and a stand-alone electronic hardware houses the optoelectronic
chip for enabling analog amplification of the read-out electrical
signal.

Self-testing and calibration of single channels by using su-
crose solutions ensured result accuracy and repeatability, while
data consistency was demonstrated through multivariate statisti-
cal principal-component analysis on wide datasets obtained from
the collected sensorgrams. As a result, we demonstrated that the

sensor can provide quantitative linear response when exposed
to a refractive index change of the surrounding bulk medium,
reaching a LOD of 10−4 RIU, that is only one order of magnitude
lower than the LOD of the reference benchtop SPR instrument
from Biacore.

When detecting the two target analytes in buffer solutions at
concentrations relevant for milk quality and safety (i.e., tens of μg
mL−1 for lactoferrin, and 10 μg mL−1 for streptomycin), a LOD
as low as 3.7 μg mL−1 was extrapolated from the curve, which
is in line with what obtained from the reference benchtop SPR
instrument in the same experimental conditions.

The capability of multiplexing different analytes in a single
quantitative measurement, tailoring sensing chips to specific lo-
cations and applications, with lab-technique accuracy providing
quantitative results, means the proposed SPR biosensor proto-
type outperforms widely used immunoassays like enzyme-linked
immunosorbent assay (ELISA) and lateral flow immunoassay
(LFIA). Since ELISA is not portable on-site, a comparison the
LFIA is more realistic. LFIAs are generally low cost and easy to
use, but are single use and often only qualitative. We also high-
light that the implemented automatized data processing method
dramatically improves the quality of the presented data, and po-
tentially allows the use of the sensor by nonexperts. In this way,
nonskilled operators could use the sensor in a wide variety of sce-
narios, where real-time analytical results can make a significant
difference allowing actions to be taken immediately.

Considering the previously mentioned ELISA, the here-
presented SPR biosensor prototype has a competitive analytical
performance, but will have distinct advantages in terms of cost
per test, speed of analysis (i.e., 15 min-long measurement proto-
col) and multiplex capabilities. We highlight that the possibility
to regenerate and thus reuse the sensing surface of the optoplas-
monic chip up to 450 times, which is an inherent characteris-
tics of NPG technology,[48] will highly reduce the cost per test, as
in contrast to an ELISA. Finally, the implementation of an user-
independent and reliable post-measure data analysis remarkably
validates the use of the SPR biosensor prototype for real-setting
application by nontrained users.

Overall, this work demonstrates that by an accurate design and
integration of organic optoelectronics, nanoplasmonics, and ad-
vanced surface functionalization, reliable and performing PON
analytical systems can be developed for real-setting applications,
such food safety and quality. Furthermore, it is reasonable that
such technologies would soon expand also toward IC and com-
puting application fields, replacing current electronic-based tech-
nologies in many scenarios. The research and development in
each of those technological fields will lead synergistically to a vir-
tuous loop, allowing the production costs to be reduced and al-
lowing their full potential to be soon exploited.[49]

4. Experimental Section
Fabrication of Monolithically Integrated Optical Transduction Elements

(OLEDs and OPDs): Hole Transport Material (HTM) was supplied
by Merck KGaA. Novaled Dopand p-side (NDP-9), Electron Blocking
Material (EBM) and Electron Transport Material (ETM) were sup-
plied by Novaled GmbH. Tris(8-hydroxy-quinolinate)aluminium (Alq3),
PtII-tetraphenyltetrabenzoporphyrin (Pt(tpbp)), 9,9-bis[4-(N,N-bis-
biphenyl-4-yl-amino)phenyl]-9H-fluorene (BPAPF), and 4,7-diphenyl-1,10-
phenanthroline (BPhen) were purchased from Luminescence Technology
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Corp. Zinc phthalocyanine (ZnPc) and fullerene-C60 were purchased
from CreaPhys (Dresden, Germany). Fabrication was carried out on
200 mm square and 0.7 mm thick glass plates. First, the glass was
cleaned by an ultrasonic bath in surfactants, rinsed with deionized water,
dried in a Spin-Rinse-Dryer 2300S (Semitool), and heated under vacuum
for 1 h at 120 °C. Then, glass plate was exposed to an oxygen/argon
plasma, and the front side was coated with the OLED and OPD stack
via thermal evaporation through fine metal masks at a pressure less
than 2 × 10−4 Pa (Sunicel PLUS 200, Sunic Systems, Korea). The OLED
and OPD deposition sequence follows the ones reported in Figure S16
(Supporting Information). Layer thicknesses of the OPD stack were
optimized for maximum sensitivity at 770 nm. OLED/OPD structures
were encapsulated using NPG coated cavity glass and epoxy glue and
separated into individual samples via a scribe and break process (MDI
Advanced Processing).

Characterization of OLEDs and OPDs: The OLED was tested in a glove-
box, by using a standard SUSS probe station coupled to a B1500A Agilent
semiconductor device analyzer as the current source/electrical readout,
and by measuring the optical power output from the top side by using a cal-
ibrated silicon photodiode with responsivity = 0.49 A W−1 at 766 nm. Elec-
troluminescence spectra on the encapsulated OLEDs were collected by a
calibrated optical multichannel analyzer PMA-11 from Hamamatsu. OLED
radiance at measurement continuous working (Figure S17a, Supporting
Information) was carried out using the DMS 401 system by Autronic-
Melchers.

External quantum efficiency (EQE) was measured by using a home-
made setup including an ASBN-W100 tungsten–halogen light source cou-
pled with a Digikröm CM110 1/8m monochromator (Spectral Products),
a Chopper MC2000 (THORLABS Inc.), a lock-in amplifier 7270 (AME-
TEK Inc.), and a current preamplifier 5182 (AMETEK Inc.). A Standard
Photodiode Power Sensor S120VC (THORLABS Inc.) was used as the
reference. EQE measurements were performed with the OPD at zero
bias and at a chopper frequency of 83 Hz. The operational stability of
the OPD photocurrent driven at 0 V was monitored over 30 min under
continuous illumination from the top side with an inorganic LED from
THORLABS, with 30 μW of optical power and an emission centered at
770 nm. Photocurrent was collected with an Electrochemical Workstation
(Autolab, PGSTAT128N+ECD module). Before the measurement, the LED
was switched on and warmed up for 10 minutes. Results are shown in
Figure S17b in the Supporting Information.

The OLED and OPD should exhibit stable operation at least for the time
required for the analytical measurement (around 15 minutes), under am-
bient conditions. The photocurrent stability of the OPD was then verified
in the complete optoplasmonic chip (Figure S18 in the Supporting Infor-
mation).

Fabrication and Chemical Functionalization of the NPG: The fabrication
and characterization have been reported in the previous work.[22] Briefly,
the system is constituted of a hexagonal lattice of polymeric pillars embed-
ded in a relatively thick gold layer (about 150 nm, please consider Figure S6
in the Supporting Information), prepared through colloidal lithography
and plasma etching techniques. In details, the plasmonic grating was fab-
ricated by using a monolayer of hexagonally ordered polystyrene beads
(diameter = 500 nm) as a sacrificial mask for the etching of a 150 nm
thick poly(methyl methacrylate) (PMMA) layer, followed by gold deposi-
tion (nominal 150 nm) and mask removal. The resulting surface supports
the interaction of the propagating SPR modes, typical of the usual SPR de-
tection, with the localized ones correlated to the polymeric pillars, allowing
the direct detection of the refractive index sensitive plasmonic features by
a reflectance measurement from the back (substrate) side, avoiding the
use of an optical prism.[23–24]

For NPG functionalization, a commercial kit was acquired from Luci-
dant Polymers, containing the MCP-2F polymer and buffer solutions. The
MCP-2F polymer has a chemical structure comprising the monomers N,N-
dimethylacrylamide (DMAM), 3-(methacryloyl-oxy)propyltrimethoxysilane
(MAP), N,N-acryloyloxysuccinimide (NAS) and monomers of perfluori-
nated carboxylic acids (PFCAs) bearing fluorine moieties. The MCP-2F
stock was diluted 1:50 in coating buffer and the sensor surface was in-
cubated with this solution for 30 min at room temperature. Next, the sur-

face was rinsed with water and dried under nitrogen flow. Contact angle
and optical characterization were carried out in the NPG before and after
the functionalization. Reflectance measurements were applied for optical
characterization of the chip surfaces. The measurements were performed
with an inverted microscope (Axiovert 25, Zeiss) coupled with a compact
USB fiber optic spectrometer (USB4000, OceanOptics). A halogen lamp
was used as the light source, and the spectra were acquired over the range
from 400 to 1000 nm. Light was directed to the surface (from the glass sub-
strate side) through a 5× objective with a NA = 0.13 (Epiplan 5x, Zeiss),
and the back-reflected light was collected by the same objective lens. Re-
flectance spectra measured close to normal before and after NPG func-
tionalization are shown in Figure S19 in the Supporting Information.

Optical Simulations: The 3D simulation model developed ad hoc in
the previous work was adapted to the new optoelectronic performances,
geometrical and structural characteristics of the individual components
in the optoplasmonic chip.[22] Briefly, the simulation model includes two
parts: i) the optical simulation of the NPG as a “programmable mirror”
component, including angular spectral reflection efficiencies interpolated
from discrete experimental data, for different media at the surface of the
NPG; this was performed by means of the Fourier model method (FMM,
also called rigorous coupled-wave analysis or RCWA); ii) the optical sim-
ulation of the complete optoplasmonic system based on a field tracing
approach, considering diffraction, interference (phase), and polarization.
The entire 3D optical simulation of the optoplasmonic chip was imple-
mented by using software Virtuallab Fusion (latest version 2021.1, build
1.180).

Biofunctionalization of the Optoplasmonic Chip: For the immobiliza-
tion of receptor biomolecules on the surface of the NPG, a microfluidic
device was designed to match the layout of the channels of the sensor
(Figure S20, Supporting Information). The microfluidic device consists
of seven microchannels, with dimensions and spacing of the channels
(1.54 mm width, 0.13 mm height, 2.9 μL volume each) defined by the
OLEDs of the optoplasmonic chip. The microfluidic channels are con-
nected to an external peristaltic pump, to provide a different protein sam-
ple on each one of the seven channels of the optoplasmonic chip, ensur-
ing multiplex analysis with the same chip. The microfluidic device con-
sists also of a holder plate for the optoplasmonic chip with alignment
pins, which ensure reproducible alignment between the optoplasmonic
chip and the microfluidic device. The microfluidic device is attached to
the optoplasmonic chip by a laser-cut sealing foil.

The protein samples were diluted in the buffer for immobilization
(Spotting buffer from Lucidant polymers) to 150 μg mL−1, and they were
introduced to the chip channels by a circular flow of 10 μL min−1, overnight
at room temperature. Following the immobilization of the proteins, the
microfluidic device was removed, the whole chip was washed with water
to remove unbound proteins, and then incubated in the blocking buffer
from Lucidant kit to passivate the remaining parts of the chip that were
not biofunctionalized. As a last step, the chip was rinsed with water and
dried, and assembled with the microfluidic meandering cell for the self-
testing procedure and for the analytical measurements (see Figure S1 in
the Supporting Information where a graphical sketch of the procedure of
fabrication and assembly of the optoplasmonic chip is reported).

Microfluidic Flow Cell: For the analyte measurements, a meander mi-
crofluidic flow cell was fabricated by xurography and attached on the op-
toplasmonic chip surface (Figure S21 in the Supporting Information) that
consists in the use of structured double-sided adhesive tapes (thickness
140 μm) and a structured polycarbonate sheet (thickness 250 μm).

The meandering flow cell had identical channel dimensions as used for
prior immobilization of receptors resulting in a total flow chamber volume
of 27 μL. The possible misalignment between the biofunctionalized chan-
nels of the optoplasmonic chip and microfluidic channels was minimized
by settling alignment features used for the integration of the components.
The resulting alignment error was <100 μm.

Electronic Hardware: The in-house designed and assembled electronic
hardware allows to measure during the same analytical session all the 7
channels of the chip. The multiplex functioning of the chip is schema-
tized in Figure S22 (Supporting Information). The electronic hardware
includes the following components/functionalities: 1) low noise, high
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power supply rejection ratio (PSRR) power supplies; 2) a connector for
the optical biosensor; 3) a connector to an external controller (computer);
4) low noise, high stability voltage references; 5) oscillators; 6) low-noise,
high-stability current source; 7) current modulator; 8) a multiplexer for the
OLEDs; 9) OPD amplifiers; 10) OPDs multiplexer; 11) filters; 12) demod-
ulators; 13) temperature sensors front-end.

As the photocurrent of the OPDs is very low, each OPD has its own
amplifier (to optimize circuitry layout against leakage current). These am-
plifiers configured as “transimpedance amplifiers” directly convert the cur-
rent signal into voltages to simplify the rest of the acquisition chain.

The analog amplication consists in the following steps: 1) conversion
of OPD photocurrent to voltage using a trans-impedance amplifier (gain:
1 V μA−1), 2) boosting the trans-impedance amplifier output voltage (gain:
1), 3) analog-to-digital conversion using a 16-bit ADC (with resolution:
≈19 pA per Least-Significant-Bit).The performance and the electrical noise
of the fully assembled electronic hardware was tested through laboratory
instruments. The electronic hardware showed a total noise of 11.9 pA and
a photocurrent resolution of 38.14 pA, over an OPD base photocurrent of
2.5 μA (please consider Figure S10 in the Supporting Information where
raw dataset of collected photocurrent from OPD is reported). In addition,
an accuracy of 50 pA steps on a 500 pA scale was also demonstrated.

Development of Immunoassays for SPR Measurements: Immunoassays
were developed and tested in the benchtop SPR instrument Biacore 3000.
The lactoferrin polyclonal antibody (pAb) was purchased from Bethyl labo-
ratories (Montgomery, USA) while the streptomycin monoclonal antibody
(mAb) was purchased from Unibiotest (Wuhan, China). A conjugate of
streptomycin coupled to BSA as a carrier protein, was prepared in-house
(strep-BSA).

Immobilization of the lactoferrin pAb and the strep-BSA conjugate onto
the biosensor CM5 chip surface was performed in the Biacore 3000 us-
ing the buffer scouting module for optimal coupling efficiencies. The CM5
chip was activated by the standard EDC/NHS Biacore method. The Lacto-
ferrin assay was designed as a direct assay. To create this direct assay, the
lactoferrin pAb was diluted to a concentration of 50 μg mL−1, in the op-
timal acetate buffer pH 4.5, and injected several times into the activated
channel on the CM5 chip, aiming for a total of 104 response units (RU).
The reference measurement channel was activated and then deactivated
by injecting ethanolamine. Next, lactoferrin standards, ranging from 0 to
500 μg mL−1, were injected, 100 μL of each standard at 100 μL min−1. Be-
tween each injection, the chip was regenerated by a 40 μL injection of 10 ×
10−3 m HCl at 100 μL min−1. By plotting the maximum responses of the
different lactoferrin standards, a dose–response curve was constructed.
For the streptomycin assay, the strep-BSA conjugate was diluted to
80 μg mL−1 for immobilization on the CM5 chip surface, in acetate buffer
pH 4.5, using the same amine coupling procedure as for the lactofer-
rin pAb aiming for a total of 104 RU. The activated reference channel
was coupled with BSA under the same circumstances. Next, standard
solutions of streptomycin in HBS-EP (composition: 0.01 m HEPES pH
7.4, 0.15 m NaCl, 3 × 10−3 m EDTA, and 0.005% surfactant P20) were
prepared (1000–0.01 ng mL−1). The streptomycin mAb was diluted to
a final concentration of 5 μg mL−1 and mixed 1:1 with each strepto-
mycin standard. From each standard-mAb mixture, 50 μL was injected
at a flow of 20 μL min−1. Between each injection, the chip was regen-
erated with a 5 μL injection of 50 × 10−3 m HCl at 20 μL min−1. Us-
ing the maximum responses of the different streptomycin standards, a
dose–response curve could be constructed. Additionally, 10-fold serial di-
lutions (1000 to 0.1 ng mL−1) of all the aminoglycosides available in our
laboratories (di-hydrostreptomycin, apramycin, gentamycin, tobramycin,
neomycin, paromycin, spectinomycin, and kanamycin A) were prepared
and tested for their cross-reactivity in the streptomycin assay.

Protocol of Measurement—Self-Testing: After having filled the meander
microfluidic cell with ultrapure water, the self-testing measurement started
and data are collected through the electronic hardware. Measurement cy-
cles were performed at a flow rate of 10 μL min−1. First, a solution of su-
crose in ultrapure water was injected to replace the liquid filling the cell.
This sucrose solution remained in the flow cell for a few minutes to allow
for stabilization of the optoelectronic components and signal acquisition.
Next, a water sample was injected. The cycles of injection-stabilization

were repeated for different sucrose concentrations (5%, 3.5%, 1%, 0.5%,
0.25%, 0.1% in water) to complete the self-testing session. Calculation of
the response difference (%) and of the correction factors for each channel
and OPD of the sensor, are reported in the Supporting Information, in the
section Processing of Datasets reported below Figure S11 in the Supporting
Information.

Protocol of Measurement—Tests of Assays on the Sensor: The in-house
fabricated microfluidic flow cell (Figure S21, Supporting Information), at-
tached to the optoplasmonic chip and connected to the electronic hard-
ware, was connected to an external syringe pump (NE1000 from sy-
ringepump.com USA) and a six-port injection valve (TitanEx MLP777-601
from Idex Health&Science USA) for the control of fluidics during the im-
munoassays. HBS-P (composition: 0.01 m HEPES pH 7.4, 0.15 m NaCl
and 0.005% surfactant P20) was used as a running buffer. The measure-
ment cycles were performed at a flow rate of 10 μL min−1. Each measur-
ing cycle involved recording the baseline signal during 2 min with running
buffer, during 10 min after injection of the sample (association phase),
during 2 min of washing off the unbound sample with running buffer (dis-
sociation phase), and during 30 s of regeneration. The regeneration phase
(injection with 10 × 10−3 m HCl) was performed on all the channels of the
chip, to remove the bound proteins and regenerate the sensing surface for
the next measurement. Lactoferrin (molecular weight: 80 kDa) and strep-
tomycin (molecular weight: 582 Da) were the analytical targets. The sen-
sor channels which contained the immobilized lactoferrin pAb (channels 1
and 4) were used for the lactoferrin assay. Solutions of lactoferrin spiked in
running buffer, at a concentration of 0, 5, 10, 25, 50, and 100 μg mL−1, were
tested. The streptomycin assay was designed as an inhibition assay. The
sensor channels with immobilized strep-BSA (channels 2 and 5) were used
to interact with the streptomycin mAb. Therefore the streptomycin mAb
was diluted to 38 μg mL−1 in running buffer. Samples containing the com-
petitor streptomycin at 0 and 10 μg mL−1 were mixed 1:1 with the strep-
tomycin mAb solution. In both assays (lactoferrin and streptomycin), the
BSA immobilized channels (3 and 6) were used as reference. The response
obtained from the analyte-selective channels was normalized to the refer-
ence channels to correct any nonspecific interaction and corrected by a
channel-specific correction factor extrapolated from the self-testing proce-
dure (see the Data Analysis procedure described in the Supporting Infor-
mation in the section on processing of datasets reported below Figure S11
in the Supporting Information). The calibration curve and quantitative re-
sponse from the sensor was extrapolated from the sensorgrams following
the data analysis procedure described in the following section. The LOD
for the lactoferrin detection was calculated as 3.3 times the deviation of re-
sponse divided by the slope of the calibration curve.[50–52]

Statistical Data Analysis: The analysis of the collected datasets was
performed in the R environment (R software environment used to run
codes written in the R language), for statistical calculation and visualiza-
tion. Datasets acquired during the self-testing measurements and during
the assays were analyzed. The analysis was divided into several phases,
some common to all the experiments, others specific to the desired target.
Please consider Figure S11 in the Supporting Information for a graphical
representation of the different processing of the collected datasets.

The common preprocessing phase consists of a data preparation step
(e.g., formatting the channel names, converting the amplitude data into
numeric and timestamp into date-time, removing null variance columns,
if any, …) and as a sensorgram preparation step, consisting of baseline
subtraction and normalization to the baseline. The correct individuation
of the region of data for the baseline selection was identified as a crucial
step. To this end, a custom algorithm has been developed for identifying
the areas of greatest stability before injections or, when this information
was provided, within a range established a priori based on the measure-
ment times. The baseline subtraction is thus performed, ensuring to spot
and remove possible biases or artifact trends in the sensorgrams. Finally,
each sensorgram is normalized with respect to its baseline (as described
in the Supporting Information). After the common preprocessing phase,
the data analysis by the PCA is carried out differently for the different test
targets. Once the final dataset were obtained, it was necessary to identify
the regions of interest for the analysis in all the measurement sessions,
in particular the regions of response to the injection of the target and the
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regions of dissociation (Figure S15 in the Supporting Information). For
this purpose, an algorithm was written which, upon receipt of an indica-
tion of the time ranges where to search for events, identifies the areas of
maximum stability and maximum slope and the elbow points that define
them. In this way it is possible to associate a target variable that marks
the significant events for the tests and that will then be used to obtain the
final output, whether it is the calibration curve, the dissociation coefficient
or the prediction of a classification model. Data in the calibration curves
are reported as mean ± standard deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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