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Abstract: The development of nanostructured plasmonic
biosensors has been widely widespread in the last years,
motivated by the potential benefits they can offer in inte-
gration, miniaturization, multiplexing opportunities, and
enhanced performance label-free biodetection in a wide
field of applications. Between them, engineering tissues
represent a novel, challenging, and prolific application
field for nanostructured plasmonic biosensors considering
the previously described benefits and the low levels of
secreted biomarkers (~pM-nM) to detect. Here, we present
an integrated plasmonic nanocrystals-based biosensor us-
ing high throughput nanostructured polycarbonate sub-
strates. Metallic film thickness and incident angle of light
for reflectance measurements were optimized to enhance
the detection of antibody—antigen biorecognition events
using numerical simulations. We achieved an enhancement
in biodetection up to 3x as the incident angle of light de-
creases, which can be related to shorter evanescent decay
lengths. We achieved a high reproducibility between
channels with a coefficient of variation below 2% in bulk
refractive index measurements, demonstrating a high
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potential for multiplexed sensing. Finally, biosensing po-
tential was demonstrated by the direct and label-free
detection of interleukin-6 biomarker in undiluted cell cul-
ture media supernatants from bioengineered 3D skeletal
muscle tissues stimulated with different concentrations of
endotoxins achieving a limit of detection (LOD) of =
0.03 ng/mL (1.4 pM).

Keywords: interleukin-6; label-free biosensing; plasmonic
nanostructures; skeletal muscle; tissue engineering.

1 Introduction

The increasing demand for high throughput analytical
platforms that are reliable and, at the same time, versatile,
highly sensitive, easy to use, and compact, have provided
considerable innovation in the design of biosensor devices
in the last years over a wide field of applications ranging
from the development of point of care devices [1-3] to
the development of platforms for biomarkers release
detection in 2D and 3D cell cultures [4]. Related to the
latter, in vitro 3D tissue models have the potential to study
the physiological and pathological responses of biological
processes in an easy, accurate, and controllable manner
[5]. Remarkably, bioengineered 3D tissues have emerged as
powerful tools for preclinical studies. As an example, drug
screening platforms based on 3D muscle tissue models are
promising tools to find treatments for muscular dystro-
phies [6, 7]. The detection of changes in biomarkers
secretion is fundamental to understand the role of specific
proteins in the regulation of biological processes and to
study the evolution of a disease or the response to treat-
ments in these preclinical platforms. However, the low
levels of secreted proteins by in vitro 3D tissue models
(usually in the pM—nM range) in complex cell culture me-
dia make challenging their direct detection [8] (Table 1).
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Among all the biosensor devices, those based on
plasmonic nanostructures have been the subject of great
scientific interest because of the potential benefits they
can offer in integration, miniaturization, multiplexing
opportunities, simplicity in the detection schemes, and
enhanced performance for direct and label-free bio-
detection in a wide field of applications as the novel
counterpart of the well-established plasmonic sensor [9].
However, to achieve fully operative nanostructured-
based plasmonic biosensing platforms, several chal-
lenges must be surpassed, such as high throughput
sensor fabrication techniques and nanostructures with
enhanced surface sensitivity for low concentration/mo-
lecular weight analytes [9]. Although there have been
some interesting approaches that try to solve some of
these aspects, some of them either still require bulky
detection schemes based on prism coupling [10, 11] or are
based on complex and expensive fabrication processes,
which limit their applicability outside the laboratory
environment [12, 13]. Even more, only a limited number of
approaches consider that bulk refractive index sensi-
tivity, frequently used as a metric for performance, is not
an appropriate benchmark for biosensing performance
evaluation due to the divergence of the bulk and surface
sensitivities [14-17].

Based on these considerations, we present a high
throughput multichannel nanostructured plasmonic
biosensor based on industrially produced Blu-ray as 1D
nanocrystals containing substrates [18] for the sensitive,
direct, and label-free detection of interleukin-6 in cell

Table 1: Comparison of different biosensing technologies for
cytokine biodetection in cell culture.

Biodetection method Type of assay Limit of detection

Electrochemical [23] Sandwich assay (IL-6) 8 ng/mL
(2nd antibody)
Labeled sand-

wich assay (2nd

Magnetic+Electrochemical [4] (IL-6) 20 pg/mL

antibody)
Electrochemical silicon nano- Direct and label- (IL-4 and IL-2)-
wires [53] free assay = 39-65 fg/mL

Kretschmann SPR [24]
Gold-capped nanopillars [26]

Gold nanoparticles coated fi-
ber optic [52]

Plasmonic nanocrystals®

Sandwich assay
(2nd antibody)

Direct and label-

free assay
Labeled sand-
wich assay (2nd
antibody)

Direct and label-

free assay

(IL-6) 1.3 ng/mL
(IL-6) 10 ng/mL

(IL-6) 1 pg/mL

(IL-6) = 30 pg/mL

This article.
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culture supernatant from 3D skeletal tissues (see Figure 1).
The present approach provides a high degree of controlled
reproducibility while involving cost-effective fabrication,
with a similar bulk refractive index sensitivity and a
competitive biosensing performance compared to those
obtained with engineered plasmonic nanocrystals [19-21].
In a first step, finite-difference time-domain (FDTD)
numerical simulations were performed to optimize the
metallic film thickness layer and the angle of incidence of
light under reflectance detection scheme to enhance the
plasmonic detection of antibody-antigen biorecognition
events. The sensors were fabricated considering numerical
simulations for optimal metallic film thickness layer
with straightforward and reproducible processes. A
multichannel polymethacrylate flow cell was used with
patterned microfluidics obtained using a cost-effective
medical-grade double-sided adhesive tape to achieve an
integrated biosensor.

The sensors were optically characterized under
transverse-magnetic (TM) polarized white light at different
angles of incidence of light to evaluate their bulk sensitivity
and biosensing performance, the last, using the insulin/
anti insulin biorecognition event as a model to contrast the
experimental results with numerical simulations with an
increase up to 3x in biodetection at low incident angles of
light; insulin was selected as a model due to their low
molecular weight and low dimensions. Finally, the po-
tential for biosensing was further explored in bioengi-
neering 3D tissues. It was performed direct and label-free
detection of interleukin-6 (IL-6) biomarker in undiluted cell
culture media supernatants of bioengineered 3D skeletal
muscle tissues based on encapsulated skeletal muscle
myoblasts micropatterned hydrogels and stimulated with
different concentrations of endotoxins (lipopolysaccha-
rides). IL-6 is secreted by the damaged muscle tissue and
activated leukocytes due to stimulating the innate immune
system [22]. The secreted IL-6 concentration in cell culture
media supernatants from 3D skeletal muscle tissues
increased with endotoxins concentration in good agree-
ment with previous reports [4, 23]. Finally, we achieve
direct detection of IL-6 in undiluted cell culture media
supernatants with a limit of detection (LOD) at least one
order of magnitude better compared to other plasmonic
and nanoplasmonic biosensing platforms [24-26], and
similar to those obtained by electrochemical biosensing
platforms using indirect detection (secondary antibody
sandwich assay) [4, 23]. These results demonstrate the
potential use of the presented biosensors for direct and
label-free monitoring of secreted biomarkers in bio-
engineered 3D tissues and organoids.
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Figure 1: Schematic representation for developing a high throughput multichannel 1D plasmonic nanocrystals-based sensing platform for
monitoring IL-6 levels in cell culture media supernatants from bioengineered 3D skeletal muscles.

2 Materials and methods
2.1 FDTD simulations

3D FDTD simulations were carried out using commercial software
(FDTD solution, Lumerical, Inc., Vancouver, Canada). Structural pa-
rameters of the Blu-ray discs utilized in the simulations (i.e., a grating
period of 320 nm, grating width of 100 nm, and a height of 20 nm) were
as claimed to Atomic Force Microscopy (AFM) images from previous
results [27]. Periodic boundary conditions were used on the x and y-
axis, and the perfectly matched layers (PML) approach was used on
the z-axis, with a uniform mesh size of 2 nm on all axes. The FDTD
simulations were carried out in the range from 400 to 1000 nm under
TM-polarized light with a variable oblique incidence angle of light
(20-60°). The optical constants of the polycarbonate and gold were
considered from Sultanova et al. [28] and Wakaki et al. [29], respec-
tively. The refractive index of the biolayer was fixed to n = 1.45 RIU,
according to previous reports [30].

2.2 Fabrication and integration of the 1D plasmonic
nanocrystals chip

Single-layer recordable Blu-ray discs (43743, Verbatim, Taiwan) were
used after the removal of their protective (thin polycarbonate) and
reflective (aluminum) films. Reflective films were removed by cutting
the disc in individual plasmonic chips (size 5.6 cm? and then
immersed it in a hydrochloric acid solution (2 M HCI) overnight. Pol-
ycarbonate substrates were rinsed with deionized water and nitrogen
dried. Sensing area chips were covered with a patterned adhesive vinyl
stencil sheet (250 pm) as an evaporation mask placed in a vacuum
deposition system (Univex 450B, Oerlikon Leybold, Germany). A
70 nm thick layer of gold was deposited by resistive thermal evapo-
ration (1A/s). The microfluidic system for carrying out the biodetection
in solution was developed using a patterned microfluidic multi-
channel in a 140 pm thick double-sided adhesive tape sheet (Mcs-foil-
008, Microfluidic ChipShop GmbH, Germany). The proposed design
integrates six individual channels with the potential for multiplexed

biodetection. A 2 mm tick patterned polymethyl methacrylate (PMMA)
lid was added as a cover to facilitate the fluidic tubes’ connection.

Chips were clamped to a custom-made optical platform for
reflectance measurements. The chips were connected to a microfluidic
pressure pump (OB1 Mark I, Elveflow, France), with adjustable pump-
ing speed guaranteeing a constant liquid flow. Reflectance measure-
ments were performed under TM-polarization of a compact stahilized
broadband light source (SLS201L, Thorlabs, Germany) at a variable
angle that ranges from 20 to 60°. The incident excitation plane was
perpendicularly aligned to the nanograting direction. The reflected light
was collected and fiber-coupled to a compact charge-coupled device
(CCD) spectrometer (Exemplar UV-NIR, BWTek, Germany). Reflectivity
spectra were acquired every 1 ms, and 50 consecutive spectra were
measured and averaged to provide the final spectrum. These acquisition
parameters were selected to obtain the optimum signal-to-noise (S/N)
ratio without significantly increasing the data acquisition time. Changes
in the resonance peak position (ASPR) were tracked via peak analysis
using Origin 2018 software (OriginPro, OriginLab Co., Northampton,
USA). Reflection spectra were collected in water (n = 1.3329 RIU), and
HCl solutions in water (ranging between 1.3426 and 1.3623 RIU) were
used to determine the bulk refractive index sensitivity of the 1D plas-
monic nanocrystals-based sensor.

2.3 Surface biofunctionalization of 1D plasmonic
nanocrystals and antibody detection assays

Self assembled monolayer (SAM) formation (11-mercaptoundecanoic
acid, MUA), (l-ethyl-4 (3-dimethylaminopropyl)) carbodiimide
hydrochloride (EDC), and sulfo-N hydroxysuccinimide (s-NHS) for
carboxylic groups activation and ethanolamine were acquired to
Merck (Germany). Gold chips were cleaned and activated for surface
functionalization by performing consecutive rinsing with ethanol and
deionized water, drying with N2 stream, and finally by placing them in
a UV ozone generator (ProCleaner, BioForce Nanoscience, USA) for
20 min. An alkanethiol self assembled monolayer (SAM) with reactive
carboxylic groups was obtained by coating the sensor chip with
2.5 mM MUA in ethanol overnight at room temperature. Then, the
surface was rinsed with ethanol and carefully washed with MES buffer.
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Immobilization of the insulin/interleukin-6 antibodies was per-
formed ex-situ. Activation of the carboxylic groups were performed
using a solution of 0.2 M EDC/0.05 M sulfo-NHS in (2-ethanesulfonic
acid) MES buffer (25 mM pH 5.7) for 40 min. After washing steps using
MES buffer, 50 pg/mL of mouse insulin (NB100-73008, Novus Bio,
USA)/interleukin-6 (554400, BD Pharmingen, USA) antibody solution
in (phosphate buffer) PB (10 mM pH 7.4) was dropped for 120 min.
Furthermore, the sensor was submerged on an ethanolamine solution
50 mg/mL prepared in PB 10 mM pH 7.2 for 15 min to block unreacted
remaining active carboxylic groups. Later washing steps using 2 mM
HCI and PBS+0.1% BSA were performed to remove excess ligand and
ethanolamine that is noncovalently bound and fill nonspecific binding
sites. Finally, sensing areas were dried with an N, stream and bonded
to the microfluidic channels, and placed in the optical platform, and
filled with PBS for optimization and assessment studies.

Different IL-6 protein (200-02, Shenandoah Biotech, USA) con-
centrations diluted in Dulbecco’s Modified Eagle Medium (DMEM) cell
culture media flowed over the functionalized surface at 30 pL/min.
Calibration curves were fitted to a one-site specific binding model.
Data points for each concentration were collected 30 min after injec-
tion. A fixed concentration (250 ng/mL) of insulin protein (91077-C,
Merck, Germany) in PBS (10 mM pH 7.4) was flowed over the func-
tionalized surface to contrast the experimental results with the nu-
merical simulations at different incident angles of light using the
insulin/anti insulin model.

2.4 Cell culture

Murine C2C12 skeletal muscle myoblasts (ATCC, CRL-1772) were grown
in Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g/L glucose, Gibco)
supplemented with 1% penicillin-streptomycin (P/S, 10,000 U/mL,
Thermofisher) and 10% fetal bovine serum (FBS, Gibco) at 37 °C and in
a 5% CO, atmosphere. To induce differentiation into myotubes, the
medium was changed to a differentiation medium, consisting of
DMEM, supplemented with 2% horse serum (Thermofisher) and 1%
penicillin/streptomycin.

2.5 Prepolymer preparation

Gelatin methacryloyl (GelMA) and carboxymethyl cellulose methacrylate
(CMCMA) were synthesized as previously described in [31]. Both prepol-
ymer and the photoinitiator lithium phenyl (2,4,6-trimethylbenzoyl)
phosphinate (LAP, TCI Europe N.V.) were dissolved in MDM at 65 °C for
2 h. The concentrations of GelMA, CMCMA and LAP were fixed to obtain
final concentrations of 5%, 1% and 0.1% (w/v), respectively.

2.6 Cell encapsulation in 3D microstructured hydrogels

Cell-laden 3D microstructured hydrogels were fabricated on top of
PEGDA-coated glass coverslip using a photomold patterning tech-
nique, as described in [7]. Briefly, to encapsulate cells in micro-
patterned hydrogels, we mixed the prepolymer solution with a cell
suspension in a growth medium to obtain a final concentration of
2.5 x 107 cells mL™". Then, an 8 pL drop of the cell-laden prepolymer
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was placed on a PEGDA-coated glass coverslip, and a PDMS stamp was
pressed lightly on top, filling the microchannels with the solution. The
hydrogels were crosslinked by UV exposure of 30 s using the UVP
Crosslinker. MDM was added to each sample, and stamps were care-
fully removed after 20 min of incubation at 37 °C. Two days after cell
encapsulation, the medium was replaced with a differentiation me-
dium to induce myotubes maturation. Encapsulated cells were
differentiated for up to 10 days, with culture media being replaced
every two days.

2.7 Immunofluorescence staining

Bioengineered muscle tissues were fixed with 10% formalin solution
(Sigma-Aldrich) for 30 min at room temperature (RT), followed by
several washes in PBS. Samples were then permeabilized with PBS-T
(0.1% Triton-X [Sigma-Aldrich] in PBS), blocked (0.3% Triton-X, 3%
donkey serum [Sigma-Aldrich] in PBS) for 2 h at RT, and incubated
with 1:200 anti-SAA primary antibody (Sigma-Aldrich) at 4 °C over-
night. After several PBS-T washes, the samples were incubated for 2 h
with the Alexa fluor-488-conjugated anti-mouse secondary antibody
(Invitrogen) at RT. Finally, the samples were counterstained with DAPI
(4’,6-diamidino-2-phenylindole, Life Technologies) to detect the
nuclei. Fluorescence images were taken as Z-stacks with a ZEISS
LSM800 confocal laser scanning microscope.

2.8 Lipopolysaccharide stimulation assay

To evaluate the effect of lipopolysaccharide (LPS) in IL-6 secretion,
bioengineered 3D skeletal muscle microtissues were treated with
different concentrations of LPS diluted in a differentiation medium.
Encapsulated cells were differentiated for 7 days, then 3D microtissues
were treated with LPS at 0.5, 1, and 10 pg mL™" for 48 h. Cell super-
natants were analyzed with our nanostructured plasmonic biosensor
using the differentiation medium as a control. Three replicas for each
condition were analyzed.

2.9 Limit of detection (LOD) and working range (WR)
estimation

The standard curves were fitted to a four-parameter equation ac-
cording to the following formula: Y = [(A — B)/1 - (x/C)"] + B where A is
the maximal signal, B is the minimum, C is the concentration pro-
ducing 50% of the maximal signal, and D is the slope at the inflection
point of the sigmoid curve. The calculation of parameters of the cali-
bration curve was based on analytical methodology [32]. For a stan-
dard curve, the LOD was calculated based on the value of three times
the standard deviation of the value of the lowest concentration. The
biosensor’s working range (WR) was calculated considering the anti-
gen concentration range between 10 and 90% of the dynamic signal
range, according to Chiavaioli et al. [33]. The software used for this
fitting and statistics was GraphPad Analysis Software using a dose—
response four-parameter fitting model. All the measurements were
performed in duplicate.
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3 Results and discussion

3.1 Simulation, fabrication, and
characterization of 1D plasmonic
nanocrystals.

In order to optimize the metallic film thickness layer and
the angle of incidence of light under a reflectance detection
scheme to enhance the plasmonic detection of antibody—
antigen biorecognition events, we perform optical simu-
lations. Figure 2 summarizes FDTD simulation results.
Metallic capped 1D plasmonic nanocrystals based on Blu-
Ray disc nanostructured substrates were simulated using
the FDTD method. Different gold thickness layers between
40 and 90 nm were simulated at a fixed 20° oblique inci-
dence angle of light in a reflectance scheme under aqueous
media (1.33 RIU). To determine the optimal gold layer
thickness for the detection of antibody-antigen bio-
recognition events, a 10 nm biolayer (1.45 RIU) was added
to the FDTD model. This biolayer thickness was estimated
considering a nonoriented antibody immobilization
(6-7 nm height) and a low dimension protein target (insulin
= 5.8 kDa and molecular diameter = 3 nm) [34-36]. For bulk
refractive index sensitivity estimation, a significative
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refractive index change in aqueous media was simulated
(An = 0.02 RIU, 1.35 RIU). As can be observed in Figure 2A,
below a 50 nm gold thickness layer, the plasmonic reflec-
tance spectra lose sharpness mainly due to the strong
interaction of the plasmonic wave with the underlying
substrate [27]. However, above 80 nm gold thickness layer, a
substantial decrease in the plasmon-exciton coupling is
observed. The maximum plasmon-exciton coupling is
achieved with a gold layer around 60-70 nm. On the other
hand, as can be observed in Figure 2B although the bulk
refractive index sensitivity increases with the gold layer
thickness, the maximum surface sensitivity is achieved with
a layer around 65-70 nm. The latter agrees with previous
reports: in plasmonic biosensors based on high-ordered
nanostructures, bulk refractive index sensitivity diverges
from surface sensitivity due to the presence of different
photonic coupling effects (i.e., cavity coupling or diffractive
coupling) [37]. Consequently, bulk sensitivity is not an
appropriate benchmark for biosensing performance evalu-
ation in this type of nanostructures [14-16, 37].

Once the gold layer thickness was optimized, to eval-
uate the optimal incident angle of light for the selected
biolayer thickness, different incident angles of light be-
tween 20 and 60° were simulated. Figure 2C shows the
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Figure 2: FDTD simulations of the proposed 1D plasmonic nanocrystals for optimized plasmonic biosensing.

(a) FDTD simulated reflectance under TM-polarization with a fixed light incident angle of 20° for different Au layer thicknesses. (b) Influence of
the different Au thickness in the sensing and biosensing performance of the plasmonic nanostructures. (c) FDTD simulated reflectance change
with the addition of a 10 nm biolayer under different light incident angles (20°-60°). (d) Influence of the different incident angles of light
simulated in the sensing and biosensing performance of the plasmonic nanostructures. Simulated electric field distribution of the 70 nm Au
coated plasmonic nanostructures under 20° (e), 40° (f), and 60° (g) light incidence angles.
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reflectance spectra for a 70 nm gold layer thickness under
different incident angles of light and the displacement of
the plasmonic band with the addition of the 10 nm biolayer.
As expected, as the incidence angle increases, the plas-
monic band displace to the near-infrared region. This
phenomenon can be described by the Bloch wave surface
plasmon polariton mathematical model, when the Bragg
condition for one-dimensional periodic metallic nano-
structure is satisfied as has been previously described [18,
38, 39]. The observed decrease in the full width at half
maximum (FWHM) of the plasmonic band under high
incidence angles of light is related to the coupling of
the native plasmonic resonances of the metallic nano-
structures and surface lattice resonances due to the high
ordered plasmonic nanocrystals behave as a grating [38,
40]. Increasing the angle of the incident light, the energy
scattered from a nanostructure is collected by neighboring
nanostructures, decreasing radiative losses and conse-
quently narrowing and deepening the plasmonic bands
[41]. The sensing results are summarized in the plots of
Figure 2D. While there is an increase in bulk sensitivity
with high incident angles of light, the surface sensitivity
decreases. The last is related to the previously described;
the decrease of radiative losses with high incident angles of
light increases the evanescent field penetration length,
enhancing the bulk refractive index sensing performance.
On the other hand, as biomolecules are usually detected at
a close distance to the surface, this extended evanescent
field penetration length can diminish their performance
[42, 43]. The latter can be observed in Figure 2E-G with an
increase in the intensity of the electric-field distribution
and the evanescent field penetration length as the incident
angle of light increases. Different biolayer thicknesses were
simulated under different incident angles of light to
analyze the influence of extended evanescent field pene-
tration lengths in the biosensing performance of the pre-
sented plasmonic nanostructures. S1A and B show the
displacement of the plasmonic band under 20 and 40°
incident angles of light with biolayer thicknesses in a range
0f 10-90 nm. As summarized in Figure S2A, the shift of the
plasmonic band (A1) decreases at high incident angles of
light. However, applying the first derivative to the curves in
Figure S2A, it is observed in Figure S2B that high incident
angles of light can improve the biodetection on tick bio-
layers (60 nm) due to the extended evanescent field decay
length. This extended decay length at high incident angles
of light could be helpful in the biodetection of larger bio
targets (i.e., viruses or exosomes) [37].

Considering the FDTD simulations results, metallic
capped 1D plasmonic nanocrystals were fabricated with a
70 nm gold thickness layer taking advantage of the precise
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and large area of nanostructured array present in com-
mercial Blu-ray discs and the excellent adhesion of gold to
polycarbonate, eliminating the use of adhesive layers
(i.e., Ge, Cr or Ti) that can diminish the plasmon—exciton
coupling by increased Ohmic plasmon losses [27]. As it is
shown in Figure 3A, individual sensing areas were fabri-
cated to allow multiple assays per chip. The diffraction of
light and scanning electron microscopy (SEM) image in
Figure 3B demonstrate the presence of high-ordered cap-
ped gold nanostructures. The sensors were characterized
using the variable angle reflectance experimental set-up
shown in Figure 3C. As shown in Figure 3D, similar
behavior is observed between the FDTD simulations and
the experimental reflectance spectra of the fabricated
plasmonic nanocrystals with a displacement to the near-
infrared region and a narrowing of the plasmonic band
with high incident angles of light. The differences in the
resonance peaks between the simulated and fabricated
nanocrystals are mainly due to geometrical differences in
the simulations (nanocrystals are radial to the Blu-ray
disc’s circumference, differences in dimensions and
shape). The batch-to-batch fabrication reproducibility of
the sensors and the sensing reproducibility between
channels were assessed by analyzing the reflectance
spectra of 15 chips from three different fabrication batches
in random sensing areas and the reflectance spectra of
different solutions HCl in water in a random chip flowed
over the six sensing channels. Analyzing the reflectance
spectra presented in S3A, the centroid of the plasmonic
band has a mean value of 625.98 + 0.61 nm with a coeffi-
cient of variation of only 0.1%. It can be observed in the
figure a very low dispersion in the centroid of the plas-
monic band for the 15 samples.

Furthermore, Figure 3E shows the six calibration curves
obtained by flowing different HCl solutions over the six
sensing channels at 40° (incidence angle of light), achieving
a bulk refractive index sensitivity of 330.29 + 5.35 nm/RIU
with a coefficient of variation below 2%. Overall, the high-
throughput fabrication process of Blu-ray discs at an in-
dustrial scale and the simple fabrication process of the
plasmonic nanocrystals contribute to the achievement of
highly reproducible substrates. The low coefficient of vari-
ation between fluidic channels offers a high potential plat-
form for performing multichannel or multiplexed sensing
assays. The sensing performance experimental results
versus incident angle of light are summarized in Figure 3F.
As can be observed in Figure 3F the plots have similar
behavior to those obtained by FDTD simulations, with a
decrease of the FWHM and biodetection performance and an
increase in bulk refractive index sensitivity with high inci-
dent angles of light. As we mentioned before, to estimate the
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Figure 3: Fabrication and characterization of the multichannel 1D plasmonic nanocrystals-based biosensor.

(a) Photography of a 70 nm Au evaporated Blu-Ray disc substrate and the characteristic diffraction of light. (b) SEM photograph of the
fabricated plasmonic nanocrystals. (c) Experimental set-up including the optical detection scheme and the microfluidic system. The insert
shows the multichannel integrated sensor. (d) Variation of the reflectance spectra in the water of the plasmonic nanocrystals under different
lightincidence angles. (e) Calibration curves and bulk sensitivity reproducibility between the six channels for the proposed plasmonic sensor.
(f) Influence of the different incident angles of light in the sensing and biosensing performance of the plasmonic nanostructures.

optimal incident angle of light for biosensing (the incident
angle of light with the highest plasmonic shift AA after the
biorecognition event), we used the insulin/anti insulin
model using a fixed protein target concentration. The sur-
face sensitivity at 40° was slightly higher than those ob-
tained at 20 and 30° without a significant difference between
them. However, the lowest standard deviation in the mea-
surements was achieved at 40°. Considering the slightly
improved surface sensitivity and the low standard devia-
tion, 40° was selected as the incident angle of light for the
subsequent measurements. The differences between the
optical and experimental results can be related to the fact
that nanocrystals are radial to the Blu-ray disc’s circumfer-
ence, which could influence the plasmonic coupling [44].
The highest plasmonic shifts after binding were achieved at
low incident angles of light (see Figure S3B) with an increase
in Al up to 3x at incident angles below 45° versus 60°; these
results are in agreement with previous reports [42, 43]. We
achieved a bulk sensitivity in a range between =315 (at 20°)
to 345 (at 60°) nm/RIU, which is highly competitive and
similar to those obtained with engineered plasmonic
nanograting or nanocrystal-based sensors [19-21]. Finally,
although the Blu-Ray disc-based nanocrystals have fixed

structural dimensions (height and period) limiting the
tunability and performance considering that the grating
depth affects the radiative loss and, as a consequence the
plasmonic coupling [45, 46] when compared to other ap-
proaches, there are still opportunities to improve even more
their potential for biosensing using other plasmonic mate-
rials such as graphene [47] and nanoporous gold [48], or
using novel deposition techniques such as glanced angle
deposition [49] to partially tune the geometry of the plas-
monic nanostructures making them a powerful strategy for
the development of fast, cost-effective, and high throughput
plasmonic nanocrystal-based sensing devices.

3.2 Biosensing evaluation with the
integrated platform

To assess the biosensing capabilities of the developed in-
tegrated plasmonic nanocrystals biosensor, we use an
endotoxin stimulation assay in bioengineered 3D skeletal
muscle tissues and detect the secretion of IL-6 by muscle
cells. IL-6 is four times bigger than insulin, the core protein
is ~20 kDa, and glycosylation accounts for 21-26 kDa of
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natural IL-6 [50]. Optimal set-up conditions (70 nm gold
layer thickness and 40° angle of incidence) for the bio-
recognition of this biomolecule size were taking into
account.

We first biofabricated the 3D muscle microtissues us-
ing a photomold encapsulation protocol already devel-
oped in our group [7]. C2C12 myoblasts were encapsulated
in micromolded GelMA-CMCMA hydrogels on top of
PEGDA-coated coverslips (Figure 4A). Seven days after the
induction of muscle differentiation, we check the correct
alignment and fusion of muscle cells via phase-contrast
microscopy (Figure 4B, C). Moreover, confocal microscopy
confirmed the maturation of the bioengineered tissue after
staining with the skeletal muscle marker sarcomeric alpha-
actinin (SAA) (Figure 4D, E).

The 70 nm gold film layer nanostructured substrate
was modified by forming a self-assembled monolayer
(SAM) with a carboxylic acid. Carboxylic groups (—COOH)
were activated employing the carbodiimide chemistry,
which results in an NHS ester intermediate highly reactive

(a) PDMS stamp

C2C12 cells + GelMA + CMCMA + LAP

PEGDA coated coverslip

< < UVlight -
i B RRRAEE

polymerization

perri
bioengineered skeletal
muscle tissues

Figure 4: Bioengineered 3D skeletal muscles in GelMA hydrogels.
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to primary amines (NH2) present in the IL-6 antibodies. The
chemical procedure is well established, and it generates
highly stable amide bonds. The immobilization was per-
formed ex-situ. As has been previously reported, this
immobilization can improve the final biodetection perfor-
mance of the biosensors [51]. The detection of different
concentrations of IL-6 protein spiked in DMEM cell culture
media (from 0.1 to 500 ng/mL) was performed with an
incident angle of light of 40°, and they showed an excellent
spectral evolution under an additive assay (see Figure 5A).
We were able to achieve a LOD of 0.03 ng/mL (=1.4 pM),
and a working range (WR) of 0.19-417.47 ng/mL, respec-
tively (see the calibration curve in Figure 5B). The achieved
LOD of IL-6 is at least one order of magnitude lower than
those previously obtained by conventional prism coupled
plasmonic [24] and nanoplasmonic [25, 26] refractometric
biosensing based on gold-capped nanopillars in direct and
label-free assays, and similar to those obtained by elec-
trochemical biosensing platforms using indirect detection
(secondary antibody sandwich assay) in cell culture media

(a) Fabrication protocol to obtain 3D skeletal muscle tissues. hydrogels. A PDMS was used to fabricate cell-laden micropatterned
GelMA-CMCMA hydrogels on top of PEGDA-coated glass coverslips by photopolymerization with UV light. (b—c) Microscope images of cell-
laden micropatterned hydrogels. (d—e) Representative confocal microscopy images of 3D skeletal muscle microtissues stained for the muscle
maturation marker sarcomeric a-actinin (SAA, green) and nuclei (DAPI, blue) after 10 days in differentiation conditions.
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supernatants [4, 23]. Although the presented plasmonic
biosensor has low sensitivity compared to those based on
gold nanoparticles coated fiber optic [52] or those based on
electrochemical silicon nanowires [53], we can remark two
advantages: the presented plasmonic biosensor achieves
direct and label-free biosensing in comparison with
labeled indirect assay (fluorescent second antibody sand-
wich assay) presented on gold nanoparticles coated fiber-
optic biosensors, and it is fabricated by a hight-throughput
lithography-free method.

To induce the secretion of IL-6 by skeletal muscle tis-
sues, we treated the 3D cultures with different concentra-
tions of LPS for 48 h (Figure 5C). Then the supernatants of
the treated tissues were analyzed using the plasmonic
biosensor. We observed a dose-dependent increase in
secreted IL-6 protein (Figure 5D). The supernatants of tis-
sues that were not treated with LPS had a basal signal of
IL-6 protein similar to the observed when analyzing the cell
medium as a control (CNT). Therefore, and as it was
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expected, there is no IL-6 secretion, but it is not induced
with endotoxin treatment. Interestingly we detected a sig-
nificant increase of secreted IL-6 by bioengineered tissues
treated with LPS at 10 pg mL™. On a note, levels of IL-6
detected with our plasmonic biosensors were similar to
previously reported endotoxin assays where IL-6 concen-
tration was determined by ELISA or using electrochemical
sensors [4, 23].

Finally, although ELISA is still the most common
methodology used to determine relevant biomarkers in cell
culture media [54], ELISA needs label detection, usually by
secondary or sandwich reaction with time-consuming
multiple steps and reagents [55]. Therefore, the potential
for a direct, label-free, and real-time quantification of
biomarkers in cell culture media can be highly valued to
monitor the segregation of biomarkers from bioengineered
3D tissues or organoids and their dynamics to drugs or
physical/chemical stimulus. The proposed nanostructured
plasmonic biosensor provides a fast and reproducible

1,0 b
(@ () 4 R?=0.98
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0.8+ 3] WR=019-417.47ngmi
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Figure 5: 1L-6 biodetection in 3D skeletal muscle supernatants by 1D plasmonic nanocrystals.

(a) Plasmonic band displacement with different concentrations of spiked cell culture media in an additive assay. (b) Calibration curve for the
detection of the IL-6 in cell culture media supernatants (n = 2). (c) Schematic representation of the stimulation assay of 3D skeletal muscle
tissues with different concentrations of endotoxins. (d) IL-6 secretion changes with the concentration of endotoxins.
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fabrication and a high biosensing performance in cell
culture media while minimizing the optical set-up
complexity being unnecessary using prism coupling.
Overall, these results reflect the promising performance of
these high throughput plasmonic nanostructures, with
high potential to implement competitive devices for direct,
label-free, and real-time quantification of biomarkers from
bioengineered 3D tissues or organoids. Future efforts will
be focused on real-time and multiplexed biosensing for
developing monitoring platforms for cell cultures.

4 Conclusions

This work has developed high throughput and sensitive
multichannel nanostructured plasmonic biosensor based on
industrially produced Blu-ray as 1D nanocrystals containing
substrates. By optimizing the metallic film thickness and
incident angle of light, an improvement of up to 3x in bio-
sensing experiments was achieved. In contrast to other
engineered plasmonic crystals, we took advantage of the
industrial scale fabricated 1D nanocrystals present in Blu-ray
optical discs to achieve highly reproducible multichannel
sensor chips batch to batch. The nanostructured plasmonic
biosensors allowed us to monitor IL-6 secretion over time to a
chemical stimulus based on different concentrations of en-
dotoxins (lipopolysaccharides) in an in vitro bioengineered
3D skeletal muscles model. The nanostructured plasmonic
biosensor represents a valuable tool to study the biomarker
segregation to chemical stimulus in vitro. A LOD in the pM
order in the undiluted cell culture supernatant was achieved
without amplifying or pretreatment of the sample. Due to its
high versatility and straightforward integration in organ-on-
a-chip platforms, the presented plasmonic nanomaterial is
an exciting candidate for developing sensing platforms for
cell cultures.
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