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Multiplexed Bio-detection on an Interferometric Optical

Waveguide Assembly

Oleksii Bratash, Rémi Courson, Laurent Malaquin, Thierry Leichle, Arnaud Buhot,

Loic Leroy, and Elodie Engel*

Multiplexed remote bio-detection is demonstrated through an optical
waveguide assembly coated with interferometric layers. Image conduits (IC)s,
composed of 3012 individual cores, are coated with interferometric layers of
tantalum pentoxide (Ta,O;) and silica (SiO,) to transform each core into a
sensitive sensor. The spectral response of the IC as a function of refractive
index (RI) changes is obtained and compared with the simulated one. The
experimental sensitivities and resolutions of individual cores of the waveguide
are assessed in remote detection mode by imaging through the optical
assembly. For 75% of the cores, a sensitivity better than 510%. RIU~" (RI
Unit) is obtained, corresponding to a resolution better than 7 x 10~ RIU.
Furthermore, the coated face of IC is functionalized with two localized arrays
of hundred-micrometer droplets containing two different oligonucleotide
(ODN) probes using a polymeric 3D-printed microcantilever. Hybridization of

1. Introduction

When medical imaging combined with
biochemical analysis of biological fluids
(typically blood analysis) proves insuffi-
cient to establish a diagnosis, it is nec-
essary to perform biopsies. Far from be-
ing innocuous, biopsies have many draw-
backs, including pain, risk of bleeding
or infection, and delays in treatment due
to sample preparation steps. To limit
these drawbacks, researchers and physi-
cians are developing less invasive tech-
niques, including the use of fine, hol-
low needles,' sometimes combined with
suction.[?! These needles can be guided

complementary ODN strands is detected for one of the probes, the second
being a negative control. Interaction kinetics are monitored in functionalized
areas by grouping several cores or on individual cores. Thus, multiplexed
bio-detection on the surface of an interferometric waveguide is demonstrated
for the first time paving the way for applications in multiplex in situ

biosensing, and, ultimately, in vivo endoscopic diagnosis.
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by computers or robots,}] with real-time
imaging (Magnetic Resonance Imaging,
ultrasound). Tissues are then analyzed
in the laboratory. An even less invasive
method has been gaining ground over
the last ten years: liquid biopsy. Initially
dedicated to the early identification of
cancerous pathologies from circulating
tumor cells,!*l it is now being extended
to other targets such as extracellular vesicles or nucleic acids
present in patients’ body fluids (blood, cerebrospinal fluid,
urine).[>¢] Here too, analysis and diagnosis are delayed. Unlike
needle biopsies, liquid biopsies are not localized. In this context,
the use of optical fiber (OF) biosensors capable of performing
multiplexed molecular in situ analysis, in real-time and without
target labeling would ultimately enable faster (real-time), mini-
mally invasive, and localized (in situ) analyses that could be cou-
pled with imaging (via OF bundles). Implementing this “opti-
cal” biopsy offers enormous development potential for healthcare
technologies, especially when diseased sites are difficult to ac-
cess. This is the case for brain diseases whose evolution depends
on the environment of the lesions.[”! Knowledge about this envi-
ronment, which is difficult to reach by conventional biopsy, could
prove to be useful in the treatment of associated pathologies. Al-
though OFs are theoretically well suited to in vivo biosensing,
they are not yet used in practice for such purposes. The main
reason is that there is still a long way to go between laboratory
experiments and the requirement of real medical applications.
There are numerous fiber-based biosensors described in the lit-
erature, operating in transmission or reflection modes, which are
based on different label-free transduction principles, such as sur-
face plasmon resonance (SPR),®%) lossy mode resonances!1%11]
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or interferometric.['213] For a general review of the use of OF
in label-free biosensing, the reader may refer to the following
papers.['*15] Among this variety of fiber-based biosensors, those
having a sensitive zone at the fiber tip are the most suitable
for in vivo molecular diagnostics. Indeed, one significant ad-
vantage of the tip-based sensing approach is that the biosensor
works in reflection mode, where the molecular recognition ele-
ment is immobilized at the tip of the fiber, allowing the biosen-
sor on the OF to be easily placed at the exact site of disease. In
this case, detection is more localized and limited by the fiber
tip or core size. Focusing solely on this particular configuration
and interferometry-based biosensors, we can mention several de-
vices that have demonstrated proof of concept for biosensing.
For example, Wang et al. spliced one of the ends of a thin-core
fiber with a single-mode fiber and then melted the opposite end
of the thin-core fiber to form a rounded tip.['®) The functional-
ized tip of the fiber biosensor was validated for glucose detec-
tion in the 10 uM-10 mM range. Configuration closer to con-
ventional Michelson interferometer was developed on the ba-
sis of dual-core fiber.['” One core was functionalized with an-
tibodies, whereas the second played the role of reference. The
antigen binding to the antibodies, considered as an increase in
the optical path, led to phase modulation, allowing the detec-
tion of 160 pug mL~! of rabbit IgG. Wang et al. proposed a Fabry-
Perot interferometer (FPI) biosensor with a multilayer functional
structure composed of epoxy resin and graphene oxide layers.
Beta-cyclodextrin was chemically bonded to the latter layer to
detect cholesterol with a limit of detection (LOD) estimated at
3.48 uM."81 In a recent example, Tang et al. proposed an inter-
esting approach using two-photon printing technology.*! They
deposited a photoresist on the tip of a single-mode OF, which un-
derwent photopolymerization, forming a bridge-like open struc-
ture. The fabricated structure formed an open cavity accessible
to the tested medium and was implemented for the detection
of glucose having LOD equal to 0.45 mg mL~'. Commercially
available interferometric fiber biosensors, often referred to as bi-
olayer interferometry biosensors, use an FPI approach, such as
the Octet biosensors from Sartorius (formerly ForteBio).[?”) These
biosensors have been used to detect various substances in vitro,
including Tau441 protein, Testosterone, Glucose, and Gonyau-
toxin 1/4, with very good LOD values (6.7 nM,[211 2.13 ng mL~1,[2?]
0.45 mg mL~1,[21 and 50 pg mL 1,124l respectively). Very recently,
Burnat et al. improved on this multi-layer system by proposing
an FPI cavity formed by two thin films, enabling discrimination
of RI changes in volume or on the sensor surface. By adapting
the materials and thicknesses of the two layers, they optimized
their sensor to detect an inflammation marker, the myeloperoxi-
dase, with an LOD of 10~''g mL~1.113 All the previously described
biosensors demonstrated their ability to detect a single analyte
per fiber. However, if these sensors are ever to be used for in vivo
diagnostic purposes, compact, localized, and multiplexed detec-
tion (of several biomarkers and including controls) is essential.
The new challenge is how to adapt an OF biosensor to detect
multiple analytes. Multiparameter interferometric sensors have
only recently attracted attention.?’] Just a few examples of multi-
sensors have been reported for biomedical applications.[?°! Most
of them are focused on dual-parameter sensors of physical pa-
rameters (temperature and pH or pressure).?’] Only a few exam-
ples of double!®®! or triplel?) detection exist, including biologi-
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cal material by interferometric fibers. For example, Xie et al. pro-
posed a multiplexed fiber biosensor based on a dual Fabry-Perot-
cavity. They detected the biotin-streptavidin interaction, includ-
ing a negative control, thanks to the two independent cavities.!?8!
Li et al. combined a dual SPR-based sensing area and a Mach—
Zender interferometer on an OF to detect the hybridization of
the Epithelial Growth Factor Receptor gene, compensating the
pH and temperature variations of the detection media.[?°! This is
an interesting approach to solving the problem of biosensor sus-
ceptibility to temperature and pH variation. However, in these
studies, the sensing areas are along the fiber, and this configu-
ration is not well adapted for localized and compact multiplex
detection. An interesting and elegant alternative is the use of
fiber assemblies or multicore fibers. Each multifiber assembly
core can act as an independent waveguide and transfer a signal
over a certain distance. Theoretically, if a transduction element
is fabricated on these bundles, each core can be treated as an
individual biosensor, which dramatically improves the compact-
ness and integration of the sensor tip. A few attempts of multi-
plexed detection of biological targets have been made with such
assemblies. Notably, Song et al. used a 500 um fiber bundle con-
taining 6000 individual fibers, each 3.1 pm in diameter, to con-
struct a DNA array. This array was composed of microspheres,
each functionalized with ODN. These were randomly immobi-
lized at the tip of each fiber, which had been etched to form a
microwell.% The device was used to detect several pathogens’
ODN targets via fluorescence. Later, the same fiber bundle, mod-
ified to exhibit plasmonic properties, was used to remotely de-
tect DNA hybridization.!l Proof of multiplexed detection of two
target molecules using the same kind of fiber bundle has been
demonstrated by Desmet et al., where two areas of the bundle’s
tip were functionalized by rat IgG and one by rabbit IgG.[*2) How-
ever, the fragility of the gold-coated microstructures would make
it difficult to use this biosensor in a more rigid and complex en-
vironment. Concerning multicore interferometric devices, they
are mainly used for monitoring physical parameters (strain, cur-
vature, vibration, flow, torsion, RI) and have not yet been adapted
for multiplexed biological detection.®}] Nevertheless, their abil-
ity to detect variations in the RI makes them good candidates
for developing highly multiplexed biosensors while keeping their
miniature structure, the number of probes being ideally only lim-
ited by the number of cores in the multi-fiber assemblies.
However, the functionalization with multiple probes of such
a tiny surface at the tip of the OF assembly remains challeng-
ing. Automated microarrayers with a micrometer diameter sty-
lus or ink-jet nozzle, currently used to deliver droplets of several
hundred micrometers on planar substrates, lack the resolution
to functionalize such small surfaces.3*35] Methods based on dip-
pen nano-lithography and using an Atomic Force Microscope tip
to deliver receptors directly to microscale areas offer dramatically
Dbetter resolution for droplet delivery but are not adapted to the
geometry and size of OFs.[*] Recently, Courson et al. proposed
a polymer cantilever realized by 3D stereolithography.*”] Several
droplets were deposited at the tip of a nanostructured gold-coated
OF assembly to demonstrate the ability to perform deposition on
unconventional surfaces. Since the cantilever was made from a
soft polymer, droplets were deposited via direct contact without
damaging the patterned surface. However, this study only vali-
dated the possibility of depositing water/glycerol drops at the end
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Figure 1. A) Optical image of IC and zoom on the individual cores. B) Schematic representation of one optical guide in the multicore assembly and

corresponding equivalent model used for transducer study.

of an OF assembly. No biological probes were deposited, and no
biodetection was performed on the fiber assembly.

In the present work, we have investigated the fabrication and
the interferometric ability of a multicore waveguide consisting of
3012 cores. Two interferometric layers were deposited on the IC,
a semi-reflecting tantalum pentoxide (Ta,O;) layer and a silicon
dioxide (SiO,) cavity, conferring interferometric properties to the
device. The thicknesses of the deposited layers were estimated
using a simulation of the interferometry phenomenon. Interfer-
ometric signals were remotely detected through the assembly it-
self, allowing us to measure its spectral response, sensitivity to
RI variations, and resolution in the RIU. The coated surface of
the waveguides was then fully silanized and locally functional-
ized with two single-stranded ODN probe arrays thanks to the
previously mentioned polymer cantilever.’”! Finally, we revealed
the full potential of the device by being able to monitor remotely
the kinetics of ODN hybridization of the complementary strands
while having negative control. We also demonstrated that each
core of the assembly acts as an independent interferometric sen-
sor by extracting the individual responses. This study prepares
the ground for the future development of multiparametric diag-
nostic tools suitable for in vivo use.

2. Results and Discussion

2.1. Materials Choice and Sample Preparation

In the present work, we developed an interferometric transducer
on a multicore assembly based on an IC composed of 3012 indi-
vidual cores 25 pm in diameter (Figure 1A). Two layers were de-
posited at the top of the IC face: the internal semi-reflecting layer
was made of Ta,O; and the cavity was made of SiO, (Figure 1B).
Both materials were used in the patented fiber-optic assay appa-
ratus based on phase-shift interferometry.?®*1 The RI of Ta, O; is
equal to 2.10, whereas for SiO,, it is 1.46 at A = 589.3 nm.[**l RIs
for both materials do not change significantly for the visible and
beginning of the near-infrared regions, while the transmission
of materials is high. Concerning the influence of temperature on
material properties like layer thickness and RI change, the afore-
mentioned materials are quite stable.[*'~**] Regarding biocompat-
ibility, several studies demonstrated that bulk Ta, O, has cytocom-
patibility and anti-corrosive properties, allowing it to be used in
potential medical devices.[***8] The bulk form of SiO,, widely
used as a main material for fibers in biosensors based on OFs,
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also possesses cytocompatibility!*~!l and is compatible with the
silanization process used for surface functionalization.*?]

Regarding interferences, the main role of the high-RI Ta,Os
layer is to increase the reflectivity since the RI contrast between
the cavity layer of SiO, and the fiber material is low. When
the targeted material binds to the surface, the cavity length in-
creases, resulting in the interference pattern shifting toward
longer wavelengths.['*] The thickness of the SiO, cavity influ-
ences the number and the position of maxima and minima ob-
tained in the interferometric pattern. The Ta, O, thickness mainly
influences the contrast of the interferometric pattern and the
quantity of retro-reflected light that can be collected.

Once the materials had been chosen, we entrusted the coat-
ing process to the Kerdry company.>3/ Samples with different
thickness combinations were produced by the ion-assisted elec-
tron beam evaporation technique. In this article, we present the
results obtained on the most sensitive device with thicknesses
~10 nm for Ta, 05 and 500 nm for SiO,. To confirm the relevancy
of this geometry and evaluate its performance, sensitivity to RI
changes in the tested medium was investigated.

2.2. Optical Characterization

The characterization protocol and data treatment steps described
in the materials and methods section were applied for the optical
characterization of the IC.

2.2.1. Spectral Characterization

The spectral interrogation of the IC with interferometric layers
was done using the setup depicted in Figure S1 (Supporting
Information). Its calculated experimental sensitivity is given in
Figure 2A. The obtained sensitivity curve presents peaks, nodes,
and valleys corresponding to positive, null, and negative sensi-
tivities. The theoretical sensitivity curve, obtained from the Fi-
nite Element Method (FEM) method (see materials and meth-
ods section), was superimposed on the experimental curve. An
adaptation of the cavity thickness for a theoretical response was
made to match the spectral position of the experimental sensi-
tivity curve. For instance, a 9.5 nm semi-reflecting layer and a
532 nm cavity provided the closest spectral match with the exper-
imental response. Despite the lack of smoothness of the exper-
imental curve, its shape was in agreement with the theoretical
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Figure 2. Optical characterization and comparison theory versus experiment. A) Experimental and optimized simulated spectral sensitivity. B) Nor-
malized intensity of one core of the same IC interrogated at 560 nm with an upward intensity variation trend. C) Histogram for sensitivity and the
corresponding color-coded map in the insert. D) Histogram for resolution and the corresponding color-coded map in the insert.

curve and allowed us to select the most optimal wavelength for
intensity interrogation. For instance, a 560 nm excitation light
could be used for intensity interrogation of this particular IC.

2.2.2. Intensity Characterization

The intensity interrogation of the IC was done at 560 nm using
the setup depicted in Figure S2 (Supporting Information). The
tested range of RI was between 1.332 and 1.401. The intensity
signal was extracted from each core of the assembly from 20 in-
dependent images for each RI. Figure 2B shows the normalized
intensity of the whole IC interrogated at 560 nm as a function of
the RI. The sensitivity was estimated from the slope of this curve
at 541 + 4%.RIU~. Its positive value was in concordance with
spectral interrogation while being below the estimated spectral
sensitivity. This could be explained by the average over the whole
bundles including the cladding. The experimental sensitivity of
each core inside the IC was obtained similarly via intensity inter-
rogation after core selection. The resolution of each core was sub-
sequently calculated from the sensitivity and the maximum noise
of the averaged normalized intensity signal, as described in the
materials and methods part. Both data were presented as a color-
coded map (see inserts in Figure 2C,D). These maps demonstrate
the sensitivity and resolution of each core that could be extracted
during core analysis. Due to their number, pitch, and sometimes
irregular shape, some cores were not accessible and appeared as
black spots. On the map, we can notice that none of the cores
in the fiber bundle had the same responses. Sensitivity varied
from 220 to 700%.RIU~! and resolution from 1.9 x 1073 to 3.5 X
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10~* RIU. To obtain a whole picture of IC individual core behav-
ior and performance, the distribution of the core number in %
with respect to the number of accessed cores in the IC as a func-
tion of corresponding sensitivities was created in the form of a
bar chart (Figure 2C,D). The considered sample demonstrated a
sensitivity with a distribution maximum of 630%.RIU~. 75% of
cores possessed sensitivity better than 510%.RIU~L. The resolu-
tion was represented in the same way. The studied sample had a
distribution peak at 5.0 x 10~ RIU while 75% of cores have bet-
ter than 7.0 X 10~* RIU. As sensitivities are not always given in
the same units in the literature, the resolution is the only param-
eter that makes it possible to compare the performance of dif-
ferent developed biosensors. The best fiber-based interferomet-
ric devices, for both transmission and reflection modes, achieve
resolutions of the order of 107¢ RIU.*7) The resolution ob-
tained in our study may seem low compared to this. However,
the reached value is sufficient for the detection of biomolecular
interaction,*'32] and above all, our device, unlike existing inter-
ferometric devices, comprises thousands of cores, giving it the
capacity for multiplexed detection.

2.3. Surface Bio-Functionalization

The coated side of the waveguide assembly was used as a trans-
ducer platform to perform the biodetection assay. To consider
any change of the tested medium non-related to the presence of
a target molecule and/or to test the presence of several targets,
different sensing areas have to be defined at the sensor surface.
The multiplexed functionalization of the surface will permit the
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Figure 3. Principle of surface functionalization chemistry and arrays deposition. A) Surface functionalization principle based on AEAPTES and
benzaldehyde-modified ODN, able to react directly with amino groups of deposited aminosilane. B) Deposited arrays of aldehyde-modified ODN on
silanized IC with AEAPTES in the liquid phase with schematic representation of ODN-1-ALD and ODN-2-ALD arrays on the left and real view on the

right.

concomitant detection of several biomarkers and the discrimina-
tion of the signal given by an unspecific phenomenon (unspecific
surface interactions or bulk change of RI) from the specific tar-
get binding. Different aminosilanes were tested to immobilize
multiple probe arrays on the coated surface of the assembly.l>®!
Our objective was to find chemistry requiring sufficiently short
reaction times to prevent the drying of deposited spot-containing
bioreceptors and giving adapted-sized droplets: allowing for spot-
ting a few dozen drops on the whole surface of the optical bundle.
Among the tested chemistries, the use of AEAPTES combined
with benzaldehyde-modified probes was the most well-suited in
terms of droplet size and reaction time (Figure 3A). Once the
chemistry had been chosen, it was necessary to develop a depo-
sition method adapted to the small surface of the IC tip. Micro-
contact deposition using newly developed 3D-printed polymeric
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microcantilevers proved to be the most suitable.[*”! These can-
tilevers were soft enough to touch the IC apex without damage
and to deposit microdroplets of solution with an appropriate size.

To demonstrate the proof of concept, two arrays of probes were
deposited on the surface; two different benzaldehyde-modified
ODN strands were used as probes: ODN-1-ALD and ODN-2-
ALD. First, the SiO,-coated waveguide assembly surface un-
derwent silanization with AEAPTES in the liquid phase as de-
scribed in the materials and methods section. The whole sur-
face silanization was followed by localized spotting of 10 uM
benzaldehyde-modified ODN solutions. The aldehyde group in
the benzaldehyde-modified probe reacted with amino groups of
aminosilane and formed a double carbon-nitrogen bond. A two-
minute reaction was sufficient for proper probe grafting. The
spotting solutions were prepared with 5% (v/v) glycerol to avoid
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a complete spot drying. The spotting process was monitored in
real-time with two cameras. The first allowed the control of the
efficient droplet deposition, while the second controlled the level
of the waveguide surface to prevent cantilever damage. The first
array of ODN-1-ALD deposited on the top of the IC was formed
by 11 droplets, whereas the second deposition containing ODN-
2-ALD was made of 8 droplets (Figure 3B). Each microdroplet
was in the order of hundred-micrometer size, covering an area
of 250 to 60 cores (roughly corresponding to 3 x 10* um? coated
area, or ~1/30 of the total surface).

2.4. Multiplexed Biodetection Assays

To demonstrate the feasibility of a multiplexed detection by in-
terferometry on the functionalized IC and to validate it by fluo-
rescence observation, the complementary strand of ODN-2-ALD,
ODN-2-comp, labeled with biotin, was used as a target. Previ-
ously to the bioassay, the IC with grafted ODN-1-ALD and ODN-
2-ALD was hydrated and blocked with BSA to reduce unspecific
biomolecule binding. The target molecule was then incubated on
the multifunctionalized surface of the IC. At ambient conditions,
the hybridization step lasted 30 min, followed by RB rinsing.
As fluorescence observation was used as an alternative analyti-
cal method to confirm the functionalization of the IC, the spe-
cific immobilization, and the detection of ODN-2, the last step
was to incubate SAPE, a fluorophore, for 10 min, after which the
unbound molecules were removed by rinsing several times with
RB. The global strategy of the biosensing assay is summed up in
Figure 4.

The retro-reflected light of the whole assembly was monitored
in real-time from the injection of ODN-2-comp as described in
the materials and methods. The variation of signals was moni-
tored from two different areas on the IC surface selected between
the two deposited arrays, ODN-1-ALD, and ODN-2-ALD spot-
ted areas. The localization of functionalized areas was obtained
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ation of incubation steps targeting ODN-2-ALD: from hybridization detection

through the differential image, where the firstimage from an im-
age stack for a given injection was subtracted from all recorded
images in this stack (Figure 5 insert in A). The normalized in-
tensities i(t) of the aforementioned areas were obtained by the
normalization procedure described in the materials and methods
section. The signal analysis results on the two areas are shown in
Figure 5A. An individual core signal extraction is presented in
Figure 5B for 5 cores from ODN-1-ALD and ODN-2-ALD spotted
areas.

The signal from the ODN-2-ALD area, functionalized with
the probe complementary to the injected target ODN-2-comp,
the positive control, steeply increased up to 1.15% after 600 s,
where it changed to a gradual variation tendency reaching 1.5%
(Figure 5A). The intensity of the ODN-1-ALD area, the nega-
tive control, varied around zero level during the whole detection.
These results showed that, as expected, a biomolecular interac-
tion occurred between ODN-2 and its complementary strand and
that the detection was specific as the positive and negative con-
trol signals were well separated. The degree of signal variation of
positive controls could be affected by many parameters like the
quality of surface silanization, the density of deposited probes,
the efficiency of certain ODN-ALD to recognize and bind comple-
mentary strands of ODN-comp, and the sensitivity of cores that
contributed to the overall signal in selected areas. To study the in-
fluence of the latest, we extracted the signal of several individual
cores, excluding the signal from cladding, within assigned areas
for ODN-1-ALD and ODN-2-ALD. Five responses of individual
cores from the ODN-1-ALD and ODN-2-ALD areas were com-
pared. After the injection of ODN-2-comp, the signal variations
of the individual cores from the ODN-2-ALD area had heteroge-
neous intensity profiles. Their plateaus varied from 1.0% to 2.1%
compared to 1.5% of normalized intensity in zone-type selection
(Figure 5B). This demonstrated the heterogeneity of cores’ re-
sponses caused by the difference in sensitivity, which gave the
mean response considering the cladding signal that reached the
maximum of 1.5% in the zone-type observation. The level of
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Figure 5. Biomolecular detection. A) Signal variation (with applied 5 points rolling average) extracted from ODN-1-ALD, ODN-2-ALD. Insert differential
image observed after ODN-2-comp injection and areas selected for signal extraction. B) Evolution of signal (with applied 5 points rolling average) after
injection of ODN-2-comp for 5 individual cores in ODN-1 and ODN-2 spotted areas. C) Fluorescence validation: fluorescence spots observed through

the non-functionalized side of IC after SAPE injection.

noise in the curves was affected by the much smaller number of
pixels for the selected cores than the area-type observation. The
signals from individual cores from the ODN-1-ALD area, nega-
tive control, were hardly distinguishable from zero.

Once the detection experiment was finished, SAPE, a fluores-
cent dye that could bind to biotinylated complementary ODN-
comp, was incubated on the sensing surface to validate the spe-
cific detection not only by interferometry but also by fluores-
cence. The LED, reflecting-unit mirror, and band-pass filter were
replaced for fluorescence observation, as described in the mate-
rials and methods section. The contrasted image clearly shows
that, as expected, the SAPE bound only to ODN-2-ALD spots
since ODN-1-ALD were not bound to complementary strands.
This alternative approach confirmed the specific biomolecular in-
teraction at the surface of the assembly and demonstrated the
preservation of ODN functionality after arraying on the spotted
IC (Figure 5C).

The same steps were implemented with ODN-1-comp, the tar-
get complementary to ODN-1. We were not able to directly de-
tect the hybridization of the complementary strand. This may be
due to a low density of deposited probes caused by a less effi-
cient grafting of ODN-1-ALD compared to ODN-2-ALD and/or
to an unspecific interaction between ODN1-comp and ODN2-
ALD, leading to a less visible hybridization detection. However,
to amplify the signal and detect ODN-1-comp associated with
their probes, we performed streptavidin injection. This exper-
iment confirmed the presence of ODN-1-ALD and its specific
biomolecular interaction with its complementary strand (Figure
S8, Supporting Information).

3. Conclusion

In this study, we have presented the preparation, optical char-
acterization, multiplexed functionalization, and biosensing val-
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idation of the interferometric IC composed of 3012 cores. The
spectral characterization of the IC allowed us to estimate the
thicknesses of deposited interferometric layers (the 9.5 nm semi-
reflecting Ta, O layer and the 532 nm SiO, cavity) and to select an
optimal wavelength for intensity interrogation. The optical char-
acterization, performed at 560 nm, on individual cores demon-
strated sensitivity and resolution distributions, with 75% of cores
having sensitivity better than 510%. RIU™! and resolution bet-
ter than 7.0 x 10~ RIU. The IC was locally functionalized with
two arrays of DNA probes. The functionalization was based on
ODN-ALD and AEAPTES chemistry combined with the use of
a soft polymeric cantilever. This association provided two arrays
of dozens of hundred-micrometer-size spots. A functionalized
optical biosensor was then used as an optical platform to vali-
date the proof of concept of a multiplexed, remote, label-free de-
tection of complementary ODN strands. The biomolecule detec-
tion was monitored by imaging the non-functionalized end of the
waveguide assembly. The un-spotted and the ODN-1-ALD spot-
ted areas were used as negative control areas. The resulting un-
specific signals were compared to those recorded on the ODN-2
spots, which confirmed the specific detection of ODN-2-comp hy-
bridization in area-type and individual core areas. Fluorescence
observation was used as an alternative analytical method to con-
firm this target’s specific localization and detection. The multi-
plexed functionalization allowed us to define negative control ar-
eas that could be used to sense any global change at the surface
due to temperature, global RI variations, or unspecific surface in-
teractions. This ability is necessary for the future use of the device
in complex media since the RI of the environment can vary with-
out being correlated to the presence of targeted molecules. The
demonstrated potential of the biosensor to perform a detection
including positive and negative controls and its intrinsic ability
to be used in specific micro-environments open the way toward
in situ diagnostics. Indeed, multiplexed detection is required for
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Table 1. Composition of RB and HB.

RB PBS 0.01 M, NaCl 0.537 M, KCl 2.7 mM,
0.15% (v/v) Tween
HB PBS 0.01 M, NaCl 0.537 M, KCI 2.7 mM,

0.05% (v/v) Tween, Denhardt 25x,
salmon DNA 5 mg/mL

applications in complex media to take into account unspecific
contributions and also to have several parameters analyzed on
a single device to establish a reliable diagnosis. To get closer to
medical applications, the next steps will be to develop the same
strategy for flexible OFs having a few hundred microns in diame-
ter, increasing the number of probes and the diagnostic relevance
of targets, carrying out concentration ranges to determine detec-
tion limits and performing detections in more complex media to
effectively test the biosensor’s specificity.

4. Experimental Section

Reagents:  Phosphate Buffer Saline (PBS), NaCl, KCI, CaSO,, Bovine
Serum Albumin (BSA), Tween20, anhydrous Toluene, anhydrous Ethanol,
98% Acetone, Denhardt’s Solution, Salmon sperm DNA, and glycerol were
purchased from Sigma Aldrich (Saint Quentin Fallavier, France). Fluores-
cence was validated with Streptavidin-Phycoerythrin (SAPE) from Fisher
Scientific (Illkirch, France). Streptavidin, used for signal amplification, was
also purchased from Fisher Scientific (lllkirch, France). N-(2-Aminoethyl)-
3-aminopropyltriethoxysilane (AEAPTES) was purchased from Gelest Inc.
(Frankfurt am Main, Germany). 96% pure Ethanol was purchased from
Carlo Erba reagents (Val de Reuil, France).

The composition of the Rinsing Buffer (RB) and the Hybridization
Buffer (HB) are given in Table 1.

ODN strands were purchased from Eurogentec (Seraing, Liége, Bel-
gium) and had the following sequences and chemical modifications (ALD
for aldehyde, Biot for biotin) (Table 2).

Optical Waveguide Preparation: 1Cs with a diameter of 1.6 mm com-
prising 3012 individual cores 25 um in diameter (38-305, Edmund Optics)
were used to fabricate the interferometric biosensor assembly. The ICs
were entrusted to the Kerdry company,[®3] which coated them with two
layers (TaO, and SiO,) to give them interferometric properties. Kerdry
used the ion-assisted electron beam evaporation technique, which in-
volves evaporating target material with an electron gun and bombarding
the evaporated atoms with ions from an ion source.l’® The mixed flux
of target atoms and ions arrives on the sample fixed on a rotating sub-
strate, allowing for low-temperature film deposition. Kerdry used Balzers
BAK 600 coating machine, where the purity of the used target material for
Ta,O5 and SiO, was 99.99%. The deposition of the two films was consec-
utive without breaking the vacuum. The base vacuum in the chamber was
3 x 107® mbar, while the working pressure during the deposition was 2 x
10~* mbar. The deposition temperature was in the range of [60-80] °C. The

Table 2. Sequences of ODN probes and complementary targets.

Name of sequence Sequence 5" — 3’ (Modification at 5)

ODN-1-ALD ALD-TTT-TTT-TTT-TGA-CCG-GTA-TGC-GAC-CTG-GTA-
TGC-G

ODN-2-ALD ALD-TTT-TTT-TTT-TGA-CCA-TCG-TGC-GGG-TAG-GTA-
GAC-C

ODN-1-comp biotin
ODN-2-comp biotin

Biot-CG-CAT-ACC-AGG-TCG-CAT-ACC-GGT-C
Biot-GG-TCT-ACC-TAC-CCG-CAC-GAT-GGT-C
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acceleration voltage of the e-gun was 10 kV. The ion gun had a Kaufman
configuration, where Art ions were used for bombardment. The substrate
with samples bombarded by target atoms and ions rotated at 37 rpm. To
produce the oxide, O, was introduced into the chamber. The deposition
rate of Ta,Og and SiO, film was in the range of [0.2-0.6] nm s~'. A quartz
microbalance was used to stop deposition once it reached the required
thickness. The indicated precision of quartz microbalance was +5% of
the measured thickness. A 2 mm thick BK7 substrate, a witness sample,
was introduced as an alternative approach to estimate the thickness of
deposited films.

Optical Characterization—Optical Setup(s): An optical setup equipped
with exchangeable light sources (a white light source (Thorlabs,
SLS201L(/M)), a 565 nm (Thorlabs, M565F3), and a 490 nm LED
source (Thorlabs, M490F2)), a 560 nm (Thorlabs, FBH560-10) and a 578
band-pass filters (Thorlabs, FBH580-10), a spectrophotometer (Thorlabs,
CCS100/M) or a CMOS Camera (C11440, Orca-flash4.0LT, Hamamatsu)
was conceived to collect, image, and quantify the retro-reflected light com-
ing back from the sensitive surface of IC (see Figures S1and S2, Support-
ing Information). This setup allowed both the spectral and intensity char-
acterizations of the assembly, giving access to sensitivities and resolutions
of the different cores composing the assembly. It also permitted to follow
through the interferometric phenomenon any further modification of RI
and/or thickness of bound targets occurring within the sensitive areas of
the surface. The retro-reflected intensity could be measured in real-time
on every core composing the assembly. The same setup was used for the
fluorescence revelation of bound targets by changing the illuminating LED
from 565 to 490 nm, the semi-reflecting mirror to a dichroic mirror, and
the band-pass filter from 560 to 578 nm as illustrated in the Supporting
Information optical setup part and in Figure S3 (Supporting Information).

Protocol and Data Treatment for Sensitivity and Resolution Determina-
tion: Before any further modification or use of the system as a biosen-
sor, the global sensitivity of the assembly to Rl changes was characterized.
The coated side of the assembly was placed successively into solutions of
known RI from 1.332 (water) to 1.401 (50% (v/v) water/glycerol solution),
and several spectra or images were registered. The Rl was measured us-
ing a Hanna instrument HI 96 801 refractometer with 107 RIU resolution
(0.1% brix).

The retro-reflected intensity /(n) was measured at different Rl n on the
whole assembly as a function of wavelength for the spectral characteri-
zation and on different areas (or individual cores) as a function of im-
age number for the intensity characterization. i(n), the relative normalized
retro-reflected intensity, was defined as follows:

’(") - ’re
i n) = Tf Q)

where I, represents the retro-reflected intensity in water.
The sensitivity was quantified from i(n) as:

_di

ST

@)

The resolution R, was determined from the intensity characterization,
taking o, the maximum noise of normalized intensity, and S, then:

30
R=22 ©)

The detailed data treatment is described in paragraph S.2 of the Sup-
porting Information and Figures S4 and S5 (Supporting Information).

Calculation of the Theoretical Sensitivity: In our study, the wave optics
module of COMSOL Multiphysics software (version 5.5) was employed,
utilizing the FEM to simulate the resolution and transmittance of light
within a specific wavelength range through a designed OF sensor geome-
try. This simulation was simplified by considering a planar wave and rep-
resenting the sensor geometry in two dimensions, focusing on a section
of the optical core. This section excluded the fiber cladding but included
a reflective layer, a cavity, and the medium under test. Each section of the
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model was assigned specific values of RI (real part), and thickness with RI
dispersion (except the tested medium), accounted for at the tested light
wavelength.

The simulation was governed by the wave equation for the electric field
component in a non-conductive, source-free medium (o = 0), expressed
as:

v><<V><E>—kgn2E=0 )

here, E(x,y,z) = E(x y) exp(—ik, - z), with ky = 27z /A representing the free
space wave number, A wavelength of excitation light wave, n the RI of the
material for each model section, and k, and z denoting the out-of-plane
wave number and coordinate, respectively.

To model wave propagation accurately, two periodic boundary condi-
tions were applied along the left and right edges of the model, perpendic-
ular to the wave's direction of travel. The wave propagation was initiated
within the core itself. By altering both the excitation wavelength and the
RI of the medium under test, a theoretical spectral response was gener-
ated, depicting reflectance as a function of wavelength for various Rls. The
model’s theoretical sensitivity was derived using a methodology akin to
experimental spectral analysis, which involved signal normalization and
subsequent sensitivity estimation.

Multiplex Surface Biofunctionalization: The IC, previously optically
characterized, was submitted to plasma cleaning using a Diener electronic
Femto low-pressure plasma system (3 min, 75% O,, 25% Ar, 0.6 mbar
pressure, 80% generator power). It was then silanized with AEAPTES in
the liquid phase. For this, its coated end face with interferometric layers
was submerged in 2.5% (v/v) AEAPTES solution prepared in anhydrous
Toluene. The reaction occurred inside a desiccator with CaSO, desiccant
anhydrous (stored at 110 °C before use) to absorb any excess water in the
environment and prevent the potentially uncontrolled polymerization of
silane molecules. The desiccator was sealed with silicon grease and left to
react for 5 h at ambient temperature under a fume hood. Afterward, to re-
move unbound AEAPTES molecules, a series of consecutive two-minute
baths with anhydrous toluene, anhydrous ethanol, ethanol (96% pure),
and deionized water (DI, 18 MQecm was performed under agitation. The
rinsed sample was then dried with Argon and placed inside a furnace for 1
h at 110 °C. The curing step finalized the silanization, where excess water
molecules evaporated, forming a siloxane (Si—O) bond with the substrate.

A polymeric microcantilever (referred to as V1 in)[3”] made of DS-
3000 biocompatible photoresist (DWS, Italy) with a special geometry was
fabricated by stereolithography (Dilase 3D, Kloe SA) according to previ-
ous work.[3’] The device was used to deposit microdrops of solutions
on the previously silanized face of the assembly. The cantilever was in-
stalled in a spotting system containing x—y—z linear motorized stages
(UTS-100CC, Newport) with a 0.3 pm minimum motion step, a motion
controller (ESP301, Newport), and a CMOS camera (DigiMicro 2.0 Scale,
Toolcraft, Conrad) for visual control placed on the stages. An extra cam-
era (DigiMicro 2.0 Scale, Toolcraft, Conrad) was placed separately on an
optical table perpendicularly to the stages for visual control in the perpen-
dicular direction. The assembled system was monitored by a custom-built
Labview software dedicated to controlling stage position, speed, spotting
time, map programming, live visual control, and image recording (see
Figure S6, Supporting Information for an overview of the spotting system).

Before the spotting, the first-time used cantilever underwent several
short treatments with low-power (10%) Oxygen plasma to improve its
wettability. It was then rinsed with DI water, ethanol, and DI water again
and dried in the air. The solutions used for spotting containing 10 uM
of aldehyde-modified, shortly ODN-ALD, and 5% (v/v) of glycerol were
placed in loading wells. The spotting map for each array of ODN on the
assembly surface and the position of wells with spotting solutions were
recorded using Labview. To avoid damaging the cantilever and success-
fully depositing droplets, the IC surface level was monitored using the extra
camera. The first probe solution was loaded on the microcantilever by im-
mersion in loading wells, and the first array of ODN-1-ALD was deposited
on the silanized face of the IC. The cantilever was copiously rinsed with DI
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water, ethanol, and DI water before the deposition of the second array of
ODN-2-ALD to prevent contamination. After all arrays were finished, the
probes were left to react with the surface for at least 2 min. The whole IC
surface was then rinsed by immersion in DI water, dried with Argon, and
stored at 4 °C before being used for biosensing assay.

Multiplexed Biodetection Assays: To detect biomolecular interactions,
the same setup used during the intensity interrogation of IC was used
(Figure S2, Supporting Information). The room temperature was kept con-
stant at ~25 + 1 °C while the light sources and camera were left to stabi-
lize for at least 1 h before the biosensing experiment. A dedicated reser-
voir was developed to immerse IC in tested solutions (Figure S7, Sup-
porting Information). The reservoir was prepared from a mixture of Poly-
dimethylsiloxane (PDMS) (184 silicone elastomer base (90% w/w) and
silicone elastomer curing agent (10% w/w) from Sylgard 184) and car-
bon powder in a 1:4 weight proportion and poured into a small plastic
Petri dish containing a piece of tube that played the role of mold. After-
ward, the sample was degassed and left in a furnace at 100 °C for several
hours until it was solidified. The carbon powder was used to make the
fabricated support capable of absorbing the light emerging from the IC
to minimize the reflected light that could influence measurements on the
IC. The shape and materials were chosen to reduce the quantity and the
loss of used products: small volume, low biomolecule adsorption surface
properties.

The functionalized tip of IC was inserted inside the channel formed by
mold inside the solidified PDMS. The small dimension and flexibility of
the material allowed a relatively tight joint between the sample and the
support.

The functionalized side was hydrated by immersion in DI water for 5
min. It was then immersed in RB for 5 min and in the solution of PBS
containing 1% (w/v) BSA to block unfunctionalized areas and prevent non-
specific adsorption at the latter stage. The excess of BSA was gently rinsed
with RB.

The sensing solutions were injected by a conventional laboratory
pipette while the liquid was evacuated by a syringe attached to a long blunt
needle (Figure S7, Supporting Information).

The target solution composed of 0.2 UM complementary biotinylated
ODN-2-comp prepared in HB was incubated for ~30 min at ambient tem-
perature to reach signal stabilization before rinsing three times with RB.
The interferometric signal was monitored with the optical system dur-
ing the whole experiment by measuring the retro-reflected light inten-
sity I(t) on the different localized functionalized areas (or on individual
cores) as a function of time. The recording was stopped for rinsing and
solution replacement. The initial signal on each area, at the beginning of
the recording t,, was reduced to zero by subtraction of the mean inten-
sity on the area at ty, I(ty). The exploited normalized signal i(#) is finally
given by:

1) = 1(t)

T =)

®)

To confirm the multiplexed biodetection observed by interferometry via
an independent method, biotinylated ODN-comp targets were used and
revealed fluorescence after subsequent incubation in SAPE (5% (v/v) in
RB) for 10 min and rinsing with RB to remove unbounded molecules. Flu-
orescence images of the reactive face of the assembly were acquired using
the same optical setup with the modifications mentioned in paragraph
Figure ST (Supporting Information).

To test the biosensing by the second grafted probe, the target solution
composed of 0.2 uM complementary biotinylated ODN-1-comp prepared
in HB was introduced to PDMS support. The solution was incubated for
~30 min to reach signal stabilization before rinsing three times with RB.
To increase the strength of the interferometric signal, streptavidin (1uM in
PBS) was incubated for 10 min and rinsed with RB to remove unbounded
molecules. As previously described, the interferometric signal was moni-
tored with the optical system during the experiment.

All detection steps were performed in darkness to avoid the influence
of ambient light.
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