Open Access Article. Published on 14 July 2023. Downloaded on 12/5/2025 9:45:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Analyst, 2023, 148, 4429

Received 19th May 2023,
Accepted 3rd July 2023

DOI: 10.1039/d3an00804e

Enhanced fluorescence detection of miRNA by
means of Bloch surface wave-based biochips+

Agostino Occhicone, {2 **° Francesco Michelotti, ¢ *® Paola Rosa,?
Daniele Chiappetta,®® Tommaso Pileri,? Paola Del Porto,® Norbert Danz,?
Peter Munzert,? Giuseppe Pignataro® and Alberto Sinibaldi®®

We report on the use of biochips based on one-dimensional photonic crystals sustaining Bloch surface
waves to specifically detect target miRNA that is characteristic of hemorrhagic stroke (miR-16-5p) at low
concentration in a buffer solution. The biochips were functionalized with streptavidin and ssDNA oligonu-
cleotides to enable miRNA detection. To discriminate the target miRNA from a non-specific control
(miR-101a-3p), we made use of an optical platform developed to work both in label-free and fluor-
escence detection modes. We demonstrate that the limit of detection provided when operating in the flu-
orescence mode allows us to specifically detect the target miRNA down to 1 ng mL™* (140 pM), which
matches the recommendations for diagnostic miRNA assays, 5 ng mL™%. The low costs open the way
towards the application of these disposable optical biochips based on 1DPC sustaining Bloch surface

rsc.li/analyst

1. Introduction

Microribonucleic acids (miRNAs) have emerged as a potential
new class of biomarkers for non-invasive early diagnosis of a
variety of diseases, including cancer, viral pathogenesis, and
stroke." Concerning stroke, miRNAs are involved in several
risk factors including hypertension, atherosclerosis, atrial
fibrillation, diabetes, and dyslipidemia.”® Animal studies
demonstrated the differential expression of specific miRNAs in
the brain and blood following either an ischemic or a haemor-
rhagic insult and confirmed their potential use as diagnostic
and prognostic markers.®

During the last few decades, several research studies have
focused on the development of point-of-care biosensors for the
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waves as a promising tool for early disease detection in a liquid biopsy format.

detection of biochemical interactions exploiting electrical, optical
and electrochemical transducing systems.” Optical biosensors
have gained increasing interest since they provide clear advan-
tages over traditional analytical techniques in terms of real-time,
label-free and fluorescence detection of biological molecules in a
highly sensitive, specific and cost-effective manner.® Recent pro-
gress in miRNA detection based on surface-enhanced Raman
scattering and surface plasmon polariton coupled fluorescence
has been reviewed by X. Lu et al.® The accurate and specific detec-
tion of miRNAs is a great challenge, as the short-chain
microRNAs usually lack chemical stability. By combining nano-
material assembling strategies with a wide variety of nucleic acid
amplification methods, trace levels of miRNAs in biofluids can be
sensitively detected.'® However, simple, cost-effective, and robust
methodologies that satisfy the deployment of point-of-care testing
are still needed for analysing clinical samples.

In the following, we demonstrate experimentally that dispo-
sable optical biochips based on one-dimensional photonic
crystals (1DPC) sustaining Bloch surface waves (BSW) can
efficiently and specifically detect miRNAs associated with hae-
morrhagic stroke. For the purpose of the present study, two
models of rat miRNAs from Rattus norvegicus were selected,
rno-miR-16-5p and rno-miR-101a-3p, which are specifically
expressed in either ischemic or haemorrhagic stroke at
different concentration levels depending on either the type of
stroke or time delay after the insult."!

BSWs are surface waves that exist at the interface between a
truncated periodic dielectric stack (1DPC) and an external dielec-
tric medium.""® Similar to surface plasmon resonance (SPR) bio-
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sensors,'* BSW biosensors pertain to the class of evanescent-field-
based photonic biosensors, which can conveniently probe liquid
analytes in contact with their surface."® The two main character-
istics of the BSW evanescent field are that it decays exponentially
along an axis perpendicular to the sensing surface, with a decay
length on the order of 100 nm, and that it is resonantly enhanced
at the surface of the 1DPC. Such a localization enhances the
light-matter coupling and provides both sensitivity towards
changes of the complex refractive index'® and enhancement of
the emission of fluorescent labels'” in proximity to the interface.
Moreover, the use of dielectric materials for the fabrication of the
1DPC sustaining BSW, compared to metals used in surface
plasmon enhanced fluorescence schemes, prevents undesirable
quenching phenomena during fluorescence emission.'®'® BSWs
have been proposed for a variety of sensing applications, includ-
ing standard protein detection protocols, cancer protein bio-
marker detection in complex biological media,*! labelled miRNA
hybridization in buffer solutions® and gas sensing.**>*

Here, we show that BSW coupled fluorescence operation can
lead to a limit of detection (LoD) down to the ng mL ™" level for
miRNAs dissolved in a buffer solution. Due to the 1DPC design
and the optical readout scheme we adopted, such a resolution is
better than that obtained in previous work with a different BSW
based biosensing scheme for miRNA detection.®

2. Methods

2.1. Disposable 1DPC biochips

The biochips were obtained by depositing a 1DPC by plasma ion-
assisted electron beam evaporation® on an optical quality injec-
tion-moulded TOPAS?® substrate with a refractive index 7, = 1.526
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at a wavelength A = 670 nm for label-free operation. The sub-
strate cross section is prismatic and allows coupling an external
laser beam with the BSW under total internal reflection (TIR) con-
ditions® as shown in Fig. 1. An injection-moulded hard polymer
flow cell with a patterned elastomer contact layer was coupled to
the biochip to define a microchannel (width: 0.8 mm and height:
0.1 mm) and fluid connectors.”®

The 1DPC was designed® to sustain a BSW in the visible
region when operating in an aqueous external medium (n, =
1.328 at ;) and features 2.5 periods of SiO, (low refractive index)
and Ta,Os (high refractive index) layers, with the thickness dy, =
275 nm and dy = 120 nm, respectively. Two additional TiO, and
SiO, layers, each d; = 20 nm thick, top the 1DPC. These top layers
are used to position the BSW dispersion in the middle of the
1DPC photonic bandgap, to tune the absorption losses and to
provide a SiO, termination for subsequent silane-based chemical
surface functionalization.>® The complex refractive indices at A;x
of §i0,, Ta,05, and TiO, are ny = 1.450 +j5 % 107°, ny; = 2.095 +j5
x 107 and np = 2.294 + j1.8 x 107°, respectively. They were
measured by either reflection/transmission spectroscopy on
single supported thin films or ellipsometry on test 1DPC. For
such a design, the BSW is associated with an exponentially decay-
ing evanescent tail of the field inside the external medium with a
penetration depth Ly, = 120 nm.

During the assays, the biochips were kept at a constant
temperature (30 °C) by means of a Peltier element to reduce
the signal variations originating from thermo-optical and
thermo-mechanical effects.

2.2. Optical read-out system

The optical read-out system can operate in two alternative
ways, by measuring either the refractive index change (label-
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(a) Sketch of the target miRNA detection bioassay format. (b) Principle of operation of the LF mode (the optical components are not shown)

and (c) a typical angular reflection spectrum recorded during an exemplary assay. @gsw is the position of the BSW resonance. (d) Principle of oper-
ation of the FLUO mode (the optical components are not shown) and (e) a typical angular fluorescence emission spectrum recorded during an

exemplary assay. I;eak and Igeak are the maxima of the s and p polarized BSW coupled emission bands.
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free, LF) or the intensity of the emission of given labels (fluo-
rescence, FLUO). In both cases the signals originate from bio-
molecules binding at the biochip’s surface in the thin layer
probed using the BSW evanescent tail in the liquid analyte.
The two operation principles are sketched in Fig. 1.

In the LF mode (Fig. 1b), an s-polarized laser beam at Ay p =
671 nm is focused through the coupling prism in a wide range
of angles 6 above TIR. The BSW excitation at the biochip
surface causes dissipation of the incident intensity and the
appearance of a resonant dip at dgsw in the angular spectrum
of the reflected beam, as shown in Fig. 1c. The minimum
angular reflectance position depends on the dispersion of the
BSW at A In a LF assay, tracking the Ogsw shift due to
binding of biomolecules at the surface allows for real-time
monitoring of the binding kinetics.

In the FLUO mode (Fig. 1d), the biochip is excited via a
dichroic beam splitter in an epifluorescence configuration at
an angle ygxc above TIR and Agxc = 637 nm by an s-polarized
and slightly focused (Aygxc = 0.64°) laser beam. Alexa Fluor
647 was selected as a fluorescent label, since Agxc and A
match its absorption (445 = 647 nm) and emission (Agy =
671 nm) peak wavelengths, respectively.’® The angle ygxc is
tuned to excite the BSW at Agxc with a resonantly enhanced
intensity at the 1DPC surface, giving rise to an increased exci-
tation rate. The fluorescence emission pattern is dominated by
the large s and p polarized BSW density of states.* Due to the
dispersion of these leaky surface wave states,'” each spectral
component at Arruo > dexc is emitted through the substrate at
a different angle a(Aryo) < yexc as shown in Fig. 1e.

The layout of the optical system that implements the func-
tions sketched in Fig. 1 is described in detail elsewhere.”® The
system performs a cylindrical focusing of the laser beams to
illuminate a line along the microfluidic channel. A 6 mm wide
part of this region is imaged onto one dimension of the detec-
tor with a lateral resolution below 60 pm. A Fourier image of
the light’s angular distribution is generated along the other
dimensions of the camera to obtain spatially and angularly
resolved data. Since Agryo is around Ary, it is possible to make
use of the same collection optics, which guarantees an angular
field of view of 2.7° and 8°, for the LF and FLUO cases, respect-
ively. A couple of electronically controlled shutters allow
switching between the LF and FLUO modes and performing
either LF or FLUO assays or any temporal combination. A
detailed description of the read-out system is given in section
S.1 of the ESL{

2.3. Bioassay format

The miRNA detection protocol is sketched in Fig. 1a and
makes use of two synthetic single-stranded ssDNA: an anti-
miRNA (C-ssDNA) and a detection probe (D-ssDNA*). The
C-ssDNA (MW = 8592.7 Da) is composed of a probe sequence
(12 bases) bound through a spacer sequence (15 thymine
bases) to a biotin, which is used to anchor the C-ssDNA to a
streptavidin layer previously conjugated to the biochip surface.
The C-ssDNA probe sequence is complementary to a portion of
the target miRNA. The D-ssDNA* is composed of a probe

This journal is © The Royal Society of Chemistry 2023
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sequence (10 bases), which is complementary to the second
portion of the target miRNA, conjugated through a spacer (11
thymine bases) to an Alexa Fluor 647 dye label (NHS Ester), to
enable the fluorescence detection of miRNAs. The ssDNA
probes and the miRNAs were purchased from Integrated DNA
Technologies (IDT).

Two different rat miRNAs were considered for the 1DPC
biochip detection assays: rno-miR-16-5p (5
GCG-GUU-AUA-AAU-GCA-CGA-CGA-U-3'), the target miRNA
related to ischemic stroke (MW = 7065.3 Da, 22 RNA bases),
and rno-miR-101a-3p (5"-AAG-UCA-AUA-GUC-UCA-UGA
CAU-3'), the non-target miRNA used as a negative control (MW
=6705.1 Da, 21 RNA bases).

The ssDNA and miRNAs used in the assay were resus-
pended in IDTE 1x TE solution (10 mM Tris, 0.1 mM EDTA),
pH 8, from Integrated DNA Technologies.

2.4. Chemical functionalization of the biochips

The chemical functionalization selected to immobilize the
C-ssDNA relies on the deposition of a self-assembled organosi-
lane layer onto the sensitive surface of the biochips, by using
as a silane coupling reagent (3-aminopropyl)triethoxysilane
(APTES, CoH,3NO;Si, MW = 221.37 ¢ mol ™", 99%, Merck).>>

The 1DPC coated portion of the biochips was cleaned with
a piranha solution for 2 min, rinsed thoroughly with deionized
water (DI-H,0) and dried under a stream of air. The clean bio-
chips were immersed in a 2% APTES solution in an ethanol/
water (95:5 v/v) mixture at ambient temperature (7,) for 1 h.
Ethanol, rather than other solvents such as toluene, was used
to avoid degradation of the TOPAS substrates. The biochips
were removed from the APTES bath, sonicated in ethanol,
rinsed with pure ethanol and dried under a stream of air.
Finally, the biochips were soft baked at 50 °C for 1 h, to stop
the polymerization of the siloxane layer and to stabilize the
APTES film.

The primary amines (NH,) provided by the APTES film were
used to graft an EZ-Link-Sulfo-NHS-LC-Biotin (EZ-linker,
C0H290N,S,Na, MW = 556.59 g mol ™', No-Weigh™ Format,
Thermo Fisher Scientific) and obtain a densely packed biotin
film. The EZ-linker from a single-use 1 mg vial was dissolved
immediately before use in sterile phosphate-buffered saline
(PBS 1x) to a concentration of 1 mg mL ™" and its immobiliz-
ation was performed either on the whole sensitive surface of
the biochip (simplex assay), by dropping a volume of ~120 pL
of the solution with a pipette, or on a series of 5 different
zones aligned along the illumination/measurement strip, by
means of a nano-plotter (multiplex assay). The nano-plotter is
a piezoelectric actuated microarrayer system that allows for the
deployment of small sized droplets (~600 pL) with a high level
of reproducibility (xy-axes repetition accuracy +10 pm). The 5
circular zones spanned over a 0.6 mm diameter, owing to the
hydrophilicity of the biochip surface after APTES functionali-
zation. The biochips were then kept in a covered Petri dish for
1 h, after pipetting at T, and after plotting at 4 °C to avoid
evaporation of the nano-drops. After that, the biochips were
rinsed with sterile PBS 1x and dried under an air stream. In
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the end, the biochip surface was passivated with a bovine
serum albumin solution (BSA, 1 mg mL™" in PBS 1x, Merck)
overnight at 4 °C, rinsed with PBS 1x, and dried under an air
stream.

In a practical application, the functionalization would be
completed by immobilizing by means of the EZ-linker the
streptavidin and then the biotinylated C-ssDNA, so as to
produce a ready-to-use biochip. However, since we wanted to
investigate and optimize the immobilization conditions, the
biochip was coupled to its microfluidic cover already at this
stage and such successive steps were carried out by directly
injecting the solutions in the complete biochip at the begin-
ning of the assays, while monitoring the LF signal with the
chip mounted on the optical read-out system.

3. Results and discussion

All bioassays carried out with 1DPC biochips reported here
started with a regeneration process, in which the injection of a
solution of glycine (20 mM) and HCI (added to reach pH 2.5)
was carried out to remove the excess BSA from the 1DPC
surface, followed by washing with PBS 1x. The volume used for
all the washing steps was the same, i.e., 400 pL at a flow rate of
2.266 pL s~

Then the bioconjugation of streptavidin (from Thermo
Fisher Scientific) was carried out by injecting 180 pL of a 20 pg
mL™" solution of streptavidin in PBS 1x at a flow rate of
1.37 pL s~ followed by washing with the PBS 1x and the TE
buffers. The streptavidin interaction time was 10 min, as it was
for all other subsequent bioconjugation steps.

3.1. Simplex assays

Fig. 2 shows a typical LF signal recorded during an assay
(biochip S15 listed in Table 1). The Ogsw resonance angle is
tracked as a function of time, while interactions at the surface
take place. The signal is the average over 10 adjacent 200 pm
wide spots along the illumination strip.

During a first phase the preparation of the biochip for the
assays is completed. During the glycine/HCl regeneration
(light grey band), the steep changes of Opsw were due to the
change of the refractive index of the solutions in contact with
the biochip surface; after washing, a negative residual shift
was observed, indicating that non-specifically bound mole-
cules were removed from the surface. The slight drift observed
after regeneration in the running buffer (white band) is due to
temperature and pump pressure drifts. Such drifts can be
ruled out by operating in a differential configuration (see ESI,
Fig. S.37). During the streptavidin incubation (green band), a
clear binding kinetics signal was observed, witnessing the
efficient capture at the surface. The residual signal after
washing with PBS 1x was due to the streptavidin capture. The
subsequent change in the Opsw was attributed to the replace-
ment of PBS 1x with the TE running buffer. The preparation
proceeded with the injection and incubation of the C-ssDNA
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Fig. 2 LF sensogram recorded during a typical simplex assay for miRNA
detection (biochip S15). The completion of the biochip preparation, up
to t = 40 min, is followed by the detection assay that is repeated twice
for two different either target or non-target miRNA concentrations. The
light-coloured vertical bands correspond to the analytes’ injection/incu-
bation steps; the white bands correspond to injection/washing with the
running buffer. The fluorescence measurements, BGD (dark grey) and
FLUO (red), and the PB step (dark red) are carried out in the running
buffer. The vertical dashed line marks the change of the running buffer.

Table 1 Target and non-target miRNA simplex detection assays carried
out with different biochips

an

1% assay assay
Target Non-target Target
miR-16-5p miR-101a-3p miR-16-5p

Chip no. [ng mL™"]

S6 1000

S10 100

S11 100

S14 1 100

515 5 20

S18 1 1000

520 1 5

S21 1 5

S22 1 5

S23 0 1000

S24 0 1000

14 chips were used in preliminary tests and partial assays and are not
listed in the table.

(1 pg mL™" in TE, yellow band), leading to a biochip that was
ready for a miRNA detection assay.

With reference to Fig. 2, we performed two consecutive
assays with the same biochip. In each assay, the target miRNA
(first at 5 ng mL™" and then at 20 ng mL™" in TE) (light violet
bands) and the D-ssDNA* (1 pg mL™" in TE, pink bands) are
injected in a sequence. After each incubation step, washing of
the biochip was carried out by injecting the TE buffer. The LF
shifts recorded upon immobilization/hybridization of the
ssDNA oligonucleotides are much smaller compared to the
streptavidin protein case, showing that the LF resolution does

This journal is © The Royal Society of Chemistry 2023
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not allow us to conclude anything concerning the miRNA
detection, at such low concentrations. To overcome such a
limitation, given the better resolution of the FLUO mode,*" we
collected the fluorescence intensities in the FLUO mode at
fixed times, before (dark grey bands) and after (red bands) the
injection and incubation of the D-ssDNA¥, in order to evaluate
a differential signal.

Despite its limited resolution, the LF signal is a precious
tool for the development of the assay protocols, since it allows
monitoring, in real time and in the very same region probed
by the FLUO signal, the biochip preparation process and asses-
sing its quality. Taking advantage of the LF signal, it was, for
example, possible to assess the efficiency and the repeatability
of streptavidin bioconjugation. The LF sensograms reported in
Fig. 3 are related to 18 different biochips functionalized with
APTES and an EZ-linker and recorded upon injection of the
same streptavidin solution (180 pL at 20 pg mL™" in PBS 1x).
The sensograms show very good repeatability with a 3.5% rela-
tive standard deviation and an average residual signal Afgsw =
116 mdeg. From Afgsw we can evaluate the mass surface cover-
age of streptavidin as:*

_ AeBSWLpen
F==""on @

S -
>ac

where the refractive index increment is dn/dC = 0.19 cm® g™
For most of the proteins,*® Sy, = d0zsw/0n, = 31.6° per RIU was
the experimentally measured sensitivity of the resonance posi-
tion with respect to the bulk refractive index. From eqn (1), we
get I'=(2.3£0.1) ng mm™>.

Similar studies were carried out to optimize the concen-
tration of the C-ssDNA and D-ssDNA* solutions, within the
limit of the LF resolution in assays in which the concen-
trations are larger than those used for the assay shown in

Fig. 2 (see ESI, Fig. S.37).

140-
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Fig. 3 LF sensograms recorded during streptavidin injection for 18
different biochips. The curves were shifted by setting Afgsw to zero in
the running buffer after the regeneration step.
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The reason for performing two consecutive miRNA assays
as shown in Fig. 2, either target or non-target, is to increase
the number of experimental data points and to demonstrate
multiple uses of the biochips. In any case, the second concen-
tration was always larger than the first.

With this aim in mind, after collecting the FLUO signal
emitted by the labels at the end of the first assay, the biochips
were photobleached in order to obtain a low background fluo-
rescence signal before the successive assay. Photobleaching of
the Alexa Fluor 647 dye under resonant CW excitation and
field enhancement at yggw is a fast process.*® Illumination at
Jexc and ypgw for 3 min was sufficient to extinguish the fluo-
rescence signal (see Fig. S.2a in the ESIT).

The list of the assays carried out with several different bio-
chips is provided in Table 1.

Fig. 4 shows the background subtracted angular fluo-
rescence emission recorded at the end of the first assay for six
experiments carried out as shown in Fig. 2 with different bio-
chips and for three different target miRNA concentrations (0
ng mL " (blank), 1 ng mL ™", and 5 ng mL™").

The fluorescence emission from the 10 adjacent spots was
acquired with a CCD camera at resonant excitation ygxc. Care
was taken that each spot was excited resonantly. After subtract-
ing the background fluorescence signal and normalizing by
the excitation laser intensity, which has a Gaussian intensity
distribution along the illumination strip, the spot signals were
averaged to give the curves shown with their standard devi-
ation. The curves are characterized by s (right) and p (left)
polarized emission bands. Clearly the curves recorded at 1 ng
mL™" can be distinguished from the blank and from that
obtained at 5 ng mL™". The four different biochips at 1 ng
mL™" show a dispersion of the signal, which can be due to
chip-to-chip inhomogeneity, derived from both biochip fabri-
cation and chemical functionalization.

The results obtained in the FLUO mode at the end of the
first assay for each biochip quoted in Table 1 were analysed in

50+
S24 - 0 ng/mL
—— S14 -1 ng/mL
404|=—— S18-1 ng/mL
S20 - 1 ng/mL
) —— S21-1ng/mL
530- - 815 - 5 ng/mL
o
g
=20+
10- \
O T T T k\.‘1' e e
64.5 66.0 67.5 69.0 70.5 72.0
a[deg]

Fig. 4 Background subtracted angularly resolved fluorescence emis-
sion spectra recorded in the FLUO mode at the end of target miRNA
detection assays carried out with different biochips.
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detail in order to estimate the LoD and to evaluate the chip-by-
chip repeatability. Fig. 5 shows a bar chart of the relative inten-
sities of the ¢ peak amplitudes shown in Fig. 4 and of those
obtained in similar assays (not shown).

We showed elsewhere®® that the amplitude of the s peak is
proportional to the total fluorescence intensity given by the
integral of the curves shown in Fig. 4, if anisotropic photo-
bleaching can be neglected and the relative amplitude of the s
and p bands remains constant.'”*® Using such a parameter
therefore allows for a quantitative analysis, especially when
part of the angular emission spectrum falls outside the
angular field of view of the optical read-out system, as in the
case shown in Fig. 4. In every FLUO measurement, the biochip
was excited under the same resonant conditions and illumina-
tion time (5.0 + 0.1 s), showing that photobleaching affects all
fluorescence intensity levels by the same reduction factor. The
uncertainty in the illumination time (0.1 s) corresponds to
uncertainty in the peak intensity level of 90 counts, which is
well below the standard error provided by averaging the inten-
sity measured in each spot.

Fig. 5 confirms the scattering of the results obtained for the
miRNA solutions at 1 ng mL™}, which, however, are always well
distinguishable from the levels observed for the blank and for
the non-target miRNA solutions at much larger concentration.
The peak intensities of the positive (miR-16-5p at 1 ng mL™")
and negative (miR-101a-3p at 100 ng mL™" and 1000 ng mL ™,

40-

607 ol
1€ 40 § ------------ LE
g o.M
30‘3 20 ?/I
— — . ® 1stassay
" 0 L4 ®  2nd assay
= 0 20 40 60 80 100
8 20 C [ng/mL]
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~ ©
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04 =
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1000
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Fig. 5 Mean peak amplitudes /s of the s bands; the error bars are the
standard deviation of the mean over 10 adjacent spots along the sensi-
tive region of each biochip. The non-target and target miRNAs are
miRNA-101a-3p and miRNA-16-5p, respectively. The red and black hori-
zontal lines mark the means (solid) of either the negative or the positive
samples and the standard deviation interval of the distributions (dotted),
respectively. Inset: isothermal adsorption plots obtained with data pro-
duced by the 1% assays (dot) and 2"? assays (squares). The dashed curves
are guides for the eyes according to eqgn (3).

1[ ng/mL ]
target
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and blanks) samples are distributed with mean (kcounts),
standard deviation (kcounts) and coefficient of variation
values (I,6,0/I) equal to (23.6, 6.8, 0.29) and (5.2, 3.2, 0.62),
respectively. Interestingly, the intensities of the negative
samples are smaller than the those of blanks, probably due to
their non-specific binding and partial blocking against the
D-ssDNA*.

Since the difference Ipogs — Ingg Overcomes by 1.84 times
opos T OnEG, the two distributions can be distinguished with
99% probability. Therefore, the technique is capable (99%) of
detecting the target miRNA in buffer down to a directly
measured LoDy yo = 1 ng mL™" = 140 pM, below the threshold
of 5 ng mL™" (700 pM) desired for the clinical application of
assays detecting circulating miRNAs related to ischemic
stroke.>® The LoDg;yo found is smaller than that found with
biochips based on a different grating assisted BSW coupled
fluorescence for similar miRNA targets in buffered solutions."®
In that case the assays were limited to single hybridization of
dye-labelled miRNA to a C-ssDNA probe and the LoD was not
assessed towards blank or non-target solutions.'® Therefore, if
similar LoD can be achieved when conducting measurements
in biological media, the technique demonstrates potential for
clinical applications.

We can estimate a potential LoDEG, in buffer, by assuming
that a concentration is detected if the average intensity over-
comes Ingg by 3onga:

Ingc + 30nEG
Ipos (2)
=0.67 ngmL™' = 95pM

LoDET  =1ngmL™! x

If the LoDET,, is assessed by using as a negative only the
results obtained with the non-target miRNA (three data points
in Fig. 5), which is closer to the real operation conditions,
then, we obtain LoDET | = 0.16 ng mL™" = 22 pM. However,
since we did not assay at such LoDEsT,,, we cannot claim such
a resolution and just quote the measured value at LoDgpyo = 1
ng mL~" in buffer.

The mean intensities shown in Fig. 5 can be plotted (dots)
as a function of the target concentration together with those
(squares) measured in the second assay carried out with each
biochip and analysed in a similar way, as shown in the inset of
Fig. 5. The dashed lines are a guide to the eye following the
modified Langmuir isotherm model:*°

ImaxC

I=1
°+1<D+c

3)

where I, is the background noise, Ky, is the equilibrium dis-
sociation constant, and Iyax is the saturation level. The small
number of experimental points does not allow accurate fitting
of the parameters. However, the qualitative analysis shows that
the signals saturate as expected for large concentrations and
that the lower value of the saturation intensity for the second
assays indicates a decrease of the dynamic range of the bio-
chips, due to the decreased density of the sites available for
hybridization at the beginning of the assay.

This journal is © The Royal Society of Chemistry 2023
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Finally, Fig. 2 shows that, when starting an assay with a
biochip prepared up to the C-ssDNA immobilization step, an
miRNA detection assay with the present platform may last less
than 30 min, demonstrating the competitiveness of the tech-
nique with respect to the gold-standards such as the ELISA®’
or qPCR*® techniques, which typically take up to 2.5-6 hours.

3.2. Multiplex assays

The biochips that were patterned with the nano-plotter, once
mounted on the read-out system, were used in assays that
started with the same glycine/HCI cleaning and streptavidin
immobilization steps used for the simplex assays. Fig. 6a and
b show the angular images collected by the CCD camera in the
LF mode for an exemplary assay, before and after streptavidin

‘ R
go{a) 80{b) " S
. N CTRL4 gz

2 . CTRL 3 i, A 07
= b T \ o, il
g 40 40 _‘ l SIG 3 0.6
@ oo CTRL2% AL . 05
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CTRL1 = 0.3
0 e g B 8 .7 Wsic I,
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0[deg] 0 [deg]

Fig. 6 Reflectance map in the LF mode recorded before (a) and after
(b) the streptavidin immobilization for a biochip that was patterned by
means of the nano-plotter.

Table 2 Target miRNA multiplex detection assays carried out with
three different biochips

C-ssDNA rno-miR-16-5p D-ssDNA*
Chip no. [pg mL™"]
M1 10 1 1
M2 50 1 1
M3 100 0.1 0.1

66.0 69.0

o[deg]

72.0

80
. .
66.0

69.0
o[deg]
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immobilization, respectively. Each of the 90 rows corresponds
to a 67 pm spot along the 6 mm long illumination strip. The
real-time LF sensograms recorded in both the SIG and CTRL
zones are reported in Fig. S.3 of the ESL{ The blue region
marks the angular position of the BSW resonant dip in every
spot. The clear modulation of Ogsw allows the verification of
the effectiveness of the selective functionalization of the
surface in the 5 signal (SIG) zones and of the BSA blocking in
the intermediate control zones (CTRL).

After streptavidin immobilization, the assay proceeded
according to the same protocol used for the simplex assays. In
Table 2 we list the biochips that were used, with the concen-
trations of the ssDNA and miRNA solutions. The aim of the
assays, besides demonstrating the possibility of different mul-
tiplex assays on the same biochip, was to test different con-
ditions and optimize the protocols. Therefore, different combi-
nations of the concentrations of the solutions were used.

As in that case, the LoDy value did not permit verification
in a label-free manner whether the C-ssDNA, miRNA and
D-ssDNA* were captured at the surface. However, the introduc-
tion of the fluorescent label via hybridization with D-ssDNA*
provides such a resolution. Fig. 7 shows the background cor-
rected CCD images collected after D-ssDNA* hybridization.
The images were also normalized along the vertical direction
to take into account the Gaussian shape of the fluorescence
excitation laser. Also in this case, each of the 90 rows corres-
ponds to a 67 pm spot along the fluorescent strip. The 5
different signal zones can be clearly distinguished, with a fluo-
rescence intensity that depends on the specific biochip. Such a
result demonstrates that the technique provides the lateral
resolution that would be needed to perform multiplex assays
with a single biochip if different C-ssDNAs were immobilized
in different zones.

The quantification of the fluorescence intensities was
achieved by integrating the angular fluorescence emission
spectra shown in Fig. 7 over the CCD angular range of collec-
tion (8°) and averaging inside each signal zone. The results of
the analysis are shown in Fig. 8. They show that the response
of the 5 signal zones (intra-biochip) is relatively uniform, with

65.0
55.0
45.0 —
35.0

JuUNody |

250 &

[

BB N

15.0
5.00

72.0

66.0

69.0
o[deg]

Fig. 7 Angular fluorescence emission maps recorded for the biochips M1 (a), M2 (b) and M3 (c). The s and p polarized emission bands appear as

two vertical segmented bands.
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Fig. 8 Intensity of the s peak of the angular fluorescence spectrum
emitted by the SIG zones (background and CTRL subtracted emission)
of all the tested biochips (a); the error bars are the standard deviation of
the mean over the SIG zones. In (b) the emitted fluorescence averaged
over the five SIG zones; the error bars are the standard deviation of the
mean over the SIG zones.

an average coefficient of variation CV = 0.28, which is in the
range of that found above for assays carried out at 1 ng mL™"
with five different biochips (inter-biochip). Such a result
suggests that the variability of the biochip response is due to
the assay biochemical steps rather than a dispersion of the
physical properties of the 1DPC transductors upon fabrication.

A direct comparison of biochips M1 and M2 (red and
green) leads to the expected conclusion that the emitted fluo-
rescence is a function of the immobilized quantity of C-ssDNA
(while maintaining the same concentration of the other
injected oligonucleotides). This aspect is critically highlighted
by a further comparison of the biochips M2 and Ma3. In this
case, by doubling the concentration of the C-ssDNA, an even
larger amount of fluorescence is collected by using one tenth
of the target and D-ssDNA* concentrations (Table 2).

4. Conclusions

In conclusion, the study reports the successful development of
consumable biochips for miRNA detection using a 1D photo-
nic crystal platform. The biochips were prepared by a regener-
ation process followed by bioconjugation of streptavidin and
immobilization of probe ssDNA oligonucleotides. The biochips
were used in test assays with target and non-target miRNA in
buffer solutions at different concentrations, using both reflec-
tance and fluorescence spectroscopy. The lower resolution of
the reflectance spectroscopy was useful for monitoring the
biochip preparation process and optimizing bioconjugation
and ssDNA immobilization. The fluorescence spectroscopy
provided better sensitivity for miRNA detection.

The results obtained with biochips during their first use
directly demonstrated that the target miRNA can be detected
in buffer at a concentration as low as 1 ng mL™" (140 pM) in
less than 30 minutes.

The achieved resolution is definitively adequate for the ana-
lysis of serum samples, since 5 ng mL™"' is defined as the
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threshold between basal and abnormal miRNA expression
levels related to ischemic/haemorrhagic stroke. The fundamen-
tal difference is the substantial reduction of the assay duration
with respect to gold-standard techniques, such as ELISA or
gPCR, which may take from 2.5 to 6 hours.

The study demonstrates the potential of 1D photonic crystal
platforms for miRNA detection with high sensitivity and speci-
ficity. Further optimization and validation with clinical
samples could lead to the development of a diagnostic tool for
miRNA-based diseases. Such future work will have to address
the challenges due to fouling that may affect the LoD and the
assessment of the relevant concentration range in actual blood
samples. Moreover, using the same read-out system, there is a
possibility of multiplexed and real-time investigations utilizing
a spotting tool system, therefore enabling the simultaneous
detection of different miRNAs.
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