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Current transmission grating sensors are unsuitable for use in typical samples that absorb and scatter light.
To overcome this limitation, we report leaky waveguide gratings (LWGs), which operate in reflective mode.
The LWGs comprising alternating strips with and without recognition elements (herein, streptavidin) in
(chitosan) hydrogel films were deposited on glass substrates. The strips were fabricated by laser
interference lithography using a photocleavable biotin linker. The strips of LWGs were parallel to the plane
of incidence, which contrasts with widely known waveguide grating couplers and surface plasmon
resonance gratings. Hence, two-dimensional (2D) diffraction patterns were observed in the orthogonal
spaces of angles of diffraction and incidence. Plots of intensity profiles of first diffracted orders of LWGs
versus angles of incidence showed peaks close to resonance angles of LW strips without and with
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streptavidin. Differential measurements between these peaks allowed sensing of exemplar analytes, biotin-
protein A and immunoglobulin G, and suppressed changes in sample composition by between 94.1 and
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|. Introduction

Hydrogel gratings have been used to sense a wide variety of
analytes including microorganisms," proteins,>” glucose,’
pH,”® metal ions,”'* and volatiles."'* In comparison to
other label-free optical sensors,"”® hydrogel gratings can
provide more effective referencing because sensor and
reference regions are closely spaced. Equally, hydrogel
gratings are internally referenced, which means they comprise
inherent features allowing analyte binding to be separated
from common-mode effects such as interferents in sample
solutions. Hydrogel gratings are a periodic array of hydrogel
strips containing recognition elements (REs) in the form of
antibodies,»*® aptamers,” and molecularly imprinted
polymers (MIPs)." Interactions of target analytes with REs
change refractive index (RI) and/or geometrical parameters of
hydrogel strips. As a result, diffraction efficiency®>>*'* and/or
angular separation between zeroth and first diffracted orders
change," one of which is measured to sense and quantify
analytes. As shown in Fig. 1(a), current hydrogel gratings
operate in transmission mode, which implies that light must
pass through sample solutions on top of hydrogel gratings,
and the diffraction pattern is captured on the opposite side of
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99.9%, providing a high degree of internal referencing.

gratings and sample solutions to the incoming beam. Often
sample solutions are “dirty” complex mixtures, and hence can
absorb/scatter incoming light, which in turn can distort
diffraction patterns of hydrogel gratings. Equally, being able
to operate in transmission mode requires that microfluidic
flow cells integrated with gratings are made of optically non-
absorbing materials, and hence the choice of materials is
restricted. For example, microfluidic flow cells made of
commercial poly(methyl methacrylate) (PMMA), which
contains UV-absorbing additives to prevent degradation by
sunlight, can only be used for light with wavelength =400
nm."®

To address the above limitations, we report leaky
waveguide gratings (LWGs), which operate in reflective mode.
As shown in Fig. 1, the operation principle of LWGs is
different to previously reported waveguide grating couplers
(WGCs)""?°  including resonant waveguide gratings
(RWGs),>'* surface plasmon resonance gratings (SPGs),>*>®
and focal molography (FM)*>*° because leaky waveguide
(LW) strips are parallel to the plane of incidence. Equally,
light is coupled in/out of LWGs using a prism, but gratings
are used in case of WGCs, RWGs, and some implementations
of SPGs. FM shows some similarities to the present work, in
that the REs are patterned using a photocleavable linker, and
will provide internal referencing as common-mode effects
will not significantly affect the output. The main differences
between FM and LWG are that FM is an evanescent
technique using a thin high RI waveguide and a monolayer
of REs, the patterned REs are substantially perpendicular to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of (a) current transmission gratings, (b) previously reported resonant waveguide gratings (RWGs), and (c) herein reported
reflective leaky waveguide gratings (LWGs) where inset (i) zoomed view of alternating strips, and (ii) plot of intensity of first diffracted orders versus
angle of incidence (fqis and 6, are angles of diffraction and incidence, -RE and +RE corresponds to position of first diffracted order to LW strips
without and with recognition elements, exemplar RE was biotin/streptavidin complex, and exemplar analytes were biotin-protein A and IgG).

the light propagating in the waveguide, and LWGs do not
need sub-micron patterning. LWs show high sensitivity
because they are not evanescent field sensors. In LWs, the
optical mode is propagating in a low RI material that is
porous to the analytes, which means that about 90% of the
optical mode overlaps with the sensing chemistry. LWs are
designed to reduce the evanescent field as much as possible.
In contrast, high RI evanescent wave sensors such as RWGs
and other grating-based guided mode resonance structures
need to enhance the evanescent field to increase sensitivity
as the guiding layer is non-porous to analytes. Typically, the
fraction of the total field extending into the evanescent
sensing region at resonance ranges from about 25% to
45%.*"  Goddard et al showed theoretically and
experimentally that porous, low RI LWs (anti-resonant
reflecting optical waveguides, ARROW) gave higher
sensitivity, by a factor of about 3, than a resonant mirror
(RM) evanescent sensor using a high RI silicon nitride
guiding layer.*?

As shown in inset (i) in Fig. 1(c) LWGs reported in this
work are glass substrates underneath chitosan hydrogel films
with an array of alternating microstrips of REs (in this case,
streptavidin) and primary amines. As shown in Fig. 1(c), in
LWGs, strips are parallel to the plane of incidence and two-
dimensional (2D) diffraction patterns are observed in the
orthogonal spaces of angles of diffraction and incidence. The
inset (ii) in Fig. 1(c) is a plot of intensity profile of first
diffracted orders of LWGs versus angle of incidence, which
shows that peaks are observed close to each resonance angle
of LW strips without and with REs. As shown by the red
arrow in inset (ii) in Fig. 1(c), only the peak position of the
first diffracted order corresponding to resonance angles of
LW strips with REs changed because of analyte binding. In
contrast, as shown by blue arrows in inset (ii) in Fig. 1(c),
similar shifts in the peak positions of the first diffracted
orders corresponding to LW strips without and with REs were

© 2022 The Author(s). Published by the Royal Society of Chemistry

observed because of changes in sample matrices. Thus, at
equilibrium, differential measurements between the peaks of
first diffracted orders corresponding to LW strips without
and with REs of LWGs allowed analyte sensing with internal
referencing. As shown in inset (i) in Fig. 1(c), we used biotin-
protein A and immunoglobulin G (IgG) as exemplar analytes,
and internal referencing capabilities of LWGs were
demonstrated using sample solutions containing different
concentrations of glycerol.

The key differences between this and our previous work
on different types of LWs are summarised in Table 1 and
discussed below.

e In this work, the strips with and without REs have been
reduced in width by a factor of 65.5 compared to the report
published in 2020,>* meaning that the diffraction angle out
of the plane of incidence at a wavelength of 475 nm has been
increased from 0.014 to 1.78 degrees. With the wider strips,
no diffraction pattern is visible, and each strip effectively acts
as an independent LW. The narrower strips are not visible as
independent LWs, but instead give a diffraction pattern at
resonance angles where the reflected light is undergoing a
rapid 2n phase shift.

e In addition to the observation of diffraction out of the
plane of incidence, the narrower strips will result in much
more rapid thermal and chemical equilibration between
adjacent strips, in this case by a factor of ~4300. For
example, in water the thermal diffusion time for the narrower
strips is about 0.8 ms compared to about 3.5 s for the wider
strips.

e The hydrogel layer of the current work is continuous, so
the strips without REs act as reference waveguides, unlike the
earlier work from 2013 (ref. 34) where the gaps between the
waveguide strips do not support a LW mode and therefore
cannot act as a reference. The earlier work did not describe
the use of the LWG as a biosensor; it was concerned with
using the LWG as a spectroscopic sensor.

Sens. Diagn., 2022, 1, 504-515 | 505
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Table 1 Comparison of leaky waveguides (LWs) reported previously and in this work (in all cases, optical LW mode propagates in z-direction)

Diffraction-based leaky waveguides (LWs),

Leaky waveguide gratings (LWGs)

2021 (ref. 35-36) and 2020 (ref. 33) 2013 (ref. 34) Present work
Schematic Unpatterned films or macrostrips Array of alternating microstrips Array of alternating microstrips
of LWs without and with REs of LWs and gaps of LWs without and with REs

0,000 .

I [
y e
21 mm Glass substrate w =lopm
X Glass substrate
Glass substrate X
X Z
z
z
Operation principle Interference between light reflected Interference between light reflected Interference between light reflected
from LW at resonance and other angles.  from LW strips and gaps from LW strips without and with REs
Light reflected from LW strips without
and with REs do not interfere with each
other
Output Interference fringes at resonance angles  Only one diffraction pattern at Two diffraction patterns at resonance
of LWs. No visible diffraction pattern resonance angle of LW strips angles of LW strips without and with REs
Materials Chitosan films without and with strips Silica sol-gel strips and gaps Chitosan films without and with strips
of REs on glass substrates on glass substrates of REs on glass substrates
Application Sensing with internal referencing Absorption spectroscopy without Sensing with internal referencing

requiring an external spectrometer

ll. Experimental

Chemicals and materials

Ethanol, 1 M acetic acid, 25% (v:v) glutaraldehyde (GA),
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES),
semicarbazide hydrochloride (ScZ-HCl), biotin-protein A
(P2165), and rabbit immunoglobulin G (IgG, 15006) were
bought from Sigma-Aldrich. Phosphate buffered saline (PBS,
10x), pH 7.4 was bought from Generon. Decon 90, glycerol
(My:  92) and chitosan (M,: 100000-300000, 90%
deacetylated) were purchased from Fisher Scientific.
Microscope glass slides and NHS-(PEG);,-biotin were bought
from VWR. Streptavidin (2-0203-100) was purchased from IBA
Lifesciences. NHS-PEG;-PC-biotin (PC-biotin, BP-24161) was
bought from BroadPharm where the photocleavable (PC)
group was 4,5-dimethoxy-2-nitrobenzyl chloroformate (NVOC).
Materials used to make fluidic flow cells consisted of 3 mm
thick black PMMA sheets, bootlace ferrules (211-4252), and
nitrile O-rings (01-08-01801), which were purchased from Fred
Aldous, RS Components, and Ashton Seals, respectively.

Fabrication

Glass microscope slides were cut into ~25.4 x 25.4 mm? squares,
and sonicated in Decon 90, de-ionised water, and ethanol for 30
min each. 1.1% (w:v) solution of purified chitosan®”*® prepared
in 0.1 M acetic acid was spin coated at 1000 rpm with an
acceleration of 100 rpm s * for 30 s. Each slide with spin coated
chitosan film was dried for 3 min at 75-80% humidity and 25 ©
C, immersed in 0.03125% (v:v) GA solution for 10 min, washed
with, and stored in, 100 mM HEPES buffer, pH 7.4.

All solutions used for patterning chitosan films were
prepared in 100 mM HEPES buffer, pH 7.4. The amines in
chitosan films were reacted with 1 mg ml™" of PC-biotin

506 | Sens. Diagn., 2022, 1, 504-515

solution for 30 min.** Buffer washes were performed after each
step. The films were immersed in 1.25% (w:v) ScZ-HCI solution
(pH adjusted to 7.4) for 20 min. ScZ-HCI solution scavenges by-
products produced during photo removal of NVOC.** Finally,
chitosan films were exposed to a laser interference lithography
(IL) set-up (see Fig. 2(a)) for 10 min to generate an array of
alternating strips without and with biotin. Resulting chitosan
films were washed and stored in buffer under dark.

Instrumentation

The details of key instrumentation used in this work are
provided below.

Laser IL set-up

A schematic of the IL set-up used in this work is shown in
Fig. 2(a). Light from a laser (L375P70MLD Thorlabs) with a
peak wavelength (/) of 375 nm and power of 70 mW was
passed through a collimating lens (63DQ25, Comar Optics) to
obtain a beam with a diameter of 20 mm. The power density
of the expanded laser beam was ~22 mW cm > The beam
was split into two converging beams by passing through a
silica Fresnel biprism (FB) with an apex angle of 177 deg
(Newlight Photonics). The two beams interfered to produce
an interference pattern with cosinusoidally varying light
intensity.’” This interference pattern was projected on
chitosan films, which had been previously reacted with PC-
biotin, and while being immersed in ScZ-HCI solution.

Set-up for LWG studies

Light from a blue LED with peak wavelength of 475 nm
(Lumileds LUXEON Z LXZ1-PB01, RS Components) was
passed through an achromatic doublet (63DQ25, Comar

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematics of (a) laser IL (« and $ are apex and crossing angles, respectively) and (b) LWG set-ups where, inset in (b) shows the dimensions

of the flow cell.

Optics) to obtain an unpolarised collimated beam. The
collimated beam was passed through a cylindrical lens
(63YD25, Comar Optics) to obtain a wedge beam as shown in
Fig. 2(b). The beam aperture was ~5.5 mm wide. Chitosan
film with an array of alternating strips of biotin deposited on
a glass substrate was placed on an equilateral prism with 30
x 30 mm” faces. The array of strips was parallel to the plane
of incidence as shown in Fig. 2(b). Reflected light was
captured on a camera (Mercury Daheng MER-2000-19U3M,
GeT Cameras BV) to obtain two-dimensional (2D) reflectivity
curves either without or with a 160 mm focal length
cylindrical lens placed in front of the camera. In both cases,
the camera was placed 210 mm away from the centre of the
LWG.

A black PMMA sheet (38 x 32.5 x 3 mm®) with a circular
cavity of 9 mm radius surrounded by a groove 1 mm wide
and 0.75 mm deep to mount an O-ring served as flow cell.
The flow cell was mounted on top of a LWG, and solutions
were pumped using a MINIPULS 3 peristaltic pump (Gilson)
at a volumetric flow rate of 3 uL s *. The RI of solutions was
measured using RFM900-T refractometer (Bellingham and
Stanley). All protein solutions were prepared in 10 mM PBS,
pH 7.4.

lll. Results and discussion
Theoretical diffraction patterns of LWGs

As LWGs were fabricated by exposing chitosan films with PC-
biotin to interference fringes of the IL set-up, the expected
grating pitch (Aep) is given by eqn (1).*4*?
j'IL
Aexp = — 1
P 25in(f/2) (1)
Where, Jy;, is wavelength of the laser (i.e., 375 nm) used in
the IL setup and p is beam crossing angle (marked in
Fig. 2(a)). B is given by eqn (2)**** where nyg is the RI and
o is the apex angle of FB. ngp and o of the FB used in the
IL set-up were 1.4731 and 177 deg, respectively.

B = a - 2cos " (npgcos(a/2)) (2)

© 2022 The Author(s). Published by the Royal Society of Chemistry

Based on eqn (1) and (2), Aex, of LWGs fabricated in this work
was estimated to be 15.10 um. Equally, the angular separation
(0,,) between mth and zeroth diffracted orders of gratings is
given by eqn (3)*> where . is wavelength of light used to
illuminate gratings. Thus, the angular separation between
first and zeroth diffracted orders of 15.10 um pitch LWG
illuminated with 475 nm light was estimated to be 1.80 deg.

. i
sind,, = Y (3)

eqn (4) is used to determine the diffraction efficiency (7,,) of
thin transmission phase gratings with cosinusoidally varying
phase®®*” and illuminated at 0 deg angle of incidence.

M = Jm(Ap) (4)

Where J,, is the mth order Bessel function of the first kind.
Ag is the phase difference between light transmitted from
grating strips. Thus, the diffraction efficiency of first
diffracted order is maximum at Ap of 0.586=n radians, and the
diffraction efficiency of zeroth diffracted order is minimum
at Ap of 0.765n radians.

LWGs are cosinusoidally varying phase gratings because
the distribution of PC-biotin and hence streptavidin in
chitosan films cosinusoidal. This cosinusoidal
distribution of PC-biotin was verified by fluorescence imaging
of fluorescein isothiocyanate bound to the freed amines.
Thus, the #,, of LWGs can be estimated by eqn (4). However,
unlike transmission gratings, LWGs are illuminated with a
range of angles of incidence and the phase of light reflected
from strips without and with streptavidin is a function of
angle of incidence. To determine A¢ between light reflected
from strips without and with streptavidin versus angles of
incidence, it was essential to estimate the thickness and RI of
chitosan strips without and with streptavidin.

To estimate the thickness and RI of chitosan strips
without and with streptavidin, we wused non-patterned
chitosan LWs. 2D reflectivity curves were captured while PBS,
NHS-(PEG),,-biotin, PBS, and streptavidin solutions were
introduced sequentially. A 2D reflectivity curve while the

was
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was irrigated with different solutions.

chitosan LW was being irrigated with PBS is shown in
Fig. 3(a) where a dip-peak pair was observed at each
resonance angle.**?® As two sets of dip-peak were observed,
it implies that the chitosan film supported two optical LW
modes, which are marked as LWO and LW1 in Fig. 3(a). The
optical modes are leaky because the RI of chitosan films is
lower than glass substrates.>® The leaky optical modes were
coupled in and out of chitosan films on glass substrates
using a prism. The observed reflectivity curve is the average
of the TE and TM reflectivity curves as unpolarised light was
used. Fig. 3(b) shows the corresponding 1D reflectivity curve,
which is a plot of an average reflectivity along the width of
the fluidic channel versus angle of incidence.

Experimental 1D reflectivity curves were fitted to theory
using an in-house written transfer matrix*® programme
integrated with  Fresnel diffraction®® and simplex
optimisation® to estimate the thickness and RI of chitosan
films as the LW was irrigated with different solutions. As
shown in Fig. 3(c), during the initial PBS wash, the thickness
and real RI of chitosan film was 2.56 um and 1.34592,
respectively. After the LW was irrigated with NHS-(PEG);,-
biotin for 30 min and PBS for 10 min, the thickness of the
chitosan film was increased to 2.75 pum, but the RI did not
change significantly. Finally, the thickness of the chitosan
was reduced to 2.35 um and RI was increased to 1.34939 after
streptavidin binding to immobilised NHS-(PEG);,-biotin for
50 min. This decrease in thickness and increase in RI of
chitosan is attributed to crosslinking of the film because of
the binding of immobilised biotin to multiple sites in each
streptavidin.

We then determined the phase of light reflected from LWs
comprising of chitosan films with thickness and RI values
obtained at 10 and 90 min in Fig. 3(c) because they
correspond to chitosan films without and with streptavidin,
respectively. As shown in Fig. 4(a), there is an overall 2n
radians phase shift in the reflected light as the angle of
incidence changed from below to above the resonance angles

508 | Sens. Diagn., 2022, 1, 504-515
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(a) 2D and (b) 1D reflectivity curves of a chitosan LW with PBS, and (c) plot of thickness and RI of the chitosan film versus time as the LW

(marked by green dashed lines in Fig. 4) of LW0 and LW1
modes. Fig. 4(a) shows that resonance angles of LW modes
for chitosan films without streptavidin is lower than with
streptavidin. The angular separation between resonance
angles of chitosan films without and with streptavidin for
LWO0 mode is higher than LW1 modes.

The phase difference between light reflected from
chitosan LW without and with streptavidin was then
calculated as a function of angle of incidence (see Fig. 4(b)).
The phase difference shown in Fig. 4(b) served as a proxy for
Agp for light reflected from alternating strips of LWGs.
Fig. 4(b) shows that at four angles of incidence, Ay is 0.586n
radians, which is the value where the diffraction efficiency of
first diffracted order is maximum. Thus, for the LWGs

Phase (-s)

2 47 — — —  Phase (+s) T T T T T T

% 3 — — — Resonance angles / LWO /

o /]

B 2 ===
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2 | (Lw1 7 l ‘
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Fig. 4 (a) Phase of light reflected from chitosan LW without and with
streptavidin, and (b) phase difference between the two light beams
versus angle of incidence (LWO and LW1 corresponds to zero and first
order LW modes, and —s and +s corresponds to chitosan without and
with streptavidin). The horizontal dashed line is at 0. 586n radians
where the first order diffraction efficiency is a maximum.
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Fig. 5 Theoretical diffraction efficiency versus angle of incidence for
(a) zeroth and (b) first diffracted orders of LWGs (LWO and LW1
corresponds to zero and first order LW modes, and -s and +s
corresponds to chitosan without and with streptavidin).

reported in this work, we expect four peaks in the intensity
profile of first diffracted orders of LWGs versus angle of
incidence. Furthermore, the four angles of incidence at
which Ag is 0.586xn radians, are close to the resonance angles
of LWO and LW1 modes of strips without and with
streptavidin. Thus, resonance angles of LW0 and LW1 modes
of strips without and with streptavidin, can be monitored by
tracking the positions of the peaks of the first diffracted
order of LWGs.

To obtain plots of intensity profile of zeroth and first
diffracted orders of LWGs versus angle of incidence, Ag
values in Fig. 4(b) were inputted into eqn (4). The resulting
plots are provided in Fig. 5, and show that for the estimated
thickness and RI values of chitosan films without and with
streptavidin, the zeroth diffracted order gives rise to a single
broad dip for each LW mode whilst the first diffracted order
splits into two peaks for each LW mode.

Equally, we modelled the effect of difference in RI
between alternating strips on intensity profiles of first
diffracted orders of LWGs as a function of angle of incidence.
As shown in Fig. 6, when the difference in RI between
alternating strips was <5 x 107, peaks of first diffracted
orders corresponding to LWO of strips without and with
streptavidin were well separated. However, peaks of first
diffracted orders corresponding to LW1 of strips without and
with streptavidin were not resolved. For both LW0 and LW1
modes, as shown in Fig. 6, the separation between peaks
corresponding to strips without and with streptavidin
increased as the difference in RI between alternating strips
was changed from 5 x 10~ to 2 x 107,

Experimental diffraction patterns of LWGs

Initial photopatterning of chitosan films deposited on glass
substrates resulted in an array of alternating strips without
and with PC-biotin. An exemplar 2D reflectivity profile of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Contour plot of theoretical diffraction efficiency of first
diffracted order of LWGs as a function of angle of incidence and the RI
difference between alternating strips without and with streptavidin
(LWO and LW1 corresponds to zero and first order LW modes).

such a chitosan film micropatterned with PC-biotin is shown
in Fig. 7(a) where the vertical axis is angle of diffraction
because a cylindrical lens was placed in front of the camera.
No diffraction pattern was observed because the difference in
RI between strips without and with PC-biotin was minimal,
resulting in insignificant phase difference between light
reflected from the two types of strips.

10 pug ml™ of streptavidin solution was then flowed on top
of the chitosan film with alternating strips of PC-biotin, and
2D reflectivity profiles were observed in real-time.
Streptavidin binding to PC-biotin increased the difference in
RI between alternating strips. After ~85 min of streptavidin
binding, the difference in RI between alternating strips was
sufficient for first diffracted orders corresponding to LWO
mode to become visible as shown in Fig. 7 (b). However, the
difference in RI between alternating strips was insufficient
for first diffracted orders corresponding to LW1 to become
visible. Nevertheless, the angular separation between the zero
and first diffracted orders (marked by 6,; in Fig. 7(b))
corresponding to LWO mode was ~1.74 deg, which is in good
agreement with the expected value of 1.80 deg (calculated
using eqn (3)).

After 120 minutes of streptavidin binding to PC-biotin in
alternating  strips, first diffracted orders of LWGs
corresponding to both LW0 and LW1 modes were visible and
were split into two peaks each. The zeroth order only showed
single dips, one corresponding to LWO and the other
corresponding to LW1, as expected from the theoretical plot
shown in Fig. 5(a). Because of non-uniformities in the film,
experimental dips and peaks were considerably broader than
predicted from theory (Fig. 7 versus Fig. 5).
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Fig. 7 2D reflectivity curves after flowing streptavidin solution on chitosan films with alternative strips of PC-biotin for (a) O, (b) 85, and (c) 120
min (6inc and Oqi¢r are angles of incidence and diffraction, LWO and LW1 corresponds to zero and first order LW modes, —s and +s corresponds to
chitosan without and with streptavidin, 6+, is angular separation between zeroth and first diffracted orders, and m,; and m_; are plus/minus first

diffracted orders).

Cross-sectional profiles of zero and first (+1) diffracted
orders were then plotted as a function of angles of incidence,
and resulting plots are shown in Fig. 8. Fig. 8(b) shows that
peak heights of first diffracted orders corresponding to LW1
are lower than LWO. This observation contrasts with theory,
which suggests that peaks heights of first diffracted orders of
LWO and LW1 should be the same in the absence of optical
losses in chitosan films. Alternatively, theory suggests that
the peak height of first diffracted orders of LWO should be
lower than LW1 in the presence of optical losses in chitosan
films. This discrepancy between theory and experimental
plots (Fig. 5(b) versus Fig. 8(b)) may be because our current
models assume that each strip of LWGs act as a slab
waveguide and there is no crosstalk between neighbouring
strips. More accurate models will require finite-difference
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Fig. 8 Intensity profiles of (a) zeroth and (b) first diffracted orders

versus angle of incidence for LWGs obtained by reacting streptavidin
with alternative strips of PC-biotin for 120 min (LWO and LW1
corresponds to zero and first order LW modes, and -s and +s
corresponds to chitosan without and with streptavidin).
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the
models developed in this work, are valuable because they
provided insights into the operation of LWGs and the effect
of different parameters on their 2D diffraction patterns.

time domain simulations. Nevertheless, simplified

Protein sensing

After streptavidin, the LWG was irrigated with 25 nM biotin-
protein A, PBS, and 200 nM IgG. Peak positions
corresponding to LWO0,-s/LWO0,+s and LW1,-s/LW1,+s were
monitored as different solutions were introduced on LWGSs.
Fig. 9(a) shows that first order diffraction peaks
corresponding to LWO responded more than LW1 to protein
binding. However, as shown in Fig. 9(b), differential shift
between first order diffraction peaks corresponding to LWO
was smaller than LW1. This may be because of the difficulty
of tracking the less well resolved first order diffraction peaks
corresponding to LWO using the centre of gravity algorithm.
Thus, differential shifts between first order diffracted peaks
corresponding to LW1 were thought to be ideal for protein
sensing.

A comparison of Fig. 9(a) and (b) highlights that the
differential shifts between first order diffracted peaks of LW1 is
slightly lower than absolute shifts in their positions. This
implies that differential measurements offer slightly lower
sensitivity to protein sensing than absolute measurements. This
reduction in sensitivity of differential measurements may be
because not all the PC-biotin could be removed after 10 min
exposure to the IL set-up.”® This means that the distribution of
biotin/streptavidin complex in strips exposed to high and low
intensity fringes of the IL set-up was low and high, respectively,
but not 0 and 100%. Thus, biotin-protein A and IgG could bind
to both types of strips, reducing the differential sensitivity.
However, differential shifts between first order diffracted peaks
of LW1 largely eliminated downward baseline drift, which is
often caused by changes in ambient temperature. Furthermore,
differential measurements largely eliminate the effect of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9

(a) Absolute and (b) differential change in peak positions of first diffracted orders of LWGs for different proteins (LWO and LW1 corresponds

to zero and first order LW modes, and -s and +s corresponds to chitosan without and with streptavidin).

changes in sample composition as discussed below. These
benefits offered by differential measurements far outweigh their
limitation of slightly reduced sensitivity for protein sensing.

Refractive index sensitivity (RIS) and limit of detection (LOD)

LWG was then irrigated with different concentrations of
glycerol in PBS to determine absolute RIS and RI LOD.
Glycerol is a low molecular mass species that does not
interact strongly with chitosan or proteins, so simply acts to
change the RI of sample solutions and LWG strips as glycerol
diffuses in. As shown in Fig. 10(a), absolute peak positions of
first diffracted orders of LW0O and LW1 without and with

streptavidin shifted to higher angles as solutions were
changed from PBS to 2% (v:v) glycerol. The inset in
Fig. 10(a) is a plot of shifts in absolute peak positions of the
first diffracted orders at equilibrium versus RI of different
concentrations of glycerol solutions. The slopes of each trace
in the inset in Fig. 10(a) is the RIS of each mode and the
values are summarised in Table 2.

To determine the RI LOD, the standard deviation of shifts
in first diffracted orders of LWO and LW1 for PBS was
calculated. These standard deviations multiplied by three
were divided by RIS of the device to obtain the RI LOD, which
was 1.73 x 10> RIU and 4.09 x 10™® RIU for LW0 and LW1,
respectively. A comparison of RI LOD of LWG and selected
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Fig. 10 Absolute (a) and differential (b) shifts in peak positions of first diffracted orders of LWGs to glycerol solutions of different concentrations

in PBS buffer.
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Table 2 Refractive index sensitivity (RIS) of the first diffracted orders of
LWGs

Type of first diffracted order RIS (deg RIU ) at equilibrium

LWO, —s 1111 + 1.7
LWO, +s 112.0 + 1.2
LW1, —s 113.1 + 1.3
LW1, +s 113.7 + 1.1

Table 3 Comparison of refractive index (RI) limit of detection (LOD) or
surface mass sensitivity of LWGs and previously reported selected label-
free optical sensors

RI LOD

Type of label-free optical sensor (or surface mass sensitivity)

LWO: 1.73 x 10~° RIU
(or 1.46 ng mm™?)
LW1: 4.09 x 10 ® RIU
(or 0.34 ng mm™?)

LWG (this work)

Surface plasmon resonance (SPR)*> ~107° RIU
(~1pg mm™)
Resonant waveguide grating® ~10"° RIU
(~1 pg mm™)
Interferometry ~ Young®* ~10"% RIU
(~10 fg mm™?)
Bimodal® 1077 RIU
Grating coupled®® 0.01 pg mm™>
Photonic crystals®” 107 RIU
Transmission gratings®® ~107° RIU

label-free optical sensors is provided in Table 3. Based on the
RIS, RI LOD, and the observed peak shifts for streptavidin,
we estimate that the surface mass sensitivity of the LWG is
1.46 ng mm > for LWO and 0.34 ng mm > for LW1. The
surface mass sensitivity of LWG is worse than other sensors
because the latter rely on interaction of evanescent field with
molecules immobilised on surfaces. In contrast, in LWGs,
molecules are immobilised and detected throughout a ~2.6
pm thick hydrogel film.

Internal referencing

Subsequently, the extent to which changes in sample
composition can be removed by differential measurements

View Article Online
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was investigated. Fig. 10(b) shows the differential response of
LW modes with and without streptavidin. As the absolute RIS
of LW0O and LWO without and with streptavidin were very
similar at equilibrium, differential measurements are
suitable for largely eliminating the effect of changes in
sample composition. Although absolute shifts in peak
positions of first diffracted orders of LWG strips without and
with streptavidin were comparable at equilibrium, their
transient responses were different as suggested by the
presence of dips/peaks in differential responses as solutions
were changed. The presence of transient dips in differential
LWO0 measurements may be because of slower diffusion of
glycerol in strips with streptavidin than without streptavidin.
This is to be expected because strips with streptavidin are
likely to be crosslinked because of the binding of
immobilised PC-biotin to multiple sites in each streptavidin.
In contrast, slow diffusion of glycerol in strips without
streptavidin and our theoretical models have so far not been
able to explain the presence of transient peaks in LW1
differential response. Further investigations must be
conducted to eliminate transient dips/peaks in differential
responses.

An overall summary of absolute and differential
measurements at equilibrium is provided in Table 4. As
indicated in Table 4, as solutions were changed from PBS to
2% (v:v) glycerol, RI was increased by 3.13 x 107, This is a
significant increment in the RI of sample solutions
considering that 100 nM of proteins typically result in a RI
change® of 10™°. As a result, absolute measurements are
often swamped by changes in sample composition, limiting
the utility of current label-free sensors for measuring analytes
in real samples. In contrast, as summarised in Table 4,
differential measurements between first diffracted orders of
LWGs removed between 94.1 and 99.9% of changes in
sample composition at equilibrium.

V. Conclusions

We report leaky waveguide gratings (LWGs), which have been
designed to operate in reflective mode to enable their
applications for sensing of analytes in optically absorbing
and scattering samples. In addition, the developed LWGs
were internally referenced, which means baseline drifts and

Table 4 Summary of absolute and differential measurements performed using LWGs

Removal

of effects

of sample
RI of glycerol Absolute shifts at equilibrium (mdeg) Differential shifts at equilibrium (mdeg) RI (%)
solutions LWO,+s LWO0,-s LW1,+s LW1,-s (LWO,+s) - (LWO,-s) (LW1,+s) - (LW1,-s) LWO LW1
1.334790 0 0 0 0 0 0 — —
1.335170 50.0 53.1 47.8 45.8 -3.1 2.0 94.1 95.8
1.335560 87.2 89.0 87.9 84.8 -1.9 3.1 98.9 97.9
1.336360 176.2 174.5 173.3 172.2 1.7 3.0 99.0 99.0
1.337130 263.4 262.1 265.8 262.7 1.3 3.0 99.5 99.5
1.337920 354.4 354.0 359.0 356.3 0.4 2.6 99.9 99.9
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effects of changes in sample composition were largely
eliminated, for reliable sensing of analytes. LWGs were called
so because each strip, where adjacent strips had different
refractive index, supported leaky waveguide (LW) modes.

LWGs operate on a different principle to current
waveguide grating couplers and surface plasmon resonance
gratings. Thus, we developed models to provide insights into
the operating principle of LWGs and parameters affecting
their diffraction patterns. Our models show that LWGs
produce two-dimensional diffraction patterns in the
orthogonal spaces of angles of diffraction and incidence.
Equally, our models show that peaks in intensity of first
diffracted orders versus angles of incidence were observed
close to resonance angles of LW modes confined in strips
without and with streptavidin. However, not all the behaviour
of the LWGs could be explained by current approximate
models and hence a full numerical simulation using finite-
difference time-domain methods will be required.

In this work, LWGs were fabricated in continuous chitosan
hydrogel films by selective removal of a photocleavable biotin
linker using laser interference lithography followed by
sequential binding of streptavidin, which served as an exemplar
recognition element. We demonstrated that differential
measurements between first diffracted order peaks of LW1
modes in strips without and with streptavidin allowed sensing
of at least 25 nM biotin-protein A followed by at least 200 nM
IgG. Finally, we demonstrated that differential measurements
eliminated the effect of change in sample composition
introduced by adding different glycerol volumes in buffer by
between 94.1 and 99.9%. The ability to reject sample
composition changes means that herein reported LWGs have a
high potential for analyte sensing in real samples of variable
composition.
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