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The waveguide layer of diffraction-based leaky waveguides (LWs) must be made of materials that have low
refractive index, are permeable to analytes, can be deposited by spin coating, and can be functionalised
and crosslinked. These requirements are fulfilled by thin films of chitosan hydrogels. In this work, we
studied the reproducibility of diffraction-based LWs with chitosan waveguides. The average refractive
index sensitivity (RIS) and RI limit of detection (LOD) of the eight devices investigated herein were 125.5 +
3.8 deg RIU™ and 1.9 x 1076 + 1.3 x 107° RIU, respectively. While several challenges associated with the
realisation of reproducible chitosan LWs have been addressed, reducing the variations in RI LOD requires
improving the adhesion of chitosan films to glass substrates, minimising bubbles trapped in microfluidic
channels, and using pumps with minimal pulsations. We showed that the buffer baseline of LWs with
unmodified chitosan before and after introducing 750 pM bovine serum albumin (BSA), which is equal to
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antibody and BSA as exemplar recognition element, analyte and interferent, respectively, we demon-
strated that diffraction-based chitosan LWs were suitable for monitoring analyte-RE binding in the pres-
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. Introduction

Surface-attached thin films of hydrogels have been widely used
for optical biosensors. For example, a hydrogel matrix is often
deposited on top of the metal film of surface plasmon reso-
nance (SPR) biosensors for covalent attachment of high-
density of recognition elements (REs) and to reduce non-
specific adsorption of interferents in samples."> Equally,
the authors pioneered the application of hydrogel thin films
to make diffraction-based optical leaky waveguide (LW)
biosensors.*” In diffraction-based LWs, resonance angles are
observed directly as exponentially decaying bright and dark
fringes without having to use dyes,® metal films,’ and pat-
terned structures.'® Exponentially decaying bright and dark
fringes are observed because of the interference between light
that was uncoupled and coupled in the hydrogel film with
cylindrical and plane wavefronts, respectively.” Similar expo-
nentially decaying interference fringes have been observed in
extremely low optical loss photonic crystal biosensors.'!
Similar to low optical loss photonic crystal biosensors, the
waveguide layer in diffraction-based LWs is a high finesse
optical cavity. As a result, the full width half maximum
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(FWHM) of each fringe at LW resonances is at least 10 times
lower than FWHM of resonances of SPR, making it easier to
determine small shifts in resonance angles observed at low
analyte concentrations.'> Another benefit of LWs is that they
are made of dielectric materials and hence can be hyphenated
with electrokinetic methods"® for sample clean-up and analyte
preconcentration. Finally, LWs can support transverse electric
and transverse magnetic polarised optical modes,"* and
operate over the entire visible range of wavelengths,"® provid-
ing information rich data.

Diffraction-based LWs require that the refractive index (RI)
of the waveguide material is <0.01 higher than the sample
solution, and porous hydrogels have a high potential to fulfil
this requirement. Equally, analytes can diffuse in porous
hydrogels and interact with a large fraction of the optical
mode confined in the hydrogel waveguide. This contrasts with
non-porous LWs where analytes only interact with the evanes-
cent field of the optical mode confined in the waveguide. As a
result, LWs made of porous hydrogels have been shown to
offer 9 times greater refractive index sensitivity (RIS) that their
non-porous equivalents."” Additionally, the hydrogel precursor
solutions should have appropriate viscosity so that thin films
can be fabricated via spin coating, which results in much
more uniform films than other methods such as casting. The
application of LWs for biosensing applications demands that
hydrogel films can be functionalised to attach REs and can be
crosslinked for robust operations. Materials that can satisfy all
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the above requirements are much harder to find in practise
than it originally appears. For example, the authors have
identified that RI of silica sol-gel, polystyrene, poly(2-hydro-
xyethyl methacrylate), poly(ethylene glycol) diacrylate films is
high, spin coated films of agarose hydrogels are non-porous,
viscosity of acrylamide/bisacrylamide solutions is too low to
form polyacrylamide films by spin coating, and peptide and
gelatine hydrogels are fragile.

Only chitosan hydrogels have so far shown promise towards
fulfilling all the above requirements.>'® Chitosan is a linear
polysaccharide derived from partial or full deacetylation of
chitin, which is an abundant and renewable natural
resource.”” Chitosan is non-toxic, biocompatible, bio-
degradable,'® antimicrobial,’®*° and film-forming, and hence
has found widespread applications in food packaging,** drug
delivering,”** and sensing.**”*” Herein, we investigated the
feasibility of making reproducible thin films of chitosan
hydrogels, which served as the waveguide layer of diffraction-
based LWs. Furthermore, we investigated the potential of
unmodified chitosan films to resist non-specific adsorption
(NSA) using bovine serum albumin (BSA) as a model protein at
750 pM, which is equal to the highest physiological level of
albumin in serum. The findings of this work on the reproduci-
bility of thin films of chitosan deposited on substrates and the
ability of chitosan films to resist NSA are equally applicable to
other types of sensors where thin films of hydrogels are used.
Such sensors include SPR devices, fiber Bragg gratings, photo-
nic crystals, Fabry Perot, and even electrochemical sensors.

ll. Experimental

Chemicals and materials

Ethanol, 1 M acetic acid, methanol, 25% (v:v) glutaraldehyde
(GA),  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid)
(HEPES), 1 M sodium hydroxide, anhydrous dimethyl sulfox-
ide, and bovine serum albumin (BSA) were bought from
Sigma-Aldrich. Phosphate buffered saline (PBS, 10x) of pH 7.4
was bought from Generon. Decon 90, glycerol (M,: 92) and
chitosan (M,: 100 000-300 000, 90% deacetylated) were pur-
chased from Fisher Scientific. Goat anti-biotin antibody (A150-
111A) was purchased from Cambridge Bioscience. Microscope
glass slides and NHS-(PEG),-biotin were bought from VWR.
The bootlace ferrules (211-4252) that formed fluidic inlets/
outlets were purchased from RS Components and nitrile
O-rings (01-08-01901) were bought from Ashton Seals.

Fabrication of LWs and flowcell

Glass slides were cut into ~25.4 x 25.4 mm?® squares, and
cleaned in Decon 90, de-ionised water and ethanol for
30 minutes each followed by air plasma (PDC-002-CE expanded
plasma cleaner, Harrick) for 15 min. Purified chitosan®® was
dissolved in 0.1 M acetic acid with magnetic stirring for 18 h to
form 1% (w:v) solution. ~100 pl of the chitosan solution was
dispensed onto a glass square and spin coated at 900 rpm with
an acceleration of 100 rpm for 30 s. Each slide was then placed
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in an incubator at 75-80% humidity and 25 °C for 3 min and
crosslinked by immersing in 0.03125% (v:v) GA solution in
100 mM HEPES buffer, pH 7.4 for 10 min. The slides were
washed and stored in 100 mM HEPES bulffer, pH 7.4.

A flowcell with two microfluidic channels was made by
computer numerical control (CNC) machining of 3 mm thick
black poly(methyl methacrylate) forming 8.3 mm long, 1.9 mm
wide, and 0.2 mm deep recessed cavities. Each cavity was sur-
rounded by a groove 1 mm wide and 0.75 mm deep to mount
an O-ring, and the two channels were separated by 2 mm.
Bootlace ferrules were glued in the through holes at the ends
of each cavity to make inlets/outlets.

Instrumentation

The instrumentation used (see Fig. 1) has been described else-
where,® with the only major difference being the light source,
which was a 475 nm LED (Lumileds LUXEON Z LXZ1-PB01, RS
Components). The output of the LED was coupled to a 200 um
core multimode optical fibre, which was collimated using an
achromatic doublet (63DQ25, Comar Optics Ltd) and then con-
verted to a wedge beam using a cylindrical lens (63YD25,
Comar Optics Ltd). The light beam was coupled to the LW
device using an NBK7 equilateral prism with square faces of
30 x 30 mm. A thin layer of RI matching oil (Cargille™
Immersion Oil Type A, Fisher Scientific) was placed between
the LW and prism. The light reflected from each point on the
LW was recorded on a CMOS camera (Mercury Daheng
MER-2000-19U3M, GeT Cameras BV) to obtain 2D-reflectivity
curves. The camera had 5496 by 3672 pixels with each pixel
being 2.4 x 2.4 um?, The instrument and camera control soft-
ware were used to control the angular positions of the LED
and camera, driving current of the LED, and real-time proces-
sing of 2D reflectivity curves to display a chart of shift in reso-
nance angles of LWs versus time. The solutions were pumped
using a MINIPULS 3 peristaltic pump (Gilson) at a volumetric
flow rate of 3 pL s—'. The RI of solutions were measured using
RFM900-T refractometer (Bellingham and Stanley) with an

Two-channel
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Outlet—="

LPri:;m

)
4 \—Cylindrical lens

Achromatic doublet
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Fig. 1 Instrumentation with a two-channel flowcell on top of the LW
and prism assembly.
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accuracy of + 1 x 107>, All solutions were prepared in 10 mM
PBS, pH 7.4.

[1l. Results and discussion
LW device 5

2D- and 1D-reflectivity curves of one of the LWs are shown in
Fig. 2 where device 5 was selected to show the worst-case. The
positions of TIR and resonance (LW1 and LW0) angles are also
marked in Fig. 2. As discussed previously,” exponentially
decaying interference fringes are observed in reflectivity curves
at resonance angles because of Fresnel diffraction. The
number of fringes observed depends on the bandwidth of the
light source, the RI of the waveguide and any optical losses in
the LW.” In the case of chitosan LWs, as shown in Fig. 2, only
one dip-peak pair of exponentially decaying interference
fringes was observed at each resonance angle. Additionally,
two sets of dip-peak pairs were observed in Fig. 2, which in
turn suggests that the chitosan film was sufficiently thick to
support two optical modes. The positions of dips were deter-
mined using a centre of gravity algorithm and were taken as a
measure of the position of the resonance angles. Only the posi-
tion of LWO was studied for the remainder of this work.

The mean positions of LWO in channels 1 and 2 were
63.827 + 0.005 deg and 63.820 + 0.017 deg (both: n = 4, ie.,
areas in each channel), respectively. As the variation in the
position of LWO between the two channels was low, the thick-
ness of the chitosan film must be uniform. To verify this, the
thickness and RI of the chitosan film were estimated using an
in-house transfer matrix-modelling package.” The estimated
average thicknesses of chitosan for channels 1 and 2 were
2.689 and 2.687 um, respectively. Thus, the difference in the
thickness of chitosan
Furthermore, the average RI of chitosan for channels 1 and 2
were 1.347-0.0002i and 1.347-0.00015i, respectively.

in the two channels was 0.05%.
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Fig. 2
different areas in each channel) profiles of device 5.
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The RIS of device 5 was determined by measuring shifts in
LWO for glycerol solutions of different concentrations and
hence RI, which were measured independently using a refrac-
tometer. As shown in Fig. 3(a), shifts in LWO increased as
higher concentrations/RI of glycerol solutions were introduced
on the LW. The relationships between shifts in LWO0 (Afg) and
ngy, for both channels were linear, and are given by eqn (1) and
(2) with 7* of 0.9927 and 0.9922, respectively.

Channel 1:

Afg = —172.9 + 129.5 X ngy (1)
Channel 2:
Afg = —172.1 + 128.9 X ng, (2)

The slope of the regression line between A6 and nyy, provides
the RIS of LWs. Thus, the RIS of the device corresponding to
channels 1 and 2 were 129.5 + 5.6 deg RIU™" and 128.9 + 5.7 deg
RIU™" (both: 1 = 4, i.e., total number of areas in each channel),
respectively where the errors represent area-to-area variability
within each channel. The identical RIS in the two channels was a
result of the uniform thickness and RI of chitosan. The identical
RIS of the two channels is beneficial for eliminating common-
mode effects (e.g:, changes in temperature and sample compo-
sition) by performing differential measurements between the two
channels. Based on the similarity in the RIS of the two channels,
common-mode effects can be reduced by 99.7%.

Based on Fig. 2, the average FWHMs of the LW0 mode for
channels 1 and 2 were 0.077 and 0.107 deg, respectively. The
narrower the FWHM, the easier it is to monitor small shifts in
resonance angles, which are observed at low analyte concen-
trations.'” For device 5, the figure of Merit (FoM = RIS/FWHM)
was 1635 and 1179 RIU™" for channels 1 and 2, respectively. To
determine the RI LOD, the standard deviation of shifts in LWO0
of each channel for all concentrations of glycerol was calcu-
lated. The exemplar data used to calculate the standard devi-

(b)
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(a) 2D- (where dotted blue lines show the 4 areas in channel 2) and (b) corresponding 1D-reflectivity (different colour traces correspond to
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Fig. 3 (a) A sensorgram of device 5 for glycerol solutions (different colour traces correspond to different areas in each channel) where the inset is a

plot of shift in LWO versus RI of glycerol solutions, and (b) exemplar data used to calculate the standard deviation of shifts in LWO where dashed lines

represent shift in LWO (deg) corresponding to + 2 x 107 RIU.

ation of shifts in LWO is provided in Fig. 3(b). The standard
deviations of shifts in LWO of both channels were divided by
RIS of the device to obtain the RI LOD. For device 5, the RI
LOD for channels 1 and 2 were 2.8 X 107° + 1.6 x 10~° RIU and
3.4x107° +3.7 x 107® RIU (both: n = 24, i.e., product of six gly-
cerol concentrations and four areas in each channel), respect-
ively. The standard deviation of RI LOD is a measure of the
noise in the sensorgrams. The primary source of noise was the
pulsation of the peristaltic pump and increased when air
bubbles were trapped in the microfluidic channels despite
these bubbles being out of the region where the light beam
was falling. This noise can therefore be reduced by compu-
tational methods such as Fourier filtering or by using syringe
pumps or even gravity feed.*”

Area-to-area and device-to-device reproducibility

Glycerol runs were performed for eight LWs to determine their
RIS, and the results are summarised in Table 1. The area-to-

Table 1 Summary of RIS and RI LOD of the eight LW devices studied in
this work (where error bars in in RIS represent area-to-area variations
and error bars in RI LOD represent noise)

RIS (deg RIU™Y) RI LOD (x107° RIU)

(n=4) (n=12)
Devices Channel 1 Channel 2 Channel 1 Channel 2
Device 1 120.8 £ 2.6 118.2 £ 2.5 1.4 +£0.6 1.5+1.0
Device 2 126.6 £ 1.8 126.2 £+ 1.9 1.8+ 0.5 2.9+0.2
Device 3 125.4 +4.6 125.4 + 3.8 2.0+£0.8 2.2 +0.7
Device 4 125.4 +4.6 124.6 +4.4 2.3+1.1 2.4+1.5
Device 5 129.5 £ 5.6 128.9 + 5.7 2.8+1.6 3.4+3.7
Device 6 125.0 £ 5.7 1249+ 5.7 0.9 +0.2 0.9+0.1
Device 7 128.3 £2.2 128.3 £ 2.2 1.4+£0.5 1.1+£0.6
Device 8 125.2 £ 2.0 124.0 £ 2.0 1.5+1.5 1.5+0.9

This journal is © The Royal Society of Chemistry 2021

area variability in each channel was between 1.4% and 4.6%. A
statistical ¢-test suggested that the mean RIS of channels 1 and
2 of each LW were not significantly different at 95% confi-
dence level. The mean RIS of the eight devices was 125.5 +
3.8 deg RIU™". The mean RIS of devices 2 to 8 were not signifi-
cantly different at the 95% confidence level, but device 1 was
significantly different from devices 2, 3 5, 7 and 8. One poss-
ible reason for this difference is that device 1 was conditioned
with flowing PBS buffer for ~1 h compared to other devices,
which were conditioned for ~5 h. Conditioning was required
because the devices were stored in HEPES buffer but PBS was
used for the experimental work to better mimic physiological
conditions. After device 1, the conditioning time was increased
to reduce the baseline drift which was continuing after one
hour.

The typical area-to-area variability in the RI LOD was
between 14.3% and 64.2%. The area-to-area variability in the
RI LOD of channel 2 of device 5 and channel 1 of device 8 was
>100%. As shown in Fig. 2, the position of LWO0 across the
width of channel 2 of device 5 was less uniform than channel
1, suggesting that defects must have been introduced during
the fabrication of the chitosan film. Similarly, we observed
that the chitosan film in channel 1 of device 8 washed away
after ~8 h, which was in contrast to other devices where chito-
san films remained intact for days. As the standard deviation
of RI LOD was device dependent, in addition to the pulsation
of the peristaltic pump, it must also be a function of the
quality of the chitosan films deposited on glass substrates. We
hypothesise that if regions of chitosan films have detached
from glass substrates, noise may be amplified because the gap
between chitosan and glass substrates may oscillate with the
pulsation of the peristaltic pump. The adhesion between chito-
san and glass substrates may be improved by attaching them

Analyst, 2021, 146, 4964-4971 | 4967
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covalently. Overall, the average RI LOD of all eight devices was
1.9x107° £ 1.3 x 10”° RIU.

NSA of BSA to chitosan

BSA was selected because it is a widely used protein to investi-
gate NSA.>*?' Furthermore, the highest concentration of BSA
solution used was equivalent to the concentration of albumin
in human serum.**** To determine whether BSA showed sig-
nificant NSA to chitosan, BSA was injected in the sensor
channel and buffer was flowed in the reference channel and
shifts in LWO of sensor channel was recorded with respect to
the reference channel. The observed differential shifts in LWO
(Abg ops) at equilibrium are summarised in Table 2. Table 2
also lists expected shifts in LWO (Afg exp), Which were deter-
mined using eqn (1) and assumes that chitosan films are com-
pletely porous to BSA. In eqn (3), RIS, is refractive index sen-
sitivity of LWs determined using glycerol solutions, n. and n,
are RI of BSA solution of selected concentration and buffer,
respectively.

A9R,exp = RISgly (nC - nO) (3)

The observed and expected shifts in LWO0 were expected to
be comparable if chitosan films are completely porous to BSA,
and BSA does not NSA to chitosan. However, Table 2 shows
that the observed shift in LWO was significantly lower than
expected at low BSA concentrations. This in turn suggests that
chitosan films were not fully permeable to BSA. Equally,
Table 2 shows that as the BSA concentration was increased, the
difference between the observed and expected shifts in LWO0
decreased until at 750 uM BSA the shift became slightly larger
than expected. It is unlikely that the porosity of chitosan
changes so markedly to different BSA concentrations, so the
most likely explanation is that at high concentrations BSA
binds to chitosan and fills all the pores of the LW and then
starts adsorbing to the surface of the chitosan LW. BSA is
known to show multilayer adsorption,** and has a RI of about
1.507 in multilayers.>® This means that it has a higher RI than
the chitosan, and thus is no longer in the evanescent field of
the LW but forms part of the waveguide. This would account
for the larger than expected resonance angle shifts at high BSA
concentrations. Modelling indicates that multilayer adsorption
in the pores and on the surface of the waveguide can account

View Article Online
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for the non-linearity of the response to BSA compared to non-
adsorbing glycerol. Based on the estimated RI of hydrated BSA,
Fig. 4 shows the number of layers of BSA as a function of the
protein concentration. From this, it can be estimated that the
coverage of BSA will saturate at ~25 layers.

The difference in shifts in LW0 with PBS before introducing
BSA and after washing out the protein (i.e., the last column of
Table 2) increased as the concentration of BSA solution
changed from 2.5 to 750 pM. Based on the values in the last
column of Table 2, at BSA concentrations of 75 uM and above,
washing with buffer could not remove all the BSA in 800 s.
This indicates that at high concentrations of BSA, there is
some largely irreversible NSA of BSA to chitosan films. At
PH 7.4, the NSA of BSA to chitosan may be because of electro-
static attraction as BSA will be negatively charged (pl: 4.5-5.0*%)
and chitosan will be positively charged (pK,: 6.5-6.6 7).

RE-analyte binding

The sensor region of a LW was functionalised with biotin by
reacting amine groups of chitosan with N-hydroxysuccinimide
(NHS) group of NHS-(PEG);,-biotin. For this purpose, 50
pg ml™' NHS-(PEG),,-biotin solution was pumped in the
sensor channel for 30 min. During this time, PBS was pumped

25

20 4

15 1

10 1

Estimated BSA layers

200 400 600 800

BSA concentration (uM)

Fig. 4 Estimated number of BSA layers deposited on LW as a function
of the protein concentration.

Table 2 Summary of shifts in LWO in the presence of BSA solutions and PBS (where n = total number of areas per channel and error bars represent

area-to-area variations of LW device 6)

Shifts in LWO (x10* deg) for BSA (n = 4)

Difference between shifts in LWO

BSA concentration (uM) RI Observed (Afx ops) Expected (AGg exp) (x107* deg) for PBS before and after BSA (n = 4)
0 (Buffer) 1.33473 Not Applicable Not Applicable

2.5 1.33480 2.2+0.1 8.8 -3.2£0.2

7.5 1.33492 8.4+0.1 23.7 -2.8£0.1

25 1.33504 26.7 £ 0.3 38.7 -2.3+£0.1

75 1.33567 82.0+0.5 117.4 0.3+0.4

250 1.33759 306.3 +1.1 357.3 9.9+0.4

750 1.34390 11751+ 0.5 1145.6 41.1+0.3

4968 | Analyst, 2021, 146, 4964-4971

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1an00940k

Open Access Article. Published on 13 July 2021. Downloaded on 8/4/2025 10:06:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Analyst Paper
Time (s) © = 0.016
0 2000 4000 6000 8000 %l
0.014 : : : : g L 0.014
© (@) —— Sensor B Y g
5 0.00+ —— Reference g ¢ | 0.012
2 50 =
% L £ 0 5 10 15 20 25 30 F 0.010 %
= g Anti-biotin concentration (nM) 3
= ] E i —— Buffer g
& 0.03 Bump 6F — 25mM + 0.008 3
-0.04 — 5.0nM S
— 10.0nM + 0.006 §
0.05 Buffer  2.5nM 5.0 nM 10.0nM 15.0nM 25.0 nM — 45.0nM g
T 0_04_(b) —— Differential 250nM L 0.004 %
= c
o= _ =
gg 0”3 L 0.002 £
2 g 0.02 4
= + 0.000
£~ 0014
n
0.00 A T T T T T T T -0.002
0 2000 4000 6000 8000 0 200 400 600 800 1000
Time (s) Time (s)

Fig. 5 Shifts in (a) absolute and differential resonance angle in (b) real-time, and (c) after being made to pass through origin (inset shows a plot of
initial rate of binding versus concentrations of anti-biotin antibody solutions and errors bars are too small to be visible, device 1).

in the reference channel, leaving the reference region unmodi-
fied. 0.0, 2.5, 5.0, 10.0, 15.0 and 25.0 nM anti-biotin antibody
solutions prepared in PBS were introduced sequentially and
shifts in resonance angles of both channels were monitored.
Fig. 5(a) shows that the resonance angle of the reference
decreases with time, which is attributed to an increase in the
ambient temperature. Consequently, the binding of anti-biotin
antibody at low concentrations was less apparent in the absol-
ute shift in resonance angle of the sensor (black trace in
Fig. 5(a)). Glitches in traces in Fig. 5(a) were also observed
when the peristaltic pump was turned off briefly to switch
from one solution to another. As shown in Fig. 5(b), the down-
ward drift and glitches were significantly reduced in the shifts
in differential resonance angle, which was obtained by sub-
tracting shifts in absolute resonance angles of the sensor and
reference. This in turn suggests that differential measurements
between closely spaced sensor and reference channels were
effective in removing the effect of changes in temperature and
perturbations in flow rate.

A corresponding plot of shifts in differential LWO is pro-
vided in Fig. 5(c) where the time at which anti-biotin antibody
solution of each concentration was injected was taken as zero
time point. Additionally, the differential LWO at each zero time
point was subtracted from all subsequent values. The inset in
Fig. 5(c) clearly shows that the rate of increase in the shift in
differential resonance angle increased linearly with antibody
concentration from buffer to 25.0 nM. Since we are in the
laminar flow regime (Reynolds number ~1), the Nernst
diffusion layer treatment can be applied. Eddowes®® showed
that in this regime, at low surface coverage, the initial rate is
proportional to the bulk antibody concentration.

The relationship between the rate of increase in the shift in
differential resonance angle (dAfg/dt) and concentration of

This journal is © The Royal Society of Chemistry 2021

anti-biotin antibody solution (c,p) (see the inset in Fig. 5(c)) is
given by dAfg/dt = —7.7 x 1077 + 6.0 x 1077 X c,p, (> = 0.9831).
Thus, the initial rate of binding per unit concentration of anti-
biotin antibody was 6.0 x 10~” deg s~* nM™". Different concen-
trations of anti-biotin antibody solutions prepared in PBS con-
taining 3.76 pM BSA were then sequentially introduced in the
sensor and reference channels of a fresh LW. In this case, the
relationship between dAfr/dt and cap is given by dAfg/dt =
—21.4 x 1077 + 7.2 X 1077 X cap, (¥ = 0.9677). Thus, the initial
rate of binding per unit concentration of anti-biotin antibody
was 7.2 x 1077 deg s™' nM ™", which was ~20% higher than the
case when the anti-biotin antibody solutions were prepared in
PBS. The difference between the values obtained without and
with BSA suggest that BSA may be non-specifically adsorbed
more to the sensor than the reference regions, either to biotin
or bound antibodies, and will be studied in future work.
Finally, 25 nM anti-biotin antibody solution was prepared
in PBS containing 750 uM BSA, and was pumped in both the
sensor and reference channels of a fresh LW. Fig. 6(a) shows
the shifts in LWO of both the sensor and reference channels
increased with time. While the shift in the LWO of the refer-
ence channel is likely to be because of NSA of BSA to chitosan,
the shifts in the LWO of the reference channel is the sum of
NSA of BSA and binding of the antibody to biotin molecules
immobilised in the chitosan waveguide. The contribution of
the shift in LWO0 because of NSA of BSA was largely eliminated
by taking differential measurements between the sensor and
reference channels (Fig. 6(b)). In this case, the relationship
between the shift in differential resonance angle (dA6g) and
time (¢) is given by Afg = —28.4 x 107> + 1.9 x 107> x ¢t (i* =
0.9951). Thus, the initial rate of binding per unit concentration
of antibody was 7.4 x 1077 deg s~' nM ™', which is comparable
to the value when the anti-biotin antibody solutions were pre-
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Fig. 6 (a) Absolute and (b) differential shifts in LWO on irrigating the

sensor and reference channels with 25 nM anti-biotin antibody solution
containing 750 uM BSA (device 7).

pared in 3.76 pM BSA. Because the non-specific (weak)
binding of BSA happens rapidly at high concentrations, the
much slower binding of the low concentration analyte can be
distinguished by rate measurements after the step change
caused by BSA.

IV. Conclusions

Diffraction-based leaky waveguides (LWs) are the simplest
possible biosensors comprised of a few microns thick hydrogel
film on a glass substrate. In this work, we studied eight diffrac-
tion-based LWs made of chitosan and showed that the area-to-
area and device-to-device reproducibility in the refractive index
sensitivity (RIS) of all except one device was high. Our study
suggested that the time for which LWs were conditioned in
buffer before use played an important role in determining
their RIS. In contrast, the area-to-area and device-to-device
reproducibility of the refractive index (RI) limit of detection
(LOD) is currently low and must be improved. Possible ways for
improving the reproducibility of RI LOD include covalent
attachment of chitosan films to glass substrates, Fourier filter-
ing of sensorgrams to remove pump noise, and replacing the
peristaltic pump with a syringe pump or gravity feed. The
studies on non-specific adsorption (NSA) of bovine serum
albumin (BSA) to chitosan LWs suggested that the protein
solutions of up to 25 uM interacted with chitosan reversibly
and the BSA could be largely washed out by flowing 10 mM
PBS over the chitosan films. In comparison, BSA solutions
between 75 and 750 pM showed multilayer adsorption to chito-
san. The initial rate of antibody binding has been shown to be
linear up to 25 nM in the presence and absence of BSA as a
non-specifically adsorbing interferent. Antibody binding could
be distinguished from NSA of BSA even at 750 pM, a 30 000-

4970 | Analyst, 2021,146, 4964-4971

View Article Online

Analyst

fold excess over the maximum antibody concentration,
because the step change caused by NSA of BSA happened
quickly and was followed by the much slower binding of the
analyte. This indicates that chitosan LW sensors could poten-
tially detect analytes in undiluted serum.
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