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Early diagnosis of diseases such as kidney disease relies on the successful measurement of albumin con-

centration in urine. We report label-free detection of human serum albumin (HSA) using a leaky wave-

guide (LW) optical biosensor. The LW reported in this work comprised a few microns-thick mesoporous

polyacrylamide hydrogel film deposited on a glass substrate by casting and, for the first time, copolymer-

ized with N-(3-aminopropyl)methacrylamide (APMAA) to provide functional amine groups required to

immobilise recognition elements, half-antibody fragments. Furthermore, this is an unprecedented report

on the use of a high molecular weight (3700 D) poly(ethylene glycol) diacrylamide in contrast to pre-

viously reported low molecular weight bis-acrylamide crosslinkers to increase the porosity of waveguide

films. Equally, other parameters such as molar ratio of APMAA to acrylamide and total weight of (mono-

mers and crosslinker) to volume ratio were optimised to obtain hydrogel films with pore size and amine

groups required to immobilise half-antibody fragments in hydrogel films. Three different strategies for

immobilisation of recognition elements; two based on streptavidin biotin interactions and the third based

on half fragments of antibody were studied. The third immobilisation strategy resulted in the most repro-

ducible results and hence was used to measure the equilibrium dissociation constant of HSA and its
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1. Introduction

Biologically important human serum albumin (HSA) is the
most predominant circulating protein in humans. The concen-
tration of HSA is ~500-800 pM in blood and <0.3 uM in urine
in healthy adults. While an increase in HSA levels in urine
indicates a chronic kidney disease called microalbuminuria, a
much lower level of HSA in urine is indicative of kidney and
liver diseases.'® Thus, early detection of abnormalities in the
concentration of HSA is of great importance for delivering
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corresponding half-antibody fragments. Using the LW-based label-free optical biosensor, HSA was suc-
cessfully detected with a limit of detection of 28 ng mL™" in buffer and the lowest concentration of HSA
measured in this work was 66.5 ng mL™™. This capability of quantitation of HSA by the LW can be built
upon to realise a LW biosensor for early detection of diseases including kidney disease.

timely treatments. The state of art methods used in clinical
biochemistry laboratories for measuring the concentration of
HSA are based on the interaction of the protein with dyes such
as bromocresol green (BCG) and bromocresol purple (BCP).*”
However, the concentrations of HSA estimated using BCG and
BCP dyes are often significantly different, resulting in clinical
uncertainty. To overcome the limitation associated with the
use of dyes, biosensors have been developed.** For example,
optical biosensors have been reported for the detection of HSA
in aqueous buffers and body fluids such as serum and
urine.”**™® More specifically, Rasouli et al.'* demonstrated
optical detection of HSA in serum using a nanocurcumin-vVO>*
ensemble-based optical nanoprobe by observing the colour
intensity of the HSA-optical nanoprobe complex. Semeradtova
et al. developed optical microchips and utilised fluorescently
labelled HSA for the detection of the protein in urine.'>"”
Labelling of proteins with fluorophores adds to the number of
analysis steps and can often increase the probability of false
positives/negatives. These limitations can be overcome by
label-free optical biosensors that rely on transducing changes
in refractive index (RI), which can be caused by binding of
analyte to recognition elements, into an easily measurable
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signal (e.g., changes in wavelength, intensity, angle).'® For
example, Liu et al.'” demonstrated the sensing of HSA by a
surface plasmon resonance (SPR) sensor using anthraquinone
dye Cibacron Blue F3G-A (CB) as a recognition element for the
specific binding of HSA. The RI changes caused by binding of
HSA to CB caused shifts in resonance wavelength, which were
measured to determine the concentration of HSA.

Another label-free optical sensor is the leaky waveguide
(LW),* which has been shown to be able to measure diverse
analytes including immunoglobulin G (IgG), thrombin,
average iron content of ferritin, bacteria, and organopho-
sphorus pesticides.>*** The simplest LWs comprise a few
microns thick film with RI lower than the substrate but higher
than the liquid sample on top of the film. Light is partially
confined in the low RI film of LWs by Fresnel reflection at the
film/substrate interface which makes the waveguide film leaky,
allowing prism coupling. The RI of the waveguide can change
because of binding of analytes to recognition elements
immobilised in the film or and/or change in composition and/
or temperature of liquid sample. Compared to LWs with non-
porous waveguide films where analytes and recognition
elements are only present on the surface of the waveguide
films, LWs with waveguide films made of porous hydrogels
offer ~9 times higher sensitivity by increasing the immobilis-
ation density of recognition elements and maximizing the frac-
tion of light that can interact with analyte-recognition
elements complexes.>' As reported previously,?® the refractive
index sensitivity (RIS) of LWs with porous waveguide films is
~120° RIU™', The minimum RI resolution of LWs is ~107,
which is comparable to typical surface Plasmon resonance
(SPR) devices with continuous metal film and prism
coupling.”®?® In contrast to SPR, which only works with light of
transverse magnetic (TM) polarisation, LWs can work with light of
any polarisation and even with unpolarised light (as in this work).
Equally, the RIS and minimum RI resolution of LWs is indepen-
dent of the polarisation of light.”” Furthermore, RIS of LWs with a
porous waveguide is independent of the thickness of the wave-
guide film.>” This is because IWs with porous waveguides are
bulk sensors, and their performance is minimally influenced by
variations in film thickness and/or surface roughness.

This is an unprecedented report on LWs with waveguide
films made by polymerising acrylamide and N-(3-aminopropyl)
methacrylamide (APMAA) monomers with crosslinker, poly
(ethylene glycol) diacrylamide (PEGDAm-3700). While APMAA
provided the amine groups required for immobilisation of
recognition elements, the high molecular weight of PEGDAm-
3700 in comparison to previously used bis-acrylamide cross-
linker, resulted in films with high porosity. This porosity
allowed immobilisation of recognition elements in the wave-
guide films, improving sensitivity and limit of detection. The
films of APMAA, acrylamide and PEGDAm-3700 were deposited
on glass substrates by casting where the precursor solution
was sandwiched between two glass substrates separated by
polystyrene beads. In this case, the initial thickness of the
hydrogel films was determined by the diameter of the poly-
styrene beads, and one of the glass substrates was chemically
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treated to allow covalent immobilisation of the hydrogel film
to the glass. Although the approach of using beads to make
films of controlled thickness has been previously reported,®® it
has not been used to make waveguide films for sensing as is
the case in this work. As the films were covalently bound to
the glass substrate, they were robust and could not be
damaged by flow of solutions over long periods of time.
Equally, for the first time, we showed immobilisation of half
fragments of antibodies in the waveguide films of LWs. We
studied the affinity between HSA and its corresponding half-
antibody fragments immobilised in waveguide films of LWs
and determined the equilibrium dissociation constant (Kp).
Finally, LW biosensors with optimised concentration of half-
antibody fragments were for the first time used for label-free
quantitation of HSA with a limit of detection (LOD) of 28 ng
mL™" in buffer and the lowest concentration of HSA measured
in this work was 66.5 ng mL™".

2. Experimental

2.1. Materials and methods

Ethanol, toluene, polystyrene beads (mean diameter ~1 um),
chloro(dimethyl)vinylsilane (97%) (CDVS), trimethoxy(3,3,3-tri-
fluoropropyl)silane (99%) (TMTFS), N-(3-aminopropyl)metha-
crylamide hydrochloride (98%) (APMAA), 40% acrylamide solu-
tion, poly(ethylene glycol) diacrylamide with average M, of
3700 (PEGDAmM-3700), ammonium persulphate (APS), N,N,N’,
N'-tetramethylethylenediamine (TEMED), sodium phosphate
monobasic monohydrate, sodium phosphate dibasic dodeca-
hydrate, ethylenediaminetetraacetic acid (EDTA), bromophenol
blue, sodium chloride (99%), glycerol (M,: 92), poly(ethylene
glycol) (PEG) (M,: 10, 100 and 300 kDa), biotin-protein A
(P2165), IgG (I5131), anti-IgG (B3773), human serum albumin
(A9511, >96%) (HSA), and centrifugal filter units (Amicon
Ultra-0.5 mL with molecular weight cut-off (MWCO) of 30 kDa)
were purchased from Sigma Aldrich (UK). Decon 90, tris-HCI,
sodium dodecyl sulfate (SDS) and 2-mercaptoethylamine-HCl
(2-MEA) were purchased from Fisher Scientific (UK). NHS-
PEG,-maleimide and NHS-PEG;,-biotin (where NHS is
N-hydroxysuccinimide) were purchased from Broadpharm
(USA). Streptavidin (2-0203-100) was purchased from IBA
Lifesciences (Germany). Anti-human albumin antibody from
goat (A80-129A) was purchased from Cambridge Bioscience
(UK). 1 mm thick glass microscope slides were purchased from
VWR (Leicestershire, UK). Colour pre-stained protein standards
(10-250 kDa) were bought from New England Biolabs (USA).

2.2. Fabrication of aminopropyl co-polymerised
polyacrylamide LW films

Hydrogel films of APMAA copolymerised with acrylamide and
crosslinked with PEGDAm-3700 were deposited on ~25 X
25 mm? glass substrates by casting where the thickness of the
films was determined by the diameter of polystyrene beads
used as spacers. The use of beads to make films of controlled
thickness by casting has been previously reported.?® Glass sub-

This journal is © The Royal Society of Chemistry 2025
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strates were cleaned in an ultrasonic bath using the procedure
described previously.>* For chemical attachment of hydrogel
films to glass surfaces, a few cleaned substrates were treated
with 1% (v/v) CDVS solution in toluene for 30 min. The
remaining few substrates were treated with 5% (v/v) TMTFS
solution in toluene for 30 min to make the glass surface hydro-
phobic. All substrates were then washed with toluene and
dried before use. Subsequently, a spacer layer was formed by
drop casting 0.5 pL of a colloidal solution of 1% (w:v) poly-
styrene beads at four corners of TMTFS treated glass substrates
and dried under ambient condition.

100 pL of hydrogel precursor solution was prepared by
mixing 9 pL of 40% (w/v) acrylamide, 1.25 pL of TEMED,
0.79 mg of PEGDAmM-3700, 0.89 mg of APMAA, and 1.25 mg of
APS in N,-degassed de-ionised water. The total concentration
of monomers in the precursor solution was 4.5% (w/v) with
10% (mol: mol) of APMAA :acrylamide. This precursor solu-
tion was cast between CDVS and TMTFS treated glass sub-
strates with a spacer layer of polystyrene beads. After the solu-
tion was polymerised, the TMTFS treated glass substrate was
peeled off and the hydrogel film was left behind on the CDVS
treated glass substrate because of chemical linkages between
the film and CDVS treated glass. The resulting LWs were
stored in 100 mM phosphate buffer, pH 7.4 until use.

2.3. Instrumentation

The instrument used to study LWs has been described in our
previous report> and a schematic is provided in Fig. 1. Briefly,
the instrument comprised a point source red LED (TL-6,
iC-Haus, 640 nm). Light from the LED was passed through
optical lenses (40 mm focal length achromatic doublet and
63 mm focal length cylindrical lens) to obtain a wedge-shaped
unpolarised beam. Light was focussed onto a LW mounted on
a BK7 equilateral prism (Qioptic Photonics, UK). Light
reflected from LWs was collected using a 20 Mpixel
(MER-2000-19U3M-L, Daheng Imaging) CMOS camera. A dual
channel flow cell containing through holes for fluidic connec-
tions (inlets and outlets) was mounted on top of the LW using

Outlet (sample)
Outlet (reference) \

N\

Reflected
beam

Fig. 1 Schematic of the leaky waveguide instrumentation.
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a clamping plate. One of the fluidic channels served as a
sensor and the other as a reference. Analyte, immobilisation
reagents, antibody and buffer solutions were pumped into
sample and/or reference channels as required using a peristal-
tic pump (Minipuls® 3, Gilson, UK) at a flow rate of 200 pl
min~". Shifts in resonance angles of LWs corresponding to the
reference channel were subtracted from the sensor channel to
measure analyte response while removing baseline drifts and
other common-mode effects.

2.4. Preparation of half antibody fragments

In immobilisation strategy 3 (discussed in sub-section 2.6),
half-antibody fragments were used. The reduction of antibody
dithiol bonds was carried out using 2-MEA prior to immobilis-
ation®® in hydrogel films of LWs. 1 mg ml™" antibody stock
solution was prepared in 100 mM phosphate buffer, pH 7.4
containing 150 mM NaCl and 5 mM EDTA. 50 pL of 500 mM
2-MEA solution was added to 500 pL of antibody solution. The
resulting solution was incubated at 37 °C for 90 min. The solu-
tion was then cooled to room temperature and 2-MEA was sep-
arated from the antibody and half-antibody fragments using
30 kDa MWCO filter unit where the filtrate contained 2-MEA,
and the residue contained antibody and the fragments.

2.5. SDS-PAGE

The formation of antibody half fragments was investigated by
performing sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Mini-Protean precast gels, BioRad,
UK). The residue retained on the membrane of 30 kDa MWCO
filter was analysed by SDS-PAGE. The SDS-PAGE was per-
formed under non-reducing conditions. 10 ml of 10% (w:v)
resolving gel was prepared using 4.1 ml of de-ionised water,
3.3 ml of 30% (w:v) acrylamide : bisacrylamide, 2.5 ml of 1.5
M Tris HCI (pH 8.8), 100 pl of 10% SDS, 100 pl of 10% (w: V)
APS and 10 pl of TEMED. Similarly, 10 ml of 4% (w : v) stacking
gel was prepared using 6.1 ml of de-ionised water, 1.3 ml of
30% (w:v) acrylamide : bisacrylamide, 2.5 ml of 1.5 M Tris HCI
(pH 6.8), 100 pl of 10% SDS, 100 pl of 10% (w:v) of APS and

Inlet (reference)
/ ,— Inlet (sample)
Flow cell
Glass substrate
7‘£ Leaky waveguide film
+——— Prism

2« Cylindrical lens
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10 pl of TEMED. The residue was mixed with non-reducing
loading buffer (60 mM Tris-HCI pH 6.8, 4% (w/v) SDS, 20%
(v/v) glycerol, and 0.04% (w/v) bromophenol blue). A solution
of pre-stained protein standard was used for molecular weight
sizing. 20 pL of each solution was placed in different wells of
the SDS-PAGE gel, and a constant voltage of 100 V was applied
for ~2.5 h. Protein bands were visualised by Coomassie blue
staining.>%3!

2.6. Immobilisation of recognition elements

The experimental conditions for immobilisation of recognition
elements in LW films using three different strategies are
described below. In strategies 1 and 2, biotin-protein A and
IgG were used as exemplar recognition element and analyte,
respectively. In strategy 3, half fragments of either anti-IgG or
anti-HSA were used as recognition elements while either IgG
or HSA were used as analytes.

« Immobilisation strategy 1: 30 ul of 2.5 mg mL™' NHS-
PEG,,-biotin solution was pipetted in the sensor flow channel
of the flow cell placed on top of the LW. The NHS-PEG;,-
biotin was allowed to react with the -NH, groups in LW films
for 30 min. A buffer wash was then performed by flowing phos-
phate buffer pH 7.4 for 12 min. Streptavidin solution of
0.05 mg mL ™" was introduced into the sensor flow channel for
30 min followed by flowing of buffer for 12 min. Then,
0.07 mg mL ™" biotin-protein A was passed through the sensor
flow channel for 30 min followed by washing with buffer for
12 min. Throughout these steps, buffer was flowed in the refer-
ence channel. Subsequently, 0.1 mg mL™" of IgG solution was
passed through for 30 min in both sensor and reference flow
channels. Finally, buffer was passed through for 12 min in
both sensor and reference flow channels.

« Immobilisation strategy 2: NHS-PEG,,-biotin was attached
to the LW film using the procedure described above. A solution
containing streptavidin and biotin-protein A in the molar ratio
of 1:0.75, with the concentration of streptavidin being
0.05 mg mL™", was prepared. The solution was passed through
the sensor flow channel for 30 min followed by washing with
buffer for 12 min. Throughout these steps, buffer was flowed
in the reference channel. Subsequently, 0.1 mg mL™" of IgG
solution was passed through for 30 min in both sensor and
reference flow channels. Finally, buffer was passed through for
12 min in both sensor and reference flow channels.

« Immobilisation strategy 3: To immobilise half-antibody
fragments, the amine groups in the hydrogel film of a LW were
reacted with 8.3 mg mL~" NHS-PEG,-maleimide for 30 min by
pipetting 30 pl of the linker solution in the sensor flow
channel of the flow cell. This was followed by flowing of phos-
phate buffer pH 7.4 for 12 min. Subsequently, 30 ul of half-
antibody fragment solution was flowed for 30 min in the
sensor channel and then phosphate buffer pH 7.4 for 12 min.
Throughout these steps, buffer was flowed in the reference
channel. Finally, analyte solution (either anti-IgG or HSA) was
passed through both the sensor and reference channels for
30 min followed by washing with phosphate buffer pH 7.4 for
20 min.
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3. Results and discussion

3.1. SDS-PAGE analysis

SDS-PAGE analysis was performed to confirm the formation of
antibody fragments by treatment of antibodies with 2-MEA.
2-MEA is a mild reducing agent, reducing disulphide bonds
preferentially at the hinge region of the antibody to form two
identical half-antibody fragments with expected molecular
weight of 72-90 kDa.> After 1 h of reaction between antibody
and 2-MEA, the residue retained on 30 kDa MWCO membrane
was expected to contain a mixture of antibody and its half-anti-
body fragments, and this was confirmed by SDS-PAGE analysis.
Fig. S1 in the ESIf clearly shows that lane 5, which was used to
analyse untreated antibody solutions, contained a major band
around 150 kDa. In contrast, lanes 3-4 that were used to
analyse antibody solution after treatment with 2-MEA con-
tained bands at 75 kDa, suggesting the formation of half-anti-
body fragments.

3.2. Studies on LW biosensors

3.2.1. Optimisation of the chemical composition of hydro-
gel waveguide films. The sensitivity of LWs is determined by
the porosity of the waveguide film.>' The sensitivity is higher if
a species can diffuse in the waveguide film because in this
case, the light in the waveguide can interact with the species of
interest. If, however, the waveguide is non-porous to a species,
only the evanescent wave can interact with the species, result-
ing in lower sensitivity. This in turn implies that shifts in the
resonance angle of the LW in the former case is higher than
the latter. Porous waveguide films also offer high surface area
to volume ratio, which allows immobilisation of large number
of recognition elements, further improving the sensitivity and
LOD of LW sensors.

To increase the porosity of the hydrogel LW films, we used
PEGDAmM-3700 as a cross-linker instead of previously reported
low molecular weight bis-acrylamide crosslinker. The porosity
is also dependent on the concentration of total monomer and
the percentage of crosslinker used. Besides making a porous
LW film, the quantity of -NH, groups in the hydrogel films is
also important. The films should have a higher -NH, concen-
tration to bind more recognition elements and hence analytes.
The -NH, concentration is dependent on the concentration of
APMAA. Therefore, LW films were fabricated using precursor
solutions containing different concentrations of total
monomer (4, 4.5 and 5% (w/v)) and different mole percentages
of APMAA with respect to acrylamide (5, 10, and 15%). The
concentration of the crosslinker PEGDAm-3700 was 0.79%
(w/v).

Diffusion studies were performed to determine the porosity
of the hydrogel films to species of different molecular weights.
The shifts in resonance angles of LW with hydrogel films of
different compositions were monitored for glycerol (92 D) and
PEG (35, 100, and 300 kDa) solutions of similar RI. The reso-
nance angle is a function of the RI of the waveguide and the
solution above. If a species can diffuse in the hydrogel wave-
guide, the RI of the waveguide will change more in comparison

This journal is © The Royal Society of Chemistry 2025
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with the case if the species cannot diffuse in the waveguide
film. Since the solutions used here have similar RI, the shift in
the resonance angle will depend on the porosity of the hydro-
gel as it will determine if a species can enter the film. Based
on diffusion studies, we concluded that the porosity of hydro-
gel films increased as (1) APMAA concentration increased
because of electrostatic interactions between the charged
amines causing the film to swell and (2) the total monomer
concentration decreased. However, the precursor solution con-
taining 4% (w/v) of total monomers failed to gel reliably. The
porosity to 300 kDa PEG was highest for 4.5% (w/v) hydrogel
containing 0.89% (w/v) (or, 10 mol%) of APMAA and 0.79%
(w/v) of PEGDAm-3700. Thus, subsequent work was under-
taken using LWs with hydrogel films of this composition.

Typical two- and one-dimensional reflectivity curves of a
LW with a hydrogel waveguide of optimised composition is
shown in Fig. 2(a). A comparison of shifts in resonance angles
of the optimised LW to glycerol and PEG solutions of similar
RI (see Fig. 2(b)) shows that the waveguide film excluded more
PEG as the molecular weight increased.

3.2.2. Physical parameters of hydrogel films made by
casting. As discussed in sub-section 2.2, hydrogel films of LW
devices were fabricated by casting monomer and crosslinker
solution between two glass slides separated by polystyrene
beads as a spacer layer. Fig. 3 shows the experimental one-
dimensional reflectivity curve of a 4.5% (w:v) LW device after
immersion in buffer but before immobilisation, along with the
best fit to theory. The best fit parameters were for a waveguide
2.886 um thick with a RI increment above the sample of
0.00342. The best fit thickness is more than twice the diameter
of the spacer beads, which is most likely caused by swelling of
the film as a result of electrostatic interactions between the
protonated amines of APMAA.

We measured two-dimensional reflectivity curves of 42 LWs
made using this fabrication method. Each image was divided
into 153 rectangles 24 pixels (57.6 pm) high and 5496 pixels
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of an optimised LW.
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Fig. 3 One-dimensional experimental and fitted reflectivity profiles of a
LW with a cast polyacrylamide waveguide layer.

wide and the one-dimensional reflectivity profile extracted for
each rectangle. These reflectivity profiles were then analysed to
extract the slope and non-uniformities in the position of reso-
nance angle across the imaged width of the LW. First, a linear
regression was used to determine the slope of the resonance
angle with distance across the LW device. After this, the stan-
dard deviation of the residuals from the best fite line was used
to determine the non-uniformity of the LW. The resulting plot
is provided in Fig. 4. Devices with non-uniformity of below
50 millideg. and slope of below +20 millideg. mm™" in their
resonance angle position were considered to pass the required
quality. Considering this criteria, ~57% LW devices passed the
quality check. The two-dimensional reflectivity profiles of a
passed and failed LW device are shown in the inset in Fig. 4.
3.2.3. Development of immobilisation strategies. As dis-
cussed in sub-section 2.3, a two-channel flow cell was
mounted on top of LWs where one of the channels served as

Glycerol (b)

80

PEG 35kD

PEG 100 kD

PEG 300 kD

T T T
2000 3000 4000 5000

Time (s)

(a) Two- and one-dimensional reflectivity curves and (b) shift in resonance angle (Adg) for 0.5% (v : v) glycerol and 0.5% (w : v) PEG solutions
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Fig. 4 Plot of non-uniformity versus tilt in the position of resonance
angle for hydrogels films of 42 LW devices fabricated using casting
where scatter points in the red box are the devices that passed the
quality check.

sensor and the other as reference. The shifts in resonance
angle in the sensor and reference channels were measured
while appropriate solutions are pumped in each channel. While
the shifts in resonance angle in the sensor channel are because
of analyte and common-mode effects (e.g., baseline drifts, vari-
ations in ambient temperature, changes in sample composition,
and non-specific adsorption), the shifts in the reference chan-
nels are largely only because of common-mode effects.>*>*3*
This is because recognition elements are only immobilised in
the waveguide film underneath the sensor channel. Thus, shifts
in resonance angle corresponding to the reference channel were
subtracted from the sensor channel to obtain the analyte
response while eliminating common-mode effects.

The effectiveness of the immobilisation strategies was
determined by the detection of analytes with the results dis-
cussed below.

» Immobilisation strategy 1: A schematic showing the attach-
ment of biotin-protein A (recognition element) using strategy
1 is provided in Fig. 5(a). As different solutions were intro-
duced in the sensor and reference channels of the flow cell
mounted on top of the LW, shifts in resonance angle (Afg) of
sensor and reference channels were recorded with time as
shown in Fig. 6. The large shift in A6y in the sensor channel
for NHS-PEG;,-biotin was because of the presence of dimethyl
sulfoxide (DMSO), which has a RI of 1.479 compared to 1.333
for water. The immobilisation of streptavidin and biotin—-
protein A in the sensor channel was confirmed by an increase
in Afi from the baseline at ¢ = 0 to 52.4 + 0.4 millideg. and
63.1 + 0.1 millideg., respectively. Finally, IgG was flowed in
both sensor and reference channels, but only Af; in the
sensor channel changed to any significant level (79.1 =
0.1 millideg.), suggesting specific binding. Although the
analyte (IgG) was successfully detected using strategy 1, Afg in
the sensor channel for the recognition element was relatively
small. This can be explained by considering that biotin
binding sites of streptavidin might have been used up by the
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Fig. 5 Schematic showing immobilisation of recognition element using
(a) strategy 1 and strategy 2, and (b) strategy 3 in waveguide films of LWs.
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Fig. 6 Shifts in resonance angle (Adgr) as different solutions used in
immobilisation strategy 1 were flowed in the sensor and reference flow
channels of the flow cell on LW.

biotin of NHS-PEG,,-biotin, leaving only a few sites for the
binding of biotin-protein A. Additionally, Fig. 5 shows that
Afr in the sensor channel decreases on a buffer wash,
suggesting that IgG-protein A complex dissociates. This is not
surprising considering that analyte and recognition elements
(here, IgG and protein A) are involved in dynamic equilibrium
where the analyte can bind to recognition elements and then
dissociate.>® This dynamic equilibrium between analyte and
recognition elements including the on-rate (binding) and off-
rate (dissociation) has been studied by other label-free optical
biosensors.?>*°

» Immobilisation strategy 2: Strategies 1 and 2 were similar,
but to ensure that Afy in the sensor channel for the reco-
gnition element was large, streptavidin and biotin-protein A
were mixed in a relative molar ratio of 1:0.75 and then intro-
duced in the sensor channel of the waveguide film treated with
NHS-PEG,,-biotin. As different solutions were introduced in
the sensor and reference channels of the flow cell mounted on
top of the LW, A6y of the sensor and reference channels were

This journal is © The Royal Society of Chemistry 2025
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recorded with time as shown in Fig. 7. In this case, Afy in the
sensor channel from the baseline at ¢ = 0 changed to 417.3 *
0.8 millideg. And 594.7 + 1.0 millideg. for streptavidin +
biotin-protein A and IgG, respectively.

A comparison of shifts in resonance angles because of IgG
binding for strategy 2 was higher than strategy 1 (see Table 1).
Despite this improvement, strategy 2 was not ideal because
reproducibility was poor. The poor reproducibility of strategy
2 might be because of uncontrolled binding of biotin-protein
A to streptavidin during their mixing. Similar to Fig. 6, Fig. 7
shows that Af0g in the sensor channel decreases on a buffer
wash, suggesting that IgG-protein A complex dissociates
because IgG and protein A are involved in dynamic
equilibrium.

« Immobilisation strategy 3: As shown in Fig. 5(b), half frag-
ments of antibodies were immobilised in waveguide films
using NHS-PEG,-malemide linker. Afr of the sensor and
reference channels versus time as different solutions were
introduced is shown in Fig. 8. In this case, Afy in the sensor
channel changed from the baseline at ¢ = 0 to 74.2 + 0.1 milli-
deg. and 177.3 + 0.4 millideg. for half fragment of anti-IgG
and IgG, respectively. A comparison of shifts in resonance
angles because of IgG binding for strategy 3 was significantly
higher than strategy 1 but lower than strategy 2 (see Table 1).

Table 1 Comparison of shift in resonance angle because of IgG
binding to recognition element for the three immobilisation strategies
studied in this work

Shift in resonance angle (A6y) from the pre-
ceding buffer baseline because of IgG
binding (millideg.) (shown as gray arrow in

Fig. 6-8)
Immobilisation strategy  Sensor Reference  Sensor-reference
Strategy 1 16.0 + 0.1 1.3+£0.2 14.7 £ 0.2
Strategy 2 1783 +1.0 -4.9+0.3 183.2+1.1
Strategy 3 103.1+£0.4 -30.3+0.3 133.5+0.5
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Fig. 8 Shifts in resonance angle (Adg) as different solutions used in
immobilisation strategy 3 were flowed in the sensor and reference flow
channels of the flow cell on LW.

Furthermore, 3 LW biosensors were made using immobilis-
ation strategy 3 and shift in resonance angle because of IgG
binding was recorded for each LW biosensor. These experi-
ments showed that variance in IgG binding signal was ~25%
from sensor to sensor created using immobilisation strategy 3.
As this variance was significantly lower than the other two
strategies (~25% versus >50%), immobilisation strategy 3 was
used for the remainder of this work. In comparison to strat-
egies 1 and 2, strategy 3 was also beneficial because fewer
number of steps were involved.

As discussed in section 1, LWs with porous waveguide films
offer higher sensitivity than those with non-porous films.
Thus, the porosity of waveguide films before and after attach-
ment of half fragments of antibodies immobilised using strat-
egy 3 was determined. As discussed in sub-section 3.2.1, poro-
sity of waveguide films was determined by diffusion studies
where Afp was measured as glycerol and PEGs of different
molecular weights were flowed over the LW. Fig. 9 shows that
Afg for LWs comprising waveguide films without and with
immobilised half antibody fragments was comparable. Thus,
the waveguide films with immobilised half antibody fragments
were expected to be largely porous to the analyte of interest,
HSA, with a molecular weight of ~66 kDa.

3.2.4. Calibration curve, estimate of the K, of the anti-
body-HSA complex and limit of detection. The quantitative
analysis was carried out by plotting a calibration curve of Ay
(sensor-reference) versus the concentration of HSA. We
selected 0.66 mg mL™" concentration of half fragment of anti-
HSA to obtain a calibration curve. The real time A8 of LW was
recorded by varying the concentration of HSA from 66.5 to
6650 ng ml~" with the results shown in Fig. 10(a). Fig. 10(b) is
a plot of Afx versus the concentration of HSA, showing that the
shift in resonance angle of LW increased with increasing the
concentration of HSA. Fitting the shifts in resonance angle to
a one-site Langmuirian adsorption model (eqn (1)) as shown
by the solid line in Fig. 10(b) resulted in an estimate of the K4

Analyst, 2025, 150, 2643-2652 | 2649
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of 266 + 65 ng mL™" or 4.03 + 0.98 nM and an equilibrium
resonance angle shift (Afg ¢q) of 65.62 + 3.61 millideg.

[A]

"=+

(1)
where @ is the fraction of antibody binding sites occupied by
the analyte, [A] is the analyte concentration and Kp, the anti-
body-analyte dissociation constant.

The Langmuirian adsorption model is non-linear except
where [A] < Kp, when eqn (1) reduces to:

(2)

Since only one concentration used (66.5 ng mL™") was sig-
nificantly below the Kp, the linear part of the Langmuir

View Article Online
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adsorption model was not applicable and could not be used to
determine the limit of detection. Instead, the slope of the
response at [A] = 0 was derived by differentiating eqn (1) and
substituting [A] = 0.

do Kp

dA] (A + Ko ®)
At[A]=0:
dée 1
w6 @

The slope expressed in degrees is given by:

dAOr  Abreq  65.62
dlA] Kp 266

= 0.247 millideg per (ng permL) (5)

The standard deviation of the intercept (S,) was estimated
from the root mean square of the standard deviations of the
responses of 10 LW biosensors for 0 ng mL~" HSA, which was
2.31 millideg. The LOD was calculated as:

dAby
LOD = 35,/ ¥ (6)

This gave a LOD of 28 ng mL~". Fig. 10(a) shows that detection
time is long at low concentrations of HSA. This can be explained
by considering that detection time is determined by the time
taken by the protein to diffuse from solution to the surface of and
then in the volume of the waveguide film. The detection time can
be reduced by active transport of proteins using for example, elec-
tric fields as previously shown by the authors.*”

At the time of writing, as summarised in Table 2, there is
one electrochemical sensor reported with lower LOD. Attar
et al. reported an electrochemical sensor with a LOD of 8.6 ng
ml™" that could also distinguish glycated and non-glycated

70
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Fig. 10 (a) Real-time measurement of shift in resonance angle (AdR) (sensor—reference) of the LW with increase in concentration of HSA from 66.5

ng ml™ (or 1 nM) to 6650 ng ml™* (or 100 nM) and (b) shift in resonance angle versus concentration of HSA where the error bars for each concen-
tration of the protein were calculated using 3 replicates on a LW biosensor and error bars on blank were calculated using 11 LWs.
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Table 2 A comparison of limit of detection (LOD) for HSA obtained using literature reported and LW biosensors
Type of LOD of HSA Sample
biosensor Sensing strategy/platform (ng ml™) matrix  Ref.
Electrochemical  Electrodes coated with a thin layer of a composite containing M13 virus particles 6600 Urine 11
Screen-printed carbon electrodes immobilized with AHA 1550 Buffer 8
Electrode surface immobilized with albumin ligand, x-HSA 8.6 Buffer 38
Optical Chemiluminescence lateral flow immunoassay cartridge with integrated amorphous 2.5 x10° Urine 9
silicon photosensors
SPR sensor, anthraquinone dye Cibacron Blue F3G-A (CB) immobilised on gold film 4000 Buffer 17
Absorbance of NCur-VO** optical nanoprobe forming complex with HSA 731.5 Serum 14
Optical microchips containing recombinant protein binders to sense fluorescently 650 Urine 15
labelled HSA
Fluorescence measurement of AHA-(CdSe/ZnS) quantum dot complex 32 Buffer 12
Optical LW sensor, half fragment of anti-HSA immobilised in polyacrylamide mesoporous 28 Buffer  This work

hydrogel film

HSA.*® Most other reported sensors have much higher LODs,
ranging from 650 ng ml~" to 2.5 mg ml~". As far as label-free
optical sensors for HSA are concerned, Liu et al. reported a
SPR based label-free optical biosensor for HSA detection with
LOD of 4000 ng mL™" in aqueous buffer.'”” This work has
improved that LOD to 28 ng ml™" using a porous LW with a
high density of immobilised recognition elements. The LOD of
the LW biosensor is well below the physiological range, which
is normally 35-50 mg mL™" in serum and <20 pg mL™" in
urine of healthy persons.***

4. Conclusions

This work demonstrated label-free detection of human serum
albumin (HSA) by leaky waveguide (LW) optical biosensor via
covalent attachment of half fragments of HSA antibody into
the 3D polymer network of the waveguide. The LW was fabri-
cated by depositing a microns-thick film of polyacrylamide
copolymerised with aminopropyl that provided amine func-
tional groups for the immobilisation of recognition elements,
half fragments of anti-HSA. The molar concentration of N-(3-
aminopropyl)methacrylamide (APMAA) monomer relative to
acrylamide and the total monomer concentration were varied,
resulting in an optimal waveguide film with the highest poro-
sity to poly(ethylene glycols) (PEGs) of molecular weights 35,
100, and 300 kDa. The waveguide film with the highest poro-
sity contained 10 mol% of APMAA with respect to acrylamide
and 4.5% (w/v) total monomer. The LW porosity was improved
by using a longer cross-linking agent poly(ethylene glycol) dia-
crylamide with average molecular weight of 3700 D (PEGDAm-
3700) as compared to our previous work where a low molecular
weight crosslinker, bis-acrylamide, was used. The antibody
fragments were successfully synthesized using the reducing
agent 2-MEA, as confirmed by SDS-PAGE analysis. Among
immobilisation strategies demonstrated for recognition
elements, the detection by immobilisation of half-antibody
fragments involved fewer steps and was shown to have better
repeatability but slightly lower sensitivity compared to immo-
bilisation involving streptavidin-biotin interactions. The equi-
librium dissociation constant was found to be 266 + 65 ng

This journal is © The Royal Society of Chemistry 2025

mL~" or 4.03 + 0.98 nM between HSA and half fragments of
anti-HSA immobilised in waveguide films of LWs. Finally, HSA
was successfully quantified using the LW biosensor with a
limit of detection of 28 ng mL™" and the lowest concentration
of HSA measured in this work was 66.5 ng mL™".
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