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A wide range of methods currently exist for testing the presence of malaria, each with its own advantages
and disadvantages. New technologies are urgently needed to develop more effective diagnosis tools to
fight and eradicate malaria. Optical biosensors that employ surface plasmon resonance (SPR) techniques
are a promising category of devices for detecting malaria biomarkers. One such biomarker is
plasmodium lactate dehydrogenase (pLDH), a protein produced during the life cycle of the malaria
parasite, which is a metabolic enzyme found in all plasmodium species, including the most widespread
falciparum. This work reports on the design, probing, and experimental performance of an optical
biosensor for detecting pLDH based on SPR and extraordinary optical transmission. The biosensor is
composed of an aluminum metasurface made from an array of nanoholes. The sensor operates in the
visible spectral region and achieves label-free sensing of plasmodium falciparum LDH (pfLDH) spiked in
phosphate-buffered saline. The sensor has a spectral sensitivity of 360 nm per RIU and an LOD of
1.3 nM, equivalent to 45.6 ng mL~* of pfLDH. This type of optical biosensor may offer a cost-effective
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1 Introduction

Malaria is a life-threatening disease and a global health
problem claiming more than 500 000 lives every year.“* For
example, global malaria deaths in 2022 and 2023 were 600 000
and 597000, respectively.>* Malaria cases and deaths are
reducing at a very slow rate. The 2023 mortality rate, for
instance, was 13.7 deaths per 100 000 population at risk, which
was far higher than the World Health Organization target rate of
5.5. The target rate by 2030 is an optimistic 1.5 deaths per 100
000 population at risk.®> The disease mainly affects tropical
African countries, with a four times higher mortality rate than
the global average. The highest percentage of malaria cases
reside in five countries: Nigeria (26%), the Democratic Republic
of Congo (13%), Uganda (5%), Ethiopia (4%) and Mozambique
(4%),>* where children are a large proportion of those affected.
Plasmodium falciparum and vivax are the most widespread and
deadly species causing malaria.'”

Two malaria vaccines, RTS,S/AS01 (Mosquirix)® and R21/
Matrix-M,” are currently being rolled out in endemic regions
through routine childhood immunization.*® The aim is to
eliminate and eradicate malaria by 2030."° However, neither
vaccine targets parasitic infections with 100% efficacy.'>*> The
malaria vaccine RTS,S, for instance, offers only 30-50%
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and high sensitivity method for active infection diagnosis.

protection, which is insufficient to interrupt transmission, and
its efficacy diminishes over time.>** Due to the high rate of
parasite replication, rapid mutation, complex lifecycle, global
funding gap and ineffective diagnosis, large-scale vaccination
efforts can be expected to meet significant challenges in
endemic regions.™

Malaria rapid detection tests (mRDTs) are widely used to
diagnose malaria in endemic regions and are aiding the above-
mentioned vaccine programs. They are immunochromato-
graphic antigen assays specific to histidine-rich protein-2 (HRP-
2). The biomarker HRP-2 is the most abundant malaria antigen
in infected blood. However, it is produced only by the plasmo-
dium falciparum (pf) species. Therefore, the prevalence of non-
pf species and deletion or mutation of the HRP-2 gene are
misdiagnosed by mRDTs as false negative.'*'> Moreover, the
sensitivity and specificity of more general pan-mRDTs in diag-
nosing sub-microscopic pf malaria infections or non-pfHRP-2
antigens are low.' On the other hand, plasmodium lactate
dehydrogenase (pLDH) is an alternative malaria biomarker
produced by the active plasmodium parasite.'”*® It is an intra-
cellular protein and final metabolic enzyme of the glycolytic
pathway found in all plasmodium species,'””**** and therefore
its detection avoids the selectivity problem of pfHRP-2.

Furthermore, conventional tools for malaria diagnosis like
HRP-2 detecting mRDTs are time-consuming and expensive,
requiring trained personnel and centralized laboratory equip-
ment. On the other hand, optical biosensors, especially those
operating under surface plasmon resonance (SPR) techniques,
are simple to use, offering high sensitivity with a low limit of
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detection (LOD) and label-free sensing in real time. SPR sensors
are commercially available, e.g. BIAcore™, and are used in
industry and research laboratories to study chemical and bio-
logical interactions, such as antibody-antigen interactions and
DNA-drug binding, amongst others.”*** Therefore, they have
the potential to be used as an alternative tool for detecting
submicroscopic malaria infections and non-pfHRP-2 antigens
(such as pLDH and aldolase).>*>¢

Plasmonic-based biosensing holds great promise for rapid
and sensitive malaria diagnosis - particularly in regions with
limited access to advanced diagnostic tools — by enabling early
detection and monitoring of malaria infection at the point-of-
care. These sensors have experimentally shown evidence for
detecting low concentrations of pLDH spiked in a buffer solu-
tion or whole blood lysate.””*® The best achieved LOD so far is 18
fM, based on a plasmon-enhanced fluorescence immuno-
sensor.” A recent review on optical and other biosensor assays
for the diagnosis of malaria can be found in ref. 18 and 30.
Despite promising results from the studies covered in the
review, the majority of plasmonic-based biosensors have been
fabricated using gold. A cost-effective alternative to gold for
commercialization is aluminum, which is 10 000 times cheaper
and its processing is more mature in semiconductor fabrication
plants, making large area fabrication (e.g. films and nano-
structured arrays) more accessible.**

Aluminum is both easy to fabricate and functionalize, with
material properties that enable plasmon resonances across
a broad optical band, in the UV-visible range (200-700 nm), due
to its negative real permittivity (—5 to —60) and positive imag-
inary permittivity (1 to 30).*>** Compared to gold (which spans
the visible-NIR range and has broader SP resonances with a Q-
factor ~10-20) and silver (spans the visible-NIR range, with the
sharpest resonances and Q ~ 50), aluminum with a suitable
patterning of nanostructures (such as in a photonic crystal
fibre**” or nanohole array**), has moderate sharp resonances
(Q ~ 20-30) associated with propagating surface plasmons and
localised plasmons. It also has a superior UV extension that can
be an advantage when using analytes with UV absorption/
fluorescence.

Furthermore, passivated aluminum (e.g., SiO, coated) is non-
toxic like gold, while silver is antibacterial but cytotoxic and has
rapid degradation due to bulk oxidation. Aluminum shows no
evidence of bulk oxidation - an oxide layer naturally forms on
the aluminum surface during air exposure (if not passivated)
and remains consistently stable for many days, effectively
serving as a natural passivation layer that inhibits further
oxidation.’***** Further details on the fundamental plasmonic
properties of aluminum and how they compare to other plas-
monic materials like gold and silver can be found in recent
review articles.**™*

In this work, we report on the design and experimental
probing of a plasmonic-based malaria sensor using an
aluminum metasurface. The sensor is an array of nanoholes
and operates in the visible spectral region. It provides label-free
sensing of pLDH, which we test by spiking pLDH into
phosphate-buffered saline (PBS). We measure a sensor sensi-
tivity of 360 nm per RIU (refractive index units), an LOD of
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1.3 nM and an equilibrium binding affinity of 71 nM for the
pfLDH antigen interaction with its IgG antibody. The LOD of
1.3 nM achieved using aluminum nanoholes is better than the
LOD of 23.5 nM previously reported using gold nanoholes.”® Our
results may therefore open up new possibilities for designing
cost-effective and highly sensitive malaria sensors based on
plasmonics. As the antibody we use also binds to pLDH from
other plasmodium species, the detection of pfLDH and other
species pLDH in real blood samples in the form of whole blood
lysate would be the next step for the sensor's development.

The paper is structured as follows: in Section 2, we provide
the physics of our sensor. In Section 3, we describe the optical
setup, the experimental methods used, and the functionaliza-
tion protocol followed to develop the plasmonic-based malaria
sensor. In Section 4, we provide our experimental results and
compare them with the calculated results based on a finite
element method (FEM) using the software COMSOL. In Section
5, we provide a summary and an outlook on future work.

2 Biosensor model

Plasmonic biosensing utilizes confined surface plasmons (SPs)
to detect the presence of analytes, e.g. proteins and enzymes, in
a blood sample or a buffer solution. The SPR sensing protocol
offers a highly sensitive and rapid method for early infection
detection by monitoring changes in light interaction when
a specific biomarker binds to a specially designed sensor
surface coated with receptors, e.g. antibodies, aptamers, etc.
Plasmonic metals such as gold, silver, copper, and aluminum
support the excitation of SPs in the visible optical regime,**
overlapping well with conventional light sources. Here,
a photon of appropriate energy and momentum couples to an
SP, which is a quasi-particle consisting of a conduction electron
density with an electromagnetic evanescent wave at a metal-
dielectric interface.** SPs are excited only if the real part of the
metal permittivity has an opposite sign to that of the dielectric
medium at the interface. The propagation constant of SPs at the
interface is then given by**

Eméd
= oy 5L 1
kp 0 &m T+ &d ( )

where ko = 2m is the wavenumber (propagation constant) of the
incident light in free-space, A is the free-space wavelength, ¢, is
the permittivity of the metal and &4 = n4> is the permittivity of
the dielectric on top of the metal, with n4 as the refractive index
of the dielectric layer. To satisfy mode-matching conditions
between the incident light (ko) and SPs (kp), a prism is usually
used.**

When a plasmonic metal film is perforated with sub-
wavelength holes forming a nanohole array (NHA), at a partic-
ular wavelength Ag, the incident light is extraordinarily trans-
mitted.*” SPs are responsible for this extraordinary optical
transmission (EOT).**** The transmission is contrary to the
classical diffraction law of Bethe for a sub-A hole in a perfect
electric conductor,® where the transmission efficiency T
decreases dramatically according to T ~ (r/A)*. For a plasmonic
metal, the periodic arrangement of nanoholes provides the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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necessary momentum to overcome the mismatch between the
wavenumber k, of the incident light and the SP wavenumber kg,
given in eqn (1).**** The NHA introduces a reciprocal lattice
vector that provides the extra momentum @xy required for phase
matching. The phase matching condition for SP excitation in
NHASs is given by kg, = EH + Guy,** where k| = kong sin 0 is the
in-plane (x—y plane) wavevector component of the incident light,
and @ is the angle of incidence from the z - axis. éxy is the
reciprocal lattice vector of the NHA and is determined by the
lattice constant ao. For a square lattice,
Gy = m(2m/ao)x + n(27/a, )y, where m and n are integers rep-
resenting the diffraction orders in the x and y directions.**** At
normal incidence, § = 0, the incident wave can satisfy the
condition ks, = Gy, to excite an SP, and an EOT peak occurs at
wavelength Ag given by**>

e = 2 2\ —1/2 Eméd . 9
= o) 2 @

The (m, n) = (1,0) SP mode is excited by incident light polarized
along the x direction, similarly the (m, n) = (0,1) SP mode is
excited when light is polarized along the y direction. SPs excited
by the NHA become localized at the corner edges of a nanohole,
forming a discrete resonant mode - a narrowband feature. The
mode constructively and destructively interferes with a direct
transmission mode comprised of light evanescently tunneling
through the holes — a broad continuum mode (non-resonant
background). The interference forms a Fano-like resonance
characterized by an asymmetric line shape in the transmission
spectrum.**** EOT peaks characterized by Ay are very sensitive to
small changes in the refractive index of the dielectric close to
the metal surface, as defined in eqn (2). They therefore provide
a means to use a NHA as an optical biosensor through moni-
toring of its spectral response.

To a first approximation the coupling efficiency of incident
light to SPs on the NHA sensor is determined by the grating
momentum matching condition ks, = G, and how close it is
satisfied. When loss and variation in nanohole geometry are
included, the condition becomes broadened, with optimal
coupling efficiency depending on how close to the plasmonic
resonance the wavelength of the incoming light is. The grating
momentum matching condition approach is a simple model
however. A more rigorous approach is FEM simulation, result-
ing in a comprehensive spectral profile for the transmission,
with peaks roughly at the locations predicted by the simple
grating condition approach. A better coupling efficiency makes
the transmission peak higher and improves the sensitivity, as
the gradient can be larger. This then influences the sensor's
LOD (at a fixed amount of noise), as a larger gradient gives
a smaller LOD. Further details of this behavior are discussed
later.

3 Experimental scheme

Aluminum has its strongest plasmonic activity in the ultraviolet
and lower visible regions, typically offering an SPR peak
between 300-450 nm.*>** However, it can still support SPR
within the entire visible range in structured forms like a NHA.*'

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this work, an aluminum NHA (Al-NHA) is designed to achieve
SPR in the 600-700 nm optical range by carefully tuning the
hole diameter, periodicity, and array geometry. This tuning
allows the SP resonance to shift into an optimal sensing region
that can be probed with conventional light sources. However,
when using aluminum as a plasmonic material, managing
oxidation and corrosion is critical because it can alter the
position of the SPR resonance and dampen the plasmonic
response over time.** A thin protective silica SiO, layer was
applied to our NHA, keeping the resonance stable around the
targeted 600-700 nm range. While gold (Au) remains the stan-
dard metal for stable plasmonic sensing in the optical region,
aluminum is a cost-effective alternative with careful design and
oxidation control, enabling accurate analyte detection and
quantification.*®*”>®

Since a NHA supports EOT-SPR peaks that shift depending
on the local dielectric refractive index, a metasurface made of
a NHA can use these peaks for sensing changes in the NHA
environment due to antibody-antigen interactions, as discussed
in Section 2. This sensing technique essentially monitors the
shift of transmission peaks or intensity associated with bound
analytes in the close vicinity of the localized SP fields. The
approach is different from the conventional Kretschmann SPR
sensor.” EOT sensors exclude the need for a prism and offer
comparable high sensitivity with more flexibility, while allowing
for better integration and multiplexing.®>**

3.1 Sensor and experimental setup

In Fig. 1(a), we show the experimental setup used for plasmonic
sensing of pLDH for the most widespread falciparum species of
the malaria parasite, i.e. pfLDH. It consists of a broadband
white light source (MBB1F1 from Thorlabs), polarizing beams-
plitter (WPBS254-VIS from Thorlabs), achromat objectives (10x,
0.25 NA, 10.6 mm WD), malaria sensor (AI-NHA), plano-convex
lens (f = 50 mm) and a detector system. The collimated light
from the white light source passes through the polarizing
beamsplitter before it is focused on the sensor. The beams-
plitter reflects the s-polarized component of the incident light
and transmits the p-polarized component to the sensor. The p-
polarized light is focused on the sensor using a 10x objective.
The transmitted light is collected by another 10x objective
placed at an equal distance (10.6 mm) from the sensor. A plano-
convex lens receives the transmitted light beam and focuses it
on a fiber coupler. The coupler is connected to a compact CCD
spectrometer (CCS200 from Thorlabs), which is connected to
a computer for spectral analysis.

Our Al-NHA sensor is operated under static conditions,
where there is no fluidic motion of the buffer and the binding
dynamics have reached equilibrium, see Fig. 1(b). Different
concentrations of pfLDH (REC 31737 from the Native Antigen
Company) were prepared using PBS (pH 7.4, liquid, sterile-
filtered from Merck) and injected into the wet chamber. The
wet chamber is a silicone cavity with dimensions 20 x 20 x 1
mm, which encloses the sensing area. pfLDH molecules diffuse
from the bulk solution and bind to p-IgG (MAB 12350 from the
Native Antigen Company) immobilized on the sensor surface,

Nanoscale Adv., 2026, 8, 1871-1887 | 1873


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na01083g

Open Access Article. Published on 28 January 2026. Downloaded on 3/17/2026 3:39:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Advances Paper
(a) Detector (b) (d) ) (e)
f QQ Protein A
Sensing region
Lens 0] + —-lgG
- GPS === pLDH 250 nM
0.1 T
10x Obj. Al-NHA IH ‘”‘R
Wet chamber I 5.5nm
\
(analyte) 0.08 T
ALNHA Y p-lgG 5
I 3
(i ‘£ 0.06 |
17}
z % :
10x Obj. © I 2 152 om AL-NHA = |
s . 0.04 |
X B 5 I i
0 |
1 ) g A 1 100 pLDH |
PBScube || e o 0.02 !
A5 A - (iii) 600 650 700
Light source 0:0 . 0 — Wavelength (nm)

Fig.1 Experimental setup, surface chemistry protocol, and measurement used for plasmonic biosensing of the malaria biomarker pfLDH. (a) The
optical setup used to probe the sensor. It consists of a collimated broadband light source, a polarizing beamsplitter cube, two 10 x microscope
objectives, a plano-convex lens, and a detector — spectrometer connected to a computer. A nanohole array (NHA) sensor is placed between the
two objectives. One objective is used to focus light onto the sensor and the other is used to collect the light transmitted through the sensor. An
arrow (solid black line) shows the direction of light propagation. (b) The wet chamber enclosing the sensor. The chamber is filled with analyte
solution (buffer + pfLDH) before the sensor is probed. pfLDHs are concentrated closer to the sensor surface as they bind to specific antibodies
immobilized on the surface. (c) The atomic force microscope (AFM) image of the Al-NHA. The sensor is made of circular nanoholes in a square
lattice, with a period ag of 450 nm. The sensor thickness is approximately 166 nm. (d) The surface functionalization of the sensor. (i) The SiO, layer
is hydroxylated and coated with (3-glycidoxypropyl)trimethoxy silane (3-GPS), then protein A is anchored to the sensor through amine bonding.
The 3-GPS forms a strong Si—O-Si covalent bond with the hydroxyl group on the SiO, surface. The epoxide group of 3-GPS reacts with amine
nucleophiles of protein A, forming a strong covalent bond.** (i) Antibodies (p-1gG) were then immobilized on the sensor through protein A.#® (i)
After functionalization, biomarker pLDH binds to the antibody p-1gG. (e) When pfLDH solution is injected into the wet chamber, the pfLDH
molecules bind to p-1gG immobilized on the sensor surface causing a shift of the EOT resonance peak. A 8Ag = 5.5 nm spectral shift from the

baseline peak (p-1gG peak) and 3T = 0.016 transmission drop at A = 660 nm (dashed line) is achieved when 250 nM of pfLDH is added.

forming a layer of protein on top of the antibodies. The p-IgG we
use has the potential to bind to pLDH produced by all plas-
modium species, although in this work, as a first study, we focus
on binding and detection of pfLDH. The choice of antibody was
motivated by its availability, verified specificity for pfLDH, and
relevance for benchmarking against prior work (ref. 27 and 28).

The effective refractive index, n,.p, of the protein layer
depends on the bulk concentration of pfLDH and the binding
affinity of the interaction. When the sensor is probed, it excites
SPs at the alumina interfaces. The localized SP fields enclose the
adsorbed protein layer, and any small change in 7, of the thin
layer due to a change in pfLDH concentration of the bulk
solution results in a spectral shift of the EOT peak.*

3.2 Al-NHA fabrication

The Al-NHA was fabricated by Moxtek Inc. to specification using
UV nanoimprint lithography (UV-NIL) on a glass substrate. The
UV-NIL followed by Moxtek is described in ref. 62 and 63, and is
a standard and well-documented method in the field of nano-
structure fabrication.*® A proprietary passivation layer (SiO,) is
applied to the NHA to prevent oxidation.**** The SiO, layer
effectively prevents aluminum oxidation, which would other-
wise form a native Al,O; layer of 2.5-3 nm thickness upon air
exposure.*®* Such oxidation reduces the plasmonic scattering
efficiency, broadens and red-shifts the resonance peak, and

1874 | Nanoscale Adv, 2026, 8, 1871-1887

decreases refractive index sensitivity, leading to a degraded
sensor performance with reduced spectral sensitivity and
higher LOD.**?*%” By preventing oxidation, the original plas-
monic properties are maintained for optimal biosensor
operation.**

In Fig. 1(c), we show the topography of our AI-NHA sensor
using an atomic force microscope (AFM). The sensor is made up
of circular nanoholes in a square lattice. The Al surface is coated
with a 5 nm conformal SiO, layer, added on top of the nano-
holes, and a 10 nm TiO, adhesion layer between the aluminum
and the glass substrate. We used the AFM topography and
a scanning electron microscope (SEM) image (see Appendix A
for details) of the AI-NHA to confirm the geometric parameters.
The AFM scan confirms a period of 450 nm and a NHA thick-
ness of 166 nm. The SEM scan confirms that the size of holes
within the array has, on average, a hole diameter d = 242 nm.
These geometric parameters match closely with those requested
(@p = 450 nm, ¢t = 150 nm, d = 250 nm), which were chosen to
give an EOT peak that overlapped with the spectrum of our
white light source (600-700 nm).

Our SEM and AFM analysis gives an indication of the
consistency of the nanoholes in terms of variations. Further-
more, we measured several different NHA's with the same
specification and found similar results for the dimensions. The
UV fabrication process used is known to give a high level of
repeatability and high yield, as described in more detail in ref.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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65 and 66, which our measurements confirm. This is an
important aspect for eventual large-scale production and com-
mercialisation of the sensor.

In Fig. 1(d), we show how the AI-NHA is turned into a malaria
biosensor by functionalizing the SiO,-coating surface with
antibodies that detect pfLDH. The process starts with silaniza-
tion.*>¢”% The SiO, passivated AI-NHA was sonicated in iso-
propanol for 15 minutes and cleaned in toluene, air-dried and
hydroxylated through O, plasma treatment. The NHA was then
coated with 3-GPS, a silane coupling agent. The 3-GPS-coated Al-
NHA was then heated in the oven at 130 °C and sonicated in
toluene for 15 minutes. After washing to remove toluene traces,
the NHA was conjugated to 1 mg mL ™" of protein A in PBS at
room temperature overnight, then incubated in 50 pg per mL p-
IgG solution in PBS for four hours at room temperature. Protein
A binds the Fc region of the IgG antibodies,*>” orienting the
Fab region for optimal interaction with a target analyte (e.g.
pfLDH).* More details on the sensor functionalization are given
in Appendix B.

3.3 Measurement analysis background

The analyte used in this study is a recombinant plasmodium
falciparum LDH protein (pfLDH, gene accession: DQ198262.1)
from the Native Antigen Company that was purified from E. coli
(=95% pure) and presented in a liquid form.” The initial stock
solution had a concentration of 1.31 mg mL™". To prepare
a 250 nM solution of pfLDH from the 1.31 mg per mL stock
solution (using a MW of 35 kDa (ref. 17)), we diluted approxi-
mately 6.7 pL of the stock with 993.3 puL of PBS to make a final
volume of 1 mL. Only 50 pL of this solution was used in each
measurement. Other pfLDH solutions of lower concentration
were obtained by serial dilution of the 250 nM solution. For
sensing, the pfLDH solution was injected into the wet chamber
using a 10-100 pL pipette for precise and accurate liquid
handling.

To give a uniform spectrum across the wavelength range of
interest, 450-900 nm, the measured spectra are normalized to
the light source spectrum - light through the optical compo-
nents of the setup in the absence of the sensor, which we call
the reference spectrum, Tk. The normalized transmission, 7, of
the sensor response is then calculated as

where T is the pfLDH measured spectrum (not normalized), tx
is the integration time of the reference spectrum (tz = 37.4 ms)
and ¢ is the integration time of the pfLDH measured spectrum
(ts =378 ms). Background spectra were collected and subtracted
from the measured spectrum. Each spectrum is calculated as an
average of ten measured spectra. It is important to note that the
calculated transmission spectrum, 7, contains noise. The noise
level depends on the power of the source of light and the inte-
gration time of the detector, as well as technical noise, such as
from the spectrometer. Therefore, a moving average algorithm
in Matlab is used to smooth the raw data, and a spline fitting
function is applied to help locate the EOT spectral peak

© 2026 The Author(s). Published by the Royal Society of Chemistry
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position. In Matlab, the moving mean algorithm is described as
m = movmean (7, k), where m is an array of local k - point mean
values, where each mean is calculated over a sliding window of
length k across neighboring elements of 7.7

In Fig. 1(e), we show one of our pfLDH sensing results, the
case of 250 nM pfLDH solution injected into the wet chamber's
cavity region. It can be clearly seen that the sensor is able to
distinguish the pfLDH solution from the one without pfLDH. A
shift in the spectral resonance 8 of 5.5 nm and a transmission
drop 37 of 0.016 (evaluated at A = 660 nm) are observed within
5-10 minutes of the injection time.

3.4 Plasmonic sensing scheme

In Fig. 2, we present the two sensing modalities analyzed in this
study: spectral sensing and intensity sensing. While spectral
sensing tracks shifts in the EOT resonance peak in the spectrum
3y, intensity sensing monitors changes in the transmittance 37
at a fixed wavelength. Changes in the local refractive index due
to pfLDH binding to IgG near the sensor surface modify the
coupling efficiency of light to the plasmonic modes, thus
altering the intensity of transmitted light and shifting the EOT
peak position. For convenience, the sensor spectra are
normalized to 1 using the formula

Tnorm = T/Tmax> (4)

where Tyhax is the maximum transmittance at the EOT peak
achieved by the sensor for a particular concentration. While
spectral sensing simply measures the shift of the peak 31z, for
intensity sensing, we monitored the transmission at two places:
(1) at the fixed wavelength Az = 667 nm at the peak, and (2) at
fixed wavelengths 4, = 650 nm, 655 nm, and 660 nm off the
peak, shown as the gray region in Fig. 2. The transmittance

Peaks
normalised to 1

6T

p-1gG spectrum
(baseline)

Y/

analyte spectra

@ o

Fig.2 A schematic showing the spectral sensing and intensity sensing
modality used in this study. dAr is a spectral shift of the EOT peak
measured from the baseline peak — the p-1gG blank spectrum. 8T is the
drop of transmission measured from the p-1gG spectrum at a fixed
wavelength Aq. (1) and (2) represent intensity sensing evaluated at the
p-1gG baseline peak at Ar and off the baseline peak at A, respectively.
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value of the p-IgG spectrum at these particular wavelengths is
used as a baseline. The off-peak resonance wavelengths are
wavelengths on the steep left-hand side of the chosen resonance
EOT peak, where the sensitivity is the highest and thus the LOD
is expected to be the lowest. A few different values were chosen
to see the variation in sensing performance, with 660 nm ex-
pected to be optimal (the highest gradient) from simulations,
but it was important to check the variability in performance
around this wavelength experimentally. It turns out that just
below 660 nm, at 655 nm, the sensitivity is optimal, due to non-
uniformity of the peak shape as it shifts in the experiment
compared to the behaviour expected from simulations.

The sensor sensitivity Sg (where R represents the sensor
response, R = A or T), and LOD of the two sensing schemes are
calculated as***7?

0R
Sk = 5
R 6neff ) ( )
and273.74
OR
LOD = — 6
SR ? ( )

where or = 3AR and AR is the noise associated with the
measurement of R. The sensor sensitivity refers to the sensor's
ability to detect and respond to changes in the quantity it is
designed to measure. In the above, 3R is the change in sensor
response (wavelength or transmission) due to a change in the
effective refractive index, 1., in the region above the sensor. On
the other hand, the LOD is the smallest change in effective
refractive index, Aneg, that can be reliably detected by the
sensor. AR is the standard deviation of R for a blank (0% pfLDH)
analyte solution. It is a measure of the noise level in the sensor
system when no analyte is present. The factor of 3 is commonly
used in most sensing schemes to ensure that the sensor
response is distinguishable from noise with 99% confi-
dence.”®”* Note that Sz and the LOD can also be defined in
terms of changes in concentration. Assuming a linear sensor
response for low concentration, Ly, of protein pfLDH in the
buffer, we have the LOD as AL, = oy/Sg. Here, AL, is the lowest
protein concentration that can be detected in the presence of
a signal noise or and Sz = OR/JL, is the sensor sensitivity,
defined as the sensor response for a given change in the bulk
concentration. A high Sk and a low oz means a better LOD and
therefore the sensor can detect smaller changes in
concentration.

4 Results

4.1 Transmission measurement results

In Fig. 3(a), we show the measured spectra of the non-
functionalized AI-NHA sensor when in air and when the wet
chamber is filled with PBS. The spectra are compared with FEM
simulated spectra using COMSOL (see Appendix B for FEM
simulation details). For modeling, the refractive index of PBS
was taken as n.¢ = 1.335 and that of glass as ny = 1.52. It can be
seen that the measured spectra are clearly in line with the
simulations. The experiment spectra profiles, number of peaks,
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Fig. 3 Transmission spectra of a non-functionalized sensor and the
near-field distribution inside one of the nanoholes. (a) Measured
spectra (in air and PBS) compared to finite element method (FEM)
simulations. Peak (i) shows the spectral resonance of the sensor in air
(AR = 545 nm for both experiment and simulation), and (ii) shows the
spectral resonance of the sensor in PBS (g = 664 nm for experiment
and 665 nm for simulation). Peak (iii) is the spectral peak associated
with the aluminum-interband transition (Ag = 760 nm for experiment
and 763 nm for simulation). The red arrow points at the sensing peak
used in this study, as it was found to be the most sensitive due to
a significant presence of the electric field E in the analyte region. (b) A
cross-section of a half nanohole cell shows the electric field distri-
bution and enhancement |E|/|Ey| at the resonance peaks indicated in
panel (a). Eq is the electric field amplitude of the incident plane wave.

and peak positions are correctly reproduced. For example, for
the PBS spectrum, at the peak labeled (ii), there is a spectral
difference of only 1 nm between the experiment (A = 664 nm)
and simulation (A = 665 nm). Moreover, the close match
between the experiment and simulation confirms that the
simulation parameters match well with the fabricated AI-NHA
parameters and that the simulation can be used to predict
with high confidence the sensor's optical behavior. We tested
several fabricated samples and found consistent results in
terms of the peak locations (<1 nm), width (<1 nm) and height
(<1—2%).

In Fig. 3(b), we show a cross-sectional view of the optical field
distributions within the AlI-NHA. A half of a unit cell is di-
splayed. The electric field enhancement |E|/|Ey| of the three
simulated peak wavelengths: peak (i) Ag = 545 nm, peak (ii) g =
665 nm, and peak (iii) A = 763 nm, are shown. E, is the electric
field amplitude of the incident plane wave. A detailed study of
peak (i) based on the field distribution confirms that it is made
of two plasmonic degenerate modes, one due to SP excitation at
the glass/aluminum interface localized at the bottom corner
and the other due to SP excitation at the analyte/aluminum
interface localized at the top edge corner. In the spectral
range of A = 500-600 nm, the two modes have the same or
nearly the same energy (frequency), resulting in a single peak in
the transmission spectrum in air (7e¢r = 1.00).

When 7. is increased from 1.00 (air) to 1.335 (PBS) in steps
of 0.05 RIU, peak (i) decomposes into two modes: as e

© 2026 The Author(s). Published by the Royal Society of Chemistry
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increases, the coupling strength between the evanescent NHA
modes, SP modes, and directly transmitted modes, is enhanced
and the hybrid mode starts to split. One mode remains at the
original position, 1 ~ 545 nm, and the other redshifts to
a higher wavelength. When n.¢ reaches 1.335 (PBS), the two
degenerate modes become completely separate and distinct,
one at A = 555 nm - close to peak (i), and another at A = 665 nm
- away from peak (i). The former is related to SP modes at the
glass/aluminum interface, and the latter, at A = 665 nm, is
related to SP modes at the analyte/aluminum interface, and is
presented as peak (ii) in Fig. 3(a) and (b).

As a result of the above observation, peak (ii) is identified as
the most sensitive to refractive index changes and is the best
EOT peak to monitor the NHA sensor behavior when various
pfLDH concentrations are added to a suitable buffer like PBS.
The fields are more concentrated on the analyte side, and
therefore a small perturbation in the analyte layer refractive
index, n,.¢r, can be more easily tracked using peak (ii) than any
other transmission peak.”® Peak (iii), at A = 763 nm, is related to
the intrinsic property of the aluminum metal. Since most of its
near field is concentrated on the glass side, the peak responds
less to changes in n,q¢. This peak is not as optimal for sensing
applications and represents the interband transition of surface
electrons in aluminum.*"** Interband transitions in aluminum
occur at photon energies greater than 1.5-1.6 eV (corresponding
to a wavelength ~800 nm). They can be characterized by
a reduced EOT peak intensity, broader spectral feature and
a sharp increase in absorption.

To study the impact of the 5 nm SiO, passivation layer in the
simulations, we modelled the system with and without the
layer. We found that it resulted in a <1 nm red shift of the
resonance peaks and negligible change in peak height. Thus,
the layer protecting the aluminum from oxidation has only
a small impact on the sensor's behavior. As the SiO, layer
prevents oxidation we expect little oxidation takes place in the
experiment and so we can avoid effects that are usually associ-
ated with the build-up of an oxide layer, such as the broadening
of the resonances, the lowering of the peak heights and their
redshift due to the loss of support of plasmonic excitations.
These effects for aluminum are discussed in more detail in ref.
31 and 76. The overall impact of oxidation effects would be
a drop in the sensitivity and a subsequent increase in the LOD.

4.2 Sensor calibration: bulk sensing

Bulk sensing measures the sensor's response to changes in the
bulk refractive index of the surrounding medium (e.g. buffer
solutions or solvents with known refractive index 7.g). This
stage is known as the bulk sensing calibration stage, and it
forms a baseline for later pfLDH-specific measurements. We
consider how the non-functionalized sensor responds to a bulk
change in the refractive index n.¢. We injected two organic
solvents into the wet chamber, ethanol (n. = 1.362) and iso-
propanol (nes = 1.377), one at a time. The sensor was
completely rinsed with PBS and air-dried before injecting
another liquid. The corresponding transmission profiles (for 2
= 600 nm to 725 nm) are presented in Fig. 4(a). We measured
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Fig. 4 Sensor calibration using bulk organic solvents. (a) Measured
transmission of the non-functionalized sensor in PBS (ne = 1.335),
ethanol (ne = 1.362), and isopropanol (netr = 1.377). The inset shows
a zoomed-in spline fitting of the measured data (solid lines) and the
corresponding FEM simulated spectra (dotted lines). The bulk sensi-
tivities are calculated for panel (b) with spectral sensing at resonance
(including negr = 1.00 for air) and panel (c) with intensity sensing off-
resonance at Ao = 660 nm (the air resonance peak is too far away to be
used). A sensitivity of 360 (355) nm per RIU and 9.8876 (9.2226) a.u. per
RIU are obtained based on the experimental data (FEM simulation) for
spectral and intensity sensing, respectively.

the spectral resonance shift of EOT peak (i), dig = RS0 —

ARPS, and calculated the sensor sensitivity S, , as defined in eqn
(5). Experimental spectra are compared with the simulation
spectra in the inset of Fig. 4(a). More details on the FEM
simulation are given in Appendix B.

Sensitivity calculations are presented in Fig. 4(b). The sensor
has a bulk sensitivity of Sex, = 360 nm per RIU, which is close to
the simulated sensitivity of Sy, = 355 nm per RIU. These values
are within the range of other aluminum®”*® and gold-based EOT
sensors.” For intensity sensing, we fixed the wavelength at A, =
660 nm and plotted the sensor transmittance drop, 3Thorm,
against the solvent refractive index to obtain the intensity
sensitivity, St. The results are presented in Fig. 4 (c). There is
again a close match between the experimental (Sex, = 9.8876
a.u. per RIU) and simulation sensor sensitivity (Ssjm = 9.2226
a.u. per RIU).

In a practical clinical setting, bulk calibration would need to
be done with whole blood lysate. Blood has a refractive index
range that depends on the physiological condition of the
patient and the temperature of the experiment. For example, in
the different stages of malaria, blood has different refractive
index values, from normal stage (no infection) at 1.408, to ring
stage at 1.396, trophozoite stage at 1.381, and schizont stage at
1.371.7>% Once the blood is lysed in preparation for sensing, the
values drop closer to that of PBS, in the range 1.335-1.35. The
specific refractive index value in this range affects the baseline
position of the transmission peak used for sensing. As can be
seen from Fig. 4(b) and (c), the sensor response is linear over
awide range of refractive index (1.335-1.38) for both wavelength
and intensity sensing. Therefore the use of a blood sample
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should in principle cause only a small linear shift in the base-
line position of either Az or T after the initial deposit of the
sample on the sensor surface. If the sensor is functionalized
(see next section) the transmission peak will shift further over
a short period of time due to binding of pfLDH to the immo-
bilised antibodies on the surface (if the blood is infected). This
shift will be relative to the initial one and so the amount will not
depend on the initial offset due to the state of the blood.

4.3 Sensor response: surface sensing

The surface chemistry for the functionalization of the sensor
has already been described in Section 3.1 and 3.2, in addition to
Fig. 1(d) and Appendix C. Here, we describe the results of
measurements taken during the steps outlined in Fig. 1(d).
Between each step, the AI-NHA was washed and incubated in
PBS. Measured spectra of the whole functionalization process
are shown in Fig. 5. Each spectrum is an average of 10
measurements. The EOT peak (ii) of the non-functionalized
sensor in PBS was measured and found to be A = 664 nm.
The peak shifted to A = 665 nm when protein A was attached to
the 3-GPS layer. The final peak shifted to A = 668 nm when p-IgG
antibodies were immobilized. A total spectral shift of 4 nm is
therefore obtained due to functionalization. Our FEM simula-
tion using the model presented in Fig. 6(a) and described next,
gives a comparable total spectral shift of 6 nm.

In Fig. 6(a), we show how the sensor model used in the
simulations was designed in COMSOL. The refractive index and
thickness of each layer are the key parameters in the sensor
design. We used electromagnetic frequency-domain wave

0.1
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Fig. 5 Sensor functionalization measurements. (a) Measured spectra
during different stages of the sensor functionalization. First, the
response of the bare non-functionalized sensor in PBS was measured.
Then, the Al-NHA was coated with 3-GPS and incubated in protein A.
After incubation, the NHA was washed in PBS, and measurements
were taken. Finally, the Al-NHA was coated with plasmodium anti-
bodies IgG1 specific to pLDH. After coating, the sensor was rinsed with
PBS, and measurements were taken. (b) Normalized transmission
spectra of (a). A moving mean algorithm was used to smooth the noise
in (b). The inset figure is the spline fitting of the normalized spectra in
(b). The legends presented in (a) are shared with (b).
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analysis in COMSOL to study the optical response of the sensor.
A quarter cell was designed due to the rotational invariance of
both excitation (plane wave) and material system (circular
nanohole) along the wave propagation direction, normal to the
sensor surface. Perfect electric conductor (PEC) and perfect
magnetic conductor (PMC) boundary conditions were used. The
former imposes symmetry for the magnetic fields by setting to
zero the tangential component of the electric fields at the
boundary. The latter imposes symmetry for the electric fields,
prohibiting the electric current from flowing into the boundary.
An interior periodic port based on floquet periodicity condi-
tions was used to set up a plane wave excitation at the lower
glass boundary. Meshing of the sensor domains was user-
controlled. A free triangular fine mesh was assigned to all
boundaries, and a free tetrahedral finer mesh was assigned to
the AI-NHA, SiO, and TiO, domains. The remaining domains
were assigned a free tetrahedral fine mesh. The top and bottom
domains were terminated by strong absorbing perfectly
matched layers. The permittivity of aluminum was taken from
ref. 77. Ref. 78 and 81 present a similar design of a quarter-cell
model. More details about the sensor design and parameters
(e.g. layer thickness and the dependence of the refractive index
of the pfLDH layer with its concentration in the bulk analyte)
can be found in our theoretical study.*?

In Fig. 6(b) and (c), we show two representative experimental
spectra of the sensor response. When pfLDH solution is added
to the wet chamber, pfLDH molecules bind to the immobilized
antibodies and result in a redshift of the p-IgG peak. It can be
seen that there is a close match between experiment and
simulation. When a pfLDH solution of 50 nM was injected into
the wet chamber, a redshift of 2.8 nm from the baseline p-IgG
spectrum was observed (i.e. from 668 nm to ~670 nm). Simu-
lations show a similar trend; a redshift of 2.2 nm is obtained. A
similar behavior was observed when a pfLDH solution of
500 nM was added to the wet chamber, as shown in Fig. 6(b) and
(c). A regeneration process was performed between each
measurement by rinsing the sensor with PBS many times until
the p-IgG spectrum was recovered. A 2.5 M sodium chloride
(NaCl) solution prepared in PBS was also used to ensure
complete regeneration.

4.4 Estimation of binding affinity and LOD

We now turn our attention to the extraction of the equilibrium
binding parameter, K2, (binding affinity), and the sensor LOD.
In many kinetic controlled interactions like in our system, the
adsorption of the analyte is usually modeled using a Langmuir
adsorption model.** The system should reach equilibrium at the
final stage of interaction, where the net effect of the association
and dissociation process is zero. The equation describing this
dynamic equilibrium is written in terms of dAg or 37, as®

_ 6)\R,maxL0

OAR = ———— 7
R Kg?] JFL() ) ( )
and
6TmaxL0
0T = —— 8
e ©
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Fig. 6 Surface sensing of pfLDH. (a) The simulated sensor model design. The first and last domains are perfectly matched layers (PML). The
bottom PML layer is followed by the glass substrate and an aluminum nanohole (a quarter cell). A TiO, layer is included as the adhesion layer
between glass and aluminum. A 3-GPS layer is added on the SiO, surface, followed by a protein A layer (pA), the antibody layer (p-1gG), the
analyte layer (pfLDH), and the buffer layer. User-controlled meshing was applied and optimized according to the geometrical features of each
domain. The permittivity of Aland TiO, were taken from ref. 77. (b) Experimental spectra when 50 nM and 500 nM pfLDH solutions were added to
the sensor. (c) The normalized spectra and a zoomed-in plot shows the spectral shift of pfLDH peaks from the p-1gG peak. The inset shows
simulated peaks (Sim) that can be compared to the measured peaks (exp.). The legends in (b) are shared with (c) and the insets in (c).

where L, is the pfLDH concentration in the buffer and K, is the
equilibrium dissociation constant, defined as Kqu = 1/Kﬁ\q (for
more details see ref. 84). The K&, value is obtained by fitting the
Langmuir model, eqn (7) and (8), in a “sensor response vs.
concentration” semi-log plot to the experimental data.®” Finally,
from the relation Kgq = 1/K2q, we can estimate the affinity
parameter of the pfLDH-(p-IgG) interaction. On the other hand,
the LOD is defined as the lowest analyte concentration Lo min =
AL, that produces a measurable sensor response R above the
noise level, oy, as discussed earlier (see eqn (6)).

® measured data
Langmuir model

a
/\R

Resonance shift dAg (nm)

LOD =7.37 nM

10’ 102
pLDH concentration L0 (nM)

10°

In Fig. 7, we plot the sensor responses, dAg and 3T against the
pfLDH concentration L,. A log scale is used on the x - axis. A
Langmuir model is fitted to the measured data, as given in eqn
(7) and (8), and the LODs are estimated from the graph based on
eqn (6). The intersection of the oy gray region and the Langmuir
line fits (solid and dashed lines) determines the value of AL, for
a particular sensing scheme, as described in Section 3.3.
Comparing Fig. 7 (a) and (b), we see that intensity sensing offers
a better LOD of 1.9 nM at A = 660 nm compared to spectral
sensing, which offers an LOD of 7.37 nM. Moreover, the LOD at
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Fig. 7 Calibration curves and Langmuir model fitting. (a) Measured spectral peak shift due to pfLDH binding to immobilized antibodies.
Concentrations ranging from 0-10% nM are injected into the wet chamber. A limit of detection (LOD) of 7.37 nM is obtained. (b) Normalized
transmission drop measured at fixed wavelengths. Measured data (red points) and corresponding Langmuir model (red solid line) fitted for A =
660 nm are displayed. Black points (measured data) with error bars represent average intensity sensing from 650 nm to 660 nm. The corre-
sponding Langmuir model (black dashed line) is shown. The estimated LOD of 1.9 nM for intensity sensing off-resonance at A = 660 nm is shown
by a red arrow labeled (1). The mean Langmuir model suggests an LOD improvement from 1.9 nM (equivalent to 66.5 ng mL™) to 1.3 nM
(equivalent to 45.6 ng mL™1) when an optimal wavelength is chosen between 650-660 nm, shown by a black arrow labeled (2).
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1.9 nM, can be improved to 1.3 nM by choosing a suitable fixed
wavelength between 650 nm and 660 nm. The optimal wave-
length is Ao = 655 nm. The equilibrium dissociation constant of
the pfLDH-(p-IgG) interaction is extracted from the model
fitting and we find Key = 71 nM. The Ke, value is comparable
with those reported in ref. 85. Therefore, Ko, is 1.408 x 10’ M,
which is a good binding affinity for use in the diagnosis of
falciparum malaria.

The above analysis suggests that the best LOD is achievable
with the AI-NHA in a transmission setup using the intensity
sensing scheme. Moreover, spectral sensing is also limited by
the spectrometer resolution.®® Our spectrometer was able to
resolve 34 ~ 0.2 nm. To resolve a smaller 34 on the order of
0.01 nm, due to a low pfLDH concentration, e.g. in the pM
range, would require a high-resolution spectrometer that would
add cost to the sensor, but is possible in principle. The calcu-
lated affinity represents a moderate to strong binding affinity,
indicating that the pfLDH-(p-IgG) interaction in this study is
stable, specific, and biologically relevant. Many natural biolog-
ical interactions, such as antibody-antigen binding or enzyme-
substrate interactions, have Kqu values in the nanomolar range,
as discussed in ref. 87. Our measured LOD exceeds a previously
reported LOD of an EOT sensor based on gold nanoholes.*

Understanding what the LOD of our sensor means in a real
medical diagnostic setting requires clinical data analysis of the
pfLDH antigen levels in individuals infected with malaria. Here,
to have an idea of this, we focus on the parasite density of
individuals attending hospitals (patients) in tropical endemic
regions. The reported parasite density ranges from 5000 para-
sites (0.1% parasitemia) to 50 parasites (0.001% parasitemia)
per microliter of blood.*® In malaria-naive individuals, pf
infections of 500 to 1000 parasites per pL are taken as the mean
parasitemia to show symptoms (fever, chills, headache, etc.).*
For the asexual stage, the relative amount of pfLDH produced by
pf parasites at 0.001% parasite density (equivalent to 50 para-
sites per uL of blood) is estimated to be 1.87 ng mL ".* The
performance of most rapid pLDH-specific mRDTs is relatively
low in measuring such a density. For example, the LOD for the
best pLDH-mRDT is reported to be 20-50 ng mL .2 A
comparison of the performance between different malaria
diagnosis techniques can be found in ref. 93 and 94. The Al-
NHA sensor studied here offers a label-free detection of
pfLDH with a modest LOD of 1.30 nM, equivalent to 45.6 ng
mL ", which is comparable to that of mRDTs. The sensor could
therefore be used in endemic regions as a stable alternative
diagnosis method, with the added potential for detecting
different parasite species.

4.5 Control experiments

To investigate the sensitivity and specificity of our sensor we
used recombinant human ri-lactate dehydrogenase A (ie.
hLDHA, SAE0049, Sigma-Aldrich) prepared in PBS. The protein
is found in almost all living cells and it is structurally and
functionally similar to pfLDH. Both enzymes catalyze the
conversion of lactate to pyruvate and vice versa.®® They share
a significant degree of sequence and structural homology, but
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have distinct epitopes that allow selective antibody recognition.
Since clinical samples would naturally contain hLDHA, we
believe that this is a realistic interference control and that
demonstrating minimal cross-reactivity with hLDHA directly
supports clinical specificity.

In the first control experiment, labeled C1, and shown in
Fig. 8(a), 250 nM pfLDH solution was added to the non-
functionalized sensor. The sensor showed a near-zero spectral
shift from the baseline. In the second control experiment,
labeled C2, and shown in Fig. 8(b), human LDHA and pfLDH of
equal concentration (250 nM), were added to a functionalized
sensor, one after the other, with regeneration in between. The
sensor responded well to pfLDH with a spectral shift of 5.5 nm,
while with hLDHA, the sensor showed a low response below o,
as shown in Fig. 8(c) as column C2. A similar behavior for the
control experiments was observed for the transmission drop, as
shown in Fig. 8(d).

When the sensor is functionalized, the analytes are closer to
the metal surface within the probe depth of the localized SP
field. The signal response, R, of the sensor upon analyte

adsorption to the immobilized receptor can be approximated
589

OR = Sr(factr — Mpsom)(1 — e 24024, 9)

where n,.¢ is the effective refractive index of the bound analyte
layer, npsoin is the refractive index of the buffer, d, is the
thickness of the analyte layer, d. is the thickness of the
biochemistry (3-GPS + protein A + p-IgG) layer from the metal
surface and ¢4 is the probe depth of the localized SPs. For our
sensor design, S = 360 nm per RIU and St = 9.8876 a.u. per RIU
(see Fig. 4), Naefr = 1.45, Npgom = 1.335, d; = 8 nm, d. = 19 nm
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Fig. 8 Two control experiments. (a) The non-functionalized sensor
response to pfLDH. In this experiment, C1, pfLDH 250 nM was added
to the non-functionalized sensor. The sensor shows a near zero
spectral shift from the baseline. (b) Human LDH (hLDH) and pfLDH of
equal concentration were injected into a functionalized sensor. The
sensor showed a low response below ggr when hLDH was added. (c)
and (d) are bar graphs showing the spectral shift and transmission
drops obtained in the two control experiments (a) and (b), respectively.
Both C1 and C2 responses are below the sensor noise level or = 3AR.
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and 64 ranges from 50-100 nm. Using these values in eqn (9),
the expected spectral shift, dAg, of the sensor is 4.2-5.3 nm and
transmission shift, 87, is 0.14-0.18 a.u. These shifts, dAz and 37,
are consistent with those observed in our experiment at a high
concentration of 250 nM, as shown in Fig. 8(c) and (d),
respectively.

Control experiment C2 shows that the immobilized p-IgG
antibody is more specific to pfLDH than hLDH. For experi-
ments that involve the detection of pfLDH in infected blood,
a highly specific plasmodium antibody is important in order to
distinguish between hLDH and pfLDH, and minimize signifi-
cant interference from hLDH. A low affinity and specificity
between pfLDH and the p-IgG antibody can lead to incorrect
conclusions about the presence or severity of malaria because
an increase in hLDH levels (which could occur due to various
physiological conditions) might be mistakenly interpreted as an
increase in the pfLDH level in affinity-based immunosensing.
Therefore, further work on testing the sensor using whole blood
lysate will be needed in this regard.

Other proteins present in blood, such as HRP-2, or human
immunoglobulins, such as HSA may also interact with the p-IgG
antibodies, causing noise in the signal and impacting the
sensor performance. A detailed study of non-specific adsorption
and noise is a clear direction for future work. However, we
believe the present study is an informative first step in this
direction.

Furthermore, interference effects from non-specific proteins
can be addressed through surface functionalisation strategies.®”
In general, such interference effects would impact the sensor by
leading to a larger or smaller shift in the resonance peak posi-
tion depending on the size and binding affinity of the protein.
For instance, there may be a high binding affinity for a large
non-specific protein. This would cause a large shift in the
resonance peak compared to pfLDH and statistical fluctuations
could mask the contribution of pfLDH to the shift. On the other
hand, there may be a low binding affinity for a small non-
specific protein, which would have only a small impact on the
shift of the resonance peak. Various surface functionalisation
strategies can be used to minimise false positives from binding
of non-specific proteins. For example, one approach is to
immobilise highly specific antibodies (or aptamers) on the
sensor surface and ensure they have a uniform surface coverage
during the immobilisation stage. A carefully deposited protein
A/G layer can also help ensure that the antigen-binding sites of
the antibody are accessible. One could also apply a blocking/
anti-fouling layer to minimise non-specific adsorption, for
instance using HSA or casein.

4.6 Physiological concentrations of pLDH

As mentioned earlier, pLDH concentrations in blood vary
significantly across the infection stages and sampling time due
to differences in parasitemia and parasite biomass. In early-
stage infections, characterized by low parasitemia (typically
<200 parasites per puL) and often asymptomatic or mild symp-
toms, pLDH levels are generally low and estimated at around
0.1-5 ng mL™', based on correlations from sensitive
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immunoassays and patient samples.?***** On the other hand,
late-stage infections are characterized by elevated parasitemia
levels (e.g., >10 000 parasites per uL), and the concentration of
pLDH can increase substantially, reaching 150 ng mL™~"' or
higher.>*>'% This escalation occurs as the enzyme is released
during the maturation of the parasite and the rupture of
schizonts.

Our LOD of 1.3 nM (45.6 ng mL™') exceeds early-stage
thresholds, however it reliably detects symptomatic (1000
parasites per pL) and severe cases (10000 parasites per pL),
potentially supporting clinical use in endemic areas alongside
more costly microscope imaging methods and PCR testing
(which achieves an LOD of =0.1 parasites per uL (ref. 101)). It
should be mentioned that many infections (especially in
endemic areas) are low-density (<100 parasites per pL) or even
sub-microscopic (<10 parasites per pL), and these provide
a reservoir for the disease to spread. More work is needed to
improve the LOD of our sensor to achieve this level of detection
and compete with microscope imaging methods and PCR
testing. Furthermore, additional work on testing the sensor
using whole blood lysate is needed to assess whether the LOD is
sufficient for clinical deployment.

4.7 Benchmarking against existing SPR malaria sensors

Protein-based planar SPR assays have already found application
in malaria diagnostics.”® They have been used to detect heme -
a malaria biomarker, to an LOD of 2 uM (1.3 pg mL™").1*
Sikarwar et al.'® reported an LOD of 0.517 nM when an SPR
sensor was used to identify and characterize monoclonal and
polyclonal antibodies of pf-HRP2. This LOD is equivalent to an
LOD of 2.90 nM if pLDH was to be detected in the sample.*® Our
LOD of 1.3 nM is therefore an improvement by a factor of two
compared to that of Sikarwar et al. Moreover, the sensor of
Sikarwar et al. is limited to the pf-species in principle, unlike
our sensor. Further testing of other species of pLDH is of course
needed for our sensor. Recently, a complex graphene-enhanced
copper SPR biosensor for detecting malaria DNA sequences has
been reported with an LOD in pM.'* On the other hand, Cho
et al.” reported the first experimental detection of pLDH in
whole-blood lysate using a nanostructured sensor made from
a gold film with a periodic NHA. The measured spectral sensi-
tivity was 378 nm per RIU in the visible spectrum, although no
LOD was reported. Recently, Lenyk et al.®® proposed a dual
transducer malaria aptasensor. The method combines electro-
chemical impedance spectroscopy and SPR biosensing tech-
niques in a single unit. An LOD of 23.5 nM was obtained based
on SPR sensing. In addition to SPR techniques, other photonic
studies have reported exploring possible sensors for the detec-
tion of malaria, many of which can be found in ref. 18 and 30.

5 Summary and outlook

Malaria has been a global health problem for many decades,
taking the lives of about half a million people every year. The
most available techniques (microscopy, PCR test, mRDT, etc.)
face practical challenges in most resource-limited settings. An
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effective malaria diagnosis strategy using cost-effective biosen-
sors, such as optical biosensors, can complement large-scale
vaccination and eradication efforts launched in endemic
African regions. Moreover, malaria biomarkers such as pLDH
and aldolase, key enzymes in the glycolytic pathway of the
parasite, are required to detect early blood-stage infections and
non-falciparum infections.

Among the different types of optical biosensors, plasmonic
sensors have shown experimentally the possibility of detecting
low concentrations of malaria biomarkers, such as pLDH
spiked in buffer solution, or whole blood lysate. The best ach-
ieved LOD so far ranges from fM to pM based on a plasmon-
enhanced fluorescence immunosensor. However, the achieved
LOD based on fluorescence requires expensive equipment to
detect the low light level of the fluorescence tags. On the other
hand, for the SPR setup, the majority of demonstrated malaria
plasmonic biosensors have been fabricated using gold and
target pfHRP-2 as the malaria biomarker. The excellent plas-
monic properties of gold — low optical losses in the visible and
near-infrared regions and its high chemical stability are coun-
teracted by its high cost, which limits large-scale commerciali-
zation. An attractive alternative to gold is aluminum. Aluminum
is easy to fabricate and functionalize, and has properties that
enable plasmon resonances in a broad optical band. Nano-
engineered aluminum surfaces, such as the one studied in
this work, have previously been proposed for use in various
other biosensing applications.***”*

We have shown that a low LOD is achievable using an
aluminum metasurface as a plasmonic malaria sensor. The
LOD of 1.3 nM, achieved using the AI-NHA sensor, is better than
the previously reported LOD of 23.5 nM achieved using a gold-
NHA.?® Our results may encourage the design of cost-effective
malaria sensors based on aluminum plasmonics for detecting
the pLDH protein in real blood samples.'®>'*® Due to the simi-
larity in amino acid sequences among plasmodium species, it
has been shown that monoclonal antibodies that target pfLDH
can also detect P. vivax and P. knowlesi.** Therefore, the sensor
could potentially be used to detect any species’ pLDH for
biochemical research and point-of-care in the clinical field.

Furthermore, the surface chemistry using an epoxy-silane
linking protocol followed in this study is simple and effective.
Both the AI-NHA and the surface chemistry developed are stable
in liquid environments and can be used for a long time without
degradation in sensor properties. Non-specific adsorption noise
was minimized via protein A orientation and 3-GPS silanization,
reducing false positives compared to direct IgG immobilization.

On one hand, oriented antibody immobilization via protein
A can be considered to be undesirable for sensitivity, as it causes
an attenuation in the plasmonic field at the location of the
biomarker (due to an increase in the distance of the biomarker
from the metal surface), however this is balanced by substantial
improvements in binding capacity and selectivity. Previous
studies have reported over a 50% enhancement in plasmonic
sensing performance when using protein A, with net sensitivity
improvements and a 1.5-fold increase in the detection
limit.**”**® While we did not explicitly check the impact of the
protein A layer in our experiment, we expect a similar behavior
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to these studies. In general, the orientation of antibodies via an
intermediate layer, such as protein A, is of crucial importance in
many diagnostic devices for reducing the LOD and improving
specificity. We evaluated the specificity of the IgG antibody
using human LDH in our control experiments. Control experi-
ment C2 shows that the immobilized p-IgG antibody is far more
specific to pfLDH than hLDH (non-specific adsorption noise).

For clinical validation, further tests are needed for studying
other proteins present in blood that might also interact with the
immobilized IgG antibodies, including a detailed study of non-
specific adsorption in a real blood sample. The best case
scenario is to use a low Ky, (high binding affinity) antibody,?*'*
aptamer>>'**''® or other biorecognition chemistry to minimize
non-specific binding, and improve selectivity and regeneration.
Aptamers in particular offer excellent prospects for achieving
high binding affinities leading to ultra-low LODs (<30 fM),>**
although surface functionalization is more involved and
expensive imaging equipment may be required.

Another aspect of further study is the relation between the
sensitivity and signal-to-noise (SNR) ratio of the sensor. In
principle they are unrelated, however, for our sensor, the
sensitivity depends on the NHA geometry and the spatial extent
of the field in the sensing medium, while the SNR also depends
on the NHA geometry, as the signal value (i.e., transmitted
intensity) is determined by the transmission efficiency through
the NHA, and a low signal value is more susceptible to other
technical sources of noise. The relation between the sensitivity
and SNR is therefore complicated and trade-offs need to be
carefully assessed throughout the design, simulation and
testing stages for any new version of the sensor.

In the future, we also plan to test the sensor using intensity
interrogation with a stable narrow bandwidth laser in the 650~
670 nm range to enhance the overall sensitivity and reduce
noise. In addition, the sensor's LOD may be improved by using
more specialised antibodies with lower Ky, values.*>'* Another
direction to improve the LOD would be to replace the classical
source of light with alternative quantum light sources"* that
could offer an improved LOD due to a decrease in shot noise.**?
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Appendices
Appendix A Sensor topography and dimension

The scanning electron microscope (SEM) image of our sensor is
presented in Fig. 9 showing the sensor topography, hole
distribution, and lateral geometric parameters. Using
a Gaussian fit for the histogram, on average, each hole in the
array has a diameter d = 242 nm and period a, = 450 nm.

Appendix B Finite element method (FEM) simulation details

The finite element method (FEM) simulations were performed
using COMSOL Multiphysics (version 5.6). A 3D unit cell of the
square lattice nanohole array (NHA) sensor shown in Fig. 10(a)
was modeled, with Floquet periodic boundary conditions
applied in the x and y directions to represent an infinite array of
40 r
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Fig. 9 Sensor topography and nanohole diameter d distribution. The
inset is the scanning electron microscope (SEM) image of the Al-NHA
metasurface sensor. The scale (white bar) represents 250 nm. Based
on statistical analysis, i.e. a Gaussian fit for the histogram, the mean
hole diameter d is 242 nm and the NHA period ag is 450 nm.
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periodic nanoholes. To leverage symmetry and reduce compu-
tational time, a quarter of the unit cell was simulated, as illus-
trated in Fig. 10(b). The boundaries perpendicular to the x-axis
were set as perfect electric conductors (PEC), and those
perpendicular to the y-axis as perfect magnetic conductors
(PMC). The PEC and PMC are symmetry-enforcing boundary
conditions and used in the quarter-cell COMSOL model to
replicate the behavior of an infinite periodic array while
reducing computational load.

The top domain was defined as the analyte layer (refractive
index n, = 1.335 for PBS), the bottom as the glass substrate (1, =
1.52), and the middle as the aluminum film perforated with
sub-wavelength holes (thickness ¢ = 150 nm, period a, =
450 nm, hole diameter d = 250 nm). The frequency-dependent
permittivity of aluminum (e,,) was incorporated using the
Drude-Lorentz model from Rakic et al.”” A normal-incidence
TM-polarized plane wave was used as the optical excitation
from the substrate side, with wavelengths scanned from 450-
900 nm. To prevent numerical reflections, perfectly matched
layers (PML) terminated the top and bottom domains. The
mesh consisted of tetrahedral elements with a maximum size of
A/10 (where 2 is the wavelength) near the metal-dielectric
interfaces for numerical accuracy. Free tetrahedral meshing is
used for domains, with free triangular meshing for periodic
boundaries. A fine mesh balances computational efficiency and
accuracy. Electric field distributions were computed at key
resonance peaks (e.g., 545 nm in air, 665 nm in PBS, 763 nm at
the interband transition) by solving the time-harmonic
Maxwell's equations using FEM, yielding the spatial distribu-
tion of the electric field vector, and normalized as |E|/|E,|, where
E, is the incident field amplitude.

Appendix C Sensor functionalization

In Fig. 1(d) (main text) and Fig. 11, we outline the protocol for
the sensor functionalization process. The process is discussed

(b) (c)
r_\ AR
1o o PMC E’
PEC n o
a n
2 \ n,
z E B0
/ g 1 € al
(] it
em—p | Y = i
X { | (]
s Wavelength
*

Fig. 10 Finite element simulation of a non-functionalized sensor. (a) A schematic drawing of the Al-NHA sensor showing the three main
components of the sensor, the substrate layer (glass), nanohole array (optical transducer), and the analyte layer (e.g. PBS). (b) A COMSOL model
of the non-functionalized sensor showing a quarter of a unit cell. A TM-polarized light field-red arrow (E along y, H along x, and propagation
along z) is incident on the quarter cell from the glass side. For a periodic NHA response, PEC and PMC boundary conditions are applied
perpendicular to the x and y axes, i.e., yz plane and xz plane, respectively, ensuring the quarter cell accurately represents an infinite NHA. Top and
bottom planes are port boundaries: the bottom plane (z = 0) allows incident and reflected waves, while the top plane allows transmitted waves.
(c) The working principle of the sensor. When the refractive index n, of the analyte solution (e.g. PBS) near the metal surface is altered (e.g. from
PBS to ethanol or isopropanol), n, — n, + dn,, and the EOT peak position changes. By monitoring the spectral change, 34g, for example, the bulk
sensitivity, dAr/dn,, can be obtained.
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Fig. 11 Sensor functionalization protocol. (1) The SiO, passivated Al-NHA in PBS. (2) The Al-NHA is cleaned in toluene to remove organic
contaminants. (3) O, plasma treatment to increase the abundance of hydroxyl group —OH. (4) 3-GPS incubation. The Al-NHA was incubated in
1% concentration of 3-GPS in toluene to allow the conversion of a silanol-terminated surface to an alkylsiloxy-terminated surface, i.e. epoxide
terminated surface. (5) The Al-NHA is rinsed in toluene and placed in an oven at 130 °C. (6) Protein A is attached to the surface via an amine bond.
(7) The epoxide group reacts with amine nucleophiles of protein A. (8) The sensor is rinsed with PBS, and p-IgG solution is added. (9) Protein A
binds the Fc regions of the p-1gG, exposing the Fab binding sites for the pLDH protein to bind. Red numbers represent stages where spectra were
measured and the corresponding spectra (normalized to the white light spectrum) are shown in Fig. 5 of the main text.

in more detail in ref. 27 and 46. The AI-NHA is passivated by
a Si0, layer to prevent the surface from oxidation and corrosion.
The passivated AI-NHA has a silanol-terminated surface.
Proteins like immunoglobin (IgG) are unable to form bonds
with the silanol-terminated surface without a silane coupling
agent.”” Therefore, (3-glycidoxypropyl)trimethoxysilane (3-GPS),
a silane coupling agent that can link the inorganic silica surface
with antibodies (e.g. p-IgG) directly, or via protein A**%%%113 was
used in this study. It is a highly versatile dual-functional
molecule containing an epoxy ring reactive group on one side
and silanol functional groups on the other side.®” These prop-
erties enable it to chemically bond to the inorganic surface,
which contains the -OH group, and organic/ligand biomaterials
(e.g. protein A) that contain the thiol, amine, or hydroxyl
group.*>®®113114 The 3-GPS supplied by Sigma-Aldrich with
=98% purity was used without further purification.

The Al-NHA is first cleaned in toluene and hydroxylated (O,-
plasma treatment) to ensure an abundance of reactive -OH
groups on the silica surface. The hydroxylated AI-NHA is then
incubated for 30 minutes in 1% (v/v) 3-GPS solution prepared in
toluene. Surface silanol groups of the SiO, layer react with the 3-
GPS silane (alkoxy or chlorine) group, forming a Si-O-Si bond
and releasing methanol as a byproduct.®”®® This process is
called silanization, i.e. the conversion of a silanol-terminated
surface to an epoxy-terminated surface.*>™* The silanization
process was enhanced by applying heat (130 °C) that accelerates
the formation of the Si-O-Si bonds and helps in the removal of
the methanol by-product. 3-GPS monolayer coatings (0.8-
1.2 nm thickness) are stable in liquid environments because the
epoxy group provides better protection against hydrolysis and
degradation.*”*

The Si-O-Si bond anchors the 3-GPS molecules onto the
silica surface. The epoxy ring at the end of the 3-GPS molecule
provides stronger covalent bonds when attaching an amine-

1884 | Nanoscale Adv., 2026, 8, 1871-1887

containing biomolecule like protein A. The pfLDH antibodies
(p-IgG) conjugation protocol followed in this study was adapted
from ref. 27 and 115. It involves: (i) protein A attachment to the
sensor surface. Protein A is anchored to the sensor through
amine bonding with the epoxy ring of the 3-GPS. (ii) The p-IgG
antibodies are then immobilized on the sensor through protein
A. The p-IgG antibody solution was prepared from a mouse anti-
plasmodium species LDH (mouse IgG1, clone M301, from the
Native Antigen Company), 90% pure by SDS-PAGE and was
presented in phosphate-buffered saline, pH 7.3 with 0.05%
sodium azide. The protein A-coated-Al-NHA was incubated in
a 50 ng per mL p-IgG solution prepared in PBS for 4 hours at
room temperature. More details about the protocol applied in
this work are given in ref. 67 and 68.
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