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Abstract: Guided mode resonance (GMR)-based sensors have emerged as a promising tech-
nology for the early screening of cancer, offering advantages such as sensitivity, specificity,
low cost, non-invasiveness, and portability. This review article provides a comprehensive
overview of the latest advancements in GMR technology and its applications in biosensing,
with a specific focus on cancer. The current state of cancer diagnosis and the critical need
for point-of-care (POC) devices to address these challenges are discussed in detail. Fur-
thermore, the review systematically explores various strategies employed in GMR-based
cancer detection including design principles and the integration of advanced technologies.
Additionally, it aims to provide researchers valuable insights for developing GMR sensors
capable of detecting cancer biomarkers outside the laboratory environment.

Keywords: biosensor; guided mode resonance; cancer; biomarker; point of care

1. Introduction

According to the World Health Organization (W.H.O.), cancer remains the leading
cause of death globally. In 2022, an estimated 20 million new cancer cases were reported,
resulting in 9.7 million deaths [1]. The most common cancers are lung, breast, colorectal,
and prostate cancers [2]. Cancer research is significant since it contributes directly or
indirectly to the well-being of individuals through early detection, better treatments, and
enhanced quality of life. However, access to cancer care in low-income areas is challenging
due to the need for specialized facilities. Developing POC solutions for the rapid screening
and detection of cancer biomarkers can address this issue and facilitate early diagnosis [3].
For example, in the case of lung cancer, traditional imaging methods such as X-rays
and CT scans are often inadequate for early detection due to their inherent limitations,
such as low sensitivity, false positives or negatives, radiation exposure, and high cost.
As an alternative, analyzing breath for volatile organic compounds (VOCs) related to
lung cancer can reveal the body’s biochemical status and offer early indications of the
disease [4,5]. Therefore, cancer detection is a significant research field that encompasses
various approaches including screening methods and diagnostic tools such as biopsies and
imaging techniques [6].

Biosensing is a technique used to detect interactions of living entities with specific
biorecognition elements such as antibodies, aptamers, DNA, and RNA [7,8], using sensors
or detection systems [9,10]. These interactions generate a measurable signal indicating
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the presence [11,12] of specific biomolecules on the sensor’s surface. Biosensors help in
detecting and quantifying these biomolecules in different biological samples like blood,
serum, urine, tissue, etc. Based on detection mechanism and applications, these can be
classified into different types, as illustrated in Figure 1. The sensors help in diagnosing
a disease by detecting and measuring biomarkers at the molecular and cellular levels. Thus,
they can facilitate the monitoring of both normal and pathological conditions, as well as
the management of life-threatening diseases such as cancer [13-15].
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Figure 1. Schematic illustrating the principle of various types of biosensors.

Among biosensors, optical sensors are particularly well suited for this purpose as
they are non-invasive and can detect biomarkers using light. Like all biosensors, an optical
biosensor relies on changes in optical properties to detect and quantify the presence of
specific biological molecules or reactions. Commonly, optical biosensors operate on princi-
ples such as surface plasmon resonance (SPR) [16,17], fluorescence [18], luminescence [19],
interferometry [20], and photonic crystals [21,22]. A subclass of photonic crystal sensors,
GMR-based sensors, is gaining recognition for their high sensitivity; specificity; rapid
detection; portability; cost-effectiveness; multiplexing capabilities; and, most importantly,
ease of light coupling. These features make GMR-based sensors particularly suitable for
developing POC devices [23].

2. Principle, Latest Advancements, and Biological Applications of
GMR Technology

A GMR structure, also known as resonant waveguide grating (RWG), typically con-
sists of a grating made from high refractive index (RI) material [24]. The grating can be
either fully etched or etched onto a waveguide as shown schematically in Figure 2a [25].
The grating-waveguide structure is typically placed on a substrate, usually a glass plate
(RI =~ 1.45), which has a lower refractive index (n3) compared with the waveguide (ny) and
grating material, such as silicon nitride (RI ~ 2.0) [26].
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Figure 2. (a) Schematic diagram of a GMR structure: a periodic grating (ng) is positioned on top
of the waveguide (ny), which is placed on a substrate (n3). The incident light is diffracted into
various orders with some specific order exciting the waveguide and finally producing a resonance
peak response. (b) Schematic of a basic GMR structure operation with the GMR surface prepared to
capture the biological entity of interest. The binding of the analyte on the surface leads to change in
the effective refractive index, which results in a change in the resonance position. (¢) GMR peaks can
be obtained for the TE/TM mode. The figure shows the wavelength shift when the analyte binds to
the surface in the incident medium.

The resonance in a GMR structure is based on the interaction between light and the
grating. When incident light is diffracted by the grating into multiple diffraction orders,
one or a range of these orders can become supported guided modes of the underlying
waveguide or the grating layer itself [27]. The propagating mode interacts with the grating
and leaks out of the waveguide producing a Fano-type filtering response, often referred
to as lossy mode resonance [28]. The diffraction of light in the grating is mathematically
described by Equation (1) given below. These equations collectively consider the incident
and diffracted angles, the refractive indices of the media, and the grating characteristics. In
its general form, the diffraction condition is given by Equation (1) [29]:

ng sind = ny, sinBy, £+ (MAg/A) (1)

where 6 is the incident angle; 0, is the diffracted angle; n; and n,, are the refractive indices
of the incident and diffractive media, respectively; m is the diffraction order; Aj is the
free-space wavelength, and A is the grating periodicity (i.e., the regular, repeating structure
of the grating). In the case of transmission, the phase-matching condition is given by
Equation (2):

kong sin® + mKg = kony sinOpy (2)

with ko (=27t/A) as the incident free space wave vector and Kg (=27t/A) as the grating
vector. In the case of reflection, the analogous condition is given by Equation (3):

kon; sin® — mKg = kon; sinfm, 3)

The propagating mode in the waveguide is classified into two primary types based
on the polarization of electromagnetic field: (a) the transverse electric (TE) mode, where
the electric field is transverse to the direction of mode propagation, and (b) the transverse
magnetic (TM) mode, when the magnetic field is transverse to the direction of mode propa-
gation [30,31]. For a coupled grating-waveguided GMR structure as shown in Figure 2a,
the resonance condition is given by the propagation constant (3,,,) of the waveguide. The
azimuthal angle (¢) is the angle between the plane of incidence and the grating vector (the
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axis along which periodicity is considered). Its value is zero for normal incidence; however,
it has a non-zero value under conical diffraction conditions [32].

2
B = ko\/ (nysin ©)” + 2nsin Ocos cpm% + m2)[\\% (4)

In a GMR structure, the grating usually has a constant period across the sensor
surface. The resonance occurs when the incident wavelength matches the effective grating
period and a single resonance wavelength is exhibited across the structure [33]. The
detection mechanism relies on the binding of a target biomarker to the biorecognition
element attached to the sensor surface [34], as shown in Figure 2b,c. The process can be
tracked using a spectrometer or dispersive system following certain surface chemistry
protocols [35]. The binding alters the refractive index of the surrounding medium causing
minute detectable changes in the optical spectrum, thereby making it an efficient, label-free,
in vitro method for detecting cancer biomarkers [36].

GMR devices with uniform grating periodicity are widely used in biosensing for
detecting targets like bacteria, proteins, DNA, or cell-surface interactions [37-41]. To
perform parallel detections, multiple identical grating sensor arrays are required, which
increases the complexity and cost of the system. Nevertheless, it has a solution in the
form of chirped GMR, which overcomes these limitations and can operate over a wide
range of wavelengths [42]. Chirping is a technique in which the grating period or the
fill factor varies gradually along one direction [43]. Another critical advantage of using
a chirped GMR is its ability to translate spectral information into spatial information, which
can be read out using a low-cost CMOS (complementary metal-oxide-semiconductor)
camera instead of a spectrometer. By dividing the chirped grating into finite sensing
elements, multi-wavelength sensor arrays can be formed where each array produces
a distinct resonance peak. Thus, the technique simplifies the system design, reduces
costs, and facilitates simultaneous multi-analyte biosensing without the need for complex
scanning or modulation mechanisms.

The performance of GMR sensors depends on a careful balance of several key factors,
such as the biorecognition elements used, sensitivity, full-width at half-maximum (FWHM)
of the resonance, figure of merit (FOM), and limit of detection (LOD). Each of these
factors plays an important role and is discussed below. First, the number of available
binding sites per unit area and the strength of interaction between the biorecognition
element and the target analyte are crucial. Biorecognition elements such as antibodies,
enzymes, nucleic acid, and aptamers are essential for the sensor’s efficiency as they directly
influence sensitivity, stability, and specificity. The antibodies offer high specificity through
their distinct binding domains. However, they must be immobilized carefully to avoid
steric hindrance, which can block binding sites and reduce sensitivity over time. On the
other hand, aptamers benefit from precise nucleic acid complementarity, but their negative
charge can provoke unintended electrostatic interactions with non-target molecules, causing
nonspecific binding. Therefore, the proper engineering and surface chemistry modifications
of biorecognition elements are critical for minimizing background noise, ensuring consistent
signal transduction, and achieving a robust balance between sensitivity and selectivity [44].

Sensitivity is the ability to detect small refractive index changes that reflect the ef-
fectiveness of the sensor in the biomarker detection. However, high sensitivity alone is
insufficient if the resonance peak is broad. In such cases, the FWHM becomes equally
important as it directly impacts the precision of the sensor. Narrower resonance peaks or
lower FWHM values imply higher resolution as they enable the detection of finer shifts
in resonant frequency. Another important parameter, the FOM [45], is more useful as it
takes into account both sensitivity and FWHM. A high FOM value ensures both strong and
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sharp resonance peaks. Additionally, the quality factor (Q-factor) describes the sharpness
of the resonance. Higher Q-factor values imply a greater ability of the sensor to distinguish
between different analyte concentrations. Next, the LOD value of a sensor must be mini-
mized to ensure the detection of analytes at ultra-low concentrations. Although all these
parameters are interdependent, the most critical to optimize are sensitivity, FOM, and LOD
as they significantly influence the precision, detection capability, and overall performance
of the sensor in practical applications. A recent study [46] suggests that LOD optimization
requires careful balancing between the Q-factor and resonance amplitude rather than sim-
ply maximizing the Q-factor, as was assumed earlier. Experimental validations highlighted
the significant impact of optical losses on the resonance amplitude in comparison with
the Q-factor. Hence, it can be stated that an optimal trade-off between the Q factor and
the resonance amplitude is essential for achieving high performance. In summary, the
tunable and high-Q-factor resonance peaks in GMRs enable high-sensitivity detection in
biosensing applications [47]. By adjusting the sensor structure parameters, the resonance
linewidths can be controlled, which is the optimization of sensor performance for detecting
low concentrations of biomarkers.

GMR technology can operate on both intensity-based and phase-based sensing modal-
ity, thereby enabling the detection of various substances such as gases, proteins, and disease
biomarkers. To mention one of multiple interesting recent applications, Juan-Colas et al. [48]
recently demonstrated that GMR can detect proteins very close to the cell itself and even
image both the human cells and the proteins upon release. This capability allows ob-
serving how cells communicate in both healthy and diseased states. In their work, they
applied GMR to map the secretion of the signaling protein thrombopoietin (TPO) from
individual human HepG2 cells and also studied variations in TPO expression with changes
in the concentration of desialylated platelets [48]. Furthermore, it is important to note
that GMR sensors have been successfully utilized for detecting cancer biomarkers [49],
cardiac markers [50], and neuropeptides [51], suggesting their significant contribution from
a medical diagnostics standpoint.

3. GMR Sensors for Cancer Biomarker Detection

This section describes the state-of-the-art research on GMR-based cancer detection,
explaining how biomarker binding events alter the refractive index and generate detectable
optical shifts. Theoretical advancements and novel insights that have given new directions
to the field and extended the existing framework are covered in the discussion. Table 1
lists various cancer-related biomarkers, along with their sources, the reported values of
LOD, and the sensitivity achieved using GMR sensors. Thus, the section evaluates different
approaches, highlighting general patterns and variations across various studies, and focuses
on overarching trends in applying GMR for biomedical applications.

Table 1. The various types of biomarkers related to cancer or other kinds of diseases associated with
different body parts with their corresponding source, type, LODs, and sensitivity achieved using
GMR sensors. (NA—not available.)

Biomarker Source Type Antibody LOD Sensitivity Cancx:if}{];elsease
Calreticulin [52] Blood Protein Monoc'lonal IgG 1.3pg/mL to 1.9 Picomolar (pM) Ovarian
antibody ng/mL
Ryanodgu;;zr]eceptor Blood Protein Mogroliilggglylgc NA Picomolar (pM) Breast
B-actin (ACTB) [53] Blood Protein ACTB antibody NA 112.4 nm RIU~! Pan-cancer
Thrombin [54] Blood Protein/ Anti-thrombin antibody 0.19 uM 0.04 nm/pM Thrombosis

enzyme
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Table 1. Cont.
Biomarker Source Type Antibody LOD Sensitivity Cance_el}'}/,l;elsease
TNF-« [55] Blood Protein Anti TNF-« 1.6 ng/mL - Oral squamous
AH[),;I 61? mn Blood Protein Anti-albumin 2.92 pug/mL —91.7 nm/RIU Kidney
.. - . Chemical . .. . .
Creatinine [56] Urine compound Anti-creatinine antibody 12.05 pg/mL —91.7 nm/RIU Kidney
S. aureus [39] Infec;elgotgsues, Bacteria Anti-S. aureus antibody NA ~105 RIU Skin infections
DNP Various tissues . . Y 0.999 RIU~! .
(dinitrophenol) [57] (exposed individuals) Molecule Anti-DNP antibody 75> 107" g/mL (reflection mode) Weight loss
Neuropeptide Y . . . . . 5 107 nm/RIU (TM mode) .
(NPY) [51] Brain, nervous tissue Peptide Anti-NPY antibody 0.1 pM 338 nm/RIU (TE mode) Cardiovascular
C're“tgglpmtem Blood Protein Anti-CRP antibody 1.95 x 10~% g/mL 0.181 RIU-! Inflammation
Antigen
immunoglobulin Blood, serum Antigen Anti-IgG antibody 1ng/mL (6.7 pM) 0.79 RTU~! Infection
(18G) [59]
EGFR [60,61] Tissue/blood Protein AF231 (ggorggr{fiﬁgg) in:f;si;%;igc; rr:L) Lung
HBEGF [61] Tissue/blood Protein AF292 (Of"zefgg r/1 ;‘I‘ie) intljr}si‘y“/’@i;;’::L) Ovarian
HER-2 [61] Tissue/blood Protein MAB1129 (Ofrgi {1 f:ﬂ;)e) imlfisﬁ‘yl%;i:fg&) Breast
Serum/ . 110 (pg/mL) 141 fluorescent
MMP1 [61] plasma Protein AF901 (on resonance) intensity /(pg/mL) Breast
MMP9 [61] Tissue/blood Protein AF911 (O?rgﬁ ! ra‘gzl) intlgisi‘;%‘;i:;’m) Ovarian
Tissue/blood/ . 2000 (pg/mL) 141 fluorescent
uPAR [61] serum Protein MAB 807 (on resonance) intensity /(pg/mL) Breast
Tissue/blood/ . 61 (pg/mL) 141 fluorescent .
VEGF[61] serum Protein AF-293 (on resonance) intensity /(pg/mL) Ovarian
. Blood /urine/ 5'-TCA-ACA-TCA-GTC-
miR-21 [62] saliva RNA TGA-TAA-GCT-A-3' 0.6-1.0 pM - Breast
E7 protein [59] Tissue Protein Anti TNF-« 1ng/mL 0.79 RIU! Cervical

Several studies have effectively utilized GMR sensors for the identification of spe-
cific cancer biomarkers, which supports the efficacy of these sensors. For instance,
Wawro et al. [52] used a GMR-based detection system to identify ovarian cancer biomarkers,
specifically calreticulin and ryanodine receptor 3, which exhibit altered levels in blood and
serum. By using a surface functionalization technique [63,64], the sensor successfully de-
tected calreticulin concentrations ranging from 8.5 nM to 68 nM through covalent binding to
its monoclonal IgG antibody conjugate. In another similar study, Kaja et al. demonstrated
that the GMR sensors deliver highly accurate, consistent, and reproducible quantifica-
tion of protein biomarkers, after validation through quantitative immunoblotting. Their
study identified fibronectin, apolipoprotein A1, and tissue inhibitor of metalloproteinases
3 (TIMP3) as key markers for differentiating primary from metastatic ovarian carcinoma.
They reported elevated fibronectin levels in primary ovarian carcinoma, which support the
notion that this protein is upregulated and secreted early in malignancy [65]. Thus, both
studies focused on the early diagnosis of ovarian cancer using GMR: Wawro et al. detected
calreticulin and ryanodine receptor 3, while the study by Kaja et al. provided critical
insights into the regulation of fibronectin levels in ovarian cancer.

In light of the promising findings presented in these reports, Tu et al. [53] introduced
a new method for the detection of a pan-cancer biomarker, 3-actin (ACTB). This biomarker
may lead to non-Hodgkin lymphoma on mutations and has been linked to a variety of
cancers, including liver, melanoma, renal, colorectal, gastric, pancreatic, esophageal, lung,
breast, prostate, ovarian cancers, leukemia, and lymphoma. A biomarker linked to mul-
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tiple cancer types is referred to as a pan-cancer biomarker. In this study, they designed
a three-layered grating structure integrated with a microfluidic system for binding (3-actin
on the sensor surface. As demonstrated in Figure 3, the integration of microfluidic chan-
nels with the GMR sensor allowed for the filtration of unwanted substances, thereby
improving the sensitivity by preventing false readings. This filtration enabled the sensor
to detect concentrations of 2.5 mg/mL with a 2.1 nm peak wavelength shift, whereas the
unfiltered sensors failed to function due to non-specific binding on the sensor surface.
Compared with other reported results, 2.5 mg/mL is relatively high for sensitive cancer
biomarker detection. Furthermore, this study suggests the utility of GMR technology in
scenarios when structural protein accumulation signals malignancy. Moreover, its overex-
pression may indicate cytoskeletal remodeling in lymphoma, influencing cell motility and
metastatic potential.

Oulpu'

Delec"o" ®

Figure 3. Schematic of the integration of a microfluidic channel with a three-layer grating structure
(right picture). The sample is injected into the lab-on-a-chip (LOC) system via a syringe, filtered to
remove cell debris, and then flows to an antibody-immobilized GMR biosensor for analyte detection.
The optical setup measures the quantity, and the sample is then directed to the waste container.
Reproduced with permission from [53].

Further, GMR-based sensing was reported for detecting another type of cancer
biomarker, TNF-« (Tumor necrosis factor alpha) [66] (Figure 4a(i)), which is associated
with oral squamous cell carcinoma and is also found in human chronic wounds. Recently,
Bakshi et al. [55] successfully detected and quantified TNF-« along with another key
wound health biomarker, IL-6 (Interleukin 6) [67], using a chirped GMR biosensor. IL-6
is also produced in response to infection, injury, or inflammation. The sensor detected
both biomarkers at concentrations of 1 ng/mL in hydrogel-based dressings containing
clinical wound exudate samples as depicted in Figure 4a(ii). The hydrogel matrix showed
no interference with antigen—antibody binding, as confirmed by consistent resonance shifts
in TNF-« assays after adjusting for its refractive index effect. The combined analysis of
TNF-« and IL-6 levels as reported by Bakshi et al. could reveal inflammatory signatures
associated with tumorigenesis. Thus, the work supported the GMR being suitable for
detecting biomarkers associated with cancer, as well as chronic wounds.
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Figure 4. (a(i),a(ii)) Introduction of blank hydrogel, followed by spiked hydrogel, with arrows indi-
cating flow direction. Biorecognition was performed in blank and spiked hydrogel. Resonance shifts
were observed for TNF-a concentrations from 0.01 ng/mL to 1 pg/mL. Reproduced from [55], under
CC-BY license. (b) Detection of fluorophore-tagged DNA and protein molecules. (¢) Comparison of
fluorescence images of microspots on a glass surface and photonic crystal for various concentrations
of TNF-« and IL-3. Reproduced with permission from [62]. (d) Bright field and PWV imaging
of Panc-1 cells attached to the PC surface. Reproduced with permission from [68]. (e) The DMR
responses of quiescent A431 cells measured by stimulation with six P2Y receptor agonists at 20 uM.
Reproduced with permission from [41].

In another work, Poulikakos et al. [69] developed a metasurface based on GMR for
detecting fibrous tissue and its orientation through colorimetric measurement. The sensor
reflects green for isotropic tissue and blue for fibrous tissue, with a blue-to-green transition
indicating tissue orientation. They demonstrated TE and TM modes on a GMR metasurface
using a 215 nm thick Si3Ny layer (RI ~ 2.0) and a 75 nm thick SiO, layer (RI ~ 1.45)
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deposited on a SiO, substrate with a rhombohedral lattice periodicity of 75 nm x 275 nm.
The choice of low-loss dielectric materials minimizes absorption losses. Additionally,
it was applied to fibrous tissue (modeled as a birefringent medium with a refractive
index difference (An) of 0.003), and the induced phase delay led to a measurable blue
shift in the reflected color. This spectral shift was used to quantitatively map the spatial
arrangement and density of collagen fibers. The study provides insights into structural
changes linked to cancer progression, which could help in identifying metastatic spread.
The metasurface’s colorimetric response (green for isotropic tissue and blue for fibrous
tissue) enabled rapid visual distinction between localized tumors (isotropic) and metastatic
tumors (fibrous). The work demonstrated the potential of GMR technology combined with
calorimetric measurement.

Furthermore, Huang et al. [61] reported another significant advancement by using
photonic crystal (PC) surfaces for highly sensitive protein microarrays. The photonic
crystal sensor surface was designed to resonate at the excitation wavelength of cyanine-5
(Cy5), enhancing the fluorescent intensity for Cy5-labeled analytes as depicted in Figure 4b.
This approach of using a confocal microarray scanner rather than a conventional glass
surface improved the signal-to-noise ratio by 3.8-6.6 times and reduced detection limits
by 6-89%. Further developments included a silicon-based Photonic Crystal Enhanced
Fluorescence (PCEF) platform for multiplexed biomarker assays, as demonstrated by
George et al. [62]. In this platform, a cylindrical lens was used to rapidly scan a microarray
in under a minute. The compact detection device integrated fluorescence excitation from
a semiconductor laser with the photonic crystal’s resonant optical modes. In their study,
two cytokines, IL-3 and anti-TNF-«, were used as antibodies on the PC slides. Microspot
fluorescent sandwich immunoassays were utilized to demonstrate the platform’s capa-
bilities and successfully detected biomarkers at concentrations as low as 25 pg/mL and
0.21 ng/mL. Additionally, the use of a fluorescent microarray for detecting a breast cancer
miRNA biomarker (miR-21) enabled detection at concentrations as low as 0.6 pM. The
sensor’s performance was evaluated using an objective-coupled line scanning (OCLS) setup
to capture fluorescence images of various concentrations of IL-3 and TNF-«, as illustrated
in Figure 4c. Both studies reported by Huang et al. and George et al. harnessed engineered
photonic crystal platforms to amplify weak fluorescence signals from cancer biomarkers
(e.g., miR-21 and cytokines), thereby enabling the detection of these molecules at extremely
low concentrations. The enhanced sensitivity and multiplexing capacity provided by these
platforms support detailed molecular profiling of cancer cell biology.

Understanding cell membrane interactions with surfaces is crucial for cancer-related
processes such as tumor metastasis differentiation and apoptosis. Traditional methods
rely on fluorescent dyes, proteins, or histological stains, which could be cytotoxic and
suffer from photobleaching. To overcome these limitations, Chen et al. [68] investigated the
dynamics of Pancreatic cancer (Panc-1) cell and mHAT9a cell attachment using a hyper-
spectral imaging microscope. This technique captured the evolution of cell attachment and
morphology during chemotaxis and drug-induced apoptosis. Images of the sensor surface
at the GMR peak wavelength value (PWV) were continuously collected. Positive shifts in
PWYV values indicated cell adherence and extension, with spectra from inside and outside
the cellular regions. Figure 4d compares brightfield and PWV images of Panc-1 cells,
highlighting the sensors’ capability to detect variations in cell adherence. Fang et al. [40]
further expanded this work by demonstrating GMR’s ability to detect cellular responses
to stimuli, including changes in cell shape and mass in both vertical and horizontal direc-
tions. The study involved human epidermoid carcinoma A431 cells and Chinese hamster
ovary (CHO-K1) cells. Their findings showed that as more CHO cells grew together (cell
confluency), the resonant peak moved to higher angles. Moreover, exposure to high concen-
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trations of dimethyl sulfoxide caused both a peak shift and a shape change, highlighting
the sensor’s high sensitivity to toxic substances. Additionally, they [70] observed dynamic
mass redistribution (DMR) in A431 cells when triggered by epidermal growth factor (EGF),
showing cellular movement in real time. Figure 4e shows the maximum DMR responses
of A431 cells when exposed to six P2Y agonists at 20 uM. These agonists cause different
levels of cell activity, showing how cell signaling can vary. They also studied how different
G protein-coupled receptors (GPCRs) were activated, detecting unique light patterns for
each GPCR group [41]. The sensor’s precision in detecting subtle cellular changes makes
it valuable for studying complex environments, with applications in drug discovery, tox-
icology, and mechanobiology. Altered cell adhesion is a hallmark of cancer progression,
and it plays a key role in metastasis. Cancer cells first detach from primary tumors and
then invade the extracellular matrix. To investigate these phenomena, Zaytseva et al. com-
bined GMR biosensor technology with total internal reflection fluorescence (TIRF) imaging.
Their approach monitored cell adhesion dynamics without the need for labels. They used
an engineered HEK293 cell line that expressed fluorescent (3;-adrenergic receptors. The
study revealed changes in receptor signaling along with cell adhesion, which can aid in can-
cer detection [71]. The above three studies by Chen et al., Fang et al., and Zaytseva et al. en-
able real-time monitoring of cancer cell adhesion, morphology, and receptor signaling,
which are important for understanding metastasis and cellular responses to therapeutics.
The sensitive detection of subtle changes in cellular behavior, including mass redistribu-
tion, receptor activation, and adhesion dynamics, facilitate an understanding of molecular
mechanisms underlying cancer progression.

In another advancement, Chan et al. [72] developed a label-free GMR-based sensing
method for detecting breast cancer cells (MCF-7), mapping cell growth and apoptosis in
response to the anticancer drugs doxorubicin hydrochloride and curcumin. Cell attachment
increased the intensity of the resonantly reflected wavelength, allowing them to map the
spatial distribution of cells. After 24 h, MCEF-7 cell counts increased by 240% (Figure 5a), but
curcumin and doxorubicin reduced cell numbers by 93% and 89%, respectively, through
apoptosis. The sensor provided continuous imaging of cell behavior, although it lacked
the resolution for detailed single-cell views. The work showed the potential of GMR for
drug delivery.

To further investigate the detection of TNF-« and calreticulin, Magnusson et al. [73]
measured biotin binding to GMR sensors and studied their interactions with their respective
antibodies (Figure 5b). By modeling these binding events, they assessed the attributes of the
biolayer and its environment. The sensor’s polarization sensitivity was analyzed, revealing
that the TM mode exhibited greater sensitivity than the TE mode. This study contributes to
the design of sensors that support multiple leaky modes, enabling direct light addressing
and simultaneous calibration of variations such as temperature and sample background
density. These advancements enhance detection accuracy and reduce the likelihood of
false measurements. Further, Race et al. [59] developed an automated platform to detect
human papillomavirus (HPV16) antibodies, which is linked to oropharyngeal cancer, using
just a single drop of serum. In this user-friendly, single-use diagnostic tool, a droplet of
serum is placed into a cartridge that is illuminated with a custom laser scanning instrument,
allowing optimal light coupling into the GMR sensor for fluorescence detection. The
results demonstrated enhanced excitation under “on-resonance conditions”, even without
a powerful laser. It led to increased spot intensities above the LOD and enabled the
identification of spots that would otherwise be undetectable as depicted in Figure 5c.
However, the study also detected anti-E7 antibodies in the serum of healthy controls and
thus suggested the biomarker being not reliable for identifying HPV-related oropharyngeal
cancer due to the observed enhanced fluorescence.
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Figure 5. (a) A comparison of IC50 values for MCF-7 cell viability with doxorubicin, where the pho-
tonic crystal biosensor shows an IC50 of 2 uM and the MTT assay measures 1 uM [72]. (b) Resonance
wavelength shifts as calreticulin binds to IgG, with binding tracked for 80 min [73]. (c) Results from
14 ELISA-positive and 17 ELISA-negative samples show specificity of 0.71 and sensitivity of 0.79.
Reproduced from [59,72,73], under CC-BY license.

In this study, they reported photonic crystals featuring a 40 nm grating depth, a 360 nm
period, and a 36% duty cycle. The device comprised a 150 nm thick high-refractive-index
TiO; layer deposited atop an 840 nm thick low-refractive-index SiO; layer. It had a resonant
wavelength near 628 nm with an approximate 2 nm bandwidth and about 80% reflection
efficiency. This configuration achieved an optimal specificity of 0.71, and the PCEF platform
exhibited an LOD lower than the clinically relevant serum anti-E7 antibody concentration
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(in the pM to nM range as determined by ELISA), which made it well suited for detecting
cancer biomarkers in blood at low concentrations.

Collectively, these studies demonstrate that GMR-based sensors enable real-time,
cross-scale analysis. This argument is supported by Chan et al.’s monitoring of drug-
induced apoptosis and proliferation in breast cancer cell populations, Magnusson et al.’s
quantification of antibody—antigen molecular interactions, and Race et al.’s detection of
cancer-linked biomarkers like HPV antibodies. These reports reflect that GMR-based
biosensing systems help in understanding cancer-related processes such as apoptosis
evasion, biomarker dysregulation, and therapeutic response.

By integrating surface functionalization techniques and microfluidic systems, GMR
sensors efficiently detect a wide range of biomarkers at ultra-low concentrations, offering
a label-free, non-invasive solution for early cancer diagnosis. Xiao et al. reported that after
the integration of the microfluidic modules, the GMR system’s functions and parameters
improved significantly. The tunability was enhanced by achieving a tuning bandwidth
of 13.181 nm (optofluidics) in comparison with 25.39 nm (optically tuned) along with
an improved spectral response characterized by a reduction in FWHM from 2.504 nm
to 1.090 nm, while maintaining high reflectance levels (>85%) [74]. These improvements
demonstrated that integrating sub-microfluidic modules not only enabled dynamic tuning
of the filter but also enhanced its overall optical performance. In addition to microfluidic
integration, GMR was combined with up-conversion nanoparticles (UCNPs) for detecting
low-abundance biomarkers such as cardiac troponin I (¢Tnl). Their ultra-low concentrations
make detection difficult as normal levels are near 1 pg/MI in serum. To address this limita-
tion, Tseng et al. proposed an immunosensor by integrating GMR with UCNPs [75]. Prior
to this innovation, up-conversion-based immunoassays were offering a limit of detection
(LOD) of 130 pg/mL across a range (10-10,000,000 pg/mL). The GMR-based UCNP hybrid
system, however, improved detection capabilities, achieving an LOD of 0.00024 pg/mL.
Furthermore, the system’s detection range was optimized to 0.001-100 pg/mL, specifically
targeting clinically low-abundance concentrations. This advancement represented an in-
crease in LOD and a detection range compared with the single-molecule array (Simoa) [76],
setting a new benchmark for cTnl analysis in patients undergoing chemotherapy [77].
Based on the above discussions, it can be concluded that the advancements in GMR-based
biosensors have significantly enhanced their versatility, sensitivity, and precision in cancer
biomarker detection. GMR technology has proven valuable in capturing subtle cellular
changes and improving diagnostic accuracy, with applications in drug discovery and per-
sonalized medicine. The use of colorimetric sensors has further contributed to its reliability,
positioning GMR sensors as powerful tools in cancer diagnostics.

4. Challenges and Future Perspectives

GMR-based biosensors have advanced significantly in terms of precision and versa-
tility for cancer biomarker detection, leveraging surface functionalization, microfluidic
systems, and integration with photonic crystals and fluorescence enhancement that im-
proves precision and versatility. It is important to note that as GMR sensors are usually
built using dielectric materials, these have minimal loss compared with metal-based SPR
sensors and therefore are ideal for wavelength filtering responses. Although GMR sensors
can theoretically achieve high quality (Q) factors, practical limitations arise from fabrication
defects such as surface roughness, structural irregularities, and non-uniformity. As a result
it enhances radiative losses or coupling losses [78]. These losses can be reduced by lowering
the refractive index contrast as reported by Li et al. [79], which causes the guided mode to
be more effectively confined within the structure. This enhanced confinement sharpens the
resonance, resulting in a narrower FWHM. However, at a very low refractive index contrast



Photonics 2025, 12, 424

13 of 20

(An < 0.01), as reported by Triggs et al., the GMR spatial resolution deteriorates [80]. The
effect is due to weakened confinement of the resonant mode caused by insufficient contrast
between the grating and the surrounding medium. To address this limitation, materials
such as graphene, which enable strong refractive index modulation and rapid response,
have been proposed [81]. Further studies have demonstrated that GMR condition can
be achieved in low-index waveguide materials such as SU8, which is placed on top of
a high-index lithium niobate through a hybrid configuration [28]. Therefore, the flexibility
in choosing GMR materials, whether high or low index, provides multiple material op-
tions enabling possible integration with metal gratings for enhanced light manipulation
which is favorable for applications like sensing, nonlinear optics, and electro-optics [82,83].
Moreover, tunability of GMR sensors is possible through grating design, dielectric layer
thickness [84], and angle of incidence [85]. Additionally, GMR structures have spectroscopic
advantages like non-destructive analysis, multiple sensing [86], real-time monitoring [87],
and label-free sensing capabilities [38]. Notably, the chirped GMR approach allows spectral
data to be captured and processed as spatial information, eliminating the need for an
expensive spectrometer. This can lead to cost savings in system design as it integrates the
roles of both sensing and spectral analysis into one element [88]. Another key advantage of
GMR structures is their ability to couple light with out-of-plane illumination, allowing for
better tolerance to variations in the incident angle [89]. This is especially useful in situations
where precise light alignment is difficult, such as end-fire coupling, waveguide coupling in
SPR sensors [90]. Their low cost, miniaturization, and portability make them ideal for POC
diagnostics, enabling sensitive, label-free detection at low concentrations for non-invasive
early cancer diagnosis.

On the other side, there are some existing challenges associated with GMR-based sen-
sors that need to be carefully addressed. It includes sensitivity to environmental changes
like temperature fluctuations [91] and mechanical vibrations [92], which could introduce
noise and reduce accuracy in real-world applications. A promising advancement is the
introduction of a bowtie-shaped sensor that leverages GMRs in a chirped modality [93].
This design offers high sensitivity to refractive index changes while being robust against
mechanical and thermal noise. These sensors have effectively measured parameters like
salinity and bacterial growth in noisy environments, highlighting their potential for real-
world applications. Another real-world challenge faced by the nanofabrication-based
sensors is the reproducibility of results due to fabrication inconsistency and requirement
of nanoscale precision for optimal performance. Recent investigations by Sahoo et al. [25]
provide useful guidelines for fabricating nanostructures more reliably and achieving
a higher success rate in exploratory experiments. Furthermore, detecting low-abundance
biomarkers in early-stage cancer is challenging due to limited sensitivity. GMR sensors
need to be functionalized with specific molecules to capture target biomarkers; however,
this process is complex and time-consuming and may limit multi-biomarker detection.
Biocompatibility issues with some materials used in GMR sensors can also restrict their
use in clinical or in vivo applications. For example, gold (Au) is generally biocompatible;
however, it can induce foreign body reactions when shaped into nanoparticles [94]. Silver
used in biosensors can release silver ions (Ag*), which can lead to cytotoxicity and oxidative
stress; therefore, limiting its usefulness in prolonged in vivo applications [95]. Additionally,
non-specific binding of other molecules can interfere with signals, reducing the sensor’s
selectivity [96]. By implementing protective coatings and suitable receptors, the challenges
associated with non-specific binding can be effectively mitigated [97]. Moreover, advanced
algorithms are needed to accurately interpret signals and filter out noise, which otherwise
can make real-time analysis more challenging [98]. Improving sensitivity of GMR sensor
can further enhance its usability [99]. This requires a multifaceted approach involving
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structural optimization (e.g., particle swarm optimization) [100], material selection [101],
surface functionalization [102], light optimization [103,104], and advanced measurement
techniques [105].

Now, we compare other photonic devices and sensors relevant to cancer biomarker de-
tection, with a focus on enhancing the limit of detection and real-time monitoring [106]. SPR
biosensors offer high sensitivity, specificity, and real-time monitoring for cancer biomarker
detection. They effectively detect HER?2 in breast cancer [107] and biomarkers like PSA
(LOD: 0.15 ng/mL), IL-8 (LOD: 2.5 pM), CEA (LOD: 0.5 ng/mL), and fibronectin (LOD:
2.5 pg/mL) [108]. A plasmonic sensor with split-ring resonators achieved an LOD of
0.016 RIU for brain cancer cells [109]. Bladder cancer-related miRNA biomarkers were
detected with an LOD of 26.3 fM using a biochip with time-gated luminescent probes
and photonic crystals [110]. Other than SPR sensors, interferometric and photonic crystal
biosensors offer high sensitivity for detecting low-abundance cancer biomarkers [111].
CYFRA 21-1, a lung cancer biomarker, is quantified with an LOQ (limit of quantification)
of 81 pg/mL with enhanced diagnostic accuracy using compensated interferometry [112].

Given the aforementioned facts, GMR biosensors present a promising and cost-
effective solution for POC diagnostics. They facilitate highly sensitive, label-free detection
of biomarkers by utilizing economical components such as filtered LEDs and CMOS
cameras [86]. This simple, label-free GMR approach has achieved sensitivity in pg/mL
levels comparable to those of commercial enzyme-linked immunoassays (ELISAs), while
eliminating the need for labels, enzymatic amplification, or trained laboratory personnel.
The integration of chirped gratings further simplifies the optical setup by encoding spectral
resonance information into the spatial domain, effectively combining sensing and spec-
trometer functions within a single element. Since the technology omits the requirement for
expensive dispersive optics or external spectrometers, it allows operation at a single wave-
length, optimized for the camera’s signal-to-noise ratio [88]. GMR sensors also support
multiplexed detection of clinically relevant biomarkers, such as troponin, procalcitonin, and
C-reactive protein in complex samples like undiluted urine, using antibody immobilization
to achieve ultra-low detection limits and minimize non-specific binding [86]. However, the
critical aspect for POC deployment is the fabrication reproducibility since nanometer-scale
variations can detune resonance behavior. This issue can be minimized by tight control of
electron-beam exposure and development processes that ensures consistency in resonance
wavelength, amplitude, and sensitivity [25]. In light of these considerations, the integrating
of a GMR sensor with basic optical components and a low-cost camera results in a portable,
compact, and fault-tolerant system that is ideal for practical applications. With component
costs under USD 10, it is highly suitable for affordable POC devices [43]. Importantly, the
clinical utility of these tools relies on collaborations with healthcare professionals, ensuring
that technical capabilities are effectively aligned with practical needs. Despite its simplicity,
the GMR platform does not compromise performance, positioning it as a robust, scalable
solution for accurate and decentralized testing [113].

The future of GMR sensors in cancer biomarker detection depends on advancements
in multiplexing, artificial intelligence (AI) integration, miniaturization, and real-time data
processing. Multiplexing enables simultaneous biomarker detection, whereas Al improves
data analysis. Shen et al. have applied machine learning to the GMR filter design by
training a forward deep neural network on simulation data to rapidly generate millions of
structures. They have used Fano resonance-based inverse matching to optimize asymmetric
spectral line shapes, achieving narrow linewidths (6.8-8.7 nm) in the visible spectrum.
This approach combines data-driven designs with Fano models to efficiently engineer
high-performance optical filters, bypassing traditional iterative optimization [114,115].
Cloud-based connectivity and the Internet of Medical Things (IoMT) will further enable
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remote monitoring, personalized treatments, and telemedicine applications. In the future,
hybrid plasmonic-GMR structures along with nanomaterials could enhance sensitivity to
ultra-low biomarker levels. A hybrid device combining GMR sensors for rapid screening
with other optical technologies for detailed analysis could enhance diagnostics.

5. Conclusions

This review highlights the fundamentals and recent advancements of GMR-based
biosensors for cancer biomarker detection. Its significance is explained in detail, including
the operational mechanisms and the applications in drug discovery and cancer diagnostics.
Their potential for developing cost-effective and cutting-edge technology-driven POC
sensing devices is highlighted. These sensors offer highly sensitive, label-free, and non-
invasive methods for early cancer diagnosis and monitoring. Integrating GMR sensors with
technologies like microfluidics, photonic crystals, and fluorescence has greatly improved
detection accuracy and sensitivity. The challenges like sensitivity to environmental noise
and non-specific binding need to be carefully addressed; nevertheless, improvements in
sensor design, materials, biorecognition elements, and algorithms have helped to overcome
many of these problems. Addressing broader challenges like late-stage cancer detection,
limited biomarkers, psychosocial impacts, and the effectiveness of current treatments
requires collaboration between scientists, healthcare providers, policymakers, and society.
Ongoing and future developments in Al could enhance their performance and accessibility,
which supports early detection of cancer, particularly in collecting and analyzing raw
data. The integration of GMR devices with mobile applications significantly enhances
the usability of health monitoring and early warning systems. This advancement offers
affordable and efficient healthcare solutions, particularly in remote or underserved regions.
Furthermore, these POC devices have potential to reduce hospital burden and minimize
the necessity for specialist consultations in specific cases. In summary, this review provides
a guide for future cancer research focused on developing highly sensitive GMR-based
biosensors to improve diagnostic abilities, especially in resource-limited areas.
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