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Abstract— Guided mode resonance (GMR) sensors have emerged as transformative tools in sensing technology, offering
exceptional sensitivity, selectivity, and real-time, label-free detection capabilities across diverse applications, including
medical diagnostics and environmental monitoring. Their miniaturization potential, cost-effective manufacturing, and
wide dynamic range make GMR sensors highly versatile and commercially attractive. In this study, we present an
optofluidic GMR platform tailored for real-time analysis of biomolecular interactions without the need for optical labels.
The platform integrates a custom-built inverted microscopy system, a high-resolution multi-spectrometer setup with
a spectral resolution of 0.15 nm, and an automated multi-pump fluid control system, enabling precise and efficient
monitoring of binding kinetics between biomolecules. Key outcomes include a refractive index sensitivity of 201.73
nm/RIU and a demonstrated detection limit of 0.15 ng/mL for IgG protein, emphasizing the platform’s suitability for
highly sensitive biodetection applications. Additionally, the automated flow methodology enhances efficiency and repro-
ducibility by streamlining chip preparation, ligand/analyte incubation, and post-experiment cleaning, minimizing manual
intervention and human error. The self-cleaning feature ensures contamination-free operation, facilitating seamless multi-
use experiments. Furthermore, we determined the association constant during the binding of protein A/G and IgG,
underscoring the platform’s applicability to real-time binding kinetics studies. These results establish our optofluidic
GMR platform as a robust and precise tool for advancing the understanding of complex biomolecular processes.

Index Terms— Binding dynamics, Guided mode resonance, Label-free biosensing, Nanotechnology, Optofluidic

I. INTRODUCTION

IN recent years, guided mode resonance (GMR) sensors
have emerged as a promising technology with immense

potential in various sensing applications [1], [2]. In 1992,
Magnusson and Wang were the first to propose the utilization
of the GMR effect for sensor applications, unveiling GMR
filters whose characteristics could be adjusted by altering
resonance structure parameters such as thickness and refractive
index [3]. Building upon the initial discovery by Magnusson
and Wang, Tibuleac et al. and Wawro et al. further expanded
the GMR technology landscape by introducing novel GMR
biosensor designs and exploring their integration with optical
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fibers, opening new avenues for sensor applications [4], [5].
This evolution marked a significant advancement in the field,
demonstrating the versatility and broad applicability of GMR
sensors beyond the traditional settings. These sensors offer
a unique combination of high sensitivity, selectivity, minia-
turization, real-time detection, and label-free operation [6].
Such attributes have propelled GMR sensors to the forefront of
research and development, driving their integration into diverse
fields, ranging from environmental monitoring to medical
diagnostics and industrial process control [7]–[11].

One of the fundamental strengths of GMR sensors lies in
their exceptional sensitivity to minute changes in the refractive
index of the surrounding medium [12]. This remarkable sensi-
tivity enables the detection of even the most subtle variations
in the analyte concentration or physical properties, such as
temperature or pressure [13]. By leveraging this sensitivity,
GMR sensors provide valuable insights into dynamic processes
and enable accurate measurements with high precision. Fur-
thermore, GMR sensors exhibit remarkable selectivity, thanks
to their ability to resonate strongly only at specific wavelengths
or within a narrow spectral range [14]. This unique feature
enables selective detection of target analytes or substances,
minimizing interference from other components present in the
sample. Such selectivity enhances the reliability and accu-
racy of the measurements, making GMR sensors particularly
valuable in complex and multi-component environments [15].
The miniaturization capability of GMR sensors is another
key advantage that has sparked considerable interest in recent

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2024.3515653

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



2 IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX 2024

years. These sensors can be fabricated using micro- and
nano-fabrication techniques, allowing for their integration into
compact devices [16]. As a result, GMR sensors hold great
potential for portable and wearable sensing applications, where
their small form factor and low power requirements enable on-
the-go monitoring and personalized healthcare [17], [18].

Moreover, GMR sensors offer real-time and label-free de-
tection, operating based on changes in optical properties,
such as wavelength shift or intensity modulation [19]. This
eliminates the need for additional labels or chemical modi-
fications, simplifying the sensing process and enabling rapid
and continuous measurements. The ability to obtain real-time
data is crucial in numerous applications, including monitoring
environmental pollutants, tracking biological processes, and
ensuring the quality and safety of industrial processes. In
addition to their inherent strengths, GMR sensors boast a wide
dynamic range, allowing for accurate detection across a broad
range of analyte concentrations [20]. From low to high levels,
GMR sensors maintain their sensitivity, offering versatility in
diverse sensing applications. Furthermore, these sensors can be
designed to operate across different parts of the electromag-
netic spectrum, such as visible, near-infrared, or mid-infrared,
making them compatible with a wide range of light sources
and detectors [21]. Lastly, the cost-effective manufacturing
of GMR sensors through standard semiconductor fabrication
techniques has accelerated their commercialization potential
[22]. This affordability promotes large-scale deployment and
integration into various sectors, facilitating the translation
of GMR sensor technologies from laboratory to practical
applications [23].

When compared with existing optical sensing technologies,
GMR platforms demonstrate competitive advantages alongside
certain trade-offs. While Surface Plasmon Resonance (SPR)
sensors, as highlighted in the literature, achieve superior
refractive index sensitivity and ultra-low detection limits in
the range of 10–100 pg/mL [37]–[39], GMR sensors offer
enhanced thermal and chemical stability due to their dielectric-
based construction [40], [41]. Optofluidic systems, such as
those detailed by Wu et al., provide real-time, in situ analy-
sis with increased sensitivity through microfluidic integration
[42]. However, GMR sensors’ narrower spectral bandwidth
results in a higher figure of merit (FOM), making them
well-suited for precision-demanding applications [43], [44].
Emerging technologies such as plasmonically induced trans-
parency (PIT) in graphene nanostructures have demonstrated
remarkable potential for ultra-high sensitivity and spectral
tunability [45]. However, these PIT-based devices often require
complex fabrication processes and offer limited scalability. In
contrast, GMR platforms support cost-effective and scalable
fabrication methods, such as atomic layer deposition (ALD),
enabling consistent and reproducible sensor production [41].
Similarly, multi-band optically tunable perfect light absorbers
[46], [47] and metamaterial absorbers [47] have shown notable
versatility, though their integration with microfluidic platforms
remains less developed compared to the operational flexibility
of GMR sensors. While the refractive index sensitivity of the
GMR platform may not exceed that of SPR or PIT-based sys-
tems, its unique combination of robustness, adaptability, and

cost-efficiency makes it a promising alternative for biosens-
ing applications, particularly in challenging environments and
resource-limited settings.

In this article, we introduced a compact and fully-automated
optofluidic GMR platform designed to facilitate the real-
time investigations of biomolecular interactions in a label-
free manner. The platform integrates an inverted microscopy
system equipped with linearly polarized illumination alongside
a multi-spectrometer setup supporting a high spectral resolu-
tion, e.g., 0.15 nm, which is critical for accurately monitoring
spectral variations. A multi-pump system, regulated by a flow
sensor, enables precise control over the fluid flow, allowing for
the implementation of various protocols within the platform.
A key feature of our optofluidic platform is its automated
flow methodology, which facilitates the preparation of the
chip surface for sensing tests, the incubation of ligands and
analytes, and the self-cleaning of the system following each
protocol. This automation significantly improves the efficiency,
accuracy, and repeatability of sensor-based assays, reducing
manual intervention and the associated risk of operator errors.
The self-cleaning ability maintains a contamination-free envi-
ronment between experiments further enhancing the platform’s
utility. To enhance the functionality of our optofluidic GMR
platform, we have developed a user-friendly software that
operates with the system hardware, designed to simultaneously
control the optofluidic components, e.g., acquisition of spectral
data from the GMR substrate as it interacts with various
analytes, and execution of protocols for surface modification,
and analyte delivery. The primary function of the software
includes the generation and post-processing of these spectral
raw data, transforming them into meaningful real-time sensing
information. The software’s capabilities extend to the analysis
of binding kinetics, where it computes the binding constants
that govern the interactions between the ligands and the
analytes under study.

Figure 1 shows the photograph of the optofluidic GMR
platform along with the system software executed on a note-
book, and the schematics of the system components. To
optimize data quality while reducing background noise and
consolidating all hardware components, we have enclosed
the system within a protective case, which also creates an
ideal dark environment for optimal conditions for the spectral
measurement based on light transmission.

The platform comprises four essential components:
i. Optics Module: In this module, a broadband halogen lamp

illuminates the GMR chips, while a triple-spectrometer system
captures and measures the transmitted light, allowing for the
analysis of waveguide modes created by the GMR structure.

ii. Microfluidics Module: This module integrates a one-
channel polydimethylsiloxane (PDMS)-based flow cell and a
microcontroller-driven four-piezoelectric pump system. This
module ensures precise delivery of analytes to the functional-
ized sensing surface, enabling real-time monitoring of binding
events, and system cleaning.

iii. Software Module: This module offers a user-friendly
graphical user interface (GUI) for simultaneous control of
optical and microfluidic components. It also incorporates a
data-processing algorithm that uses the real-time transmission
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spectra of the GMR structures to calculate binding parameters.
System control and data acquisition are achieved using a
notebook, with communication between different modules
established via USB (universal serial bus) connectivity.

For the label-free refractive index sensing experiments, we
utilized a GMR-based chip, leveraging its aforementioned
advantages.

iv. GMR Chip: The chip consists of a planar waveguide
with a periodic structure. Leveraging the highly sensitive
nature of the GMR chip, the platform supports a refractive
index sensitivity of ∼201.73 nm/RIU (refractive index unit),
which is advantageous for label-free biosensing applications.
This waveguide structure exhibits a well-defined and isolated
resonances with a linewidth of ∼40.5 nm.

In order to demonstrate the applicability of our optofluidic
GMR platform in real-time binding kinetic analyses, we in-
vestigated the interactions between protein A/G and protein
IgG, and successfully determined the parameter governing
the association phase. Based on our label-free biosensing
experiments involving protein mono- and bilayers, achieving
a high limit-of-detection of 0.15 ng/mL for protein IgG.
We believe our optofluidic GMR platform with high spectral
resolution embodies a significant technological advancement
in biosensing, featuring a fully automated sensing mechanism
for real-time binding kinetics analyses. It integrates self-
cleaning functionality and consolidates hardware control and
data post-processing within a singular software framework,
enhancing operational efficiency and analytical precision. This
system represents a comprehensive solution for the real-time
analysis of biomolecular interactions, which could be a strong
candidate in the field of biosensing.

II. MATERIALS AND METHODS

A. Optical Setup of the Optofluidic GMR Platform

The Optics Module employs an inverted microscopy setup
with a spectrometer-based read-out scheme (Figure 1). To
attain high sensitivity, we engineered a high-resolution spec-
trometer system consisting of three simultaneously operating
spectrometers that evenly disperse the spectral region of in-
terest. Figure 5 shows the snapshot of the GUI demonstrating
the spectral range of each spectrometer that are highlighted
with different colors, e.g., blue, green and red. This approach
yields a high optical resolution of 0.15 nm, which is critical for
sensitive label-free and real-time binding kinetics applications,
especially when confronted with low analyte concentrations.
The optical configuration of this module employs a broadband
halogen light source coupled with a fiber to illuminate the
GMR chip. The incident light is initially collimated with a
fiber collimator. To selectively excite the waveguide mode
while eliminating potential interference from the unwanted
modes, a linear polarizer is employed, ensuring the incident
light is polarized in parallel with the periodic structure. To ex-
clusively illuminate the GMR structure within the one-channel
microfluidics and prevent interactions with GMR structures
outside this channel, a shutter is employed shrinking the
diameter of the light source impinging on the GMR structure
to match it with the channel width. The transmitted light from

the GMR chip is directed towards the fiber collimator via
an achromatic lens, which subsequently routes the transmitted
light to the three spectrometers via a trifurcated fiber.

B. Piezoelectric-Pump System

The Microfluidics Module utilizes a piezoelectric pump sys-
tem for analyte delivery to the sensor surface via the flow cell
(Figure 1). Control of the four piezoelectric pumps is achieved
through a microcontroller, allowing for the adjustment of flow
rates by varying the supplied voltage to the pumps. By apply-
ing voltage levels of 250 peak-to-peak voltage (Vpp) at a con-
stant frequency, such as 100 Hz, the desired flow rates could be
attained. A 4-in-1-out manifold, containing four valves that are
controlled by the microcontroller, selectively delivers samples
to the GMR chip’s surface. Simultaneously, a flow sensor
works in conjunction with the chosen pump and its associated
valve to maintain a continuous flow rate. The spectrometers
are directly controlled by a notebook utilizing device driver
libraries, while it manages the microcontroller to operate the
pumps, valves, and flow sensor. The microcontroller adjusts
its voltage via I2C communication within a range of 0 to
31 bytes, where these bytes correspond to a voltage mapping
from 0 to 250 Vpp, and it employs on/off voltage signals,
controlled by four relays, to manipulate the valves. The flow
rate is controlled through a proportional–integral–derivative
(PID) controller. A derivative filter is applied to the derivative
term of the PID controller. This aids in smoothing sharp
changes in the control signal (voltage output), and reduces
the impact of the noise on the derivative term. However, the
effectiveness of the filter depends on the characteristics of
the control system and the nature of the noise it deals with.
Furthermore, a smoothing factor is applied to the output of
the PID controller to achieve smoother changes in the pump
voltage. This helps reduce sudden voltage changes that could
lead to instability or mechanical stress on the pumps, similar
to the effect of the derivative filter. The output limits were
defined to ensure that the pumps do not operate outside a
specified voltage range. This practice is essential for safety,
and to ensure that the pumps function within their designated
operational limits. In the PID controller, the feedback mech-
anism between the pump and the flow rate sensor through
the microcontroller was modelled as a first order system.
First-order systems are fundamental models in control theory,
describing the relationship between input and output through
a first-order differential equation. These equations encapsulate
the system’s dynamics by accounting for the first derivative
of the output concerning time. Essentially, they characterize
systems where higher-order derivatives are absent, thereby
illuminating the system’s responsiveness to input signals over
time. In our PID controller, each component of PID contributes
distinct mathematical computations to manipulate the error
signal, e(t), thereby influencing the controller’s output. We
modelled our PID controller with the following formula, which
is schematically illustrated in Figure 4A:

u(t) = Kpe(t) +Ki

∫ t

0

e(t) dt+Kd
∂e(t)

∂t
(1)
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Fig. 1. Photograph of the optofluidic GMR platform with a built-in notebook for operating the system and the schematic illustration of its hardware
and software components for analyzing the binding kinetics of biomolecular interactions. The platform is composed of three modules, e.g., Optics,
Microfluidics and Software modules, along with the fourth component, e.g., a GMR Chip. The figure inset displays the SEM image of the GMR
structure.

where Kp is the Proportional term, generating an output
proportional to the current error magnitude. The integral term,
Ki, considers both the error magnitude and duration, ensuring
precision over prolonged periods. Conversely, the derivative
term factors, Kd, in the error’s rate of change, offering insight
into future errors based on the present trends. Collectively,
these terms manipulate the control actions, enabling error
correction and system stabilization for a stable flow. Figure 4B
shows the flow rate (black) of a single pump measured with
the flow sensor for a period of 15 min duration for different
set values (red), e.g., in the range of 0.1 mL/min to 4 mL/min.
Our PID controller ensures a stable flow with only 5% standard
deviation. In order for a robust surface functionalization and
stable bimolecular interactions between ligands and analytes,
we performed the real-time binding kinetic experiments under
0.1 mL/min flow rate [24], [25].

C. Fabrication of the GMR chips

As shown in Figure 2A, GMR structures were fabricated
using the nanoimprint method [26]. The procedural sequence
begins with the realization of a master mold (i). For the mold

fabrication, the surface of a glass substrate was coated with
a photoresist, and the sinusoid patterns were realized through
laser interference lithography. The photoresist surface was then
coated with tantalum oxide (TaO2) to realize a more solid
master mold surface. Following this, the master mold was used
to shape the PDMS mold (ii). Subsequently, the PDMS grating
structure (iii) serves as the primary mold for the production
of the GMR structures. In the next step, a silicon-on-glass
(SOG) layer was spin-coated onto the glass substrate. The
grating pattern inherited from the PDMS mold was transferred
onto the SOG layer through the nanoimprinting process (iv),
resulting in the diffraction grating patterns observed in the
GMR structure (v). Following this step, the waveguide layer
was fabricated via sputtering, where tantalum (Ta) was used as
the target material, with an operational pressure of 10 mTorr
or 20 mTorr of Oxygen + Argon (O2+Ar) within the chamber
(vi). As shown in Figure 2C, fabrication was processed for
the following device parameters, e.g., the thickness of the
TaO2 layer is 190 nm, grating height is 100 nm, and the
thickness of the SOC layer is 500 nm, where the overall
GMR structure was manufactured on a glass substrate with a
thickness of 1 mm. The GMR structure was engineered to have
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a resonant wavelength around 600 nm, i.e., the corresponding
grating period was chosen as ∼380 nm. In our fabrication
method, the grating is limited by the capabilities of the
master mold fabricated by laser interference lithography [27].
Figure 2B-inset shows the photograph of a 25 mm × 25 mm
GMR chip. Figure 2E shows the scanning electron microscope
(SEM) images of the fabricated TaO2-based GMR structures,
demonstrating the quality of our fabrication method over a
large area.

III. RESULTS AND DISCUSSION

A. Optical Properties of the GMR Chip

In order to investigate the underlying physical mecha-
nism responsible for the guided-mode resonance supported by
the dielectric structure, we conducted finite-difference time-
domain (FDTD) simulations. In the simulations, the unit cell
comprises a single waveguide, which consists of a triangular
substrate with triangular cladding. Periodic boundary con-
ditions were used along the plane of the waveguide (xy-
plane) to model the periodic behavior of the triangular column
structure. Perfectly matched layer boundary conditions were
used along the direction of the illumination source (z-axis).
The refractive index values for the constituting structures were
determined via ellipsometry. In the simulations, for TaO2 and
SOG layers, we used the refractive index values of 1.996
and 1.52, respectively. SOG exhibits excellent transparency
in the visible to near-infrared range, with minimal absorption
at the operating wavelengths of the GMR structure, ensuring
efficient transmission of light. Its refractive index, being lower
than that of the TaO2 thin film layer, enables the formation
of a high refractive index contrast that is critical for the
waveguide resonance. Additionally, SOG’s optical properties,
such as its low optical loss and thermal stability, contribute
to the overall reliability and robustness of the GMR chip.
The substrate’s role is not only to provide mechanical support
but also to enable effective light diffraction and confinement,
facilitating the guided-mode resonance.TaO2 is transparent in
the visible to near-infrared range, ensuring minimal optical
loss and high transmission. Its high refractive index, combined
with the lower refractive index of the SOG substrate, enables
strong light confinement within the waveguiding layer, which
is essential for the guided-mode resonance. The thickness
and refractive index of the TaO2 layer directly influence
the resonance wavelength, as they determine the waveguide’s
optical properties. Additionally, TaO2’s thermal and environ-
mental stability ensure consistent performance under varying
experimental conditions, making it a robust material for GMR-
based sensing applications.

In the simulations, a mesh size of 0.5 nm was selected
for discretization along all directions. In accordance with
the experimental configuration, an x-polarized light source
was used to illuminate the dielectric structure. Figure 2B-
inset illustrates the schematics depicting the axes, along with
the polarization and propagation direction of the incident
light source. Figure 2B shows the experimental (white) and
calculated transmission (black) responses supported by the
GMR structure. The spectral positions of the transmission dips

coincide well, while the experimental response has a wider
linewidth, e.g., ∼40.58 nm, due to the fabrication tolerances.
To eliminate the effect of the spectral shape of the halogen
light source on determining the linewidth of the optical modes
supported by the GMR structure, the corrected transmission
spectra were determined by dividing the light transmitted from
the waveguide by the source response. Figure 2D displays the
cross-sectional profile of the nearfield intensity distribution
(magnitude of the electric field) of the waveguide system.
GMR is an optical-based device known for its thin film
structure, featuring a surface covered with finely patterned
nano-sized gratings on a substrate material, and these intricate
patterns exhibit remarkable light diffraction properties. The
GMR structure incorporates diffractive gratings engraved onto
a substrate material, specifically SOG here, which possesses
a lower refractive index compared to the thin film coating
made of TaO2. When light is directed onto the GMR structure,
the thin film structure reveals its waveguide characteristics,
indicating that light can be confined or reflected within the
thin film layer when its propagation constant through the
diffracted wave aligns with the waveguide mode. Within the
thin film TaO2, light undergoes bidirectional propagation.
Consequently, this waveguide mode can lead to reflection or
transmission through the thin film layer. Reflected light, at
the angle of reflection, undergoes constructive interference,
resulting in the emergence of a peak in the reflectance
spectrum at a specific wavelength, known as the resonance
wavelength. In contrast, transmitted light, at the angle of
incidence, experiences destructive interference, leading to min-
imal transmittance at the resonance wavelength. Resonance
wavelength of the GMR structure depends on the refractive
index of the thin film material, substrate material, and the
surrounding medium covering its surface.

B. Limit-of-Detection of the GMR Structure

To demonstrate the sensing capability of the GMR struc-
tures, we initially conducted sensing experiments with bulk
refractive index solutions using various water-ethanol mixtures
within the range of 0-80%, resulting in a refractive index range
of 1.333 – 1.3658. Figure 3A depicts the spectral position of
the transmission dip for each bulk solution, where the squares
represent the mean values, and the error bars reflect double the
standard deviation of five independent experiments. Through
a linear fit to the experimental data λ = 201.73n – 380.61, we
determined the refractive index sensitivity as S = ∆λ/∆n =
∼201.73 nm/RIU (refractive index unit).

To further demonstrate the sensing capability of the GMR
platform, we performed label-free detection of protein mono
and bilayers. In this context, we utilized protein A/G and
protein IgG, and analyzed their binding characteristics. Our
biosensor platform utilizes a surface modification technique
that relies on the physical attachment of analytes to the sensing
surface through physical adsorption, e.g., physisorption [28].
Here, the flow cell was employed to deliver the analytes to the
sensing surface. Before the analyte/ligand analysis, the chip
surface was rinsed with acetone, isopropanol, and DI-water,
and dried with nitrogen gas. The chips were then introduced
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Fig. 2. (A) Fabrication steps for the GMR structure. (B) Experimental (white curve) and calculated (black curve) transmission spectra of the GMR
structure. Figure inset shows the photograph of a GMR chip. Figure also displays the direction of the polarization and the propagation of the incident
light source. (C) Device parameters of the GMR structure. (D) Cross-sectional nearfield profile (magnitude of the electric field) of the GMR structure
calculated at the transmission dip. (E) SEM images of the fabricated GMR structures.

into an ultraviolet ozone cleaner. Finally, they were rinsed with
isopropanol and DI-water, and dried with nitrogen gas. This
cleaning methodology makes the surface more hydrophilic.
For analyte attachment on the sensing surface, we flowed
the solutions with a flow rate of 0.1 mL/min. With the use
of a slow and controlled flow instead of manual pipetting
that could result in random bimolecular attachments, GMR
surface was uniformly coated for the binding tests, which
ensures test repeatability. The surface modification process
begins with the delivery of protein A/G to the surface. Protein
A/G is a fusion protein that possesses binding sites of both
protein A and protein G, and it exhibits a high affinity for the
Fc region of the immunoglobulin (IgG) [29]. Subsequently,
IgG proteins were introduced and attached to the A/G-coated
sensing surface through their Fc region, forming a Y-shaped
structure as schematically illustrated in Figure 3C-inset.

Figure 3B shows the transmission resonance supported by
the GMR structure after the attachment of monolayer and bi-
layer protein. The data presented in this figure were processed
and smoothed using the Savitzky–Golay filter, which effec-
tively reduces noise while preserving key spectral features for
accurate analysis. Ambient light interference, a major external
source of noise, was mitigated by enclosing the system in a
black casing to block stray light and ensure consistent mea-
surements. Internally, mechanical vibrations that could affect
the spectral stability were minimized by mounting the system
on vibration-isolating Sorbothane feet, providing a stable base
for the experimental setup. Another critical factor contributing
to noise is the resolution of the spectrometer. In our system, we
carefully balanced the resolution of the spectrometer with the
acquisition speed to optimize spectral quality while keeping
the noise at a manageable level. For simplifying spectral data

processing, we utilized the 1-Transmission spectrum in our
biosensing experiments. The transmission resonance, initially
located at 601.49 nm (black curve), shifted by 4.2 nm to
605.69 nm after the attachment of 100 µg/mL protein A/G
(green curve). The functionalization of the sensing surface
with 100 µg/mL protein IgG further shifted the transmission
resonance by an additional 10.24 nm (total shift = 14.44 nm),
resulting in a wavelength of 615.93 nm (blue curve).

Traditionally, the impact of the biomass accumulating on
the sensing surfaces on the optical properties of the sensing
substrate is evaluated by monitoring changes in the maxima or
minima of the optical features. However, when dealing with
low analyte concentrations, this conventional approach faces a
limitation in spectral resolution as it relies solely on a single
spectral location. In simpler terms, it struggles to generate
adequate spectral variations required for precise measurement
of refractive index changes on the sensing surface. To address
this challenge, we have devised an alternative approach. Here,
instead of exclusively monitoring the spectral shift of the
transmission resonance, we have integrated the transmission
response within a specific spectral window. This strategy takes
into account the collective spectral shifts occurring across
multiple wavelengths [30]. The integral window used in our
calculations, which has a width of 35 nm, is highlighted in
gray in Figure 3B. Here, the integral window was carefully
designed to maximize both reliability and sensitivity in de-
tecting spectral shifts. The end position of the integration
window was set at the transmission maximum of the bare
GMR chip’s response, while the starting position was chosen
at the transmission minimum. This configuration ensures that
the integration captures consistent spectral features of the
resonance while avoiding regions where intensity fluctuations
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Fig. 3. (A) Spectral position of the transmission resonance supported by the GMR structure for different refractive indices of bulk solutions
containing mixtures of DI-water and ethanol with varying ratios from 0 to 80%. The linear fit to the experimental data is shown in red. (B) Transmission
resonance of the GMR structure: initial (black curve), after the attachment of 100 µg/mL protein A/G (green curve), and after the attachment of 100
µg/mL protein IgG (blue curve). The gray rectangle denotes the spectral range used for calculating the integral of the transmission spectrum. (C)
Spectral integral values calculated for protein IgG concentrations ranging from 0.1 ng/mL to 100 µg/mL (blue squares) and the values calculated
for protein A/G (green square). A zoomed-in image corresponds to a smaller portion of the IgG concentration range, highlighting the system’s LOD.
The system LOD was determined as 0.15 ng/mL (highlighted with an arrow) using the LOD formula for the parameters determined from the linear
regression model fitted to the experimental data. Gray area shows the overlapping spectral integral values, while surface saturation is indicated by
the dashed gray line. (D) Spectral shift amounts for 100 µg/mL protein A/G and 100 µg/mL protein IgG for the GMR structures fabricated at 10 mTorr
(red bars) and 20 mTorr (orange bars). In the figures, the squares and the bars represent the averages of the data obtained from five independent
experiments, with error bars indicating double the standard deviation.

could compromise the reliability of the calculations. Impor-
tantly, the integration window primarily focuses on spectral
shifts occurring on the right shoulder of the transmission
resonance. Here, including other parts of the resonance, such
as the left shoulder, could introduce variability due to fluctua-
tions in the transmission curve, particularly where transmission
intensity increases and decreases near the resonance peak.
Such variability would compromise calculation accuracy. Ad-
ditionally, the spectral minimum at the starting position of the
integration window remains stable across a broad wavelength
range, making it less sensitive to external noise or unrelated
spectral features. This carefully selected configuration ensures
that only consistent spectral changes directly related to the
resonance are considered, enhancing the robustness, precision,
and reliability of the sensing process.

The spectral integral method employed in our study en-

ables the monitoring of multiple wavelength points within a
predefined spectral window, offering a significant advantage
over methods that rely solely on a single peak or point.
This approach captures cumulative changes across the spectral
range, ensuring that valuable information is retained, even
when some spectral shifts fall below the instrument’s reso-
lution. By integrating the response over a broader spectral
window, the method effectively compensates for potential
resolution limitations and leverages the majority of detectable
shifts within the defined range. This ensures that even subtle
resonance shifts, which are critical for biosensing applications,
contribute meaningfully to the sensing process. As a result,
the spectral integral method enhances both the sensitivity
and reliability of our platform, while maintaining robustness
against noise and variability. This makes it a highly effective
strategy for accurate and reliable detection of biomolecular
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interactions.
Figure 3C shows the spectral integral values obtained for

various concentrations of protein IgG, ranging from 0.1 ng/mL
to 100 µg/mL (blue squares). As the analyte concentration
increases, it induces a spectral separation of the transmission
resonance within the specified window, resulting in a decrease
in the integral value. As depicted in the figure, at a protein IgG
concentration of 50 µg/mL, the spectral integral values saturate
(no variation is observed beyond this concentration) due to
the surface saturation with the targeted analytes (indicated by
the dashed gray line). To offer a more detailed examination
of IgG concentrations between 0 and 0.3 ng/mL, where 0
concentration corresponds to the transmission resonance of the
waveguide coated exclusively with protein A/G (green square),
we have included a zoomed-in inset within Figure 3C. In this
inset, the squares denote the average spectral integral values
derived from five independent experiments, with the error bars
indicating double the standard deviation. Notably, the integral
value corresponding to 0.2 ng/mL of protein IgG can be
reliably distinguished from 0 and 0.1 ng/mL concentrations, as
highlighted in gray. To determine the exact limit of detection
(LOD) for our system, we applied a linear regression model
that yielded an R2 value of 0.98527. This allowed us to
establish the Limit of Detection (LOD) for our biosensor
system. The LOD was calculated using the formula LOD =
3.3σ/s, where σ represents the standard deviation of the signal,
and s represents the slope of the calibration curve [31]. We
determined the system LOD to be 0.15 ng/mL for protein IgG
as highlighted with an arrow in the figure. This LOD represents
a significant step in highly sensitive binding dynamic analysis
towards commercial applications, e.g., SPR technologies offer
a sensitivity range between 10 and 100 pg/mL [32].

While GMR sensors generally exhibit lower refractive index
sensitivity and higher LOD compared to SPR sensors, they
are still widely adopted in the field due to several inherent
advantages [36]. GMR sensors compensate for this limita-
tion with other strengths that make them highly desirable
for specific applications. For instance, GMR sensors benefit
from narrow spectral bandwidths, often achieving full-width at
half-maximum (FWHM) values that are orders of magnitude
smaller than those of SPR sensors. This feature enhances
the figure of merit (FOM) of GMR sensors, enabling precise
detection of refractive index changes even with modest sen-
sitivity. Another significant advantage of GMR sensors lies
in their robust dielectric-based construction, which imparts
superior thermal and chemical stability. Unlike SPR sensors,
which rely on metallic nanostructures prone to degradation
under high temperatures or corrosive environments, GMR
sensors can maintain consistent performance under demanding
conditions. This makes them particularly suitable for applica-
tions involving harsh environments or long-term monitoring.
Furthermore, GMR sensors are highly adaptable to various
configurations, supporting operation in both transmission and
reflection modes, and they integrate with microfluidic plat-
forms, enabling advanced applications such as in situ mon-
itoring of chemical or biochemical reactions. Additionally,
the fabrication of GMR sensors using techniques like atomic
layer deposition (ALD) allows for precise control over sensor

architecture, enabling the production of highly uniform and
reproducible nanostructures at a relatively low cost. This scal-
ability and reproducibility further position GMR sensors as an
attractive alternative to SPR, especially in applications where
cost-effectiveness, integration into complex systems, and ro-
bustness are prioritized. While SPR remains the gold standard
for achieving the lowest LODs, GMR’s unique combination
of stability, versatility, and precision makes it a valuable tool
in optical sensing and biosensing applications, particularly for
scenarios requiring high durability and flexible system design.

C. Effect of the Operational Pressure of the
Nanofabrication on GMR Sensitivity

In this section, we conducted a comparison of the sensing
capabilities between our waveguide systems fabricated at 10
mTorr (red bars) and 20 mTorr (orange bars). Figure 3D
presents the spectral shift amounts for two proteins: 100 µg/mL
protein A/G and 100 µg/mL protein IgG. The bars correspond
to the average of the data collected from five independent
experiments, with error bars reflecting twice the standard
deviation. The results illustrate that the system fabricated at
20 mTorr supports higher sensitivity when contrasted with the
one produced at 10 mTorr. This disparity could be attributed
to the fact that an oxygen pressure of 20 mTorr yields
higher porosity, resulting in a greater surface area, for TaO2,
as opposed to the 10 mTorr condition. A greater sensing
surface area significantly enhances the performance of label-
free biosensing, primarily due to its capacity to capture more
analytes from the targeted sample. This attribute is crucial for
detecting low-abundance targets as it substantially increases
the likelihood of these molecules being captured and detected.
With more available space for biomolecules to bind, the sensor
not only ensures a stronger signal for the same concentration
of analyte, thereby increasing sensitivity but also improves the
overall reliability and reproducibility of the detection process.
This enhanced capacity for biomolecule binding allows for the
sensor to be functionalized with a larger number of recognition
elements, which can be tailored to specifically bind to target
analytes. As a result, the selectivity of the sensor is improved,
enabling it to more effectively distinguish target molecules
from non-targets.

D. Assessing Binding Dynamics with the GMR Platform
Our technology incorporates microfluidics, i.e., it allows

monitoring biomolecular binding events. For targeted delivery
of analytes, we manufactured a PDMS based flow cell via
CNC-drilling [33]. The schematic and the photograph of the
CNC-drilled mold are presented in Figure 4C, which was
manufactured for the device parameters of, L = 15.7 mm and
W = 3.4 mm, on a 1.6-mm-thick FR4 plate coated with a
thin copper film. Figure 4D shows the photograph of the one-
channel flow cell bonded to the GMR chip. Here, as the CNC
drilling left marks on the mold, the PDMS surface became
uneven, and plasma activation was not utilized. Instead, a thin
layer of liquid PDMS was applied to the bottom of the PDMS
surface, and then placed on the GMR chip. The PDMS layer
was cured at 70 °C to ensure a secure bond. This technique
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enables the realization of PDMS-based microfluidics without
the need for the lithography-based techniques requiring so-
phisticated cleanroom infrastructure.

As a proof-of-principle demonstration, we examined the
interactions between protein A/G and protein IgG. To achieve
this, we introduced a solution containing protein IgG over the
GMR surface, which is coated with protein A/G, leading to
the formation of the IgG-A/G protein complex. The binding
between these two proteins is influenced by the association
(ka) and disassociation (kd) constants, and the kinetics of their
molecular interaction over time were analyzed using a model
based on reference [34]:

d[IgG-A/G]

dt
= ka[IgG][A/G]− kd[IgG-A/G] (2)

where the disassociation constant for the interaction be-
tween protein A/G and protein IgG is a value of kd < 10−6

(1/s) [35]. The rate of change in the spectral integral is directly
linked to the formation of the IgG-A/G protein complex. To
gain insights into the relationship between the binding rates,
we analyzed the integral of the time-dependent molecular
interaction kinetic:

SI(t) =
ka[IgG]SImax

ka[IgG] + kd
× 1

1 + e(ka[IgG]−kd)t
(3)

where SImax is the maximum spectral integral value asso-
ciated with the GMR surface saturated with protein IgG, and
SI(t) is the change in the spectral integral at time t. Arranging
the terms yields,

SI(t) =
SI0

1 + eCt
(4)

where
C = ka[IgG]− kd (5)

and
SI0 =

ka[IgG]∆Imax

ka[IgG] + kd
(6)

where [IgG] represents the concentration of protein IgG.
Given that in this context, ka[IgG] significantly exceeds kd, the
exponential constant is directly related to a factor represented
as C, which can be expressed as C = ka[IgG].

In Figure 4E, we show the dynamic changes in the spectral
integral observed during the interaction between protein IgG
and A/G over a 1-hour time period. Initially, the surface
was functionalized with a high concentration of protein A/G
(100 µg/mL) to ensure complete saturation of the biosensing
surface with the capturing agent. This saturation guarantees
effective analyte capture by the surface-bound ligand even
at extremely low analyte concentrations, which is critical for
robust real-time binding kinetics applications. Following this
initial phase, protein IgG was introduced onto the sensor
surface for interaction with a flow rate of 0.1 mL/min. The
increase in the biomass on the sensing surface resulted in an
exponential decrease in the spectral integral. Once the sensing
surface became saturated at t = ∼30 min. (denoted with a
black dashed line in Figure 4E), further changes in intensity
ceased. Using our exponential model (red curve) fitted to the

experimental data (gray curve), we determined the association
constant (ka) for protein IgG with a molecular weight of
160 kDa to be ka = 3.65 × 105 (1/Ms). Remarkably, this
calculated value closely corresponds to the literature-reported
value of ka = 3.11 × 105 (1/Ms) [35]. This suggests a strong
agreement between our experimental findings and existing
data, affirming the reliability of our biosensing system in
characterizing the protein-protein interaction dynamics. As an
additional note, temperature fluctuations play a significant role
in optical biosensing, influencing refractive index variations
and, subsequently, the observed binding kinetics. Such thermal
effects are commonly encountered in systems like SPR and
are similarly observed in our platform. To address this, we
conducted all binding kinetics experiments under controlled
laboratory conditions. For extended applications, incorporating
active temperature regulation, such as thermoelectric cooling
or a temperature-controlled stage, could further enhance sta-
bility.

E. Software Module

To facilitate the integrated operation of the hardware system
from a single panel and to generate binding dynamics informa-
tion by processing spectral data, we have developed a Python-
based GUI, as depicted in Figure 5. Upon initiating the pro-
gram, the GUI interfaces with the spectrometer system through
its dynamic-link library (DLL) files, presenting the real-time
transmission spectrum in the top-left panel. Given our utiliza-
tion of three spectrometers, the GUI displays three distinct
spectra, each denoted with a unique color (blue, green and
red), all within the visible spectral range. The figure shows the
raw transmission data before applying any processing options
supported by the system GUI. For robust data processing, the
GUI enables the operator to perform various actions, e.g., the
Normalize command is for normalization of the GMR response
by the source spectrum, where the Source command captures
the spectrum of the halogen source. Additionally, the Inverse
command is employed to derive the 1-Transmission spectrum.
The Find Window command assists in positioning the spectral
integration window, highlighted with a yellow rectangular box
on the transmission spectrum within the same panel. The
Spectrometer Settings panel, located in the bottom-left section,
grants the operator the ability to specify interaction times,
which dictate the duration for spectrometers to collect photons
at each goniometer measurement point, e.g., Integration Time
(msec) for each spectrometer. Raw data may be further refined
through the application of the Boxcar Width command. The
manufacturer-defined boxcar averaging function for spectral
data smoothing depends on the boxcar width parameter. This
parameter governs the extent of pixel inclusion on both sides
of the central pixel, ultimately determining the number of
pixels encompassed in the average, e.g., Pixels Averaged = 2
× Boxcar Width + 1. As shown the figure, GUI simultaneously
shows the smoothen spectra (white curve) with the raw data.
In the Pump Settings panel, situated in the middle section, the
operator has the capability to select, initiate or stop the pump’s
operation via the Start Pump and Stop Pump commands,
specifying the desired Flow Rate (mL/min) and Duration (sec).
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Fig. 4. (A) The schematic illustration of the first order system modelling the PID controller for controlling the flow rate. (B) Flow rate values
(black) measured with the flow sensor for the set values (red). Figure inset zooms into the flow rates, 0.1, 0.2 and 0.3 mL/min. (C) Photograph and
schematic of the mold used to manufacture the PMDS-based one-channel flow cell. (D) Photograph of the flow cell bonded to the GMR chip. (E)
The exponential change in the spectral integral value calculated for a GMR chip coated with protein A/G, when 100 µg/mL protein IgG is flowed
over the surface for a duration of 1 hour.

Upon clicking the Start Pump icon, the chosen piezoelectric
pump, the associated valve, and the flow sensor are activated
simultaneously. Within the Test Parameters panel, pertaining
to analyte parameters, the operator can provide either the
molarity M (mol/L), or concentration (µg/mL) along with the
molecular weight MW (kDa). The operator also defines the
Time Interval (sec) for each data point. Executing the Run
Test operation, the GUI calculates the integral within the
spectral integration window (determined by the Find Window
function) for each time interval for the parameters provided by
the operator in the Spectrometer Settings and Pumps Settings
panels. Throughout the test, the GUI provides the real-time up-
dates of the calculated spectral integral values in the top-right
panel. After the test duration concludes, the GUI automatically
computes and displays the “ka” value on the same graph.
Furthermore, the operator has the option to save the calculated
spectral integral vs. time data (Save Integral) or the raw
spectrum data for each time interval (Save Spec), as well as the
ability to recall spectral interval or raw spectral data using the
Export Data icon. System software facilitates the execution of

protocols (Run Protocol panel) with multiple steps, including
surface cleaning, surface functionalization, and biomolecular
interaction. Here, the operator can choose the number of steps
and the solutions, along with their associated pumps, to be
used in the sequential steps. For each step, the operators can
define the flow rate and the duration for running the pumps.
The operator can also select the steps where spectrometers are
utilized to gather spectral data and conduct data processing to
determine the binding parameters afterwards. Figure 5 shows
an example of a comprehensive step-by-step analysis of the
interaction between protein A/G and protein IgG within our
platform, which encompasses five distinct phases. Initially, the
surface is prepared through cleaning with phosphate buffered
saline (PBS) at a flow rate of 3 µL/min for a duration of 5 min.
This is followed by the surface functionalization using protein
A/G, applied at a minimal flow rate of 0.1 µL/min for 60
min. Post-functionalization, any unbound proteins are washed
off the surface using PBS at a flow rate of 0.5 µL/min for
5 min. To facilitate robust biomolecular binding, protein IgG
is subsequently introduced over the GMR surface coated with
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Fig. 5. Python-based system software operating hardware components and processing raw spectral data to provide binding kinetics information to
the operator. The GUI also supports the execution of protocols in a fully automated manner for surface functionalization, biomolecular binding, and
system cleaning.

protein A/G, maintained at a slow flow rate of 0.1 µL/min for
60 min. The protocol concludes with a final PBS wash at a flow
rate of 3 µL/min for 5 min, aimed at cleansing the components
of the Microfluidics Module, including tubing and PDMS
layers. Notably, spectral measurements and the calculation of
binding parameters were conducted during the fourth step (Test
icon is selected), providing critical data on the biomolecular
interactions. Here, the PBS container was connected to the
last pump (Pump #4) to ensure that PBS cleanses the interior
of the manifold from the beginning, thereby eliminating any
potential cross-contamination.

IV. CONCLUSION

In conclusion, we introduced an optofluidic GMR platform
that provides a fully automated and comprehensive solution for
label-free and real-time analysis of biomolecular interactions.
The platform integrates advanced features, including an in-
verted microscopy system with linearly polarized illumination,
a high-resolution multi-spectrometer setup, and a precision-
controlled multi-pump system, ensuring high accuracy and
efficiency in biosensing assays. By automating critical flow
processes such as chip preparation, ligand and analyte incuba-
tion, and self-cleaning, the platform minimizes manual labor
and reduces the risk of human error, resulting in consistent and
reliable experimental outcomes. Additionally, the user-friendly
software developed for this platform enhances its operational
functionality, facilitating seamless control over optofluidic
components and enabling efficient data acquisition, analysis,
and detailed examination of binding kinetics. This integrated
system not only provides valuable insights into biomolecular
dynamics but also paves the way for significant advancements
in diagnostic research and bioanalytical applications. Further-
more, the platform’s optical transmission-based capabilities
allow for compatibility with diverse photonic chip technolo-
gies, including photonic crystals, plasmonic structures, and

waveguides. This versatility expands the potential applications
of the technology across a variety of fields, offering a powerful
tool for future innovations in biosensing and beyond.
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