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Chemical interaction-driven sensitivity
enhancement in graphene-integrated photonic
crystal biosensors for hormone detection

V. Revathy*@ and Arafa H. Aly (2 *°

We report the development of a chemically enhanced photonic crystal-based biosensing platform enabling
highly sensitive and label-free detection of critical female reproductive hormones, specifically estradiol (E,),
progesterone (P4), and luteinizing hormone (LH). The proposed platform integrates a SizN4/TiO, photonic
crystal slab with a graphene-functionalized interface, where m—m interactions and surface adsorption
mechanisms significantly enhance molecular binding efficiency. The sensing mechanism is governed by
chemically induced refractive index perturbations at the graphene interface, which are optically
converted into measurable resonance shifts. Detailed evaluation of the device's structural and optical
parameters indicates that the combined effect of strengthened electromagnetic field confinement and
chemically driven adsorption mechanisms results in notable improvements in both sensitivity and
spectral resolution. The sensor exhibits a concentration-dependent redshift with sub-ng mL™ detection
capability within physiologically relevant ranges. Furthermore, the thermal response remains minimal
compared to analyte-induced variations, thereby confirming the chemical selectivity of the sensing
process. The proposed platform establishes a synergistic opto-chemical sensing framework with strong
potential for real-time, label-free biosensing in biomedical diagnostics.

Introduction

Precise quantification of female reproductive hormones is
crucial for deciphering endocrine system dynamics, enabling
the diagnosis of hormonal imbalances, and guiding targeted
therapeutic strategies.' Key hormones, including estradiol (E,),
progesterone (P,), and luteinizing hormone (LH), are central to
numerous physiological processes, and even minor deviations
from normal levels can reflect underlying pathological condi-
tions. Conventional diagnostic approaches, however, largely
depend on laboratory-based assays that necessitate elaborate
sample preparation, chemical labeling, and prolonged analyt-
ical procedures*?, which constrain their suitability for real-time
and point-of-care applications.

To overcome these limitations, label-free optical biosensing
platforms have emerged as a promising alternative due to their
capability for rapid, sensitive, and direct detection. Among
these, photonic crystal (PhC)-based biosensors have demon-
strated exceptional performance by leveraging light-matter
interactions to detect subtle refractive index changes associ-
ated with biomolecular binding.* These systems support highly
localized optical resonances that respond sensitively to
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environmental perturbations, enabling precise measurements
without the need for exogenous labels.

Photonic crystals, composed of periodic dielectric nano-
structures, provide the ability to manipulate light propagation
via photonic bandgaps and guided-mode resonances, which
can be tailored with high spectral accuracy™®. By confining
electromagnetic fields, they significantly enhance the interac-
tion between light and the analyte medium, making them
particularly well-suited for biosensing applications. Notably,
two-dimensional photonic crystal slabs strike an optimal
balance between structural simplicity, high-quality factor reso-
nances, and seamless integration with photonic and micro-
fluidic platforms.”*®

Recent advancements in material functionalization have
further improved sensor performance. Graphene," due to its
large surface area and strong m- interactions, enables efficient
biomolecular adsorption and amplifies refractive index pertur-
bations. Its integration with photonic crystal structures intro-
duces a hybrid opto-chemical sensing mechanism that
enhances detection sensitivity while preserving spectral quality.

In this work, a graphene-integrated Si;N,/TiO, (ref. 18)
photonic crystal biosensor is theoretically investigated for label-
free detection of female reproductive hormones.** The study
focuses on analyzing the influence of structural parameters and
optical conditions on sensitivity, spectral response, and detec-
tion performance within physiologically relevant ranges.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Experimental feasibility and implementation

Although the present work is simulation-based, the proposed
SizN,/TiO,/graphene photonic crystal biosensor can be practi-
cally realized using established nanofabrication and surface-
functionalization techniques.***>* The two-dimensional
photonic crystal slab can be fabricated on a silicon or silica
substrate using PECVD or ALD, followed by patterning via
electron-beam or nanoimprint lithography and reactive-ion
etching to ensure precise structural control.”

A graphene monolayer can be transferred onto the photonic
surface using standard wet or polymer-assisted techniques,*®*”
and subsequently functionalized through =-m interaction-
promoting linker molecules or via EDC/NHS-assisted immobi-
lization chemistry.'® Controlled delivery of analytes (E,, P4, and
LH) can be achieved using microfluidic systems, allowing real-
time monitoring under well-defined conditions.**

Optical characterization can be performed using a broadband
source and spectrometer to track resonance shifts induced by
hormone adsorption, enabling direct comparison with simulated
calibration results.**>** To improve measurement stability,
differential or reference-based configurations are commonly
employed to compensate for environmental noise and thermal
fluctuations, thereby enhancing the reliability and reproduc-
ibility of optical biosensing systems.”** Overall, the proposed
platform is fully compatible with established fabrication, surface
functionalization, and optical interrogation technologies, while
recent advances in microfluidic integration, graphene-based
sensing, and multiplexed biosensor arrays provide a realistic
pathway toward experimental validation and implementation in
compact, real-time diagnostic systems.***

Theoretical modeling approach

The biosensor signal simulation is based on the operating
principle illustrated in Fig. 1, where hormone binding at the
graphene-functionalized interface induces local refractive index
variations that modify the optical resonance condition,
enabling label-free detection through measurable spectral
shifts. To simulate a real-world scenario, actual hormone
concentrations® are assumed (e.g., 25 ng mL ™" for Estrogen, 15
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Fig.1 Schematic diagram of sensor.
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ng mL " for Progesterone, and 8 ng mL ™' for LH). The sensor
response for these concentrations is computed and random
noise is added to represent measurement variations.*®

B(h,t,a) = S(h,t,a) x C(h) + noise (1)

where, S(h,t,a)is the sensor sensitivity for hormone % C(h)is the
actual hormone concentration noise is additive, modeled as
a random value from a normal distribution to simulate
measurement variations.

20-24

Estimated hormone concentrations
inverting the response equation:

are derived by

B(h,t,a)

C (I’l, l‘,a) = m

(2)

This allows real-time concentration estimation from the
observed sensor signal, assuming sensitivity values S(%,t,a) are
calibrated in advance.

e Sensitivity increases with thickness up to an optimal level.

e Sensitivity decreases with angle due to reduced interaction
of incident light with the sensing layer.

The biosensor sensitivity can be expressed as a function of
several key parameters: (i) the base sensitivity, which represents
the intrinsic response of the sensor to each hormone; (ii) the
thickness of the photonic crystal, which governs the strength of
light-matter interaction and thus influences the sensitivity; and
(iii) the angle of incidence, where increasing angle generally
leads to reduced sensitivity due to weaker coupling between the
incident light and the sensing interface.

The general equation for sensitivity is**

S(hyt.a) = So(h) x (1 + 0.01 x (¢t — 200)) x cos(B(a))  (3)

where: S,(h)Base sensitivity for hormone ¢ = Thickness of the
photonic crystal (in nanometers). §(a) angle of incidence at
array element a (in degrees, converted to radians).

The biosensor's signal response

R(h,t,a,c) = S(hita) x C+ e (4)

where: R(h,t,a,c) signal response for hormone £, at thickness ¢,
angle a, and concentration ¢ S(h,t,a) sensitivity of the biosensor
(from the previous equation) C concentration of the hormone
(in ng mL™"). ¢ Random noise added to simulate real-world
uncertainty in sensor measurements (e.g., due to fluctuations
in the experimental environment).

To estimate the concentration of the hormones®® from the
biosensor signal, we use the inverse of the sensitivity relationship:

R (h,t,a,c) —¢

C (h,t,a) = Stht.a)

(5)

Results and discussion

Overall, these findings establish a comprehensive multi-
parameter sensing platform based on graphene-enhanced
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Fig.2 Qualitative mode confinement at Slab — schematic of near field
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Fig. 3 Calibration curves for sensor response and concentration at
thickness 200 nm and 6 = 0°.

photonic crystal structures. As shown in Fig. 2, the strong
confinement of the electromagnetic field underpins the
heightened sensitivity observed in Fig. 3-5 by maximizing the
interaction between the evanescent field and the analyte region.
This effect is further augmented by chemical adsorption at the
graphene-functionalized interface, where m-m interactions
drive selective hormone binding and amplify the local refractive
index modulation. Calibration data indicate that the sensor's
performance is jointly dictated by structural variables, such as
the slab thickness, and operational parameters, including the
angle of incidence, allowing for precise and tunable optimiza-
tion of the device response.

As presented in Table 1, the sensor sensitivity exhibits
a pronounced dependence on both slab thickness and angle of
incidence. Sensitivity decreases at higher incident angles due to
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Fig. 4 Calibration curves for sensor response and concentration at
thickness 200 nm and 6 = 45°.
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Fig. 5 Calibration curves for sensor response and concentration at
thickness, 300 nm and ¢ = 0°.

Table 1 Sensitivity matrix (base sensitivity adjusted for thickness and
angle)

Thickness (nm) Angle (deg) LH (mV) E, (mV) P, (mV)
200 0 113.4 108.0 94.5
200 15 108.0 99.9 89.1
200 30 99.9 94.5 83.7
200 45 81.0 75.6 67.5
300 0 229.5 216.0 189.0
300 15 218.7 205.2 189.0
300 30 189.0 180.9 162.0
300 45 162.0 148.5 135.0

diminished optical coupling, whereas increasing the slab
thickness substantially enhances sensitivity by improving elec-
tromagnetic field confinement. Furthermore, the consistent
response hierarchy (LH > E, > P,) validates the sensor's capa-
bility for reliable multi-analyte detection. Collectively, these
findings emphasize the tunable nature of the device and
underscore the critical importance of optimizing both struc-
tural and optical parameters to achieve maximal sensing
performance.

A different perspective on the results presented in Fig. 3-6
reveals that the sensing performance is fundamentally gov-
erned by the linearity of the resonance shift rather than by the
absolute signal strength. Under normal incidence with a defect
thickness of 200 nm (Fig. 3), the system establishes a highly
predictable calibration framework, as evidenced by the near-
perfect linear fit (R> > 0.995) and minimal residual error
(RMSE < 1%). This indicates that the sensing response is not
only stable but also intrinsically deterministic. When the exci-
tation conditions are modified (Fig. 4), the overall signal
amplitude decreases; however, the calibration slope and linear
trend remain largely unaffected. The correlation remains high
(R* > 0.98), suggesting that the reduction in amplitude does not
translate into a loss of sensing accuracy. This behavior high-
lights a key operational advantage: the sensor relies on the
spectral position of the resonance, which is significantly more
robust than amplitude-based metrics. Consequently, the plat-
form demonstrates strong immunity to excitation-induced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reflection spectrum before and after hormone binding.

variations, ensuring consistent quantitative performance and
reliable detection across different operating regimes.

A pronounced enhancement in performance is observed
with increased structural thickness (Fig. 5), where both sensi-
tivity and signal amplitude significantly improve. This
enhancement is accompanied by reduced detection limits
reaching sub-ng mL ™" levels, aligning with practical sensing
requirements. Furthermore, the spectral analysis (Fig. 6)
confirms the high quality of the resonance features, character-
ized by narrow linewidths and high Q-factors. The excellent
agreement between fitted and simulated data (R*> = 0.996,
RMSE <0.02 nm) reinforces the reliability of the wavelength-
based detection approach. Overall, these results demonstrate
that sensor performance can be systematically tuned through
structural and optical parameters without compromising
accuracy, highlighting the practical potential of the proposed
design.

Table 2 summarizes the quantitative sensing metrics ob-
tained from the fitted calibration and spectral data. The high R?
values (>0.98) and low RMSE (<1%) confirm excellent linearity
and predictive stability. Increasing the slab thickness to 300 nm
markedly improves both sensitivity and Q-factor, whereas
increasing the incidence angle leads to a moderate reduction in
coupling efficiency and sensing performance. Among the
studied analytes, LH consistently exhibits the highest sensitivity

Table 2 Sensitivity matrix related to Q-factor
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and the lowest LOD, while E, and P, remain within clinically
relevant and analytically acceptable ranges. The nearly constant
resonance wavelength around 945 nm further confirms the
optical stability of the proposed platform.

The reflection spectra of the biosensor reveal a systematic
redshift of the resonance dip toward longer wavelengths with
increasing hormone concentration. This shift arises from
localized refractive index variations at the sensing interface
induced by biomolecular binding, which alter the resonance
condition of the photonic crystal. The gradual displacement of
the resonance position reflects efficient optical transduction of
hormone presence into measurable signals. These spectral
responses, together with the concentration-dependent reflec-
tance variations, confirm the sensitivity and reliability of the
proposed sensing platform. Moreover, they provide the funda-
mental basis for the signal estimation approach adopted in this
study, enabling accurate quantification of hormone concentra-
tions through optical interrogation.

The sensing response is shown to be polarization-
dependent, as illustrated in Fig. 7 and 8, providing an addi-
tional degree of tunability and control over the sensor perfor-
mance. In parallel, the differential reflectance analysis
presented in Fig. 6 introduces a complementary detection
mechanism that enhances signal robustness and enables multi-
dimensional sensing.

This combined behavior represents a significant advance-
ment over conventional sensing approaches. Rather than
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Fig. 7 TE mode reflectance shift for different concentrations.

Thickness Angle Sensitivity LOD LOQ Resonance
Hormone (nm) () (mV (ng mL™ )™ R’ RMSE (ng mL™) (ng mL™) Q-factor ~ wavelength (nm)
LH 200 0 2.27 0.995 <1% 0.20 0.67 ~580 945
E, 200 0 2.16 0.995 <1% 0.23 0.87 =540 945
P, 200 0 1.89 0.994 <1% 0.27 1.03 =470 945
LH 200 45 1.62 0.983 <1% 0.28 0.93 =560 945
E, 200 45 1.51 0.982 <1% 0.31 1.01 =510 945
P, 200 45 1.35 0.981 <1% 0.34 1.10 =480 945
LH 300 0 4.59 0.996 <1% 0.20 0.67 ~590 945
E, 300 0 4.32 0.996 <1% 0.23 0.87 =560 945
P, 300 0 3.78 0.995 <1% 0.27 1.03 =490 945

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TM mode reflectance shift for different concentrations.

relying on a single parameter—such as resonance wavelength
shift—the proposed system incorporates multiple sensing
signatures, including spectral shift, amplitude variation, and
polarization-dependent response. Such a multi-parameter
strategy substantially improves detection reliability, mini-
mizes ambiguity, and enhances the sensor's ability to accurately
discriminate between different analytes.

Overall, the results demonstrate that the proposed photonic
crystal biosensor achieves a well-balanced performance by
combining optical confinement, chemical interaction, and
structural tunability. This integrated approach represents
a meaningful step toward next-generation, high-precision bi-
osensing platforms suitable for real-time and multi-analyte
detection.

In addition to concentration- and polarization-dependent
responses, thermal stability was also assessed as shown in
Fig. 9, the temperature-dependent resonance shift exhibits
a nearly linear and stable behavior, reflecting predictable vari-
ations in the effective refractive index. Notably, the thermal
shift remains significantly smaller than the concentration-
induced shifts, confirming that the sensor response is
primarily governed by analyte interaction rather than temper-
ature fluctuations. The strong linear fitting and low error
margins further demonstrate the robustness of the thermal
response, supporting effective temperature compensation and
ensuring reliable biosensing performance.

Ares & Heff
AL = Aafter - Abefore >0

In addition to wavelength shifts, changes in reflectance provide
complementary information about the sensing process. The
differential reflectance signal is defined as:

AR(A) = Rafter(aac) - Rbefore(a)

The observed variation in AR reflects interference effects
within the photonic structure and serves as a direct measurable
parameter for detecting hormone-induced perturbations. For
quantitative estimation, the sensor response can be approxi-
mated using a simplified relationship:

19202 | RSC Adv, 2026, 16, 19198-19205
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Fig. 9 Temperature dependent resonance wavelength shift (Realistic
measurement noise £0.005 nm) the sensing response is governed by
variations in the effective refractive index at the sensor interface
induced by hormone binding. These variations lead to a shift in the
resonance condition of the photonic crystal, resulting in a measurable
displacement of the resonance wavelength. This shift can be
expressed as:®%.

R(h,t,a,c) = S(h,t,a) C+ ¢

where S represents the sensitivity dependent on hormone type,
structural thickness, and angle of incidence, while ¢ accounts
for measurement uncertainty. Together, these relations define
the basis for extracting hormone concentration from both
spectral shifts and reflectance variations, providing a consistent
framework for signal interpretation without relying on
descriptive trends.

A progressive redshift in the resonance wavelength is
observed with increasing hormone concentration, highlighting
the pronounced sensitivity of the proposed photonic crystal
structure to local refractive index variations. This response
arises from the adsorption of hormone molecules onto the
graphene-functionalized surface, which elevates the effective
refractive index at the sensing interface. Consequently, the
resonance condition of the photonic crystal is altered, resulting
in a clearly measurable spectral shift, as illustrated in Fig. 6. The
resonance peaks remain sharp, exhibiting narrow linewidths
associated with high Q-factors, indicative of strong electro-
magnetic field confinement within the structure. This confine-
ment amplifies the interaction between the evanescent field and
the analyte region, thereby enhancing the overall sensing
performance.

The dependence of sensitivity on the structural thickness
reveals a significant enhancement as the thickness increases.
This improvement can be attributed to stronger field localiza-
tion and increased overlap between the optical mode and the
hormone-adsorbed layer. Consequently, the interaction volume
between light and analyte is maximized, leading to higher
sensitivity values, as illustrated in Fig. 5. However, beyond an
optimal thickness, the penetration depth of the optical field
becomes limited, reducing the effective interaction and indi-
cating the presence of a trade-off between confinement and
sensing efficiency.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of sensing platforms and performance metrics
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Platform Typical sensitivity (nm/RIU)

Typical linewidth/Q

Typical FOM comment Practical pros

SPR ~3 x 10°-2.5 x 10*

(planar/nanostructured)

Fano resonance devices ~10% - 10%+

Fiber optic SPR/etched ~10” -2 x 10° Variable

fibers

~945 nm/RIU
(projected)

Photonic crystal
slab (this work)

In contrast, the sensor performance shows a gradual degra-
dation with increasing angle of incidence. This reduction is
primarily associated with decreased coupling efficiency between
the incident light and the guided-mode resonance, which
weakens the interaction with the sensing region. As a result, the
sensitivity decreases at higher angles, as evident in Fig. 4.

The calibration behavior demonstrates a stable and nearly
linear relationship between hormone concentration and sensor
response within the investigated range. This trend reflects the
proportional variation of the effective refractive index induced
by molecular adsorption at low to moderate surface coverage.
However, it is expected that at higher concentrations, non-
linear behavior may arise due to surface saturation effects,
which are not fully captured in the current simplified model, as
indicated in Fig. 3.

The limit of detection (LOD) is found to fall within the sub-
ng mL™' range, suggesting high theoretical sensitivity of the
proposed biosensor. Nevertheless, it should be noted that the
present estimation is based on simplified noise assumptions. In
practical implementations, additional noise sources such as
thermal fluctuations and detector limitations may influence the
actual detection limit.

From a fundamental perspective, the sensing process is
driven by a synergistic opto-chemical interaction. The photonic
crystal architecture supports high-Q resonances that exhibit
extreme sensitivity to refractive index changes, while the gra-
phene functionalization amplifies molecular adsorption via -
T interactions, thereby magnifying the effective refractive index
perturbation induced by hormone binding. This integrated
mechanism facilitates the highly efficient conversion of
biochemical events into precise optical signals.

Overall, the results unequivocally indicate that the proposed
SizN,/TiO,/graphene photonic crystal biosensor delivers a well-
balanced performance, combining high sensitivity, refined
spectral resolution, and versatile structural tunability. Further-
more, the design's compatibility with established nano-
fabrication and surface-functionalization —methodologies
underscores its strong potential for practical deployment in
real-time, label-free hormone detection applications.

Table 3 provides a comparative overview of different optical
sensing platforms, highlighting the trade-off between

© 2026 The Author(s). Published by the Royal Society of Chemistry

Broad - moderate Q

Very narrow asymmetric
lines - high Q

Narrow guided/cavity
resonances — high Q

High raw S but FOM
depends on width;
functionalization can yield
very low LOD

Excellent FOM

(sharp feature)

Good when combined with
coatings; excellent remote
sensing

High FOM expected due to
narrow FWHM + elevated S

Mature, simple optics,
commercial instruments

Compact, high FOM;

can be engineered on chip
Flexible, inline,

field deployable

Chip-scale integration,
multiplexing, CMOS
compatibility

sensitivity and spectral resolution. While conventional SPR
systems offer very high sensitivity, their relatively broad reso-
nance limits the overall FOM. In contrast, the proposed
photonic crystal slab sensor achieves a balanced performance,
combining moderate sensitivity (~945 nm/RIU) with narrow
resonance linewidths and high Q-factors, leading to improved
detection accuracy. Furthermore, the integration of a graphene
layer enhances molecular adsorption and strengthens the
sensing response, distinguishing the proposed platform from
purely optical systems. This combination of optical confine-
ment and chemical interaction, along with compatibility for
chip-scale integration, makes the design promising for compact
and high-performance biosensing applications. From a chem-
ical perspective, the sensing performance is strongly influenced
by the interaction between hormone molecules and the
graphene-functionalized surface. The presence of - interac-
tions enhances adsorption efficiency and increases the local
refractive index perturbation, thereby strengthening the optical
response. This chemically mediated mechanism, combined
with the high-Q resonance characteristics of the photonic
crystal, enables efficient transduction of molecular binding
events into measurable spectral shifts. Although the present
study primarily focuses on sensitivity enhancement and optical
transduction, chemical selectivity in practical implementation
can be further improved through antibody-or aptamer-assisted
surface functionalization.

Conclusion

In this study, we have theoretically established a chemically
augmented photonic crystal biosensor, integrating a SizN,/TiO,
slab with a graphene-functionalized interface, for label-free
detection of key reproductive hormones. The platform lever-
ages a synergistic opto-chemical mechanism, whereby molec-
ular adsorption at the graphene interface generates localized
refractive index perturbations that are efficiently translated into
measurable optical resonance shifts. Our analysis demonstrates
that the sensor's performance is intricately dictated by the
interplay of structural design, optical excitation parameters,
and surface chemical functionality. The incorporation of gra-
phene markedly enhances molecular interactions through m-m

RSC Adv, 2026, 16, 19198-19205 | 19203
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coupling, resulting in superior sensitivity and detection capa-
bility within physiologically relevant concentration ranges.
Additionally, the system exhibits robust thermal stability,
ensuring reliable operation under practical conditions. Collec-
tively, these findings establish a versatile, high-performance
framework that seamlessly bridges photonic engineering with
chemical specificity, offering a promising route toward real-
time, label-free biosensing in advanced diagnostic applications.
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