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In this work, we analyze graphene-oxide (GO)-based surface plasmon resonance (SPR) stacks of fixed architecture (SF6/metal/Si3N4/GO) at 633 nm to isolate the role of the plasmonic film (Au, Ag, Cu, and Al) in urine glucose (UGLU) sensing. Transfer-matrix simulations, validated against reference SPR data, identify the thickness windows for each layer and benchmark the angular response across a clinically relevant concentration ladder. Metals separate by function: Au yields the largest resonance-angle shifts and the highest sensitivity; Cu and Al provide the narrowest linewidths, elevating detection accuracy and quality factor; Ag offers a balanced compromise with deep minima. These trends persist over the examined UGLU range and clarify that maximizing sensitivity does not always maximize resolvability under fixed angular noise. We outline an experimentally feasible route—low-temperature Si3N4, nm-scale GO coatings and ultrathin dielectric caps for base metals—together with strategies to address urine-matrix effects and paths toward selective operation (e.g., enzyme or receptor layers). The results supply fabrication-ready prescriptions and a metal-dependent design map for urine-based SPR sensing, which is suitable for extension to multi-wavelength interrogation when dispersion data are available.
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1 INTRODUCTION
Urine glucose (UGLU) is a clinically useful marker for screening and monitoring disturbances of glucose homeostasis (Feng et al., 2025). Glycosuria occurs when the blood glucose level exceeds the renal threshold and filtered glucose is not fully reabsorbed (Bayram and Kavukcu, 2025); although the threshold varies among individuals, values near 0.18 g dL-1 are commonly cited (Babińska and Władzinski, 2025). Routine urinalysis, therefore, flags UGLU qualitatively or semi-quantitatively, and sustained elevations prompt confirmatory blood testing and clinical follow-up (Chambliss and Van, 2022).
Conventional UGLU assays in clinical practice rely on colorimetric dipsticks that couple glucose oxidase/peroxidase reactions to indicator dyes (Lott and Turner, 1975). These tests are inexpensive and simple but are subject to matrix interferences, limited dynamic range, and semi-quantitative readout that can miss low-level glycosuria or saturate at high concentrations (Karim et al., 2018). These drawbacks motivate complementary approaches that can extend sensitivity while preserving workflow simplicity.
Optical biosensing—particularly surface plasmon resonance (SPR) (Butt, 2025)—offers label-free, real-time readout of refractive-index (RI) perturbations near a metal/dielectric interface and has become a mature platform for affinity assays and chemical sensing (Khalid-Salako et al., 2025). In the prism-coupled Kretschmann–Raether configuration (Pandey et al., 2022), a p-polarized beam excites surface plasmon polaritons (SPPs) through an evanescent field in a thin metal film (Vacacela Gomez et al., 2018); binding-induced RI changes shift the resonance angle or wavelength, enabling quantitative transduction without enzymatic labels. For glucose aqueous media, the bulk RI increases approximately linearly with concentration at visible wavelengths, providing a well-behaved surrogate for concentration in angular-interrogated SPR (Mostufa et al., 2021).
The prism material is a key degree of freedom for coupling efficiency and angular resolution. Whereas many implementations use BK7 (Khani et al., 2025) or similar crown glasses, high-index flints such as SCHOTT N-SF6 (n ≈ 1.799 at 632.8 nm) (Meshginqalam and Barvestani, 2018) provide a larger in-plane wave vector, enabling resonance at smaller incidence angles and potentially narrower dips for the same metal stack and analyte. This can improve the figure-of-merit metrics in angular interrogation when other layers are co-optimized.
On the other hand, the selection of a thin metal film strongly influences both coupling and loss. Gold (Au) remains the workhorse owing to chemical stability and biocompatibility (Manurung et al., 2025), but its inter-band absorption broadens the resonance. Silver (Ag) typically yields sharper, deeper minima (lower ohmic loss) (Zaman et al., 2025) but is prone to oxidation/sulfidation. Copper (Cu) has re-emerged as a promising plasmonic metal when protected or combined with thin dielectrics (Hossain et al., 2025), offering competitive resolution. Aluminum (Al) has gained interest for visible/UV operation and CMOS (complementary metal–oxide–semiconductor) compatibility (Tamang et al., 2021) although native oxides and higher damping must be managed through stack design. These trade-offs motivate systematic, like-for-like comparisons when the remainder of the multilayer is held constant.
A thin, high-index dielectric spacer can further tune field confinement and mitigate damping by controlling phase matching between the prism mode and the SPP (Tene et al., 2025a). Silicon nitride (Si3N4) is popular in this role because it combines a relatively high refractive index with low optical loss and robust film formation (Kumar et al., 2025), and it can act as a protective/adhesion layer between the metal and the functional coating. Recent designs show that a few-nanometer-thick Si3N4 layer can sharpen the angular dip and shift the working range without compromising coupling (Tasnim and Mohsin, 2025).
Interestingly, for the functional/affinity interface, graphene oxide (GO) offers practical advantages over atomically thin, pristine 2D crystals such as graphene or its derivatives (Xu et al., 2025). GO provides abundant oxygenated groups (epoxy, hydroxyl, and carboxyl (Vacacela Gomez et al., 2016)) that facilitate covalent or non-covalent immobilization of enzymes and receptors, can be deposited over large areas by scalable wet methods (Tene et al., 2020), and enhance adsorption due to the high surface area—all beneficial for robust, regenerable UGLU interfaces. GO-modified plasmonic stacks are, therefore, a rational route to balance sensitivity, manufacturability, and chemical stability.
With this in mind, in this study, we present, for the first time, a theoretical and computational design exploration of SPR architectures dedicated to UGLU detection across low and high concentrations (Mudgal et al., 2020) using angular interrogation at 633 nm in the Kretschmann configuration (Banerjee and Ray, 2019). We adopt a high-index SF6 prism as the coupler and perform a controlled comparison of Ag, Au, Cu, and Al films while keeping the remainder of the stack fixed. A thin Si3N4 spacer is used to tune coupling and protect the metal (Kumar A. et al., 2022), and a GO overlayer serves as the functional platform for future receptor immobilization (Zhang et al., 2013). Optical responses are computed with the transfer-matrix method (TMM) (Rumi et al., 2024) for multilayer stacks to quantify resonance angle shifts, full width at half maximum (FWHM), angular sensitivity (Sθ), detection accuracy, and composite figures of merit over UGLU concentrations ranging from trace to markedly elevated ranges.
By isolating the plasmonic metal while holding the SF6/metal/Si3N4/GO architecture constant, we delineate the trade-offs among resonance sharpness, achievable sensitivity, and robustness relevant to urine-matrix sensing. The optimized configurations reveal regimes in which high-index coupling and the GO functional interface counteract metal-dependent losses and broaden the usable dynamic range for UGLU. Conducted before fabrication, this analysis de-risks subsequent experiments and guides material selection and thickness windows before synthesis and testing of practical SPR biosensors. Accordingly, the comparative evaluation of Ag, Au, Cu, and Al—augmented by a Si3N4 spacer and a GO functional layer—maps the performance envelopes across low-to-high UGLU levels and provides a clear foundation for bench-top validation.
2 MATERIALS AND METHODS
2.1 Theoretical framework
In this study, we extend the methodologies reported by Wu et al. (2010), Mousania et al. (2025), and Tene et al. (2025b). Comprehensive details of the total-reflection simulations and the definitions of all performance metrics are provided in the Supporting Information (Supplementary Equations S1–S13) (Tene et al., 2025c).
To validate the transfer-matrix model, we reproduced the angular SPR reflectance for Au/graphene in water at 633 nm–634 nm from the study by Cheon et al. (2014) and fitted the theoretical curves to the reported experimental data (number of graphene layers as in the reference) (Supplementary Figure S1). We illustrate two metrics: (i) the absolute error in the resonance angle, |Δθ|, and (ii) the root-mean-square reflectance residual across the resonance window. The simulations used the same stack and optical constants described by Cheon et al. (2014) (Au film on BK7 prism, graphene overlayer, aqueous environment). The fitted curves closely follow the experimental minima and wings. This validation targets the optical solver and materials dispersion; it is independent of the glucose chemistry. After validation on Au/graphene/water, we substituted the analyte refractive index ladder for UGLU and re-optimized the SF6/metal/Si3N4/GO stacks presented here.
2.2 Initial parameters and the multilayer biosensor proposal
Supplementary Table S1 defines the five multilayer geometries and the shorthand used throughout. The common Kretschmann architecture is arranged as SF6/metal/Si3N4/GO/analyte. The reference configuration, Sys0, uses a gold film with water as the contacting medium (SF6/Au/Si3N4/GO/H2O). The sensing configurations Sys1–Sys4 replace the water layer with UGLU while sweeping the plasmonic metal under otherwise identical conditions: Sys1 = SF6/Ag/Si3N4/GO/UGLU, Sys2 = SF6/Au/Si3N4/GO/UGLU, Sys3 = SF6/Cu/Si3N4/GO/UGLU, and Sys4 = SF6/Al/Si3N4/GO/UGLU. This construction isolates metal-dependent behavior while preserving the same prism, dielectric spacer, functional coating, and analyte boundary, and it provides a water baseline (Sys0) for comparison to the urine matrix. These reference systems are subsequently optimized with the contacting medium set to H2O for Sys0 and to UGLU under normal conditions for Sys1–Sys4.
Supplementary Table S2 lists the initial (pre-optimization) optical constants and thicknesses used to seed the parameter search. The coupling prism is high-index SF6 glass with n = 1.7990 at the operating wavelength (Akib et al., 2024). The plasmonic layer starts at 45.0 nm for all four metals, with complex refractive indices drawn from the indicated datasets (Akib et al., 2024; Kumar R. et al., 2022): Au n = 0.1378 + 3.6196i, Ag n = 0.0803 + 4.2347i, Cu n = 0.0369 + 4.5393i, and Al n = 0.0778 + 5.8535i. A Si3N4 spacer of 5.00 nm with n = 2.0394 is inserted between the metal and the functional layer to tune phase matching and provide protection/adhesion (Kumar A. et al., 2022). The functional overlayer is GO with n = 1.2728 + 0.00392835i and an initial thickness of 2.55 nm, which is consistent with the few-nanometer coatings suitable for receptor immobilization (Xue et al., 2013; Cheon et al., 2014). The analyte refractive indices for the contacting media are n = 1.330 for H2O (Mudgal et al., 2020) and n = 1.335 for urine (normal) (Mudgal et al., 2020). These values are used only as the starting points; subsequent optimization adjusts thicknesses to maximize the resonance quality within each system.
Scheme 1 summarizes the interrogation geometry and layer order. A p-polarized beam enters through the SF6 prism and reflects at the prism/metal interface, and the reflected intensity is measured as a function of incidence angle θ. The evanescent field penetrates the Si3N4 spacer and GO layer into the contacting medium—H2O for Sys0 and UGLU for Sys1–Sys4. Across the four sensing stacks, the only structural variable is the identity of the metal (Ag, Au, Cu, and Al); the prism, spacer, functional layer, and analyte definition are kept constant. This like-for-like design enables a clean comparison of how the plasmonic metal governs the coupling strength, loss, and, ultimately, sensing performance in the SF6/metal/Si3N4/GO platform.
[image: Diagram of a layered sensor structure with an incident ray and detector. Layers from top to bottom include a sensing layer (UGLU), GO, Si₃N₄, and metal. The incident ray is deflected by an angle θ through SF₆ gas onto a detector. Metal layer options are Ag, Au, Cu, and Al.]SCHEME 1 | Schematic of the multilayer SPR platform and optical interrogation geometry.3 RESULTS AND DISCUSSIONS
3.1 Systems considered in this study
Figure 1a displays the reflectance curves at 633 nm for SF6/metal/Si3N4/GO/UGLU, with the metal identity varying. The resonance angles are grouped as Sys4 (Al, 50.37°) < Sys3 (Cu, 52.05°) < Sys1 (Ag, 52.72°) < Sys2 (Au, 54.73°), indicating metal-dependent phase-matching at the prism/metal boundary. Figure 1b quantifies the relative angular-sensitivity gain with respect to the water baseline, Sys0: 7.39% (Sys4), 4.30% (Sys3), 3.07% (Sys1), and 0.61% (Sys2). The corresponding absolute resonance-angle shifts for an index change 1.330 → 1.335 (Figure 1c) follow the same order, with Δθ = 4.02° (Sys4), 2.34° (Sys3), 1.67° (Sys1), and 0.33° (Sys2).
[image: Five-panel figure showing various optical characteristics of different systems. (a) Reflectance vs. angle of incidence graph comparing five systems with varying dips; S_yS_4-Al shows the sharpest decline. (b) Bar chart of sensitivity, with system 4 having the highest value. (c) Bar chart of Δθ (in degrees), where system 4 is highest. (d) Bar chart of attenuation percentage, where systems 3 and 4 are highest. (e) Bar chart of FWHM (in degrees), with system 2 being the highest. All graphs use consistent green bars.]FIGURE 1 | Comparative performance of metal-based SPR configurations. (a) Simulated reflectance as a function of incidence angle for the reference sensor (Sys0) and four alternative systems (Sys1–Sys4). (b) Relative angular sensitivity, expressed as the percentage gain concerning Sys0. (c) Absolute resonance-angle shift (Δθ) produced by a refractive-index change from 1.330 to 1.335. (d) Minimum reflectance at the resonance dip (attenuation). (e) Full width at half-maximum (FWHM) of each resonance curve.The depth and linewidth further separate the systems. The minimum reflectance at the dip (Figure 1d) is the lowest for Sys2 (2.92%), followed by Sys1 (5.35%), Sys4 (12.04%), and Sys3 (20.79%), showing that Au produces the deepest resonance under the initial parameters. Linewidths (Figure 1e) favor Al and Cu: FWHM = 0.23° (Sys4), 0.63° (Sys3), 1.32° (Sys1), and 4.21° (Sys2). Combining Δθ with FWHM points to Al- and Cu-based stacks as strong candidates for angular interrogation in UGLU, whereas Au yields a deep but broad resonance with limited Δθ; Ag lies between these behaviors.
Hence, these contrasts emphasize that the plasmonic film governs the balance among angle shift, dip depth, and linewidth in the SF6/metal/Si3N4/GO architecture. The baseline outcomes in Supplementary Table S3, therefore, serve as the starting point for metal-specific optimization of film thickness and for tuning the Si3N4 and GO layers, which was executed with the contacting medium fixed to H2O for Sys0 and to UGLU (normal) for Sys1–Sys4.
3.2 Metal thickness optimization
Figure 2 highlights how the metal thickness (30 nm–55 nm) tunes the resonance metrics for the four stacks: SF6/Ag/Si3N4/GO/UGLU (Sys1), SF6/Au/Si3N4/GO/UGLU (Sys2), SF6/Cu/Si3N4/GO/UGLU (Sys3), and SF6/Al/Si3N4/GO/UGLU (Sys4). The angle-resolved spectra in Supplementary Figure S2 corroborate these trends by showing the concurrent evolution of the dip position, depth, and linewidth as the thickness varies in 5-nm steps.
[image: Four graphs displaying the relationship between metal thickness (nanometers) and various metrics: (a) Change in angle (∆θ) decreases across all systems, Sys₁ to Sys₄. (b) Sensitivity declines with increasing thickness. (c) Attenuation decreases, with Sys₄ showing an inverse trend. (d) FWHM varies, with Sys₄ showing significant fluctuations. Each system is color-coded: Sys₁ (black), Sys₂ (red), Sys₃ (green), Sys₄ (blue).]FIGURE 2 | Effect of metal layer thickness with variations in Ag (Sys1), Au (Sys2), Cu (Sys3), and Al (Sys4) (30 nm–55 nm) on the resonance characteristics of the four alternative systems (Sys1–Sys4). (a) Resonance angle shift. (b) Percentage gain in angular sensitivity. (c) Residual reflectance at the resonance minimum. (d) FWHM of each resonance system.Particularly, for Sys1 (Ag), Figure 2a shows a monotonic decrease of the angle shift Δθ from 0.76° at 30 nm to 0.22° at 55 nm; the relative sensitivity gain drops in parallel from 1.44% to 0.43% (Figure 2b). The key benefit of added Ag thickness is the dramatic reduction in residual reflectance at the minimum (“attenuation,” Figure 2c): 50.52% → 0.03% between 30 and 50 nm, before a slight rise to 3.86% at 55 nm. Linewidth narrows from 5.45° at 30 nm to 0.99° at 50 nm and then to 0.81° at 55 nm (Figure 2d). The spectra in Supplementary Figure S2a visualize this transition from an under-coupled, shallow dip at 30 nm–35 nm to a deep, sharp resonance near 50 nm. Selecting 50 nm balances near-zero attenuation (0.03%), sub-degree FWHM (0.99°), and a measurable Δθ (0.25°).
For Sys2 (Au), the thickness sweep yields broader resonances than Ag at comparable thicknesses. Δθ decreases from 0.89° (30 nm) to 0.28° (50 nm) and 0.25° (55 nm) (Figure 2a); the sensitivity gain falls from 1.63% to 0.52% and 0.47% (Figure 2b). Crucially, attenuation collapses from 41.42% (30 nm) to 0.03% at 50 nm and then rises to 4.26% at 55 nm (Figure 2c). FWHM contracts from 9.78° to 3.41° (30 nm → 50 nm) and further to 2.96° at 55 nm (Figure 2d). Supplementary Figure S2b shows the dip deepening and narrowing through 45 nm–50 nm. Given the objective of minimal attenuation and the modest linewidth improvement beyond 50 nm, 50 nm is retained for Au.
For Sys3 (Cu), attenuation steadily improves with thickness, from 68.64% at 30 nm to 0.33% at 55 nm (Figure 2c), whereas Δθ declines from 0.66° to 0.23° (Figure 2a), and the relative sensitivity changes from 1.29% to 0.51% (Figure 2b). Linewidth behavior is largely favorable up to 45 nm (FWHM 0.96° at 40 nm and 0.63° at 45 nm), followed by a transient broadening at 50 nm (6.37°) and a sharp recovery to 0.33° at 55 nm (Figure 2d). The corresponding spectra in Supplementary Figure S2c exhibit a brief over-coupled regime near 50 nm before a very steep, deep dip appears at 55 nm. The triplet attenuation = 0.33%, FWHM = 0.33°, and Δθ = 0.23° at 55 nm offer high angular precision with low residual reflectance; 55 nm is, therefore, selected for Cu.
For Sys4 (Al), a clear optimum emerges near 40 nm. Δθ decreases gently from 0.40° (30 nm) to 0.28° (40 nm) and 0.26° (45 nm) (Figure 2a), whereas the sensitivity gain follows 0.81% → 0.53% → 0.51% (Figure 2b). Attenuation reaches a minimum at 40 nm (0.51%), rising at 45 nm (12.04%) and rising markedly at ≥50 nm (32.81%–54.01%) (Figure 2c). The linewidth is already narrow at 40 nm–45 nm (0.29° and 0.22°, Figure 2d) but degrades at higher thicknesses. Supplementary Figure S2d shows the best-defined dip at 40 nm–45 nm; beyond this range, the resonance becomes shallow and broader. The 40 nm choice secures the lowest attenuation with a narrow dip and maintains Δθ ≈ 0.28°.
In combination, Figure 2 and Supplementary Figure S2 establish metal-specific thickness windows that reconcile Δθ, relative sensitivity, attenuation, and FWHM within the SF6/metal/Si3N4/GO/UGLU architecture. The adopted values—Ag 50 nm (Sys1), Au 50 nm (Sys2), Cu 55 nm (Sys3), and Al 40 nm (Sys4)—are located at or near the minima of attenuation while preserving sharp angular features and practical angle shifts, as quantified in Supplementary Table S4. These metal-dependent optima provide the starting point for subsequent tuning of the Si3N4 and GO layers and for extending the assessment to low- and high-UGLU concentrations.
3.3 Silicon nitride thickness optimization
Figure 3 summarizes how the Si3N4 thickness (5 nm–15 nm) tunes the resonance when the metal is fixed at its selected value for each stack (Sys1–Sys4), and Supplementary Figure S3 shows the corresponding angle-resolved spectra. In all four systems, the spacer primarily controls phase matching and field overlap within the GO/UGLU region, which manifests as a near-linear growth of Δθ with the thickness (Figure 3a) and a concomitant increase in the sensitivity enhancement relative to the water reference (Figure 3b).
[image: Graphical representation of four charts comparing different systems (Sys1, Sys2, Sys3, Sys4) with varying Si3N4 thickness. Chart (a) shows Δθ increasing with thickness. Chart (b) illustrates increasing sensitivity. Chart (c) depicts attenuation slightly increasing, except for Sys4, which decreases. Chart (d) shows varying FWHM values for each system.]FIGURE 3 | Effect of Si3N4 thickness (5 nm–15 nm) on resonance characteristics for the four alternative meta-dependent systems (Sys1–Sys4). (a) Resonance-angle shift. (b) Percentage gain in angular sensitivity. (c) Residual reflectance at the resonance minimum. (d) FWHM of each resonance dip.For Sys1 (Ag), Δθ rises from 0.30° at 5 nm to 3.87° at 15 nm, with sensitivity enhancement increasing from 0.58% to 7.40% (Supplementary Table S5). Attenuation remains essentially at the noise floor across the sweep (0.03%–0.04%, Figure 3c), whereas FWHM broadens modestly from 1.00° to 1.65° (Figure 3d). The spectra in Supplementary Figure S3a track this evolution: increasing Si3N4 thickens the evanescent tail into UGLU, shifting the dip to larger angles and slightly widening it, but the minimum reflectance stays near zero. Selecting 15 nm leverages the substantial gains in Δθ and sensitivity with only a minor penalty in linewidth and no practical increase in residual reflectance.
For Sys2 (Au), the spacer exerts a stronger influence on linewidth. Δθ increases from 0.33° to 5.33° (5 nm → 15 nm), and the sensitivity enhancement increases from 0.61% to 9.81% (Figures 3a, b). Attenuation remains low (0.03%–0.09%; Figure 3c). FWHM, however, is non-monotonic: it is broad at 5 nm–7 nm (3.41°–3.68°), reaches a sharp minimum at 9 nm–11 nm (0.39°), and then broadens again to 4.65° at 15 nm (Figure 3d; Supplementary Table S5). The spectra in Supplementary Figure S3b visualize this sharpening near 9 nm–11 nm. Choosing 15 nm prioritizes the largest Δθ and sensitivity enhancement while keeping attenuation negligible, acknowledging that an Au-specific setting of 9 nm–11 nm would deliver a markedly narrower dip at the cost of reduced Δθ (≈2.04°–3.03°) and sensitivity (≈3.76%–5.58%).
For Sys3 (Cu), Δθ increases from 0.29° to 3.42°, and the sensitivity enhances from 0.56% to 6.61% as the spacer thickens to 15 nm (Figures 3a, b). Attenuation remains very low (0.08%–0.12%), and the linewidth stays in a narrow band at the thick end of the sweep: FWHM = 0.50° (11 nm), 0.42° (13 nm), and 0.55° (15 nm) after passing through a broader regime at 7 nm–9 nm (3.13°–3.35°) (Figure 3d; Supplementary Table S5). Supplementary Figure S3c confirms the progressive right-shift and eventual sharpening. The 15 nm configuration captures the high Δθ and sensitivity while preserving a sub-degree linewidth and near-zero minima.
For Sys4 (Al), the spacer improves all metrics simultaneously over most of the range. Δθ grows from 0.26° to 2.38° (5 nm → 15 nm), sensitivity enhances from 0.53% to 4.76%, attenuation decreases from 0.51% to 0.33%, and FWHM collapses from 4.75° to 0.46° (Figures 3a–d; Supplementary Table S5). The spectra in Supplementary Figure S3d show a shallow, broad dip at 5 nm–7 nm that evolves into a deep, narrow resonance by 13 nm–15 nm. The 15 nm setting is, therefore, optimal across all criteria for Al.
Indeed, Figure 3, Supplementary Figure S3, and Supplementary Table S5 indicate that a Si3N4 thickness of 15 nm provides a consistent operating point across the metal set: Δθ and sensitivity are maximized; attenuation remains negligible for Ag, Au, and Cu (≤0.12%) and is reduced for Al (to 0.33%); and the linewidth is modestly affected (Ag), acceptably narrow (Cu and Al), or broadened in a known, controllable way (Au).
3.4 Graphene oxide thickness optimization
As other graphene-plasmonic derivatives (Sindona et al., 2019; Vacacela Gomez et al., 2017), graphene-based coatings concentrate the evanescent field, add abundant binding sites, and can tailor interfacial charge—traits that are advantageous for plasmonics. Among them, GO is practical at scale: solution processing (spin/spray/dip) yields uniform, few-nanometer films and straightforward chemical functionalization (Tene et al., 2023). Here, the GO thickness is swept by multiples of a base layer; that is, L1–L6 = 2.55 × {1, 2, 3, 4, 5, and 6} nm, giving 2.55, 5.10, 7.65, 10.20, 12.75, and 15.30 nm.
Figure 4 summarizes the response across metals, and Supplementary Figure S4 shows the corresponding spectra. Panels 4a–b reveal a V-shaped angular response: Δθ and the relative sensitivity drop toward a shallow minimum near L3 ≈ 7.65 nm and recover at larger thicknesses. Panel 4c shows that attenuation generally remains low at thin GO and drifts upward with thickness, whereas panel 4d confirms that FWHM is essentially set by the metal and is nearly thickness-invariant over L1–L6 (≈1.63° for Sys1, ≈4.6° for Sys2, ≈0.56° for Sys3, and ≈0.47° for Sys4).
[image: Four graphs comparing different systems (Sys₁, Sys₂, Sys₃, Sys₄) using distinct colors. (a) Δθ vs. GO thickness shows varying trends among systems with Sys₃ increasing sharply. (b) Sensitivity vs. GO thickness shows similar trends, with Sys₃ peaking. (c) Attenuation vs. GO thickness shows Sys₃'s sharp dip and recovery. (d) FWHM vs. GO thickness shows consistent lines, with Sys₂ highest.]FIGURE 4 | Effect of GO thickness (0.7 nm–7.05 nm) on the resonance characteristics for the four alternative metal-dependent systems (Sys1–Sys4). (a) Resonance-angle shift. (b) Percentage gain in angular sensitivity. (c) Residual reflectance at the resonance minimum. (d) FWHM of each resonance dip.In Ag (Sys1), Δθ follows 0.33° → 0.18° → 0.04° → 0.08° → 0.21° → 0.33° from L1 to L6, with the sensitivity tracing the same valley (Supplementary Table S6). Attenuation is already small at L1 (0.04%) and reaches its minimum at L3 (0.003%); FWHM stays at 1.63°. Choosing L2 = 5.10 nm avoids the near-zero Δθ at L3, holds attenuation at 0.005%, and preserves a stable linewidth, which are conditions that favor precise angle tracking without pushing Δθ into the noise.
In Au (Sys2), the V-shape is pronounced: Δθ ≈ 0.39° (L1) → ≈0.00° (L3) → 0.51° (L6), whereas attenuation increases smoothly from 0.09% (L1) to 0.31% (L6); FWHM is ≈ 4.6° across the set. Although L1 gives the lowest attenuation and larger Δθ than L2, ultrathin GO can be more sensitive to discontinuities and hydration. Selecting L2 = 5.10 nm keeps attenuation low (0.13%), maintains spectral stability (Supplementary Figure S4b), and aligns the GO thickness with the other metals for a single, fabrication-friendly working point.
As noted, Cu (Sys3) shows the clearest attenuation minimum at L2, where the residual reflectance is 1 × 10−4%, whereas Δθ remains measurable (0.18°) and FWHM stays near 0.56°. Thickening GO beyond L3 raises attenuation (0.33% → 3.38% from L3 to L6) and only gradually increases Δθ (0.05° → 0.67°), which is a trade that does not benefit angular interrogation. The spectra in Supplementary Figure S4c already display a clean, deep dip at L2.
In Al (Sys4), Δθ decreases from 0.28° (L1) to 0.18° (L2) and bottoms out near L3–L4 (0.01°–0.07°), and then it partially recovers at larger thicknesses; attenuation climbs from 0.33% (L1) to 3.13% (L6); FWHM remains ≈0.46°–0.50°. Although L1 is numerically superior for Δθ and attenuation, adopting L2 = 5.10 nm standardizes the functional-layer thickness across metals and still keeps the metrics within a tight band (Δθ 0.18°, attenuation 0.74%, and FWHM 0.47°).
Hence, Figure 4 and Supplementary Table S6 indicate that L2 = 5.10 nm provides a global operating point that has the following characteristics.
	It avoids the Δθ-minimum regime near L3 that is seen in all metals.
	It keeps attenuation extremely low (10−4–10−1% across Sys1–Sys3 and <1% for Sys4).
	It leaves FWHM essentially unchanged (metal-limited).
	It simplifies fabrication and surface chemistry by using the same GO thickness for the entire metal set.

Although certain systems admit slightly lower attenuation at other Lᵢ (e.g., Sys1 at L3 and Sys2 and Sys4 at L1), those points coincide with very small Δθ or with ultrathin films that are less forgiving during processing.
3.5 Glucose at different concentrations and the related refractive index
Supplementary Table S7 compiles the layer set-points after thickness optimization. The prism and ordering remain fixed (SF6/metal/Si3N4/GO/analyte), whereas the metal film is metal-specific: Sys1 (Ag, 50 nm), Sys2 (Au, 50 nm), Sys3 (Cu, 55 nm), and Sys4 (Al, 40 nm). The spacer and functional layer are unified at Si3N4 = 15 nm and GO = 5.10 nm. This combination reflects the trade-offs extracted from Figures 2–4: the chosen metal thickness suppresses residual reflectance while keeping Δθ and FWHM within practical ranges; the 15 nm Si3N4 layer strengthens phase matching and field overlap into UGLU with only modest linewidth penalties; and a 5.10-nm GO film avoids the Δθ minimum encountered near ∼7.65 nm yet maintains very low attenuation. Using a common Si3N4/GO pair also standardizes fabrication and isolates the metal dependence in the subsequent concentration sweeps.
Supplementary Table S8 lists the UGLU refractive indices used as inputs for sensing simulations at 633 nm: n = 1.335, 1.336, 1.337, 1.338, 1.341, 1.347 for 0–0.015, 0.625, 1.25, 2.5, 5.0, and 10.0 g dL-1, respectively (Mudgal et al., 2020; Shoshi et al., 2025; Rahman, 2025; El-Assar et al., 2022; Houari et al., 2024; Raghuwanshi and Pandey, 2022). In particular, Supplementary Figure S5 shows a quasi-linear RI–RI concentration relation across 0.015 g dL-1–10 g dL-1, with an average slope of approximately 1.2 × 10−3 RIU (g dL-1)−1 and a slight steepening above 2.5 g dL-1. This monotonic ladder provides evenly progressing refractive-index steps for calibration and enables direct mapping of concentration to Δθ in angular interrogation. The near-linearity implies that a single sensitivity factor is a reasonable first approximation across the range, whereas the mild curvature at the upper end motivates reporting sensitivity locally (low vs. high UGLU) when comparing Sys1–Sys4.
3.6 UGLU sensing
As stated, with the optimized layers fixed (Sys1: Ag 50 nm; Sys2: Au 50 nm; Sys3: Cu 55 nm; Sys4: Al 40 nm; Si3N4 = 15 nm; GO = 5.10 nm), the spectra in Supplementary Figure S6 translate steadily to higher θ as UGLU increases, and the lineshape tied to each metal remains intact—broad for Au, intermediate for Ag, and narrow for Cu and Al.
Angle shifts scale almost linearly with concentration (Figure 5a). As shown in Supplementary Table S9, Δθ at ≤0.015 g dL-1 is already resolvable—0.37° (Sys2), 0.32° (Sys1), 0.31° (Sys3), and 0.27° (Sys4). Mid-range values at 5.0 g dL-1 read 0.82° (Sys2), 0.71° (Sys1), 0.68° (Sys3), and 0.61° (Sys4). At 10 g dL-1, the ordering remains Au (1.28°) > Ag (1.11°) ≈ Cu (1.06°) > Al (0.94°). This nearly linear Δθ–Δθ concentration behavior mirrors the quasi-linear refractive-index ladder used as the input.
[image: Four graphs illustrate various optical properties against UGLU concentration from zero to ten grams per deciliter. Graph (a) shows phase difference increasing linearly. Graph (b) displays sensitivity trends, also linear. Graph (c) depicts attenuation, with Sys3 showing a logarithmic trend. Graph (d) presents FWHM, with Sys2 maintaining a constant value. Each system is represented by different colored lines: black, red, green, and blue, corresponding to Sys1, Sys2, Sys3, and Sys4 respectively.]FIGURE 5 | Performance of the four optimized prism configurations (Sys1–Sys4) across urine-glucose (UGLU) concentrations from 0.015 to 10 g dL-1. (a) Resonance angle. (b) Percentage increase in angular sensitivity. (c) Minimum reflectance. (d) FWHM of each resonance curve.The percentage gain in angular sensitivity relative to the water baseline (Figure 5b) tracks the same progression across the ladder: at 10 g dL-1, the values are 2.16% (Sys2), 1.99% (Sys1), 1.94% (Sys3), and 1.81% (Sys4). The close correspondence between Δθ and the percentage gain across all concentrations indicates that, for each stack, a single slope provides a practical calibration from concentration to the angle.
Contrast at the resonance minimum remains effectively constant with concentration for a given metal (Figure 5c). Sys3 (Cu) exhibits the lowest residual reflectance, between ∼10−4 and 10−3%, reaching ≈7 × 10−5% at 5.0 g dL-1; Sys1 (Ag) stays near ∼5 × 10−3%. Sys2 (Au) remains at ∼0.13%–0.16%, and Sys4 (Al) remains at ∼0.69%–0.74%. These plateaus are evident in Supplementary Figure S6, where the dips shift laterally but retain their depths.
Linewidths are similarly concentration-invariant (Figure 5d): ≈1.63°–1.68° for Sys1, ≈4.55°–4.58° for Sys2, ≈0.56°–0.58° for Sys3, and ≈0.47°–0.49° for Sys4. Hence, concentration information is carried predominantly by Δθ, whereas both the dip depth and width are set by the choice of metal.
Across the full concentration window, Au delivers the largest Δθ and percentage gain; Ag and Cu provide very deep minima; Al and Cu maintain the narrowest dips. These signatures, visible directly in Figure 5 and Supplementary Figure S6 and enumerated in Supplementary Table S9, persist from low to high UGLU and enable straightforward calibration based on the measured angle shift.
3.7 Performance-sensing metrics
Figure 6a shows that the angular sensitivity to refractive-index change, S (° RIU−1), is essentially constant across the UGLU ladder for each metal. Supplementary Table S10 shows the following ranges: Sys2 (Au) holds the highest S, from 74.40° to 75.35° RIU−1; Sys1 (Ag) varies from 65.10° to 65.47° RIU−1; Sys3 (Cu) varies from 62.10° to 62.55° RIU−1; and Sys4 (Al) varies from 55.50° to 55.58° RIU−1. The sensitivity hierarchy, therefore, remains Au > Ag ≈ Cu > Al throughout 0.015 g dL-1–10 g dL-1, indicating that the optimized metal film sets the intrinsic S level, whereas concentration primarily translates the resonance along θ.
[image: Three graphs display different metrics versus UGLU concentration (g/dL) for four systems, Sys1 to Sys4. Graph (a) shows sensitivity (°/RIU), with Sys2 showing the highest sensitivity. Graph (b) displays detection accuracy, with Sys4 showing the steepest increase. Graph (c) depicts quality factor (RIU⁻¹), with Sys4 consistently having a high value. Each graph features separate lines and markers for each system.]FIGURE 6 | Variation of key performance metrics for the four optimized sensor configurations (Sys1–Sys4) across urine-glucose (UGLU) concentrations from 0.015 to 10 g dL-1. (a) Angular sensitivity to refractive-index change, which is reported in ° RIU−1. (b) Detection accuracy (DA), which is evaluated as the ratio of resonance-angle shift to full width at half-maximum. (c) Quality factor (QF), which is obtained by dividing sensitivity by linewidth and expressed in RIU−1.Detection accuracy (DA) rises with concentration for every system because Δθ increases while the linewidth is nearly fixed (Figure 6b). Numerically, Sys1 (Ag) grows from 0.19 to 0.65, Sys2 (Au) grows from 0.08 to 0.28, Sys3 (Cu) grows from 0.54 to 1.80, and Sys4 (Al) grows from 0.58 to 1.92 as UGLU moves from ≤0.015 to 10 g dL-1. The narrow-line stacks, Al and Cu, therefore, achieve the highest DA across the ladder; Ag occupies an intermediate band; Au remains the lowest because of its broader dip.
Quality factor (QF) is nearly concentration-independent, mirroring the flat S curves and constant linewidths in Figure 6c. Supplementary Table S10 reports modest variations over the full range: Sys4 (Al) changes from 117.01 to 113.24 RIU−1, Sys3 (Cu) changes from 109.47 to 106.44 RIU−1, Sys1 (Ag) changes from 39.77 to 38.75 RIU−1, and Sys2 (Au) changes from 16.24 to 16.65 RIU−1. The ranking remains stable, with Al ≳ Cu ≫ Ag > Au.
Taken as a set, Figure 6 and Supplementary Table S10 indicate complementary operating regimes rather than winners and losers. Au offers the largest S per RIU, which suits applications prioritizing absolute sensitivity to refractive-index change. Cu and Al pair solid S with narrow dips, yielding the strongest DA and QF for precise angle tracking. Ag sits between these behaviors, retaining higher contrast than Au with a tighter linewidth, and thus, it provides a balanced option when both sensitivity and resolvable angles matter.
Figure 7a and Supplementary Table S10 show that the figure of merit (FoM, RIU−1) is largely concentration-independent for each sensor, with small, metal-specific drifts. Sys3 (Cu) remains the highest throughout, from 109.45 to 106.40 RIU−1, as UGLU increases from ≤0.015 to 10 g dL-1; Sys1 (Ag) occupies a mid-high band, 39.56 RIU−1 → 38.56 RIU−1; Sys4 (Al) starts lower but climbs modestly with concentration, 30.20 RIU−1 → 34.17 RIU−1; and Sys2 (Au) remains the lowest, 14.04 RIU−1 → 13.96 RIU−1. The ranking Cu > Ag ≳ Al ≫ Au is preserved across all concentrations, matching the linewidth ordering seen earlier.
[image: Three graphs, labeled (a), (b), and (c), depict the relationship between UGLU concentration (grams per deciliter) and three parameters: FoM (RU inverse), LOD (10 to the minus 5), and CSF. Each graph compares four systems: Sys1 (black circles), Sys2 (red triangles), Sys3 (green diamonds), and Sys4 (blue squares). Graph (a) shows a consistent FoM, graph (b) displays a similar pattern for LOD, and graph (c) illustrates steady CSF values across different concentrations.]FIGURE 7 | Extended performance analysis for the optimized prism sensors (Sys1–Sys4) over urine-glucose (UGLU) concentrations. (a) Figure of merit (FoM). (b) Limit of detection (LoD). (c) Combined sensitivity factor (CSF).The limit of detection (LoD, ×10−5 RIU) in Figure 7b (computed for an angular resolution of 0.005°) is effectively flat with concentration for each metal and separates clearly by stack. Sys2 (Au) reaches the smallest LoD, 6.72 → 6.63, followed by Sys1 (Ag), 7.68 → 7.63, and then Sys3 (Cu), 8.05 → 7.99. Sys4 (Al) remains the highest, 9.00 → 8.99. Thus, when the experimental constraint is angular resolution, Au minimizes the detectable RI change, with Ag close behind; Cu and Al require slightly larger index steps to exceed the 0.005° threshold.
Figure 7c summarizes the combined sensitivity factor (CSF), which incorporates both the dip depth and width. Sys3 (Cu) again leads, 107.87 → 104.84, and Sys1 (Ag) remains in a stable mid-range, 38.29 → 37.29. Sys2 (Au) is the lowest and is nearly constant, 12.99 → 12.86. Sys4 (Al) is distinctive in that the CSF increases with concentration, 28.07 → 32.05, reflecting the persistence of a narrow line while the signal contribution from the dip strengthens across the ladder.
3.8 State-of-the-art comparison
Table 1 contrasts our SF6/metal/Si3N4/GO stacks with BK7-based, multilayer designs that report very high angular sensitivities (>300° RIU−1). In our architecture, S is lower (e.g., ∼55°–75° RIU−1 across Al → Au) because we prioritized spectral sharpness: thin, low-loss GO and Si3N4 set near the coupling minimum yield narrow FWHM, which elevates DA = Δθ/FWHM and QF = S/FWHM. This trade-off is evident in the table: literature entries with very high S typically exhibit broader dips or added loss from thicker/multi-2D stacks, whereas our Cu and Al systems sustain tight linewidths and high DA/QF that benefit angle-tracking precision. A practical advantage is that our prescriptions use single-spacer stacks and few-nanometer-thick GO, which are fabrication-friendly.
TABLE 1 | Comparison with available literature.	Ref.	Structure	Conc. g dL-1	Sensitivity (°/RIU)	QF	DA
	Mudgal et al. (2020)	BK7/Au/MoS2/h-BN/graphene	10	194.12	16.04	0.27
	Mostufa et al. (2021)	BK7/Ag/BaTiO3/BlueP-WS2	10	435.00	82.70	0.19
	Shoshi et al. (2025)	BK7/Ag/Ni/ZnSe	10	348.00	102.66	0.30
	Rahman (2025)	BK7/Au/PtSe2/graphene	10	166.67	---	---
	El-Assar et al. (2022)	BK7/Ag/ZnSe	10	366.60	66.41	0.18
	Houari et al. (2024)	BK7/TiO2/SiO2/Ag/Au/BP	5	240.00	29.28	1.09
	This work	Sys1	10.0	65.47	38.75	0.65
	This work	Sys2	10.0	75.35	16.65	0.28
	This work	Sys3	10.0	62.55	106.44	1.80
	This work	Sys4	10.0	55.58	113.24	1.92


Nevertheless, S can be raised further without forfeiting sharpness by (i) retuning the Si3N4 spacer down by a few nanometers to increase field overlap in the analyte, (ii) using hybrid Ag/Au or low-loss caps that shift the coupling condition toward steeper dθ/dn, or (iii) operating with phase or intensity interrogation near quadrature, which boosts responsivity for a given FWHM. These paths preserve the comparative trends we report (Au: largest Δθ/S; Cu/Al: narrowest FWHM, highest DA/QF; Ag: balanced) while offering headroom to increase the slope where applications demand it. In this framework, Sys3 (Cu) and Sys4 (Al) remain advantageous for precision angle tracking (high DA/QF), Sys1 (Ag) provides deep minima and balanced metrics, and Sys2 (Au) is preferred when maximizing S and LoD under fixed angular resolution. Overall, the table maps complementary operating regimes rather than a single winner and indicates clear, practical levers to raise sensitivity if required.
3.9 Fabrication feasibility
In Figure 8, we outline a potential experimentally feasible route for the SF6/metal/Si3N4/GO stacks with actionable tolerances. Metal films (Au, Ag, Cu, and Al; target 40 nm–50 nm) are deposited on the prism (Raghuwanshi and Pandey, 2022). To curb degradation, Ag and Cu are capped with Al2O3 (2 nm–5 nm, ALD (atomic layer deposition)) (Raghuwanshi and Pandey, 2022); Al carries a native ∼1 nm–3 nm oxide that can be retained or gently thickened (Ansari and Husain, 2011). The Si3N4 spacer (15 ± 2 nm) could be grown at low temperature either by PECVD (plasma-enhanced chemical vapor deposition) (≤140 °C) (Ko et al., 2025) or reactive sputtering (≤100 °C) (Chhoker et al., 2025) using cooled stages to prevent metal roughening; both routes routinely deliver ±1 nm–2 nm thickness control and sub-nm RMS roughness when tuned. GO could be applied from aqueous dispersions by spin or dip coating to GO thickness of 5 ± 1 nm, verified by ellipsometry/AFM (atomic force microscope) (Maulana et al., 2025); a brief O2-plasma activation (≤10 s, low power) may be used to improve the adhesion without meaningful optical loss (Alemán et al., 2018), followed by mild baking (80 °C–100 °C, 10 min).
[image: Diagram detailing the experimental feasibility of layers: GO layer (5±1 nm) via spin/dip with bake step, ALD Al2O3 cap (2-5 nm) with optional O2 plasma activation, Si3N4 layer (15±2 nm) via PECVD/sputter with Pinsoc, Metal film (40-50 nm) with QC, and SF6 prism. Pitfalls include oxidation, pinholes/adhesion, and swelling. SPR test involves ellipsometry and AFM measurements.]FIGURE 8 | Illustration of the potential experimental feasibility of the proposed biosensors.Known issues and mitigations could include the following: oxidation (dielectric capping) (Janarthanan, 2025), pinholes (optimize flow rate/solids) (Bläsi and Gerken, 2021), adhesion (surface activation) (Saffioti et al., 2020), and aqueous swelling (test and condition in buffered synthetic urine) (Nair et al., 2019). Quality control includes post-deposition ellipsometry (thickness, n, k) (Mandal and Moirangthem, 2025) and SPR baseline stability under temperature-controlled flow (25 °C ± 0.1 °C) with a reference channel (Naimushin et al., 2003). This protocol translates the optimized designs into realistic fabrication steps while preserving the optical figures of merit beyond absolute sensitivity.
3.10 Clinically relevant concentrations
Figure 9 shows a linear relationship between the resonance angle (θSPR) and the RI across UGLU dilutions with high linearity (R2 ≈ 0.96–0.97). The fitted slopes give the angular sensitivity S (° RIU−1): Ag (Sys1) S = 73.75, Au (Sys2) S = 84.38, Cu (Sys3) S = 70.51, and Al (Sys4) S = 62.56. Metals, therefore, are separated by the role—Au has the highest slope, Cu/Al has lower slopes but complementary advantages via narrow linewidths, and Ag is balanced.
[image: Four scatter plots labeled a, b, c, and d, each depicting a linear fit with data points. The x-axis represents refractive index (RI) in refractive index units (RIU), and the y-axis represents the angle θ_SPR in degrees. Each plot has a different linear equation and R-squared value. Plot a: y = 73.747228x - 42.407184, R² = 0.965378. Plot b: y = 84.379157x - 53.234224, R² = 0.966805. Plot c: y = 70.509978x - 39.198137, R² = 0.965724. Plot d: y = 62.560976x - 31.146951, R² = 0.966363.]FIGURE 9 | Resonance angle (θ_SPR) versus refractive index for UGLU dilutions with linear fits; the slope gives the angular sensitivity S (° RIU−1) of each optimized sensor. Panels: (a) Sys1–Ag, (b) Sys2–Au, (c) Sys3–Cu, and (d) Sys4–Al. R2 values of the fits are indicated.For small RI perturbations, the response follows this equation: Δθ = S · Δn. Hence, the low-concentration shift at 0.3 g dL-1 is obtained from the RI increment at that concentration (Δn0.3 = n (0.3)−n (0)) using the following:
	Sys1–Ag: Δθ0.3 = 73.75 · Δn0.3.
	Sys2–Au: Δθ0.3 = 84.38 · Δn0.3.
	Sys3–Cu: Δθ0.3 = 70.51 · Δn0.3.
	Sys4–Al: Δθ0.3 = 62.56 · Δn0.3.

If sensitivity in concentration units is needed near the low end, we use the following:
	Sc = S · (dn/dc) [° (g dL-1)], so Δθ(c) ≈ Sc · c for small c.

These relations allow direct reporting of θ-shifts at 0.3 g dL-1 (and other low levels) from the existing RI ladder while keeping the figures focused on comparative trends.
4 LIMITATIONS AND PERSPECTIVES
In this study, we model UGLU sensing as a bulk RI perturbation and, by design, omit chemical and thermal complexities of real urine (Babińska and Władzinski, 2025). Components such as urea, salts, and proteins, along with variability in the pH and temperature, can shift the baseline RI and broaden the resonance; fluctuations as small as ±0.001 RIU may compete with Δθ at low concentrations (Montero-Jimenez et al., 2025). Future experimental work should, therefore, (i) implement glucose-selective functional layers (e.g., glucose oxidase (Tiandho et al., 2025) or affinity receptors on GO) with optical budgeting for added thickness and loss, (ii) perform calibration and recovery tests by spiking synthetic urine across the reported concentration ladder, (iii) employ a reference channel and temperature control (±0.1 °C) to suppress baseline drift, and (iv) consider multi-wavelength or spectroscopic SPR to improve the discrimination of matrix changes.
On the other hand, for experimental translation, two routes are most mature: (i) enzymatic functionalization—immobilizing glucose oxidase on GO via carboxyl activation (Barros et al., 2025) or a thin primer—yielding a biolayer of a few-tens of nanometers (n ≈ 1.40–1.50) with high specificity; and (ii) synthetic receptors—grafting phenylboronic acid (PBA) moieties to bind glucose cis-diols while keeping the layer thin (<5 nm–10 nm) (Morariu, 2023). Both routes add optical thickness and may introduce loss, which can broaden FWHM and shift the resonance. A practical mitigation is to re-optimize the Si3N4 spacer for the chosen functional layer (thickness/index), minimize ancillary primers/linkers, and verify stability and nonspecific adsorption in synthetic urine with temperature control and a reference channel. Hence, future work should (i) incorporate the recognition layer explicitly into the TMM model (t, n, and k) and re-solve for thickness windows that preserve DA/QF while retaining or improving sensitivity, (ii) benchmark selectivity and drift experimentally using spiked synthetic urine, and (iii) evaluate multi-wavelength interrogation to help disentangle receptor-induced signals from matrix variations.
We point out that GO possesses a finite imaginary RI (k) in the visible spectrum; i.e., it is slightly absorbing (Ebrahimi Naghani et al., 2023). This absorption increases plasmonic damping and can broaden the resonance linewidth (FWHM). In our modeling, GO is treated as a lossy overlayer (n + i k), and its thickness is limited to ∼5 nm to balance analyte-field overlap with absorption-induced broadening.
Finally, in this work, we adopt 633 nm to match available urine RI measurements and provide a consistent basis for optimization (Mostufa et al., 2021; Mudgal et al., 2020; Shoshi et al., 2025; Rahman, 2025; El-Assar et al., 2022; Houari et al., 2024). Whereas spectroscopic SPR and multi-wavelength readouts can further mitigate matrix effects, extending the present results simply requires dispersion-resolved inputs (n, k vs. λ) for the analyte and layers; the same transfer-matrix workflow then yields updated optima. The key comparative trends between the metals—larger Δθ/S for Au and narrower FWHM with elevated DA/QF for Cu and Al, with Ag being intermediate—are governed by intrinsic optical loss and coupling conditions and are expected to persist with minor wavelength shifts.
5 CONCLUSION
In this work, we presented, for the first time, UGLU sensing using SF6/metal/Si3N4/GO architectures and established a like-for-like comparison of plasmonic metals (Ag, Au, Cu, and Al) for this task. We implemented angular SPR at 633 nm with a transfer-matrix framework and validated the numerical approach before performing a three-step optimization: metal thickness, Si3N4 spacer, and GO overlayer. The optimized stacks were as follows: Ag 50 nm, Au 50 nm, Cu 55 nm, and Al 40 nm, with Si3N4 = 15 nm and GO = 5.10 nm; these settings minimized attenuation while preserving usable angle shifts.
We then evaluated UGLU from 0.015 to 10 g dL-1 (n = 1.335–1.347). The resonance-angle shift increased nearly linearly with concentration, confirming straightforward calibration. The metal identity fixed the resonance shape: Au produced the largest Δθ and highest S (≈75° RIU−1) but the broadest lines, Ag produced moderate S with deep minima, and Cu and Al maintained narrow dips (FWHM ≈0.56°–0.58° and 0.47°–0.49°, respectively), which raised the detection accuracy to 1.80–1.92 at 10 g dL-1. Quality factor remained almost constant with concentration and favored Al and Cu (≈113 and ≈106 RIU−1 at the high end).
Across all metrics, the stacks exhibited stable, metal-specific signatures that were preserved from low to high UGLU. The findings supplied clear thickness windows, identified operating regimes suited to angle-tracking or contrast-based readout, and emphasized the practicality of GO as a scalable functional layer. These modeling results de-risk fabrication and provide directly testable prescriptions for prism-coupled SPR experiments on UGLU, whereas the metal-dependent trends establish a transparent basis for extending the platform to other urinary biomarkers and affinity chemistries.
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