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ABSTRACT
Advances in optical sensor technologies have been substantial in recent years, especially in the detection of biomolecules like Bovine Serum Albumin (BSA), driven by the need for more sensitive and precise diagnostic tools. The detection of BSA plays a critical role, particularly in the early diagnostic tools for chronic kidney disease. This work aims to investigate the performance of three different BSA detection methods: biofunctionalized and non-biofunctionalized tapered optical fiber sensors, and conventional cuvettes. This study conducted an experimental investigation, utilizing 3.5 ml cuvette and tapered optical fibers with design parameters including upper and lower taper lengths of 10 mm, a waist length of 10 mm, and a waist diameter of 10 µm. The sensors were fabricated using the Vytran GPX 3400 machine. Measurements of time response, intensity, and absorbance were carried out using a Deuterium-Tungsten DT-2-GS light source and an Ocean Optics Flame spectrometer. The biofunctionalization of the sensing area involved three sequential steps: hydroxylation with a 0.1M sodium hydroxide solution, salinization with a 2% (3-aminopropyl) triethoxysilane solution, and aldehyde activation using a 2% glutaraldehyde solution. The experiment used 120 ml of BSA solutions at concentrations of 31.25 mg/dL, 62.5 mg/dL, and 125 mg/dL. Each method exhibits a unique spectral response across the ultraviolet, visible, and near-infrared, regions. Both intensity and absorbance assessments reveal a significant reduction in sensitivity when transitioning from the cuvette to the tapered optical fiber. Notably, the sensitivity decreases by 99.96% for intensity measurements and by 97.76% for absorbance. Nonetheless, after biofunctionalization, the tapered optical fiber's sensitivity increased, showing a 207.1% increase in absorbance and a 1494.72% increase in intensity measurements compared to the non-bio functionalized tapered optical fiber.
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[bookmark: InstructionText]INTRODUCTION
Optical technologies have significantly impacted us in various sectors, including security [1], [2], communication, [3], [4], imaging [5], [6], and healthcare [7], [8]. The ongoing advancements in optical sensor applications hold great promise for further innovations. The creation of temperature [9], vibration [10], humidity [11], and gas [12] sensors are notable examples of research in this area. Each of these sensors improves accuracy and productivity in its own sector. Research has consistently demonstrated the significant potential of various bio-optical sensors, including D-Fiber, U-Fiber, Fiber Bragg Gratings (FBG), Mach-Zehnder interferometers, and Surface Plasmon Resonance (SPR) sensors [13], [14]. Evidence from several experimental studies has established that bio-optical sensors offer high sensitivity and can be quantified This exciting development creates new opportunities to investigate its possible uses in the biosensors industry.
The rising incidence of kidney-related diseases is a growing concern [15]. For many decades albuminuria has served as a marker for kidney issues. However, in a study conducted by Teeuw et.al (2021) and Mejia et al. (2022), it was shown that current detection methods using urine dipsticks perform poorly[16], [17]. Furthermore, Thakur (2021) stresses that paper-based urine dipstick indicates albumin presence through color changes that lead to semi quantitative and lack of sensitivity, particularly for concentrations below 300 mg/dL [18]. Taken together, these studies support the notion of finding new alternatives to detect and quantify albumin. The increasing body of literature reflects a commitment to exploring innovative sensor technologies that enhance detection capabilities and broaden applications in biomedical fields.
There is a vast literature on several light sources for element detection are used through sensors, including ultraviolet (UV)[19], visible (VIS)[20] and near-infrared (NIR)[21]. Each type of light possesses unique properties that impact the detection mechanism differently. The distinct characteristics of each light source play a critical role in optimizing sensor performance and enhancing detection capabilities. Furthermore, improvements in the optical substrate’s properties can be realized either through surface modifications or by promoting interactions with targeted materials, resulting in notable enhancements in optical performance. These advancements play a critical role in increasing the sensor's precision and effectiveness across various applications. Despite these advances, the current literature lacks a comprehensive comparison of BSA detection performance across multiple sensing modalities using a unified light source and detection system. Specifically, there is limited analysis that concurrently evaluates time response, light intensity, and absorbance across cuvette-based, non-biofunctionalized, and biofunctionalized tapered optical fiber methods.
This paper experimentally demonstrates the optical properties of various concentrations of Bovine Serum Albumin (BSA) using three different mediums: cuvettes, non-bio functionalized tapered optical fiber sensors, and bio-functionalized tapered optical fiber sensors. While cuvettes are commonly employed in the biochemical field, this comparison aims to evaluate the performance of non-biofunctionalized and biofunctionalized tapered optical fiber sensors against the standard cuvette method. By analyzing the data from these sensors, we highlight their effectiveness in BSA detection.
THEORETICAL BACKGROUND
Electromagnetic Waves
Electromagnetic waves are characterized by the presence of two orthogonal fields: the electric field and the magnetic field. These fields propagate simultaneously through space, maintaining perpendicular orientations relative to each other and to the direction of wave propagation.
Maxwell's Equations and Wave Equation
The interaction between electric and magnetic fields is governed by Maxwell’s equations. In a homogeneous, non-ferromagnetic medium devoid of free charges and currents, these equations can be simplified and combined to yield the wave equation. This equation describes the spatial and temporal evolution of the electric field
	(1)
where 
  is the electric field at position x and time t;
 is the dielectric constant;
 is the speed of light in a vacuum.


Evanescent Wave
The evanescent wave (EW) plays an important role in enhancing the sensor's sensitivity. It appears in the near-surface electromagnetic field when light experiences total internal reflection at the interface between two media with different refractive indexes, such as core and cladding. In a standard optical fiber, this wave is not able to interact with the analyte significantly because it decays exponentially in the cladding. EW intensity I(z) decays can be described by :

					          (2)

where

 is the initial intensity of the EW at the surface
α is the decay constant 

Exponentially decaying waves can penetrate the medium, and the penetration depth  can be explained by: 

			       (3)

where 

λ is wavelength of incident light
θ is incident angle at core-medium interface

The sensor was tapered to enhance the strength of the EW in the cladding area. Its diameter was reduced to less than its core diameter, allowing light to pass through the analyte at the sensing area. In the tapered region, Point Z represents the location between the core and cladding layers where the incident angle is produced, as illustrated in Figure 1. Incident angle  is given by :

				          (4)

where  and  correspond to the taper and launch angle respectively. The taper angle () can be explained as follows:

				          (5)

where  and L are the initial radius, final taper radius, and tapered region length, respectively.
The taper profile influences the launch angle  for a tapered structure. In the specific case of a linear taper geometry, the relationship between these parameters can be described by the following equation:
			          (6)

Here,  represents the height and spans the range from to , while denotes the initial angle of the guided ray at the fiber's input end. However, for a parabolic profile, the relationship varies. The  is characterized as follows:

			          (7)

For an exponential tapered fiber, the relationship is described as follows:

	             (8)


The equations indicate that the angle  in the taper geometry impacts the penetration depth of the evanescent waves, which subsequently influences the sensitivity of the sensor.
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Figure 1. Light transmission in tapered optical fiber BSA measurement experimental setup using cuvette 

METHODOLOGY
In this study, three experimental setups were employed for investigation: a cuvette, a non-bio-functionalized tapered optical fiber, and a bio-functionalized tapered optical fiber. 
Sample Preparation
BSA Solution Preparation
In this investigation, BSA solutions were prepared at concentrations ranging from 125 mg/dL to 31.25 mg/dL. A precise mass of 62.5 mg of BSA pellets was measured using an analytical balance. Approximately 40-45 mL of deionized (DI) water was added to a beaker, into which the BSA pellets were gradually introduced. The mixture was gently stirred until complete dissolution of the BSA pellets in the DI water was achieved. The resulting BSA solution was then transferred to a volumetric flask, and the beaker was rinsed with additional DI water to ensure complete transfer of the solution. DI water was added to the volumetric flask until the final volume reached 50 mL. The volumetric flask was then inverted multiple times to ensure thorough mixing of the solution.
Sodium Hydroxide Solution Preparation
Sodium hydroxide supplied by R&M Chemical company is utilized for the hydroxylation process on the sensing surface. Precisely 0.4 g of NaOH was measured with a weighing scale and dissolved in 100 mL of deionized water.
3-aminopropyltriethoxysilane (APTES) Solution Preparation
A 2% (v/v) solution of 98% pure 3-aminopropyltriethoxysilane (APTES) was prepared for experimental purposes. The APTES reagent, obtained from Sigma-Aldrich, was measured using a micropipette, transferring 1.02 mL of the 98% solution into a beaker. Deionized water was then added to the beaker to achieve a final volume of 50 mL. The mixture was continuously stirred to ensure that the APTES was uniformly diluted to the target 2% concentration.
Glutaraldehyde Solution Preparation
A 2 mL aliquot of 50% glutaraldehyde solution (Sigma-Aldrich) was accurately measured with a micropipette, transferred to a beaker, and diluted with deionized water to a final volume of 50 mL. All safety precautions were observed, and the mixture was thoroughly stirred for homogenization.
Tapered Optical Fiber Fabrication
The heat-pull technique has been used to fabricate tapered fiber optic sensors using a Vytran machine (GPX-3400). This method was employed due to its capability to fabricate tapered fibers with uniformity and precision [22]. The parameters employed for this sensor are derived from an optimized design, carefully refined through extensive experimental validation by previous researchers [23]. Initially, the cladding layer in the central portion of the optical fiber was stripped away. The prepared fiber was then positioned in the filament zone of the machine, with both ends secured in the fiber holders. During the heating process, driven by a motor, the fiber holders created two tapered sections on either side of a thinner central region. This central region serves as the sensing area of the tapered optical fiber sensor.
Experimental Set Up
Conventional Cuvette Method
The experimental setup, as illustrated in Figure 2, comprised a DT-2-GS light source linked to the cuvette holder through the SMA 905 multimode optical fiber cable, with another component connected to the Flame Ocean Optic spectrometer via another SMA 905 multimode optical fiber cable. A 3.5 mL quartz cuvette was utilized throughout the experiment. Three BSA solutions, with concentrations varying from 125 mg/dL to 31.25 mg/dL, were prepared and subsequently measured using the cuvette.
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[bookmark: _Hlk177676529][bookmark: _Hlk180660248]Figure 2. BSA measurement experimental setup using cuvette 

Non-Bio Functionalized Tapered Optical Fiber
In the second experimental setup, illustrated in Figure 3, the configuration was the same as the initial setup, except that the cuvette and cuvette holder were replaced with non-bio functionalized tapered fiber sensors and a sensor holder. The tapered optical fiber used in this setup featured a waist length of 10 mm, a waist diameter of 10 µm, an upper taper length of 10 mm, and a lower taper length of 10 mm. The process involved using the Dip-Coat technique to apply BSA solutions to the sensor area until the submerged section of the sensor was completely immersed in the solution.
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Figure 3. BSA measurement experimental setup using non-bio functionalized tapered optical fiber/biofunctionalized tapered optical fiber 
Biofunctionalized Tapered Optical Fiber
The biofunctionalization of the sensor was implemented to enhance the adhesion of organic analytes to the sensing surface, comprising three main steps: hydroxylation, salinization, and aldehyde treatment. The experimental procedures and material formulations utilized in this study are based on methodologies established in prior research [24]. The hydroxylation process aimed to increase the density of hydroxyl (–OH) groups on the sensor's surface. To achieve this, 120 µL of 0.1 M sodium hydroxide (NaOH) was applied to the optical fiber sensor, which was then left to soak for one hour.
Subsequently, the salinization process was conducted to convert the hydroxyl groups into aminopropyl groups. This involved immersing the sensor in a 2% (v/v) solution of 3-aminopropyltriethoxysilane (APTES) for one hour. The final step, aldehyde treatment, served as a bifunctional linker to facilitate the attachment of BSA to the sensor. During this phase, aldehyde molecules bonded to the free amino groups on the silane-treated sensor, forming covalent amide bonds, while other aldehyde groups interacted with the amine groups present in BSA.
The effectiveness of each functionalization step was monitored by measuring the optical absorption rate with a spectrometer. After completing the biofunctionalization process, the sensor was rinsed three times with deionized water and allowed to dry at room temperature. The sensor was then set up as in Figure 2. The experiment utilized the Dip Coating method, where a BSA solution was carefully applied to the detection region. The sensing region was then allowed to air dry for three hours to ensure proper binding and stability of the BSA molecules.
DATA COLLECTION AND ANALYSIS
Time Responses
In this study, response times for three methods were systematically recorded for comparative analysis across various methods as shown in Figure 4. As depicted in Figure 4 (a), the response time of absorption measurements using a cuvette showed an initial spike to 3.5 optical density (OD) within the first 70 seconds, likely reflecting instability due to the introduction of the BSA sample. The system subsequently stabilized at 140 seconds, reaching an OD value of 0.68. 
Further graph, Figure 4(b) shows that during the initial 100 seconds, absorption rose gradually, peaking at 0.28 OD over the next 50 seconds, followed by a decline to 0.041 OD with subsequent fluctuations. Stabilization occurred at approximately 330 seconds, with a final absorption value of 0.036 OD. The early spikes observed in both the cuvette and optical fiber sensor methods are attributed to interactions between the BSA molecules and the detection medium.
The initial spikes observed in Figures 4(a) and 4(b) during the early phase of absorbance measurements are likely attributable to several transient phenomena. These include initial mixing effects, wherein the BSA molecules may not be uniformly distributed within the medium, resulting in temporary concentration gradients that influence light absorption. Additionally, the formation of microbubbles or trapped air during sample loading can introduce localized scattering and refractive index changes, thereby distorting the optical signal. Solution settling may further contribute, as protein molecules require time to stabilize within the detection volume, leading to fluctuations in absorbance as the system transitions toward equilibrium. Moreover, early-phase interactions between BSA molecules and the detection surface whether the inner cuvette wall or the tapered optical fiber interface can induce temporary refractive index shifts or incomplete binding states, affecting the evanescent field or direct light path. Collectively, these factors produce short-lived perturbations in the absorbance signal prior to achieving steady-state conditions.
Additionally, Figure 4(c) illustrates a sharp decrease in absorption to -0.038 OD within the first 40 seconds, followed by a gradual deceleration up to 800 seconds. This initial decline is ascribed to the interaction of BSA molecules with the functionalized surface, which involved energy release, resulting in negative absorption values.
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Figure 4. Time responses for BSA absorbance level using (a) cuvette; (b) tapered optical fiber and (c) biofunctionalized tapered optical fiber 
Intensity Analysis
The subsequent analysis addresses light intensity measurements, expressed in counts, which indicate the amount of light detected by the spectrometer at specific wavelengths. Figure 5 (a) illustrates the penetration of light through BSA in a cuvette at three different concentrations. The data reveal significant peaks at 320 nm, 500 nm, and 585 nm wavelengths, with intensity values ranging from 2,500 to 45,000 counts. At 320 nm, the highest concentration of BSA (125 mg/dL) demonstrates the lowest intensity, suggesting a higher light absorption at this concentration.
A pronounced variation in light intensity among the three concentrations is observed between 275 nm and 285 nm, a range situated within the UV spectrum. This variation is likely due to the increased interaction between light and BSA molecules at higher concentrations, particularly involving aromatic amino acids such as tryptophan, tyrosine, and phenylalanine, which have strong absorption properties in the UV range. Consequently, the higher the absorption by these amino acids, the less light is transmitted through the solution. Outside this wavelength range, the differences among the concentrations are less significant.
In contrast, when light intensity is measured using a tapered optical fiber biosensor, a distinct spectrum emerges, with intensity values ranging from 2,500 to 14,000 counts as shown in Figure 5 (b). The deployment of tapered optical fibers as biosensors results in a reduced light intensity detected by the spectrometer. This reduction occurs as light traverses the tapered fiber, where a portion exits the core and cladding to interact with the sensor surface, while the remaining light continues to propagate within the core to the spectrometer. The spectrum displays a primary peak at approximately 582 nm, followed by a secondary peak at 603 nm. Consistent with the cuvette measurements, higher concentrations of BSA correlate with lower light intensity readings.
Figure 5(c) further depicts the change in light intensity before and after BSA application on the sensor surface. Within the wavelength range of 362 nm to 725 nm, a significant difference in light intensity is observed for higher BSA concentrations compared to lower concentrations. This difference is attributed to the light exiting the core and cladding, which initially interacts with the bio-functionalized optical surface and subsequently with the BSA molecules attached to the bio-functionalized tapered optical fiber sensor surface. As a result, the quantity of light interacting with the surface increases compared to the initial state. Beyond this wavelength range, while differences in light intensity among the BSA concentrations persist, they are less pronounced.
Absorbance Analysis
The next analysis is an absorbance analysis. The absorbance spectra of BSA solutions at varying concentrations, as shown in Figure 6(a), reveal distinct peaks at 229 nm and 277 nm. The peak at 229 nm corresponds to the π-π* transition in the peptide backbone, while the 277 nm peak is linked to the absorption by aromatic amino acids such as tryptophan, tyrosine, and phenylalanine [25]. Notably, the spectra do not exhibit significant absorbance in the visible and NIR regions. 
Figure 6(b) highlights the differential absorbance characteristics when utilizing a non-bio functionalized tapered fiber optic sensor compared to traditional cuvettes, showing less than 5% absorbance. This reduction is attributed to lower light capture efficiency in the fiber optic system as only a portion of the guided light is allowed to interact via the EW. Unlike conventional cuvettes, where the full optical path interacts directly with the sample non-bio functionalized tapered optical fiber rely on the evanescent field. An exponentially decaying electromagnetic field that extends into the surrounding medium beyond the fiber cladding. This field enables partial interaction between light and analyte molecules at the surface. According to the Beer–Lambert law, absorbance (A) is directly proportional to the concentration (C), path length (), and the molar extinction coefficient (ε), expressed as 

In the context of non-bio functionalized tapered optical fibers, the effective path length is governed by the penetration depth of the evanescent wave, which is influenced by the wavelength, refractive index contrast, and taper geometry. As a result, absorbance is modulated by the evanescent wave intensity, which decays exponentially from the fiber surface. A weaker EW intensity or shorter penetration depth leads to reduced effective absorbance values, as observed in this figure.
The observed absorbance peak around 340 nm, predominantly due to lysine's charge transfer transitions, extends beyond this wavelength[26]. The declining absorbance trend at longer wavelengths is consistent with a decrease in the molar extinction coefficient. Nevertheless, there is an increase in absorbance between 647 nm and 750 nm which may indicate weak vibrational overtone interactions.
Figure 6 (c) illustrates that the highest BSA concentration shows the greatest absorbance across almost all spectra below 915 nm, suggesting successful immobilization on the functionalized surface. The interaction between the evanescent field and immobilized BSA molecules on the sensor surface is enhanced due to improved surface binding. In the visible spectrum (400-700 nm), absorbance remains relatively constant, indicating the sensor's stability and reliability in detecting BSA. The NIR region (650-1000 nm) also shows a minor increase in absorbance, likely due to BSA's vibrational overtones and combination bands. This behavior reaffirms that the enhanced evanescent field interactions improved surface functionalization directly increase the effective optical path length and lead to higher absorbance responses, thereby validating the Beer–Lambert relationship in the context of evanescent wave-based sensing.

The observed discrepancy between the insignificant intensity variation across BSA concentrations in Figure 5(b) and the clear absorbance increase in Figure 6(b) can be attributed to the inherent limitations in light coupling efficiency and mode confinement within the tapered optical fiber sensor. Although the Beer–Lambert law predicts an inverse relationship between absorbance and transmitted light intensity, this relationship assumes a uniform and well-defined optical path length through the sample. In tapered optical fibers, only a fraction of the guided light propagates as an evanescent wave that interacts with the external medium, while the remaining light continues to travel through the fiber core with minimal interaction. As a result, the detected intensity differences may appear negligible due to the small portion of light affected by the analyte. 

Additionally, factors such as modal dispersion, fiber bending losses, and imperfect alignment during dip-coating may introduce variability and suppress measurable changes in raw intensity values. In contrast, the absorbance spectrum shown in Figure 6(b) is derived from processed data that accounts for baseline corrections and spectral integration, making it more sensitive to subtle changes in molecular interaction and concentration. Therefore, while raw intensity variations may not appear significant in Figure 5(b), the absorbance calculation effectively reveals concentration-dependent trends consistent with the expected optical behavior.
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Figure 5. Light intensity value for UV-VIS-NIR wavelength using (a) cuvette; (b) tapered optical fiber and (c) changes in light intensity value for UV-VIS-NIR wavelength using biofunctionalized tapered optical fiber
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Figure 6. Absorbance value for UV-VIS-NIR wavelength using (a) cuvette; (b) non-bio functionalized tapered optical fiber and (c) bio functionalized tapered optical fiber

DISCUSSION AND RESULTS
Comparative Analysis of Various BSA Detection
Table 1 provides a concise summary of the key findings in spectrum intensity and absorbance, offering a clear overview of the critical data points that underpin this study's analysis.

Table 1 Comparative Analysis of Various BSA Detection

	RANGE
	CUVETTE
	NON-BIO FUCTIONALIZEDTAPERED OPTICAL FIBER
	BIO FUNCTIONALIZED TAPERED OPTICAL FIBER

	Intensity

	UV
189-380 nm
	· Low intensity
· Highest peak: 236 nn
	· 189-220nm: rapid increment
· 220-340 nm: Rises gradually
	· Noise
· Highest concentrations = lowest intensity

	Visible 
(380– 750 nm)
	· 350-750 nm: gradually decreases 
· Highest peak: 582 nm
	· 380-750 nm: rises steadily
· Highest peak:
582 nm and-603 nm
	· Distinct profile spectrum
· Changes are greatest at the highest concentration.

	NIR 
(750 -1029 nm)
	· 750 – 1029 nm: gradually decreases
	750 – 1029 nm: gradually decreases
	· Lower concentration: maintained
· Higher concentration: progressive climb

	Absorbance

	UV 
(189 nm – 380 nm)
	· High absorbance: 229 and 277 nm
	· High absorbance: 340 nm
· Inverse relationship between absorbance and concentration
· An inverse relationship between absorbance and concentration below wavelength 340 nm. 
· High noise.
	· Highest concentration: low gap
· Lowest concentration: high gap
· High noise.

	Visible 
(380 nm – 750 nm)
	No absorbance detected
	· 380-647 nm: absorbance spectrum decrease.
· 648-750 nm: absorbance spectrum increase.
·  High noise.
	· Higher gap absorbance between 125 mg/dL and 62.5 mg/dL concentration.
· Low gap absorbance between 62.5 mg/dL and 31.25 mg/dL concentration.

	NIR 
(750 nm -1029 nm)
	No absorbance detected
	· The absorbance increased towards the longer wavelength.
· An inverse relationship with concentration.
· High noise
	· The highest absorbance is 62.5 mg/dL concentration, followed by 125 mg/dL and 31.25 mg/dL concentrations.
· High noise



Calibration Curve
The magnitude of light intensity and the absorption spectrum data are significant for detecting an analyte. This study utilized a comparison of the calibration curve in the UV band to assess the sensitivity. Figure 7 (a)(i)-(iii) displays the calibration curve for the total light intensity of the cuvette medium, non-bio functionalized tapered optical fiber, and bio functionalized tapered optical fiber. The sensitivity value in this experiment is negative because the decrease in light observed by the spectrometer is directly proportional to the increase in BSA content. The cuvettes demonstrated superior sensitivity values, followed by bio functionalized tapered optical fiber and non-bio functionalized tapered optical fiber. The sensitivity of non-bio functionalized tapered optical fiber was 99.96% lower than that of cuvette medium. The functionalized version, on the other hand, has demonstrated a 207.1% improvement in sensitivity, with values rising from -0.64962 to -1.99477. This enhancement was quantified by calculating the relative increase in sensitivity of BFTOF over NBTOF.


The bio functionalized tapered sensitivity value is merely 0.962% of the sensitivity seen on the cuvette because of a significant disparity in the intensity levels employed in the two scenarios. 

The calibration curve in Figure 7 (b)(i)-(iii) for absorbance mirrors the sensitivity pattern observed in the intensity calibration curve, highlighting critical differences in detection efficacy. Notably, the cuvette achieves the highest sensitivity at 0.00546, substantially outperforming the biofunctionalized and non-biofunctionalized tapered optical fibers, which demonstrate sensitivities of 0.00195 and 1.2228e-4, respectively. The non-bio functionalized tapered optical fiber sensitivity has dropped 97.76 percent from 0.00546 to 1.22286e-4 compared to the cuvette medium, which is comparable to the trend in light intensity. Remarkably, biofunctionalization enhances the sensitivity of the tapered optical fiber by an impressive 1494.72%. This significant improvement underscores the potential of biofunctionalized tapered fibers in precision sensing applications, positioning them as a compelling alternative in the field. This is based on the relative increase of BFTOF over NBTOF, calculated using:
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Figure 7. Calibration curve for cuvette, tapered optical fiber and biofunctionalized tapered optical fiber using (a) intensity and (b) absorbance measurement
Table 2 presents a comparison of BSA detection across four previous studies using optical methods. Although the photothermal lens technique demonstrates superior sensitivity compared to this study, it requires a significantly larger analyte volume of 1.4 mL. In contrast, this study successfully detects BSA with only 120 µL of analyte using a bio-functionalized tapered optical fiber sensor. 
Table 2 The reported BSA detection by optical sensor 

	No
	Optical Substrate
	Detection Method
	Detection Range
	Sensitivity
	Ref

	1
	Hollow−core micro-structured optical waveguides
	Transmission
	1000, 2000, 4000, 6000 mg/dl
	6.44 
mL/mg
	[27] 

	2
	quartz semi-microcell
	Photothermal lens signal
	0.05-7.5 mg/dl 
	0.0212 a.u./(μg/ml)
	[28] 

	3
	Cuvette
	Absorbance
	1,2,3,4,5,7.5, 10, 12.5, 15, 20, 25 and 50 nM
	-0.11835 (OD/nm)
	[29] 

	4
	Micro-taped-long-period fiber grating
	Wavelength shift
	40, 80, 120, 160, 200 mg/dl
	0.043 mg/mL
	[30] 

	5
	Bio functionalized tapered optical fiber
	Intensity
	125 mg/dl, 62.5 mg/dl & 31.25 mg/dl
	-1.9947 a.u/(mg/dl)
	This work

	6
	
	Absorbance
	125 mg/dl, 62.5 mg/dl & 31.25 mg/dl
	0.00195 a.u/(mg/dl)
	



CONCLUSION
In conclusion, this study provides a comprehensive evaluation of BSA detection using various sensing modalities, highlighting each approach's distinct advantages and limitations. The results demonstrate that while cuvettes offer superior sensitivity with high volume for analyte usage, the biofunctionalization significantly enhances the performance of tapered optical fibers, achieving a remarkable 1494% increase in sensitivity by using absorbance value and 206% by using intensity value. This improvement, although still lower than that of cuvettes, underscores the transformative potential of biofunctionalized tapered fibers in precision sensing applications. The time response analysis reveals critical insights into the interaction dynamics between BSA molecules and the sensing surfaces, with biofunctionalized fibers showing promise in achieving more stable and reliable measurements over time. The intensity and absorbance analyses further validate the effectiveness of these fibers in detecting BSA, particularly in the UV and visible spectra, where traditional cuvettes may fall short. Collectively, these findings position biofunctionalized tapered optical fibers as a compelling alternative in biosensing, with the potential to revolutionize detection methodologies in biomedical and environmental applications. The significant enhancements in sensitivity and stability contribute to the growing body of knowledge and pave the way for future innovations in fiber optic sensor design.
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