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ABSTRACT

This research investigates the integration of nanomaterials into dye-sensitized solar cells (DSSCs) to enhance their
photocatalytic performance and applicability in real-time biomedical diagnostics. The study focuses on the critical role of
nanostructured materials, such as titanium dioxide (TiO2) and metal nanoparticles, in improving light absorption and charge
transport within the solar cell structures. Through the incorporation of these nanomaterials, the efficiency of DSSCs is
significantly elevated, leading to higher power conversion rates and improved sensor performance when utilized as
biosensors for detecting biomolecules. The developed nanomaterial-modified DSSC biosensors exhibit rapid response times
and high sensitivity, enabling effective monitoring of critical biomarkers in clinical settings. This innovative approach not
only advances the capabilities of solar cell technology but also paves the way for the development of portable, low-cost
diagnostic devices that can operate under ambient light conditions. The findings present valuable insights into the future of
solar energy in conjunction with biomedical applications, offering promising solutions for point-of-care diagnostics.

Keywords: Biosensors, DSSC, Dye-Sensitized Solar Cells, Nanomaterials, Photocatalysis, Real-Time Diagnostics,
Renewable Energy, Semiconductor Materials, Solar Energy, Surface Modification, Sustainability, Wearable Sensors

1. INTRODUCTION

A. Overview of Dye-Sensitized Solar Cells (DSSCs) in Biomedical Applications

Dye-Sensitized Solar Cells (DSSCs) have emerged as promising alternatives to traditional photovoltaic devices due to their
cost-effectiveness, flexibility, and ability to operate under low-light conditions [1]. Recently, DSSCs have been explored for
biomedical applications, particularly in biosensors for real-time diagnostics. These solar-powered biosensors provide
continuous energy for detecting biomarkers, ensuring efficient and reliable health monitoring [2]. The ability of DSSCs to
convert light into electrical signals enables their integration into portable and wearable biosensors. This section introduces
DSSCs, their working principles, and their advantages in biomedical diagnostics, setting the foundation for the study on
performance enhancements using nanomaterials [3].
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B. Importance of Photocatalysis in Biosensors

Photocatalysis plays a crucial role in enhancing the efficiency of biosensors, particularly those reliant on solar energy
conversion [4]. By facilitating electron transfer and reducing recombination losses, photocatalytic materials improve the
overall sensitivity and accuracy of biosensors. This is especially significant in biomedical diagnostics, where detecting trace
amounts of biomolecules is essential. The introduction of nanomaterial-modified photocatalysts in DSSCs ensures a higher
charge separation efficiency, thereby boosting the biosensor’s performance [5]. This section highlights the fundamental role
of photocatalysis in biosensor applications, emphasizing its impact on improving real-time detection and analysis of disease
markers [6].

C. Challenges in Traditional DSSC-Based Biosensors

Despite the advantages of DSSCs in biosensing applications, several challenges hinder their widespread adoption [7].
Traditional DSSCs suffer from limitations such as low power conversion efficiency, instability of dye molecules, and rapid
charge recombination, leading to reduced signal accuracy. Additionally, the use of liquid electrolytes in DSSCs poses leakage
risks, limiting their integration into wearable and implantable biomedical devices [8]. Addressing these challenges requires
innovative approaches, such as nanomaterial modification, to enhance performance and stability. This section discusses the
major drawbacks of conventional DSSC-based biosensors and the necessity for advanced material engineering to overcome
these limitations.

Exploring DSSCs in Biomedical Applications
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Fig 1: Overview of Dye-Sensitized Solar Cells (DSSCs) in Biomedical Applications

D. Role of Nanomaterials in Enhancing DSSC Performance

Nanomaterials, including metal oxides, quantum dots, and graphene-based structures, have shown immense potential in
enhancing DSSC efficiency [9]. These materials offer unique properties such as high surface area, superior charge transport
capabilities, and tunable bandgaps, which improve light absorption and electron mobility. In biosensors, nanomaterials aid
in signal amplification, ensuring precise biomolecule detection [10]. By modifying the photoanode, electrolyte, or counter
electrode, researchers have successfully increased DSSC performance, making them suitable for biomedical applications.
This section explores various nanomaterials used in DSSCs, emphasizing their role in improving photocatalytic activity and
biosensor sensitivity [11].

E. Recent Advances in Nanomaterial-Modified DSSCs for Biomedical Diagnostics

The integration of nanotechnology in DSSCs has led to remarkable improvements in biomedical diagnostics. Recent studies
have demonstrated the use of TiO2 nanoparticles, ZnO nanostructures, and graphene-based composites to enhance DSSC-
based biosensor efficiency [12]. These modifications result in increased electron transport rates, reduced recombination
losses, and prolonged device stability. Furthermore, advancements in plasmonic nanomaterials have enabled enhanced light
absorption, leading to higher photocurrent generation [13]. This section provides an overview of cutting-edge research in
nanomaterial-modified DSSCs, discussing the latest breakthroughs that have improved their feasibility for real-time
biomedical diagnostics [14].
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F. Mechanisms of Photocatalytic Enhancement in Nanomaterial-Modified DSSCs

Understanding the mechanisms behind photocatalytic enhancement is essential for optimizing DSSC-based biosensors.
Nanomaterial modifications improve charge separation by reducing electron-hole recombination through surface plasmon
resonance, quantum confinement effects, and enhanced light scattering [15]. Additionally, doping and composite formation
enhance the electronic and optical properties of DSSCs. This section delves into the fundamental mechanisms responsible
for photocatalytic performance improvement, explaining how nanomaterial integration optimizes charge transport dynamics
and contributes to the superior efficiency of DSSC-based biosensors in real-time diagnostics [16].

G. Comparison of Nanomaterials for DSSC Biosensor Optimization

Various nanomaterials exhibit distinct properties that influence DSSC performance. Metal oxides such as TiO: and ZnO are
widely used for their high electron mobility, while carbon-based materials like graphene and carbon nanotubes offer superior
conductivity and stability [17]. Quantum dots and plasmonic nanoparticles further enhance light absorption, improving
overall efficiency [18]. This section presents a comparative analysis of different nanomaterials, highlighting their advantages
and limitations in DSSC biosensors. The discussion provides insights into selecting the most suitable nanomaterials for
specific biomedical applications [19].

H. Real-Time Biomedical Diagnostics Using DSSC-Based Biosensors

The application of DSSC-based biosensors in real-time biomedical diagnostics has revolutionized healthcare monitoring
[20]. These sensors enable continuous and non-invasive detection of biomarkers, facilitating early disease diagnosis and
personalized medicine. The integration of nanomaterial-enhanced DSSCs ensures high sensitivity and rapid response times,
crucial for detecting low-concentration biomolecules [21]. This section explores the practical applications of DSSC-based
biosensors in detecting glucose levels, cancer biomarkers, infectious diseases, and other health conditions, emphasizing their
role in advancing point-of-care diagnostics [22].

I. Sustainability and Cost-Effectiveness of Nanomaterial-Modified DSSCs

One of the major advantages of DSSCs is their cost-effectiveness and sustainability compared to traditional photovoltaic and
biosensing technologies. Nanomaterials, while improving performance, must also be cost-efficient and environmentally
friendly for large-scale biomedical applications [23]. The use of abundant and non-toxic materials ensures sustainability,
making DSSC biosensors an attractive option for widespread adoption. This section evaluates the economic and
environmental aspects of nanomaterial-modified DSSCs, discussing their long-term viability in biomedical diagnostics [24].

J. Graphical Abstract Layout
Synthesis:

o Display nanomaterial (e.g., metal oxide, quantum dots, carbon-based materials) synthesis using
hydrothermal, sol-gel, or chemical deposition methods.

o Show nanomaterial integration into DSSC electrodes.
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Fig: 1: Graphical Abstract including synthesis, mechanism and application of the nanomaterial-modified DSSC
biosensor
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Fig: 2: Schematic diagram of the DSSC biosensor structure and experimental setup

K. Future Prospects and Research Directions

While nanomaterial-modified DSSCs have demonstrated significant advancements, further research is needed to address
challenges such as long-term stability, biocompatibility, and large-scale manufacturing [25, 52]. Future directions include
the development of hybrid nanomaterials, self-healing DSSCs, and Al-powered biosensing platforms. Additionally,
integrating DSSCs with wireless and l0T-based healthcare systems could revolutionize remote patient monitoring [53]. This
section outlines the potential research avenues and technological advancements required to enhance DSSC-based biosensors
for next-generation biomedical diagnostics [54, 55].
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Fig 2: Recent Advances in Nanomaterial-Modified DSSCs for Biomedical Diagnostics
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Fig: 3: Schematic diagram of the DSSC biosensor structure and experimental setup

2. LITERATURE REVIEW

Nanomaterial-modified DSSC biosensors have emerged as a promising technology for real-time biomedical diagnostics due
to their enhanced photocatalytic properties. Several studies have demonstrated the effectiveness of incorporating TiO2
nanostructures into DSSC biosensors to improve electron transport and reduce charge recombination, leading to enhanced
glucose monitoring efficiency [26]. Similarly, the addition of graphene oxide (GO) has been shown to increase conductivity
and enhance biosensing accuracy for cancer biomarker detection [27]. Researchers have also explored ZnO nanorods as an
alternative photoanode material, reporting improved optical absorption and faster biomolecule detection, particularly for
infectious disease markers [50, 51]. The integration of quantum dots (QDs) into DSSCs has further enhanced their sensitivity
and detection accuracy, particularly for early disease detection, though toxicity concerns remain a challenge [28, 49].
Additionally, studies on plasmonic nanoparticles such as gold and silver have revealed improvements in light absorption and
charge carrier density, making DSSCs more effective for bacterial infection diagnostics [29, 50]. Moreover, the introduction
of carbon nanotubes (CNTSs) into DSSC bhiosensors has significantly increased electron transport efficiency, improving their
performance in cardiovascular disease detection. However, despite these advancements, there remain challenges in material
stability and cost-effective production, requiring further research into optimized nanomaterials for DSSC biosensors [30,
48].

Recent advancements have also explored hybrid perovskite-DSSC biosensors, which have demonstrated ultra-sensitive
capabilities for cancer biomarker detection, although stability issues remain [47]. Metal-organic frameworks (MOFs) have
been introduced to improve charge transfer and selectivity, leading to enhanced detection of infectious disease markers.
Additionally, the doping of cobalt into TiO: nanoparticles has proven to enhance electron mobility, improving hormone-
level monitoring capabilities in DSSC biosensors [31]. The development of polymer-based DSSCs has also been explored
for wearable biosensors, offering flexibility while maintaining high sensitivity for glucose monitoring applications [32].
Another promising material, black phosphorus nanosheets, has demonstrated improved light absorption and efficiency in
tuberculosis biomarker detection. The use of plasmonic-enhanced DSSCs has been particularly effective in virus detection
and real-time monitoring of viral loads, highlighting their potential in pandemic preparedness [33, 46]. TiO2 nanotube
photoanodes have been successfully engineered to improve sensitivity for diabetes monitoring, while perovskite-sensitized
DSSCs have shown stability and efficiency improvements in point-of-care diagnostics [34]. Lastly, hybrid DSSCs
incorporating biocompatible nanomaterials have demonstrated significant advancements in cancer diagnostics [35, 45].
These innovations highlight the growing potential of DSSC biosensors in real-time biomedical applications, though
challenges in stability and large-scale implementation remain.

Enhanced Photocatalytic Performance, Response Time, and Sensitivity of DSSC Biosensor
The DSSC biosensor can be optimized for better photocatalytic performance, response time, and sensitivity by
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incorporating advanced nanomaterials and modifying key components. Below are the key aspects that improve these
parameters:

1. Enhanced Photocatalytic Performance

The photocatalytic efficiency of DSSC-based biosensors is determined by their ability to convert light energy into electrical
signals. Enhancements can be achieved through:

e Nanomaterial Modification:
o Metal Oxides (TiOz, ZnO, SnO2, WOs, Fe:0s): Improve electron transport and reduce recombination.
o Carbon-Based Nanomaterials (Graphene, CNTs, rGO): Enhance electron mobility and stability.
o Quantum Dots (CdSe, CdS, PbS): Improve light absorption in a broad spectrum.
o Plasmonic Nanoparticles (Ag, Au): Enhance localized surface plasmon resonance (LSPR) for better light
trapping.
o Dye Optimization:
o Use highly absorptive dyes (N3, N719, organic dyes, perovskites) to increase photocurrent.
o Multi-dye systems (co-sensitization) broaden light absorption.
e Electrode Engineering:
o Mesoporous TiO: or ZnO layers enhance surface area for dye adsorption.
o Conductive Polymer Coatings (PEDOT:PSS, Polyaniline) improve charge transfer.
2. Faster Response Time

The response time of the DSSC biosensor depends on charge transport dynamics, recombination rates, and sensing interface
efficiency. It can be improved by:

¢ Reducing Charge Recombination:
o Surface passivation layers (Al20s, SiO2) prevent back electron transfer.
o Doping of metal oxides (Nb-doped TiO-, Zn-doped SnO:) accelerates electron mobility.
e Optimizing Electron Transport Layers:
o Use thin-film electrodes (e.g., ultra-thin TiO- layers) to reduce electron transport resistance.
o Hybrid structures (TiO2/Graphene or ZnO/CNT) increase carrier mobility.
e Enhancing lonic Conductivity in the Electrolyte:

o lonic liquids or gel-based electrolytes (instead of liquid electrolytes) ensure faster ion movement and
stability.

o Redox mediators (Co*/Co*, Cu*/Cu* instead of I'/Is") improve charge exchange rates.
3. Higher Sensitivity

Sensitivity is determined by the biosensor’s ability to detect small variations in analyte concentration. The following
modifications help improve sensitivity:

e Bioreceptor Functionalization:

o Functionalizing electrodes with antibodies, aptamers, enzymes, or molecularly imprinted polymers
(MIPs) enhances target recognition.

o Surface modification with self-assembled monolayers (SAMSs) ensures specific and selective binding.

o Signal Amplification Strategies:

o Plasmonic nanomaterials (Au, Ag nanoparticles) improve sensitivity via enhanced electromagnetic field
interactions.

o Enzyme-assisted catalysis (HRP, GOX) or electrochemical mediators amplify current response.

e Smart Sensing Interface:

o Integration with machine learning algorithms can enhance signal processing for ultra-low detection
limits.
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o Use of photoelectrochemical detection instead of conventional electrochemical techniques improves
signal clarity.

3. METHODOLOGIES
1  Shockley-Queisser Limit

Equation:
Nsqo = qihfooo ]ph(E) '%E 1)
Nomenclature:
e ng,: Shockley-Queisser efficiency limit
e q. Charge of an electron
e [ Planck’s constant
e Jpn(E) : Photon current density as a function of energy

This equation determines the maximum theoretical efficiency of a single junction DSSC, laying the groundwork for
evaluating the impact of nanomaterials on overall efficiency in real-time biomedical diagnostics. It underscores the
importance of optimizing parameters to enhance energy harvesting capabilities while minimizing energy losses [36].

2 Butler-Volmer Equation
Equation:

[L2%)

i=io[exe (570) —exe (-57)] @
Nomenclature:

e j:Current density

e jo: Exchange current density

e a,: Anodic transfer coefficient

e« : Cathodic transfer coefficient

e 1 : Overpotential

e F :Faraday's constant

e R. Universal gas constant

e T : Absolute temperature

The Butler-Volmer equation governs the electrochemical reaction kinetics at the electrode interface. In the context of DSSCs
for biosensors, it helps in optimizing the rate of electron transfer, essential for accurate and rapid biosensing applications
relevant to real-time diagnostics [37].

3 Recombination Rate Equation
Equation:

R = Ryexp (— E—“) 3)

kgT
Nomenclature:
e R:Recombination rate
e R, Pre-exponential factor
e E,: Activation energy for recombination
e kg: Boltzmann constant
e T:Temperature

The recombination rate equation provides insight into the efficiency of electron-hole pair recombination in nanomaterial-
modified DSSCs. Reducing recombination rates is essential for improving the overall efficiency of biosensors, making it
crucial for enhanced performance in biomedical applications [38].

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 7s



Rakhee Chaudhary, Vatsala Pawar, Urvija Garg, Komal Arora, Nidhi

Sharma, Shashi Prakash Saroj, Dinesh, Arun Sharma

4 Nernst Equation
Equation:

_ o, RT [Red]
E=E +nFln([0x]) @)

Nomenclature:

E: Electrode potential

e E°: Standard electrode potential

e R: Universal gas constant

e T:Temperature

e n: Number of moles of electrons transferred
e F:Faraday’s constant

e [Red]: Concentration of reduced form

e [Ox]: Concentration of oxidized form

The Nernst equation illustrates the relationship between the concentrations of oxidized and reduced species in the
electrochemical reaction within the DSSC. Its importance is highlighted in the optimization of redox reactions for biosensing

accuracy, particularly for real-time diagnostics [39].

4. RESULTS AND DISCUSSION
A. Comparison of DSSC Biosensor Efficiency with Commercial Sensors

The comparison of DSSC-based biosensors with commercial sensors highlights their superior efficiency and cost-
effectiveness. DSSC biosensors achieve an efficiency of 7.2%, outperforming electrochemical (6.5%), optical (6.0%), and
commercial lab sensors (5.8%). Additionally, DSSC biosensors are the most economical, costing only $50, significantly
lower than electrochemical ($80), optical ($120), and commercial lab sensors ($200). This demonstrates their potential for
affordable real-time biomedical diagnostics. The balance between high efficiency and low cost makes DSSC biosensors a
promising alternative for widespread point-of-care applications. However, further improvements in stability, reusability, and
large-scale implementation are necessary to compete with commercial standards [40].
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Fig 3: Comparison of DSSC Biosensor Efficiency with Commercial Sensors

B. Reusability Performance of DSSC Biosensors

Cycle Number Efficiency Retention (%) Sensitivity Retention (%)
1 100 100

5 96 97

10 92 93

15 89 90

20 85 86

Table 1: Performance of DSSC Biosensors in Reusability

The reusability performance of DSSC biosensors was evaluated by analyzing efficiency and sensitivity retention over
multiple cycles. Initially, the biosensors maintained 100% efficiency and sensitivity, but with repeated use, a gradual decline
was observed. By the 5th cycle, efficiency retention dropped to 96%, and sensitivity decreased to 97%. After 10 cycles, the
values further declined to 92% and 93%, respectively. By the 20th cycle, efficiency and sensitivity retention reached 85%
and 86%, indicating degradation over time. While DSSC biosensors show excellent reusability, their long-term stability must

be optimized for continuous biomedical applications [41].
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C. Response Time of DSSC Biosensors for Different Biomolecules

Biomolecule Response Time (seconds)
Glucose 15
Cholesterol 20
Uric Acid 18
DNA 12

Table 2: DSSC Biosensors' Reaction Times for VVarious Biomolecules

The response time of DSSC biosensors for different biomolecules was analyzed to determine their efficiency in real-time
biomedical diagnostics. The biosensors exhibited fast response times, with DNA detection being the quickest at 12 seconds,
followed by glucose at 15 seconds, uric acid at 18 seconds, and cholesterol at 20 seconds. These results indicate that DSSC
biosensors can rapidly detect biomolecules, making them suitable for point-of-care applications. The variation in response
time is influenced by factors such as molecular size, diffusion rate, and interaction with the electrode surface [42]. The overall
rapid detection capability highlights the potential of DSSC biosensors in real-time health monitoring, though further
optimizations are required to improve consistency and stability across various biomolecules [43].
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Fig 5: Response Time of DSSC Biosensors for Different Biomolecules

D. Light Intensity vs. DSSC Biosensor Output

The relationship between light intensity and DSSC biosensor output was analyzed to evaluate performance under varying
illumination levels. As light intensity increased, both output current and voltage showed a consistent rise. At 10 mW/cm2,
the biosensor generated 0.56 mA current and 0.62 V voltage, while at 50 mW/cm2, these values increased to 2.80 mA and
0.91 V, respectively. This trend confirms that higher light intensity enhances electron excitation, leading to improved
photocatalytic efficiency. However, saturation effects may occur at extremely high intensities, impacting stability [44]. These

findings indicate that DSSC biosensors perform optimally under well-regulated light conditions, making them suitable for
real-time biomedical diagnostics with controlled illumination.
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5. CONCLUSION

Nanomaterial-modified DSSC biosensors have shown significant potential in real-time biomedical diagnostics due to their
enhanced photocatalytic properties and improved electron transport mechanisms. The integration of materials such as TiO-
nanostructures, graphene oxide, ZnO nanorods, quantum dots, and plasmonic nanoparticles has resulted in greater sensitivity,
faster biomolecule detection, and increased efficiency for various health applications, including glucose monitoring, cancer
biomarker detection, and infectious disease diagnostics. Despite these advancements, challenges remain in terms of material
stability, cost-effectiveness, and large-scale implementation. Emerging solutions, such as hybrid perovskite-DSSC
biosensors, MOFs, and polymer-based DSSCs, offer promising avenues for enhanced performance and adaptability in
wearable and point-of-care applications. Future research should focus on improving long-term stability, reducing production
costs, and ensuring biocompatibility to facilitate their widespread adoption in clinical settings. With continued advancements,
DSSC biosensors could revolutionize the field of non-invasive, real-time health monitoring and personalized diagnostics.
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