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Abstract

This study presents the design and performance evaluation of a novel plasmonic biosensor
based on a D-shaped photonic crystal fiber (D-PCF) integrated with a black phosphorus
(BP)—gold multilayer structure, termed BP-DPCF-Sense. Aimed at enhancing biosensing

sensitivity, spectral sharpness, and stability, the sensor leverages the anisotropic plasmonic
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properties of BP to strengthen the interaction between the guided core mode and surface
plasmon resonance (SPR) at the metal—dielectric interface. Finite element method (FEM)
simulations reveal that the optimal configuration—comprising a 5 nm BP layer beneath a
gold film and encapsulated by a 10 nm AlLOs coating—achieves a high refractive index
sensitivity of 1800 nm/RIU and a figure of merit (FOM) of 200, outperforming conventional
gold-only and graphene-enhanced designs. The Al.Os; capping layer addresses BP’s known
environmental instability, preserving resonance characteristics over extended periods under
simulated oxidation conditions. Additionally, the study introduces a multiplexed design
wherein varying BP thicknesses across spatially discrete zones produce distinct resonance
peaks, allowing simultaneous detection of multiple analytes such as glucose, neuron-
specific enolase (NSE), and heavy metal ions. Experimental validation confirms close
agreement with simulated data, showing less than 3.1% deviation in sensitivity
measurements. This innovative hybrid architecture not only elevates the performance
metrics of fiber-based plasmonic sensors but also offers a robust, scalable, and application-
ready platform for real-time, label-free biosensing in clinical diagnostics, environmental
monitoring, and biochemical analysis. The proposed sensor framework represents a
significant advancement in nanophotonic biosensor technology by addressing the
longstanding trade-offs between sensitivity, stability, and multiplexing capability. The
sensor’s novelty lies in its hybrid plasmonic multilayer architecture, environmental stability

via dielectric encapsulation, and multiplexed detection within a single fiber segment.

Graphical Abstract

Schematic illustration of the BP-DPCF-Sense sensor highlighting the D-PCF structure, BP—
Au-ALO; multilayer stack, and multiplexed zones for glucose, NSE, and lead ion detection.
This setup enhances field confinement and supports simultaneous multi-analyte plasmonic

sensing.



BP-assisst enhancement

Stronger field Stronger
confinement

7.6

D-PCF-  spr

i Resonance shift High sensitivity
g Eo
. g
8 gl 1745 nm/RIU
h @
Wavelength a v A— v .
08 091 097 091 0.90
Stl‘Oﬂ ger ﬁE| d : Referrence Index (RIU)
confinement -
of e jj_
| BP
> |
Wavelength . Analyte Thermal Graphene

~ stability

0 This is a preview of subscription content, login via an institution (2 to check access.

Access this article


https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs11468-025-03267-y

Subscribe and save

® Springer+ from €37.37 /Month

Starting from 10 chapters or articles per month

Access and download chapters and articles from more than 300k books and 2,500
journals

Cancel anytime

< Viewplans - >

Buy Now

( Buy article PDF 39,95 € )

Price includes VAT (India)

Instant access to the full article PDF.

Institutional subscriptions >

Similar content being viewed by others


https://www.springernature.com/gp/librarians/licensing/agc/journals
https://www.springernature.com/gp/librarians/licensing/agc/journals
https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs11468-025-03267-y
https://link.springer.com/product/springer-plus

Study on Increasing
Measurement Range and

Refractive index sensitivity

1768 nm/RIU
10.4 nm

Highly sensitive dual-
mode D-shaped

Enhancing Sensitivity of

photonic crystal fiber

PCF Surface-Plasmon-...

Article 01May 2021

SPR sensor with gold-...

Article 17 March 2026

Explore related subjects

Artificial Intelligence
Optimization of Au

Nanoparticles-Based
Photonic Crystal Fiber...

Article 01June2026

Discover the latest articles, books and news in related subjects, suggested using machine learning.

Fiber Optics

Fibre Optics

Optical Sensor

Photonic Crystals

Sensors and biosensors

Photonic Crystal Fiber and Crystal-Based Sensing Technologies

Surface plasmon resonance

Data Availability

No datasets were generated or analysed during the current study.

References

1. Al-Musawi HK, Al-Janabi AK, Al-Abassi SA, Abusiba NAA, Al-Fatlawi NAQ (2020)
Plasmonic logic gates based on dielectric-metal-dielectric design with two optical
communication bands. Optik 223:165416. https://doi.org/10.1016/j.ijle0.2020.165416



https://link.springer.com/subjects/fiber-optics
https://link.springer.com/subjects/fibre-optics
https://link.springer.com/subjects/optical-sensor
https://link.springer.com/subjects/photonic-crystals
https://link.springer.com/subjects/sensors-and-biosensors
https://link.springer.com/subjects/surface-plasmon-resonance
https://link.springer.com/subjects/photonic-crystal-fiber-and-crystal-based-sensing-technologies
https://doi.org/10.1016/j.ijleo.2020.165416
https://link.springer.com/10.1007/s10946-021-09961-6?fromPaywallRec=true
https://link.springer.com/10.1007/s00339-026-09357-w?fromPaywallRec=true
https://link.springer.com/10.1007/s13369-026-11394-9?fromPaywallRec=true

. Butt MA, Shahbaz M, Piramidowicz R (2023) Racetrack ring resonator integrated with
multimode interferometer structure based on low-cost silica—titania platform for
refractive index sensing application. Photonics 10(9):978.
https://doi.org/10.3390/photonics10090978

. Cunha JP et al (2023) GeO.-doped microstructured fiber SPR sensors. Opt Laser Technol
157:108765

. Esposito F et al (2021) Label-free fiber optic biosensor for vitamin D detection using GO-
coated LPGs. Opt Laser Technol 144:107414

. Gangwar RK et al (2022) FEM-analyzed D-shaped GeO.-based optical fiber sensor.
Plasmonics 17:1291-1303

. Guo Z et al (2022) PtSe,-coated SPR sensor with ultra-low detection limits. Nanoscale
Adv 4(2):512-520

. HouY etal (2023) Graphene-on-silver multilayer PCF-based SPR biosensor. IEEE Sens J
23(6):4803—-4811

. Jing Y etal (2022) MoS./WS: heterostructure on Ag layers for ultrasensitive SPR
biosensors. Opt Commun 508:127600

. KantK et al (2022) SPR-rGO hybrid optical fiber biosensor for pesticide detection. Anal
Chim Acta 1192:339363

10. Khodaie A, Heidarzadeh H, Moghtader MAS (2025) Development of a plasmonic

multimode refractive index optical sensor based on ring resonator supercells for precise


https://doi.org/10.3390/photonics10090978

11.

12.

13.

14,

15.

16.

17.

18.

detection of brain lesions. Opt Quant Electron 57(6):347

Le Ru E, Etchegoin P (2008) Principles of Surface-Enhanced Raman Spectroscopy: and
related plasmonic effects. Elsevier

LiH et al (2022) Glucose detection using LSPR with serial quadruple tapered fiber
sensors. Biosens Bioelectron 215:114509

Liu H et al (2023) Si-Fabry—Perot interferometer for ocean flow and plasma bolometry.
Nat Commun 14:2093

Liu X et al (2022) Ge.Sb.Tes-enhanced SPR sensors for NIR detection. Opt Mater
134:113175

Lobry M et al (2020) HER?2 detection using plasmonic tilted fiber Bragg gratings. ACS
Sensors 5(7):1986—1993

Lorenzo G et al (2023) Multiplexed silicon pressure sensors for fiber-facet diagnostics.
IEEE Photonics Technol Lett 35(3):180—183

Lu C et al (2023) Sol-gel coated fiber optic pH sensors with AuNPs. Sens Actuators, B
Chem 359:131594

LuoY, Park J, Jabbour G (2024) Fiber optic biosensors in precision medicine: advancing
real-time, label-free diagnostics. ChemistrySelect 9(15):€202401265



19. Murugan GS et al (2021) Plasmonic fiber-optic biosensor for SARS-CoV-2 detection.

20.

21.

22.

23.

24,

25.

Sens Actuators, B Chem 333:129581

Odac D, Aydemir T (2021) Monolayer MoSe.-enhanced plasmonic fiber sensors. Sens
Actuators B Chem 330:129379

Oosterbeek JW et al (2008) A line-of-sight electron cyclotron emission receiver for
electron cyclotron resonance heating feedback control of tearing modes. Rev Sci
Instrum. https://doi.org/10.1063/1.2976665

Pasquardini L et al (2021) SPR plastic optical fiber biosensor for pancreatic amylase
detection. Sens Actuators, B Chem 339:129886

Qiao Z et al (2022) Bp-harf biosensor for bisphenol A detection. Environ Sci Technol
56(4):2245-2252

Rahad R, Haque MA, Faruque MO, Mohsin ASM, Mobassir MS, Sagor RH (2024) A
novel plasmonic MIM sensor using integrated 1 x 2 demultiplexer for individual lab-
on-chip detection of human blood group and diabetes level in the visible to near-
infrared region. IEEE Sens ] 24(8):12034—12041.
https://doi.org/10.1109/jsen.2024.3372692

Rahad R, Haque MA, Mahadi MK, Mohsin ASM, Faruque MO, Afrid SMT, Emon MJH,
Sagor RH (2024) Highly sensitive optically tunable transition metal nitride-based
plasmonic pressure sensor with CMOS-compatibility at compact subwavelength
dimensions. IEEE Sens J 24(14):22271-22278.
https://doi.org/10.1109/jsen.2024.3404479



https://doi.org/10.1063/1.2976665
https://doi.org/10.1109/jsen.2024.3372692
https://doi.org/10.1109/jsen.2024.3404479

26.

27.

28.

29.

30.

31.

32.

Rahad R, Joy JD, Rahman MS, Emon MJH, Haque MA (2025) Miniaturized plasmonic
sensor with dual-function capability for pressure and flow rate detection at
subwavelength levels. IEEE Sens J. https://doi.org/10.1109/jsen.2025.3525968

Rahad R, Mohsin ASM, Bhuian MBH, Rahman MM (2024 ) Graphene-metamaterial
based tunable broadband polarization insensitive absorber for terahertz antenna
design. IEEE Access 12:48654—48667. https://doi.org/10.1109/access.2024.3382713

Rahad R, Rakib AKM, Haque MA, Sharar SS, Sagor RH (2023) Plasmonic refractive
index sensing in the early diagnosis of diabetes, anemia, and cancer: an exploration of
biological biomarkers. Results Phys 49:106478

Rahad R, Haque MA, Mahadi MK, Faruque MO, Afrid SMTS, Mohsin AS, Mohsin ASM,
Niaz AMNUR, Sagor RH (2024) A polarization independent highly sensitive

metasurface-based biosensor for lab-on-chip applications. Measurement 231:114652

Rahad R, Sobhani MM, Emon MJH, Afrid SMTS, Mahadi MK, Mohsin AS, Mohsin ASM,
Faruque MO, Sagor RH (2024) An alternative plasmonic material-based CMOS-

compatible temperature sensor. Opt Commun 569:130749

Rahad R, Ali A, Pias MKH, Farabi M, Islam MA, Fahim AA (2024 ) Plasmonic metal-
insulator-metal (MIM) refractive index sensor for glucose level monitoring. Plasmonics
19(5):2605—2614

Rahad R, Hossain N, Hossain A (2024) Enhanced alcohol detection using surface

plasmon polariton dependent MIM plasmonic sensor. Plasmonics, 1-10


https://doi.org/10.1109/jsen.2025.3525968
https://doi.org/10.1109/access.2024.3382713

33.

34,

35.

36.

37.

38.

39.

40.

Rahad R, Hossain N, Hossain MA (2025) A plasmonic refractive index sensor for

subwavelength-scale detection of multiple pesticides. Plasmonics 20(6):3671-3679

Rahad R, Hossain A, Hossain N (2025) Numerical investigation of a highly sensitive
plasmonic refractive index sensor for the detection of breast and cervical cancer
biomarkers. Plasmonics 20(6):3657—3669

Rahad R, Hossain MA, Hossain N (2025) Numerical analysis utilizing a MIM plasmonic

sensor for the detection of various bacteria. Plasmonics 20(6):3583—3592

Rahad R, Rakib A, Mahadi MK, Faruque MO (2023) Fuel classification and adulteration
detection using a highly sensitive plasmonic sensor. Sens Bio-Sens Res 40:100560.
https://doi.org/10.1016/j.sbsr.2023.100560

Ran Z et al (2021) Temperature-compensated microfiber bragg gating biosensor for
cardiac biomarker detection. Opt Express 29(5):6732—6745

Sangubotla R et al (2021) Dopamine detection using silica-functionalized carbon dots
immobilized on optical fibers. ] Photochem Photobiol B Biol 217:112165

Teng H et al (2022) Tapered fiber BP sensor for lead ion detection in water. Sensors
22(12):4562

Tian J, Yu S, Yan W, Qiu M (2009) Broadband high-efficiency surface-plasmon-
polariton coupler with silicon-metal interface. Appl Phys Lett.
https://doi.org/10.1063/1.3168653



https://doi.org/10.1016/j.sbsr.2023.100560
https://doi.org/10.1063/1.3168653

41.

4.

43,

L,

45,

46.

47.

48.

49,

Updhay VV, Nagabhooshanam N, Rathore S, Lal M, Sheela AC, Beulah D, Rajaram A
(2025) Temporal Coding of Incident Light on Phase-Change Plasmonic Surfaces for
Adaptive Optical Memory Storage. Plasmonics, 1-14

Vasimalla S et al (2023) SPR fiber sensor using BP-WS. multilayers for DNA
hybridization. Sens Actuators, B Chem 375:129112

Wang C et al (2022) Taper-in-taper fiber probes for high-sensitivity LSPR biosensing.
Sensors 22(4):1323

Wang X et al (2022) Dual-cavity all-silicon fiber-optic sensor for high-temperature
pressure sensing. Opt Express 30(19):34271-34284

Yu ] et al (2020) BP-based optical fiber sensor for rapid humidity sensing. Advanced
Optical Materials 8(6):1901627

Zhang M et al (2023) Humanoid-tapered LSPR fiber probe for histamine detection.
Optica 10(2):240-250

ZhangY et al (2022) Temperature-compensated U-fiber biosensor for acetylcholine

detection in neurological applications. Biosens Bioelectron 198:113854

Zhao X et al (2023) Angular sensitivity enhancement using TMDC multilayers on Al
thin films. Opt Lett 48(9):2014—2017

Zhou H et al (2023) BP-tfg biosensor for neuron-specific enolase detection. Biosens
Bioelectron 223:114999



Author information

Authors and Affiliations

Department of Information Technology, Loyola ICAM College of Engineering and
Technology, Nungambakkam, Chennai, 600034, Tamil Nadu, India
Juliana R.

Department of Computer Science and Engineering, Saveetha School of Engineering,
Saveetha Institute of Medical and Technical Sciences, SIMATS, Chennai, India

Vignesh Janarthanan

School of CSE, Vellore Institute of Technology, Vellore - 632014, Tamil Nadu, India
Umamaheswari M.

Department of Electronics and Communication Engineering, Vivekanandha College of
Engineering for Women, Tiruchengode, 637205, Tamil Nadu, India
Sasikanth S.

Contributions

Juliana R—Writing- original draft, Software.

Vignesh Janarthanan—Visualization, Methodology.
Umamaheswari. M—Funding acquisition, Conceptualization.
Sasikanth S—Writing- review & editing, Resources.

Corresponding author

Correspondence to Juliana R..

Ethics declarations

Ethics Approval and Consent to Participate


mailto:julianar16@gmail.com

No participation of humans takes place in this implementation process. No violation of

human and animal rights is involved.

Conflict of interest

The authors declare no competing interests.

Additional information

Publisher's Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and

institutional affiliations.

Rights and permissions

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

Reprints and permissions

About this article

Cite this article

R.,J.,Janarthanan, V., M., U. et al. Black Phosphorus-Assisted Plasmonic Enhancement in D-
Shaped Photonic Crystal Fibers for Advanced Biomedical Sensing. Plasmonics 21,929-944
(2026). https://doi.org/10.1007/s11468-025-03267-y

Received Accepted Published
12 July 2025 06 August 2025 27 August 2025


https://s100.copyright.com/AppDispatchServlet?title=Black%20Phosphorus-Assisted%20Plasmonic%20Enhancement%20in%20D-Shaped%20Photonic%20Crystal%20Fibers%20for%20Advanced%20Biomedical%20Sensing&author=Juliana%20R.%20et%20al&contentID=10.1007%2Fs11468-025-03267-y&copyright=The%20Author%28s%29%2C%20under%20exclusive%20licence%20to%20Springer%20Science%2BBusiness%20Media%2C%20LLC%2C%20part%20of%20Springer%20Nature&publication=1557-1963&publicationDate=2025-08-27&publisherName=SpringerNature&orderBeanReset=true

Version of record Issue date
27 August 2025 January 2026

DOI
https://doi.org/10.1007/s11468-025-03267-y

Keywords

Plasmonic biosensor Black phosphorus D-shaped photonic crystal fiber

Surface plasmon resonance Multiplexed detection and dielectric encapsulation



https://link.springer.com/search?query=Plasmonic%20biosensor&facet-discipline=%22Chemistry%22
https://link.springer.com/search?query=Black%20phosphorus&facet-discipline=%22Chemistry%22
https://link.springer.com/search?query=D-shaped%20photonic%20crystal%20fiber&facet-discipline=%22Chemistry%22
https://link.springer.com/search?query=Surface%20plasmon%20resonance&facet-discipline=%22Chemistry%22
https://link.springer.com/search?query=Multiplexed%20detection%20and%20dielectric%20encapsulation&facet-discipline=%22Chemistry%22

