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Abstract

:

In recent years, unidimensional photonic crystal-based biosensors have attracted significant attention due to their potential for label-free bio-detection of cells, proteins, and other organic molecules. These biosensors are based on alternating materials with different refractive indices and a cavity region in which biomolecules can be injected. In this study, we investigated numerically the optical properties of unidimensional photonic crystals based on [LiTaO3/MgF2], [LiTaO3/SiO2], [PbTiO3/MgF2], and [PbTiO3/SiO2] heterostructures, and focused our discussion on the detection of four kinds of extracellular vesicles. Our results demonstrated that the [PbTiO3/MgF2] photonic crystal biosensor exhibited the best biosensing performance, with a maximum value of the sensitivity of 511.3 nm/RIU. This study provides valuable insights into the use of perovskites materials, in particular, LiTaO3 and PbTiO3 for photonic crystal-based biosensors for various applications, including disease diagnosis and monitoring therapy responses.
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1. Introduction


Photonic crystals (PCs) are structures composed of alternating materials with different refractive indices leading to the manipulation of electromagnetic waves. These structures have unique properties, such as high reflectivity and wavelength selectivity in unidimensional photonic crystals (1D PCs) [1,2], directional emission, anisotropic behavior and guide modes of light in bidimensional photonic crystals (2D PCs) [3,4], and complete photonic bandgap formation, photonic quasicrystal and tunability in three-dimensional photonic crystals (3D PCs) [5,6,7]. In addition to these properties, PCs can slow light propagation [8] and enhanced light–matter interactions [9,10]. Alternating layers of materials with different refractive indices and thicknesses create unidimensional photonic crystals with a photonic bandgap (PBG) which transmits certain light wavelengths and reflects others [11]. Due to their simplicity and ease of fabrication, 1D PCs are the most widely studied among the various types of PCs. Inserting defect layer with different refractive indices or intentionally breaking the periodicity of the 1D PC creates localized states within the PBG. The resonance mode created by the defect layer or cavity region can make the 1D PC suitable for many applications, including optical filters for communication spectroscopy and imaging [12], high-refractive mirrors [13], anti-reflective coatings for solar cells and camera lenses [14,15], and photonic fibers for telecommunications and sensing applications [16,17,18].



One potential application of 1D PCs is biosensing, particularly for the detection of proteins [19,20], urine [21], biomarkers [22], and cancer cells [23]. The limitation of the 1D PC’s biosensor cavity region size was often disregarded in most reports discussing the detection of cancer cells [23,24,25,26]. Additionally, the technical limitations associated with using these biosensors in the infrared region, such as the requirement for very specific infrared light detectors, were not taken into account. The current study addresses the accurate design and numerical performance analysis of 1D PCs for the detection of extracellular vesicles (EVs) in the visible light range, with the aim of providing theoretical solutions to overcome the above-mentioned constraints. Detecting and analyzing EVs is of great interest in biomedical research and clinical diagnostics. EVs are tiny membrane-bound structures that are naturally released by all cells in biofluids, such as blood and urine [27], and play an important role as promising liquid biomarkers for human diseases [28]. The size of EVs can range from 30 nm to 5 μm [28] and they can be separated according to their size by density gradient centrifugation. Detection of EVs released from tumor cells plays an important role for the early detection of cancer as well as monitoring the response to cancer therapy. EVs are generally studied by flow cytometry (FC) and recently Rond et al. [29] demonstrated the possibility of using their refractive index to evaluate staining specificity of EVs by FC.



Material selection in the 1D PCs is critical for determining the sensitivity, selectivity, and overall performance of the PC-based biosensors. The choice of materials affects the optical properties, including the refractive index, absorption, transmission, and scattering of light. Moreover, the design parameters, such as the thickness and refractive indices of the layers, can be tailored to achieve maximum sensitivity and selectivity for a particular application. Titanium dioxide (TiO2) is the most studied material for PCs due to its high refractive index [30]. In this research, we will numerically investigate the use of two high-refractive index perovskite materials, lithium tantalate (LiTaO3) and lead titanate (PbTiO3) along with two lower-refractive index materials, magnesium fluoride (MgF2) and silicon dioxide (SiO2) to form the 1D PC structures. The LiTaO3 and PbTiO3 have excellent physical and optical properties, including high refractive indices, large electro-optic coefficients, and excellent piezoelectric properties [31,32]. On the other hand, MgF2 and SiO2 also possess unique physical and optical properties that make them ideal candidates for the 1D PC. In fact, the MgF2 has a high transmittance in the UV and visible regions [33]. Moreover, SiO2, in turn, has a low refractive index, compared with LiTaO3 and PbTiO3, and an excellent transparency in the visible region. The performance of LiTaO3/MgF2, LiTaO3/SiO2, PbTiO3/MgF2, and PbTiO3/ SiO2 configurations will be studied in detail to determine their suitability for the 1D PC. Moreover, by utilizing these materials in the 1D PC biosensor design, we aim to provide novel biosensor designs that can achieve high sensitivity, selectivity, and stability for the detection of EVs in biofluids.



In this paper, we conducted numerical simulations to study the optical properties of 1D PCs based on LiTaO3/MgF2, LiTaO3/SiO2, PbTiO3/MgF2, and PbTiO3/SiO2 heterostructures using the transfer matrix method (TMM). By controlling the thickness, periodicity, and the number of layers we designed 1D PCs with specific photonic bandgaps. We also investigated the optical properties of our PCs after including cavity regions of different thicknesses as a defect layer. We discussed the potential use of our 1D PCs for detecting different types of EVs, including fresh urinary EVs, activated platelets EVs, neuroblastoma EVs, and blood EVs, in the visible wavelength range. The sensitivity of the biosensors investigated here ranges from 168.5 nm/RIU, as a threshold value, to 511 nm/RIU, depending on the parameters and the nature of the target sample.




2. Theoretical Formulation and Proposed Design of the Biosensors


Figure 1 shows the 1D PC-based biosensor (1D PC-BIO) proposed in our study. The proposed structure consists of alternating layers of materials A and B with refractive indices nA and nB, respectively, where A represents the perovskite materials (LiTaO3 and PbTiO3) and B represents the materials with low refractive indices (i.e., SiO2 and MgF2). The refractive indices of LiTaO3, PbTiO3, SiO2 and MgF2 are 2.18 [34], 2.735 [35], 1.46 [36] and 1.378 [37], respectively.



The thicknesses of LiTaO3, PbTiO3, SiO2 and MgF2 were then calculated according to the equation   d =  λ 0  / 4 n  , as 61.9, 49.4, 92.5 and 97.9 nm, respectively. The defect layer (or cavity region), created in the middle of the periodic structure, is the nanochannel (the pink-colored layer in Figure 1) in which EVs can be injected for the detection process. The nanochannel can be filled with distilled water (DW) as a reference (nD = 1.333), and with the following EVs: Fresh urinary EVs (nD = 1.374, size less than 250 nm [38]), activated platelets EVs (nD = 1.39, size range 50–150 nm [39]), neuroblastoma EVs (nD = 1.393, size ranges from 50 to 150 nm for exosomes, and from 100 to 1000 nm for micro-vesicles [40]), and blood EVs (nD = 1.398). The refractive index of each EV can be found in [41].



The total number of layers is 2N in the case of the 1D PC (Figure S1) and 2N + 1 in the case of the 1D PC-BIO (Figure 1). The interaction of the incident light with the 1D PC-BIO structure is given by the transfer matrix method (TMM):


   M  t o t   =  M 1   M 2  · ·  M N  =   ∏   j = 1   2 N    M j  =        m  11        m  12          m  21        m  22          



(1)




where    m  11    ,    m  12    ,    m  21     and    m  22     are the elements of the total transfer matrix, and    M j    is the characteristic matrix of the layer, given by:


   M j  =       c o s    δ j          − i   s i n    δ j       γ j          − i    γ j    s i n    δ j        c o s    δ j           



(2)




where    δ j  =   ω / c      n j     d j    c o s    θ j     ,    n j    and    d j    are the refractive index and thickness of the jth layer, respectively,    θ j    is the incidence angle at the jth layer,  ω  is the angular velocity,  c  is the speed of light, and    γ j    is given by:


         γ j  =  n j  × cos    θ j    ,   f o r   T E   p o l a r i z a t i o n        γ j  =  n j    / cos    θ j    ,   f o r   T M   p o l a r i z a t i o n        



(3)







The TM refers to the transverse magnetic mode and the TE to the transverse electric mode.



In the case of the 1D PC-BIO, where a defect layer is present in the middle of the structure, the transfer matrix can be written as:


  M =   ∏   j = 1   2 N + 1    M j  =      M A   M B      N / 2    M D       M A   M B      N / 2   =        m  11        m  12          m  21        m  22            



(4)




where    M D    is the characteristic matrix of the defect layer (the nanochannel in our case). Finally, we define the reflection and transmittance coefficients as:


  r =    γ 1     m  11   +  γ t     m  12     −    m  21   +  γ t     m  22          γ 1     m  11   +  γ t     m  12     +    m  21   +  γ t     m  22        



(5)






  t =   2  γ 1       γ 1     m  11   +  γ t     m  12     +    m  21   +  γ t     m  22        



(6)




where    γ 1    and    γ t    correspond to    γ j    at the first (j = 1) and last layer (j = 2N + 1), respectively.




3. Numerical Results and Discussion


3.1. Optical Characteristics of the 1D PC-Based Biosensor


The numerical calculation of the reflection as well as the transmittance as a function of the wavelength and the number of periods in the structures [LiTaO3/SiO2]N, [LiTaO3/ MgF2]N, [PbTiO3/ SiO2]N and [PbTiO3/ MgF2]N and in the absence of the defect layer are shown in Figures S2 and S3. Thereafter, we fixed the periodic number to 10 and we calculated the transmittance as a function of the wavelength and the incidence angle of light in the case of the TE and TM polarization modes (Figures S4 and S5). The photonic bandgap was wider in the [PbTiO3/MgF2]10 compared with the other structures because the difference in the refractive index (  ∆ n     PbTiO  3  /   MgF  2    =  n    PbTiO  3    −  n    MgF  2     ) was bigger compared with   ∆ n     TiLaO  3  /   SiO  2     ,   ∆ n     TiLaO  3  /   MgF  2      and   ∆ n     PbTiO  3  /   SiO  2     .



For the simulation, we selected thickness values at which the wavelengths of the resonant modes would be in the middle of the photonic bandgaps (i.e., d = 40, 200, 400, and 600 nm). We focused our study on investigating the properties of the TE polarization mode exclusively. Figure 2 shows the effect of defect thicknesses on the light transmittance through the structures [TiLaO3/SiO2]5D[TiLaO3/SiO2]5 (Figure 2a), [TiLaO3/MgF2]5D[TiLaO3/MgF2]5 (Figure 2b), [PbTiO3/SiO2]5D[PbTiO3/SiO2]5 (Figure 2c) and [PbTiO3/MgF2]5D[PbTiO3/MgF2]5 (Figure 2d), where D corresponds to the distiller water layer (as the defect layer). As expected, the wavelengths of the resonant modes narrowed in all structures as the thicknesses of the defect layer increased. When the defect thickness was high (d = 600 nm), double and triple resonant modes were observed in TiLaO3- and PbTiO3-based 1D PC-BIO, respectively. We refer to [TiLaO3/SiO2]5D[TiLaO3/SiO2]5, [TiLaO3/MgF2]5D[TiLaO3/MgF2]5, [PbTiO3/SiO2]5D[PbTiO3/SiO2]5 and [PbTiO3/MgF2]5D[PbTiO3/MgF2]5 as structure 1, structure 2, structure 3 and structure 4, respectively.



In order to compare the optical properties and performance of all 1D PC-BIO structures, we used the calculation parameters for which we obtained well-defined bandgaps, i.e., n = 10 as shown in Figure S3, and a nanochannel thickness that is wide enough to contain the EV samples, i.e., d = 420 nm (details concerning the sizes of the EVs and their corresponding refractive indices can be found in [29]). Figure 3 shows the transmittance maps as a function of the wavelength and incidence angle of light in all structures, where a nanochannel with a thickness of 420 nm is assumed to be filled with distilled water. Structures 3 and 4 exhibited double resonant peaks at normal incidence angle of light, as seen in the same figure, and as the incidence angle increased to 89 degrees, all structures clearly displayed double resonant peaks. In addition, the resonant peaks shifted towards lower wavelength values and became narrower as the incidence angle increased. This behavior has the potential to enhance the performance of the 1D PC-BIO, as we will discuss in Section 3.2. Next, we will consider the study of the shift in the resonant peaks observed at 547.7, 548.2, 549.3 and 549.7 nm in structure 1, structure 2, structure 3 and structure 4, respectively.




3.2. Performance of the 1D PC-Based Biosensors


We studied the shift in the resonant peaks with respect to urinary EVs (U-EV), activated platelet EVs (AP-EV), neuroblastoma EVs (N-EV), and blood EVs (B-EV) using the 1D PC-BIOs with structure 1 to 4, as shown in Figure 4a to d. The shift in the wavelength of the defect mode is due to the change in the refractive index of the defect layer, this variation can be expressed by the standing wave condition   ∆ = m λ =  n  e f f   G  , where  ∆  is the optical path difference,  m  is an integer,    n  e f f     is the effective refractive index and  G  represents the geometrical path difference [23]. As shown in Figure 4, the blood EV sample exhibited the highest resonance peak shift, which can be attributed to its higher refractive index compared to the other EVs.



The performance of the biosensors can be evaluated based on their sensitivity ( S ), figure of merit (  F O M  ), and quality factor ( Q ), given by:


  S =      λ c  E V   −  λ c  D W          n c  E V   −  n c  D W       =   Δ  λ c    Δ  n c     



(7)






  F O M =  S   λ  F W H M      



(8)






  Q =    λ c     λ  F W H M      



(9)




where    λ c  E V     refers to the wavelength of the defect mode in the case of the EV target,    λ c  D W     refers to the wavelength of the defect mode in the case of distilled water, and    n c  E V     and    n c  D W     are the refractive indices of the EV target and distilled water, respectively.    λ  F W H M     is the full width half maximum (FWHM) of the defect mode. A high value of the sensitivity and a narrow bandwidth    λ  F W H M     lead to high values of the FOM and  Q  factor, thus, a better biosensing performance.



Figure 5 represents the biosensing performance of our 1D PC-BIOs at a normal incidence angle of light. As seen, the 1D PC-BIO structure 1 (i.e., [TiLaO3/SiO2]5D[TiLaO3/SiO2]5) showed the lowest performance; conversely, the 1D PC-BIO structure 4 (i.e., [PbTiO3/MgF2]5D[PbTiO3/MgF2]5) had the best performance in terms of  S ,   F O M  , and  Q  (  S = 212.4   n m / R I U  ,   F O M = 546.6   R I  U  − 1     and   Q = 1436.9  , in the case of the fresh urinary EV (U-EV) detection, normal incidence angle and a nanochannel thickness of 420 nm). The shift in the defect mode was calculated at a different value of the incidence angle of light (i.e., at 60 degrees), as shown in Figure S7, and the corresponding biosensing performances were evaluated and are represented in Figure S8, where structure 4 showed the best properties (  S = 286.4   n m / R I U  ,   F O M = 4725.8   R I  U  − 1     and   Q = 7501.9   in the blood EVs (B-EV), incidence angle of 60°, and a nanochannel thickness of 420 nm), please refer to Table S1 for more details. The sensitivity of the 1D PC-BIO structure 1 was determined to be 168.5 nm/RIU, the lowest recorded value in the current study. Surprisingly, this sensitivity is even higher than the previously reported sensitivity of the EV sensor-based 1D defective PC, as reported by Devi et al. [41].



Finally, we discuss the possibility of further improving the performance of the [PbTiO3/MgF2]5D[PbTiO3/MgF2]5-based biosensor under different conditions while ensuring that its working wavelength remains within the visible range. We considered a wavelength of 800 nm, and deduced the refractive indices of PbTiO3 and MgF2 as 2.6116 and 1.3751, respectively, using the dispersion formula [35] and Sellmeier equation [42] given by:


   n  M g  F 2    = 1 +   0.48755  λ 2     λ 2  −   0.04338  2    +   0.39875  λ 2     λ 2  −   0.0941  2    +   2.31203  λ 2     λ 2  −   23.793  2     



(10)






   n  P b T i  O 3    =     1 +   5.3635  λ 2     λ 2  −   0.050267  2        0.5    



(11)







The corresponding thicknesses of PbTiO3 and MgF2 were calculated as 76.6 and 145.4 nm, respectively. We kept the nanochannel thickness as 420 nm and deduced the transmittance maps in [PbTiO3/MgF2]10 and [PbTiO3/MgF2]5D[PbTiO3/MgF2]5 as a function of the wavelength and incidence angle of light (as shown in Figure 6a,b). To use the PC in the visible range, higher incidence angles are required where the photonic bandgap shifts towards shorter wavelengths. By adding a defect layer, distilled water in this case, resonant modes appear in the transmittance map as seen in Figure 6b. For our calculation, we are interested in the second peak, indicated by the blue arrow in the same figure. Figure 6c represents the shift in the defect mode position with respect to U-EV, AP-EV, N-EV, and B-EV at an incidence angle of 80 degrees.



The corresponding sensitivity, FOM and Q factor of [PbTiO3/MgF2]5D[PbTiO3/MgF2]5 at 80 degrees, are listed in Table 1. As expected, we succeeded in improving the sensitivity from a value of 286.4 nm/RIU (Table S1) to 511.3 nm/RIU. Moreover, at an incidence angle of 80 degrees, the structure exhibited a high Q factor value of 6663. Although this value is relatively high compared to some previously reported values [11,19,21,41], it is still significantly smaller than the values reported in high-Q systems, such as whispering gallery microlasers, which typically reach the order of 6 × 106 [43].





4. Conclusions


In conclusion, the unique properties of LiTaO3 and PbTiO3 make them suitable materials for photonic crystal-based biosensors. In addition, the proposed biosensors are relatively simple to fabricate with a low period number of 8 to 10. They also have a visible light working range, which can result in cost-effective, versatile, and high-performance biosensors. All proposed structures in this study showed good biosensing performance; however, [PbTiO3/MgF2] showed the best performance. The results of this study may contribute to the development of high-performance biosensors for various applications, including disease diagnosis and monitoring the response to therapy. Studying the staining specificity of antibodies to cancerous cell EVs are its effect on the refractive index was not reported before. Further research in this area is crucial to advance the application of biosensors in cancer detection and enhance their effectiveness.
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Figure 1. Schematic of the proposed 1D photonic crystal-based biosensor (1D PC-BIO). 
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Figure 2. Variation of the transmittance as a function of the wavelength and defect layer thicknesses in (a) [TiLaO3/SiO2]5D[TiLaO3/SiO2]5, (b) [TiLaO3/MgF2]5D[TiLaO3/MgF2]5, (c) [PbTiO3/SiO2]5D[PbTiO3/SiO2]5 and (d) [PbTiO3/MgF2]5D[PbTiO3/MgF2]5. 
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Figure 3. Variation in the transmittance as a function of the wavelength and incidence angle of light in (a) structure 1, (b) structure 2, (c) structure 3 and (d) structure 4 (defect layer: d = 420 nm, and nwater = 1.333). 
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Figure 4. Shift in the defect mode position with respect to various EV samples in (a) structure 1, (b) structure 2, (c) structure 3 and (d) structure 4. 
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Figure 5. The biosensing performance of the 1PC-BIOs at a normal incidence angle of light (d = 420 nm). 
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Figure 6. Transmittance maps in (a) [PbTiO3/MgF2]10 and (b) [PbTiO3/MgF2]5D[PbTiO3/MgF2]5, and (c) the shift in the defect mode position with respect to various EV samples at an incidence angle of light of 80 degrees. 
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Table 1. The biosensing performance of the PbTiO3-based 1D PC-BIO.
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	Fresh Urinary EV
	Activated Platelet EV
	Neuroblastoma EV
	Blood

EV





	       S   n m / R I U    
	508.3
	510.4
	510.7
	511.3



	       F O M     R I  U  − 1      
	4958
	4742
	4697
	4619



	Q factor
	6663
	6424
	6373
	6284
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