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Abstract

Presently we continue our studies of the quantum mechanism of light energy transmission in the 

form of excitons by axisymmetric nanostructures with electrically conductive walls. Using our 

theoretical model, we analyzed the light energy transmission by biopolymers forming optical 

channels within retinal Müller cells. There are specialized intermediate filaments (IF) 10 – 18 nm 

in diameter, built of electrically conductive polypeptides. Presently, we analyzed the spectral 

selectivity of these nanostructures. We found that their transmission spectrum depends on their 

diameter and wall thickness. We also considered the classical approach, comparing the results with 

those predicted by the quantum mechanism. We performed experimental measurements on model 

quantum waveguides, made of rectangular nanometer-thick chromium (Cr) tracks. The optical 

spectrum of such waveguides varied with their thickness. We compared the experimental 

absorption/transmission spectra with those predicted by our model, with good agreement between 

the two. We report that the observed spectra may be explained by the same mechanisms as 

operating in metal nanolayers. Both the models and the experiment show that Cr nanotracks have 

high light transmission efficiency in a narrow spectral range, with the spectral maximum 

dependent on the layer thickness. Therefore, a set of intermediate filaments with different 

geometries may provide light transmission over the entire visible spectrum with a very high 

(∼90%) efficiency. Thus, we believe that high contrast and visual resolution in daylight are 

provided by the quantum mechanism of energy transfer in the form of excitons, whereas the 
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ultimate retinal sensitivity of the night vision is provided by the classical mechanism of photons 

transmitted by the Müller cell light-guides.

Graphical abstract

I. Introduction

Vertebrates have an inverted retina, with the photo-sensitive layer of photoreceptor cells 

located on its far side. Thus, light has to pass through the entire retina before interacting 

with rhodopsin molecules in the membranes of the outer segments of the photoreceptor 

cells, usually of several spectral types. Thus, the main issue, extensively discussed for over 

100 years, deals with an explanation for the high contrast and resolution achieved in eyes 

with an inverted retina. Namely, light has to traverse up to several hundreds of micrometers 

through the retina, without scattering or absorption on the organelles of different cells 

packed into this space. The retinal thickness was measured in close-to-in vivo conditions by 

optical coherent tomography (OCT) [1]. Tao Li et al. (2016) found that the average retinal 

thickness in guinea pig is in the range of 170 – 250 μm. Buttery et al. [2] reported in 1991 

the same value being in the range of 124-157 μm, with the average of ca. 142 μm. This value 

slightly exceeds that obtained for histological preparations (105-151 μm, with ca. 134 μm 

average) [3,4]. Franze et al. (2007) reported that freshly dissected guinea pig eyes have 

retinal thickness of ca. 150 μm [5]. The differences between the results reported by various 

authors may be attributed to different methods and/or retinal zones used in the 

measurements.

The data obtained by histological methods show that vascular retinas in mammals are 

usually thicker (220-250 μm) than avascular retinas (140-170 μm) [3,4]. The retina is thicker 

in birds as compared to mammals. Indeed, the retinal thickness of 300-400 μm was 

measured in two species of hawks [6]. Retinal thickness may be estimated from the length of 

the Müller cells, with the results depending on the cell location within the retina and 

typically lower than the in vivo values due to the fixation treatment. The Müller cell length 

as estimated by the analysis of retinal images is 163 μm in cat and dog, 143 μm in human, 

and 110 μm in rat (vascular retinas), and 79 μm in echidna and 113 μm in rabbit (avascular 
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retinas) [7], where the retinal Müller cells were labeled by eight monoclonal antibodies. 

Thus, we need a better understanding of light transport within the retina, which we shall 

provide by implementing some of our previously proposed concepts and approaches.

Govardovskii et al. (1981) [8] studied retinal light transmission using a model based on 

classical electrodynamics. The effect of the refractive structures of the photoreceptor inner 

segment on the directional sensitivity was studied using microwave model systems. It was 

shown that the main role of the cell organoids is to narrow the directional sensitivity curve, 

reducing the effects of light scattering and increasing the depth of focus.

A detailed analysis of the retinal structure along with the analysis of the retinal light 

transmission mechanisms was presented in the book by Reichenbach and Bringmann [9]. 

Discussing the possible role of glial Müller cells in the retinal light transmission, they 

proposed that light transmission is mainly provided by the Müller cells, treated as classical 

light guides (optical fibers) by Franze et al. (2007) [10]. However, no structural or functional 

mechanism of light transmission by Müller cells has ever been proposed. The main issue 

that we have already addressed earlier [8-10] is the apparent contradiction between the ideas 

of classical electrodynamics and the retinal structure.

Detailed morphological studies of Müller cells in Pied flycatcher were reported by Zueva et 

al. (2016) [11]. Using an electron microscope, authors traced special intermediate filaments 

through the entire length of Müller cells [11]. Therefore, we suggested that these 

intermediate filaments, spanning the entire cell from the endfoot adjacent to the vitreous 

body to the apical process end that interacts with retinal cones, directly participate in the 

transmission of luminous energy [12]. Taking into account the IF diameter of 10-18 nm, 

while the wavelength of the near UV - VIS light is in the 800 – 360 nm range, the individual 

IFs are unable to transmit light by the classical mechanism. Therefore, we previously 

proposed a quantum mechanism of the light energy transport by the IFs of the Müller cells, 

in the form of excitons [12]. We also proposed theoretically and demonstrated 

experimentally in a model system [13] that properly structured intermediate filaments could 

work as polarization filters. All of these data in conjunction suggest that intermediate 

filaments (IFs) may be responsible for light transmission in a variety of cells in different 

species. Most of the modeling experiments and theoretical models never considered 

intermediate filaments as the retinal light-guides, while accounting for the cellular organoids 

in the photoreceptor optical properties. However, every one of the listed experimental studies 

notes the very high efficiency of retinal light transmission. To explain this result, we have 

earlier proposed the quantum model of light transmission by an inverted retina, which we 

further develop here [11-13].

Namely, we proposed a quantum mechanism (QM) for the electromagnetic field (EMF) 

energy transmission by a waveguide [12], in the form of a nano-capillary with conductive 

walls, with its diameter significantly smaller than the EMF wavelength. As we shall describe 

shortly, such structures indeed exist in live cells in the form of intermediate filaments. Thus, 

our approach is a detailed quantum representation of the plasmon-polaron theory. Earlier, we 

presented a review of published reports on this theory and its applications [12], which, 

therefore, we shall not describe in any detail here. We thus found that the QM can explain 
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the high efficiency of EMF energy transmission by IF waveguides, if we optimize the shape 

of the latter at both of its ends. We also noted that the QM explains the light transmission of 

the Müller cells (MC), without the exact knowledge of the waveguide structure [11]. We 

assumed that the optically conductive structures in the MCs are formed by electrically 

conductive intermediate filaments, built of polypeptides, thus our model represents each IF 

as an axisymmetric tube with electrically conductive walls. Note that spectral selectivity of 

the Müller cell optical channels is an interesting property that may enhance the spectral 

selectivity of the respective photoreceptor cells. Optical selectivity of different nanoscale 

systems has been explored quite intensively [14-25], with several models proposed [26,27]. 

However, none of the available reports has considered the mechanism recently proposed by 

Makarov et al. [12]. Therefore, presently we use our quantum model to explore the spectral 

selectivity in axisymmetric nanoscale systems [12]. The quantitative modeling results are 

compared to the quantitative data obtained using the classical model. Presently we report an 

experimental test of spectral selectivity using model optical waveguides made of nanometer-

thick chromium tracks of rectangular cross-section. Quantum confinement (QC) effects are 

observed in nanoscale systems, as we have recently described in conductive nanolayers 

[26,27]. We found that excitations (excitons) propagate in such systems over macroscopic 

distances on the nanosecond time scale, with the entire sample surface emitting 

homogeneously after its localized excitation [26,27]. We reported similar effects in Cr 

tracks, with the effective transmission spectrum dependent on the metal nanolayer thickness.

Presently we explore the spectral selectivity and light transmission efficiency by 

intermediate filaments in theoretical models. We find that the entire visible spectrum may be 

transmitted by a mixture of appropriate intermediate filaments, with their superimposed 

spectra covering the required spectral range. We also report high efficiencies of the EMF 

energy transmission in such system, up to 80 – 90%. Thus, presently we theoretically 

analyze the spectral selectivity of the IFs in Müller cells, using the models and methods 

developed earlier [12], and explore such ideas experimentally, studying the transmission 

spectra of Cr metal nanotracks with different thickness. We conclude that metal nanotracks 

provide a useful model for testing the presently developed theoretic approach, as the model 

was able to reproduce the experimental spectra.

Note that the presently proposed quantum mechanism of the light energy transfer in an 

inverted retina is a mechanism additional to the conventional classical light-guide 

mechanism. We infer that the quantum mechanism is important for daytime vision, 

providing utmost contrast and resolution, whereas the classical mechanism works in night-

time vision where the scattered light is not such a priority and the highest possible resolution 

can be traded for the ultimate low-light sensitivity. We therefore believe that the quantum 

mechanism is responsible for the high contrast and resolution in the daylight vision. Here we 

analyze the spectral selectivity of the individual IFs and their transmission efficiency.

II. Theoretical models and methods

a) General statements

We analyze spectral selectivity of the IFs in Müller cells using models and methods 

developed earlier [12]. Note that diameter and wall thickness of the IFs are much smaller 
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than the wavelength of visible light. Our model employs QC to describe the EMF energy 

transmission by the IFs in the form of excitons [12], used presently to analyze the spectral 

selectivity of the IFs in function of their diameter, wall thickness, and other geometrical 

parameters. We applied the previously developed approach to axisymmetric nanoscale 

systems, similar to those considered earlier [12]. The earlier developed theoretical model 

addressed an axisymmetric waveguide described by the D∞h point group [12].

Cylindrical waveguide is a specific example of a system with D∞h symmetry. We assumed a 

cylinder with the radius r0 and an electrically conductive external layer with the thickness ρ. 

We found that the problem may be conveniently solved in separable variables using the 

cylindrical coordinates r, φ and z [12]. We further found [12] that quantum confinement is 

observed at sufficiently small ρ values, with the quantization of the electronic states within 

the cylindrical conductor significantly affecting the light transmission by the waveguide, and 

the electronic state structure dependent on both ρ and r0. The projection Λ of the electronic 

orbital angular momentum on the symmetry axis is conserved. Thus, for Λ = 0 the energies 

of the discrete electronic states in the cylindrical waveguide are given by [12]:

(1)

where n =1, 2, 3,…, is the quantum number,

(2)

here, k is the wave vector,  is the effective electron mass and Er,φ is the state energy. The 

equation (1) may only be solved numerically. Addressing the more complex case of Λ ≠ 0, 

the same energies are given by [12]:

(3)

where the wavefunction is given by:

(4)

The position of the spectral maximum of the lowest electronic transition (Δn =1; ΔΛ = 0,±1) 

in function of r0 and ρ was calculated using a home-made FORTRAN code.
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b) Numerical analysis of a cylindrical waveguide

We calculated the spectral absorption maximum in function of r0 for a cylindrical device 100 

μm long (typical length of a MC), at different thickness values: ρ = 0.5, 1.0, 2.0 and 4.0 nm, 

with the results shown in Figure 1.

Figure 1 shows that the spectral absorption maximum shifts to lower energies with the 

increased device radius, the same happens with the increased wall thickness ρ. Note also that 

transitions with ΔΛ = 0 have higher energy than those with ΔΛ = 1. As we found earlier, the 

emission spectrum should coincide with the absorption spectrum, provided the excited-state 

relaxation is slow [12]. Also, the transitions (n, Λ) → (n+1, Λ) should have higher energy 

than the transitions for (n, Λ) → (n+1, Λ+1), the same initial state (n, Λ). Therefore, it 

should be possible to obtain spectral selectivity for any part of the UV/VIS/IR spectrum by 

varying the waveguide geometry. This conclusion follows from the analysis of a simple 

model for the cylindrical waveguide with an electrically conductive external nanolayer, 

shown in Figure 1.

Modeling of a waveguide with D∞h symmetry of arbitrary shape—The same 

conclusion regarding tuning the spectral selectivity by geometry may be extended to 

waveguides of arbitrary shape, as we found using the earlier proposed models [12], with the 

results shown in Figure 2.

Here, r0 is the internal radius of a hollow electrically conductive cylindrical section in the 

middle of the waveguide, ρ is its thickness, L2 is its length, L1 is the length of the entire 

waveguide,  is the length of the expanding input and output sections, R is the 

curvature radius of the external surface of the waveguide input and output area. The r and z 
variables are not separable in this model, therefore, we can only solve the problem 

numerically. Here we considered the case r0 ≫ ρ.

The calculations were done for ρ = 0.5 and 1.0 nm; r0 = 5 nm; L1 = 100 μm; L2 = 99.99 μm; 

L3 = 5 nm; R = 5.5 nm. Figure 3 shows the calculated absorption efficiency, the energy 

transmission efficiency and the EMF emission efficiency spectra, with its caption listing the 

parameter values.

The calculated bands were fitted by a Gaussian function

(5)

with the values of the fitting parameters presented in Table 1.

Figure 3 and Table 1 show that the spectra overlap quite strongly with the spectral 

transmission band appearing either in UV (3a) or VIS (3b) spectral range. Thus, we 

conclude that optical waveguides with conductive walls may function as efficient optical 

filters, with the transmission range dependent on the waveguide parameters. We should also 

consider the mechanism of the bandwidth formation, as our model disregards the formation 
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of the homogeneous transition line width. Detailed numerical analysis of our models 

demonstrated that the spectral profiles of the absorption, transmission and emission spectra 

depend on the boundary conditions, or else on the geometrical structure of our system. For 

instance, zero bandwidth is obtained for a thin-walled hollow cylinder, while for the 

structure of Fig. 2 and the parameter values of Table 1, we obtain a finite band width. In the 

latter case, the spectral profile includes several transitions, with their contributions 

distributed over the band profile. We also note in Figure 3 and Table 1 that the energy 

transmission and emission band maxima are slightly red-shifted as compared to the 

absorption band maximum. This may also be explained by the effect of the boundary 

conditions upon the calculated wavefunctions.

c) Optimized waveguide configuration

Until now, we were analyzing the cylindrical waveguide and the waveguide of Figure 2. 

Next, we shall consider the waveguide with a spherical cap in the output section (see Figure 

4), as such structure better corresponds to the known structure of the Ifs [12]. This gives us 

the rationale to investigate the light transmission by the waveguide of Figure 4.

In Figure 4a, L1 = 100 μm is the total length, L2 = 99.995 μm is the length without the input 

section, r0 = 5 nm, ρ = 0.5 nm, R =r0 + ρ nm is the external radius of the tube, the output 

section is a hemisphere with the external radius R, internal radius r0 = 5 nm and wall 

thickness ρ, which is the variable parameter, the parameter R′ is the curvature radius of the 

input section, also variable.

The properties of the structure in Figure 4 were analyzed using suitably adapted FORTRAN 

code developed earlier [12], to calculate the integrated wavelength dependence of the EMF 

transmission efficiency. We analyzed the efficiency dependence on R′, performing 

numerical analysis for several parameter sets, all listed in the caption to Figure 5 that shows 

the results.

Compared to the previous simulations [12], the data of Figure 5 demonstrate a higher 

efficiency of the EMF transmission. Therefore, the device in Figure 4 apparently has a better 

design than that in Figure 2. Probably, the transmission efficiencies in Müller cells may 

exceed 90%, although the extremely high efficiencies should not be critical for the quantum 

mechanism of light energy transmission, as this mechanism is most important for the 

daytime vision. The data obtained demonstrate the very high light transmission efficiency by 

nanostructured waveguides, which we believe exist in Müller cells in the form of IFs.

We also calculated the absorption, transmission, and emission spectra for two different 

parameter sets: (a) ρ = 1.0 nm, r0 = 5 nm, R′ = R = 6 nm, L1 = 100 μm, L2 = 99.995 μm and 

(b) ρ = 4.0 nm, r0 = 5 nm, R′ = R = 9 nm, L1 = 100 μm, L2 = 99.995 μm. The resulting 

spectra are shown in Fig. 6.

The spectral bands presented in Figure 6 were fitted by a Gaussian function (5). The values 

of the fitting parameters ω0 and σ are listed in Table 2.

We see from Figs. 6a, 6b and Table 2 that the maxima in the transmission and emission 

spectra are slightly shifted to the red as compared to the respective absorption band. As we 
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already noted, these results may be explained by the effects of the boundary conditions 

existing in the input and output sections of the waveguide. Figure 6 also shows high 

transmission efficiencies with smaller shifts in the spectral maximum, compared to the 

results of Figures 3a and 3b. Thus, we once again conclude that the structure of the device of 

Figure 4 is better optimized for the EMF energy transmission than that of Figure 2. Note that 

the width of the spectral transmission curve increases with ρ, the conductive nanolayer 

thickness (Figure 6b), accompanied by a reduced transmission efficiency. Probably, this 

latter case corresponds more closely to the reality, as the structure of a single IF fiber 

resembles that of a cylinder with a thick conductive wall [28,29]. In addition, the resulting 

wider spectral transmission curve is better adapted to the absorption spectra of the visual 

pigments that are quite wide [30]. However, as we will show below, using a superposition of 

the transmission spectra of a set of IFs with different narrow transmission spectra (Figure 

6a), we may also obtain a wide transmission spectrum adequate for the requirements of the 

visual system, while retaining high overall light transmission efficiencies (up to 90 %).

As we already noted, classical electrodynamics cannot explain light transmission by 

waveguides with diameter much less than photon wavelength; instead, we are describing the 

energy transfer in the form of the excited states – excitons. To support this idea, we shall 

quantitatively compare the presently developed quantum mechanism with the classical light 

transmission mechanism, using the same waveguides, as presented in the following section.

d) Classic model of light transmission by optical fibers

Maxwell equations for the electromagnetic wave propagation in a homogeneous medium 

may be presented as follows:

(6)

To investigate the efficiency of the EMF energy transmission by optical nanochannels, we 

analyzed a model of two coaxial optical fibers, with the constant diameter of the first d1 

=1260 nm and variable diameter d2 of the second, with d2 < d1. The two fibers are optically 

aligned along the common axis and in direct end-to-end contact. The two fibers have equal 

values of ε = ε0 and μ = μ0. The input power of coherent radiation into the first fiber at λ= 

630 nm was variable in the 5 – 10 μW range. The energy transmitted from the first to the 

second fiber was multiplied by the normalizing factor d1
2/d2

2 correcting for the aperture 

losses. To study the efficiency of the EMF energy transmission in this system, we 

numerically analyzed the equation for the electric field component:

(7)
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with the Laplace operator presented in the cylindrical coordinates as follows:

(8)

defining the following boundary conditions at the interface of the two fibers:

(9)

The results of the numerical analysis of the EMF energy transmission by this system are 

shown in Figure 7.

We see that at higher d1/d2 the transmitted EMF power drops almost to zero at d2 < 79 nm 

with the half-width of the plot independent on the input power. Since the diameter of the MC 

intermediate filaments is only 10-18 nm, we conclude that the classical model does not 

describe the light transmission by separate intermediate filaments. Better results are 

produced by the quantum mechanism of exciton transport [12], which we use in our 

theoretical analysis. Thus, classical electrodynamics has limitation by optical waveguide 

diameter, and can not be used to explain the light transmission by individual IFs in Müller 

cells.

Thus, our theoretical analysis demonstrates that waveguides with 10-18 nm diameter and 

electrically conductive walls may work as bandpass optical filters, with the band parameters 

depending on geometry. The following section demonstrates these ideas implemented in a 

model waveguide constructed of a metal nanotrack.

III. Experimental testing of the model

We already discussed our theoretical model for the spectral selectivity of optical waveguides. 

We shall use this model to predict the properties of the intermediate filaments, which 

apparently transmit light in various transparent cells, Müller cells included. Presently, we are 

unable to experiment on real biological systems or model nanostructured systems such as 

carbon nanotubes; therefore, we carried out the experimental measurements of the 

transmission spectra in model systems that use chromium (Cr) metal track with 0.1 × 1.0 

cm2 size and variable nanothickness. We deposited the Cr pattern on a circular AlN 

substrate, connecting two optical light guides to the two end zones of the Cr track created, 

perpendicular to its surface. The active diameter of the light guides was 0.5 mm. Thus, we 

recorded the transmission spectra of the Cr tracks using the presently described approach. 

These experiments do not exactly reproduce the structure and properties on the IFs, and 

Khmelinskii et al. Page 9

J Photochem Photobiol B. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



therefore can't be projected directly onto the respective biological systems. However, they 

can be used to test our theoretical model adapted to a rectangular waveguide profile, and 

were performed with this very objective in mind.

(a) Experimental methods and techniques

We used commercial AlN substrates 12.5 mm in diameter and 1.5 mm thick (Valley Design 

Corp.) to deposit the Cr tracks with 0.1 cm × 1.0 cm surface area and a pre-determined 

thickness in the nm range. We used a commercial Cr target (Sigma/Aldrich) to produce 

nanotracks on a commercial sputtering/thermo-evaporation Benchtop Turbo deposition 

system (Denton Vacuum). We used a Cu foil mask to deposit Cr tracks of certain 

dimensions, controlling the track thickness by XRD. We calibrated the XPert MRD system 

(PANalytic) by standard nanofilms of the same material. The estimated absolute uncertainty 

of the Cr track thickness measurement was 7%; the relative uncertainties were much smaller, 

determined by the shutter opening times of the deposition system.

We recorded the transmission spectra on a Hitachi U-3900H UV-Visible Spectrophotometer. 

The spectral peak maxima and widths were located using the PeakFit software (Sigmaplot). 

The AlN substrates with Cr tracks were reproducibly installed into a special holder 

manufactured of blackened Al. Two multi-mode light guides with the active diameter of 0.5 

mm were installed into Al holders as shown in Figure 8a. Note that these light guides are 

optically transparent in the visible special range only (800 to 445 nm).

The light guides were optically connected to the ends of the Cr track. The other ends of the 

light guides were mounted into the lens module interfacing the sample to the 

spectrophotometer (see Figure 9a). The latter module was reproducibly installed into the 

optical cell area of the spectrophotometer. Thus, the transmission spectra were recorded 

using the optical scheme shown in Figure 9a. The background absorption used to correct the 

transmission spectra was recorded using the optical scheme of Figure 9b, with the two light 

guides connected directly to each other.

(b) Experimental results and analysis

Three samples of the Cr nanoassembly were tested, with the following dimensions of the Cr 

nanotracks: (a) 0.1 × 1.0 cm2 × 5.1 nm, (b) 0.1 × 1.0 cm2 × 6.4 nm, and (c) 0.1 × 1.0 cm2 × 

8.3 nm. The transmission spectra of these samples, recorded using the device schematically 

shown in Figure 8, are presented in Figure 9. The transmission spectrum of the sample (a) 

was multiplied by the factor of 50, to show the transmission growing in function of the 

photon energy. We see that the sample (a) does not transmit visible light. Apparently, what 

we see is the tail of the transmission band with its maximum located in the UV. The 

transmission band shifts into the visible for the thicker Cr tracks, as seen in Figure 9a. The 

respective band maxima were located using the Peak-Fit software for the spectra of the 

samples (b) and (c), at 26757 and 15895 cm-1 with the bandwidths of 3578 and 6705 cm-1, 

respectively.

The theoretical model developed earlier for axisymmetric optical waveguides [12] and here 

was modified to describe a rectangular nanotape, using the same physical ideas, with the 

bandwidth determined by the interactions between the discrete quantum states and the quasi-
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continuum dense spectrum. The earlier developed FORTRAN code [12] was suitably 

modified for the new waveguide geometry. Figure 9a shows the numerically calculated 

transmission spectrum. An acceptable agreement between the experimental and calculated 

plots was obtained for the effective electron mass of 0.047me and for the n′ = 9 ← n″ = 8 

electronic transitions in the (b) and (c) samples. Using the estimated effective electron mass, 

we reproduced the transmission spectrum for the sample (a), where the n′ = 8 ← n″ = 7 

electronic transition produces the best fit to the recorded band tail. This yields the maximum 

and the bandwidth for the transmission peak at 37587 cm-1 and 1378 cm-1, respectively (see 

Figure 9b).

These results demonstrate that the proposed model is in fact capable of properly describing 

the light transmission by nanosized structures, including such properties as spectral 

selectivity. We believe that the same mechanisms operate in the optical waveguides, existing 

in biological systems and composed of intermediate filaments. Note that the 1D quantum 

confinement, used to interpret the presently obtained experimental data, was studied in detail 

earlier [26,27]. Although the experiments reported do not deal with IFs in Müller cells, the 

same quantum confinement phenomena operate in both these systems, and we do observe 

the light energy transport by excitons in our model experiments, which should also operate 

in the IFs. To obtain a model with 2D quantum confinement, closer to what is happening in 

IFs, we plan to use carbon nanotubes (CNTs) with different number of nanolayers. Note that 

spectral and excitonic properties of CNTs should be very similar to those of the IFs, as 2D 

quantum confinement operates in both, and both being electrically conductive, CNTs due to 

their conjugated π-system, and IFs due to their protein content [12].

IV. Discussion

We investigated the spectral selectivity of the EMF transmission by the optical waveguides 

(intermediate filaments), with the waveguide diameter much smaller than the EMF 

wavelength. Presently we introduce a model based on quantum confinement in 

nanostructured conductive materials [12]. This QC model was used to explore the EMF 

energy transmission by cylindrical waveguides and more complex systems with axial 

symmetry (see Figures 2 and 4). In addition, we considered a classic electrodynamics model 

of the two connected light guides with different diameters. Using this model, the transmitted 

power was calculated in function of the diameter ratio of the two light guides. We concluded 

that classic electrodynamic model is unable to account for the light transmission over 

nanostructured IF waveguides.

Previously we noted [12] that the QC model is an extension of the quasiclassic plasmon-

polaron theory [31-33]. Light transmission in nanowires, nanotubes and similar systems was 

partially analyzed using the plasmon-polaron theory [31,32], with the transmission spectrum 

dependent on the wire diameter. The transmission spectra of the nanowires are significantly 

wider [26,27,31] than those obtained here and previously [12] for the thin-walled tubes, 

while comparable to the spectra obtained for thick-walled tubes (see Figure 6b and 9a). 

Thus, the QC model produces the results that seem quite reasonable, and should work well 

for the systems shown in Figures 2 and 4.
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The electric conductivity of proteins has been reported earlier [34]. The protein structure 

facilitates long-range electron transfer in solutions and in dry solid state, with the electric 

currents much higher than those recorded for saturated-bond compounds with comparable 

sample thickness. Indeed, electric conductivity of proteins is comparable to that of 

nanowires made of carbon nanotubes [35]. Therefore, our comparison of the optical 

properties of the IFs and CNT is as well supported by the conductivity results reported 

earlier [35]. The cylindrically symmetric structure of the intermediate filaments resembles 

that of nanotubes, with low-density core and high-density walls, according to the X-ray 

diffraction data [36]. The specific beaded intermediate filaments of the eye fiber cells have a 

more complex arrangement, with periodic changes in their external diameter from 10 to 12 

nm; still, they retain the cylindrically symmetric core and other important features of the 

protein filaments [37]. Thus, the currently proposed QC model should be applicable to 

intermediate filaments, wire-like biological structures built of proteins and present in many 

types of cells. The experimental device tested in the present study demonstrated that the 

proposed quantum mechanism of light transmission by optical waveguides should operate in 

nano-sized intermediate filaments. It is very interesting to compare the optical properties of 

the special IFs discussed here to those of carbon nanotubes, whose optical properties were 

extensively studied [38-44]. Note that π-conjugated carbon systems are good electric 

conductors, typical examples being single-wall carbon nanotubes (SWCNTs) and graphene 

[44]. Since SWCNTs have axial symmetry with electrically conductive walls, they present a 

reasonable model for our waveguides and their spectral selectivity, which should depend 

mostly on their diameter and weaker on the chemical structure. SWCNT is a hollow tube 

made of a one-atomic-layer wrapped-around graphene sheet. The wrapping direction may be 

described by the chiral vector (n, m), denoting the number of unit vectors along two 

directions in the crystal lattice of the graphene sheet [37]. Thus, a tube with n = m (chiral 

angle = 30°) is an armchair tube, etc. A tube with m, n ≫ 1 and |m – n| = 3k has metallic 

conductivity [38]. The diameter d of the SWCNT is given by

(10)

where c = 0.246 nm [44]. The optical absorption spectrum of the SWCNTs includes several 

electronic transitions: v2 → c2 (E22) or v1 → c1 (E11), etc. [38-40]. The transitions are 

relatively sharp and may identify nanotube types. Interestingly, the plasmon line in the 

absorption spectrum of the SWCNT with d = 12 nm is at ca. 4.5 eV [38], in reasonable 

agreement with the quantum calculations for an electrically conductive tube of the same 

diameter (5.3 eV) [12]. Although it is obvious that diameter and conductive nanolayer 

thickness are the most important properties of the structure, we cannot expect the properties 

of the IFs in MC to exactly coincide with those of CNTs with different number of the single 

wall carbon nanolayers, as already noted. However, taking into account the axial symmetry 

of both the IFs and CNTs, along with the electric conductivity of their walls, they both may 

be expected to efficiently transmit light by the quantum mechanism, in the form of excitons. 

We shall study these phenomena in more detail in future.

Khmelinskii et al. Page 12

J Photochem Photobiol B. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Note that no information on the electric conductivity of the IFs is available at this time. 

Nevertheless, many polypeptides do exhibit very high electric conductivity [34], as also 

reported in a review [45]. Therefore, we presume that the specialized IFs are in fact 

electrically conductive, thus our theoretical models should provide a valid description of 

light transmission by the IFs [12,13].

The models we developed here and earlier [11,12] describe hollow axially symmetric 

structures. Note that the thickness of the IF conductive layer is described by the theoretic 

parameter ρ. Since the IF diameter is confined to the 10 – 18 nm range, the spectral 

selectivity in such waveguides should be mainly controlled by the conductive layer 

thickness. Müller cells were found to be wavelength-dependent waveguides [46] that collect 

the green-red part of the visible spectrum onto the photoreceptor cones, allowing the blue-

purple part of the spectrum to leak onto nearby rods. This was observed in an isolated retina 

and explained by a computational model in the guinea pig and human parafoveal retina. The 

Müller cell transmission spectrum has a broad transmission band [46] with its half-width 

corresponding to the 530 – 610 nm (16400 – 19230 cm-1) spectral interval. These results 

may also be interpreted in terms of the quantum mechanism of light transmission in the 

retina. Analyzing the Müller cell morphology by transmission electron microscopy, we 

reported that the IF bundles run through the entire Müller cell [11]. Noting that the 

transmission spectrum of the optical waveguide depends on the conductive layer thickness, 

we could assume that the IF bundle includes IFs with different thickness of the conductive 

layer, thus, the Müller cell transmission spectrum will be obtained by a superposition of the 

transmission spectra of those different types of IFs. The effective transmission spectrum may 

be thus simulated by adjusting the contributions of the different types of the IFs. The 

quantum mechanism expects very high light transmission efficiencies by the IFs, therefore 

the IF bundle should be organized so as to provide very low energy losses. Thus, the 

transmission spectrum of the Müller cells will be given by:

(11)

where gi is the contribution of the IFs with the transmission spectrum Si(ω). Therefore, we 

can build an arbitrary transmission spectrum by producing the required superposition (11), 

with Si(ω) calculated for the diameter distributed in the 10 – 18 nm range and variable 

thickness ρ of IF conductive layer, and next adjusting the respective spectral contributions. 

The respective calculations may be done using the theory developed here and earlier [12,13]. 

As we already noted, the broad transmission spectrum of the Müller cells measured by Labin 

et al. [46]may be explained by the transmission spectrum of the IF bundle with constant-

diameter filaments, provided their conductive layer is sufficiently thick. However, the 

resulting efficiency of light transmission will be lower (Figure 6a and 6b), compared to the 

above example. Indeed, presently we report (Figure 6b) that the transmission spectrum of the 

IF with the internal radius of the conductive nanolayer of 5 nm and 4 nm thickness correlates 

quite well with the experimental data [46], although the maximum transmission efficiency is 

only 0.17.
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Thus, to optimize the light transmission efficiency by the IFs, we envision a bundle of IFs 

with different diameters in the 10 – 18 nm range and small conductive layer thickness, of 

around 1 - 1.5 nm. Such a mixture of IFs could reproduce the transmission over the entire 

visible spectrum, as an alternative to the constant-diameter IFs with thick conductive walls, 

which seems simpler from the evolutionary point of view. Apparently we shall need more 

experimental results on the diameter distribution of the IFs to be able to choose between 

these two hypotheses.

Quite a lot of research has been devoted to understanding the high contrast of (daylight) 

vision in animals with an inverted retina. The issue was first put on the table by Solovei et al. 

[47], who described the classic model of light transmission thought the retina and 

formulated the difficulties in explaining the high visual contrast (and resolution) achieved by 

animals. Franze et al. [5] showed that Müller cells are lightguides, with the incident light 

focused by the conical lenses of their endfeet [11]. However, the classical mechanism results 

in light scattering by the cellular organelles, reducing contrast and resolution. Therefore, we 

believe that the proposed earlier [12] and discussed here quantum mechanism of light 

transmission by way of excitons operates primarily in daylight, achieving high contrast and 

resolution (with the scattered light suppressed by pigment cells), whereas the classical 

mechanism operates in low-light conditions, with the contrast and resolution losses traded in 

for the ultimate single-photon detection sensitivity. Thus, the high contrast and resolution in 

daylight are provided by the quantum mechanism, with IFs transmitting energy in the form 

of excitons.

Perspectives

The presently proposed mechanism of retinal light transmission requires additional 

experimental testing. Once again, carbon nanotubes could make a good model system for 

such experiments, as the light transmission spectra should differ significantly between 

single-wall and multi-wall tubes, depending on the number of walls. The respective model 

studies as well as studies with MC IFs are planned for the nearest future.

V. Conclusions

We report that model waveguides shown in Figs. 2 and 4 are spectrally selective as regards 

light transmission. The position and width of the spectral transmission maximum depend on 

the fiber diameter and conductive layer thickness and shape, making it an efficient nano-

sized optical filter. Similar structures exist in different cells, including Müller cells. Namely, 

a bundle of specialized intermediate filaments goes through the entire Müller cell, 

conducting light energy from the internal retinal surface to the cone cells in the 

photoreceptor layer.

Presently we discussed the spectral selectivity of the specialized intermediate filaments in 

Müller cells. As we already noted, apparently all of the live organisms with an inverted 

retina have intermediate filaments that transmit light. We infer that these light-transmitting 

intermediate filaments should be spectrally selective, similarly to those of the presently 

discussed model systems, provided they have a structure similar to that of a cylinder with 

conductive surface layer. Taking into account high transparency of the nanostrucured 
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waveguides in a narrow spectral band, we propose that a bundle containing intermediate 

filaments with different diameters may efficiently transmit photons in the entire visible 

spectral range. Since the light transmission efficiency of a single intermediate filament is 

very high, achieving 0.8 – 0.9, the light transmission by a bundle of intermediate filaments 

should have the same high efficiency in the broad spectral region; thus, the spectral 

selectivity of the IFs creates high efficiency of the retinal light transmission. We 

demonstrated the proposed mechanism experimentally, using a macroscopically-sized model 

waveguide with one of the dimensions in the nanometer range. Further development of the 

quantum mechanism [11,12] will provide comprehensive interpretation of the retinal light 

transmission in the inverted retina, including the energy transfer from the intermediate 

filament bundle to the photoreceptors. The quantum exciton transport mechanism 

complements the classical optical light guide mechanism, operating in daylight and 

providing high contrast and resolution, whereas the classical mechanism operates in night 

vision, providing the ultimate photon detection sensitivity at a cost of reduced resolution.
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Highlights

Development of a new theoretical models of light transmission of nano channels;

Development of quantum models of light transmission by intermediate filaments;

Development of theory of experimental methods to prove theoretical models.
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Figure 1. 
The internal radius r0 dependences of the spectral absorption maximum of a cylindrical tube 

at ρ= 0.5, 1.0, 2.0 and 4.0 nm, and tube length of 100 μm.
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Figure 2. 
Geometry of the waveguide used in the numerical analysis.
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Figure 3. 
(1) Absorption efficiency, (2) energy transmission efficiency and (3) EMF emission 

efficiency spectra of the waveguides: (a) ρ= 0.5 nm, r0 = 5 nm, L1 = 100 μm, L2 = 99.990 

μm, L3 =5 nm and R = 5.5 nm; (b) ρ= 1.0 nm, r0 = 5 nm, L1 = 100 μm, L2 = 99.990 nm, L3 

=5 nm and R = 5.5 nm.
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Figure 4. 
The waveguide model.
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Figure 5. 
Numerical analysis of the EMF transmission efficiency for the waveguide of Figure 4 with 

the following parameter sets: (1) ρ= 0.5 nm, L1 = 100 μm, L2 = 99.995 μm, r0 =2.5 nm, R=3 

nm; (2) r0 =5 nm, R =5.5 nm, other parameters are the same; (3) r0 = 7.5 nm, R =8 nm, all of 

the other parameters are the same; (4) r0 = 10 nm, R =10.5 nm, all of the other parameters 

are the same.
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Figure 6. 
Calculated for the device of Figure 4: (1) absorption, (2) transmission and (3) emission 

spectra, respectively. The waveguide parameters are: (a) ρ= 1.0 nm, r0 = 5 nm, R′ = 6 nm, 

L1 = 100 μm, L2 = 99.995 μm and (b) ρ= 4.0 nm, r0 = 5 nm, R′ = 9 nm, L1 = 100 μm, L2 = 

99.995 μm.
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Figure 7. 
The EMF power transmitted from one optical fiber to another vs. the d1/d2 ratio at different 

input powers, with all plots coincident; the input power varied from 5 μW to 10 μW.
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Figure 8. 
Schematic presentation of the assembly used to record the transmission spectra of Cr 

nanotracks deposited on AlN substrate: (a) transmission measurements (1) – focusing lens 

for the probing light; (2), (3) – fiber optic cable; (4) – defocusing lens for the probing light; 

(5) – Cr nanotrack; (6) – AlN substrate; (b) background measurement: (2), (3) – the two 

fiber optic cables; (7) – fiber optic connector.
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Figure 9. 
Experimental and theoretical spectra of Cr nanotracks: (a) (1) – experimental spectrum for 

8.3 nm Cr nanotrack, (1′) – calculated spectrum for 8.3 nm Cr nanotrack; (2) – experimental 

spectrum for 6.4 nm Cr nanotrack, (2′) – calculated spectrum for 6.4 nm Cr nanotrack; (3) – 

experimental spectrum for 5.1 nm Cr nanotrack, (3′) – calculated spectrum for 5.1 nm Cr 

nanotrack; (b) (3′) calculated spectrum for a Cr nanotrack 5.1 nm thick.
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Table 1

The values of the ω0 and σ fitting parameters for the two different parameter sets.

(a) ρ= 0.5 nm; r0 = 5 nm; L1 = 100 μm; L2 = 99.99 μm; L3 = 5 nm; R = 5.5 nm.

Band Number ω0, cm-1 σ, cm-1

(1) 43773 220

(2) 43514 221

(3) 43453 223

(b) ρ = 1.0 nm; r0 = 5 nm; L1 = 100 μm; L2 = 99.99 μm; L3 = 5 nm; R = 5.5 nm.

Band Number ω0, cm-1 σ, cm-1

(1) 21646 709

(2) 21030 696

(3) 20766 672
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Table 2

The values of the fitting parameters of ω0 and σ for the two different parameter sets.

(a) ρ= 1.0 nm, r0 = 5 nm, R′ = R = 6 nm, L1 = 100 μm, L2 = 99.995 μm.

Band Number ω0, cm-1 σ, cm-1

(1) 23110 602

(2) 22910 613

(3) 640 22610

(b) ρ= 4.0 nm, r0 = 5 nm, R′ = R = 9 nm, L1 = 100 μm, L2 = 99.995 μm.

Band Number ω0, cm-1 σ, cm-1

(1) 19119 2754

(2) 18719 2748

(3) 18419 2750
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