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Abstract

:

In recent years, the use of dielectric spectroscopy as an investigation technique to determine the chemical–physical characteristics of biological materials has had a great increase. This study used the non-equilibrium thermodynamics with internal variables theory to test the potential pathological features of lung cancer. After a brief exploration of the dielectric polarization concept highlighting some aspects that were used, some thermodynamic functions were obtained as functions of the frequency, both for lung tumor cells and physiological ones. Variations in the intensity of values but not in the trend of the curves were observed and this was attributed to the perturbing field. The trend of this field explains the behavior of phenomena described by other functions, as related to the frequencies of the perturbing field. Compared to the physiological ones, the cancer cells appeared to be “more predisposed” to conserve their state as characterized by minor entropy production, probably because this helped cells to obtain the required adenosine triphosphate (ATP) from the minimum amount of nutrients.
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1. Introduction


As a leading cause of death in industrialized countries, lung cancer is considered one of the most aggressive cancers [1,2]. Smoking remains the major risk factor for this type of cancer genetic factors may contribute to 10–15% of the causes. It is possible to make some distinction between small and non-small cell carcinoma, and these categories help to determine a different prognosis and treatment of the disease. Correctly staging lung cancer is important because to date, one of the main therapeutic objectives of cancer medicine is early diagnosis. Cancer screening programs have been shown to save many lives and increase survival, along with the support of several antiproliferative studies [3,4]. It is clear, therefore, that timely diagnosis is the most powerful weapon of public health against all cancers in general. To achieve this goal, however, it is necessary to have adequate and sophisticated highly sensitive diagnostic techniques, possibly non-invasive and inexpensive. Various techniques are currently used for this purpose such as computed tomography (CT), positron emission tomography (PET), and magnetic resonance imaging (MRI) which can obtain high-definition “images” of the whole organism or part of it. However, even today it is difficult to detect the first signs of an oncological alteration. This is due to both the indistinguishable characteristics of the first cancer cells, as well as the difficulty in coordinating non-invasive and low costs screening with diagnostic sensitivity. In recent years there has been a rising interest in dielectric spectroscopy, an investigation technique that can obtain information on the chemical–physical characteristics of biological materials starting from the dielectric properties [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. The response of biological tissues to an electric field is characterized by two intrinsic properties conductivity and relative permittivity, which are both dependent on frequency. In particular, conductivity is related to the capability of the tissue to be crossed by an electric field, and permittivity is related to material’s ability to store energy, and both may provide important information about the studied matter [24,25,26]. Sugitani et al. (2014) found considerable diversity in the complex permittivity of breast tumor tissue in several studies using probes to detect small changes in dielectric properties caused by cancer invasiveness evidenced changes in permittivity and conductivity as tissue transformed from normal to cancerous [27,28,29]. In this contest text, the development of probes using this technique provided wide versatility accompanied by easy application, low invasiveness and low cost. The present study attempted to find improvements in the diagnosis and treatment of lung carcinoma, making use of complex mathematical techniques leading to the formulation of new dielectric entities capable of providing new biological information about cancer cells.




2. Methods


This paper referred to the experimental data by Wang et al. [7], in which 109 patients including 71 males and 38 females aged 61.41 ± 9.96 years who had undergone removal of cancerous lung tissue, were studied. The mean and standard deviation of relative permittivity, conductivity (our starting point values) and relaxation times, were measured [7]. The approach we used in the present paper was theoretical, and the thermodynamic functions introduced in the Appendix A were calculated for healthy and cancerous lung tissue, correlating the obtained data with the dielectric measurements.



Polarization Vector


Some continuum electrodynamics concepts are detailed below before our results are described and some phenomena are explained. Placing rq and r−q as vectors position of the +q and −q charges with respect to a O point, Pdip is indicated as dipole moment with respect to O:


     P _    d i p   = q    r _   q  +  (  − q  )     r _    − q    











By choosing as O the barycentre of the charge (−q) we have rq = r and r−q = 0. Thus the dipole moment becomes:


     P _    d i p   = q  r _   



(1)







If N dipoles are contained in volume V, the vector denoted by P is called the moment of electric dipole moment per unit of volume (or polarization vector):


   P _  =     ∑  i = 1  N      P i   _     V   



(2)




where Pi is the dipole moment of the i-th dipole.



That is, the dipole moment per unit of volume is the vector sum of the N dipoles divided by the volume V that contains them. Considering a material system in a region of space with an electric field, it will be perturbed by the field generating dipoles inside it or the realigning of any existing dipoles, whose moment is P. It is shown that the presence of matter (with dipoles) is equivalent to a new distribution of charges of    ρ ′    density of volume and σ′ surface as that:


   ρ ′  = − d i v  P _   



(3)






   σ ′  =  P _  ⋅  n _   



(4)




where n is the surface normal. Recalling that P = P(0) + P(1) this applies to P(0) and P(1) with some clarifications related to their meaning (P(0) and P(1) are both polarization vectors, one is associated with deformation and the other with orientation). As cancer cells are biological materials and strongly polar, their study will therefore be addressed by evaluating P(1) associated with the orientation polarization that can provide important information. Regardless of frequency, the qualitative differences relating to phenomena in healthy and cancerous cells were studied first in this work. This is because, at any frequency, the curves that characterize healthy cells are different from cancerous ones only in intensity, not in shape. A qualitative, not quantitative, analysis was therefore made. Dielectric experimental data in this paper refer to the studies of Wang et al. (2014) [7].





3. Results


The development of our study started from relative permittivity εr, conductivity c and relaxation times for cancerous (σ = 6.8 × 10−7s) and healthy (σ = 5.7 × 10−7s) cells respectively [7]. Figure 1 shows that Pt(1) for cancer cells was lower than for healthy Pf(1); and for each frequency:


Pt(1) < Pf(1)



(5)







Recalling (4), we say that the surface charge density in cancerous was lower than in healthy cells; it follows that cancerous cells possess fewer charges per unit area than healthy cells. Cancerous cells occupy a larger volume than healthy ones, they have a negative charge, but they have no fewer charges in total, they have fewer charges per unit area. Figure 2 describes the polarization of a cell immersed in an electric field E. Since there is a large prevalence of phenomena related to orientation polarization:


   P ′  =  σ ≈   



(6)




with    σ ≈    as the surface density. The displacement phenomena (currents and conductivity) associated with polarization phenomena by orientation are greater in cancer at every frequency (see Figure 2 and Figure 3). This can be explained by Figure 4 and recalling that:


dP(1)/dt = L(1)E(1)



(7)







In fact, Figure 4 shows that    E t   ( 1 )      <    E f   ( 1 )     , i.e., the field generated by the dipoles stimulated by a harmonic perturbation was smaller in cancerous cells and it was opposed to the disturbing field. Then, the latter is less inhibited in cancerous than in healthy cells, and this happens at the same frequency but with different intensity (curves show the same shape). This implies an increase in currents and displacement conductivity in cancerous cells (see Figure 2 and Figure 3). From Figure 5:


   E p   ( 1 )      =   (  a  ( 00 )   −  a  ( 11 )   )    P  ( 1 )    








we note that:


    E  p t    ( 1 )        >    E  p f    ( 1 )      











It could be argued that    P p   ( 1 )      <    P f   ( 1 )      should result in    E  p t    ( 1 )      <    E  p f    ( 1 )     . However, an important role is played by the (a(00) − a(11)) terms as can be seen from Figure 6. In fact, P(1) is related only to polarization by orientation (according to Debye’s scheme), but a(00) and a(11) are linked to intrinsic characteristics of the medium related to other phenomena. From Figure 7, which shows the trend of entropy production, it is possible to observe that healthy cells have greater entropy than cancerous ones. This means that cancer is a more orderly system than a physiological one, as already found in other pathologies. However, the temporal evolution of tumor pathogenesis is not the object of this study, because the results reported here are derived only from the measurements reported in reference [7]. These results, obtained by processing the experimental data of Wang et al. (2014), allowed us to achieve a new characterization of lung cancer by highlighting several peculiarities of cancer at the time of the dielectric measurement [7]. The obtained curves will be now analyzed as a function of frequency. In the frequency range considered, two sectors are identified in which the trend of the curve is oppositional. The frequency separating the two sections is about ω = 105 Hz (see Figure 1 and Figure 6).


A = [ω | ω < 105 Hz]










B = [ω | ω ≥ 105 Hz]











Section for ω < 105 Hz



Figure 1 shows an increase in P(1) value as ω increases for both cancerous and healthy cells. Therefore, there is a dipole moment that increases with increasing frequency along with the surface charge density. Smaller and smaller dipoles are set in motion in both cell types, but in cancer at slightly higher frequencies, Pt(1) had values equal to    P f   ( 1 )      This could mean that in cancer, dipoles are less “massive” or “smaller” and therefore they begin to oscillate at higher frequencies. Or more likely, the dipoles number could be fewer per volume unit. In fact, phenomena that neutralize a certain number of dipoles can occur in cancer (this could be due to the assembly of platelets). Figure 2 shows a decrease in the displacement current dP(1)/dt linked to P(1) value as the frequency increases. Since P(1) value increased, i.e., the dipole moment per unit of volume increased, it is to be expected that the temporal variation decreases. This is due to the fact that the number of dipoles per unit of volume increases and therefore there is a greater “inertia” per unit of volume.    P t   ( 1 )      <    P f   ( 1 )      indicates a lower “inertia” for cancerous compared to healthy cells and therefore dPt(1)/dt > d   P f   ( 1 )     /dt, as shown in Figure 2. A similar discussion can be made for the L(11) displacement conductivity values shown in Figure 3. Additionally, in this case, there was a decrease in L(11) value as ω increased and the previous considerations are valid. Figure 4, as the frequency increases, shows an increase in the electric field associated with dP(1)/dt displacement currents.



Recalling that    E p   ( 1 )      = (a(00) − a(11)) P(11), the field by which the P(1) value was generated is less and less propagated since the characteristics of the medium identified by the difference (a(00) − a(11)) prevent its propagation (see Figure 5), even if the P(1) value increases with frequency. It should be noted that the    E p   ( 1 )      field was negative. This is correct because it was generated by dipoles that oppose the disturbing field, thus generating an opposite field. As already mentioned, the    E p   ( 1 )      field is greater in cancer because the difference (a(00) − a(11)) was greater in cancerous than in healthy cells. Figure 6 shows that a(11) > a(00), therefore anelastic phenomena were more evident than elastic in the medium. In particular, it is:


    a t   (  00  )      −  a t   (  11  )        >    a f   (  00  )      −  a f   (  11  )      



(8)






    a t   (  00  )      −  a f   (  00  )        >    a t   (  11  )      −  a f   (  11  )      



(9)







The latter shows in cancerous and healthy cells, a greater difference between the elastic characteristics than the anelastic ones. In other words, the elastic characteristics varied more than the anelastic ones between cancerous and healthy cells. Therefore, from Figure 8 and Figure 9    a f   (  00  )      >    a t   (  00  )      and    a f   (  11  )      >    a t   (  11  )     , both the elastic characteristics (a(11)) and the anelastic ones were greater in the healthy cells compared to the cancerous ones. Figure 7 shows lower entropy production values in cancer, then cancer tissue has a greater “order” than healthy cells.



Section for ω > 105 Hz



Figure 1 shows almost constant P(1) values; i.e., the dipole moment per volume unit and the surface charge density were constant (or almost): from 105 Hz onwards, the dipole moments per volume unit did not follow the speed with which varies the field, both for cancerous and healthy cells. With this in mind, stabilizing “inertia” per unit of volume increases its temporal variation prevented earlier by a continuous increase in it. As soon as the P(1) value stabilizes, dP(1)/dt starts growing again.



As said before, if    P t   ( 1 )      <    P f   ( 1 )      and therefore the    P t   ( 1 )      value has a “lower inertia”, its temporal variation, corresponding to the displacement current, will be greater as shown in Figure 2. After reaching the minimum at a frequency of about ω = 105 Hz, the dP(1)/dt displacement current tended to increase both in cancerous and in healthy cells (see Figure 2). The same speech is for the L(11) displacement conductivity values shown in Figure 3. After reaching a minimum value around ω = 105 Hz the displacement conductivity tended to rise with    L t   (  11  )      >    L f   (  11  )     . Additionally, in Figure 4, there is a decrease in the electric field E(1). Figure 5 shows    E p   ( 1 )      values increasing and stabilizing for ω greater than 106 Hz with    E  p t    ( 1 )      >    E  p f    ( 1 )     . This is linked to the increase of (a(00) − a(11)) which assumed almost constant values in the same range in which    E p   ( 1 )      values were stabilized (see Figure 5). Additionally, in this case, the considerations made on a(00) − a(11) in section A are valid. In Figure 6, Figure 8 and Figure 9, the valuations made in section A are valid. In particular, the values of a(00) and a(11) increased up to a maximum of around 105 Hz and then decreased, keeping constant for ω > 106 Hz. Here, too, the relationships (8) and (9) are valid. Figure 7 shows a greater production of entropy in healthy than in cancerous cells. The value reached a maximum between 105 and 106 Hz and then decreased and almost cancelled for ω > 107 Hz. However, even in this section, cancerous cells show a greater “order” than healthy ones.




4. Conclusions


The thermodynamic study of the relaxation phenomena conducted on lung cancer shows phenomena related to orientation polarization P(1), displacement currents dP(1)/dt, displacement conductivity L(11) are very similar for both cancer and physiological tissues, except for the intensity with the variation of the perturbation frequency. The present analysis identified the cause of the different intensity in field E(1), generated by the dipoles stimulated by the harmonic perturbation; in detail, when stimulated by a harmonic perturbation, the already existing and generating dipoles produce a field opposed to the disturbing field which is of lesser intensity in the cancerous tissue than in the physiological one (see Figure 2, Figure 3 and Figure 4). What was observed is attributable to the tendency of cancerous cells to be more depolarized than their normal counterparts [30]. In addition, the membrane depolarization seems to be closely linked to the invasiveness of the cancerous cells as recently demonstrated by Lobikin et al., 2012 [31]. Another important conclusion derives from the evaluation of the entropy production trend (see Figure 7); cancer is a thermodynamically more ordered tissue than a physiological one. It is good to remember that this result has already been found in other types of pathologies [6,11]. The tumor seems to be “more predisposed” to conserve its state characterized by minor entropy production compared to the physiological one, thus showing a greater opposition to everything that tries to change its state, as, for example, a potential treatment of the pathology. The low rate of entropy production in some metabolic situations could be an advantage for cancerous cells. In fact, the rapid growth of the tumor mass is not always accompanied by an efficient blood supply. This leads to greater difficulty for highly proliferative cells to find nutrients than for normal cells. In this case, the cancerous cells, maintaining a stationary state characterized by the minimum rate of entropy production, are able to supply the required ATP from the minimum amount of nutrients. This condition could be related to the paradox of the “Warburg effect” shown by some growing cancerous cells, characterized by a metabolic slowdown even when oxygen is plentiful [32,33]. In this case, the energy requirement is guaranteed by the use of glucose-6-phosphate (G6P) in the two metabolic fluxes: anaerobic glycolysis, which produces ATP; and Pentose Phosphate Pathway (PPP), which produces reducing power (NADPH)-required co-factor for reductive biosynthesis as well as for the maintenance of the cellular redox state, and pentose phosphate building blocks of nucleotide structures. The “metabolic silencing” of an indispensable organelle such as a mitochondrion, with the scarce or reduced use of oxygen, and the lack of both carbon dioxide production and partially reduced oxygen products (ROS), would justify the low entropy observed. Furthermore, the lack of decarboxylation processes (typical of the Krebs cycle) and of the complete oxidation of the pyruvate would save the carbon structures necessary for biosynthetic processes. In simple words, the “energy sacrifice” is imposed by maintaining an adequate entropic state for the neoplastic tissue and becomes optimal for its growth.
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	ATP:
	Adenosine Triphosphate



	CT:
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	Positron Emission Tomography
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	Magnetic Resonance Imaging
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Appendix A


Kluitenberg’s theory is based on the idea that the usual variables of non equilibrium thermodynamics are insufficient to describe some phenomena that occur in a medium when it is subject to perturbation. In particular they are insufficient to describe relaxation dielectric phenomena in a continuous media (we neglect magnetic effects).



It is assumed that the specific entropy s of an elastic dielectric is a function of the specific internal energy u, the specific polarization p and and p(1):


  s = s  (  u  |   p _   |     p _     ( 1 )         )   



(A1)




where the following decomposition is obtained


   p _  =    p _     ( 0 )    +    p _     ( 1 )     



(A2)




here, in the Debye’s model, p(0) is deformation polarization and p(1) is orientation polarization.



From this it follows [10,34,35,36]:


   {       1 T  =   ∂ s  (  u .  p _  ,    p _     ( 1 )     )    ∂ u            E _     (  e q  )    = − T   ∂ s  (  u .  p _  ,    p _     ( 1 )     )    ∂  p _             E _     ( 1 )    = T   ∂ s  (  u .  p _  ,    p _     ( 1 )     )    ∂    p _     ( 1 )             



(A3)







Moreover it is introduced the vector E(ir) defined as:


     E _     (  i r  )    =  E _  −    E _     (  e q  )     



(A4)




where E is the electric field which occurs in Maxwell’s equations. The vector E(ir) is the irreversible electric field. It can be shown the following phenomenological equation [10,34,35,36]:


     E _     (  i r  )    =  L   (  0 , 0  )      d  p _    d t    



(A5)






    d    p _     ( 1 )      d t   = +  L   (  1 , 1  )       E _     ( 1 )     



(A6)






     E _     (  e q  )    =  a   (  0 , 0  )     (   P _  −    P _     ( 1 )     )  =  a   (  0 , 0  )       P _     ( 0 )     



(A7)






     E _     ( 1 )    =  a   (  0 , 0  )     P _  −  a   (  1 , 1  )       P _     ( 1 )     



(A8)







L(0,0) and L(1,1) are called phenomenological coefficients, whereas a(00) and a(11) state coefficients. We report the physical meaning to them associated:




	
a(00) and a(11) reciprocal dielectric constants.



	
L(00) resistance.



	
L(11) conductivity.








It can be shown that it is possible to obtain the so called dielectric relaxation equation [10,34,35,36]:


   χ  E P    ( 0 )     E _  +   d  E _    d t   =  χ  P E    ( 0 )     P _  +  χ  P E    ( 1 )      d  P _    d t   +  χ  P E    ( 2 )       d 2   P _    d  t 2     



(A9)




where:


   χ  E P    ( 0 )    =  a   (  1 , 1  )     L   (  1 , 1  )     



(A10)






   χ  P E    ( 0 )    =  a   (  0 , 0  )     (   a   (  1 , 1  )    −  a   (  0 , 0  )     )   L   (  1 , 1  )     



(A11)






   χ  P E    ( 1 )    =  a   (  0 , 0  )     (  1 +  L   (  0 , 1  )    −  L   (  1 , 0  )     )  +  a   (  1 , 1  )     (   L   (  0 , 0  )     L   (  1 , 1  )    −  L   (  0 , 1  )     L   (  1 , 0  )     )   



(A12)






   χ  P E    ( 2 )    =  L   (  0 , 0  )     



(A13)







If we perturb the medium with a polarization.


  P =  P 0  sin ω t  



(A14)




and by introducing some appropriate approximations, in the contest of linear response theory, phenomenological and state coefficients can be expressed as functions of the frequency as follows:


   a   (  0 , 0  )     ( ω )  =  Γ 1  +    Γ 2   ( 1 )      ω σ    



(A15)






   a   (  1 , 1  )     ( ω )  =      [   Γ 2   ( 1 )    +  Γ 1  ω σ  ]   2    ω σ    Γ 2   ( 1 )     (  1 +  ω 2   σ 2   )     



(A16)






   L   (  1 , 1  )     ( ω )  =   ω    Γ 2   ( 1 )     (  1 +  ω 2   σ 2   )       [   Γ 2   ( 1 )    +  Γ 1  ω σ  ]   2     



(A17)






   L   (  0 , 0  )     ( ω )  =    Γ  2 R    ω   



(A18)




where:


   Γ 1  =    ε 1  −  ε 0       (   ε 1  −  ε 0   )   2  +  ε 2 2     



(A19)






   Γ 2  =    ε 2       (   ε 1  −  ε 0   )   2  +  ε 2 2     



(A20)




and Γ2R is the relaxed value for ωR. Here ωR is the frequency under which Γ2 is almost constant [37]. Here    ε 1    and    ε 2    are real and imaginary part, respectively, of the complex dielectric constant and σ is the relaxation time. Here, we introduced a new quantity defined as:


   Γ 2   ( 1 )    =  Γ 2  − ω  L   (  0 , 0  )     



(A21)






   P   ( 0 )    =    Γ 1  P    a   (  0 , 0  )       



(A22)






   P   ( 1 )    = P −  P   ( 0 )    = P  (  1 −    Γ 1  P    a   (  0 , 0  )       )   



(A23)







The entropy production in the case of only dielectric relaxation phenomena becomes [8,26,27,28]:


   σ   ( s )    =    P 0 2   T   (  ω  L  ( 0 , 0 )   +    Γ 2  ( 1 )      (  1 +  ω 2   σ 2   )     )  ω     cos  2  ω t  



(A24)




where heat flow and density of electric current have been neglected.
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Figure 1. Comparison between normal (black line) and cancerous cells (red line) orientation polarization P(1) values as a function of frequency, see equation (A23). 
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Figure 2. Comparison between normal (black line) and cancerous cells (red line) of the displacement current as a function of frequency, see Equations (A6), (A8) and (A16). 
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Figure 3. Comparison between normal (black line) and cancerous cells (red line) of displacement conductivity L(1,1)as a function of frequency, see Equation (A17). 
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Figure 4. Comparison between normal (black line) and cancerous cells (red line) of the field E(1) as a function of the frequency of perturbation, see Equation (A6). 
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Figure 5. Comparison between normal (black line) and cancerous cells (red line) of the field    E  P  ( 1 )     ( 1 )      associated with the polarization P(1) as a function of frequency, see Equation (A8). 
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Figure 6. Comparison between the difference of state coefficients a(0,0) and a(1,1) in normal (black line) and cancerous cells (red line) as a function of frequency, see Equations (A15) and (A16). 
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Figure 7. Comparison between normal (black line) and cancerous cells (red line) of the trend of entropy production as a function of frequency perturbation, see Equation (A24). 
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Figure 8. Comparison between normal (black line) and cancerous cells (red line) of state coefficients a(0,0) as a function of frequency, see Equation (A15). 
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Figure 9. Comparison between normal (black line) and cancerous cells (red line) state coefficients a(1,1) as a function of frequency, see Equation (A16). 
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