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Abstract: Diabetes disorder turns smoothly to be a global epidemic disorder and the glycated hemoglobin (HbA1c) starts to be an efficient marker of it. The dielectric spectroscopy on different human normal- and diabetic-blood samples is used to characterize and to estimate the HbA1c concentration. “dc-” and ac-measurement of the complex conductivity in the temperature range from 280 K up to 320 K, and in the frequency range from one Hz up to 32 MHz have been performed. The thermal activation energy, ΔEσ, of dc-electric conductivity lies in the range 95 meV < ΔEσ < 115 meV; while the thermal activation energy, ΔEτ, of RBCs relaxation time is about ΔEτ = 140 meV. The experimental data have been modeled by a physical-model and good fittings have been found between calculated and experimental values. The effective number of charges, nG, T, is estimated after Cole and Cole curves. One has found that nG, T increases with both temperature, T, and with the glycation rate GG. This increase may shed some light on an effective and possible way to treat (and to detect) diabetes disorders via eliminating the excess electric charges produced by glycation processes. The present work sheds the light on the possible combination of focused ultrasound with magnetic resonance imaging to study the dielectric-thermal variations of glycated-RBCs, which can lead to very precise and non-invasive monitoring of glycation concentration in vivo and in vitro via magnetic resonance-thermometry.
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Nomenclature



	E0
	maximum amplitude of electric field



	F
	two equal and opposite electric forces



	GG
	glycated hemoglobin



	HbA1c
	the glycated hemoglobin



	k0
	damping mechanical force acting on the RBC



	nG, T
	effective number of charges



	RBCs
	red blood cells



	t
	time



	x (T, t)
	displacement parameter



	ΔEσ
	Thermal activation energy of dc-electrical conductivity



	ΔEτ,σ
	Thermal activation energy of relaxation time



	βG
	velocity-damping



	η’
	the opposing viscous forces



	η0
	viscosity coefficient acting on the RBC



	μG
	mass-increasing factor



	σac
	dc-electric conductivity



	σdc
	dc-electric conductivity



	ω
	Angular frequency is ω is 2π *frequency, f




1  Introduction

Multifunctional and very vital fluid is the human blood; it regularly and precisely distributes oxygen to the different human systems [1], it transfers aliments, drugs, and metabolites [2–4]. In addition, it is an essential component of the immune system [5,6]. Even, Dache et al. [7] have recently reported the presence of respiratory-competent cell-free mitochondria in human blood (up to 3.7 × 106 per mL of blood). This gives an interesting and stimulating issues to perform further studies on the multifunction characters of blood, (the term blood in the present study refers to human blood). Moreover, precise information about its functions, its elementary elements, its vital properties and its dynamics is of great significance. In particular, the study of these vital properties under some disorder, for example, diabetes I and II as they are common disorder factors and the side effects of this disorder is seriously dangerous [8]. A recent report (April 29, 2021) of the international diabetes federation (IDF) atlas shows that 463 million adults have currently diabetes. Moreover, IDF predicts 700 million adults on 2045 [9,10]. Therefore, several researchers have paid great attention to develop either efficient treatment [11,12] or rapid detection of that disorder [13,14]. One of effective markers to diabetes is glycation of red blood cells (RBCs). The glycation of RBCs hemoglobin produces glycated hemoglobin (HbA1c). This HbA1c reduces the function- efficiency of the RBCs. Therefore, it is necessary to study the glycation mechanisms, the glycation effects and the role played by HbA1c concentrations (GG) on the different functions of RBCs. Several studies have considered that GG is an efficient indictor for long-term glucose levels [15–17].

Unfortunately, except reference [18], we did not find any study, in the present published literature, dealing with the dielectric characteristics of HbA1c as function of frequency and/or temperature; taken into account the life-span of RBCs on the same time with the continuous formation of glycated hemoglobin. However, Cohen et al. [19] have reported that: “the effect of glycation on the dielectric parameters of the lens at any temperature is the result of a greater number of polar sites than in a healthy sample, which affects the mechanism of polarization of protein molecules on the surface and within this tissue under the influence of an electric field”. End of citation. In fact, the continuous formation of glycated hemoglobin by time, is depending on 2-factors: The first is the life-period of red blood cells, which is about four months [20]; the second parameter is the glucose growth through rate of the blood (GG) [21,22]. It is worth mentioned that the word blood, in the present study, means human blood in vitro.

Thus, any reasonable study for HbA1c should take, on the same time per days, two paradoxes factors: The first is HbA1c concentration (GG) that increases with time (t) while, on the contrary, the number of RBCs (holding HbA1c), which is decreased by time due to their life span. When characterizing HbA1c, several authors [20–22], consider one part and neglect the other. We did not find any publication that considers the characteristics of HbA1c taken into considerations the two factors on the same time. In reference [18], the authors have reported that glycation of hemoglobin increases the electric charges. In fact, the origin of these charges comes from a chemical “two-step reaction” of the carbonyl group (-C=O) of glucose which is negatively partially polarized and thus can easily react with the amino (-N=O), which is positively partially polarized group of the N-terminal “valine” of the (third-globin chain of hemoglobin). The partial electric-polarization reactions result in more positive and negative charges bearded on the RBCs. Moreover, the glycation-processes occur, in normal conditions, smoothly where the first reaction leads to a Schiff’s base (aldimine) [23,24]; and the second reaction is an Amadori rearrangement [24,25]. This reaction results in a stable “keto-amine”-compound. This stable keto-amine plays the principal role as a marker of the blood glucose level.

Moreover, we follow the work published by Diederich [26] and point out about the possible combination of focused ultrasound with magnetic resonance imaging to study the dielectric-thermal variations of glycated-RBCs which can lead to very precise and non-invasive monitoring of glycation concentration in vivo and in vitro via magnetic resonance-thermometry [26–30].

On the other hand, the thermal variations of RBCs through the blood affects their functions. For example, when human tissue inevitably absorbs microwave energy, which is directly converted to heat [31] (within skin) due to dielectric losses; this, varies the electric and dielectric properties of RBCs and would lead to drastic effects on the blood functions. Therefore, studding the thermal effects of RBCs requires more intensive steps.

In the present study, we (i) present experimental data to characterize HbA1c as a function of some extra “harmful” electric charges; using broad band dielectric measurements (ii) present experimental data and explain the thermal relation between the growth of HbA1c and its dependence on the permittivity measurements, (iii) present a theoretical model, which fits well to our experimental data, (iv) explain experimental data taking into considerations the three above-mentioned factors on the same time.

2  Experimental and Methods Details

Expect the temperature variations combined with glyction variations, the experimental details of the present study are exactly the same as those published in reference [18], namely: (i) Sample Collection (ii) ac-Electrical and dielectric measurements under different hemoglobin-glycation rates (iii) Determination of the cell constant of the impedance sample holder, (iv) dc-Electrical measurements (IV characteristics) under different hemoglobin-glycation concentrations, (v) ac-Electrical and dielectric polarization of glycated hemoglobin as a function of time (vi) variations of RBCs relaxation times as a function of time and HbA1c concentration (vii) Red blood cells span-life (RBCs Survival-period), (viii) Some clinical-characteristics (ix) Statistical Analysis. However, the published model in reference [18] has suffered some essential modifications when varying temperature. In the present study, one summarizes the temperature-modified equations of reference [18].

2.1 Theoretical Model with Glycation of RBCs under Forced Ac-Electric Field: Effect of Temperature Variations

A micro particle such as RBC can freely move (or/ and can be freely suspended) in a viscous fluid such as plasma. Because the RBCs are negatively charged [14], they are completely surrounded by positive charges (Fig. 1a). Under an ac-elecric field, E0eiωt, with E0 is its maximum amplitude and its angular frequency is ω. The RBC can be forced and derived to have two equal and opposite electric forces F (Fig. 1b). This forms a mechanical-torque that can drive the RBC to oscillate with an angular frequency ω. The RBCs form dipoles that oscillate with ω as seen in Fig. 1c.
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Figure 1: (a) Distribution of electric charges around an RBC (b) Electric-Mechanical torque on a RBC (c) Dipoles on the RBCs

In order to mathematically describe the motion of a micro particle of a healthy-RBC, with mass m0, under an external field E0eiωt, one can use Newton’s equation of motion and write:


m0d2xdt2+(η′0)dxdt+k0x=qnE0eiωt
(1)

Here, η’ represents the opposing viscous forces which have η0 viscosity coefficient. “k0” stands for the damping force acting on the RBC of the normal RBC. In reference [18], the authors have applied Eq. (1) at room temperature, however, in the present work one consider the temperature as a varying parameter, which varies in the range from 280 K up to 320 K. Moreover, in reference [18] one has taken into account the glycation-effect on the previous Newton’s equation of motion in such a way that it can be written as a differential equation, however, in the present study we have taken the displacement parameter (x) as a variable parameter with temperature.

Therefore, if one considers that 
x(T,t)
is the solution of the healthy RBC at different temperatures, and with the amplitude is a function of temperature as:


AT=AT0e[−ΔEkT]
(2’)

We can write the displacement parameter 
x(T,t)
, of a healthy RBC, as a function of te n is the effective number of electric-charges on the surface of a RBC temperature as:


x(T,t)=AT0e[−ΔEkT+(iωt+ϕ)]
(2)

Here, ΔE is a thermal activation energy with a negative sign that makes x (t, T) decreases with T.

Eqs. (1) and (2) give:


−m0ω2AT0e[−ΔEkT+i(ωt+φ)]+iω(η0)AT0e[−ΔEkT+i(ωt+φ)]+k0AT0e[−ΔEkT+i(ωt+φ)]=qnE0eiωt
(3)

In order to take the glycation processes of a RBC and following the same notations as those in reference [18]. We consider the following (i) an increase of the RBC-mass due to glycation. The mass-increasing factor μG; with 0 < μG < 1, (ii) an increase of the mechanical friction against the RBC-velocity: βG is a velocity-damping 0 < βG < 1, (iii) an increase of the mechanical restoring force against the displacement: αG represents an x-damping factor. All these increasing parameters μG, βG and αG depend on the glycation concentration ratio GG, with q is the electronic charge, E0 is the maximum amplitude of the ac-electric field, n is the effective number of electric-charges on the surface of RBCs, i is the unit complex number 
i=−1
, and ω is the angular frequency of the external electric field. Thus, as a first approximation, we take n invariant with temperature and using the above-mentioned notations, we follow reference [18] and rewrite Eq. (3) when taking into consideration the glycation effect:


−m0μGω2AG0e[−ΔEkT+i(ωt+φ)]+iω(βGη0)ATGe[−ΔEkT+i(ωt+φ)]+αGk0AG0e[−ΔEkT+i(ωt+φ)]=qnE0eiωt
(4)

Subtracting exp(iωt) from both sides (and rearranging) Eq. (4), one finds the amplitude as following:


AG0e[−ΔEkT]=qnE0eiωt[αGk0−μGm0ω2]+iω(βGη0)
(5)

One notices that 
AG0e−ΔEkT
a represents a real number, while the right hand side of the equation looks “alarmingly” complex. One can to untangle the dominator 
{αGk0−μGm0ω2}+i(βGη0)ω
as diagrammed in sketch (x). The x-axis component (real part) is, 
{αGk0−μGm0ω2}
and the y-axis component (imaginary part) is, 
βGη0ω
. Similar to any complex number, one can write the dominator complex number in terms of its amplitude r and its phase θ, i.e.,


{αGk0−μGm0ω2}+i(βGη0)ω=reiθ
(6)

One can, also, write the amplitude of this complex number


r={αGk0−μGm0ω2}2+[(βGη0)ω]2
(7)

and the phase angle as:


θ=tan−1(βGη0)ω{αGk0−μGm0ω2}
(8)

Eqs. (6) and (8) give


[AG0e−ΔEkT]=nqE0e−iϕG(reiθ)
(9)

which means that 
−iϕG=iθ
.

Therefore, the parameter A defined by Eq. (4) could be written as:


[AG0e−ΔEkT]=nqE0e−iϕG(reiθ)=nqE0(r)=nqE0{αGk0−μGm0ω2}2+[(βGη0)ω]2
(10)


[AG0e−ΔEkT]=nqE0{αGk0−μGm0ω2}2+[(βGη0)ω]2
(11)


x(G,t,T)=AG0e[−[ΔE]kT−i(ωt−ϕG)]
(12)

It is interesting to note that: (i) the amplitude of the parameter |A| = r is directly proportional to the strength of the external electric force E0, and that ratio is determined by the parameters of the underived oscillator, (ii) from Eq. (10), if the damping factor β is small, the parameter A increases drastically when the frequency of the external electric comes near to the natural frequency, ω0, of the oscillator (see Section 3.1.3), (iii) at low frequencies where ω << ω0, the oscillator slows behind by a small angle, however, at ω = ω0 one finds that θ = π/2. At higher frequencies where ω >> ω0, (and for driving frequencies above ω0), one finds that θ > π/2, (iv) from these analysis, one expects that the curve between θ and ω should pass by a maximum. This maximum happens at θ = π/4 (45°). This leads to the different maxima found in Section 3.1.1. So, these maxima happens when 
(βGη0)ω
= 
{αGk0−μGm0ω2}
. This means that


ωG2+(βGη0μGm0)ωG−(αGk0μGm0)=0
(13)

The general solution of Eq. (13) can be written as:


ωG=−βGη02μGm0∓12(βGη0μGm0)2+4αGk0μGm0
(14)

If: 
(βGη0)2≫4αGk0
→ This leads either to ωG = 0 or ωG = -
βGη0μGm0
: both conditions are impossible and should be rejected.

If 
(βGη0)2≪4αGk0
→ This leads either to ωG = 0 or ωG = 
αGk0μGm0
: The first condition is impossible and should be rejected, therefore, one has the second solution: ω G =
αGk0μGm0
.

Then, the resonance condition occurs when the relaxation time, τG = 1/ω [32–36]. Thus, one can write that the relaxation time of a glycated RBC τG can be written as:


τG=(1/ωG)μGm0αGk0
(15)

One should notice that the relaxation time τG is directly proportional (and it is sensitively proportional to) to the glycation processes as seen from the following proportionality:


τG=μG
(16)

In the presence of glycated-RBC at different ratios and at different temperatures, the ac-electrical conductivity σac(G,T), the dielectric constant ε’ac(G,T), and the electric losses ε”ac(G,T), can be represented, considering τac(G,T) given by Eq. (15), one can describe σac(G,T), ε’ac(G,T), and ε”ac(G,T), in the following section.

2.1.1 Effect of Temperature on the Permittivity of RBCs Suspended through Plasma with HbA1c Variations

At certain temperature T, the relaxation time of RBCs given by Eq. (15) depends on the glycation concentration, GG, via the increase of the RBC mass. However, after thermal-energy considerations, one should reconsider these issues. In particular, the principle of energy equilibrium between the thermal energy (kT) and the minimum mechanical energy affected by the external electric field; τG, given by Eq. (19), which represents a simple restatement of the second law of thermodynamics [37]. Here, one defines an activation energy of a suspended RBC, ΔEG, as the minimum energy which can return the RBC to its initial position after application of an ac-electric field. A suspended RBC attains its minimum potential energy when an optimum equality (condition) between its activation energy ΔEG and its thermal energy kT will happen [38,39] where k is Boltzmann constant and T is the absolute temperature. One considers this optimal energy condition and write:


τG,T=τG0exp(ΔEτGkT)
(17)

Thus, taken into account the thermal variations with the relaxation time given by Eq. (17), one can rewrite Eqs. (32)–(34) and (36) of reference [18] to become as following:


σG,T=σdc+ω2τ0Gexp(ΔEτGkT)((εdc−ε′∞){1+(ωτ0G(ΔEτGkT)2})
(18)


εG′=ε∞′+((ε′dc−ε′∞)1+(ωτ0G(ΔEτGkT)2)
(19)


εG,T′=ωτ0G(exp(ΔEτGkT))((ε′dc−ε′∞)1+(ωτ0G(ΔEτGkT)2)
(20)


(ε′G,T−[ε‴G,T]dc+[ε‴G,T]∞2)2+(ε″G,T)2=(ε′G,T−[ε‴G,T]dc−[ε‴G,T]∞2)2
(21)

2.1.2 Effect of Temperature on the Cole-Cole Analysis with HbA1c Variations

Theory: One has to use a reasonable analysis in order to attain a corresponding reasonable quantification of glycation ratios by broad band dielectric spectroscopy technique. In reference [40], the authors have shown that Cole & Cole experimental data are suitable to characterize and to model impedance spectra of biological materials. While the experimental data and the plot of Cole and Cole mask the frequency dependence, they present a clear sights through the different physiological changes of biological materials [41–44]. In addition, different authors [45,46] have reported that Cole and Cole data give an important explanation in the form of resistance to charge transfer Rct which is equal to the diameter of semicircular plots. Cole and Cole data show a maximum at which frequency attains a critical value with equality between electric losses ε” and dielectric constant ε’. At this maximum, bulk solution resistance is given at infinite frequencies [47].

In addition, it supplies the magnitude and the possible distribution of the relaxation times which can assess the charges-mobility [48–50].

For Debye-type relaxations, Cole and Cole curves can be represented as a function of GG and temperature by Eq. (21). Both the center and the radius of the semicircle is located on the x-axis: The center is located at y = ε”= 0, & x = [ε’dc-ε’∞]/2 (see Figs. 6a and 6b).

The surface area of the circle AG,T, is a function of both temperature and glycation rate:


AG,T=π[(ε′G,T2)+(ε″G,T2)]
(22)

We can estimate the number of charges nG as a function of GG from the area under the Cole Cole curves with semi-circle area AG, given by Eq. (38), as following: (i) One locates the xy coordinates at the maximum point of the semicircle (the two coordinates are nearly equal) xmax, ymax = [ε’max, ε”max], (ii) Then, we calculate the radius of the semicircle from Eq. (23), (iii) One can estimate the electric charges, QG, in Coulomb, as a function of the applied potential v from the equation:


QG=Cv=v∗ASampleHolderd(ε′G2)+(ε″G2)
(23)

where the ratio A/d is the ratio between the sample holder area and the electrode separation. The number of charges, GG, could be given from the equation


nG=Cvq=v∗ASampleHolderdq(ε′G2)+(ε″G2)
(24)

3  Results and Discussions

3.1 IV Characteristics and Experimental Data of Dc-Electrical Conductivity, as a Function of Temperature for Different Glycation Concentrations σdc (G, T)

At certain glycation rate GG = 0.04591, Fig. 2a shows the IV-characteristics, at different temperatures in the range (280 K < T < 320 K). Similarly, at room temperature, Fig. 2b shows the IV-characteristics at different GG values in the range (0.04591 < GG < 0.013688). Both figures have the same experimental data, however, the first figure takes the experimental data at certain GG with different temperatures; while the second shows the experimental data at certain temperature with different GG values and we will present our experimental data following the same scheme.

The IV-characteristics represents a good indication about both the rectification effects found due to the electrodes and the presence of any Faradic effects which may found at the contact surface between blood samples and the metallic-electrodes. The experimental data in Fig. 2a reveal that neither rectification effects nor Faradic effects are found near the electrodes. This is, clearly, seen from the good linearity found in both Figs. 2a and 2b; moreover, the similarities between the negative and positive sides of the obtained curves reveal that there are no Faradic effects around the metallic electrodes.

Fig. 2e The dc-electrical conductivity, σdc(GG, T) as a function of 1000/T. The linear behavior of the natural logarithm of σdc(GG, T) as a function of 1000/T shows that σdc (GG, T) is thermally activated following an Arrhenius type as: as σdc (GG, T) = σdc0 exp [-ΔE/kT]. The best fit of the experimental data to Arrhenius equation is given when the activation energy, ΔE = 0.115 eV and σdc0 = 46.0715 Sm-1.
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Figure 2: (a) IV characteristics, at different T’s, (b) IV characteristics at different GG’s (c) σdc as a function of T for different GG’s, (d) σdc as a function of GG values at different T’s, (e) ΔE as a function of 1000/T

From the slopes of both Figs. 2a and 2b, one can estimate the dc-electrical conductivity σdc (GG, T). Fig. 2c shows the dc-electrical conductivity σdc (GG, T) as a function of temperature for different glycation rates. Fig. 2d shows the dc-electrical conductivity σdc (GG, T) as a function of glycation rates for different temperatures. In order to estimate the thermal activation energy ΔEσdc, the data in Fig. 2d are represented in Fig. 2e as a function of 1000/T. The linear behavior of the natural logarithm of σdc as a function of 1000/T shows that σdc (GG, T) is thermally activated following an Arrhenius type as: σdc (GG, T) = σdc0 exp [-ΔE/kT]. The best fit of the experimental data to Arrhenius equation is given when the activation energy, ΔE = 0.115 eV and σdc0 = 46.0715 Sm-1.

3.1.1 AC-Electrical Conductivity of Glycated-Blood as a Function of Frequency for Different Glycation Concentrations, and at Different Temperatures

Asama et al. [50] have reported that the RBC-membrane contains poorly-conducting lipids, which makes the electrical conductivities of RBCs (either dc-/or ac-conductivity) in low frequency range is by far smaller than that of the plasma-medium. We have seen this behavior in the dc-conductivity σdc (G, T) as a good linear behavior of IV-characteristics as showed in Figs. 2a and 2b in the previous section. Moreover, both Figs. 3a and 3b confirm this behavior: Fig. 3a shows the ac-conductivity σac (ω, T, GG = 0.04591) as a function of frequency for different temperatures, here we can notice the presence of an excellent plateau extending from one Hz up to about 5 kHz having no variations of σac with ω. The same trend is seen in Fig. 3b, which shows the ac-conductivity as a function of frequency for different glycation concentrations at 320 K, σac (ω, GG, T = 320 K). The presence of plateau up to 5 kHz confirms, also, the linear behavior of the IV-characteristics. However, at moderate frequencies, σac (ω, T, GG = 0.04591) increases with both frequency and temperature. This increase is attributed to the relatively good response of the RBCs to the applied ac-electric field. As the frequency increases, the relaxation time τac (GG, T) decreases and, thus, σac (ω, GG, T) increases according to Eq. (18). Similarly, when temperature increases, the response of RBCs lowers the relaxation time according to Eq. (17) which in turn increases the electrical conductivity according to Eq. (18). On the other hand, increasing the glycation

The temperature effect on σac (ω, GG, T) is shown in Figs. 3c and 3d. One can notice a steep increase of the conductivity followed the presence of some maxima that vary with both GG, and T. We notice that at 10 kHz, the maxima lay in a relatively lower temperatures (in the range 150 K < T < 200 K). However, when applying 1 MHz these maxima displaced to higher temperatures (in the temperature range from 280 K up to 350 K). The presence of maxima is better seen in Section 3.1.3.

Symbols in Figs. 3c and 3d stand for the experimental data while the continuous lines are calculated after Eq. (18). A good fit of the calculated data to the experimental ones is obtained which stand with the validity of the presented model via Eq. (18). The strong increase of σac (ω, GG = 0.04591, 300 K< T < 500 K) is due to the strong response of the RBCs to the applied ac electric field. Here, the frequency is strongly increased resulting in strong decrease in the relaxation time that increases the ac electrical conductivity. The glycation effect is well seen via data in Figs. 3e and 3f. In Fig. 3e, one can see a weak dependence of the ac-electrical conductivity with the glycation processes. This weak dependence of σac (ω, GG, T) is attributed to the increase of the relaxation time due to the increase of RBCs-mass with glycation. However, the increase with frequency is still predominant.
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Figure 3: (a) σac (ω, GG, T) as a function of f (ω /2 π), for different T’s at certain GG, (b) σac (ω, GG, T) as a function of f (ω /2 π) for different GG’s and at T = 320 K. (c) σac (ω, GG, T) as a function of T for different GG and at f = 10 kHz, (d) σac (ω, GG, T) as a function of T for different GG’s and at 1 MHz, (e) σac (ω, GG, T) as a function of GG’s, at f = 10 kHz, 100 kHz and 1 MHz; and at T = 320 K, (f) σac (ω, GG, T) as a function of GG’s for different T’s and at f = 10 kHz
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Figure 4: (a) ε’ (ω, GG, T) as a function of f (ω /2π), for different T’s and at GG = 0.13688, (b) ε’ (ω, GG, T) as a function of f (ω /2π), for different GG’s and at T = 0.13688, (c) ε’ (ω, GG, T) as a function of f (ω /2π), at temperature T = 0.13688, (d) ε’ (ω, GG, T) as a function of T, for different GG’s and at f = 1 MHz, (e) ε’ (ω, GG, T) as a function of GG for different T’s, and at f = 10 kHz, (f) ε’ (ω, GG, T) as a function of GG’s for different T’s, and at f = frequency 1 MHz, (g) ε’ (ω, GG, T) as a function of at GG’s for different T’s, and at f = 1 MHz

3.1.2 Dielectric Constant of Glycated-Blood as a Function of Frequency for Different Glycation Concentrations, and at Different Temperatures

Fig. 4a shows the dielectric constant ε’ (ω, T, GG = 0.13688) as a function of frequency for different temperatures at certain GG value: GG = 0.13688. Here, we can notice a relatively long plateau with no variations of ε’with ω from 1 Hz up to about 50 kHz. This behavior is in complete harmony with the data in Fig. 3a concerning the plateau of ac-electrical conductivity σac (ω, T, GG = 0.13688) variations with frequency at the same temperatures and at the same GG value. The weak variations of ε’ with frequency is directly attributed to the very weak response of the RBCs to the ac-electric field at low frequencies. At these low frequencies, all the electric charges (dipoles) surrounded the RBCs are tightly bonded to the micro particles and the relaxation times is so high that there is nearly no response from the RBCs to the applied external field, which explains the presence of such plateau. At moderate frequency, however, the dielectric constant decreases rapidly with frequency (Fig. 4a) which is in complete accordance with the increase of the electrical conductivity (Fig. 3a) due to the rapid decrease of the relaxation time at these moderate frequencies. The decrease of ε’ with frequency is attributed to good response of the charged dipoles to the external field; then, the dielectric constant continues to decrease with the frequency till reaching a limit value ε’∞ at very high frequency. At ε’∞, one finds that all the dipoles surrounded the RBCs have attained the limit polarization at high frequency with a minimum relaxation time corresponds to τ∞ = ε’∞/σ∞. One can see the ε’-behavior at all frequencies via Eq. (19): This equation shows clearly that at low frequency (when ω tends to zero) ε’tends to a constant value (ε’dc - ε’∞). At moderate frequencies, ε’ starts to decrease with frequency until reaching an inflection point at critical frequency when 2π *f critical = ω = 1/τcritical; then it tends to a limit value ε’∞ at very high frequencies. Fig. 4b confirms this behavior: One can see a net stability of ε’ (ω, GG, T = 290 K) as function of frequency in the low frequency range; the curve starts to decrease at moderate frequencies followed by an inflection point and finish by a limit value ε’∞ at very high frequencies. At 280 K and 320 K with two glycation concentrations: 0.04591 and 0.13688, Table 1 reports on different values of the dc-electrical conductivity σdc, relaxation time τ, low frequency dielectric constant ε’dc, and the dielectric constant at high-frequency, ε’∞.
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The effect of temperature variation on ε’ is seen in Figs. 4c and 4d. Fig. 4c shows the dielectric constant ε’ (T, GG, at 10 kHz) as a function of temperature for different glycation concentrations, at 10 kHz. Here, we can notice a steep rise of ε’with T at low temperatures. This is due to the formations of more “static” dipoles with temperature, which corresponds to the constant-value of ac-electrical conductivity in the low temperature range (Fig. 2d). This steep rise is followed directly by smooth maxima which depend on temperature. Such maxima happen when the applied frequency fcritical matches well with the relaxation time τcritical of RBCs in such a way that 2πf critical *τ critical = ω critical *τ critical = 1.

Fig. 4d shows the dielectric constant ε’ (GG, T, f = 1 MHz) as a function of glycation concentration, GG for different temperatures, here we can notice no variations of ε’ with ω from 1 Hz up to about 50 kHz. This behavior is in complete harmony with the constancy of the data concerning the ac-electrical conductivity σac (ω, T, GG = 0.13688) variations with frequency at the same temperatures. One can notice, also, in Fig. 4d that the maxima region has been displaced towards higher temperatures when measuring the frequency at 1 MHz.
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These maxima are, also, function of both temperature and glycation concentration ratios as those found in Fig. 4c. Comparing the maxima in both figures, one finds a net change of the curves-shape. This is due to the nature of relaxed dipoles: In low temperature range (Fig. 4c, at 10 kHz- c), the relaxation time is by far higher than the maxima which are reported in Fig. 4d.

Moreover, the effect of glycation variations on ε’ is seen in Figs. 4e–4g: Fig. 4e shows the dielectric constant ε’ (GG, T, at 10 kHz) as a function of glycation concentrations GG for different temperatures, at 10 kHz. Here we can notice a regular increase of ε’ (GG, T, at 10 kHz) with GG with faint effect of temperature. At the present case, the formations of quasi-static dipoles with temperature has no important effect because the mass (of dipoles) increases due to glycation which decreases the relaxation time, which increases, in turn, the dielectric constant. This is corresponding to the constant-value of ac-electrical conductivity in the low temperature range (Fig. 3d). Fig. 4f shows the dielectric constant as a function of the glycation concentration for different values of temperatures. One can see at 100 K up to 300 K the presence of net maxima. These maxima are so weakened with temperature that they disappear at 400 K. In order to explain this behavior, one sees that at lower temperature the number of dipoles increases with temperature which increases the dielectric constant. However, this increase is masked by increasing temperature in such a way that the relaxation time τG,T given by Eq. (15) masks the increase of dipoles-number. From Eq. (15), τG,T depends exponentially on the temperature in such a way that at low temperatures τG,T is by far greater than τG,T at high temperatures. This yields high values of τG,T at higher temperatures. τG,T continue decreasing with temperature which decreases ε’G, T till reaching ε’∞ at very high temperatures.

From the data in Fig. 4f, one can see that ε’passes by maxima depend on the temperature. This behavior is controlled by two parameters: (i) increasing of dipoles number with temperature which increases the dielectric constant and, on the contrary, (ii) decreasing ε’ with increasing the relaxation time effect: First, ε’increases with temperature from 100 K up to about 200 K, followed by maxima, then decrease with temperature. As a matter of fact, ε’ increases with temperature due to the increase of dipoles number with temperature. However, the relaxation time effect is very weak at low temperature according to the exponential behavior of the temperature (see Eq. (15)); then above about 250 K, the increase of the number of dipoles is highly masked by the relaxation time effect.

Moreover, we consider the maxima values as the allowed minimum glycation value for a non-diabetic individual (standard and healthy human). Table 2 shows the values of GG-standard as a function of temperature. Fig. 4g reports on the variations of ε’ (GG, f, at 320 K) with GG at three frequencies, and at 320 K. As it is seen, ε’ (GG, f, at 320 K) varies smoothly with GG at certain frequency and certain temperature. This reflects the nature of the initial non-enzymatic covalent binding of glucose to hemoglobin bonds between electric charges through N-terminal HbA1c and the carbonyl group of glucose. The binding is so robust that further glycation effect become very weak. The data in Fig. 3g are in complete homogeneity with the data in Fig. 4g. So, the effect of glyction of RBCs (at certain temperature) increases ε’-parameters due to the increase of dipoles number with glycation, and the effect of thermal variations (temperature) of RBCs (at certain glyction concentration) increases ε’-parameters due to the increase of dipoles number with temperature, at low temperatures; then decreases ε’-parameters at higher ones.

3.1.3 Electric Losses of Glycated-Blood as a Function of Frequency for Different Glycation Concentrations, and at Different Temperatures

In this study, the complete broadband spectra are considered when combining the relaxation dispersion and the free RBCs motion (linear) contribution. Moreover, the blood plasma contains free ions in addition to the several types of microgerms such as RBCs, which contribute to the dc- and the ac-conductivity.

Applying an ac-electrical field on these RBCs and ions will add an oscillatory motion to the RBCs and ions. The oscillatory motion of ions appears at very high frequency which is far from the measurements of the present study (occurs at GHz range). The linear and oscillatory motions are completely independent. So, one has to cancel the dc-conductivity role when the fitting routine. Therefore, we have subtracted σdc (GG, T) from the total measured ac-conductivity σac (ω, GG, T). Fig. 5a shows the electric losses ε” (ω, T, GG = 0.04591) as a function of frequency for different temperatures, at glycation rate GG = 0.04591. One can see a plateau of ε” with ω from 1 Hz up to about 10 kHz, followed by some maxima of the curves(near 50 kHz). These maxima are very sensitive to both temperature and glycation concentrations. At about 10 MHz, the curves tend to obey the plateau shape, followed by constant values at very high frequencies.
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Figure 5: (a) ε’’ (ω, GG, T) as a function of f for different T’s, at GG = 0.04591, (b) ε’’ (ω, GG, T) as a function of f for different GG’s (T = 300 K), (c) ε’’ (ω, GG, T) as a function of T, for different GG’s and at 10 kHz. (d) ε’’ (T, GG, f = 1 MHz) as a function T for different GG’s (e) τ (T, GG) as a function of GG’s. The inset shows a linear relation between ln (τ) and 1000/T, (f) τ (T, GG) as a function of GG’s for different T’s

Alternatively, the same data are presented in Fig. 5b where one can see the electric losses ε” (ω, GG, T = 300 K) as a function of frequency for different glycation rates and at 300 K. Similar to Fig. 5a, one can see a plateau of ε” with ω from 1 Hz up to 10 kHz, then the curve starts to increase (near 50 kHz) till reaching some maxima of the curves. Here, the maxima vary with the glycation concentrations; while in Fig. 5a they vary with temperatures at certain glycation concentration.

The effect of temperature is well seen when plotting the electric losses ε” (T, GG, f = 10 kHz) as a function of temperature for different glycation rates at 10 kHz (Fig. 5c). At this frequency, the maxima of the curves lay in the temperature range from 160 K up to 170 K (Fig. 5c). However, these maxima are highly displaced from 290 K up to 320 K when applying 1 MHz as it is seen in Fig. 5d. This displacement towards the higher temperatures is well explained if one take into consideration the variation of the relaxation time with temperature as given by Eq. (15).

In order to calculate the relaxation time of RBCs τT, GG (T, GG) as a function of both temperature and glycation concentration, one have considered the data in Figs. 5a–5d as following: (i) One considers the experimental data of ε” (ω, T, GG) in the ranges: 280 K < T < 320 K, 0.04591 < GG < 0.13688, and 1 Hz < ω < 32 MHz that shown in Figs. 5a and 5b. (ii) One reports the value of the critical frequency at which the maximum has been attained at certain temperature and certain glycation concentration, (iii) We precise the critical frequency, fG,T, as a function of temperature at each glycation rate from the experimental data in Fig. 5a, (iv) We precise the critical frequency, fG,T, as a function of glycation rate at each temperature from the experimental data in Fig. 5b. Then, one uses Eq. (15) to estimate the relaxation time as the inverse of the critical angular frequency τG,T = 1/(2πfG,T) = 1/ωG,T. Table 1 reports on the relaxation time values as a function of glycation concentrations for two temperatures 280 K and 320 K.

Fig. 5e reports on the relaxation time as a function of temperature at the range 0.04591 < GG < 0.13688 and Fig. 5f reports on the relaxation time as a function of GG in the temperature range 280 K < T < 320 K.

As it is seen, in Fig. 5c, the relaxation time is a weak function of the glycation concentration, which is confirmed in the data in Fig. 5d. The inset in Fig. 5e shows the variations of τ (T, GG) as a function of the inverse of temperature. The linear semi logarithmic curve, in the inset of Fig. 5, reveals the presence of thermal energy activation ΔEτ that obeys relation (15). We have found, after data in Fig. 5e, that ΔEτ = 0.14 eV.

3.1.4 Cole and Cole Representation with Temperature Variations

As it is well known [40] Cole and Cole curve represented by the dielectric constant as x-axis and the electric losses as y-axis. We present the Cole and Cole curves in 2-versions: (i) Cole and Cole with temperature as a variable parameter under constant value of glycation concentration GG = 0.04591 (Fig. 6a), and (ii) Cole and Cole with glycation concentration as a variable parameter under constant temperature T = 300 K (Fig. 6b). However, in order to compare between the circle diameters, one presents, in Fig. 6c Cole and Cole curves in three pairs: The first (the smallest-blue color) happens at GG = 0.04591 where the diameter of circle with 290 K is greater than that of 320 K, the second pair (mid-diameter with orange color) happens at GG = 0.1002 where the diameter of circle with 290 K is greater than that of 320 K, and the third (largest pair-gray color) occurs at GG = 0.13688 where the diameter of circle with 290 K is greater than that of 320 K.

As it is previously mentioned in reference [18], the importance of Cole and Cole curves lies when estimating the effective number of electric charges found in the medium. One uses the word “effective” in order to show the real number of charges that really affects the glycation processes.
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Figure 6: (a) ε’’ (ω, GG, T) as a function of ε’ (ω, GG, T) for different GG, at T = 300 K, (b) ε’’ (ω, GG, T) as a function of ε’ (ω, GG, T) for different GG, and at T = 300 K, (c) ε’’ (ω, GG, T) as a function of ε’ (ω, GG, T) for different GG, and different T’s (d) nG, a function of 1000/ T for different GG’s, (e) nG as a function of GG’s for different T’s

In fact, the number of produced electric-dipoles increases when the tail-amide group of hemoglobin joins the ketone group in glucose through the glycation processes. In reference [18], the authors have reported an increase of the Cole-Cole diameter-circle with glycation and found an empirical equation, at room temperature, relating the effective number of electric charges in one mm3 (nG) as: nG = 9.8 x 109 + 8.2 x 1012GG [18]. This value has been found, at 300 K, in Fig. 6d, where nG is illustrated as a function of 1000/T for different GG values; while Fig. 6e shows nG as a function of GG for different temperatures. In the present study, one estimates the effective number of charges after Cole and Cole data after Eq. (24).

From the data in Figs. 6d and 6e one can see an exponential variation of nG as a function of temperature with an activation energy (ΔE) varies in the range: 90 meV < ΔE < 120 meV, Table 2 shows both the activation energy ΔE and the corresponding nG0 value for each temperature.

The effective number nG varies exponentially with temperature as the following exponential equation, nG = nG0 * exp (-ΔE/kT), where the critical (limit) number of charges at very high temperatures, nG0 = 1.34 x 1011 mm-3.

4  Conclusions

The present study reveals that the ac-electric/dielectric measurements can be accurately used to characterize and to estimate the glycation concentrations of the hemoglobin in a RBC. The net electric charges on the RBCs increases with both temperature and glycation rate, which increases the mass of glycated RBCs. This mass-increase drastically decreases the relaxation time of RBCs which increases both electric losses and dielectric constant; however, the ac- and dc-electrical conductivity decreases with glycation due to mass increase. Moreover, we have found that a suspended RBC attains its minimum potential energy when an optimum equality (condition) between its activation energy and its thermal energy happens. Finally, as it is above-mentioned, we shed the light to the possible combination of focused ultrasound with magnetic resonance imaging to study the dielectric-thermal variations of glycated-RBCs which can lead to very precise and non-invasive monitoring of glycation concentration in vivo and in vitro via magnetic resonance-thermometry.
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Table 1: Different values of the dc-electrical conductivity adc, relaxation time 1, low frequency dielectric
constant &’dc, and the dielectric constant at high-frequency, &’

Gg 7 (280 K) 7 (320 K) a4c (280 K) o4c 320 K €qc (280 K) £73320K £°,280K £’ 320K
0.04591 2.34036E-07 0.000000125 0.402337629 0.714285714 30855128.01 25100 61.97719609 78.1
0.05887 2.68701E-07 0.000000141 0.350431384 0.429184549 32443.47762 26400 95.24043489 79.3

0.07187 2.99379E-07 0.000000153 0.314521793 0.30651341  36147.61529 27700 106.1142286 80.6
0.08487 3.23367E-07 0.000000163 0.291190597 0.238379023 39043.88693 29100 114.6164666 81.9
0.10028 3.52822E-07 0.000000172 0.266880591 0.188679245 42600.37316 30600 125.0568177 83.5
0.11088 3.70043E-07 0.000000177 0.254460659 0.165016502 44679.63051 31700 131.1606969 84.6
0.12388 3.92886E-07 0.000000183 0.239665846 0.143010368 47437.7679 33000 139.2573786 85.9

0.13688 4.11458E-07 0.000000188 0.228848219 0.126182965 49680.14532 34300 145.8400576 87.4
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Table 2: Shows the values of standard glycation concentration of some healthy individuals Gg_gtangarq and
the activation energy AE as a function of temperature

T (K) Gg-Standard AE, meV
280 0.045141

285 0.045513 .

290 0.045925 121

295 0.046338 117

300 0.04675 120

305 0.047163 115

310 0.047575 111

315 0.047988 97

320 0.048411 90






OEBPS/Images/jrm-logo.png





OEBPS/Images/copy.png





OEBPS/Images/JRM_21211-fig-4.png
@ s (b) oo
E 1, (K)__ 290 -
“ 40| — 295 = 50~ G =0.04591
40 300 L R
Z . — 305 2 g . T=290K
g 30| G =0:13688 £ [ Go=0.1002
g
8 5 po-
Ea0 - 2| G =0.13688
£ ho- -
S0t A lio-
3 Frequency, £, (Hz) A\ 0 Frequency, £, Hz
1 ' [ T LT R ETL " .
10 10° 10° 10 10 10 1 10
£ (w, G, T) as a function of f (@ 27), for € (@, G, 1) as a function of f (@ 27), for
different 7”s and at G, = 0.13688, different G,’s and at T = 0.13688,
c) o d -
© B Ge (d) 25y | MHz G 00TIGES
- — 004591 0.01002 — -
50 % 005887 0.11088 — 200 % =
o ~0.07187  0.12388 = o 40433
40| & ~0.08487  0.13688 — g Gg 004591
2 15 2 Symbols: Experimental
30| 8 8 Lines: Calculated after
“__’ 1ol E cquation (19)
20( 8 3
= T
10 [a] HES
0 1 ! Tl‘empelrature: T, (KI) ! Tcn:perature. T,I(K)
- 1
100 200 300 400 500 0

300 400 500

€ (o, G, T) as a function of f(w27),at & (@, G, T) as a function of T, for different G.’s

temperature T = 0.13688, and at f~1 MHz,
(e) (®
60 e T, (K)
o 2 16
2 sof = 16
) w4k
£ 40r mperature, 7. (K) g
g — 217
8 30+ 280 3 8
E 285—  —305 = 101
g 20F N 8 gl
s 290- =310 E
2 10k 05—  —315 — L
N 7320 Glycation concentration, G
0 Glycation concentration, G 4 ]
1 1 1 1 1 1 1 1 1 - L L L L
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.2
€ (w, G,, T) as a function of G, for different T’s, & (@, G., T) as a function of G.’s for different 7”s,
and at /=10 kHz, and at f= frequency 1 MHz,
(®
. Temperature, T~ 320K
o 25k
<
w20k 32 MHz
g
2 15 .
3 . | MHz
E 1.0k - . - - .
2
£ 05F 10 kHz

Por 006 008 o0 01z 014
Glycation concentration, Ge

& (w, G, T) as a function of at G;’s for different 7"s,
and at /=1 MHz.





OEBPS/Images/JRM_21211-fig-2.png
(a)

(©)

2801 0.15| Current, 7,
2851 0.10
T'emperature, :
290 | I, (K)
Gg =0.04591 0.05
pos | 1
boo | 0| Potential, V, volts
20 -15 1.0 -05 0 05 1.0 15 20
3051
-0.05
3101 ’l‘em]}er:ure,
-0.10 \ - )
3150 G, = 0.04591
-0.15 |Current, i, 320]|
IV characteristics, at different 7”s,
35
g
30| 2 0.0459T— " =10.10028
" £ 0.05887—  — 0.11088
2 007187~ —0.12388
2.0 § 0.08487 . = 0.13688
3
1.5 g
al
10| 8
0.5
Temperature, 7' (K)
Temperature, 7' (K)
0 1 i 1 1 1

150 200 250 400 450 500

0. as a function of T for different G.’s,

(b)

de-Electrical conductivity, (Spil)

o o
wno o
T T

S
=
T

004501 _ 0.07187  O0:5|cyppene 7 A
. 0.08487
0.05887 0.10
0.05]
/
Potential, V,_Q 10"°l‘s-0.05 o
E) 0 005 010 015 2

0|
Potential, ¥, volts

-0.05

01001002 0.12388

0.11088  0.13688
J-0.15

Current, i, A

IV characteristics at different G.’s,

280 285 290 295 300

Temperature, (K)
305 310 315 320

e
i
T

e
o
T

e
=

Glycation rate, GG %
1 1 1 1 1

0 1 1 1 1
0.04 0.05 0.06 0.07 08 0.09 0.10 0.11 0.12 0.13 0.14

0. as a function of G, values at different 7”s,

©Ompr 3
1 G,
= 0.04591 0.07187 0.10028 0.12388
o
= e il
£ D
z 52 NN
% 10~ \\
5| 3
£ |10~
g 16% 0058873 008487 So.11088  0.13688
10'51- | | |
2 34 5 6 7 8 9 10

AE as a function of 1000/T.





