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20 Abstract: The heat and matter transfer during glucose catabolism in living systems and their relation
21  withentropy production are a challenging subject of the classical thermodynamics applied to biology.
22 In this respect, an analogy between mechanics and thermodynamics has been performed via the
23 definition of the entropy density acceleration expressed by the time derivative of the rate of entropy
24 density and related to heat and matter transfer in minimum living systems. Cells are regarded as
25  open thermodynamic systems that exchange heat and matter resulting from irreversible processes
26  with the intercellular environment. Prigogine’s minimum energy dissipation principle is
27  reformulated using the notion of entropy density acceleration applied to glucose catabolism. It is
28  shown that, for out-of-equilibrium states, the calculated entropy density acceleration is finite and
29  negative and approaches as a function of time a zero value at global thermodynamic equilibrium for
30 heat and matter transfer independently of the cell type and the metabolic pathway. These results
31  could be important for a deeper understanding of entropy generation and its correlation with heat
32 transfer in cell biology with special regard to glucose catabolism representing the prototype of
33  irreversible reactions and a crucial metabolic pathway in stem cells and cancer stem cells.

34
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37

38  1.Introduction
39

40 In nature, irreversible processes play a crucial role in maintenance of life for their special chemical
41  and physical features [1-4]. Regarding this, it is well-known that products of irreversible reactions
42 are characterized by a chemical stability that gives them a temporal stabilization and a precise time
43 arrow. Hence, it is very interesting to understand the thermodynamics of irreversible reactions
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44 occurring in minimum living systems investigating the relation between irreversibility and
45  information. The physical quantity able to describe in a unitary way the irreversibility and
46  information in minimum living systems is entropy [5]. In this respect, very recently, it has been
47  proposed a new variable, the entropy of entropy, enabling to measure the complexity for biological
48  systems through the combination of the multiscale entropy analysis and an alternate measure of
49  information, called the superinformation [6]. Within Prigogine’s framework of non-equilibrium
50  thermodynamics, the local entropy production as a function of time is a key quantity strictly related
51  tothe energy dissipation of a system that continuously decreases during development, growing and
52 aging[7,8].

53 Among irreversible reactions in minimum living systems the most representative are the ones
54 occurring in glucose catabolism characterized by both lactic acid fermentation and respiration
55  metabolic pathways. Since the observation of a prevalent lactic acid fermentation in cancer cells, the
56  so-called Warburg effect or aerobic glycolysis, many efforts were done to understand the origin of
57  thisbehaviour in cancer cells and cancer stem cells [9-11]. On the other hand, in the last years also the
58  study of the metabolic network and of the mitochondria network have received a special attention
59 [12]

60 In recent years, it has also been highlighted and demonstrated the strict connection between
61  thermodynamic irreversibility and information resulting from the strong influence of metabolic
62  patterns on genetic and epigenetic patterns in biological systems, the study of the generation of
63  entropy in normal, cancer and stem cells [11-15]. Attention should focus not only on cell biology but
64  also on the thermodynamic description of cells and of the living systems because this different
65  perspective could offer a unitary view of metabolomics, genomics and epigenomics. In other words,
66  the measurement of entropy flow and the study of the thermodynamic behaviour of living systems
67  could allow the measurement of a finite quantity represented by entropy, which correlates the many
68  different aspects of life networks. Indeed, all subsystems of the complex cellular building are joined
69  together by a unified thermodynamic time arrow and must follow the same behaviour, that is, the
70 global thermodynamic behaviour coincides with the one of all the subsystems of the considered
71  object [16, 17].

72 Entropy generation due to heat and matter transfer in cells has been investigated in terms of
73 Prigogine’s rate of entropy production [18]. For example, entropy production may select non-
74 equilibrium states in multi-stable systems [19], while reaction-diffusion thermodynamics and
75  entropy production may constrain organism performance at higher temperatures yielding optimal
76  temperatures at which biochemical reactions occurr [20]. Generally, entropy generation occurs in
77  non-equilibrium systems that can be described, for instance, by means of stochastic Langevin
78  differential equation and Fokker-Planck equation [21-23].

79 An important debate on this topic is about the possible compatibility of the maximum and the
80  minimum entropy production principle or if one of the two principles could be selected in relation to
81  the boundary conditions [24]. The proof and validity of the maximum entropy production principle
82  was debated so far [25-33] and, for a part of the community, is still an open question with several
83 attempts to disprove it. However, very recently a convincing argument in its favour in terms of
84  stochastic thermodynamics has solved the apparent contradictions of the maximum entropy
85  production principle and shown that is not in incompatible with the principle of minimum entropy
86  production [19]. The latter is fulfilled when thermodynamic systems that are close to equilibrium
87  flow towards the global thermodynamic equilibrium when the rate of entropy density production
88  reaches its minimum value (zero value). This scheme can be applied to any thermodynamic system
89  including irreversible processes in minimum living systems like cells behaving as open systems and
90  reversibly exchanging both energy, in the form of heat, and matter with the intercellular
91  environment.

92 In our recent works on the subject [34, 35], we have studied not only the usual local entropy
93 production defined, in our framework, rate of internal entropy density production (RIEDP) but also
94 the rate of external entropy density production (REEDP) that is related to heat and matter flows from
95  the cell to the environment due to irreversible processes occurring inside cells. Both contributions
96  reduce with increasing time and vanish at global thermodynamic equilibrium. REEDP is usually
97  called in the literature entropy flow or entropy flow rate [7, 18, 19,22] to indicate the entropy
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98  generated by flows of heat and matter either from the system to the environment or from the

99  environment to the system. However, in our framework, restricted to the entropy generation of a
100  single cell, the REEDP is referred to the rate of entropy density production in the intercellular
101  environment due to the irreversible processes occurring inside the cell. In this respect, we have not
102 considered the flows of heat and matter from the environment towards the cell that would
103 correspond to a negative rate for the environment (but positive for the cell) and a resulting negative
104  REEDP.
105 We have already proved that both RIEDP and REEDP fulfil Prigogine’s minimum energy
106  dissipation principle [34, 35] that corresponds to the minimum rate of entropy production principle.
107  Let us introduce a dissipative function ¥ = T dSi/dt where Si is the entropy of the system with T the
108  temperature. We get d¥/dt <0 that tends to be minimum (zero) in a steady-state (and as a special case
109 of steady state at global thermodynamic equilibrium) [7]. In this study, we prove Prigogine’s
110 minimum energy dissipation principle via the calculation of the time derivative of the rate of entropy
111 density production that we define as the entropy density acceleration generated by heat and matter
112 transfer inside cells and with the intercellular environment in irreversible reactions such as the ones
113 characterizing glucose catabolism. In this way, we reformulate Prigogine’s minimum energy
114  dissipation principle by means of the calculation of the entropy density acceleration inside and
115 outside a normal or cancer cell performing also the derivative of the REEDP or entropy flow showing
116  that the acceleration both inside and outside the cell approaches zero at global thermodynamic
117  equilibrium. These calculations allow us to understand better the entity of the entropy production at
118  the starting instants of time of the irreversible processes when the system is out-of-equilibrium and
119  to strengthen the principle of minimum entropy production at global thermodynamic equilibrium
120 and its strict relation with the minimum energy dissipation principle.
121 The key result of this work is the rigorous demonstration, by means of analytical and numerical
122 calculations, of the reduction of entropy density acceleration with increasing time and its vanishing
123 at global thermodynamic equilibrium. In particular, we have found that, during heat and matter
124 transfer in either normal or cancer cells, the entropy density “decelerates” due to the negative value
125 of the entropy density acceleration passing, as a function of time, from one local equilibrium state
126 (but global non-equilibrium) to the following local equilibrium state. This “deceleration” approaches
127 zero at large times corresponding to the global thermodynamic equilibrium.
128 These findings allow us to propose a reformulation of Prigogine’s minimum energy dissipation
129 principle in terms of the vanishing of the entropy density acceleration at global equilibrium and to
130 apply it to the most representative catabolic process occurring in cells, the glucose catabolism. The
131  results obtained for glucose catabolism can be generalized to any kind of irreversible reactions
132 occurring in either normal or cancer cells of living systems.

133
134 2. Methods

135

136 In this section, we derive the general expressions of the entropy density acceleration for glucose
137  catabolism resulting from the rates of entropy density calculated in [34, 35] and based on
138 thermodynamic and statistical principles.

139

140 2.1 Entropy density acceleration for glucose catabolism

141

142 To calculate the entropy density acceleration for glucose catabolism defined as the time derivative

143 of the rate of entropy density, namely a(x,t) = dr(x,t)/0t, we recall the general definition of the rate of
144 entropy density production decomposed as r(x,t) = ri (x,t)+ re (x,t). Here, ri=dsi/dt >0 is the RIEDP with,
145 in a compact form, si=Si/V (Si is the internal entropy and V is the volume of the thermodynamic
146  system) the internal entropy density and re =ds/dt is the REEDP with, in a compact form, se=S./V (Se
147  is the external entropy) the external entropy density. This latter quantity is often called in the
148  literature the entropy flow or entropy flow rate or entropy production rate of the system [18, 19, 22].
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149  However, for the sake of simplicity, we have adopted the same nomenclature of the internal
150  contribution.

151 We remind that, in our previous works on the subject [34, 35], we have called REEDP the rate of
152 entropy density contributions expressing the entropy flow rate of heat and matter reversibly
153  exchanged from inside the cell to the intercellular environment and due to irreversible processes
154 occurring inside the cell. This results in an increase of the rate of entropy production in the
155  intercellular environment (external to the system represented by the cell) at the expenses of an equal
156  decrease of the rate in the cell. This means that, if we consider the REEDP or entropy flow rate as
157  referred to aloss of the rate of entropy density production of the cell regarded as the thermodynamic
158  system exchanging entropy with the environment, we should take it with the negative sign as is
159  usually done in the literature [19, 22]. However, in our framework according to which we consider
160  the whole thermodynamic system decomposed into two subsystems, the cell and the intercellular
161  environment, the entropy density flow rate should be interpreted as a gain for the intercellular
162 environment and taken with the positive sign and added to the RIEDP.

163 Of course, when one deals with an open thermodynamic system undergoing state changes due to
164  external driving forces also the entropy flow rate from the environment into the system should be
165  taken into account. At a non-equilibrium steady state, the time averaged entropy change is zero due
166  to the balancing between the entropy flow rate (either from the system to the environment or from
167  the environment into the system) and the rate of internal entropy production [19, 22]. However, in
168  our framework, we do not deal with driving forces external to the system and consequently with the
169  entropy flow rate from the environment to the system since we are considering the rate of entropy
170 produced by a single cell and consequently the entropy flow rate from the system to the environment.
171 At global thermodynamic equilibrium, all quantities are zero.

172 More specifically, in our framework, ri(x,t) = rio(x,t) + rip(x,t) + ri=(x,t), with rio(x,t) the contribution
173 due to heat flow and transfer inside the cell, ri p(x,t) the one associated to molecules diffusion and
174 internal transport and ri(x,t) the one due to irreversible chemical reactions occurring inside the cell.
175  Hence, we get ai(x,t) = dri(x,t)/ot for the internal entropy density acceleration (IEDA) with ai(x,t) =
176  aig(x,t) + ain(x,t) + an(x,t). Instead, re(x,t) = reQ(x,t) + Teexch (x,) with 7. q(x,t) (reexch (x,t)) the contribution
177  due to the heat transfer (matter exchange) from the cell to the intercellular environment. As a result,
178 the external entropy density acceleration (EEDA), a.(x,t) = ore(x,t)/dt includes two contributions, a.(x,t)
179 = aco(x,t) + ac exen(x,t) where aeq(x,t) = 9re(x,t)/0t (e exch(x,t) = Ore exch(x,t)/ ddt) is the acceleration
180  contribution related to heat (matter) transfer between the cell and the intercellular environment.
181 Therefore, owing to the previous definitions a(x,f) = ai(x,t) + a(x,t) is the total acceleration. We note,
182  according to this framework, that the entropy density acceleration has a time and space dependence
183  and this latter dependence is still one-dimensional as for r(x,t) = ri (x,t)+ re(x, ).

184

185

186 2.2 Internal entropy density acceleration for glucose catabolism

187

188 In this subsection, we calculate the contributions to the IEDA relevant to glucose catabolism with

189  special regard to lactic acid fermentation and respiration processes. In the calculations, we have taken
190  into account the same assumptions made in our previous studies about the shape of the cells (cubic),
191  the features of the heat and mass flows (unidirectional), the kind of tissue and so on [34, 35] based on
192 direct observations for any kinds of cells (normal or cancer). The IEDA aio(x,t) due to heat transfer
193 inside the cell is:

194

195 _9 1.
196 G (¥t)=5; {V(T(x,t)J J“(x’t)}' 1)
197

198  Here, J. =IQ+iukI swith N the number of chemical species, Jo is the irreversible heat flow, Jp« is the
199 diffusion flow of the kth chemical species, ux is the partial molar energy and Fu(x,t)=V(1/T(x,t))
200  isthe heat thermodynamic force driving Ju with T(x,t) the temperature distribution. Instead, the [IEDA
201  due to mass diffusion and matter exchange inside the cell assumes the form:

202
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)

where the diffusion flow Jok is driven by the matter thermodynamic force Fr(x,t)=V (u(x,t)/T(x,t))
with s« the chemical potential of the kth chemical species. The entropy density acceleration generated

by the chemical irreversible reactions reads:

af 1 ¥
e

a;, (xt)=

with A

®)

zk _ Vikk (xt)the affinity of the jth chemical reaction (M is the number of chemical

reactlons) w1th Vik the stoichiometric coefficients, and vi=1/Veen d&j/dt is the velocity of the jth reaction
with d¢ the variation of the jth degree of advancement. We now calculate the IEDA ai o(x,t) = drig
(x,t)/dt associated to the heat flow during glucose catabolism recalling the expression of rig(x,t) [35]:

t

[glefeze# 4

7'iQ(’Crt)_PK*

LZ
< 1
{Z‘[Zn—l

associated to heat transfer inside the cell is:

aiQ(x,t)=
2 e K201 ot
pK %e TZ[COS{:(2H—1)” } 2] L
=1

]
_i{g[m{(zm)’z } 2wl ot ﬂ
2[ (2n-1) Sm|: (2n- 1)L } e 1)271 t]{;[co{(%-n’fo}«(zn_l)zgtﬂ

T el

+2K

272,

sin{(Zn—l)% } 2

H @

Here, K is the thermal conductivity, L is the side of the cubic cell, xis the thermal diffusivity in water
and 7 is a characteristic decay time. The coefficient p = 0.85 (0.90) expresses the frequency of
occurrence of glucose catabolism in a normal (cancer) cell. According to the model, we assume that
this contribution is the same for lactic acid fermentation and respiration processes. The IEDA

P

©)

[ o2

272
-x2n-1) Zt]

aio(x,t) includes two terms depending on the trigonometric series: the first term is inversely
proportional to the characteristic decay time, while the second one is proportional to the thermal

conductivity.
We now determine the IEDA aip(x,t) =
recalling the corresponding rate of entropy density [35]:

orip (x,t)/dt either for respiration or fermentation process
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257
- K(2n-1
358 3 _t ) JC—L/22 z Cos[(Zn 1)— } ( " ) ] Ax-L/2I/L
59 r(x t)=£ii (x-L/2)e T % ; N,,. . 4Dt =1

260 ipe 16 T, V, R =IRNN o (2P 2
261 >l _lsm[@n-l)%x} ®
262 m
263
264 Here, o = ferm, resp where “ferm” stands for fermentation and “resp” for respiration, To is the

265  maximum cell temperature, Ve is volume of the cubic cell with L the side of the average cube, N« is

+

+

1sm[ (2n-1)7 x} )

K(2n-17 Tt }

266  the number of chemical species in either the respiration or fermentation process, Dk is the diffusion
268  is the number of moles of the kth chemical species. The IEDA associated to matter diffusion inside
269  the cell either for respiration or fermentation process reads:
270
272 - K(2n- 1) 772
273 3 [X_L/Zﬁ [;[cos[(zn-l);lx}e x-L/2L
274 . ) .n”l[m ([, N 2
iDa el 2[; =) ﬁ . i K(Zn—l)Zz%t
sm (2n-1)—=x|e
276 e
277
: -t -
279 L1 1 (L2 e [l N, 1 4Dyt
K(2n-1 P2t
281 21 1sin[(2n—l)% :| LZ
282 "
283 B (x-Li2]
285 " 16 T, Vce]l . K[Zn—l)z%t : ,Z{ B \/E 5
286 § Z[ J
287
289 - > - (2n-1)" cos[(Zn-l)E }
290 a1 n | -e(2n1f L
> 1 sm[(Zn - 1)zx}’
291
293 aipa(x,t) consists of three contributions each of them weighted by the trigonometric series.
294 Taking into account the weights werm and wresp expressing the frequency of occurrence of
295  respiration and fermentation process in a normal and in a cancer cell (see Section 3, Results), we write

267  constant of the kth chemical species, i = uke(I=L21/L+47 ig the kth species chemical potential, and Nu
271
275
25 z

278 (x-Li2) [2[%5[(%.1@} AT } - L/z/LJ
280 16T, V, A &| "D, 40"
284 211 (x-1/2)e T Ne| N, g' 4D f .

- K(2n-17 7t £ 1 K21
288 zl[ 2n- l)sm[ 2n 1)L ] ( ) 2 ]{Z[cos[(Zﬂ-l)Lx} ( ) L H
292
296 the total acceleration contribution aip due to the two metabolic pathways as:

297

298 i D(X,t) = Wresp i D resp (X, t) + Wrerm @i D ferm (X, 1) 8
299

300 Finally, we compute the IEDA ai«(x,t) = orir (x,t)/0t caused by irreversible reactions occurring inside
301  the cell during glucose catabolism via the corresponding rate expressed in the form [35]:
302 N

303 E_t/T kkin o (zuvk uke_lx_%l/L Nm Glucose j

304 N C) = ,

305 47T, Ve N sin{(2n—l)nx} K(2n- 1)2712

306 3| S B )

307 oy 2n-1

308
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309  with kkin o the kinetic constant, v stoichiometric coefficients and Nin Glucose the number of glucose moles
310  (note the typo error L/2 —x in the argument of the sine in Eq.(4) and Eqs.(10-11) of [35]). We get air(x,t)
311  either for respiration or for lactic acid fermentation:

312

313 o1
314 “wra¥)=57y

cell

315 r -

3 16 ( )2 2
317 o = . 7 ] K2n1)
318 . sin|:(2n—1)%x:| -K(zn-l)z%jt 2 ;[(Zn—l)sm{(Zn—l)Lx}e

319 AP e s . = |
320 - SH{(ZH - 1){4 —K(Zn—l)zz—jt a
321 2
322
323
324 We express the entropy density acceleration due to irreversible reactions during glucose catabolism
325  inthe form:

m Glucose x

1 .y Ng -lx-L4I/L
e Tkkiw;vkuke A N

=
~

326

327 Qir = Wresp Airresp + Wierm i r ferm (11)

328

329  with different weights for respiration and fermentation process (See Section 3, Results).

330

331 2.3 External entropy density acceleration for glucose catabolism

332

333 In this subsection, we calculate the external entropy density acceleration (EEDA) starting from

334  the corresponding REEDP calculated in [34,35]. The EEDA ac(x,t) = dr(x,t)/ot includes two
335  contributions, namely ae(x,t) = e o(x,t) + de excn(x, ). Here, aeo(x,t) = 9re o(x,£)/0t (e exch(X,t)= OFe exci(2,t)/0t)
336 s the acceleration contribution related to heat (matter) transfer between the cell and the intercellular
337  environment. The general expression for a.o(x,t) reads:

338

339 (xt)zﬁ_ 1 140

340 T\ T () Vi dt | (12)
341

342 where Ti is the intercellular temperature and dQ/dt is the time derivative of the heat. Instead, the
343 general expression for deexch takes the form:

344

345 Npr

346 9 exch (X,t)=—%[T (1 t) zyk(x't) %J’ (13)
347 ic (1) k=1

348

349  where Nu«is the number of moles of the kth product of reaction.

350 To calculate the a. o contribution to EEDA, we recall the corresponding REEDP for respiration and
351  fermentation process [35]:

352

353 13 1(x-L)* 2 14
354 TeQ a(x't)=VcellngNANm prot|:K( fz) _? 7 ( )
355

356 where, ks = 1.3805 x 102 J/K is the Boltzmann constant, Nm prresp (N m pr ferm) is the number of moles of
357  the products in respiration (fermentation) process. Note the contribution proportional to 1/t on the
358  second member that breaks the time reversal symmetry [34] as occurs for the other rate contributions.
359  In principle, at small distances from the border of the cell (for small x) the term proportional to 1/t is
360  greater than the term proportional to 1/f2 resulting in a negative r.o for the typical intercellular size.
361  However, in our model, we have set ourselves under the hypothesis of large x and small ¢ (1000 us
362  <<1s)neglecting the term proportional to 1/t even close to the cell border yielding:
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13 1 (x-L)?
)= ———kzN N _
Tng(x ) Veu 8 BNANm pro P2 (15)

This assumption has allowed us to get a positive r.¢ for any x outside the cell and any ¢. This means
that the entropy outside the cell increases because of the heat released by the irreversible reactions
occurring inside the cell but this increase leads to a decrease of the rate of entropy of the cell because
heat is removed from the cell. Hence, the EEDA a.o(x,t) takes the simple form:

1 3, NaNppro(x-1)°
ueQa(x't): ks AN pro ( 3) . (16)
Vcell 8 K t
The total entropy density acceleration reads:
aeQ = Wresp aeQ resp + Weerm aeQ ferm> (17)

with different weights for a normal and a cancer cell (See Section 3, Results).

Let us now calculate the last entropy acceleration contribution caused by irreversible exchange of
matter. To do this we recall the REEDP due to irreversible exchange of matter with the intercellular
environment during glucose catabolism [35]:

2
(x-L) Npra d,N
4rict - -Lyy, “etNm
1 1 K e4Kf€t/T ukexé kO{.

Teexcha(x’t)=_77
To Veen %o pct dtg

(18)

Here, xo=10 pm is a characteristic length having the size of a normal cell, d 73 (#=1,2 with 1 referred to
respiration and 2 to fermentation) is a characteristic time such that 1/dz (1/dn) is 10-° s (10 s1) of
the order of kin, Npr resp (Npr ferm) is the number of products of the respiration (fermentation) process.
Also this matter contribution has a positive contribution if referred to the intercellular environment
but it would be taken as negative if referred to the cell because matter exchange leads to a removal of
the products of irreversible reactions from the cell.

The EEDA e exch o (X,t) = dre excr (x,t)/dt resulting from irreversible exchange of matter with the
intercellular environment turns out to be:

(x-L)* 2 | Npra
- -L —|x-L d,N
tyonctna (o) = L ot L e L) ADAL Ao
T t K h ({179ﬂ)
t

To Veen %o k=1

We calculate the entropy acceleration related to exchange of matter with the intercellular
environment as:

(e exch = TWferm e exch ferm + Wresp (e exch resp (20)

with different weights for a normal and a cancer cell (See Section 3, Results).

3. Results

In this section, we compute the IEDA and the EEDA generated by inner and outer heat and matter
transfer either a normal or a cancer cell during glucose catabolism by performing the numerical
derivatives of the corresponding RIEDP and REEDP whose analytical expressions were given in
Section 2. Indeed, the analytical computation of the IEDA would lead to some convergence problems

do0i:10.20944/preprints201811.0233.v1
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415 due to their complex analytical expressions involving several trigonometric series depending on the
416  indexn.

417 We first determine the entropy density acceleration taking into account the occurrence of both
418  respiration and fermentation metabolic pathways occurring with different weights in a normal and
419  cancer cell. Then, we single out the entropy density acceleration due to either respiration or lactic
420  acid fermentation in a representative cell having the size of a normal cell. Cell respiration consists of
421  three steps, viz. glycolysis, Krebs cycle and oxidative phosphorylation involving glucose and oxygen,
422 CsH1206+ 602 — 6 CO2+ 6 H20 and leading to the formation of carbon dioxide (COz) and water (H20).
423  Instead, fermentation process consists only of glycolytic step, CéH1206 — 2 CsHs Os- + 2 H* and leads
424 to the formation of lactic acid ions (CsHs Os-) and hydrogen ions (H?).

425 For consistency, in the numerical calculations of acceleration densities, we have employed the
426  same numerical parameters used in our previous studies [34, 35]. In particular, we have taken an
427  average size L = 10 um (L = 20 um) for the normal cell (cancer cell) taking as reference the breast
428  epithelium and assuming, without loss of generality, a cubic shape and an average size of the
429  intercellular space about 0.2-0.3 y#m (1.5 um) between two adjacent normal (cancer) cells. For all
430  acceleration entropy densities, we have chosen 7= 10-s as a typical cell decaying time. We have taken
431 as weights for respiration (fermentation) process wresp=0.8 (wrerm=0.2) in a normal cell and wresp=0.1
432 (weerm=0.9) in a cancer cell. We have also used for both normal and cancer cells the following
433 parameters:

434 thermal conductivity K =0.600 J/ (m s K), thermal diffusivity in water xtz0=0.143 x10¢ m?/s, diffusion
435  constants at standard conditions: Dcstizos = 6.73 x 100 m2s, Doz = 21.00 x 10"° m2s1, Dcoz = 19.20
436  KkJ/mole x 101° m2s, D20 = 21.00 x 10-1° m2s-, Dc3nsos-= 9.00 x 1010 m2s! and Du+=45.00 x 1010 m2s! in
437  aqueous solution. Finally, we have employed the partial molar energies or chemical potentials at t =
438 0 and x = L/2 and, at standard conditions: tceni2os = -917.44 kJ/mole, uo2 = 16.44 kJ/mole, tico2 = -385.99
439  KJ/mole, o = -237.18 kJ/mole, scansos-= -516.72 kJ/mole where CsHsOs- is the lactate ion and s+ = 0
440  KJ/mole in aqueous solution.

441 In particular, for the calculation of ai ¢ we have taken as frequency of occurrence of glucose
442 catabolism the value p = 0.85 (0.90) for normal (cancer) cells, while for the calculation of air we have
443  taken as values of the pathway kinetic constants kkinesP = 10-5 s and kiinferm = 104571, and N Glucose = 1 as
444  areference concentration.

445

446

447 3.1 Entropy density accelerations for normal and cancer cells: numerical calculations

448

449 In this study, we show the numerical calculations of the IEDA and EEDA for normal and cancer

450  breast cells. For every term, we represent the corresponding acceleration entropy density as a
451  function of the spatial coordinate x and of the time coordinate £. We choose for all accelerations a time
452  interval At =1000 us, a At typical of most biological processes [35].

453 Note that in the main panels we plot all the entropy density accelerations in the time interval 100
454 +1000 us with the exception of a.o. Indeed, in the first instants of time (0+100 us), some terms of the
455  entropy density acceleration are positive as depicted in the insets and, due to the appreciable
456  magnitude, this would mask the leading negative trend of the accelerations in the time interval
457  100+1000 us. The positive trend of most of the accelerations during the first instants of time is not
458  surprising and is due to the initial increasing behavior of the corresponding rates. Of course, this
459  behaviour is only secondary to the leading and most important negative trend characterizing all the
460  entropy density accelerations.

461

462

463 3.1 Internal entropy density acceleration: numerical calculations

464

465 In this section, we show the spatial and time dependence of the IEDA obtained from the previous
466  formalism.

467 In Figure 1, we display the IEDA space and time profiles for both normal and cancer cells resulting

468 from the heat and matter transfer inside cells and from the irreversible chemical reactions in the
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469  representative time interval 100 +1000 s. The common features are: 1) the negative value of the IEDA
470  corresponding to a “deceleration” and 2) their increase with increasing time. Figure 1(a) and (b) show
471  aiq calculated according to Equation (5) for a normal and a cancer cell, respectively. For both kinds of
472  cells, aio dramatically increases with time close to the cell borders, while in the region close to the cell
473  center exhibits a weak increase and an almost flat profile especially in the cancer cell. For ¢ > 500 us
474  the spatial and time profile of ai ¢ is rather flat passing from the borders to the cell center and
475  approaches zero with increasing time.

476 In contrast, aip obtained from Equation (7) and Equation (8) exhibits a strong increase in the central
477  region of the cell for the initial instants of time in both kinds of cells tending to zero for increasing
478  time in the whole cell and exhibiting a flat profile (Figure 2(c) and (d)). Note the narrower shape of ai
479  bpin a cancer cell with respect to that in a normal cell, its higher rate of increase at the initial instants
480  of time and a minimum value that is two orders of magnitude less than that of a normal cell. We
481  attribute the general trend to the prevalence of the fermentation process in the cancer cell, while the
482  lesser deep minimum is related to the bigger size of the cancer cell.

483 Finally, in Figure 1(e) and (f) we depict aircomputed according to Equation (10) and Equation (11).
484  airuniformly increases throughout the whole cell with increasing time but the rate of increase is much
485  higher in a normal cell with respect to a cancer cell. Indeed, for a normal cell ai» approaches values
486 close to zero for ¢ less than 500 us, while for a cancer cell this occurs for f more than 500 us. This slower
487  tendency towards zero in a cancer cell could be due to the prevalence of lactic acid fermentation.
488 Moreover, the minimum value of air in a cancer cell is three orders of magnitude less than that of a
489  normal cell and this is in part due to the bigger size of the cancer cell.

490 In the insets of Fig.1, we have plotted the IEDA for the initial instants of time (interval 0 + 100 ps).
491  Interestingly, every contribution is positive with the exception of air for a normal cell that is negative
492  throughout the whole cell and ai: for a cancer cell that is negative especially in the central part of the
493  cell. In particular, aio for both a normal and a cancer cell and airfor a cancer cell exhibit positive values
494 close to the cell borders, while ai b exhibits remarkable positive values close to the cell centre with
495  some differences as a function of time between a normal and a cancer cell. The positive trend of these
496  contributions reflects the increase of the corresponding rates at the first instants of time. The positive
497  behaviour of air in a cancer cell close to the cell borders could be due to the prevalence of the
498  fermentation process with respect to the respiration process.
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566 Figure 1. IEDA generated by heat, matter and irreversible reactions during glucose catabolism for a time interval
567 of 1000 us. (a) Calculated aio for a normal cell. Inset: calculated ai g for a normal cell in the interval 0 + 100 us. (b)
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568 As in panel (a) but for a cancer cell. (c) Calculated aip for a normal cell. Inset: calculated aip for a normal cell in
569 the interval 0+ 100 ps. (d) As in panel (c) but for a cancer cell. (e) Calculated air for a normal cell. . Inset: calculated
570 air for a normal cell in the interval 0 + 100 us. (f) As in panel (e) but for a cancer cell.
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577 3.2 External entropy density acceleration: numerical calculations
578
579 In this section, we show the spatial and time dependence of the EEDA obtained from the previous
580  formalism.
581 Figure 2 shows the EEDA spatial and time profiles generated by heat and matter transfer from

582  the cell to the intercellular environment. In Figure 2(a) and (b) we depict the calculated a ¢ for a
583  normal and a cancer cell, respectively calculated according to Equation (16) and Equation (17). For
584  this entropy density acceleration, we have performed the numerical calculations taking the interval
585  of time 0-1000 us because 4o, unlike the other contributions, does not exhibit a positive trend during
586  the interval of time 0 -100 us.

587 The more one gets away from the border of the cell, the more the trend of entropy density
588  acceleration becomes sharp exhibiting a strong increase during the initial instants of time that is very
589  similar both in a normal and in a cancer cell. After the initial instants of time, the spatial and time
590  profile of .o becomes flat tending to vanish with increasing t.
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616 Figure 2. EEDA associated to heat and matter transfer between the cell and the intercellular envinronment. (a)
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617 Calculated e ¢ for a normal cell. (b) As in (a), but for a cancer cell. (c) Calculated gc exch for a normal cell. Inset:
618 calculated geexch for a normal cell in the interval 0 + 100 ps. (d) As in (c), but for a cancer cell.

619

620 In Fig.2(c) and (d) are displayed the acexh for a normal and a cancer cell calculated according to
621 Equation (19) and Equation (20). The general trend is a uniform increase throughout the intercellular
622  environment during the first instants of time. A sharper increase of acexh characterizes the cancer cell
623  because of the prevalence of the fermentation process. However, on average the absolute value of ae
624 e fora cancer cell is less than for a normal cell. For f larger than 500 s, in both cases geexch approaches
625  zero with increasing time. In the insets of Figure 2(c) and Figure 2(d), geexch plotted in the first instants
626  of time (interval 0 + 100 ps) show an opposite behaviour taking positive values for a normal cell, and
627  negative values for a cancer cell. This is not surprising and may be attributed to the different size of
628  thecells

629 Figure 3 shows the IEDA spatial and time profiles (time interval 100 +1000 ps) due to matter
630  transfer under the hypothesis of either fermentation or respiration metabolic pathways inside a
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631  representative cell having the size of a normal cell. In Figure 3 (a) and (b), we depict aip resulting
632  from lactic acid fermentation and respiration processes, respectively and calculated by means of
633 Equation(7). In the first instants of time, there is a strong rate of increase of aip in the central region
634  of the cell for both processes where aip is strongly negative. However, there is a broader spatial and
635  time dependence of aip for respiration leading to a more extended region of the cell having negative
636  aip for small t. In addition, also the minimum of aip symmetric on the left and on the right of the
637  centre of the cell is deeper for respiration. For both processes with increasing time ai o becomes flat
638  and approaches zero. Figure 3(c) and (d) display the corresponding air of the metabolic pathways
639  calculated via Equation (10). Unlike aip, there are not relevant differences in the spatial trends of ai in
640  the two processes that are uniformly negative throughout the cell even though the minimum for
641  fermentation is much deeper than that for respiration. This trend is in part due to the kinetic constant
642 kunee that is one order of magnitude less than kkinferm.
643
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666 Figure 3. IEDA associated to matter transfer inside the cell for lactic acid fermentation and respiration. A
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667 representative cell having the size of a normal cell is depicted. (a) Calculated aip for fermentation process. (b) As
668 in (a), but for respiration process. (c) Calculated ai-for fermentation process. (d) As in (c), but for respiration
669 process.

670

671

672 In Figure 4, we represent the EEDA spatial and time profiles (time interval 100 +1000 us) due to
673  heat transfer and mass exchange from inside the cell to the intercellular environment for the two
674  metabolic pathways. Figure 4(a) and (b) show a. o for lactic acid fermentation and respiration,
675  respectively calculated using Equation (16). In both cases a. o exhibits a deep negative minimum the
676  more the distance from the cell border that is of the same order of magnitude but more pronounced
677  for respiration process. The rate of increase of 4.0 with increasing time is the same approaching zero
678  uniformly in space still at the initial instants of time. In Figure 4(c) (Figure 4(d)) e excn computed
679  according to Equation (18) is displayed for lactic acid fermentation (respiration). Like for a.o the order
680  of magnitude of the negative minimum is the same but, with increasing the distance from the cell
681  border, the trend of e exch remains uniform for both processes. More specifically, the rate of increase
682  of aeexcn is slightly higher for lactic acid fermentation even though, at ¢ >500 us, e excnbecomes flat and
683  tends to vanish for both processes.

684
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708 lactic acid fermentation and respiration. A representative cell having the size of a normal cell is depicted. (a)
709 Calculated ac ¢ for fermentation process. (b) As in (a), but for respiration process. (c) Calculated ge exch for
710  fermentation process. (d) As in (a), but for respiration process.

711

712 In Figure 3 and Figure 4, we have not shown the trend of the IEDA due to matter transfer for the
713 two main metabolic pathways during the initial time interval 0+100 ps. Indeed, the main features of
714 the entropy accelerations in this time interval are very similar to those exhibited for the real glucose
715 catabolism process where there is a mixture of lactic acid fermentation and respiration.

716

717  Discussion

718

719 The classical thermodynamic description of glucose catabolism in normal and cancer cells and of

720  fermentation and respiration processes by using the concept of entropy density acceleration allows
721  us to add further important results on irreversible processes in living systems [34, 35]. In particular,
722 the analysis extended to the second order in time has strengthened the results obtained in relation to
723 Prigogine’s minimum dissipation principle formulated for living systems in terms of the rate of
724  entropy density. This has been accomplished transferring from mechanics to statistical
725  thermodynamics the concept of “motion” and of acceleration of entropy. We have found that the
726  “motion” characterizing the entropy density in minimum living systems represented by either
727  normal or cancer cells and associated to glucose catabolism and, more specifically, to lactic acid
728  fermentation and respiration processes can be described as a decelerated “motion” because of the
729  negative IEDA and EEDA. Note, however, the exceptions represented by the trends of aig, aip and 4.
730 exch for both kinds of cells and ai- for a cancer cell during the first instants of time (interval 0-100 us)
731  where the entropy density accelerations are positive because of the peculiar time behaviour of the
732 terms contributing to these accelerations for small .

733 From the inspection of the trend of the out-of-equilibrium IEDA and EEDA, the entropy density
734 acceleration has a remarkable magnitude because of the strong variation as a function of time of the
735  corresponding rates [35]. As a further confirmation of our previous findings where it was found that
736  the entropy gain per unit time was higher during lactic acid fermentation, the total entropy
737  acceleration during lactic acid fermentation has a more pronounced minimum if compared to the
738  corresponding one exhibited by the total acceleration during respiration. We attribute this behaviour
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739  especially to the air contribution that, for the same cell size taken as reference, is a few orders of
740  magnitude (see Figure 3 (c)) larger for lactic acid fermentation process than for respiration and also
741  to the geexn contribution that exhibits a minimum about three times larger for lactic acid fermentation.
742 Indeed, due to the bigger volume of a cancer cell (on average 8 times the one of the normal cell) and
743 to the spatial dependence along x that in a cancer cell is twice the one of the normal cell, air and g exch
744 shown in Figure 1(f) and Figure 2(d), respectively look only apparently of smaller magnitude in a
745  cancer cell than in a normal cell. This finding reiterates the concept that cancer cells, where lactic acid
746  fermentation prevails, are characterized by a higher entropy gain per unit time (rate of entropy) as
747  found in [35] and, therefore, by a bigger negative entropy acceleration during the initial instants of
748  time.

749 Very close to the global thermodynamic equilibrium, Prigogine’s minimum energy dissipation
750  principle is fulfilled and can be reformulated in terms of the minimization of the entropy density
751  acceleration for large times. More specifically, the total entropy density acceleration a(x,t) exhibits a
752 rather out-of-equilibrium deep negative minimum, reduces its magnitude passing through negative
753  values with increasing time and, at the global thermodynamic equilibrium, equals zero
754  independently of the nature of the cell and of the metabolic pathway. Straightforwardly, from the
755  space and time profile of the entropy density acceleration, the spatial profile of the energy dissipation
756  function could be obtained, showing that it tends to a minimum value (zero) approaching global
757  thermodynamic equilibrium.

758 We believe that the study of the space and time behaviour of this thermodynamic quantity could
759  enable to understand more in depth the entropy exchanges in minimum living systems and to give
760  more details on the out-of-equilibrium thermodynamics of lactic acid fermentation and respiration.
761  The notion of entropy density acceleration is easily generalizable to other irreversible reactions
762 occurring in cells and this would give a comprehensive characterization of the thermodynamics of
763  allirreversible processes.

764 Finally, the theoretical findings of this work could pave the way to further experiments. Anyway,
765  the results of the theoretical analysis carried out in this work with special regard to the
766  thermodynamic characterization of fermentation and respiration metabolic pathways are consistent
767  with several works in the literature [13, 15]. Presently, exchanges of heat and matter in living systems
768  are measured by using the direct calorimetric and the modern omics techniques with special
769  emphasis to the measurement of the entropy production in normal cells, cancer cells, stem cells and
770 cancer stem cells.

771

772

773 5. Conclusions

774

775 In conclusion, the thermodynamics of minimum living systems with special regard to irreversible

776  reactions occurring during glucose catabolism has been theoretically studied via the introduction and
777  the detailed calculation of a quantity directly derived from the well-known rate of entropy density
778  production that we named entropy density acceleration. This latter is defined as the time derivative
779  of the rate of entropy density production and expresses the time behaviour at the second order of the
780  entropy generated inside and outside the cell. This was accomplished basing on the idea that a
781  mechanical concept like the one of acceleration may be transferred from mechanics to
782  thermodynamics enabling to understand better the entropy generation caused by heat and matter
783  transfer in turn due to irreversible processes in normal and cancer cells. Owing to this, the well-
784  known Prigogine’s minimum energy dissipation principle at global thermodynamic equilibrium is
785  reformulated in terms of the vanishing of the entropy density acceleration. The advantage of this
786  approach is that it is possible to determine quantitatively the curvature of the rate of entropy density
787  out-of-equilibrium not only for glucose catabolism where lactic acid fermentation and respiration
788  processes take place in different percentages in normal and cancer cells but also focusing on the
789  specific metabolic pathway. This has allowed to confirm that lactic acid fermentation is characterized
790 by a deepest minimum entropy density acceleration and thus by a bigger variation of it as it
791  approaches the global thermodynamic equilibrium.
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792 The findings of this work could open the route towards other investigations focusing on the
793 statistical thermodynamic description of glucose catabolism in human cells with special regard to
794  entropy generation, entropy balance and entropy exchange and how these phenomena are related to

795  the entropy density acceleration.
796
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