Available online at www.sciencedirect.com

SOIENCE@DIREOT°

Talanta 60 (2003) 377-393

Talanta

ELSEVIER

www.elsevier.com/locate/talanta

Logistic-exponential model for chemiluminescence kinetics

Bonawentura Kochel *
Department of Toxicology, Wroctaw University of Medicine, 57159 Traugutta St., PL-50417 Wroctaw, Poland

Received 17 June 2002; received in revised form 6 November 2002; accepted 18 November 2002

Abstract

A logistic-exponential (LE) model for chemiluminescence (ChL) kinetics was constructed as a superposition of a
logistic function, representing the ascending sigmoidal-in-shape phase, and an exponential function representing the
descending phase of the ChL time course. The logistic component of the LE model expresses a non-linear autocatalytic
reversible reaction counteracting a rise in the ChL which is not considered by a classical two-exponential model of the
time course of ChL, whereas the exponential component of the LE model represents a first-order reaction of a ChL
decay. The proposed reactions, that underlie the time course of ChL, were shown to form a second-order dynamic
system. Main characteristics of the LE model such as the ChL peak value (CL,,), the peak time (#,,) and the inflexion
points’ times (#;) were determined as well as the error calculus for the LE model. Moreover, several applications of the
LE model to ChL processes generated by both native and perturbed polymorphonuclear granulocytes (PMNs) and red
blood cells (RBCs), intoxicated yeast, ferrous ion-treated bull spermatozoa, autoxidising 1-3,4-dihydroxyphenylalanine
(L-DOPA), or luminol oxidised in the Fenton reaction were made.
© 2003 Elsevier Science B.V. All rights reserved.
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seen for a few decades in this field. Since the
main cause of that inadequacy lies in a discrepancy
between the beginning phase of the two-exponen-
tial model and a sigmoidal form of the ascending
phase of ChL, a construction of a new model was

1. Introduction

A logistic-exponential (LE) model for ChL
kinetics was built within the frames of the so
called time-domain analysis [1], where a time

course of a given process is the starting point for
further analysis. This means that the LE model
concerns, in the first place, a time course of ChL.
The model was constructed in response to an
inadequacy of a two-exponential model and a
shortage of other proposals which have been
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founded on a logistic function that reveals a
desirable course.

A procedure of the construction of the LE
model is presented here with a particular care
which is necessary for new proposals, and because
a differential equation, representing a superposi-
tion of infinitesimal forms of logistic and expo-
nential processes, does not have, in general, a
solution expressed by elementary functions. There-
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fore, a problem of approximation of this solution
by elementary functions must be also solved.
Moreover, a possibly simple form of the solution,
being convenient for practical applications, must
be determined.

Errors of the LE model were analysed, espe-
cially those produced by an estimation of the
model’s parameters on the basis of photon-count-
ing time series representing the ChL time course,
by simplification of the final form of the model,
and due to the application of the model at small
values of time (less than one-fifth of the ascending
phase of ChL).

Several different examples of ChL (of PMN,
RBCs, yeast, bull spermatozoa, L-DOPA, and
luminol) were selected to demonstrate a wide
spectrum of the LE model applications.

2. The logistic-exponential model

This section is consisted of four parts, in which:
(1) a construction of the LE model is described; (2)
two types of errors of the LE model are evaluated;
(3) properties of the LE model are presented; and
(4) a double logistic-exponential (DLE) model as a
generalisation of the LE model, addressed to more
complex ChL time courses, is given.

2.1. Construction of the model

Let an ascending sigmoidal phase of a time
course of ChL be described by a logistic function:
D

1 + exp(a + br)’ M

CL&\SC(I) =

and let a descending phase of this process be a
decay represented by an exponential function,
CL4(1) = D-exp(—k1), 2

where the a >0, b <0, k >0, D >0 conditions

were assumed owing to the experimental reasons.
Since a resulting velocity of the two component

process is a sum of velocities of its components:

dCL(¢) _ dCL,..(?) n dCL,(?)
dt  dr de

(©)

and CL,(¥) ~ CL(¢), a differential equation re-
presenting the resulting process takes a form:

dCL(1)  —D-b-exp(a + bi) B

dz [1 + exp(a + bo))? k-CLO). @

A solution of this equation has the following
form:

CL(¢) = =b- D-exp(—kt)

J expla + (b + k)t]2 ar, 5)
[1 + exp(a + b1)]
where the [ exp [a+ (b + k)0)]/[1 +exp(a + b)]* dt
integral is not an elementary function in general.
The integration procedure applied to the f(¢) =
expla + (b + k)0)]/[1 + exp(a + bt)]* integrand, ex-
panded in a Maclaurin series up to the fifth degree,
ie.

expla + (b + k)] . L f0)
f[l + exp(a + bo)) d“f; a A

5
_ f(n)(o) n+1
B Z::O (n + Dn! £ ©

does not give a convergent approximation of the
integral in general, as it is shown in Fig. 1 for a =
1, b= —1 and k=0.5.

Integration by parts of the integral in Eq. (5)
transforms it into a simpler form:

f expla + (b + k)t]
[1 + exp(a + bo)J’

exp(kt) B lj
B[l + expla + bt)] b
. j exp(kt) 7
[1 + exp(a + b1)]

where [ exp(kt)/1+ exp(a+ bt) dz is still not an
elementary function, in general. To determine this
integral its integrand f(¢) =exp(kt)/1 + exp(a+
bt) was expanded in a Maclaurin series up to the
fifth degree whereupon integrated:
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FX(t) T

(X=0;6) L

8
t
expla + (b + k)i]
[1 + exp(a + b
and k=0.5 is an elementary function of the form of FO(7)=

Fig. 1. The | dr integral at a=1, b= —1

1:_\/1_1 ++/e-arctanve'~! (Solid line). FO(z) is not satisfacto-
rily approximated in [0, o0) by the integrated expansion of the
. - s f"(0)
integrand  described here by F6(1)=[%,_, ! d

S f(ﬂ)(o) n+1 :
DI o+t l)n![ (Dotted line).

etk JZMO) -
1 + exp(a + bt) !
(0
Z f ( ) tn+1. (8)
7 (n + Dn!

This expansion, however, converges very slowly
to [exp(k?)/1 + exp(a + br) dt as shown in Fig. 2
fora=5,b= —1and k=0.5, where a satisfactory
approximation is not obtained even for n =35, i.e.
for F6(t), where the FN(z) symbol (N=n+1)
stands for X_, (f™(0)/(n+ n)f"*!, although
[e”?/1+¢e"")dr is an elementary function:
FO(f) = 2 VeS(V/e!—5 — arctan ve' ).

At certain values of the ¢, b and k parameters
the approximation of the integral based on the
expansion into the Maclaurin series is a yet more
ineffective as shown in Fig. 3. All the FN(z)
functions considered here and FO(¢) are divergent,
i.e. the |FO(r)—FN(¢)| distance tends to infinity as

F(t) 100
FX(t)
(X=0,1...6)

80

40

20

F3(t)
F2(t)
0 F1(t)

t

Fig. 2. Verification of the efficacy of the first few expansions

L. exp(kt)
,6) approximating | I+ expla + bi) dr
(symbolised here by FO(7)) at a=5, b=—1 and k=0.5.

F(r) = k" exp(kt) majorizes the FO(r) and FN(¢) functions.

EN(1) (N=12,...

FY 1007
FX{t)

Feorr(t)
x=01..8) _ |

Fig. 3. Another verification of the efficacy of the first few
expansions FN(¢) (N=1,2,...,6) approximating
exp(k?)
I1 + exp(a + bt)
and k=0.4. The F(z) function was corrected to F . (t)=
~Texp(kt)—36.5, which tends to FO(r) as t — oo. The approx-
imation inadequacy of the FN(#) functions can be seen from
from their graphs running away from FO(z) as t — o0. The F1(z)
and F2(z) functions are not seen in this scale owing to their
small values.

dt (symbolised by FO(¢)) at a=8, b= —1

t - oo; only the |FO(¢#)—F(¢)| distance tends to a
finite value of 36.5. At [ exp(kr)/1+ exp(a+
bt) dt = FO(¢) + ¢, = F(¢) + 36.5, where ¢, is an
integration constant, the |FO(z)—F(¢)| distance
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obtains its explanation and the approximating
function can be corrected to the form: F(¢),,, =
k~'exp(kt) — ¢, which is valid for sufficiently large
t values.

One can see from examples presented in Figs. 2
and 3 that [exp(kt)/1 + exp(a + br) dr may be
approximated most effectively by F, . (¢)=
k~'exp(kt) — ¢, (c, is a constant), particularly
when ¢ takes sufficiently large values. The larger
the time ¢ the higher the efficacy of this approx-
imation. Indeed, at b < —k the integrand of the
considered integral can be approximated by the
function F(t) =exp(kt) because of
lim _, _ (exp(kt) —exp(kt)/1 +exp(a+ bt))=0. In
consequence, this approximation together with
Eq. (5) leads to a formula that is valid precisely
for large values of ¢:

1
1 + exp(a + bi) B
+ C exp(—kt), 9)

where the integration constant C can be calculated
from the CL(0) =0 condition:

CL(H)=D

D
- 1 + exp(—a) (10)
Finally,
CL()=D - exp(—ki)
1 4 exp(—a)
: (an

1+ exp(—a — bt)|

On the basis of the approximation used above,
the formula given by Eq. (11) is valid for
sufficiently large values of ¢. Therefore, in Eq.
(11) rewritten as

exp(—kt) + exp(bt){exp(a)lexp(—kt) — 1] — 1}

CL(r)=D
[1 + exp(a + b1)] [1 + exp(—a)]

(12)
one should include this fact in a reckoning, i.e.

lim (exp(br){exp(@)[exp(—kr) —1]—=1}) =0, (13)

which results in the following formulae useful in
applications:

CL() = D exp(—kt) (14)
[1 + exp(a + bo)] [1 + exp(—a)]
CL(pyz Drexp(=kD (15)

1 + exp(a + br)’

the last of which is a particularly useful in practical
applications when exp(—a) ~ 0, i.e. when the value
of exp(—a) can be neglected owing to sufficiently
large values of the a parameter or due to the CL(¢)
measurement error.

Dimensions of the quantities occurring in Eq.
(15) are as follows: dim(CL(¢)) =dim(D) =the
number of photoelectron counts recorded in a
counting time At., dim(k) = 1/dim(¢), dim(a) =0,
and dim(b) = 1/dim(¢), where dim(z) is the dimen-
sion of time used in the ChL measurement.

Readers not interested in details of error analy-
sis can pass over Section 2.2 and go directly to
Section 2.3 which is devoted to properties of the
LE model.

2.2. Errors of the model

2.2.1. An error produced by small values of a

In order to determine the error resulting from
the exp(—a) ~ 0 assumption the following differ-
ence can be considered on the basis of Egs. (14)
and (15) as a definition of this error:

D exp(—kt)
1 + exp(a + b?)
B D exp(—kt)
[1 + exp(a + b1)] [1 + exp(—a)]
D — 1
_ exp(—kt) a6
1 + exp(a + bt) \1 + exp(a)
Then, the relative error of the CL(¢) evaluation,
being defined as 0,CL:={A,CL(?)/[exp(—k?)/(1 +

exp(a + br))]} x 100[%)], takes the following form
depending only on the a parameter:
100

8.CL= exol@ [%]. (17)

A,CL(1): =

Interpretation of J,CL results directly from the
ACL(t) > 0 (ACL(z) < 0) inequality, and 0,CL >0
(0,CL <0) means that the CL(¢) value given by
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Eq. (15) is overestimated (underestimated) and its
value should be diminished (increased) by A,CL.
In practice (vide Section 4), when a €[2, 10] the
0,CL value changes from 12 to 0.004%. If the
CL(¢) measurement error is greater than ¢,CL,
this relative error (Eq. (17)) may be left out of
account.

Of course, the use of a bit more complex model
given in Eq. (14) (instead of that in Eq. (15)) is not
connected with the errors considered above.

2.2.2. An error produced by small values of t

The model described by Eq. (15) was con-
structed without any assumptions regarding small
values of 7. Owing to the properties of
j exp(kt)/1 + exp(a + bt) dt it seems to be impos-
sible to determine the general analytical relation-
ship between the function corresponding to that
integral and the a, b and k parameters occurring
in the integrand. However, a suggestion on finding
functions approximating the integral for small
values of ¢ can be inferred from Figs. 2 and 3.
Consequently, an error produced by Eq. (15) for
small values of 7 can be evaluated by considering a
few simple functions presented in Figs. 2 and 3
corresponding to arbitrarily chosen a, b and k
parameters. It has been verified that this choice of
parameters does not limit the generality of the
results obtained.

Therefore, let us consider a ChL process with
the parameters: ¢ =4.26, b= —1 and k =0.2. The
j exp(kt)/1 + exp(a + bt) dt integral (with the zero
integration constant), presented in Fig. 4 by the
F(t) function, is parallel to the F,(f)=b"'[a+
bt —In(1 4 exp(a + bt))] function in the time inter-
val [0, 4]. Since a mean distance between the Fy(z)
and F(z) functions, calculated according to the
following definition,

T
d(F(0), F(0):=(T+1)"" > [F(—F@l, (18)
=0

where F;(t) and Fj(¢) are two functions determined
in the [0, T] interval, is equal to d(F(¢), Fi(¢)) =
2.13 in the [0, 4] interval, and a variance of the
|F(t)—F1(¢)| difference, corrected by that dis-
tance, i.e.

F()
FX(t)
(X=1...4)
! 1 I
o 5 10 15 20
kt
Fig. 4. The j exp(ki) dz integral (represented by F(7))

, 1+ eXP(ﬁl +b0)

is compared with “the functions F,(¢)=1/bla+ bt—in(1+
exp(a+b0)], Fy(t)=exp(kn)/k[1 +exp(@)], Fs(t)=(2k)"'-
exp(kt) and Fy(r) =k~ 'exp(kt), at a=4.26, b= —1 and k =
0.2, to find an approximation of its course at small values of .

(F (1), F )
T
=73 IE(0) — E()— dF0, EOF  (19)
t=0

takes a minimum of 0.04 for the (F(¢), F,(¢)) pair
in comparison to the variances for other functions:
a2 (F(1), Fy(1))=0.16 at d(F(2), F»(1)) =2.22,
X (F(1), F5(1))=12.80 at d(F(1), F5(t)) =1.56, or
X (F(1), Fy(1)) =151.92 at d(F(t), F4(t)) =544, a
plot of the | exp(k?)/1 + exp(a + br) dt integral, at
a=4.26, b= —1 and k=0.2, can be represented
by F1(¢)+2.13 in the [0, 4] time interval. Applying
the procedure, already used in obtaining Eq. (12),
one can educe the following F;(z) function-based
formula valid for ¢ <4:

CLcorr(t) = D{ + exp(_kt)

1 + exp(a + bi)

" k —bt+ln1 + exp(a + bt)
b 1 + exp(a)

1
1 + exp(a)} } 20

Let A,CL(t): =CL(¢)—CL¢o(¢) stand for a
deviation of CL(z) described by Eq. (15) from
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CLor(?) given in Eq. (20). Then, the relative error
of the CL(¢#) evaluation, ie. ,CL(?):=
A,CL(#)/CL(2)-100 [%)], takes positive (negative)
values if the CL(¢) value is overestimated (under-
estimated) which means that CL(z) should be
diminished (increased) by ¢,CL(¢). 6,CL(t), con-
trary to 0,CL, depends on ¢. Depending on the
a,b and k parameters J,CL(¢) takes positive or
negative values.

Several examples of the correction of the LE
model at small values of time are presented in Figs.
5—7. The deviations between the LE model and its
corrected versions take acceptable values. The
computer programme MATHCAD 7 was found to
be sufficient in fitting experimental data points by
the LE model.

2.3. Properties of the model

There are three main quantities that characterise
the LE model, namely a time moment (z,,) when
the CL(7) function reaches its peak value, the peak
value itself (CL,,), and two time moments (¢;; and

CL(t) 2010*
[eps]

800

t [min]

Fig. 5. ChL of DMSO-perturbed human PMNs stimulated
with fMLP [2,3]. The experimental data points are fitted by the
LE model of CL(#)=25 655exp(—0.00237)/1 + exp(2.282 —
0.052¢) in the whole time interval of the process (Solid line),
whereas  the  corrected LE  model CL.. ()=
17113exp(—0.00137) /1 + exp(2.709 — 0.0957) fits these points in
the interval of [0, 70] min (Dotted line).

CL(t) 4000 1
[eps]
3000 o
2000 ]
1000 |
0 S
(] 10 20 30 40 50
t [min)

Fig. 6. ChL of L-DOPA autoxidation at pH 8.8 [4]. The time
course in the whole time interval is modelled by CL(?)=
10 633exp(—0.0527)/1 + exp(5.506 — 0.444¢) (Solid line), and the
course in the [0, 7] min interval is described by the corrected
model  CL_.(¢) = 10394exp(—0.0467) /1 + exp(5.008 — 0.3481)
(Dotted line).

CL(t) | ;
[eps] so00 |- —
1
6000 [ I
2
4000 — -
2000 — _
0 | | |
0 5 10 15 20

t [min]

Fig. 7. ChL of Immax A-treated (1) or native (2) human RBCs
initiated by 7-BuOOH [5]. The LE models CL(7)=
31 300exp(—0.196¢)/1 + exp(9.260 —1.938r) (1) or CL(¢)=
19295exp(—0.1717) /1 + exp(4.264 — 0.9357) (2) describe the time
course in the whole time interval (Solid lines), whereas the
corrected models CL,,, (1) =30 871exp(—0.0617)/1 +
exp(9.274—1.721¢) (1) or CL,(¢)=19 943exp(0.0907)/1 +
exp(4.000 — 0.6807) (2) (Dotted lines) make this in the [0, 4]
min interval.
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t;») corresponding to two inflection points i; and

1.
From the dCL(#)/d¢ = 0 condition, where CL(¢)
is given in Eq. (15), an equation for ¢, results:

n 211; {ln (b;kk> _“]'

A standard deviation of ¢, is described by:

(e2y)

383
Liyn= b

(25)

B —2k(b + k) T b /B — 4k(b + k)
o )=

2(b + k)

which can be determined from the d*CL(7)/d7> = 0
condition.
A standard deviation of ¢;; is as follows:

SD(1,,) = \/ <SDb(a))2 + (blz

In ;k —al + !
(k) s

)2 SD?(b) + (SD(k) )2 (22)

k) k(b + k)

where SD(a), SD(b) and SD(k) are standard
deviations of the a, b and k parameters, respec-
tively.

The peak value of CL(¢) called here CL,, is
defined as a CL(¢) value taken at t=t¢,, i.e.

CL,: = CL(ty):
b+ k)D
cr, =+ 0P

(23)

G-

expd
o{,

A standard deviation of CL,, has a form shown
in Eq. (24):

sp(cL, ) =" J[; k exp{l; [a —In (b_fkﬂ } (24)

where SD(D) is a standard deviation of the D

2 2 2
SD(t,,) = \/ @’a‘) SD*(a) + @’Z) SD*(b) + @tk‘) SD*(k),

(26)
where
oy —1
Y (27a)
a, —1 Z(b, k) 2(b + k)
= In , | —a|+
ob b2 [ (2(17 + k) > ] bZ(b, k)
y [2(1) —k)— Y(b, k) — (};22 — 2bk) - Y(b, k)} @7b)
2(b + k)
Z(b, k): =b* = 2k(b+k)—bY(b, k) 270
C
Y(b, k): = Vb2 —4bk — 4i2,
oty 2+ k) [—(b 4+ 2k)1 — bY™Y  Z(b, k)
= [ > - 3}. (27d)
ok  bZ(b, k) (b + k) (b + k)

A standard deviation of the a parameter, SD(a),

«\/SDz(D)+ (kD>2 SD*(a) + {D {a—ln ( —K )] }2-
b b b+k

k 2
[(b) SDz(b)+SD2(k)},

parameter.

Two inflexion points i; and i, that occur at the
ascending and descending phases, respectively, are
characterised by the ¢#;; and ¢, time moments,

can be evaluated from a variance

1
SPl= J [ta] — 1

[1]
> (Aa(r)—<Aayy,

=1

(28a)
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of the Aa(t) deviation:
Aat): = alt) — a(t) gy, (28b)
produced by the difference between the empirical

values CL(f)emp and those given by the CL(¢)
model. {Aa) is a mean value of the deviation, i.e.

[1m]

(Aay = [;1 | > Aa(), (28¢)
ml =1

and [#,,] is an integer part of the peak time z,,,.
The following holds:

Aa(t): = In (D exp(—ki) _ 1)
CL(1)
“In (‘DeXp(_kO— 1‘) (28d)
CL()p
:a_anDew(—kf)_ ID e
CL(Demp
since
Voo a(t)=1In (l)eXM—kt) — 1> — bt = const
= CL(1)
—a. (28¢)

Analogously, standard deviations of the b, k
and D parameters can be determined from the
following formulae:

(1]
SD0) =\ D MHD—CABY, (29%)
ml ™ t=1
SD(k) = LZN:(Ak(z)—mk»z (29b)
N —1% ’

1 N
SD(D) = \IN | Z (AD(f) —<ADY)*,  (29c¢)
- t=1

at

Ab(1): = b(t) = b(1) e

! {111( Dexm_k’)1‘> a}, (30a)
’ CL(1)

emp

Ak(t):=k(t) — k(2)

emp

I
—k+
t

x {m (CL(I)W (1 + expla + bt)))} . (30b)

CL(Demp
and
AD(1):= D(1) — D(1)ep
= D — CL(0) ypexp(k?)
x [1 + exp(a + bt)], (30¢)
because of
Voo b(2) = 1 [In (D exp(—kr) _ 1) — a} = const
= t CL(?)
=b, (31a)
Vg k() = -1 [ln (CL(l)(l + exp(a + bt)))]
- t D
= const =k, (31b)
and
Voo D(t) = CL(H)exp(kt)[1 + exp(a + bt)] = const
=D. (31¢)

To illustrate the results of application of the
above-mentioned formulae for the standard devia-
tions of the LE model’s parameters a few examples
are presented below.

1) PMN + N-formylmethionyl-leucyl-phenylala-
nine (fMLP) [2]: D+SD(D)=39757+1139
cps =40000+1200 cps, a+SD(a)=3.085+
0.059 = 3.09+0.06, b+SD(h) = —0.426 +
0.024 s '~—04340.03 s~', k+SD(k)=
0.036+0.011 s~ ;

2) PMN +phorbol myristate acetate (PMA) [6]:
D+SD(D)=2560+183 cps, a=+SD(a)=
3.579+0.120 = 3.58 +0.12, b+SD(b) =
—0.334+0.086 min~ ' =~ —0.33+0.09 min ',
k+SD(k) = 0.045+0.060 min ~;

3) PMN +cytochalasin B (CB)+PMA [6]: D+
SD(D) = 34424237 cps, a+SD(a)=3.190+
0.124 ~3.1940.13, b+SD(h) = —0.389 +
0.099 min~ '~ —039+0.10 min ', k+
SD(k) =0.040+0.065 min~',where cps is
count per second.
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The relative standard error

SD(X)

SD.(X): = 100 [%], (32)

of the LE model’s parameters (X =a, b, k, D) in
those experimental examples is as follows:

1) PMN+fMLP: SD(D)=3%, SD.(a)=2%,
SD,(h) = 7%, SDy(k) =~ 31%.

2) PMN+PMA: SD(D)=7%, SDy(a)=3%,
SD,(b) ~27%, SD,(k) = 133%.

3) PMN+CB+PMA: SD,(D)=7%, SD(a)=
4%, SD(b) = 26%, SD,(k) = 144%.

Saying nothing of the evident fact that a
measurement precision is different in different
experiments, one can conclude that the experi-
ments cited here allow one to evaluate almost
precisely the @ and D parameters, little worse the b
parameter, and much less precisely the k para-
meter.

Since a precision of the LE model’s character-
istics depend on the precision of the LE model’s
parameters (Egs. (22), (24) and (26)) the following
evaluations hold true:

1) PMN+fMLP: t,+SD(t,) =12.8354+0.984
s~128+1.0 s, CL,+SD(CL,)=22930+
3359 cps =23000+3400 cps, ;1 £SD(t;)) =
6.5004+0.415 s~6.540.5 s, t;,+SD(t;5) =
19.1694+1.593 s ~19.24+1.6 s.

2) PMN+PMA: tm+SD(t,) = 16.284 +5.685
min =~16.34+5.7 min, CL_,+SD(CL,)=
1065+1062 cps, t;; =SD(t;1) =9.249+2.755
min =9.2+2.8 min, ¢,+SD(¢,5)=23.319+
8.705 min =~ 23.34+8.7 min.

3) PMN+CB+PMA:  ¢,+SD(¢,) =13.769 +
5430 s=~13.84+55 s, CL,+SD(CL,)=
1780 +£1618 cps, t;1 +£SD(¢t;1) =7.223+2.216
min ~7.242.3 min, t,+SD(t;;) =20.315+
8.763 min =~ 20.34+8.8 min.

A dependence of the CL(¢) course on the a and
b parameters is shown in Fig. 8.

The LE model’s characteristics expressed in Egs.
(21), (23) and (25) are presented graphically in Fig.
9, whereas the model itself is compared with its
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Fig. 8. Changes in the CL(¢)=D exp(—kt)/1+ exp(a+ bt)
function in dependence on the @ and b parameters. An increase
in the a value at b =constant results in a translation of the
ascending phase and the peak time (#,,) to the larger values of ¢
together with a reduction of the peak value (CL,,)) (CL1(z) vs.
CL2(¢)), whereas an increase in the b value at a = constant
diminishes also the slope of the ascending phase (CLI1(¢) vs.
CL3(¢)). An increase both in the @ and b values results in the
above mentioned translation in time, the reduction in the peak
value and the reduction of the slope (CL1(#) vs. CL4()). These
cahnges are shown at the fixed & and D parameters. The
descending phase is reduced by and increase either in the a or b
parameters.

logistic and exponential constituents or a two
exponential model in Fig. 10.

A dependence of the course of CL(7), described
by the LE model, on the ¢ or b parameters is
shown in Figs. 11 and 12 as CL(«a, t) or CL(b, t)
functions.

2.4. The double logistic-exponential model

The LE model can be generalised to cover
processes constituted from two parallel logistic
processes composing the ascending phase of ChL.
Such a model, which can be called as a DLE one,
takes the form:

D exp(—kt)
[1 + exp(a, + bD][l + exp(a, + by0)]
(33)

CL(1) =
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Fig. 9. Graphs of CL(?)=D exp(—kt)/1 +exp(a+ bt) (Dotted
line) and its 1st (Dashed line) and 2nd (Solid line) derivatives at
a=5,b=—-09au "' k=02au "'and D=1 a.u. The peak
value of CL(¢) corresponds to #,=6.948 a.u., the local
maximum values of the 1st derivative or the zeros of the 2nd
derivative indicate the time moments when the inflexion points
occur: #;1 =4.686 a.u. on the ascending branch and #;, =9.209
a.u. on the descending one. The a.u. stands for an arbitrary

unit.

An example of the DLE model is presented in
Fig. 13. This model competes with the LE model
shown in the same figure, however, owing to the
same accuracy in fitting the experimental data
points, neither of these two models can be
preferred. Probably, at a greater sampling fre-
quency it would be possible to differentiate these
two models, thus to verify a hypothesis about the
existence of two different pathways of peroxide-
generated excitation and transformation of lumi-
nol in the process of luminescence [7]. The LE,
DLE and exponential models are compared in Fig.

14.

3. Mechanistic interpretation of the logistic-
exponential model

On the basis of Egs. (1) and (2) one can write the
following system of equations respectively for the
ascending (logistic) and descending (exponential)
stages of the ChL process:
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CLi(t)
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! ClLasc(t)
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Fig. 10. Comparison of the classical exponential (CL,s(¢) =
D(1—exp(—nt)), (CLges(t) =D exp(—kt)), two exponential
(CL, (1) = (D-n/k — n)[exp(—nt) —exp(—kt)]) and  logistic
(CL.(t)=D/1 +exp(a+bt)) models with the LE model
(CL_(t) = D exp(—kt)/1 4+ exp(a+br)). The model’s para-
meters D=50, n=0.2, k=0.1, a=5, b= —0.9, and time ¢
are given in arbitrary units.

Fig. 11. Three dimensional surface representing ChL as a
CL(a, t) function at the b, k and D parameters fixed (b = —
0.5, k=0.1, D=10000 given in arbitrary units).
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CL(b.t)

M

Fig. 12. Three dimensional surface representing ChL as a
CL(b, t) function at the a, k and D parameters fixed (¢ =2,
k=0.1, D=10000 given in arbitrary units).
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Fig. 13. The DLE model CL(7) =1 505 800exp(—0.00937)/[1 +
exp(2.942 —0.0361)][1 + exp(3 — 0.7¢)] (Dotted line) and the LE
one CL(7) =1 490 100exp(—0.00937)/[1 + exp(2.935 — 0.0361)]
(Solid line) for ChL of luminol in the Fenton reaction [7] are
indistinguishable one from another.
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Fig. 14. Comparison of the DLE model (CLpyg(?); #2) with
the exponential (CLges(2); #1), logistic (CLy;(z) and CL5(7);
#3 and 4) and LE models (CLyg(¢) and CLyg5(7); #5 and 6).
The models’ parameters D =50, k=0.1, a; =5, by =—0.9,
a, =3 and b, = —0.5 are given in arbitrary units. The function
symbols are as follows:(1) CLgy,(?)=D exp(—kt); (2)
CLpe(t) =D exp(—k1)/[1 +exp(a; + by -O][1 +exp(a, + by 1)];
(3) CL.()=D/[1 +exp(a; +b,-0)]; (4) CLy,(t)=D/[l +exp-
(ay +by-0](5)  CLyg (1) = D exp(—kt)/[1 +expla, +b;-0)];  (6)
CL py(?) = D exp(—kt)/[1 +exp(a, + b, 1)].

% = _kCLdes(I)a (35)

where b <0, kK >0 and D >0. Eq. (34) demon-
strates that the exponential growth (because of —
b >0) of the ChL, which is described by
dCL, (¢)/dt = —bCL,(¢), is diminished not only
by the exponential decay (because of —k >0)
given in Eq. (35) but additionally by the non-
linear process: dCL,(#)/dt = (h/D)CL:_(?) (be-
cause of b/D <0).

The equation system given by Egs. (34) and (35)
means that a corresponding chemical system is a
second-order dynamic one, where a dynamic
variable X (z) corresponds to CL,.(?) and another
Y(t) to CLg4es(?). From the proportionality be-
tween the ChL intensity, CL(¢), in a given time
moment t, the concentration of various exited
light-emitters or their intermediates [4*(¢)], and
the oxidant concentration [Ox(z)]:

CL(1) ~ [A*(D)] ~ [Ox(n)], (36)
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one can interpret the X(¢) and Y(z) variables as
oxidants or emitters, and one can write the
following reaction scheme

S+X];>_'2X; X?Y; Y5P (), (37)
—1 -2
describing a reversible autocatalytic reaction of
generation of X followed by sequential reactions
of transformation of X into Y, and the light-
emitting decay of Y. S represents a reaction
substrate and P is the measured reaction product,
i.e. photons.

The postulate of the XY reaction was neces-
sary because the 1st-order system

diX(0)]

g Bl k)X0] -k X, (38)

corresponding to the following scheme,
kl 2
S+X 22X X8P (h), (39)

possesses a solution X(¢) which is only a logistic
function.

The postulate of the X< Y reaction, which
resulted solely from the mathematical stipulation,
seems to correspond with the hypothesis—formed
on a purely chemical way—about the interaction
between two radicals (X and Y) belonging to two
different pathways of a luminol transformation
during ChL [7], or the conclusion about the
formation of two light-emitting compounds during
the L-DOPA autoxidation reaction [4]. One can
also find a correspondence with the radiationless
transfer of energy from one excited molecule (X)
to another (Y) which is followed by a radiation
deactivation of the latter one [8].

The following system of differential equations
corresponds to the scheme given in Eq. (37):

dpsgf)] = (k,[S] — k) [X(D)] — k_,[X(0)
+ kY (0)] “40)
d[zgt)l = Io[X(0)] — (ks + k_)[Y ()], S

One can assume that k_,[Y(¢)] =0 in Egs. (40)
and (41) because the experimental precision does

not allow one to detect little deviations, expressed
by the k _,Y(¢) term, from the logistic curve of the
form  of  d[X(1)]/dt = (k,[S] — k)[X(D)] -
k_[X(O]*. Moreover, at k3[Y(1)] > ky[X(¢)] the
k>[X(2)] term in Eq. (41) exists without significant
perturbation of the experimentally recorded ex-
ponential decay, given by d[Y(?)]/dt = —k;[Y(?)].
These assumptions, i.e.

k L[Y(D]1 =0, K[Y (D] > ky[X ()], (42)

should be verified experimentally. At the present,
however, the reaction system given in Eqs. (40)—
(42) may be considered as the first approximation
of mechanisms underlying ChL processes being
described by the LE model.

The reaction rate constants can be determined
from the LE model’s parameters using Egs. (34),
(35), (40)—(42):

ky =k. (43)

If %[S]—k,=>=0 then the 2nd-order system
possesses two stationary non-negative states de-
scribed by d[X]/dz=0, namely: [X]#=0 and
[XI5=k,[S]—k,/k_, =D, that are unstable or
stable, respectively, and a single stationary state:
[Y]¥=0. This situation occurs for all empirical
examples including those considered in Section 4.
The situation of k{[S]—k, < 0, at which there exists
a single stationary state [X]¥ = 0, is non-physical.

From Eq. (43) one can determine a linear effect
of the generation of X described by k[S]—k, and a
non-linear effect of the reduction of X expressed
by k_,. Contributions of the both effects into the
whole reaction (described by Eq. (40) at Eq. (42))
can be evaluated as follows:

— a contribution of the linear effect of the X
production (C;"):

Cf:= MISI =k g 100 [%] (44)
ki[S] — ky + k_, 1+1/D

— a contribution of the non-linear effect of the X
reduction (Cyp):
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k 100
= 100 = [%]  (45)

Cy:=
MRS = ky + K 1+D

The contribution of the non-linear effect,
though far smaller than the linear effect, is
important because a sigmoidal shape of the
ascending stage of ChL process occurs as its result.
In the examples given in Section 4 Cy;does not
exceed 0.2%.

In turn, the (k([S]—k»)/k_1=D quotient de-
scribes an equilibrium of the X generation reaction
(Eq. (40) at Eq. (42)).

The meaning of the inflexion points results from
a difference in the ChL process in the time
intervals between these points. At ¢ <¢;; the
oxidant generation rate raises with ¢ to reach the
maximum value at ¢t =1¢;, then in ;| <t <t,, the
rate drops to zero at ¢;; = t,,. At t > t,,, the oxidant
decay dominates over the generation to reach the
maximum value at ¢t =1, (Fig. 9). These features
reveal an important role of the inflection points in
choosing experimental conditions corresponding
to the maximum value of the oxidant generation
rate or that of the oxidant decay rate.

4. Applications of the logistic-exponential model

ChL processes presented below are various
examples of the application of the proposed LE
model. Amongst the eight examples presented here
there are phagocyte luminescence produced by
DMSO- or CB-treated human PMNs stimulated
with fMLP or PMA, luminescence of PMNs
phagocytosing opsonised zymosan (OZ), ChL of
Immax A-treated RBCs during a homolytic scis-
sion of tert-butyl hydroperoxide (-BuOOH), ChL
of formaldehyde (HCHO)-perturbed yeast, ChL of
the autoxidative reaction of L-DOPA, ferrous ion-
induced ChL of bull spermatozoa, and ChL of
luminol oxidised in the Fenton reaction. For all
these processes the parameters of the LE model
were determined as well as basic characteristics
such as r,, CL, and t;, t, were calculated.
Moreover, the reaction rate constants were eval-

uated from the model parameters. In those exam-
ples, in which a comparison of the models for
perturbed biosystems with those for unperturbed
ones was possible, the effects exerted by perturbers
were evaluated on a basis of the constructed
models.

In figures, the experimental data points are
fitted by the LE model with the D,a,b and k
parameters given in tables, where the basic char-
acteristics of the considered ChL processes are also
presented. In other tables some parameters of the
postulated reactions corresponding to the particu-
lar LE models are shown.

4.1. Chemiluminescence of native and DMSO-
perturbed isolated human PMNs stimulated with
fMLP

Quenching of phagocyte Iuminescence by
DMSO was described on the occasion of con-
structing the photon-counting process-based sto-
chastic measures of homeostasis perturbation [9]
and xenobiotic toxicity [2,3] as well as biphasic
modulation of phagocytosis [10]. Time courses of
ChL of isolated DMSO-perturbed (21 mM) or
native human PMNs (10° cells ml~") stimulated
with fMLP (1 pM) in the presence of luminol (2.5

CL(t) 2.5010%
[eps]

t[s]

Fig. 15. The LE model for ChL of human PMNs stimulated

with fMLP
(3.085 — 0.4261).

[2]:CL(¢) = 39757exp(—0.0367) /1 + exp-
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Table 1

Parameters and basic characteristics of the LE model for chemiluminescence of the analysed systems

System\parameter D A b k tm CL,, i1 tin

PMNs+fMLP +luminol 39757 cps 3.085 —0.426s~' 0.036s™' 128s 22930 cps 6.5s 19.2's

PMNs+fMLP+DMSO +Iuminol 25655 cps 2282 —0.052s~" 0.0023s~' 103.0s 19349 cps 40.6s 1654

PMNs+PMA +luminol 2560 cps 3.579 —0.334s~' 0.045s7' 1635 1065 cps 93s 233s

PMNs+PMA +CB+luminol 3442 cps 3.190 —0.389s~' 0.040s~! 138s 1780 cps 72s 203 s

PMNs+0Z 538 cps 3.790 —1.345 0.043 54 min 414 cps 2.7 min 8.0 min
min ! min !

PMNs +OZ +luminol 3033 cps 4.356 —0.990 0.086 6.8 min 1546 cps 4.1 min 9.5 min
min ! min !

RBCs+¢-BuOOH +luminol 19295 cps 4.264 —0.935 0.171 6.2 min 5497 cps 3.9 min 8.5 min
min ! min !

RBCs+¢-BuOOH +Immax A+Iu- 31300 cps 9.260 —1.938 0.196 5.9 min 8842 cps 4.6 min 7.2 min

minol min~! min !

L-DOPA at pH 8.8 10663 cps 5.506 —0.444 0.052 17.0 3899 cps 114 22.5
min ! min ! min min min

L-DOPA at pH 8.6 5118 cps 5.759 —0.221 0.021 36.3 2163 cps 24.5 48.1
min ! min " min min min

Yeast+HCHO 2804 cps 2746 —0.055s~! 0.0035s"! 98.8s 1858 cps 455s 152.1s

Spermatozoa+Fe™ ¥ 3716 cps 4645 —0.355s7' 0.030s™' 198s 1878 cps 122s 274s

Luminol +H,0,+Fe* ™ 1490100 ¢/50  2.935 —0.036 0.0093 110.8 397289 ¢/50  56.5ms 165.2

ms ms ™! ms™! ms ms ms

uM) are shown in Figs. 5 and 15, respectively. The
parameters and basic characteristics of the LE
model are given as well as chemical reactions
corresponding to this model are presented in
Tables 1 and 2.

The ChL quenching is seen directly from: (a) the
reduced CL,, value; (b) the heightened ¢, value;
and (c) the heightened #;; and ¢,, values. Compar-

ison of the model parameters for native and
DMSO-perturbed PMNs allows one to evaluate
quantitatively effects exerted by DMSO on the
light-emitter or oxidant generation during phago-
cytosis. The D value is diminished by 35.5% due to
DMSO, which-owing the (ki[S]—k»x)/k_1 =D re-
lationship-means that the reaction in Eq. (40) is
shifted to the left side, i.e. to the decreased

Table 2

Parameters of the reactions corresponding to the LE model for chemiluminescence of the analysed systems
System\parameter k[S]—k> k_4 k3 C (%) CuL (%)
PMNLSs +fMLP +luminol 0.426 57! 1073571 0.036 5! 99.997 0.003
PMNLs +fMLP +DMSO +luminol 0.052 s~ ! 02x10 s ! 0.0023 s ! 99.996 0.004
PMNLs+PMA + luminol 0.334 57! 130x 104571 0.045 s~ ! 99.961 0.039
PMNLs +PMA + CB +luminol 0.389 s ! 113 x 10457 ! 0.040 s ! 99.971 0.029
PMNLs+0Z 1.345min~!  25.0x 10~ * min ! 0.043min~!  99.814 0.186
PMNLs+OZ +luminol 0.990 min~!  3.26 x 10™* min ! 0.086 min~!  99.967 0.033
RBCs +7-BuOOH -+ luminol 0.935min~!  4.84 x 10~° min ! 0.171 min~™!  99.995 0.005
RBCs+¢-BuOOH +Immax A +luminol 1.938 min~!  6.19 x 10~> min ! 0.196 min~!  99.997 0.003
L-DOPA at pH 8.8 0.444 min~'  4.16 x 107> min ! 0.052 min~!  99.991 0.009
L-DOPA at pH 8.6 0.221 min~"  4.32x 107> min ! 0.021 min~"  99.980 0.020
Yeast+HCHO 0.055 s~ ! 196 x 1073571 0.0035 s~ ! 99.964 0.036
Spermatozoa+Fe™t * 0.355s7" 9.55x 107> s~ ! 0.030 s ! 99.973 0.027

Luminol +H,O,+Fe™* * 0.036 ms ! 242 %10 8 ms™! 0.009 ms ! 99.999933 6.7 x 10~°
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Fig. 16. The LE models for ChL of human CB-treated (1) or
native  (2) PMNs stimulated with PMA  [6];(1)
CL(7) = 3442 exp(—0.0407) /1 + exp(3.190 — 0.3897),(2)

CL(#) =2560 exp(—0.0457)/1 + exp(3.579 — 0.3341).

generation of light-emitters or oxidants. Also, the
93.6% decrease in k3 means that the rate of the
final step of the ChL reaction is reduced by
DMSO.

4.2. Chemiluminescence of isolated human native or
CB-treated PMNs stimulated with PM A

The effect of CB on human PMNs stimulated
with PMA was described by Roschger et al. [6].
Time courses of ChL from native or CB-treated (8
M) PMNs (5 x 10° cells/sample) stimulated with
PMA (1 uM) are shown in Fig. 16. The model and
reaction parameters are presented in Tables 1 and
2.

The ChL is stimulated by CB (the CL,, value
increases by 67%, however, owing to SD.(k) =
144% this increase is insignificant (Section 2.3);
the ¢, and 7 values decrease insignificantly).
Because of the 34.5% increase in the (k{[S]—k»)/
k _ quotient one can conclude the shift of the
reaction in Eq. (40) to its right side, i.e. to the
higher light-emitter or oxidant generation. The
11.1% change in k3 due to CB is insignificant.

CL(®)
[eps]

1500 [

1000

500

t [min]

Fig. 17. The LE models for ChL of PMNs phagocytosing OZ
at the presence of luminol; (1)or without (2) luminol [6];(1)
CL(#) =3033 exp(—0.0867)/1 + exp(4.356 — 0.9907) (2)

CL(#) =538 exp(—0.0437)/1 + exp(3.790 — 1.3457).

4.3. Chemiluminescence of isolated human PMNs
phagocytosing OZ without or with luminol

These processes were recorded by Roschger et
al. [6]. Time courses of the ChL without or with
luminol are presented in Fig. 17, and the model
and reaction parameters are shown in Tables 1 and
2. The reagent concentrations: PMN, 5 x 10° cells/
sample; OZ, a particle to cell ratio of 100:1;
luminol, 16 nM [6].

The presence of luminol enhances the ChL (the
CL,, value increases; the increase in the ¢, and ¢
values is insignificant). The (k[S]—k»)/k_; quo-
tient increases by 463.8%, which means the shift of
the reaction in Eq. (40) to its right side, i.e. to the
enhanced generation of light emitters. Simulta-
neously, k5 increases by 100% in the presence of
luminol.

4.4. Chemiluminescence of the t-BuOOH—-RBC
system with native or Immax A-treated RBCs

These ChL processes were described by Kochel
and Sajewicz [5]. They are shown in Fig. 7, and
their parameters are described in Tables 1 and 2.
The reagent concentrations were as follows: RBCs,
2.5 % 10° cells ml~'; Immax A, 2.67%; 1-BuOOH,
2 mM; luminol, 0.2 mM [5].
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Fig. 18. The LE models for ChL of the L-DOPA autoxidation
at pH 9.6 (1) or pH 8.8 2) [41:(1)
CL(7) = 5118 exp(—0.0217) /1 + exp(5.759 — 0.2211),(2)

CL(7) =10 633exp(—0.052¢)/1 + exp(5.506 — 0.444¢).

The Immax A-treatment of RBCs stimulates the
ChL in the #-BuOOH-RBC system (CL, in-
creases; the changes in the 7, and ¢ values are
insignificant). The (k{[S]—k,)/k_| quotient in-
creases by 62.2%, which corresponds to the shift
of the reaction in Eq. (40) to the higher light-
emitter or oxidant generation. The 14.6% increase
in k3 caused by Immax A is insignificant.

4.5. Chemiluminescence of the .-DOPA
autoxidation

Processes of autoxidation of L-DOPA in depen-
dence on pH were described by Villablanca et al.
[4]. The time courses of such autoxidative pro-
cesses at pH 8.8 or 8.6 being fitted by the LE
model are shown in Fig. 18. The model and
reaction parameters are presented in Tables 1
and 2. The L-DOPA concentration was 0.4 uM [4].

The increase in pH from 8.6 to 8.8 stimulates the
ChL of the L-DOPA autoxidation (CL,, increases;
tm and ¢ decrease significantly). The (k{[S]—ky)/
k _1 quotient increases by 100.9%, which corre-
sponds to the shift of the reaction in Eq. (40) to the
higher light-emitter generation. The value of k_
remains almost unchanged. The 147.6% increase in

CL(t) 2000 ]
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Fig. 19. The LE model for ChL of yeast intoxicated with
0.25% HCHO [11]: CL(2)=2804 exp(—0.0035¢)/1 + exp-
(2.746 — 0.055¢).

k3 and the 55.0% decrease in Cy; are also caused
by the increased pH.

4.6. Chemiluminescence of yeast intoxicated with
formaldehyde

ChL process of yeast (Saccharomyces cerevisiae,
TF-29 and TF-32 strains) intoxicated by formal-

CL(t) 25 : r
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Fig. 20. The LE model for ChL of ferrous ion-treated bull
spermatozoa  [12]:CL(7) = 3716 exp(—0.0307)/1 + exp(4.645 —
0.355¢) +400. The background emission of 400 cps is regarded.
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dehyde (HCHO) (0.25%) was recorded by God-
lewski et al. [11]. Data points for this process
together with corresponding LE model are pre-
sented in Fig. 19. In Tables 1 and 2 the model’s
and reaction parameters are given.

4.7. Chemiluminescence of ferrous ion-treated bull
spermatozoa

Ezzahir et al. [12] recorded a process generated
by ferrous ion-treated (5 x 10 ~* M) bull sperma-
tozoa cells separated from seminal plasma and
incubated in water. This process and its LE model
are presented in Fig. 20, whereas the LE model’s
and reaction parameters are given in Tables 1 and
2.

4.8. Chemiluminescence of luminol oxidised in the
Fenton reaction

This process generated in a system composed of
luminol (10 pM), hydrogen peroxide and ferrous
ions (2.5 uM) was recorded by Schiller et al. [7].
Process data points and the LE model are pre-
sented in Fig. 13. The LE model’s and reaction
parameters are presented in Tables 1 and 2.

From a viewpoint of the hypothesis of the two-
pathway transformation of luminol, which was
proposed by Schiller et al. [7], it would be valuable
to compare the LE and DLE models (Section 2.4)
constructed for more dense photon-counting time
series composed of a greater amount of data points
possibly recorded at a shorter counting time.
Then, it would be possible to distinguish the LE
and DLE models, thus to confirm or reject on the
basis of the ChL kinetics the hypothesis of the
two-pathway transformation which cannot be
done at the present.

5. Concluding remarks

A new model for the ChL kinetics was con-
structed starting from the analysis of the ChL time

course, then characterised and applied to several
ChL processes produced by different biosystems.
This model, called a LE one, was shown to fit
successfully with these ChL processes and replace
an inadequate two-exponential model. Moreover,
the LE model was shown to correspond to a
second-order dynamic system, variables of which
take part in the reversible autocatalytic reaction, in
which light-emitters are generated, followed by
reactions of their mutual transformation and a
radiation decay.

The proposed LE model can be also applied to
non-chemiluminescent processes which contain
two intermediate reagents and a negative feedback
loop.
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