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Abstract The action of the three kinds of new third gen-
eration cephalosporin-class drugs, cefepime hydrochror-
ide, cefpiramide and ceftizoxime with HSA and BSA was
studied at different temperatures through the fluorescence
method. First, the binding constants were calculated by
using fluorescence quenching and enhancement theor-
etical equations. Their thermodynamic functions were
also calculated. Because the K4 corresponding to the dif-
ferent theoretical equations are not completely the same,
the thermodynamic parameters calculated are also differ-
ent. In this paper, the differences among these thermodyn-
amic data obtained from the different theoretical
equations were analyzed and the results show that the
thermodynamic data deduced from fluorescence enhance-
ment are more reasonable. Thus, we propose that even
when the fluorescence quenching action of the acceptor-
substrate is studied, more realistic data can be obtained by
using the fluorescence enhancement equation.

Keywords fluorescence enhancement and quenching,
serum albumin, third generation cephalosporin-class new
drugs, thermodynamic analysis

In a previous paper [1], we had pointed that although the
fluorescence enhancement theory equation [2] appears
quite different from the normal fluorescence quenching
theory equations [3], their results are close. This suggests
that the two are equivalent and can both be used when
studying the acceptor-substrate effect. However, the two
equations are not absolutely the same. In this paper, we
studied the thermodynamic differences between fluor-
escence enhancement and quenching theory equations
by studying three third-generation Cephalosporin-class
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new drugs (cefepime hydrochroride, cefpiramide and cef-
tizoxime) and their effect on HSA and BSA under differ-
ent temperatures. The paper offers a reference for
equation choice in future studies on the acceptor-sub-
strate effect.

Cephalosporin-class antibiotics have a similar anti-bio-
tic effect as penicillin because of the beta-lactam that also
exists in penicillin. Third generation cephalosporin-class
drugs [4] have been developed and characterized and offer
better anti-biotic effect, longer active time, wider anti-bio-
tic range, fewer side-effects and more stable performance
on beta-lactamase. The new drugs are almost non-toxic to
the kidney and can penetrate into the cerebrospinal fluid.
Since albumin is a carrier of the drug, we studied the
effects of three third generation cephalosporin-class new
medicines on HSA and BSA. The results demonstrate dif-
ferences between fluorescence enhancement equation and
fluorescence quenching theory equation as well as shows
which equation works better.

1 Experimental
1.1 Reagents

HSA and BSA obtained from Shanghai Chemical
Reagent Center were electrophoresis grade. Cefepime
Hydrochroride (Shenzhen Litai Pharmaceutical Co.
Ltd), Cefpiramide (Jilin Province Huinan Changlong
Bio-pharmaceutical ~ Stock-holding Co. Ltd) and
Ceftizoxime (Tianjin Xinfeng Pharmaceutical Co. Ltd)
were all injection grade. Other reagents were obtained
locally and were analytical grade.

1.2 Equipments and methods

HSA, BSA and the three drugs were dissolved in 0.05 mol-
L' Tris-HCI buffer (pH =7.4) to give HSA and BSA
stock solutions with concentrations of 1 x 10~* mol-L™!
and 2 x 1072 mol-L™", respectively. In the experiments,
HSA and BSA are diluted to 2 x 1077 mol-L™'. The
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concentration of the stock drug solution is adjusted such
that upon addition of 5 pL of the drug solution to 2 ml of
2 x 1072 mol-L~' HSA or BSA, the drug concentration
would be 5 x 107° mol-L~'. The fluorescence quenching
effect of the drug on albumin is measured using an LS-50B
Fluorescence Spectrograph(PE). The temperature is con-
trolled using by a Huber polystat 1-cc temperature bath.
Tris-HCI buffer is used as the blank. A 1-cm fluorescence
cell was used in all measurements, The excitation wave-
length was 280 nm and the scan range was 290-500 nm.
The fluorescence of the drug is almost zero while free HSA
and BSA strongly fluoresces at 330 nm.

First,2 mL of 2 x 1077 mol-L ™" HSA or BSA is placed
in the 1-cm quartz cell and the fluorescence was measured.
Five pL of the stock drug solution is added to the HSA or
BSA in the cell and the fluorescence was measured again.
This was repeated 5 more times adding 5 pL of the stock
drug solution every time. The drug concentration is calcu-
lated by assuming that the total volume of the solution
does not change. The medicine concentration [Q]after
titration is taken to be its ratio to the HSA or BSA con-
centration [P]: [Q)/[P]. The experimental fluorescence
intensity values are shown in Table 1.

2 Mechanism and result
2.1 Fluorescence quenching equation [3,5,7]

The Stern-Volmer Equation is
Fo/F =14 Kqu[Q]=1+Ks[Q] (1)

where K is quenching constant of biomolecules, 7 is the
radiation lifetime without quencher, [Q] is the concentration

of the quencher and Kg (which is equal to K1) is the
Stern-Volmer quenching constant. 7y is approximately
10 ns [3] for biomacromolecules, If the Stern-Volmer
plot is linear, then the result proves only one fluorogen
exists and it is approachable to all quenchers. However,
a linear graph does not mean collisional quenching
occurs because sometimes for static quenching the graph
is also linear. In general, to distinguish between dynamic
and static quenching, the quenching must be studied
under different temperatures.

The equation for static quenching is shown below [3]:

M 1K) @

For static quenching, the quenching constant K is the
formation constant of the donor-acceptor (quencher-
fluorogen). If the graph of Fy/F against [Q] is linear, we
can get the formation constant (quenching constant) Kx
using Eq. (2). The fluorescence quenching intensity
changes in the reaction of the new drugs with HSA and
BSA are listed in Table 1. The graph of Fy/F against [Q]
for all the drugs are all linear as shown in Fig. 1 and the
formation constants (quenching constants) calculated
using Eq. (2) are listed in Table 2.

Another form of Equation 2 is

# = L + ﬁ (3)

F—F Fy FolQ]
where Kp (equal to 1/K,) is the dissociation constant, [Q]
is the concentration of the quencher, F and F are the
fluorescence intensity of the free biomolecules and the
fluorescence intensity after the addition of quencher,
respectively. By graphing (F, — F)~! against [Q]', Kp
can be calculated from the slope. The Kp values for the
three drugs are listed in Table 3.

Table 1 The experimental fluorescence intensity (maximum) values F,, of the solution system at 25°C and 45°C*

medicines Fy 1 2 3 4 5 6
HSA: cefepime hydrochroride

25°C 534 489 463 431 391 374 353
45°C 420 380 369 346 317 295 279
cefpiramide

25°C 498 464 442 408 394 369 341
45°C 453 408 383 365 337 316 307
ceftizoxime

25°C 662 578 528 476 432 385 -
45°C 466 396 370 330 309 285 255
BSA: cefepime hydrochroride

25°C 685 561 522 487 453 428 396
45°C 990 772 704 637 576 525 -
cefpiramide

25°C 583 467 415 350 317 288 259
45°C 524 483 411 349 312 278 237
ceftizoxime

25°C 496 422 357 302 258 234 209
45°C 551 442 396 360 314 279 253

*HSA or BSA: 2 x 1077 mol-L™'; medicine: the medicine concentration of the system after titrating for the first time was 5 x 107° mol-L ™', then
increased by an equal value 5 times by adding 5 pL stock drug solution every time).
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Fig. 1 The quenching curves of three kinds of medicine with HSA (left) and BSA (right)
(a) levofloxacin hydrochloride, (b) cefpiramide, (c) ceftizoxime

2.2 Fluorescence enhancement effect [2]

The fluorescence enhancing equation [2] is

1 1 1
(AF—Fyx)  (Fo—Fp) <1 * KA(”Pt_Mb>) @

where P, is total concentration of biomacromolecules, the
concentration of resultant M, P is represented as M/n and
M=M,— M, P=P —(Myn). When (AF—F,)"! is

plotted against (nP;— M), the dissociation constant
Kp (Kp = 1/K,) can be calculated from the slope. The
results are listed in Table 4.

2.3  Thermodynamics mechanism of acceptor-substrate
effect

The bonding forces between drug molecules and albumin
molecules are mainly intermolecular and electrostatic in
nature. Ross [8] pointed out that hydrophobic interaction
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Table 2 Static quenching constant K, dissociation constant Kp = 1/K, of the three kinds of medicine with HSA and BSA, linear
interrelation coefficient C and the thermodynamic parameters AH, AS and AG of the reactions [based on fluorescence quenching formula

(2) from Fig. 1]

medicines Ka/L-mol™! Kp/mol-L™! C AH/kJ-mol™! AS/J-mol™!-K™! AG/kJ-mol™!
HSA: cefepime

25°C 1.75 x 10* 571 x 107° 0.9964 —1.38 76.6 —24.2
45°C 1.69 x 10* 591 x 10~° 0.9914 76.5 —=25.7
ceftizoxime

25°C 1.52 x 10* 6.58 x 107° 0.9949 0 80.0 —23.8
45°C 1.52 x 10* 6.58 x 107° 0.9923 74.8 —23.8
cefepime

25°C 2.88 x 10* 347 x 1073 0.9953 —4.81 69.0 —24.0
45°C 2.55 x 10* 392 x 10°° 0.9944 69.0 —26.8
BSA: cefepime

25°C 2.02 x 10* 495 x 1073 0.9981 15.9 135.0 —24.5
45°C 3.02 x 10* 3.31 x 107° 0.9985 136.0 —27.3
ceftizoxime

25°C 4.02 x 10* 2.49 x 107° 0.9982 3.39 100.0 —26.3
45°C 4.38 x 10* 228 x 1073 0.9953 99.0 —28.2
cefepime

25°C 4.83 x 10* 2.07 x 1073 0.9992 -8.9 60.0 —26.7
45°C 3.86 x 10* 2.59 x 107° 0.9949 60.0 -27.9
increases AH and AS of the system while H-bonding or

Van der Waals forces will decrease AH and AS of the AG=—RTInK (6)
system. Electrostatic forces, however, make AH =~ 0 and

AS > 0. When AG <0, the acceptor-substrate effect works AH—AG

spontaneously. As a result, a study on the thermodyn- AS= T (7)

amics of the acceptor-substrate effect will help us under-
stand several weak interactions between host and guest.
When temperature change is not big, reaction enthalpy
change AH could be considered as a constant. Then, using
Equations (5), (6) and (7) we can calculate the enthalpy
change AH, entropy change AS and Gibbs free energy
change that accompany the drug-albumin reaction.

K, AH /1 1
g =% (77 ®)

3 Results and discussion

3.1 Application and quenching mechanism of static
quenching and dynamic quenching [3,12]

Fluorescence intensity of the three drugs studied is
approximately zero while free albumin (HSA and BSA)

Table 3 Dissociation constant of the three kinds of medicine with HSA and BSA Kp, quenching constant K, linear interrelation
coefficient C, and the thermodynamic parameter AH, AS and AG of the reactions [based on fluorescence quenching formula Eq. (3]

medicines Kp/mol-L™! Ky /L-mol~"-s™" C AH/kJ-mol™! AS/J-mol K ! AG/kJ-mol™!
HSA: cefepime

25°C 7.04 x 1072 1.42 x 10" 0.9963 —5.35 61.5 —23.7
45°C 8.09 x 10~° 1.24 x 10" 0.9976 61.4 —24.9
ceftizoxime

25°C 8.33 x 10°° 1.20 x 10" 0.9959 18.0 138 —233
45°C 528 x 107° 1.89 x 10" 0.9874 138 —26.0
cefepime

25°C 418 x 10°° 2.39 x 10" 0.9995 3.18 94.5 —25.0
45°C 3.86 x 10°° 2.59 x 10" 0.9983 94.6 -26.9
BSA: cefepime

25°C 2.80 x 10°° 3.57 x 10" 0.9914 8.97 117 —26.0
45°C 223 x 107° 4.48 x 10" 0.9960 117 —28.3
ceftizoxime

25°C 249 x 107° 4.02 x 10" 0.9982 —20.5 19.5 —26.3
45°C 418 x 10°° 2.39 x 10" 0.9977 19.2 —26.6
cefepime

25°C 2.79 x 107 3.58 x 10" 0.9984 2.87 96.9 -26.0
45°C 2.60 x 1073 3.85 x 10" 0.9904 96.8 =279
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Table 4 Dissociation constant of the three kinds of medicine with HSA and BSA Kp , linear correlation coefficient C, quenching constant
K, and the thermodynamic parameters AH, AS and AG of the reactions [based on fluorescence enhancement formula Eq. (4)]

medicines Kp/mol-L™! Ky/L-mol~'s7! AH/kJ-mol™! AS/J-mol™ - K™! AG/kJ-mol™!
HSA: cefepime

25°C 4.03 x 10°° 2.48 x 10" 0.9977 —2.47 75.9 —25.1
45°C 429 x 10°° 2.33 x 10" 0.9983 70.5 —24.9
ceftizoxime

25°C 418 x 107° 2.39 x 10" 0.9971 —3.45 74.7 —24.9
45°C 457 x 10°° 2.19 x 10" 0.9983 72.2 —26.4
cefepime

25°C 2.38 x 10°° 4.20 x 10" 0.9977 —5.44 70.3 -26.4
45°C 273 x 107° 3.66 x 10" 0.9986 70.3 -27.8
BSA: cefepime

25°C 417 x 107° 2.40 x 10* 0.9995 -194 22.8 —26.2
45°C 2.55 x 10°° 3.92 x 10" 0.9994 23.0 —26.7
ceftizoxime

25°C 1.83 x 1072 5.46 x 10" 0.9989 -1.25 86.4 -27.0
45°C 1.89 x 107° 5.29 x 10" 0.9993 86.3 —28.7
cefepime

25°C 1.49 x 107 6.71 x 10" 0.9985 =771 66.4 =27.5
45°C 1.81 x 10> 5.52 x 10" 0.9997 66.6 —28.9

show strong intensity at about 330 nm. During titration,
the fluorescence of the albumin is quenched gradually.
The plot of Fy/F against [Q]/[P,], is linear as shown in
Fig. 1. The formation constant K, of the three kinds of
medicine with HSA and BSA and the linear correlation
coefficient C are shown in Table 2. We can see from Fig. 1
that the slope almost does not change with temperature.
At the higher temperature, the slope slightly decreases.
This is a characteristic of static quenching.

Actually, the Stern-Volmer equation (Eq. (1)) has a
similar form to the static quenching equation (Eq. (2)).
A linear plot Stern-Volmer plot proves there is only one
fluorogen which can interact with the quencher. This is
also true for static quenching. So, the K4 in Eq. (2) is equal
to Kg in Eq. (1).

In addition, Forster’s dipole-dipole non-radiation
energy transfer theory points out that only when the
donor’s fluorescence spectrograph overlaps with that of
the acceptor at the same wavelength can non-radiation
energy transfer occur and cause fluorescence quenching.
The UV-Vis spectra show that the three kinds of drugs do
not absorb in the range 290-500 nm. The result indicates
that in our system, non-radiation -energy-transition is not
possible which is consistent with the linear plot of Fig. 1.

The double reciprocal curve came out linear as shown in
Fig. 2. From the slope of each curve, the dissociation con-
stant can be calculated. The Kp values and linear correla-
tion coefficients C are listed in Table 3.

We can relate the static quenching Eq. (3) and the Stern-
Volmer equation by: Fo/F=1+K.7[Q] and: K =1/
Kp = K4 x 19. Taking the lifetime 7, of biomolecules to
be approximately 10 ns [3], we can calculate the apparent
quenching constants K, of the three drugs with HSA and
BSA from the Kp values in Table 1. It is known that the
maximal diffusion collisional quenching constant of

quenchersis 2.0 x 10" (mol/L)~'s™'[13]. We can see from
the data above that the apparent quenching constants are
much larger than the diffusion controlled quenching con-
stant and this further demonstrates that the quenching
effect of the three kinds of drugs on albumin is not due
to dynamic collision.

3.2 Study of drug-albumin bonding by fluorescence
enhancing theory

In a previous paper [1], we studied the quenching effect on
HSA and BSA caused by three kinds of drugs using the
fluorescence enhancing equation (Eq. (4)). The double
reciprocal curves of the data in Table 1 are all linear
(Fig. 3) which demonstrate the equivalence of the fluor-
escence enhancing theory equation and quenching equa-
tion for the compounds studied. The following
thermodynamic study will show that the fluorescence
enhancing equation is more appropriate than the com-
monly used quenching equation.

3.3 Thermodynamic analysis

The formation constant K, is required when calculating
the thermodynamic functions of reactions. However, the
values of K4 calculated using different equations are not
the same which means that the thermodynamic para-
meters calculated are also different. The thermodynamic
parameters of a reaction directly relate to the energetics of
the reaction. Comparison of the different thermodynamic
values calculated using different formulas may help us
evaluate the corresponding theory.

The thermodynamic data listed in Tables 2 to 4 corre-
spond to the fluorescence quenching equations. (Eq. (2)
and Eq. (3)) and the fluorescence enhancing equation
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Fig. 2 The double reciprocal curves of the action of the three kinds of medicine with HSA (left) and BSA (right) based on fluor-

escence quenching Eq. (3)

(a) levofloxacin hydrochloride, (b) cefpiramide, (c) ceftizoxime

(Eq. (4)). The AG values range from —24.0 to —28.2
kJ-mol™" in Table 2; —23.3 to —28.3 kJ-mol~" in Table 3;
and —24.9 ~ —28.9 kJ-mol~! in Table 4. We can see that
the three different equations give AG <0 and their results
are close which means the reactions between the three drugs
and HSA or BSA occur spontaneously at 25°C and 45°C.
The calculated AHs range from —8.9 to 15.9 kJ-mol™! in
Table 2, —20.5 to 18.0 kJ-mol™! in Table 3 and —19.4 to
—1.25 kJ'mol ! in Table 4. We can see that some values
AH in Tables 2 and 3 are positive. The process should be

exothermic, that is, AH <0, because the acceptor-sub-
strate effect is a bonding reaction. Thus, we suppose that
the fluorescence enhancing equation is more rational.
The AS values range from 60.0 m to 136.0 J-mol '
K~! in Table 2, 19.2 to 138 J'‘mol ™ *K~! in Table 3
and 22.8 to 86.4 J-mol "K' in Table 4. There are high
AS values (up to 138 J mol™'-K ') in Tables 2 and 3. In
Table 3, the AS values range from a low of 19.2 to a
high of 138 J-mol '-K~'. The acceptor-substrate reac-
tion is a binding reaction. The three drugs hold the
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Fig. 3 The double reciprocal curve of the action of the three kinds of medicine with HSA (left) and BSA (right) based on fluorescence

enhancement Eq. (4)

(a) levofloxacin hydrochloride, (b) cefpiramide, (c) ceftizoxime

hydrophobic side chain along with the parent beta-lac-
tam causing a decrease in energy of the system. The
hydrophobic penta-cyclic side chain may move into the
albumin’s hydrophobic cavity and drive the system from
a state of disorder to a more orderly state. The bonding
reaction decreases, too. Although there is an increase in
the number of components of the system which contri-
butes to greater disorder, the co-existence of two factors

together will not lead to a large entropy increase.
Secondly, the three new medicines are homologs and
their structures are similar. HSA and BSA are also
homologs and their reactions are similar and their ther-
modynamic parameters are close. The fluorescence
enhancing formula seems more rational from the
entropy perspective. We thus suggest the use of the
fluorescence enhancing equation even for studies of
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the fluorescence quenching reaction of the acceptor-sub-
strate. It yields more realistic thermodynamic values and
better experimental results can be obtained.
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