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bstract

The effect of protein concentration on bovine serum albumin (BSA) aggregation kinetics at high concentration was studied by differential
canning calorimetry (DSC). The nonisothermal kinetic analysis of this process was carried out using a composite procedure involving the iso-
onversional method and the master plots method. The observed aggregation process was characterized by denaturation temperature (Td max),
pparent activation energy (E), the apparent order of reaction (n), and pre-exponential factor (A) which all increased with the increase of BSA
oncentration. The results suggested that the apparent aggregation reaction of BSA approximately conformed to the simple order reaction model.
he higher BSA concentration, the higher the apparent order of reaction and the more close to 2 was. The difference intrinsic fluorescence of BSA

etween before and after the thermal denaturation and aggregation provided the evidences of conformation changes of BSA and the substantial
mpact of BSA concentration on aggregation. This study showed the combination of iso-conversional method and the master plots method could
e used to model the aggregation mechanism of the protein.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proteins often exist in their physiological environment at high
oncentrations or in crowded environments. Hemoglobin, for
xample, is found in erythrocytes at concentrations exceeding
00 g l−1, and serum albumin is present in blood in the range
f 35–55 g l−1 [1]. In 1977, Ross and Minton demonstrated that
ramatic nonideality arises in the thermodynamic activity of
emoglobin in salt solutions with increasing protein concentra-
ions [2]. Despite the increasing relevance of highly concentrated
rotein solutions, the unfolding and aggregation of proteins at
igh concentrations are incompletely understood. In biological
ystems it is required for the assembly of structures with specific

unctions such as microtubules, blood clots, and viral coatings.
he aggregation of proteins is, in general, triggered by a con-

ormational change of the protein induced by heat, enzymatic
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leavage, or other processes that affect the folded structure. After
his change of structure, a series of reactions take place that lead
o the formation of aggregates [9]. Aggregation of protein is
n important process in many biological systems and industrial
rocesses.

Bovine serum albumin (BSA) is a relatively large globular
rotein (about 66 kDa) with well-characterized physiochemi-
al properties [11,12]. Although extensive literatures have been
ublished on the experimental and theoretical aspects of BSA
enaturation with urea, guanidine hydrochloride as denaturing
gents, increasing of temperature and changes in pH or ionic
trength [3–9] based on the Lumry–Eyring model [10], almost
ll of them [13–17] dealt with the protein unfolding and aggre-
ation at very low concentration, such as 0.5–1.0 mg ml−1, very
ittle information is available on the kinetic aspect of these pro-
esses at high concentration. Sánchez-Ruı́z method [13] based
n the Lumry–Eyring model which studies the processes at

ery low concentration may not fit the ones at high concen-
ration. So method that can be used directly to analyze the
ggregation mechanism of protein at high concentration is thus
ecessary.

mailto:ipc@whu.edu.cn
dx.doi.org/10.1016/j.tca.2007.11.009
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Although Despa et al. [18] had examined the effects of crowd-
ng on the thermal stability of heterogeneous protein solutions;
hey mainly started from the thermodynamics to study the pro-
ein denaturation in a crowded environment. Kinetic analysis
f the aggregation of protein at high concentration is very com-
lex. Generally speaking, correlative parameters can be obtained
tarting from model and combining experiment results. But it is
ecessary to emphasize that setting up model must depend on
xperiment results. The kinetic integral “model-free” method
an gain kinetic parameters starting from experiment results.
nd base on this method, a more detailed model can be ana-

yzed. Theoretically, one such as Baier [20,21] could expect that
single experiment in nonisothermal regime could give all the
inetic triplets [19], namely, kinetic model, activation energy
nd pre-exponential factor. However, the estimations based on
tting data to single-step kinetic models work poorly, and tend

o be misleading, especially when these estimates are obtained
rom nonisothermal measurements [22]. More and more evi-
ences show that kinetic methods that use single heating rate
ata are limited in their applicability. As an alterative, one may
ake use of model-free approaches represented by various iso-

onversional methods to give excellent results of dependencies
f the activation energy on the extent of conversion of non-
sothermal experiments. For complex reactions of which the

echanism is unknown, the integral “model-free” method is
ery useful since no model has to be pre-selected in the evalu-
tions of kinetic parameters. And the master plots method will
ive more insight into the mechanism. Analysis of the activa-
ion energy dependency will provide important clues on reaction

echanism [23–26]. Also, the ability of iso-conversional meth-
ds to reveal the reaction complexity is, therefore, a crucial
tep toward the ability to draw mechanistic conclusions from
inetic data. Just as Vyazovkin et al. [27] said, there were
umerous applications in kinetic analysis of thermally stimu-
ated processes in synthetic polymers, however, there appeared
o be no literature reports on the application of these meth-
ds to the thermal denaturation of proteins. Theoretical master
lots are reference curves depending on the kinetic models
ut generally independent of kinetic parameters of the pro-
ess. Experimental master plots constructed on the basis of
xperimental data are independent from the temperature sched-
les. Comparing experimental master plots with theoretical ones
llows us to choose the appropriate kinetic model of the process
nder investigation, at least, of the type of appropriate kinetic
odels, without doubt [28]. The knowledge of kinetic model,

educed from such a simple graphical method, is very help-
ul for further detailed kinetic analysis by avoiding a probable
iscalculation of kinetic parameters due to wrong model being

ssumed.
One objective of this study is to develop kinetic model

or BSA aggregation at high concentration using the inte-
ral “model-free” method and the present work derives

nonisothermal kinetic [29] analysis to extract meaning-

ul kinetic parameters from a system that is predominantly
rreversible. And the other aim is to study the effect of
SA concentration on aggregation kinetics at high concentra-

ion.

T
s
t
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. Theoretical approach

The theory refers to the literature reported by Tang et al.
30]. To obtain α (conversion of reaction), the following equa-
ions are used: in differential scanning calorimetry (DSC),
= �Hpart/�Htot, �Hpart is the partial area (J g−1) and �Htot is

he total peak area (J g−1).
For a reaction under dynamic condition, the differential

rrhenius equation and its integral form give the rate and degree
f conversion.

dα

dt
=

(
A

β

)
exp

(−E

RT

)
f (α) (1)

(α) =
(

AE

βR

)
P(u) (2)

here α is the extent of conversion, β is the linear heating
ate, f(α) or G(α) is the function of degree of conver-
ion in a differential form or an integral form, and P(u) =
u

∞ −(e−u/u2) du, u = E/RT . Unfortunately, P (u), also
alled the “temperature integral”, cannot be analytically inte-
rated. To solve this problem, an approximate formula of high
ccuracy [31] is introduced into Eq. (2), and taking the loga-
ithms of both sides, the following equation is obtained as

n

(
β

T 1.894661

)
= ln

[
AE

RG(α)

]
+ 3.635041 − 1.894661 ln E

− 1.001450
E

RT
(3)

or a single-step process with an invariant G(α) expression, an
nalysis using the master plots delivers an unambiguous choice
f the appropriate kinetic model [29,32]. Taking a single-step
rocess into account, the kinetic triplets, i.e. the kinetic model,
and E, are invariable. Using a reference at point α = 0.5 and

ccording to Eq. (2), one gets

(0.5) =
(

AE

βR

)
P(0.5) (4)

here u0.5 = E/RT(0.5). The following equation is obtained by
ividing Eq. (2) by Eq. (4)

G(α)

G(0.5)
= P(u)

P(u0.5)
(5)

lotting G(α)/G(0.5) against corresponds to theoretical master
lots of various G(α) functions. In order to draw the experimental
aster plots of P(u)/P(u0.5) against α from experimental data

btained under any heating rates, the knowledge of temperature
s a function of α and the value of E for the process should
e known in advance. The temperature integral, P(u), has no
nalytical solution and can be expressed by an approximation,
hich gives a high accuracy [33].

(u) = exp(−u)
(6)
u(1.00198882u + 1.87391198)

he experimental master plot is independent of the heating
chedule. Eq. (4) indicates that, for a given α, the experimen-
al value of P(u)/P(u0.5) and theoretically calculated values of
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(α)/G(0.5) are equivalent when an appropriate kinetic model is
sed. This integral master plots method can be used to determine
he reaction kinetic models of the reactions.

. Materials and methods

.1. Materials

BSA (Fraction V, purity>99.9%, Roche Chemical Company)
as used without further purification. Distilled and deionized
ater was used for the preparation of all solutions. The pH of the
uffer (20 mM Na2HPO4, 20 mM NaH2PO4 and 150 mM NaCl
olution) was 6.89 measured by a pH meter (Orion 828). The
SA solutions were prepared by dispersing powdered protein

nto the buffer.

.2. Differential scanning calorimetry

The calorimetric experiments were performed in a Mettler
oledo calorimeter, model DSC 822e, using 160 �l medium
ressure crucibles with 120 �l of sample in sample cell (or
00 �l crucibles with 80 �l sample) and the corresponding buffer
n reference cell for each particular condition; the instrument
as calibrated with indium. Scanning calorimetry measure-
ents were performed with the Star® evaluation program, at

ifferent heating rates of 1.0, 1.5, 2, and 2.5 K min−1 in the tem-
erature range 35–95 ◦C. After the end of the first heating round,
he protein sample was quickly cooled to 35 ◦C, and rescanned
fter 5 min stabilization time at 35 ◦C. The sample was heated
t a low heating rate (<2.5 K min−1) to avoid thermal interfer-
nce due to circulating convection currents in the sample vessel
34]. Measurements were carried out on three separate samples
replicates) and reported as the average.

.3. Fluorescence measurements

The fluorescence measurements were performed on an LS-
5 PerkinElmer spectrofluorimeter at ambient temperature. The
ryptophan fluorescence emission spectra of BSA were mea-
ured by exciting at 297 nm. The emission spectra before BSA
hermal denaturation and aggregation were studied at five dif-

erent concentrations of protein, namely 5, 10, 20, 30 and
0 mg ml−1. The sample after the DSC scan was diluted into
uffer to 1 ml solution and then measured the tryptophan fluo-
escence emission spectra at room temperature.

a
i
B
F

able 1

d max (◦C) at different scanning rates

oncentration (mg ml−1) Scanning rate (K min−1)

1 1.5

0 72.30 ± 0.08a 72.9
0 73.94 ± 0.02 74.6
0 75.08 ± 0.11 75.7

tandard deviations S =
√∑

(X − M)2/(n − 1), where
∑

is the sum of, X is the
f scores).
a Means ± standard deviations.
ig. 1. DSC curves for the influence of protein concentrations on the thermal
enaturation and aggregation of BSA (solution pH 6.89) at 2.5 K min−1 heating
ate after baseline subtraction.

. Results and discussion

A different measurement was obtained by completing two
equential scans for a single sample. The first scan was com-
leted to denature the protein and only one endothermic peak
as found. In this respect, it is noteworthy that the thermal pro-
les of additional scans (i.e., a third scan) of the denatured
amples were essentially identical to that of the second scan,
enoting that a single irreversible transition occurred over the
emperature range of interest. The repeat curves served as the
aseline and were subtracted from the first measurement curves,
espectively. Thermograms were evaluated using Star® program.
fter baseline correction, integral (mJ), and temperature at max-

mum heat flux Td max (K) were recorded for each analysis and
he Td max at different rates and different BSA concentrations was
isted in Table 1. The conversion (α) was calculated using the
tar® software [35], and the conversion graph and table (inclu-
ion the corresponding denaturation temperature (Td)) were also
isplayed.

The DSC transitions were calorimetrically irreversible and
he protein samples extracted from the calorimetric cell showed
trong aggregation. BSA denaturation is irreversible probably
ue to the occurrence of “side” processes such as aggregation
36]. Due to denaturation, hydrophobic interaction can occur,

nd exposed thiol groups can form disulfide bonds, which result
n an irreversible behavior [37,38]. DSC curves of different
SA concentrations at heating rate 2.5 K min−1 are displayed in
ig. 1. It distinctly revealed that BSA concentration substantially

2 2.5

6 ± 0.06 73.59 ± 0.05 73.89 ± 0.11
6 ± 0.20 74.93 ± 0.06 75.51 ± 0.06
4 ± 0.15 76.27 ± 0.12 76.92 ± 0.30

individual score, M is the mean of all scores and n is the sample size (number
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Fig. 2. DSC curves for 10 mg ml−1 BSA in 20 mM sodium phosphate with
150 mM NaCl (pH 6.89) at different heating rates. From the top to bottom, the
scanning rates are 1, 2, 1.5, and 2.5 K min−1, respectively. Inset: DSC scans for
irreversible BSA system. The calorimetric transitions were observed to be irre-
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Fig. 3. (A) Emission spectrum of BSA at different protein concentrations: (a)
60 mg ml−1, (b) 30 mg ml−1, (c) 20 mg ml−1, and (d) 5 mg ml−1. Fluorescence
excitation wavelength was 297 nm; the excitation slit was set at 10.0 nm and the
emission slit was set 5.5 nm. (B) Emission spectrum of BSA after DSC scans: (a)
30 mg ml−1, (b) 20 mg ml−1, (c) 10 mg ml−1, (d) 5 mg ml−1, and (e) 60 mg ml−1
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ersible as reflected by the lack of transition in the second run of all the samples
nd the temperature at maximum heat flux, Td max of the protein increased with
ncreasing scan rate.

ffected its thermal denaturation and aggregation—the Td max
as highly dependent on BSA concentration, which increased

rom 72.46 to 79.79 ◦C with the increase of BSA concentration
rom 5 to 60 mg ml−1. The �H (area under the peak) decreased
s BSA concentration decreased.

DSC curves of 10 mg ml−1 BSA at various heating rates are
lso shown in Fig. 2. As the heating rate increased, an upward
hift occurred in Td max of the endothermic peaks was observed
nd an increase in total enthalpy change was substantial. This
ould indicate that slower heating rates lead to a gel structure

n which bonding are more numerous and a more energetically
avorable structure is attained [39]. The Td max was highly depen-
ent on the scan rate—an increase in the Td max with the increase
f scan rate, indicated that the thermal denaturation and aggre-
ation process was, at least in part, under kinetic control. The
rocess may be partially consistent with the proposed model by
umry and Eyring [10] N�D → I where N is the native state,
the unfolded one, and I a final state, irreversibly arrived at

rom D.
The �H of 5 mg ml−1 BSA thermal denaturation and aggre-

ation at 2.5 K min−1 is not high (Fig. 1). And it will be even
ower at 1 K min−1 and thus bring calculation errors. The evi-
ence for this was the kinetics analysis of the enthalpy changed
s a function of heating rate, which occurred during the ther-
al process. The 60 mg ml−1 BSA DSC curve—the peak such

s peak temperatures, peak height and peak width at 1 K min−1

hanged no orderliness (data and cure are not displayed). So
oncentrations of 10, 20, and 30 mg ml−1 were selected for
tudy.

The fluorescence of serum albumin is due to tyrosine and tryp-
ophan residues. The change in the relative fluorescence of serum

lbumin can be correlated with changes in its structure [40].

change in the microenvironment surrounding the tryptophan
esidue can cause the shift of the wavelength of the maximum
ryptophan fluorescence emission (λmax) [41]. In most proteins, a

a
c
b
c

ilution. Fluorescence excitation wavelength was 297 nm; the excitation slit was
et at 10.0 nm and the emission slit was set 4.0 nm.

ed shift of the fluorescence spectra is resulted from the change
n the tryptophan microenvironment to a more exposed and a

ore polar one in the unfolded form [42]. Therefore, the effect
f BSA concentration on thermal denaturation and aggregation
n the environment of the tryptophan residues can be obtained by

easuring the changes in the tryptophan fluorescence spectra.
Fig. 3A gives the fluorescence emission spectra of BSA at

arying protein concentrations before DSC scans and Fig. 3B
ives the emission spectra of BSA after DSC scans. No shift in
max was observed in the intrinsic fluorescence of BSA (Fig. 3A)
efore DSC scans with increase in the concentration of the
rotein. It supported that there was no change in the extent
f aggregation with increase in BSA concentration at ambi-
nt temperature. The thermal denaturation and aggregation is
ccompanied by a red shift of about 75 nm in the emission spec-
ra (Fig. 3A and B). The changes in BSA emission properties
fter DSC scans are displayed in Fig. 3B. It can be seen that posi-
ion of the peak changed with the increase of BSA concentration
nd the shoulder peak boosted up. The λ values were appre-
max
iably red-shifted and the λ values of the shoulder peak were
lue-shifted a little at the same time with increase in BSA con-
entration. But the fluorescence intensity of 60 mg ml−1 dilution
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Table 2
The apparent activation energy (E) and the correlation coefficients (r) of linear
regression at different conversions (α)

α E (kJ mol−1) r

0.2 532.45 0.99063
0.3 542.58 0.99723
0.4 540.89 0.99926
0.5 535.37 0.99985
0.6 532.76 0.99998
0
0
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4.1.2. Master-plots method for determining kinetic model
To determine the most possible mechanism, 18 basic model

functions in Table 3 were tested. According to the value of E, the
.7 531.44 0.99972

.8 534.96 0.99859

lmost decreased to zero suddenly. The changes in the trypto-
han fluorescence suggested that protein concentration could
ffect the tryptophan environment during BSA thermal denatu-
ation and aggregation.

.1. Nonisothermal kinetics for the BSA aggregation at
0 mg ml−1

.1.1. Iso-conversional method for estimating the
ctivation energy dependence

It is well known that the iso-conversional method can eas-
ly give estimate of activation energy regardless of reaction

echanism [22,43]. Using the α–T data obtained from DSC
onversion plots, according to Eq. (3), the apparent activation
nergy of BSA aggregation listed in Table 2 was estimated from
he iso-conversional plot of ln(β/T1.894661) versus 1/T at differ-
nt conversion ratios (α) in the range of 0.2–0.8. As displayed in
able 2, all these plots have linear correlation coefficients larger

han 0.99.
As shown in Fig. 4, the value of activation energy hardly

aries with the degree of conversion and the average value of
ctivation energy is 535.38 ± 4.53 kJ mol−1. This is compara-
le to the activation energy found for other proteins, such as

valbumin [44], Rapana thomasiana (marine snail, Gastropod)
emocyanin [45], �-lactoglobulin [46], wild type nitrite reduc-
ase [47], bovine fibrinogen [48], muscle creatine kinase [49],

ig. 4. Plots for determination of activation energy of BSA aggregation at dif-
erent α: 0.2 (�), 0.3 (�), 0.4 (�), 0.5 (�), 0.6 (�), 0.7 (©), and 0.8 (�). Solid
ines are linear fitting corresponding to different α.

T
T
f

N

1
1
1
1
1
1
1
1
1

Acta 467 (2008) 99–106 103

lucose transporter GLUT1 [50]. The large value of E might be
xpected, because the highly cooperative nature of the protein
mplies a large �H between the folded and denatured protein,
nd E is always larger than �H [44,51]. Due to the little depen-
ence of the activation energy on the extent of conversion, a sim-
le reaction mechanism could be used for reaction progressing.

However, as mentioned earlier, recently Vyazovkin et al.
27] have researched the thermal denaturation of collagen by
so-conversional method and observed a strong decrease of E
ith conversion that was consistent with the Lumry–Eyring
odel. And it discussed in detail a relationship between the
umry–Eyring model and iso-conversional dependence of E.

The distinctness of study reaction systems and experiment
onditions maybe led to different results. In Vyazovkin research,
he study system was wet collagen and the value of K fell out-
ide the limiting cases. While in our case, the study systems
ere high concentration BSA solutions; DSC transitions were

trongly scanning rate-dependent; the scanning rate and pro-
ein concentration effected on the Td max values; all the thermal
ransitions were found calorimetrically irreversible and the pro-
ein samples extracted from the calorimetric cell showed strong
ggregation; the rate limiting step might always be the irre-
ersible process itself as α in the range of 0.2–0.8 (for a strongly
ate-limited, irreversible DSC transition, protein concentration
ffects may occur if the kinetics of the irreversible process is
ot first order [52,53]), in other words, the value of K always
ell inside the limiting case. So, in this case a constant E could
e observed. But it must be to point out that aggregation was
robably one of the main causes of irreversibility in the thermal
ransitions of BSA. Therefore, the inactivation kinetics might be
xpected to have a higher than one reaction order [54].
able 3
he 18 model functions for the determination of the most probably model

unction

o. Reaction model Symbol G(α)

1 Avrami–Erofeyev (m = 4) A4 [−ln(1 − α)]1/4

2 Avrami–Erofeyev (m = 3) A3 [−ln(1 − α)]1/3

3 Avrami–Erofeyev (m = 2) A2 [−ln(1 − α)]1/2

4 Avrami–Erofeyev (m = 1.5) A1.5 [−ln(1 − α)]2/3

5 Phase boundary reaction (n = 1) R1 α

6 Phase boundary reaction (n = 2) R2 1 − (1 − α)1/2

7 Phase boundary reaction, n = 3 R3 1 − (1 − α)1/3

8 One-dimensional diffusion D1 (1/2)α2

9 Two-dimensional diffusion D2 (1/2)[1 − (1 − α)1/2]1/2

0 Three-dimensional diffusion D4 1 − 2α/3 − (1 − α)2/3

1 Jander’s type diffusion D3 [1 − (1 − α)1/3]2

2 Power law (n = 1/4) α1/4

3 Power law (n = 1/3) α1/3

4 Power law (n = 1/2) α1/2

5 Power law (n = 3/2) α3/2

6 First order A1, F1 −ln(1 − α)
7 Second order F2 (1 − α)−1 − 1
8 Third order F3 (1/2)[(1 − α)−2 − 1]
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Fig. 5. Master plots of theoretical P(u)/P(u0.5) against α for various reaction
models (solid curves, as enumerated in Ref. [28], and curve 19 represents func-
tion G(α) = 1/(1 − 1.5) − (1 − α)1−1.5/(1 − 1.5)) and experimental data for the
10 mg ml−1 BSA aggregation at heating rates 1 K min−1 (�), 1.5 K min−1 (�),
2
t
(

t
i
s
a
a
f
c
m

G

M
n
r
i
o
m
a
b

4
e

w

g
t
f
o
o

I
(
t
w
w
s
c
A
m
t
w
T
a

4
c

o
T
s
5
c
a
r
a

n
w
p
h

−1

T
K

C

1

2

3

S
o

K min−1 (�), and 2.5 K min−1 (�). Models that have been used to describe
he simple order reaction process are labeled as: (16) first-order reaction model;
17) second-order reaction model; (18) third-order reaction model.

heoretical master plots of G(α)/G(0.5) versus α and the exper-
mental master plots of P(u)/P(u0.5) versus α are obtained, as
hown in Fig. 5. The superposition of experiment master plotted
t different heating rates indicated that the kinetics process of
ggregation of the BSA could be described by a single model
unction. It can be easily seen from Fig. 5 that the kinetic pro-
ess for the BSA aggregation is most probably described by Fn

odel,

(α) = 1

1 − n
− (1 − α)1−n

1 − n

odel Fn represents the chemical kinetics with reaction order
, which reflects the influence degree of concentration on the
eaction. The higher of n, the deeper of concentration influence
s. Because the experimental master plots lay between the the-
retical master plots F1 and F2, it was likely that the apparent
echanism of overall reaction could not be expressed in terms of

n integral order reaction model, which maybe indicated mixture
asic reactions participated in the system.
.1.3. Evaluation of pre-exponential factor and kinetic
xponent

The accommodated Fn model with a nonintegral exponent,
hich could describe the observed aggregation process, was sug-

able 4
inetic model and parameters for the apparent BSA aggregation at different concentr

oncentration (mg ml−1) E (kJ mol−1) A (s−1)

0 535.38 ± 4.53a 4.74E80

0 537.85 ± 20.66 6.07E80

0 547.14 ± 6.94 6.90E81

tandard deviations S =
√∑

(X − M)2/(n − 1), where
∑

is the sum of, X is the
f scores).
a Means ± standard deviations.
Acta 467 (2008) 99–106

ested by the comparison of the experimental master plots with
heoretical ones. Also, the kinetic exponent and pre-exponential
actors were determined by further calculations. The expression
f Fn was introduced into Eq. (2), the following equation was
btained.

1

1 − n
− (1 − α)1−n

1 − n
= AE

βR
P(u) (7)

n Eq. (7), P(u) could be calculated according to Eq. (6). Plotting
1/(1 − n)) − ((1 − α)1−n/(1 − n)) versus E/βRP(u) from n = 1
o 2 with a step of 0.1, a series of straight lines through zero
ere obtained. The most reasonable exponent n was the one
ith the highest linear correlation coefficient. Our calculation

howed that n = 1.5 led to the highest linear correlation coeffi-
ient 0.99966 with A = 4.74E80 s−1 from the slope of the line.
ll the apparent kinetic parameters that determined during the
ain stage of BSA aggregation are summarized in Table 4, and

he reported E value corresponded to the average of E values,
hich were calculated in the α range 0.2–0.8. As shown in
able 4, the class of kinetic models, Fn, can describe the observed
ggregation process of BSA.

.2. Kinetic triplets for BSA aggregation at other
oncentrations

The same procedures were repeated for the aggregation
f BSA solutions at other concentrations 20 and 30 mg ml−1.
he activation energies were nearly independent of conver-
ion and the mean activation energy was 537.85 ± 20.66 and
47.14 ± 6.94 kJ mol−1, respectively. Further calculations indi-
ated that the class of kinetic models, Fn, best described the
ggregation of BSA solutions at 20 and 30 mg ml−1. Their loga-
ithmic values of pre-exponential factors and kinetic exponents
re also presented in Table 4.

It can be concluded from Table 4 that the possible mecha-
ism for the aggregation of BSA solutions at high concentration
as simple order reaction. The measurements suggested that the
ossible forms of G(α) for the aggregation of BSA solutions at
igh concentration were
for 10 mg ml ,

1

1 − 1.5
− (1 − α)1−1.5

1 − 1.5

ations

n r G(α)

1.5 0.99966 1
1−1.5 − (1−α)1−1.5

1−1.5

1.7 0.99618 1
1−1.7 − (1−α)1−1.7

1−1.7

1.8 0.99885 1
1−1.8 − (1−α)1−1.8

1−1.8

individual score, M is the mean of all scores and n is the sample size (number
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for 20 mg ml−1,

1

1 − 1.7
− (1 − α)1−1.7

1 − 1.7

for 30 mg ml−1,

1

1 − 1.8
− (1 − α)1−1.8

1 − 1.8

Compared with an idealized Avrami–Erofeyev equation, a
onintegral value of kinetic exponent n was more appropri-
te to describe the actual process. The activation energy (E),
re-exponential factor (A), kinetic exponent of the thermal tran-
ition and the transition temperature (Td max) increased with
he increase of protein concentration (Tables 1 and 4). This
uggested that BSA concentration affected aggregation substan-
ially.

. Conclusions

The DSC analysis of BSA showed only one characteristic
ingle endothermic transition was detected in all experiments.
ll the thermal denaturation transitions were found calorimet-

ically irreversible as reflected by the lack of transition in the
econd run of all the samples.

The most possible kinetic model was determined by
sing the master plots method, which indicated that the
ost possible kinetic models for apparent BSA aggrega-

ion at high concentration might be described by using an
ccommodated Avrami–Erofeyev equation, G(α) = 1/(1 − n) −
1 − α)1−n/(1 − n). Little dependence of the activation energy
n the extent of conversion for the apparent BSA aggregation
ndicated that a simple reaction mechanism with reaction pro-
ressing could be used. A simple order reaction model could
atisfactorily describe the observed kinetics of BSA aggregation.
he observed BSA aggregation at high concentration studied in

his paper did not follow rigorously first-order kinetic model or
ther integral-order reaction models. The denaturation tempera-
ure (Td max), apparent activation energy (E), the apparent order
f reaction (n), and pre-exponential factor (A) all increased with
he increase of BSA concentration. The differential scanning
alorimetric results on transition temperatures and nonisother-
al kinetics analysis of the BSA aggregation supported by

ntrinsic fluorescence indicated the substantial impact of BSA
oncentration on aggregation.

This study showed the combination of iso-conversional
ethod and the master plots method could be used to model

he aggregation mechanism of the protein satisfactorily.
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