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a b s t r a c t

The solid-state stability of cholecystokinin (CCK-4) peptide under nonisothermal conditions was stud-
ied by differential scanning calorimetry (DSC), chromatography and mass spectrometry, identifying and
schematizing the degradation products. To model the degradation mechanism of the peptide using the
combined Kissinger and direct-differential methods, the observed degradation process was characterized
by decomposition temperature (Tm), reacted fraction (˛m), activation energy (Ea), and pre-exponential
factor (A). Results obtained by the two calculation methods were similar.

The cleavage reaction on both N- and C-terminal sides of aspartic acid was the principal degradation
pathway, although the reaction can occur consecutively and/or in parallel. Therefore to determine the
SC
onisothermal kinetic analysis
eptide cleavage

relative importance of the different degradation pathways, a system of differential equations relevant
to each degradation reaction was analysed using the R® statistical program. The results obtained show
that the consecutive reaction was the less plausible, whereas a slightly better fit was obtained for the
reaction with both processes than for the in-parallel reaction. In this situation, the F-test was applied to
discriminate between the models, indicating that the simpler model is the most probable. In conclusion,
the results demonstrate for the first time that, in solid-state, n − 1 cleavage occurs in parallel to n + 1
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. Introduction

Peptides and proteins may exhibit both chemical and physical
egradation also in the state solid (Lai and Topp, 1999), present-

ng challenges to the pharmaceutical industry during the process
f protein purification, formulation, storage and delivery. Under-
tanding peptides and protein degradation pathways is essential
or the success of a biopharmaceutical drug. Chemical instability
f peptides and proteins can be investigated by different analytical
echniques: chromatography, electrophoresis, spectroscopy, ther-

al analysis, light-scattering and mass spectrometry (Capelle et al.,
007). It is important that these techniques be complemented with
ethods to assess the biological activity (outside the focus of this
rticle).
Many transformations may occur when a solid sample is

eated, such as melting, sublimation, polymorphic transformation,
r degradation. These solid-state reactions are quite common in

∗ Corresponding author.
E-mail address: amoliva@ull.es (A. Oliva).

b
H
t
u
(
2

g

928-0987/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ejps.2009.12.010
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© 2010 Elsevier B.V. All rights reserved.

harmaceutical science, making the topic of solid-state kinetics
mportant. Solid-state reactions have many forms; however, those
hat involve weight or enthalpy change are of great interest as their
inetics can be studied by thermal analytical methods (Vyazovkin,
004; Khawam and Flanagan, 2006a).

DSC has long been applied widely in the pharmaceutical indus-
ry and offers a useful means of predicting the solid-state stability
f drugs. The DSC experiment can be used to compute the Arrhenius
re-exponential factor, activation energy and order of the reaction
Ford and Timmins, 1989; Beezer et al., 1999; Abd-Elrahman et al.,
002; Pikal et al., 2008).

Kinetics in the solid-state show certain similarities to those in
omogeneous phases like solution or gases. In fact, many of the
asic mathematical principles are shared among all three phases.
owever, solid-state reactions differ substantially from those in

he homogeneous state regarding the experimental procedures

sed for their study and computation methods for analysing data
Vyazovkin and Wight, 1999; Giron, 2002; Khawam and Flanagan,
006b; Sánchez-Jiménez et al., 2008).

The many methods used to study solid-state kinetics may be
rouped into two categories: experimental and computational

http://www.sciencedirect.com/science/journal/09280987
http://www.elsevier.com/locate/ejps
mailto:amoliva@ull.es
dx.doi.org/10.1016/j.ejps.2009.12.010
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Table 1
Algebraic expression for the f(˛) functions for the most common mechanisms in
solid-state reactions.

Model Symbol f(˛)

Zero-order F0 1
First-order F1 (1 − ˛)
Second-order F2 (1 − ˛)2

Third-order F3 (1 − ˛)3

Power law P2 2˛(1/2)
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Khawam and Flanagan, 2006b). In the first case, there are two
pproaches used to obtain solid-state kinetic data: isothermal and
onisothermal methods. To analyse data from both of these, model-
tting and model-free methods can be used. Khawam and Flanagan
2006a) have proposed a complementary approach that uses both
he latter methods for kinetic data analysis, which allows one to
elect models that might otherwise be indistinguishable, based on
uality of regression fit alone.

The most popular representative of the so-called “model-free”
ethods is that of Kissinger, which allows the effective activation

nergy to be determined from the dependence of the peak temper-
ture (Tm) on the heating rate (ˇ). This method provides a single
alue of the activation energy related to the conversion fraction
˛m) at the peak temperature, and does not require any modelistic
ssumptions to calculate Ea. However, it is not an isoconversional
ethod because it does not generate Ea at progressive ˛ values but

ather assumes a constant Ea.
The Kissinger method can be only applied to the kinetic

nalysis of rising temperature experiments obtained under any
eating schedule when two requirements are fulfilled: a first-
rder kinetic model is involved and the reacted fraction (˛m)
t the maxima remains unchanged (Sánchez-Jiménez et al.,
008).

The choice of isothermal or nonisothermal experiments
epends on the requirements of the study, whether one wishes
o study reaction kinetics over wide temperature ranges (i.e.
p to melting) or if a narrow range is enough. The applica-
ion of such results to predicting solid-state stability of a drug
lso affects the choice of the most appropriate reaction condi-
ions.

Calculation methods have also raised many controversies,
ecause there are so many and their range of application and valid-

ty is unclear. Results obtained from several of them are often
ifferent, even when applied to the same data set. A critical evalu-
tion of these methods was initiated in the ICTAC “kinetic project”
Burnham, 2000; Roduit, 2000).

While the solution reaction of small peptides has been reason-
bly well characterized (Mu-Lan and Stavchansky, 1998; Joshi and
irsch, 2002; Oliva et al., 2006a,b), their reactions in the solid-
tate have attracted scant attention. With the increasing use of
mall peptides as pharmaceuticals, it is important to understand
he solid-state behavior of this type of compounds. The tetrapep-
ide CCK-4, which constitutes the 30–33 segment of the hormone
holecystokinin, is used in nuclear medicine for the diagnosis of
CK-B receptor-expressing tumors (Gotthard et al., 2004). CCK-4

s a suitable candidate for solid-state studies because of its rela-
ively low cost, but in particular, given its size and structure it can
elp gain better knowledge of the degradation mechanism of small
eptides in the solid-state.

In this study, DSC was used to study the solid-state stability of
CK-4 peptide under nonisothermal conditions. For this, the CCK-4
egradation processes in solid-state, including separation, identi-
cation of degradation products, determination of rate constants
nd degradation pathway were characterized. Kissinger and direct-
ifferential methods were used to analyse the data and estimate the
inetic parameters.

Various models were evaluated and compared to determine the
elative importance of the different degradation pathways. Since
hese models contain more than one kinetic constant that depends
n temperature, the number of parameter correlations is larger.

o diminish this, the reparameterization of the Arrhenius equation
nd the proper choice of a reference temperature are of benefit. To
stimate the latter, a new norm based on the asymptotic properties
f the correlation matrix of a multinormal random variable was
roposed.

t
a

l

Avrami–Erofeev A2 2(1 − ˛)[−ln(1 − ˛)]
Prout–Tompkins B1 ˛(1 − ˛)
1-D diffusion D1 1/2˛
2-D diffusion D2 [−ln(1 − ˛)]−1

. Theory

Kinetic analysis of solid-state decomposition is usually based on
single-step kinetic equation:

d˛

dt
= k(T)f (˛) (1)

here t is time, T is absolute temperature, ˛ is the extent of conver-
ion, and f(˛) is the reaction model. Table 1 includes the function for
he most commonly used mechanisms in solid-state reactions. The
xplicit temperature dependence of the rate constant is introduced
y replacing k(T) with the Arrhenius equation, which gives:

d˛

dt
= Ae−Ea/RT f (˛) (2)

here A (the pre-exponential factor) and Ea (the activation energy)
re the Arrhenius parameters and R is the gas constant.

Under nonisothermal conditions in which a sample is heated
t a constant rate, the explicit temporal dependence in Eq. (2) is
liminated through the trivial transformation:

d˛

dT
= A

ˇ
e−Ea/RT f (˛) (3)

here ˇ = dT/dt is the heating rate, and Eq. (3) represents the differ-
ntial form of the nonisothermal rate law. The direct-differential
ethod uses Eq. (3) to numerically calculate the differential

d˛/dT ≈ �˛/�T). Rearranging the variables and using logarithms
n Eq. (3) gives:

n

(
d˛/dT

f (˛)

)
= ln

A

ˇ
− Ea

RT
(4)

y plotting the left side of Eq. (4) (including the model f(˛)) against
/T, the Ea can be obtained from the slope and A from the intercept.
he model that gives the best linear fit is usually chosen as the
odel (Khawam and Flanagan, 2006a). The universality of Eq. (4) is

upported by Ozawa (2000) who previously found it can be applied
o data obtained via all modes of temperature change.

Kissinger proposed a kinetic analysis method for reaction-order
odels (f(˛) = (1 − ˛)n based on the derivative of Eq. (3), generating

2˛/dT2. Accordingly, the maximum reaction rate occurs when the
econd derivative is zero, from which the following equation can
e obtained:

Eaˇ

RT2
m

= A · (n(1 − ˛m)n−1) · e−Ea/RTm (5)

here Tm is the temperature and ˛m is the conversion fraction at
he maximum reaction rate, which represents the peak (i.e. inflec-

ion point) of a DSC curve. Taking the natural logarithm of Eq. (5)
nd rearranging gives:

n
ˇ

T2
m

= ln

(
AR(n(1 − ˛m)n−1

Ea

)
− Ea

RTm
(6)



arma

T
o
i
(

3

3

P
C
(
i
a
I
M
fi
C
s
M
M

3

t
t
e
p
p
a
p
r

f
s

˛

w
t

3

(
e
d
w
u
c
c

t
v
s
a

W
d
s
o
i
c

(
(
c
r
c
t
r
r
p
g

3

S
a
h
D
p
T
w
a
s
r
[

i
S
m

3

3

a
o

3

r
w
r
s
R

3

l
d
0
t
f
R

3

o

A. Oliva et al. / European Journal of Ph

he activation energy (Ea) is obtained by plotting the left-hand side
f the equation versus 1/Tm for a series of runs at different heat-
ng rates. Eq. (6) has been generalized to any reaction model (f(˛))
Elder, 1985).

. Materials and methods

.1. Materials

Cholecystokinin fragment 30–33 amide (CCK-4, Trp-Met-Asp-
he-NH2, WMDF-NH2) was purchased from Sigma Chemical
ompany (St. Louis, MO, USA). Trp-Met (WM) and Trp-Met-Asp
WMD) peptides were synthesized using Fmoc solid-phase chem-
stry with a 433A instrument (Applied Biosystems, Foster city, CA)
t the Istituto di Ricerche Farmacologiche “Mario Negri”, Milan,
taly, under GMP conditions. Purity was checked by RP-HPLC and

ALDI-TOF mass spectrometry. Endoproteinase Glu-C and Modi-
ed Endoproteinase Asp-N were purchased from Sigma Chemical
ompany (St. Louis, MO, USA). Trifluoroacetic acid (TFA: peptide
ynthesis grade) and acetonitrile (HPLC grade) were obtained from
erck (Darmstadt, Germany). Deionized water was purified in a
illiQ plus system from Millipore (Molsheim, France), prior to use.

.2. Differential scanning calorimetry (DSC)

DSC experiments were performed in a Mettler Toledo calorime-
er, model DSC821e, with liquid nitrogen cooler and equipped with
he Star® evaluation program. Calibration of both temperature and
nthalpy was made with a standard sample of indium. CCK-4 sam-
les (3–4 mg) were placed in non-hermetically crimped aluminium
ans (standard 40 �L type). The heating rates (ˇ) used for kinetic
nalysis were 20, 15, 10, 7.5, 5, 2.5 and 1 ◦C/min under nitrogen
urge at 30 mL/min. Measurements were carried out on five sepa-
ate samples (replicates) and reported as averages.

The temperature at maximum rate (Tm) and the conversion
raction (˛m) for each analysis were calculated using the Star®

oftware. The ˛m value at any temperature is calculated from:

m = AUCTm
0

AUC∞
0

(7)

here AUCTm
0 is the sample peak area from 0 to Tm, and AUC∞

0 is
he total sample peak area.

.3. RP-HPLC method

The chromatographic system used was a Waters apparatus
Milford, MA, USA) consisting of a pump (600E Multisolvent Deliv-
ry System), an auto sampler (700 Wisp Model) and a UV–vis
etector (2487 programmable multi-wavelength model). Elution
as performed at room temperature in a Nova pack C-18 col-
mn (150 mm × 3.9 mm, 60 Å, 4 �m particle size, Waters). The data
ollection and analysis were performed using the Millennium32®

hromatography program (Waters).
The mobile phase was an acetonitrile–water (30:70, v/v) mix-

ure with 0.05% TFA, the flow rate 1.0 mL/min, and the injection
olume 25 �L. The detection wavelength was set at 280 nm. All
olvents were filtered with 0.45 �m (pore size) filters (Millipore)
nd degassed.

The analytical method for the three compounds, WMDF-NH2,
MD, and WM, was validated by selectivity, linearity, limit of
etection (LOD), limit of quantitation (LOQ), accuracy, preci-
ion and robustness according to the International Conference
n Harmonization (ICH) guidelines (2005). The results obtained
ndicate that the method is specific, linear over a range of con-
entrations of 2–12 �g/mL for the three compounds, accurate

c
u
t
c
s
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recovery mean < 101.2%), precise (repeatability < 1%), and reliable
inter-assay precision < 4.0%). The LOD was calculated by statisti-
al methods using a ratio of 3�/s (�: the standard deviation of
esponse; s: slope of the calibration curve). The LOQ was also cal-
ulated with a ratio of 10�/s. In all cases, the limits were lower
han the smallest concentration in the linearity range. Acceptable
obustness was also observed, indicating that the analytical method
emains unaffected by small but deliberate variations in mobile
hase composition and flow rate, as described in the ICH Q2-R1
uidelines (2005).

.4. MALDI-TOF mass spectrometry

Mass spectra were measured on an Autoflex MALDI-TOF Mass
pectrometer (Bruker Daltonics, Bremen, Germany), equipped with
337 nm nitrogen laser, delayed extraction, a reflectron and a

ydrophobic coating sample target (Anchor Chip 600/384, Bruker
altonics, Bremen, Germany). The spectra were obtained using
ositive ion mode and the accelerating voltage was set to 20 kV.
he external calibration of the mass spectrometer was performed
ith a commercial standard proteins mixture (Bruker Daltonics)

nd the standard mass deviation was less than 10 ppm. The mass
pectra were accumulated for approximately 500 shots per prepa-
ation in total, 30 shots each. All reported masses are monoisotopic
M+H]+ unless otherwise noted.

The matrix used was 2,5-dihydroxybenzoic acid (DHB; Sigma)
n a saturated solution (0.16 mg/mL in acetonitrile and 0.1% TFA).
amples were deposited on MALDI targets by spotting 0.5 �L of
atrix solution, dried and followed by 0.5 �L of sample.

.5. Proteolytic digestion

.5.1. Sample treatment
CCK-4 peptide (0.1 mg) was dissolved in 100 �L of DMSO, and

fterwards 900 �L of sodium phosphate (pH = 7.8) was added to
btain a final concentration of 100 �g/mL.

.5.2. Endoproteinase Glu-C digestion
One 25 �g vial of endoproteinase Glu-C sequencing grade was

econstituted in 100 �L double-distilled water. The CCK-4 sample
as digested with endoproteinase Glu-C at an enzyme–substrate

atio of 1:100 (w/w) at 25 ◦C for 2 h. Then, 20 �L of the digested
ample was mixed with 180 �L of mobile phase and analysed by
P-HPLC, the injection volume being 50 �L.

.5.3. Endoproteinase Asp-N
Modified Asp-N (Pseudomonas fragi, mutant) was supplied

yophilized in a 2 �g vial, which was reconstituted with 20 �L
ouble-distilled water, yielding a final enzyme concentration of
.1 �g/�L. For peptide fragmentation, the enzyme was added to
he CCK-4 sample to be digested at a ratio of 1:100 (w/w) at 25 ◦C
or 3 h. The peptides obtained by Asp-N digestion were analysed by
P-HPLC using the same conditions as above.

.6. Identification of degradation products

A sample of CCK-4 was heated up to 210 ◦C, temperature
f the maximum rate at 5 K/min, then the sample was quickly

ooled to 30 ◦C, and analysed by RP-HPLC. The degradation prod-
ct peaks were collected by making repeated 200 �L injections of
he degraded sample. Collected fractions were pooled and con-
entrated in a Speed-Vac® before analysis by MALDI-TOF mass
pectrometry.
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the melting point. The first DSC endotherm required more detailed
study, so the effects of heating CCK-4 to the different tempera-
tures were compared. A sample of CCK-4 was heated in the DSC
up to 175 ◦C at 5 K/min, before the first DSC endotherm, removed,
and then cooled to 30 ◦C and analysed by RP-HPLC, detecting the
ig. 1. Chromatograms of CCK-4 sample. (A) Standard sample. (B) Sample hydrol-
sed using the endoproteinase Glu-C and Asp-N (C), respectively. (D) Sample
egraded at 210 ◦C, two degradation products detected, identified as WMD (II) and
M (III).

.7. Direct-differential method

Various samples of CCK-4 (2.4–2.6 mg) were analysed by DSC
t a heating rate of 5 K/min from 175 to 220 ◦C at intervals of 5 ◦C.
he rest of the conditions were as described earlier. Each sample
as diluted with the mobile phase to obtain concentration values
ithin the calibration range, and analysed by RP-HPLC the same
ay in duplicate.

In this case, the conversion fraction “˛” for the WMDF-NH2
roduct was calculated from the following expression:

= m0 − mT

m0 − m∞
(8)

here m0 is the initial sample weight, mT is the sample weight at
emperature T, and m∞ is the final sample weight. However, the
etermination of m∞ is problematic since the residues are totally
arbonized above 220 ◦C. For this reason, m∞ was taken as zero.
or the WMD and WM derivatives, the conversion fraction “˛” is
btained directly as the sample weight at temperature T.

. Results and discussion

.1. Degradation product identities

Degradation products were separated by RP-HPLC and identi-
ed by proteolytic digestion and MALDI-TOF mass spectrometry.
hromatographic separation of a degraded CCK-4 sample shows
hree peaks (I–III, Fig. 1). Peak I was found to have a mass of
96.25, which corresponds to the parent peptide (WMDF-NH2),
hile II was found to have a mass of 450.51 (WMD). The differ-

nce in mass between peaks I and II was 145.47, which corresponds
o the loss of phenylalanine-amide (Phe-NH2). In addition, the
ifference in mass between peaks II and III was 115.37, which
orresponds to the loss of an aspartic acid residue (WM). This
esult suggests that the degradation pathway of this peptide in

olid-state involves the cleavage reaction on the n − 1 and n + 1
ides of aspartic acid. To verify this, CCK-4 samples were hydrol-
sed using two endoproteinases, Glu-C and Asp-N, and analysed
y RP-HPLC. The results confirm that peaks II and III correspond
o the WMD and WM fragments, respectively. The degradation

F
1
t

ig. 2. Degradation scheme proposed for cleavage reaction at aspartic acid residue
or the CCK-4 peptide in solid-state. The full model involved the parallel and con-
ecutive pathways of n + 1 and n − 1 cleavage reaction.

roducts and the proposed degradation routes are shown in
ig. 2.

.2. DSC data

Fig. 3 shows the DSC curve for heating rates of 1, 5 and 10 K/min,
hich reveals two endothermic peaks in the 190–240 ◦C. Also

learly visible was the shifting of endothermic peaks to a higher
emperature by increasing the heating rate. To identify these two
haracteristic phenomena, the melting point of CCK-4 was deter-
ined using a Buchi instrument (Model B-540, Delaware, USA),

btaining a value of 222.5 ± 0.5 ◦C (n = 3) for a heating rate of
K/min. Hence, the second DSC endotherm could correspond to
ig. 3. DSC curves for the CCK-4 peptide at different heating rates (ˇ = 1, 5 and
0 K/min), where the corresponding decomposition temperature, Tm, increases with
he heating rate.
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Table 2
The peak temperature (Tm) and conversion fraction at peak temperature (˛m) at
different heating rates obtained in the decomposition of CCK-4 by DSC.

Heating rate (◦C/min) Peak temperature
(Tm, ◦C)

%Conversion at peak
temperature (˛m)

1.0 199.3 ± 0.26 75.5 ± 0.26
2.5 204.7 ± 0.36 75.6 ± 0.87
5.0 209.0 ± 0.16 74.4 ± 0.98
7.5 211.6 ± 0.18 74.7 ± 1.11

10 212.9 ± 0.36 73.8 ± 0.62
15 216.1 ± 0.24 74.1 ± 0.96
20 218.0 ± 0.42 74.2 ± 1.13
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kinetic analysis of data obtained from the thermal decomposition
of CCK-4 at a heating rate of 5 K/min and to determine the model
that best fits the data. The ˛ (or d˛/dt) − T data were analysed by

T
A
d

eak corresponding to pure CCK-4. Another sample of CCK-4 was
eated to 210 ◦C, temperature of the maximum rate at 5 K/min,
nd was similarly analysed. In this case, the degradation products,
MD and WM, were detected. Therefore, the first DSC endotherm

s attributed to the solid-state decomposition of CCK-4 according
o the diagram shown in Fig. 2. The second endotherm, attributed
o the melting of CCK-4, could actually correspond to the melting
f both products.

This fact was also observed in other samples of CCK-4 analysed
t different heating rates (1, 2.5 and 10 K/min), both degrada-
ion products were also detected, indicating that the degradation

echanism can be the same, independently of the heating
ate.

The corresponding decomposition temperature, Tm, and the
onversion fractions (˛m) obtained for different heating rates are
hown in Table 2. Low relative standard deviation values of the Tm

nd ˛m properties support their excellent reproducibility. The Tm

as highly dependent on the scan rate, indicating that the ther-
al decomposition process was, at least in part, under kinetic

ontrol and reflects a unique thermal decomposition reaction of
he drug. In contrast, the results clearly show that ˛m is con-
tant and independent of the heating rate as is well established
n literature (Criado and Ortega, 1986; Sánchez-Jiménez et al.,
008). The mean ˛m value obtained using the Star® software was
.746. ± 0.70 (n = 35) whereas that calculated using Eq. (8), with
ifferent samples analysed at 1, 2.5 and 5 K/min, was 0.725 ± 0.013

n = 7). These results confirm the validity of both procedures to
etermine ˛m.

t
i

able 3
rrhenius parameters and 95% confidence intervals for nonisothermal decomposition o
ifferential method.

Product Model Ea (kJ/mol)

WMDF-NH2 D1 306 [237 to 376]
F1 270 [220 to 321]
F2 276 [170 to 383]
F3 349 [193 to 505]
B1 62.4 [5.58 to 119
P2 58.6 [0.88 to 116

WMD D1 218 [98.4 to 337]
F1 230 [142 to 317]
F2 159 [49.9 to 268]
F3 200 [83.6 to 315]
B1 −22.0 [−109 to 6
P2 −7.41 [−86.6 to 1

WM D1 377 [241 to 513]
F1 245 [213 to 276]
F2 271 [236 to 306]
F3 297 [256 to 338]
B1 −33.3 [−56.4 to 1
P2 109 [93.1 to 125]
ceutical Sciences 39 (2010) 263–271 267

.3. Estimation of the activation energy (Ea), pre-exponential
actor (A), and the reaction model

It is clear that in the case of a first-order reaction (F1 model),
he Kissinger plot is a straight line whose slope gives the activa-
ion energy, independently of both the heating schedule used to
each the maximum reaction rate and the value of the reacted frac-
ion ˛m at this point, whereas the pre-exponential factor can be
etermined from the intercept. If the reaction does not follow a
rst-order kinetic model, the slope of the plot of ln(ˇ/T2

m) versus
/Tm would only lead to the activation energy if ˛m is independent
f the heating schedule used. Various authors (Criado and Ortega,
986; Budrugeac and Segal, 2007) have shown the dependence
etween the ˛m values of the different kinetic models (Table 1)
esulting from linear heating experiments and the actual value of
a/RT. However, the error in the determination of the activation
nergy from the Kissinger plot has been clearly demonstrated to
e lower than 5%, for values of Ea/RT higher than 10.

At first, ˛m can be considered constant and independent of
he linear heating rate used, and assuming first-order kinet-
cs, the Ea obtained from Kissinger plot was 300 kJ/mol, the
ncertainty being given as 95% confidence intervals calculated
rom the residual standard deviation by the standard expression
Draper and Smith, 1981) of 295 and 306 kJ/mol, respectively.
hese confidence intervals are narrow due to the large num-
er of experimental points used. The estimated pre-exponential
actor was 3.03 × 1032 min−1, the 95% confidence intervals being
.92 × 1031 min−1 and 1.32 × 1033 min−1, respectively. These inter-
als are relatively small despite coupling of the uncertainty of the
rediction, due to fit of the rate constants (ˇ) at each temperature
Tm) and their dependence on the kinetic model used.

The combined analysis of experimental data by means of the
ogarithmic expression of the general differential equation (Eq. (4))
s thus shown to be a suitable method for determining the kinetic

odel and its parameters. Therefore, any set of T − ˛ or (d˛/dt)
ata should fit the equation, regardless of the experimental pro-
edure used (Pérez-Maqueda et al., 2002). In order to check this,
he differential method described in Section 3 was used for the
he differential method after applying the f(˛) function proposed
n the literature for describing solid-state reactions, as shown in

f WMDF-NH2 and its derivatives, WMD and WM, determined using the direct-

ln A (min−1) r

74.7 [56.9 to 92.5] 0.9751
66.9 [54.0 to 79.9] 0.9869
69.3 [41.8 to 96.8] 0.9180
88.4 [48.2 to 129] 0.8943

] 15.7 [1.12 to 30.2] 0.7390
] 12.6 [−2.17 to 27.4] 0.7121

51.1 [20.7 to 81.5] 0.8525
55.6 [33.4 to 77.8] 0.9495
37.9 [10.1 to 65.6] 0.7935
48.5 [19.0 to 78.1] 0.8385

4.7] −6.61 [−28.7 to 15.5] 0.2215
01] −1.10 [−25.0 to 22.9] 0.0702

90.0 [55.5 to 125] 0.9405
61.0 [53.0 to 69.1] 0.9917
67.9 [59.0 to 76.7] 0.9917
74.7 [64.2 to 85.1] 0.9905

23] −9.20 [−31.9 to 13.5] 0.3480
27.2 [23.1 to 31.3] 0.9892
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Fig. 4. Variation of the reacted fraction (˛) for the products WMDF-NH2 (open
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able 1. Table 3 includes the resulting activation energies, the pre-
xponential factors, and the correlation coefficient for the kinetic
odels included in Table 1. The results demonstrate that when an

1 kinetic model is assumed, all the experimental data fit by a single
traight line whose slope and intercept lead to an activation energy
f 270 kJ/mol and a pre-exponential factor 1.17 × 1029 min−1 with
correlation coefficient r = 0.9869. On the other hand, for a F2

inetic model, the apparent values of Ea and A obtained are very
imilar to those obtained for the F1 model, although the correla-
ion coefficient found was lower (r = 0.9180). The results obtained
ndicate that the calculated kinetic parameters were comparable to
he values estimated by the Kissinger method, but the 95% confi-
ence intervals were higher: 220–321 kJ/mol for activation energy
nd 2.78 × 1023 to 4.87 × 1034 min−1 for the pre-exponential factor.
his discrepancy could be due to differences in the data analysis
ethod and the lower number of degrees of freedom.

.4. Kinetics and degradation mechanism of WMD and WM
egradation products

Fig. 4 shows the reacted fraction, ˛, for each degradation prod-
ct as a function of time. The shape of the curve is sigmoidal, as

s common for solid-state decompositions; it is characterized by
n induction period followed by a growth period, and finally, a
ecay period. In this case, the formation processes of WMD and
M have similar profiles, although the induction period for WM
as slightly higher, whereas the growth period takes place at a rela-

ively faster rate for the WMD product. This result is consistent with
he observations made by Inglis (1983), since the n − 1 cleavage is
lower than n + 1 because the former proceeds via a six-member
ing intermediate rather than a five-member ring. However, the
ecay period was not observed for the WMD product, since the
amples are totally carbonized from 220 ◦C, making it impossible
o detect any products.

The ˛ (or d˛/dt) − T data were analysed by means of the differen-
ial method as described earlier for CCK-4. For both products, the F1
inetic model was found to provide the best fit to the kinetic profile.
he estimated activation energies were 230 kJ/mol for WMD and
45 kJ/mol for WM, respectively. The selection of the kinetic model
nd calculation of the constant rates do not require knowledge of
he degradation mechanism, because even complex degradation
athways involving multiple consecutive or parallel reactions can
e represented by combinations of zero, first- and second-order
eactions. For example, Inglis (1983) points out that n + 1 cleavage
ould always precede n − 1 cleavages; i.e. the two cleavage mech-

nisms occur consecutively and not in parallel. However, Joshi and
irsch (2002) have reported for the first time that the n − 1 cleav-
ge can occur consecutively and in parallel to n + 1 at Asp-residues
sing the polypeptide hormone glucagon as model, in acidic aque-
us solution. At first, the experimental data suggest that CCK-4
egradation does not undergo a consecutive reaction, perhaps a
arallel reaction; although the presence of both pathways cannot
e ruled out. To investigate this, the different degradation pathways
an be expressed by a system of ordinary differential equations.
f the reaction is composed of two parallel steps according to the
iagram in Fig. 2, then:

dX1

dt
= −(k12 + k13)X1 = −

(
kTref12

exp
(

B12+Ea12

R

(
1

Tref
− 1

T(t)

))
(

Ea13
(

1 1
)))
+ kTref13
exp B13 +

R Tref
−

T(t)
X1 (9)

dX2

dt
= k12X1 = kTref12

exp
(

B12 + Ea12

R

(
1

Tref
− 1

T(t)

))
X1 (10)

circle), WMD (triangle), and WM (black circle), respectively, vs temperature, con-
sidering a linear heating rate of 5 K/min, for the different models given in Fig. 2:
consecutive reaction (A), parallel (B) and both pathways (C). Data were fitted using
the R® statistical program through the odesolve ( ) package.
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dX3

dt
= k13X1 = kTref13

exp

(
B13 + Ea13

R

(
1

Tref
− 1

T(t)

))
X1 (11)

here Xi is the amount of each product expressed as reacted frac-
ion and ki are rate constants with an Arrhenius-type dependence
n the temperature. To reduce the strong dependence between the
arameters A and Ea, the Arrhenius equation can be reformulated
y introducing a reference temperature in the form:

= exp
[

B + Ea

R

(
1

Tref
− 1

T

)]
(12)

here the parameters of the reparameterized equations can be
elated to the parameters of the traditional Arrhenius equation as:

= ln(kTref
) (13)

here kTref
is the specific reaction rate at the reference temperature

ref. For the rest of the schemes, the same procedure was used.
To resolve the differential equation, and estimate the kinetic

arameter, the odesolve package from R® statistical program
version 2.9.0, 2009) was used, which allows a direct nonlinear
stimation of the activation energy and the rate constants through
lme ( ) function. This generic function fits a nonlinear mixed-
ffects model in the formulation described in Lindstrom and Bates
1990). The initial estimated values for Ea and the rate constants
btained by the direct-differential method were used as starting
alues in order to converge much faster to a solution.

Introduction of the reference temperature into the Arrhenius
quation leads to reduction of the parameter correlation, con-
equently, less computational effort required for estimating the
odel parameters (Espie and Macchietto, 1988). The reference

emperature is usually defined as the average of the analysed
xperimental data. For instance, Veglio et al. (2001) suggested that
he reference temperature should be calculated as the reciprocal of
he average value of the reciprocal of all the experimental temper-
tures. However, little attention has been given in the literature
o establishing the optimum value of the reference temperature.
chwaab and Pinto (2007) showed that it is possible to determine
n optimum reference temperature in order to eliminate parameter
orrelation and minimize the relative errors of model parameters
ith a single kinetic constant. The problem is more complicated
hen there is more than one Arrhenius equation in the model, since

t then becomes necessary to define some criterion for optimization
f reference temperature. Schwaab et al. (2008) used an empirical
orm to resolve this problem. We propose to use the following cri-
erion: the logarithm of the determinant of the correlation matrix

f parameter estimates (log(det(V)) must be minimum. This norm
s based on the asymptotic properties of correlation matrix of a

ultinormal random variable (Morrison, 1976).
Starting from the reference temperature of 470.2 K, calcu-

ated in accordance with Veglio et al. (2001), the application of

b
w
t
d
t

able 4
stimated parameter and 95% confidence intervals using an optimized reference tempe
eptide shown in Fig. 2.

Parameter Step 12 St

Both processes
kTref (min−1) 0.246 [0.180–0.312] 0.
Ea (kJ/mol) 291 [265–318] 35

Consecutive reaction
kTref (min−1) 0.352 [0.345–0.359]
Ea (kJ/mol) 303 [279–327]

Parallel reaction
kTref (min−1) 0.244 [0.237–0.251] 0.
Ea (kJ/mol) 289 [262–316] 36

a Probability > 0.05.
ceutical Sciences 39 (2010) 263–271 269

he norm proposed was performed, obtaining an optimum refer-
nce temperature of 479.6 K. With this reference temperature and
ssuming a parallel reaction, the parameter correlation, expressed
s log(det(V)), was equal to −0.572, while for Tref = 470.2 K, the
arameter correlation was equal to −4.18. For the rest of mod-
ls, the parameter correlations were always lower than the ones
btained with the average temperature of the experimental range.
lthough it is not possible to eliminate all the parameter cor-
elations, the proper choice of the reference temperature can
ignificantly reduce the final one. Similar results were obtained
sing the empirical norm proposed by Schwaab et al. (2008).

Fig. 4 shows the fitted curves for the different degradation path-
ays shown in Fig. 2. The estimated parameters and respective 95%

onfidence intervals obtained are presented in Table 4. The results
ndicate that CCK-4 degradation does not follow a consecutive reac-
ion since the activation energy obtained for step 23 is negative and,
herefore, this value lacks physical sense. However, when the data
t a parallel reaction or both consecutive and parallel process do
ot differ, the residual sum of squares (RSS) is slightly higher for the
arallel reaction (3.714 × 10−3 vs 3.429 × 10−3), but the increased
umber of parameter does not produce a significant improvement

n fit. In this situation, the F-test can be used to choose between
odels that are hierarchical (i.e. one is the full model, and all the

est can be expressed as restricted cases of that full model), but
or which there is no a priori reason to prefer one over another
Mannervik, 1981). When two models j and k with pj and pk (pj < pk)
arameters, respectively, are fitted to the same data set and yield
esidual sums of squares RSSj and RSSk (RSSj > RSSk), the signifi-
ance of the improvement in RSS by using the model (k) containing
ore parameters can be found by comparison of the quotient:

=
(

RSSj − RSSk

RSSk

)
x

(
n − pk

pk − pj

)
(14)

ith the F-statistic F(pk − pj, n − pk) at the appropriate significance
evel (˛ = 0.05).

The F-test results suggest that the model with both processes
ffers no significant improvement over the model with the parallel
eaction, since the calculated value (F = 0.997) is lower than the
abled value (F = 3.40).

Also, the confidence intervals of the estimated parameters kTref
nd Ea for step 23 corresponding to the full model include the
alue 0, which indicates that these parameters are not significant
p > 0.05) and that the consecutive reaction can be effectively dis-
egarded. All these results indicate that the simpler model should

e adopted. In this case, activation energies of 289 and 361 kJ/mol
ere obtained for the WMD and WM products, higher values than

hose obtained by the direct-differential method, but the confi-
ence intervals of the estimated parameters are narrower. Thus,
his approach gives a reliable estimate of all parameters, and this

rature of 479.6 K for the different degradation pathways proposed for the CCK-4

ep 13 Step 23

108 [0.075–0.142] 0.0016 [−5.10 to 5.09]a

4 [309–400] 312 [−572 to 1196]a

0.234 [0.221 to 0.249]
−81.6 [−28.7 to−134]

110 [0.100–0.120]
1 [299–424]
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act is reflected in the goodness of fit between experimental data
nd the kinetic model adopted.

To evaluate the effect of heating rate on degradation mechanism
f CCK-4 peptide, a second experiment was conducted under a lin-
ar heating rate of 2.5 K/min. The results obtained seem to confirm
hat the in-parallel reaction is the most probable, and therefore, the
egradation pathway is independent of the heating rate.

. Conclusions

The DSC analysis of CCK-4 peptide showed two endothermic
eaks, attributed to the decomposition and the melting, respec-
ively. Degradation products, WMD and WM, were identified by
roteolytic digestion and MALDI-TOF mass spectrometry. This
esult suggests that the degradation pathway involves the cleavage
eaction on the n − 1 and n + 1 sides of aspartic acid.

The nonisothermal kinetic analysis was carried out using the
issinger method, which requires two conditions: a first-order
inetic model and that the reacted fraction at the maxima remains
nchanged. At first, both requirements are fulfilled, obtaining acti-
ation energy of 300 kJ/mol. However, this method provides little
ata on reaction complexity.

The direct-differential method can offer an alternative approach
or determining kinetic parameters and the reaction model since
t can be used to analyse experimental data obtained under the
ame or different conditions. For this, the kinetics of CCK-4 degra-
ation were also studied from a data set generated under linear
eating at a constant rate of 5 K/min. The activation energy and
re-exponential factor determined by the differential method were
ound to be in good agreement with the results of Kissinger’s

ethod. In any case, the activation energy for the solid-state reac-
ion is much greater than that in solution (102 kJ/mol) (Oliva et al.,
006a), reflecting the greater energy required for rearrangement
ithin the confines of a crystal lattice.

The cleavage reaction at the Asp-residue occurs on both N- and
-terminal sides, but the mechanism can occur through consecu-
ive or parallel reactions, or both. To investigate this, a system of
ifferential equations appropriate for each scheme was analysed
sing the R® statistical program. In this case, the reparameteriza-
ion of the Arrhenius equation and the proper choice of a reference
emperature are crucial to improve the precision of the estimated
arameters. A slightly better fit was obtained for a scheme involv-

ng both processes, since the RRS was lower; however, the F-test
esults suggest that this scheme offers no significant improvement
ver the parallel reactions. In view of the results, pharmaceutical
esearchers are challenged to gain a better understanding of the
odels, statistical and mathematical tools and software that can

e applied in studying solid-state reaction kinetics.
In summary, these results indicate that the nonisothermal

ethodology used in this study may be used to extrapolate pep-
ide and protein stability in the solid-state, saving time, samples
nd experimental effort. Also, proteins in the dry state, even if
ormulated with disaccharides, are thermodynamically unstable at
ormal storage temperatures (Pikal et al., 2008), so they would be
representative example to evaluate the practical potential of the
ethodology applied in this study. This is a future research topic

n our laboratory.

. Nomenclature
pre-exponential factor (min−1)
a activation energy (kJ/mol)
(˛) reaction model

M

M

ceutical Sciences 39 (2010) 263–271

reaction order
gas constant (J/mol K)
absolute temperature (K)
time (min)
sample weight
rate constant (min−1)

m temperature at maximum rate (K)
ref optimum reference temperature (K)
i amount of each product expressed as reacted fraction
SS residual sum of squares

reek letters
reacted fraction

m reacted fraction at maximum temperature
linear heating rate (K/min)
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