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A limited number of researches have been reported to apply the Arrhenius equation to

study the relationship between drugs and its degradation products so far. In the present

work, the thermal degradation kinetics of lysine hydrochloride solutions for injection, the

special solvent for ademetionine 1, 4-butanedisulfonate (SAM) for injection, was investi-

gated at selected temperatures and pH values. The main degradation product of lysine was

separated, purified, and confirmed as lysine lactam. A reversed-phase high performance

liquid chromatographic (RP-HPLC) method without derivation was developed for the

simultaneous determination of lysine and lysine lactam. The results confirmed that both

the lysine degradation and lysine lactam generation followed zero-order reaction kinetics.

The degradation and generation rate constants increased with increasing temperatures

and decreasing pH values. The temperature-dependent degradation and generation reac-

tion could be sufficiently modeled on the Arrhenius equation with the activation energy of

80.14 and 83.22 kJ/mol, respectively. Meanwhile, a linear relationship existed between the

amount of lysine degradation and lysine lactam generation since the approximate acti-

vation energy. Considering there could be other side effects, we established an upper limit

of lysine lactam (500 mg/ml), as the acceptable criteria for stability to estimate the shelf life

together with lysine, which made the prediction more accurate and credible. Extrapolation

data demonstrated that the lysine hydrochloride solutions for injection could be stable for

two years stored at room temperature.

© 2015 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. All

rights reserved.
1. Introduction

Lysine, one of the essential amino acids, plays an important

part in promoting human development, enhancing immune
321.
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function and improving the function of the central nervous

tissue [1]. Meanwhile, lysine also has a positive effect on the

absorption of calcium and the formation of collagen with

other nutrients [2]. Additionally, lysine is generally used as a
sity.

d hosting by Elsevier B.V. All rights reserved.

https://core.ac.uk/display/82715706?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:hezhgui_student@aliyun.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajps.2014.08.012&domain=pdf
www.sciencedirect.com/science/journal/18180876
http://ees.elsevier.com/ajps/default.asp
http://dx.doi.org/10.1016/j.ajps.2014.08.012
http://dx.doi.org/10.1016/j.ajps.2014.08.012
http://dx.doi.org/10.1016/j.ajps.2014.08.012


a s i a n j o u r n a l o f p h a rma c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 5 7e6 358
nutritional supplement to make up the possible deficiencies

of lysine in humans [3]. Although lysine shows great

promise, it is extremely unstable under normal conditions.

Hence, the natural basic amino acid L-lysine generally exists

in the form of crystalline salts of acid and basic bases,

especially in the hydrochloride and acetate forms, to

improve the stability.

The determination of lysine is becoming increasingly

important in clinical analysis, biochemistry and pharmaceu-

tics. Several methods are reported for the lysine determina-

tion based on spectrophotometry, potentiometric titration,

thin layer chromatography, liquid chromatography, micellar

liquid chromatography and hydrophilic interaction chroma-

tography [4e9]. The determination of lysine by flow injection

analysis techniques [10] has also been described. Even though

there are so many methods available, there are still problems

need to be solved, including the complex sample pre-

treatment process, time-consuming analysis and the un-

common instrumentations. As a zwitterionic compound, the

reversed-phase chromatography of lysine with buffered mo-

bile phase at different pH values usually presents typically

poor retention [11]. However, mobile phase containing ion-

pairing reagents [12] can improve retention of such situa-

tions, which makes the rapid and direct determination of

underivatized lysine possible.

Since the poor stability of Ademetionine 1, 4-butanedi-

sulfonate (SAM) under weakly acidic and alkaline condi-

tions, it is infeasible to directly adjust the pH of the solution

to neutral during the preparation of SAM for injection.

Hence, a special solvent, lysine hydrochloride solutions for

injection need to be prepared as pH modifiers to adjust the

pH of the SAM solution before injection to improve the

stability during processing and storage. However, our

research found that a significant degradation product had

generated in solutions for injection after sterilization, and

no information was available on the structure and possible

generation pathways of the degradation product. To guar-

antee the quality of solutions for injection, the contents of

both lysine and the degradation product should be used as

the control parameters. Also, since few studies have inves-

tigated the kinetic stability of lysine and the degradation

product to date, a thermal degradation kinetic study on the

lysine hydrochloride solutions for injection should be con-

ducted applying the Arrhenius equation to quantify the ef-

fect of temperature on the product quality and to predict the

shelf life [13].

In this study, we attempted to separate and confirm the

main degradation product in lysine hydrochloride solutions

for injection, and to develop a sensitive RP-HPLC method to

rapidly detect lysine and the degradation product. Our efforts

focused on the kinetic investigation of the lysine degradation

and the main degradation product generation in solutions for

injection under various conditions. The aim of the present

work was to study the thermal stability of lysine hydrochlo-

ride solutions for injection, and determine the kinetic pa-

rameters of lysine degradation and the degradation product

generation, with respect to the effects of pH value and tem-

perature; and to apply the Arrhenius equation for predicting

the shelf life of solutions for injection during storage and/or

thermal processing.
2. Materials and methods

2.1. Materials

Lysine hydrochloride was purchased from Kyowa Amino Acid

Co., Ltd. (Shanghai, China; Purity, 100.1%). Lysine lactam

standard substance was purchased from SigmaeAldrich

(Shanghai, China; Purity� 97.0%).Methanol of HPLC gradewas

purchased from Concord Technology Co., Ltd (Tianjin, China).

All other materials were analytical grade quality. All solutions

were prepared using distilled water throughout the study.

2.2. Preparation of lysine hydrochloride solutions for
injection

To study the thermal stability, lysine hydrochloride solutions

for injection with a lysine concentration of 83.5 mg/ml were

prepared by the following methods. The accurately weighed

lysine was dissolved in 60% of the total volume of water for

injection, and 0.1% (w/v) activated carbon was added with

stirring. After stirring at room temperature for 15 min, the

solution was filtered through 0.45 mm membrane to remove

the activated carbon. Next, the pH of the solution was

adjusted with sodium hydroxide solution to pH 10.3, and then

water for injection was added to volume. The obtained solu-

tion was filtered again using a 0.22 mm membrane filter to

make the solution clear and sterile. Finally, the solution was

nitrogen-filled sealed and autoclaved at 121 �C for 12 min.

2.3. Separation, purification and characterization of the
main degradation product

Since the rare information available on the degradation

product in lysine hydrochloride solutions for injection,

method for separating and purifying the degradation product

was designed as follows: the solvent was removed from the

lysine hydrochloride solutions for injection by vacuum evap-

oration to form a concentratedmixture of lysine and themain

degradation product. Subsequently, the mixture was dis-

solved in methanol and lysine was filtered out because of its

poor solubility. The filtrate was collected and dried in a vac-

uum rotary evaporator. The resulting crude product was

loaded onto a silica gel column, with n-propanol-ammonia

(5:1) as eluent. The fractions were collected and sprayed to

yield the degradation product-rich powders.

The structure of the main degradation product was char-

acterized by proton nuclear magnetic resonance (1H NMR)

spectra and infrared spectra, applying a Bruker AV-600 MHz

NMR spectrometer and a Bruker IFS-55 infrared spectrometer,

respectively.

2.4. Degradation kinetic modeling of lysine
hydrochloride solutions for injection

The thermal stability of the lysine hydrochloride solutions for

injection was studied at selected temperatures (60, 80, 90 and

100 �C). The pH 10.3 lysine hydrochloride solutions for injec-

tion were placed in a thermostatic water bath (Zhengzhou

Greatwall Scientific Industrial and Trade Co. Ltd., China)
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preheated to a given temperature. At specified time intervals

(0, 2, 5, 8, 12, 24 and 36 h for 80, 90 and 100 �C; while, 0, 48, 96,

144, 192, 240 and 288 h for 60 �C), one ampoule of each tem-

perature was randomly removed from the water bath and

promptly cooled by putting into an ice water bath [14,15]. The

contents of lysine and the degradation product in cooled am-

poules were determined simultaneously by an HPLC method.

Since the purpose of preparing the lysine hydrochloride

solutions for injection was to adjust the SAM solution to

neutral before injection, the pH value of the solutions need to

be controlled between 10.0 and 10.6. Therefore, the effect of

pH on degradation stability was conducted at three different

pH values (10.0, 10.3 and 10.6) at an extreme 100 �C. To carry

on the study, lysine hydrochloride solutions for injection at

specified pH values were prepared.

Parameters of the kinetic reaction included the rate con-

stant. The rate constants of degradation and generation dur-

ing heat treatment could be determined using the following

equation:

dC=dt ¼ �kCn (1)

where C is the concentration of lysine or the degradation

product at a heating time and temperature (mg/ml); t is the

heating time (h); k is the reaction rate constant ð½mg=ml�1�n
=hÞ;

and n is the kinetic order of the reaction.
2.5. Analytical method

The concentrations of lysine and the degradation product

were determined using a RP-HPLC system by the method of

Sultana H et al. [16] with some modifications. The mobile

phase was consisted of 0.1 mol/l ammonium dihydrogen

phosphate containing 0.2% (w/v) sodium heptanesulfonate:-

methanol (96:4, v/v). The pH of the buffer was adjusted with

ammoniumhydroxide to 6.0. Separationwas achieved at 30 �C
using an ODS C18 (4.6 � 250 mm, 5 mm) column. The flow rate

was set at 0.8 ml/min. Samples were detected using a UV de-

tector at 210 nm, and the injection volume was 20 ml.
2.6. Statistical analysis

All the content determination results of lysine and the main

degradation product were expressed in the form of concen-

tration. Linear regression analysis was used to obtain the rate

constants of lysine degradation and the degradation product

generation. Data was analyzed using the Microsoft Office

Excel software.
3. Results and discussion

3.1. Structure identify of the main degradation product

The 1H NMR spectra and infrared spectra of the main degra-

dation product were shown in Fig. 1. The spectral data anal-

ysis was as follows: 1H NMR (600 MHz, D2O, 25 �C): 1.41 (d, 1H,

m, H-5), 1.72 (d, 1H, m, H-3), 1.77 (d, 1H, m, H-4), 1.87 (d, 1H, m,

H-5), 2.02 (d, 1H, m, H-3), 2.08 (d, 1H, m, H-4), 3.28 (d, 2H, m, H2-

6), 4.30 (d, 1H, dd, J ¼ 1.9 Hz, 11.5 Hz, H-2). FTIR (KBr): 3440.1 (n
(NeH)); 2936.0, 2855.1 (n(eCH2e)); 1665.6 (n(C]O)); 1430-1490

(d(eCH2e)); 1000e1200 (n(CeN)). In Fig. 1A, the labile protons

signal of the nitrogen hydrogen bond disappeared for

exchanging with the solvent D2O, resulting only nine protons

can be seen in the 1H NMR spectra.

Based on the 1H NMR spectra and infrared spectra, we

deduced that themain degradation productwas lysine lactam.

Our result was in agreement with the previous studies [17,18]

that the thermal degradation of amines usually generated

higher molecular polyamines at stripping temperatures, such

as amine dimer, amine trimer and cyclic amines. Judging from

the structure of lysine and lysine lactam as well as the enzy-

matic conversion, one of the major manufacture process of

lysine [19], itwasmoreprobably that lysine lactamwasderived

from the dehydration cyclization of lysine. Certainly, mecha-

nism studies of lysine degradation and lysine lactam genera-

tion in solutions for injection are required for future work.
3.2. Validation of the analytical method

The developed HPLC method was characterized by evaluation

of system suitability, sensitivity, linearity, accuracy, precision

and stability.

3.2.1. System suitability
The determination of system suitability was accomplished by

assaying the system suitability solution (n ¼ 6). The accep-

tance criteria for evaluating system suitability were as fol-

lows: the relative standard deviation (RSD) within 2%,

theoretical plates greater than 2000, the tailing factor within

1.5, and the resolution greater than 1.5. The results of system

suitability showed that all the parameters gained were within

the typical values. Fig. 2 showed the chromatogram of the

system suitability solution.

3.2.2. Sensitivity
The limit of detection (LOD) and quantization (LOQ) were

determined adopting the proposed method by stepwise

diluting the sample solutions. The LOQs for lysine and lysine

lactam corresponding to a signal/noise ratio (S/N) of 10 were

3.2 mg/ml and 0.35 mg/ml, respectively. And the LODs for lysine

and lysine lactam corresponding to the S/N of 3 were 0.80 mg/

ml and 0.10 mg/ml.

3.2.3. Linearity
The linearity was conducted with the standard solutions

(n ¼ 7) over the concentration range of 1e12 mg/ml and

0.01e0.07 mg/ml for lysine and lysine lactam, respectively.

The regression analysis was employed to establish the line-

arity. Typical regression equations for lysine and lysine lac-

tam were A¼596744C þ 65464 and A¼15096C þ 7351.4. The

correlation coefficient (r) was 0.9999 and 0.9998 for lysine and

lysine lactam, separately.

3.2.4. Accuracy
The accuracy for the determination of lysine and lysine lac-

tam was conducted by assaying drug substance sample at 80,

100 and 120% of the target. The apparent recovery of lysine

and lysine lactam were found to be from 98.6 to 101.7%. The

http://dx.doi.org/10.1016/j.ajps.2014.08.012
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Fig. 1 e Structure confirmation spectra of the main degradation product: (A) 1H NMR spectra and (B) infrared spectra.
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average percent recovery was 99.9% (RSD% 0.9) and 100.5%

(RSD% 1.0) for lysine and lysine lactam.

3.2.5. Precision
The precision of the proposed method were assessed by

assaying 6 replicate sample solutions in the standard con-

centrations of lysine and lysine lactam. The same sample was
Fig. 2 e Chromatogram of the system suitability solution

(1-Lysine, 2-Lysine lactam).
determined 6 times to study the instrument precision. The

RSD (%) of the instrument precisions and the method pre-

cisions were all less than 1.0% for lysine and lysine lactam.

3.2.6. Stability
The stability of lysine and lysine lactam in water was evalu-

ated at ambient temperature for 12 h. No significant changes

of the chromatographic responses (<2%)were observed for the

sample solutions of lysine and lysine lactam, relative to

freshly prepared standards. The results indicated that the

sample solutions were stable at room temperature during

analysis over a period of 12 h.

3.3. Kinetic stability of lysine hydrochloride solutions for
injection under different heating temperatures and pH
values

The stability of lysine hydrochloride solutions for injection

was studied at different temperatures and pH values. The ki-

netics of lysine degradation and lysine lactam generation

during heat treatment were investigated using Eq. (1). Under

http://dx.doi.org/10.1016/j.ajps.2014.08.012
http://dx.doi.org/10.1016/j.ajps.2014.08.012
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Fig. 4 e Zero-order plots for (A) lysine degradation and (B)

lysine lactam generation in lysine hydrochloride solutions

for injection at pH 10.3 and temperatures of 60 �C (A), 80 �C
(▫), 90 �C (:) and 100 �C (B).

Table 1e Rate constant (k) and correlation coefficient (r) of
lysine degradation and lysine lactam generation at 100 �C
and pH 10.0, 10.3 and 10.6.

pH Lysine
degradation

Lysine lactam
generation

k (mg/ml/h) r k (mg/ml/h) r

10.0 0.0866 0.9994 0.0207 0.9992

10.3 0.0739 0.9992 0.0197 0.9997

10.6 0.0705 0.9995 0.0193 0.9992
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all the selected conditions, zero-order, first-order and second-

order reaction kinetics were appropriate to model the thermal

degradation behavior of lysine, as suggested by the relatively

high correlation coefficient (r). But, under the same conditions,

only zero-order kinetics described the generation of lysine

lactam well (data not shown). For instance, at pH 10.3 and

100 �C, correlation coefficient of lysine degradation for zero-

order, first-order and second-order kinetics were 0.9992,

0.9993 and 0.9994, respectively, whereas, for lysine lactam

generation, the values were 0.9997, 0.9379 and 0.7705, indi-

vidually. Hence, under the given conditions, lysine degrada-

tion and lysine lactam generation over time followed a zero-

order reaction model with perfect correlation coefficient

(r � 0.9980). Accordingly, zero-order plots for lysine degrada-

tion and lysine lactam generation at different pH values and

temperatures were demonstrated in Figs. 3 and 4. The rate

constants of lysine degradation and lysine lactam generation,

calculated by linear regression based on the experimental data

in Figs. 3 and 4, were presented in Tables 1 and 2. As shown in

Table 1, the rate constants increased with decreasing pH,

which indicated that the lysine hydrochloride solutions for

injection were more stable at higher pH values. The tempera-

ture also had a significant impact on the stability of solutions
for injection. As demonstrated in Table 2, when the tempera-

ture increased from 60 �C to 100 �C, the rate constants of lysine

degradation and lysine lactam generation increased from

0.0040 to 0.0739 and 0.0008e0.0197mg/ml/h, respectively. The

results all showed the sensitivity of the lysine hydrochloride

solutions for injection tohigh temperatures and lowpHvalues.

As it was reported, when applying the integration method

to accurately estimate the reaction order, the concentration

range of the experimental data should be large enough.While,

our results showed that lysine was stable during heat treat-

ment, the content of lysinewas only 3.3% lower even heated at

100 �C for 36 h. In order to obtain a sufficiently large range of

http://dx.doi.org/10.1016/j.ajps.2014.08.012
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Table 2e Rate constant (k) and correlation coefficient (r) of
lysine degradation and lysine lactam generation at pH
10.3 and temperatures of 60, 80, 90 and 100 �C.

Temperature
(�C)

Lysine
degradation

Lysine lactam
generation

k (mg/ml/h) r k (mg/ml/h) r

60 0.0040 0.9987 0.0008 0.9980

80 0.0269 0.9993 0.0047 0.9991

90 0.0695 0.9983 0.0101 0.9996

100 0.0739 0.9992 0.0197 0.9997

Table 3 e Statistical parameters and extrapolated shelf
life at room temperature applying Arrhenius equation.

Statistical
parameters

Lysine
degradation

Lysine lactam
generation

Linear

regression

ln k ¼ 23:548� 9638:8=T ln k ¼ 22:942� 10010=T

Correlation

coefficient

0.9775 0.9995

Ea (kJ/mol) 80.14 83.22

k298
a (mg/ml/h) 0.0002 2.41E-05

Shelf life (y) 3.81 2.36

k298
a : zero-order reaction rate constant at 298 K.
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lysine concentration, more intense test conditions were

needed. Since the tolerance of the existing instruments at

high temperature for long time was not desirable, adopting

more advanced equipment with better tolerance to do further

research on the lysine degradation to validate its reaction

order should be take into consideration.
3.4. Application of Arrhenius equation and predication
of the shelf life

Since the lysine degradation and lysine lactam generation

followed the zero-order reaction kinetics, the relationship

between the rate constants and temperature could be estab-

lished by fitting the experimental data to the Arrhenius

equation:

k ¼ A expð�Ea=RTÞ (2)

where k is the reaction rate constant; A is pre-exponential

factor; Ea is activation energy (J/mol); T is thermodynamic

temperature (K), and R is molar gas constant (8.314 J/K/mol).

By moving the exponential we can have:

ln k ¼ ln A� Ea=RT (3)

Activation energy and other kinetic parameters were

calculated by the linear relationship between lnK and 1/T as

described in Eq. (3). Fig. 5 showed the Arrhenius plots for

lysine degradation and lysine lactam generation at pH 10.3,

and the statistical parameters were showed in Table 3.
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Fig. 5 e Arrhenius plots for lysine degradation (A) and

lysine lactam generation (▫) in lysine hydrochloride

solutions for injection at pH 10.3.
The Ea value of lysine lactam generation (83.22 kJ/mol) was

approximate to that of lysine degradation (80.14 kJ/mol),

indicating that the change rates of the reaction rate constants

with temperature for lysine lactam generation and lysine

degradation were the same. Since the approximate activation

energy, we concluded that a linear relationship existed be-

tween the amount of lysine degradation and lysine lactam

generation. Therefore, we could study the degradation of

lysine hydrochloride solutions for injection by determining

the generation amount of lysine lactam, which made the

research more simple and convenient.

The Arrhenius plots of lysine degradation and lysine lac-

tam generation were used simultaneously to estimate the

shelf life of lysine hydrochloride solutions for injection at

room temperature, which made the prediction more accurate

and credible. It was worth mentioning that an upper and

lower limit of 8% of initial lysine concentration in lysine hy-

drochloride solutions for injection was established as accep-

tance standard for stability. Besides, considering other

possible side effects, an upper limit of lysine lactam, 500 mg/

ml, was also used. By extrapolating from Arrhenius equation,

the lysine degradation and lysine lactam generation rate

constants at room temperature (k298) were calculated (shown

in Table 3), and the shelf life were obtained, 3.81 y for lysine

and 2.36 y for lysine lactam. Therefore, we concluded that the

lysine hydrochloride solutions for injection could be stable

stored at room temperature for two years.
4. Conclusion

The thermal degradation product lysine lactam was success-

fully separated from lysine hydrochloride solutions for injec-

tion and was simultaneously determined with lysine using a

new ion-pair RP-HPLC method without derivation. The pre-

sent study provided detailed information with respect to the

kinetic stability of lysine and lysine lactam at different tem-

peratures and pH values. The study showed that the lysine

degradation and lysine lactam generation were adequately

fitted to a zero-order reaction kinetic model, and the tem-

perature and pH levels had a significant impact on the stability

of lysine hydrochloride solutions for injection, which were

more stable at higher pH values and lower temperatures. The

dependence of degradation and generation process on tem-

perature was described by Arrhenius equation, and the main

kinetic parameters were calculated. The shelf life of lysine

http://dx.doi.org/10.1016/j.ajps.2014.08.012
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hydrochloride solutions for injection was estimated by lysine

degradation and lysine lactam generation together, with a

consequence of 2.36 years. Further studies on the mechanism

of lysine degradation and lysine lactam generation during

heat treatment are certainly required considering the great

potential of lysine in nutritional enhancement.
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