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Abstract
The amino acid L-theanine is frequently used in dietary supplements and nutraceutical foods and beverages for its ability to modulate 
brain activity and neurotransmitter levels. The instability of this compound in acidic formulations (pH 2-3) is concerning and impactful 
for both product efficacy and shelf-life. This study investigates the thermo-oxidative degradation kinetics of L-theanine over 8 weeks 
in two formulations (F1 and F2) stored at 4, 25, and 40 °C under low relative humidity (<40%) and acidic conditions (pH 3.2 for F1 
and 2.4 for F2). The degradation rate constant (k), activation energy (Ea), molecular vibration frequency factor (A), and half-life (τ1/2) 
for each formulation were estimated from concentration-time data using a first-order kinetic model and the Arrhenius equation. Kinetic 
constants were derived by χ2 minimization, considering the measurement errors. The activation energies for L-theanine degradation 
were 72.5 ± 21.9 kJ/mol for F1 and 105.3 ± 8.6 kJ/mol for F2. The findings provide a mathematical model for predicting the shelf-life 
of L-theanine-containing formulations under varying storage conditions relatively quickly and cost-effectively, while still in the R&D 
stage. These insights are valuable for the development of more stable products and can assist in the optimization of manufacturing 
processes to ensure product efficacy over its intended lifespan. 
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1. Introduction 
The water-soluble amino acid L-theanine (γ-glutamyl-ethylamide) 
appears mainly in green tea according to [1]. Research demonstrates 
that L-theanine benefits humans through its anti-anxiety and anti-
stress properties while also helping combat insomnia by altering 
brain activity [2-5]. Research also indicates that L-theanine 
administration at 200mg/day produces effects as demonstrated 
by and, but improving attention requires a dosage of 100mg/day 
according to [6-8]. Presently L-theanine is ingested as a dietary 
supplement which is mostly added to drinks or nutrient beverages 
to address daily stress. Scientific research remains scarce regarding 
the thermo-oxidative degradation of L-theanine especially in 
acidic environments. Manufacturers of commercial beverages 
seldom specify L-theanine concentrations because research on 
its stability and shelf-life in acidic (pH 2-3) water-based drinks 
remains incomplete.

In the 75-day pre-market FDA notification, degradation of 

L-theanine aqueous solution was tested at room temperature (25 
oC) under various pH levels [9]. The data showed nearly 5% 
degradation of L-theanine within 24 hours at pH 2, indicating 
that highly acidic aqueous environment (pH 2-3) increases the 
degradation rate. To date, this remains the only published data on 
L-theanine degradation at pH below 3.0. Reports showing good 
stability of L-theanine at pH of (3-7) were either conducted for 
a short period of time, or under cold storage conditions of <25 
oC 7 [10,11]. Understanding L-theanine degradation kinetics in 
formulations across a range of pH (2-3) and temperature conditions 
(up to 40 oC) provides valuable insight into predicting its shelf 
life and aiding beverage manufacturers in critical formulation 
enhancements that can prolong the L-theanine shelf life in finished 
products while still in the R&D stage. L-Theanine is an amide 
formed from L-glutamic acid and Ethylamine, and it slowly 
degrades into these exact compounds under thermo-oxidative 
stress likely undergoing acid-catalyzed amide bond hydrolysis as 
seen in Figure 1 [12].
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Numerous studies have used the Arrhenius equation to describe 
the thermo-oxidative degradation kinetics of pharmaceutical 
and nutraceutical compounds, but none have investigated its 
application to L-theanine, particularly under pH < 3 and up to 
40 oC temperature [13-17].  Section 2 of the manuscript details 
the materials and methods used to test the potency of L-theanine 
in two beverage formulations (F1 with pH 3.2 and F2 with pH 
2.4). Section 3 presents the measured concentration vs time data. 
Section 4 contains data processing and results. Section 5 discusses 
findings relevant to the dietary supplement beverage industry, 
followed by the conclusion in Section 6.

2. Materials and Methods
2.1. Materials 
L-theanine analytical standard (purity >98%), caffeine analytical 
standard (1mg/ml), acetonitrile, and citric acid were purchased 
from Sigma-Aldrich (St. Louis, MO, USA), purified water was 
dispensed from an in-house Mili-Q filtration system, L-theanine 
for formulation was purchased from Bulk Supplements, PURTEA 
95% pure natural caffeine was obtained from Applied Food 
Sciences (AFS). 

2.2. Equipment 
Agilent Infinity 1290 High Performance Liquid Chromatographer 
(HPLC), with Diode Array Detector and stationary phase C18 
Proshell 120, (2.7 µm, 4.6 100 mm), Mettler-Toledo pH meter, 

Across International temperature controlled storage chambers set 
at (25 and 40 oC), and LABRepCo Futura refrigerator set at (4 oC), 
aluminum sample incubation bottles with internal Polyethylene 
coating as well as plastic stoppers and screwcaps were purchased 
from Elemental Containers. 

2.3. HPLC Analytical Test Method 
An HPLC method was developed and validated to simultaneously 
detect and quantify L-theanine and caffeine in solvents and 
beverages, ensuring specificity, linearity, accuracy, precision, and 
system suitability per ICH Q2(R1) guidelines.

2.3.1. Method Parameters
•	 Detection wavelength: 200nm
•	 Mobile phase: Water : Acetonitrile (gradient program - see 

Table 1)
•	 Solvent: 100% Water
•	 Flow rate: 0.5mL/min
•	 Injection volume: 1μL
•	 Max Pump Pressure: 400bar
•	 Run Time: 15 minutes
•	 L-Theanine RT: 2.978 minutes 
•	 Caffeine RT: 8.831 minutes
•	 Column Temperature: 35 oC
•	 Column:C18 Proshell 120, (2.7µm, 4.6 x 100mm)

Time (min) 100% ACN 100% Water
0 1 99
3 1 99
10 40 60
10.1 95 5
15 95 5

Table 1: Gradient Program of the Ratio of Water to Acetonitrile in the Mobile Phase

The test method was validated according to the guidelines [18].
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Time F1 F2
(Week) 4 oC 25 oC 4 oC 4 oC 25 oC 4 oC
0 1.000 1.000 1.000 1.000 1.000 1.000
1 1.000 1.000 0.972 1.000 0.990 0.929
2 0.997 1.000 0.966 0.984 0.968 0.861
4 0.983 0.983 0.931 0.974 0.974 0.748
8 0.966 0.966 0.852 0.935 0.919 0.455

Tables 2: Concentration of L-Theanine Over Time C(t) Normalized by the Initial Concentration C0 
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where 𝑘 is the reaction rate constant (1/week), 𝐴 is the frequency factor (1/week), 𝐸𝑎 is the

reaction activation energy (J/mol), R is the universal gas constant (8.314J ∙mol-1 ∙K-1), 𝑇 is the

temperature (K)

Half-life of L-theanine is calculated from [17]:

𝜏1/2,𝑗 = 𝐿𝑛(2)/𝑘𝑗 (3)

2.5. Measurements

2.5.1. Concentration vs Time

Normalized L-theanine concentrations at various time intervals are shown in Table 2.

Time F1 F2

(Week) 4 ℃ 25 ℃ 4𝟎℃ 4℃ 25 ℃ 4𝟎℃

0 1.000 1.000 1.000 1.000 1.000 1.000

1 1.000 1.000 0.972 1.000 0.990 0.929

2 0.997 1.000 0.966 0.984 0.968 0.861

4 0.983 0.983 0.931 0.974 0.974 0.748

8 0.966 0.966 0.852 0.935 0.919 0.455

Tables 2: Concentration of L-Theanine Over Time 𝑪(𝒕) Normalized by the Initial

Concentration 𝑪𝟎 ≡ 𝑪(𝒕 = 𝟎) for Temperatures 𝑻𝒋=𝟏,𝟐,𝟑 ≡ 4, 25, 40 ℃.

Caffeine remained stable in all conditions, so subsequent results focus solely on L-theanine. All

formulations maintained their pH values throughout the study.
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reaction activation energy (J/mol), R is the universal gas constant (8.314J ∙mol-1 ∙K-1), 𝑇 is the

temperature (K)

Half-life of L-theanine is calculated from [17]:

𝜏1/2,𝑗 = 𝐿𝑛(2)/𝑘𝑗 (3)

3.2. Determination of Kinetic Constants
Thermo-oxidative degradation kinetic constants were determined 
based on measuring the L-theanine concentrations Ci,j using HPLC 
for formulations (F1 and F2), five time points (ti = 1,...5 = 0, 1, 2, 4, 
and 8 weeks) and three temperatures (Tj=1,2,3 = 4, 25, 40oC). 

Kinetic constants kj , Ea and were found from minimization of the  
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according to Eq. (1) at the relative concentration measurement error of ∆𝑖,𝑗 = 2%. The results for
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where the measured values ​​Fi,j with corresponding errors ∆i,j 
≡ ∆Fi,j  are approximated by the function fi,j ≡ fi(θj) , where θj 
is an unknown parameter (a kinetic constant in our case). The 
peculiarity of Person’s test is in the reliable estimation of the error 
(∆θj) of the parameters in the minimum of the function χ2(θj) [19-
22]. The values of the degradation rate constants kj for a given 
Tj are obtained from χ2(kj) minimization for Fi,j ≡ Ci,j/C0 and fi,j 
≡ exp(−kjti,j) according to Eq. (1) at the relative concentration 
measurement error of  ∆i,j = 2%. The results for Ln(C(t)/C0) as a 
function of time for all three temperatures Tj are shown in Figure 2 
and 3 for formulations F1 and F2 correspondingly.

2.5. Measurements
2.5.1. Concentration vs Time 
Normalized L-theanine concentrations at various time intervals are 
shown in Table 2.
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3.2. Determination of Kinetic Constants
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Figure 2: Concentrations of L-Theanine in Formulations F1 Versus Time Interval for Three Temperatures (Tj = 1,2,3= 4, 25 and 40 oC). 
Symbols Represent the Measured Data (Fi,j) Whereas the Lines Represent the Expected Values Obtained by the χ2(kj) Minimization 
Using Equation (1) for Different Corresponding Temperatures Tj.

the Lines Represent the Expected Values Obtained by the 𝜒2(𝑘𝑗) Minimization Using Equation

(1) for Different Corresponding Temperatures 𝑇𝑗.

Figure 3: Same as Figure 2 for Formulation F2

The values of the reaction rate constants 𝑘𝑗 ± ∆𝑘𝑗 and the corresponding half-lives for both

formulations (F1, F2) are shown in Table 3.

𝑻𝒋 F1 F2

(℃) 𝒌𝒋 ± ∆𝒌𝒋

(1/week)

𝝉𝟏/𝟐,𝒋

(years)

𝒌𝒋 ± ∆𝒌𝒋

(1/week)

𝝉𝟏/𝟐,𝒋

(years)

4 0.0041 ± 0.0022 3.25 ± 1.74 0.0079 ± 0.0022 1.68 ± 0.47

25 0.0041 ± 0.0022 3.25 ± 1.75 0.0101 ± 0.0022 1.32 ± 0.29

40 0.0196 ± 0.0022 0.68 ± 0.08 0.0929 ± 0.0021 0.14 ± 0.01

Table 3: L-Theanine Degradation Reaction Rate Constants and Corresponding Half-Lives

for Formulations F1 and F2

Two-parameter minimization function 𝜒2(𝑘𝑗|𝐴, 𝐸𝑎) for given 𝑘𝑗=1,2,3 and ∆𝑘𝑗 , which is used to

evaluate the reaction kinetic constants 𝐴 and 𝐸𝑎 from the Arrhenius equation (2), turned out to be

Figure 3: Same as Figure 2 for Formulation F2

The values of the reaction rate constants kj ± ∆kj and the corresponding half-lives for both formulations (F1, F2) are shown in Table 3.

Tj F1 F2
(℃) kj ± ∆kj (1/week) τ1/2,j (years) kj ± ∆kj (1/week) τ1/2,j (years)

4 0.0041 ± 0.0022 3.25 ± 1.74 0.0079 ± 0.0022 1.68 ± 0.47
25 0.0041 ± 0.0022 3.25 ± 1.75 0.0101 ± 0.0022 1.32 ± 0.29
40 0.0196 ± 0.0022 0.68 ± 0.08 0.0929 ± 0.0021 0.14 ± 0.01

Table 3: L-Theanine Degradation Reaction Rate Constants and Corresponding Half-Lives for Formulations F1 and F2
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Two-parameter minimization function χ2(kj|A, Ea) for given kj 
= 1,2,3 and ∆kj, which is used to evaluate the reaction kinetic 
constants A and Ea from the Arrhenius equation (2), turned out to 
be ineffective due to a small measured dataset. This lead to large 
cross-correlations between the parameters  A and Ea and therefore 
large parameter errors. 

To improve the accuracy of the activation energy evaluation we 
applied a one-parameter minimization function χ2(kj/Ea) from 

expression (4) for measured Fj = kj/∑j kj and expected fj ≡ f(Tj|Ea)/∑j 
f(Tj|Ea)., where f(Tj|Ea) = exp(−Ea/RTj). 

Соresponding errors ∆Fj in expression (4) were calculated using 
the Propagation of Error method [23]. Evaluation of the activation 
energy Ea ± ∆Ea for the given kj ± ∆kj allowed us to estimate the 
frequency factor A and its error ∆A using the χ2(kj|A) minimization 
expression (4). Kinetic constants Ea, and A along with their 
corresponding errors ∆Ea and ∆A, are shown in Table 4.

Formulation Ea ± ∆Ea (kJ/mol)  A ± ∆A  (1/week)
F1 72.5 ± 21.9 (2.65 ± 0.29) × 1010

F2 105.3 ± 8.6 (3.52 ± 0.10)×1016

Table 4: Kinetic Constants Ea and A for Both Formulations

3.3. Data Consistency Test
Evaluated vales of kinetic kj, Ea constants and A allowed us to 
compare the behavior of the reaction rate constant kj ≡ k(t|Tj) 
calculated from the Equation (1) with the analogical reaction rate 
constant k(T|A, Ea) found by minimization of χ2 from the Arrhenius 

Equation (2). The results of this comparison are presented in 
Figure 4. As can be seen, there is an agreement between the 
reaction rate constant (kj)j=1,2,3 obtained from the concentration 
versus time measurement (Table 2) and Arrhenius Equation (2) for 
both formulations.

Figure 4. L-theanine Degradation Reaction Rate Constants 𝑘(𝑇) for Two Formulations F1 and

F2. The Symbols Represent 𝑘 𝑡 𝑇𝑗 Obtained from Eq. (1). The Lines Represent

𝑘(𝑇|𝐴,𝐸𝑎) Obtained from Arrhenius Eq. (2) for Evaluated Kinetic Constants 𝐴 and 𝐸𝑎.

The conventional method for evaluating the activation energy 𝐸𝑎 is the analytical solution of the

Arrhenius equation:

𝐸𝑎(𝛼,𝛽) = 𝑅 ∙ 𝐿𝑛 𝑘𝛼/𝑘𝛽 / 1/𝑇𝛽 − 1/𝑇𝛼 (5)

where 𝑘𝛼,𝑘𝛽 are the estimations of the reaction rate constants obtained from the concentration

measurements approximated by Eq. (1) at temperatures 𝑇𝛼 and 𝑇𝛽 correspondingly. By default,

this method assumes that the equations (1) and (2) perfectly describe the measurements. Even if

this was true, the measurement errors would inevitably lead to biased estimates. In our case, the

results depend on the choice of temperatures 𝑇𝛼 and 𝑇𝛽 . The 𝜒2 minimization method we

employed to estimate the kinetic constants 𝑘, 𝐸𝑎 and 𝐴 from equations (1) and (2) is free from

these limitations and utilizes the entire experimental dataset, taking measurement errors into

account. Table 5 presents the ratios of the kinetic constants 𝐸𝑎(𝛼,𝛽)/𝐸𝑎 and 𝐴(𝛼,𝛽)/𝐴 for

formulation 2, obtained using the analytical method (5) at temperatures Т𝛼,𝛽 , where 𝛼 = 1,2 and

𝛽 =2,3.

𝜶,𝜷 𝑬𝒂(𝜶,𝜷)/𝑬𝒂 𝑨(𝜶,𝜷)/𝑨

Figure 4: L-theanine Degradation Reaction Rate Constants k(T) for Two Formulations F1 and F2. The Symbols Represent k(t|Tj) 
Obtained from Eq. (1). The Lines Represent k(T|A, Ea) Obtained from Arrhenius Eq. (2) for Evaluated Kinetic Constants A and Ea.
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𝜶,𝜷 𝑬𝒂(𝜶,𝜷)/𝑬𝒂 𝑨(𝜶,𝜷)/𝑨

where kα, kβ are the estimations of the reaction rate constants 
obtained from the concentration measurements approximated by 
Eq. (1) at temperatures Tα and Tβ correspondingly. By default, this 
method assumes that the equations (1) and (2) perfectly describe 

the measurements. Even if this was true, the measurement errors 
would inevitably lead to biased estimates. In our case, the results 
depend on the choice of temperatures Tα and Tβ. The χ2 minimization 
method we employed to estimate the kinetic constants k, Ea and  
A from equations (1) and (2) is free from these limitations and 
utilizes the entire experimental dataset, taking measurement errors 
into account. Table 5 presents the ratios of the kinetic constants 
Ea(α, β)/Ea and A(α, β)/A for formulation 2, obtained using the 
analytical method (5) at temperatures Tα,β, where α = 1,2 and β = 
2,3.
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α, β Ea(α, β)/Ea  A(α, β)/A
1,2 0.01 ± 0.11 0.06 ± 0.01
1,3 0.47 ± 0.05 1.22 ± 0.11
2,3 1.09 ± 0.11 1.02 ± 0.09

Table 5: The Ratios of the Kinetic Constants Ea(α, β)/Ea  and A(α, β)/A for Formulation 2

It can be seen that the conventional method depends on the choice 
of temperatures and  and agrees with our results only for α = 2 and 
β = 3.

4. Discussion
Under the investigated pH and temperature conditions, the 
degradation of L-theanine in both formulations is consistent 
with the acid-catalyzed hydrolysis of its amide group [24]. 
Under strongly acidic conditions, the carbonyl oxygen of the 
amide group of L-theanine becomes protonated, increasing its 
electrophilicity and making it more susceptible to nucleophilic 
attack by water molecules, which results in cleavage of the amide 
bond and formation of L-glutamic acid and ethylamine [25,26]. 
The combination of elevated temperature, low pH and extended 
exposure significantly increases the rate of the hydrolytic 
degradation reaction as predicted by the Arrhenius equation. 
Although L-theanine degraded faster in formulation F2 than F1 
(see Table 3), the activation energy barrier of the reaction Ea for 
F2 was larger than that of F1 considering measurement errors (see 
Table 4). This is explained by a large frequency factor A for F2 
compared to that of F1 (see Table 4). 

The shelf-life of the active ingredient in the dietary supplement 
beverage is one of the most important specifications that must be 
established and followed by the manufacturers to comply with the 
FDA code of federal regulation (21CFR111.75(c)). It mandates 
that the product must contain at least 100% of the declared amount 
of each dietary ingredient listed on the “Supplement Facts” panel 
through the shelf life. Knowing the degradation rate behaviors 
and half-life of the L-theanine in a beverage stored at various 
temperatures (see Table 3), it is easy to estimate the amount of 
L-theanine overage needed for its concentration to still be at 100% 
of the label claim at the end of the shelf-life. The shelf-life prediction 
based on the Arrhenius model can also guide the manufacturers 
towards formulation adjustments necessary to improve the shelf-
life of the products if faster than expected degradation is predicted. 
This is important since stability studies are excessively expensive, 
especially for smaller manufacturers. Our method can accurately 
predict the L-theanine long term degradation behavior and save 
manufacturers significant amount of time and testing expenses. 

5. Conclusion
In this study we investigated degradation of L-theanine over time 
in two aqueous formulations (F1 with pH = 3.2 and F2 with pH = 
2.4) incubated at three temperatures (4, 25, and 40 oC). Using the 
χ2 minimization method and Arrhenius equation we predicted the 
behavior of L-theanine degradation rate constant k over time (Figure 

2 and 3), as well as found the reaction activation energies Ea and 
frequency factors A (Table 4) taking into account the measurement 
errors. L-theanine degradation rate correlated with formulation 
acidity indicating that at pH 2.4 the oxidative degradation plaid a 
larger role in degradation kinetics than at pH 3.2. The conventional 
method for evaluating the activation energy via expression (5) 
led to temperature-biased estimates due to measurement errors, 
so we used the χ2 minimization method, which utilized the entire 
experimental dataset and accounted for the measurement errors 
to more accurately estimate the degradation kinetics. The results 
underscore the critical impact of pH and temperature on the 
stability of L-theanine, providing a robust predictive framework 
for shelf-life estimation. These findings offer valuable insights 
for the rational design and optimization of dietary supplement, 
nutraceutical and compounded products containing L-theanine, 
ensuring efficacy over the product’s intended lifespan.
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