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សង្ខិិ�ត្តតន័័យ

កាហ្វេ�េអី៊ី�នតែ�ងតែ�ត្រូ�ូវបានបញូ្ចូ� លជាសារធា�ីផ្សំំ�ចំ�បងហ្វេ�កីុ្នុង
ហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង  ហ្វេ��ម្បីី�ជ្ជៈ�រញីនងិបហ្វេងើ�នថាម្បីពលកីុ្នុងរាងកាយបាន
យូ៉ាងឆាប់រ�័ស បីូតែនែវាក្នុ៏ផ្សំែល់ន� វផ្សំលបូ�ពាល់អ៊ីវជិ្ជៈៈម្លាំន�ល់
សីខភាពផ្សំងតែ�រ ជាពិហ្វេសស ចំ�ហ្វេពា�កី្នុម្លាំរ ស្ត្រីសែ�ម្លាំនផ្ទៃផ្សំៃហ្វេពា� និង
ម្បីនីសំចាស់។ ហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ងជាហ្វេត្រូចំ�នមិ្បីនបានបង្ហាា ញព�៌ម្លាំន
ឱ្យយបានត្រូ�ឹម្បីត្រូ�ូវអ៊ី�ព�បរមិ្លាំណកាហ្វេ�េអី៊ី�នហ្វេ��យ។ អ៊ីវ�ដម្លាំនផ្ទៃន
របាយការណ៍តែ�លគួួរឱ្យយហ្វេជ្ជៈឿទីុក្នុចិំ�ែបានសែ�ព�ក្នុត្រូមិ្បី�ជា�ិកាហ្វេ�េអី៊ី�
នហ្វេ�កីុ្នុងហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង តែ�លក្នុ�ពីងហ្វេ�េ�ចំរាចំរណ៍ហ្វេ�កីុ្នុងត្រូបហ្វេទុស
ក្នុម្បីុីជា បង្ហាា ញព��ត្រូមូ្បីវការវ�ិ�សាស្ត្រីសែវភិាគួ�៏ត្រូ�ឹម្បីត្រូ�ូវសត្រូម្លាំប់ផ្សំែល់
ព�៌ម្លាំនយល់�ឹង�ល់អុ៊ីក្នុហ្វេត្រូប�ត្រូបាស់ និងការត្រូ�ួ�ពិនិ�យការហ្វេត្រូប�
ត្រូបាស់ហ្វេ�យតែផ្សំែក្នុហ្វេល�បទុបីញ្ចូញ�ែ។ិ ��ហ្វេចុំ� ការហ្វេត្រូប�ត្រូបាស់មូ្លាំសី�នវភិាគួ
តែបបទុ�ហ្វេន�ប HPLC កីុ្នុងទុ�រង់ជាផាសចំល័�តែ�ល ជាលាយផ្ទៃនទឹុក្នុ
នងិអាហ្វេស��ន�ត្រូទុ�ល ហ្វេ��យតែ�លលាយហ្វេន�ម្លាំនសម្លាំម្លាំត្រូ�ហ្វេ�រ ត្រូ�ូវ
បានហ្វេរៀបចំ�ហ្វេ�េ�យូ៉ាងលែប�ផី្សំ� និងបានបង្ហាា ញព�ភាពត្រូ�ឹម្បីត្រូ�ូវកីុ្នុង
ការក្នុ�ណ�់រក្នុបរមិ្លាំណសារធា�ីកាហ្វេ�េអី៊ី�នកីុ្នុងហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង
ហ្វេផ្សំំងៗ។  វ�ិ�សាស្ត្រីសែហ្វេន�ម្លាំនការចំ�ណាយ�ិចំ ម្លាំនភាពរ�័ស 
ហ្វេ��យហ្វេត្រូប�ត្រូបាស់ធា�ីរ �លាយសរ �រាងគ�ិចំប�ផី្សំ� តែ�លមិ្បីនបូ�ពាល់
�ល់បរសិាា ន។ ការតែញក្នុសារធា�ីកាហ្វេ�េអី៊ី�នហ្វេចំញព�ភាគួស�ណាក្នុ
ហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង តែ�លទុទួុលបានលទុធផ្សំលលែប�ផី្សំ� គួឺហ្វេ�ហ្វេពល
ហ្វេត្រូប�ផាសចំល័� (លាយផ្ទៃនទុឹក្នុនិងអាហ្វេស��ន� ត្រូទុ�ល) តាម្បី
សម្លាំម្លាំត្រូ� (87:13 v/v) ហ្វេ�យហ្វេត្រូប�ក្នុ�ហ្វេ�នតែញក្នុ C18 (30 μ) ហ្វេ�
ហ្វេលី�នល���រហ្វេ�រ 1 mL/min និងជ្ជៈ�ហានរលក្នុ 273 nm ។ ក្នុត្រូមិ្បី�
តែ�នក្នុ�ណ�់ទាបប�ផី្សំ� (LOD) ផ្ទៃនការរក្នុហ្វេ��ញវ�ែម្លាំនកាហ្វេ�េអី៊ី�នគឺួ 
14.34 μg/L នងិក្នុត្រូមិ្បី�តែ�នក្នុ�ណ�់ទាបប�ផី្សំ�ផ្ទៃនការក្នុ�ណ�់បរមិ្លាំណ 
(LOQ) កាហ្វេ�េអី៊ី�ន គួឺ 43.45 μg/L។  ក្នុត្រូម្បីិ�ល�ហ្វេនតែអ៊ីែរតែ�លទុទុួល
បានហ្វេ�កីុ្នុងវ�ិ�សាស្ត្រីសែហ្វេន�គឺួ R2  ≥³ 0.9994 ហ្វេ�ហ្វេពលតែ�លហ្វេត្រូប�
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ស�លីយសយីងសែង់�កាហ្វេ�េអី៊ី�ន និងភាគួស�ណាក្នុហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង។ ជាងហ្វេន�ហ្វេ�ហ្វេទុៀ� ការហ្វេ�េ�ហ្វេ�សែសារជា�ី�ហ្វេ��ម្បីី�ហ្វេផ្សំៃ�ងផាៃ �់ គួឺទុទុួលបាន
ភាគួរយគួមំ្លាំ�សែង់� (RSD) ��ចំ 0.11% តែ�លបង្ហាា ញព�ភាពត្រូ�ឹម្បីត្រូ�ូវក្នុត្រូមិ្បី�ខុស់។ ការហ្វេ�េ�ហ្វេ�សែហ្វេន� បានរក្នុហ្វេ��ញក្នុ�ហាប់ហ្វេ�ក្នុុីងចំហ្វេ�ំ� 
99.58-99.79%។ លទុធផ្សំលហ្វេន�បញ្ជាៈ ក្នុ់ថា វ�ិ�សាស្ត្រីសែហ្វេន�ម្លាំនក្នុត្រូមិ្បី�ត្រូ�ឹម្បីត្រូ�ូវខុស់ក្នុុីងការរក្នុហ្វេ��ញក្នុ�ហាប់ពិ�។ ការហ្វេ�េ�ហ្វេ�សែហ្វេ��ម្បីី�វាយ��ផ្ទៃល
វ�ិ�សាស្ត្រីសែ Robustness ហ្វេ�  ហ្វេល�ការតែត្រូបត្រូបួល��ចំតាចំផ្ទៃនស��ីណា ភាពហ្វេ�ត្រូ�ង់��បន់ប�ពង់តែញក្នុ ហ្វេលី�នល���រផាសចំល័� (លាយផ្ទៃនទឹុក្នុ
និងអាហ្វេស��ន�ត្រូទុ�ល) ឬផ្សំលហ្វេ�ៀបផ្ទៃនផាសចំល័�ហ្វេន�ពី�បានបង្ហាា ញឥទុធិពលគួួរឱ្យយក្នុ�់សម្លាំគ ល់ហ្វេ�ហ្វេល�លទុធផ្សំលហ្វេន�ហ្វេទុ តែ�លឆីំ្លុះ�បញូ្ជា�ងព�
ត្រូបសិទុធភាពនិងភាពត្រូ�ឹម្បីត្រូ�ូវក្នុត្រូមិ្បី�ខុស់ផ្ទៃនវ�ិ�សាស្ត្រីសែហ្វេន�កីុ្នុងការរក្នុក្នុ�ហាប់ពិ� កីុ្នុងចំហ្វេ�ំ� 97.54-97.74% និងភាពត្រូ�ឹម្បីត្រូ�ូវកីុ្នុងចំហ្វេ�ំ�ព� 
0.07-0.45% ។ ហ្វេទា�ជាយូ៉ាងណាក៏្នុហ្វេ�យ ការផំាស់បែ�របនែិចំបនែួចំផ្ទៃនលក្នុខខណឌ ទា�ងហ្វេន�បានជ្ជៈ�ឥទុធិពលយូ៉ាងខំ្លាំ�ងហ្វេ�ហ្វេល�រយ�ហ្វេពលផ្ទៃនការ
តែញក្នុកាហ្វេ�េអី៊ី�ន ហ្វេ�យក្នុុីងលក្នុខខណឌ លែប�ផី្សំ�ផ្ទៃនវ�ិ�សាស្ត្រីសែហ្វេន� បានរក្នុហ្វេ��ញហ្វេ��ទុ�ទុ� 7.02  ខណ�ហ្វេពលតែ�លការផំាស់បែ�រស��ីណា ភាពផ្ទៃន
ក្នុ�ហ្វេ�នតែញក្នុ (25 μ) អ៊ីត្រូតាល���រ (0.8 mL/min) និងសម្លាំម្លាំត្រូ�ផាសចំល័� (85:15 v/v) ត្រូ�ូវបានសហ្វេងើ�ហ្វេ��ញហ្វេ��ទុ�ទុ� 7.36 8.86 
នងិ 5.70 ហ្វេរៀងគុ្នា។ វ�ិ�សាស្ត្រីសែ កីុ្នុងលក្នុខខណឌ លែប�ផី្សំ�ហ្វេន�  ត្រូ�ូវ បាន  ហ្វេត្រូប� សត្រូម្លាំប់ ក្នុ�ណ�រ់ក្នុ បរមិ្លាំណកាហ្វេ�េអី៊ី�ន កីុ្នុង ហ្វេ�សជ្ជៈៈ� បូ�វ ក្នុមំ្លាំ �ង ចំ�ននួ ២៥ 
មូ្លាំក្នុ យ�ហ្វេហាហ្វេផ្សំំង គុ្នា តែ�ល ត្រូបម្បី�ល បាន ព� ទុ�ផ្សំារក្នុុីងត្រូបហ្វេទុស ក្នុម្បីុីជា។ បរមិ្លាំណកាហ្វេ�េអី៊ី�នតែ�លបានរក្នុហ្វេ��ញជាអ៊ីបីបរម្លាំគឺួ 82.4 mg/L និង
អ៊ី�ិបរម្លាំគួឺ 424.4 mg/L ។ ភាគួហ្វេត្រូចំ�នផ្ទៃនហ្វេ�សជ្ជៈៈ�បូ�វក្នុមំ្លាំ �ង តែ�លម្លាំនបិទុសំាក្នុសញ្ជាញ បរមិ្លាំណកាហ្វេ�េអី៊ី�នត្រូ�ឹម្បីត្រូ�ូវ បានបង្ហាា ញព�ក្នុត្រូមិ្បី�
ទុទុួលយក្នុបានផ្ទៃនការ�ក្នុ់បរមិ្លាំណកាហ្វេ�េអី៊ី�នក្នុុីងចំហ្វេ�ំ� 90-110% (ឬ ±10%)។

Abstract
Caffeine is often included as a valuable ingredient in energy drinks to provide a quick boost of energy and increase 
mental alertness, but it led to increased adverse health effects for children, pregnant women, and old people. 
Many energy drinks lack proper labeling of their caffeine content. The absence of reliable reports on caffeine levels 
in energy drinks in Cambodia highlights the need for accurate analysis for consumer awareness and regulatory 
monitoring. Therefore, high-performance liquid chromatography (HPLC) in isocratic mode was optimized and 
validated for quantifying caffeine content in various energy drinks, which is inexpensive, fast, and utilizes the 
least quantity of organic solvent, making the method eco-friendly. The optimum caffeine separation from the 
matrix sample was obtained when the water/acetonitrile (87:13 v/v) mobile phase operated in the C18 column 
(30℃) at a fixed flow rate of 1-mL/min and 273 nm wavelength. The Limit of Detection (LOD) of 14.34 µg/L and 
the Limit of Quantitation (LOQ) of 43.45 µg/L were obtained. The linearity was achieved with R2 ≥ 0.9994 when 
caffeine standard solution and matrix energy drink were employed. Additionally, the repeatability test yielded 
a small RSD of 0.11%, indicating high precision. The recoveries were between 99.58 to 99.79%, reflecting an 
exceptionally high recovery rate. The robustness test on small variations of column temperature, flow rate, or 
mobile phase ratio exhibited insignificant influent on the results, reflecting the high recovery efficiency of 97.54 
to 97.74% and precision of 0.07 to 0.45%. However, these slight changes led to a significant effect on caffeine 
retention to observe at 7.02 min for the optimum conditions, while the change of column temperature (25℃), flow 
rate (0.8 mL/min),  and mobile phase ratio (85:15 v/v) were observed at 7.36, 8.86, and 5.70 min, respectively. 
This optimized method was employed for quantifying caffeine content in 25 different brand names of energy 
drinks collected from Cambodia’s market. The minimum caffeine content of 82.4 mg/L and the maximum of 424.4 
mg/L were observed. For those energy drinks that existed the proper company label of caffeine content mostly 
exhibited the specific tolerance range for caffeine content within 90 to 110% (or ±10%). 

Research highlights 
• Optimization and validation of HPLC method for quantification of caffeine contents.
• Applying the optimized method for analyzing 25 different brand names of energy drinks in Cambodia’s market.

Introduction 
Energy drinks have gained immense popularity worldwide, 
particularly among adolescents and young adults seeking 
to enhance their physical and mental performance 
(Abbood & Aldiab, 2017; Presson, 2022; Richards & Smith, 
2016). These drinks containing stimulant compounds, 
usually caffeine, perform as stimulants of the central 
nervous system (Ahmad Sharoni, Surib, Shahrul, & 
Zawani, 2021; Alsunni, 2015; Nadeem et al., 2021). 
Caffeine is valuable due to its ability to momentarily 
prevent sleepiness and increase alertness, making it a 
key ingredient in many energy drinks (Mirza et al., 2021). 

However, excessive consumption of energy drinks can 
have serious health effects resulting from high caffeine, 
particularly in children, pregnant women, and old people 
(Nawrot et al., 2003). High levels of caffeine consumption 
can cause unpleasant and dangerous effects, i.e., anxiety, 
insomnia, digestive issues, muscle breakdown, addiction, 
high blood pressure, rapid heart rate, fatigue, and 
frequent urination and urgency (De Sanctis et al., 2017; 
Ehlers, Marakis, Lampen, & Hirsch-Ernst, 2019).

Energy drinks are widely used in Cambodia, which 
began the first start of flow to the markets in the year 
1993(Fuel the Energy Levels with Cambodia’s Refreshing 
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and Revitalizing Energy Drinks, 2024). Currently, the 
manufacturing of energy drinks has significantly risen 
in Cambodia due to several socio-economic factors 
that have shaped their popularity, such as the young 
generation, marketing strategy, economic growth, 
urbanization, and health trends (Fuel the Energy Levels 
with Cambodia’s Refreshing and Revitalizing Energy 
Drinks, 2024). More than 55% of Cambodian consumers, 
according to a study, are now more inclined to buy 
energy drinks with extra vitamins and minerals for 
health benefits(Fuel the Energy Levels with Cambodia’s 
Refreshing and Revitalizing Energy Drinks, 2024). 
However, some of these drinks lack adequate labeling 
regarding their caffeine content. Additionally, there 
is a lack of scientific studies and reports that provide 
reliable caffeine content in energy drinks in Cambodia, 
while the caffeine analysis is important for several 
reasons. First, it ensures that manufacturers comply 
with regulatory standards and accurately label the 
caffeine content, which is essential for consumer safety 
and informed choice (Attipoe, Leggit, & Deuster, 2016; 
Chen, Liu, Jaenicke, & Rabinowitz, 2019). Regulatory 
bodies, such as FDA and EFSA, have established guidelines 
for the maximum allowable caffeine content in energy 
drinks(EFSA Panel on Dietetic Products & Allergies, 
2015; Rosenfeld, Mihalov, Carlson, & Mattia, 2014). 
Second, precise caffeine quantification helps in assessing 
the potential health risks associated with excessive 
caffeine consumption (Ehlers et al., 2019; Khouja et al., 
2022; Sankararaman, Syed, Medici, & Sferra, 2018; van 
Dam, Hu, & Willett, 2020). According to FDA and EFSA 
guidelines, the caffeine intake recommended for an adult 
is 400 mg per day (Fajara, 2017; Reyes & Cornelis, 2018). 
The UK Food Standards Agency has recommended that 
pregnant women should limit their caffeine intake, out 
of prudence, to less than 200 mg per day (Ruiz & Scherr, 
2019; Wierzejska, Jarosz, & Wojda, 2019).

Given the widespread use of energy drinks and the 
potential health risks associated with excessive caffeine 
consumption, it is crucial to develop accurate and reliable 
methods for analyzing caffeine (Pereira, Rodríguez-
Cordero, López, Robles, & Aller, 2021). Several analytical 
methods have been reported for the determination of 
caffeine in different energy drinks including UV-visible 
spectrophotometry (Ahmad Bhawani, Fong, & Mohamad 
Ibrahim, 2015; Khalid et al., 2016), HPLC (Aşçı, Dinç Zor, 
& Aksu Dönmez, 2016; Mirza et al., 2021), Ultra-HPLC 
(UHPLC) (Aqel et al., 2019; Gaibor, Morales, & Carrillo 
Terán, 2020), Ultra-Performance Liquid Chromatography 
(UPLC) (Ahmad et al., 2022; Turak, Güzel, & Dinç, 2017), 
and Gas Chromatography-Mass Spectroscopy (GC-MS) 
(Al-Bratty et al., 2020; Amini & Hashemi, 2018). However, 
most of these methods involved complicated extraction 
procedures, while the usage of organic solvents either 
in liquid extraction or in the mobile phase is relatively 
large (Ali, 2022; Kakade & Kandekar, 2022). These 

techniques are most frequently considered high-cost 
and time-consuming methods due to sample preparation 
steps and instrumental analysis, including solvent 
consumption, column deterioration, and operational 
service (Al-Bratty et al., 2020; Amini & Hashemi, 2018). 
These disadvantages can be eliminated via method 
modification and optimization. For instance, HPLC is one 
of the most commonly used due to its high sensitivity, 
specificity, and ability to separate caffeine from other 
components in complex matrices with a better, cost-
effective procedure (Ali, 2022; Aşçı et al., 2016; Kakade 
& Kandekar, 2022).

The objective of this study is to optimize and validate 
the HPLC procedure to provide a simple, quick, reliable, 
accurate, and cost-effective method with the least 
amount of solvent consumption for the determination 
of caffeine content in matrix samples. This enhanced 
procedure was employed to quantify 25 different brand 
names of energy drinks that are available in Cambodia 
without the need for further assisted solvent extraction.

Materials and Method

Materials
Deionized water (DI) for HPLC grade is produced by 
HHitech (18.2 MΩ cm) with a pore size of filter 0.22 µm. 
Acetonitrile (100%) was supplied by VWR International 
S.A.S/France. The caffeine reference standard (99.6%) 
was supplied from origin USA. Energy drinks (25 brand 
names) were purchased from local supermarkets, which 
were coded as Sample 01 to Sample 25. All the chemical 
was used without further treatment.

HPLC ArcTM Water (Waters Corporation, USA) with 
software Empower equipped with a PDA detector was 
utilized to optimize and validate the method for the 
quantitative detection of caffeine in energy drinks. 
HPLC Agilent 1100 (Agilent Technologies, USA) with 
ChemStation software adapted with a UV detector was 
utilized to assess the intermediate precision. A semi-
microbalance Sartorius (Cubis MSA225S-100-DU) was 
employed to weigh samples of energy drinks as well as 
the reference standard of caffeine. Ultrasonic Cleaner 
(UCP-10) was used to homogenize and degas the reference 
standards of caffeine solution and energy drinks. Three 
HPLC columns were employed in this research: (1) Green 
Mall®GU-C18, 4.6 x 250 mm, 5µm was denoted as Green 
Mall®GU-C18, (2) ZORBAX Eclipse XDB-C18, 4.6 x 250 mm, 
5µm was denoted as ZORBAX C18, (3) InertSustain C18 
4.6 x 250 mm, 5µm was denoted as InertSustain C18.

Standard Curve Preparation
A caffeine stock solution of 1000 ppm was prepared by 
weighting 50 mg of caffeine RS and was transferred into 
a 50 mL volumetric flask. DI water (30 mL) was added 
and shaken (1 min) followed by sonicating (5 min), then 
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filled with DI water to reach a total volume of 50 mL. The 
concentrations of 0.5, 1.0, 5.0, 10.0, 15.0, 20.0, and 25.0 
mg/L were prepared from the standard stock solution. 

Sample Preparation
All samples of energy drinks were degassed for 15 
minutes using an ultrasonic machine. The degassed 
sample (3 mL) was transferred into a 50 mL volumetric 
flask and then 30 mL of DI water, mechanically shaken 
(1 min), and sonicated (5 minutes). Next, DI water was 
filled to a total volume of 50 mL. Finally, each sample 
was filtered via a 0.45 µm diameter membrane into 
HPLC’s vial and labeled with the sample code (Sample 
01 to Sample 25). 

Optimization of HPLC method
The mobile phase (water/acetonitrile) ratios were 
optimized to enhance caffeine separation from the matrix 
energy drinks by employing HPLC Arc™ Water equipped 
with a Green Mall®GU-C18 column. The HPLC’s condition 
was fixed with mobile phase flow rate (1.0 mL/min) 
and column temperature (30°C) at 273 nm wavelength 
of caffeine. The diluted Sample 01, Sample 07, and 
standard caffeine solution were injected into HPLC at 
various mobile phase compositions in an isocratic mode 
as follows: Mobile Phase 1 (MP1) is Water/Acetonitrile
(92:8, v/v), Mobile Phase 2 (MP2) is Water/Acetonitrile 
(90:10, v/v), Mobile Phase 3 (MP3) is Water/Acetonitrile 
(87:13, v/v), and Mobile Phase 4 (MP4) is Water/
Acetonitrile (85:15, v/v).

Validation of HPLC Method
The optimized conditions of HPLC i.e., a mobile phase 
of water:acetonitrile (87:13 v/v), flow rate (1.0 ml/
min), column temperature (30oC),  and wavelength 
(273 nm) was used for validation of caffeine analysis 
following International Conference on Harmonization (ICH 
guidelines)  (ICH, 1994). The validation was conducted 
by observing LOD, LOQ, precision (repeatability and 
intermediate precision), accuracy/recovery, specificity, 
linearity and range, and robustness (column temperature, 
flow rate, and ratio of mobile phase) (Borman & Elder, 
2017; ICH, 1994, 2022). The HPLC Arc™ Water and Green 
Mall®GU-C18 column was used for LOD, LOQ, intra-day 
precision, accuracy, specificity, linearity, range, and 
robustness.

The LOD and LOQ were evaluated by measuring a 
series of standard caffeine solutions ranging from 10 
to 1000 µg/L (n = 19). The following equations were 
employed for assessing LOD and LOQ, where SD is the 
standard deviation of the intercept and S is the slope of 
the calibration curve:

LOD = 3.3 (SD/S)    (1)
LOQ = 10 (SD/S)     (2)

The specificity of the optimized method was observed to 
ensure that the method accurately measures the target 
analyte of interest in the presence of other interfering 
substances (Borman & Elder, 2017; ICH, 1994, 2022). In 
this study, specificity was conducted by employing HPLC 
Arc™ Water equipped with Green Mall®GU-C18 column 
at a fixed flow rate of 1.0 mL/min, column temperature 
(30°C), and mobile phase ratio (MP3). The matrix Sample 
01 with a caffeine content of 15 mg/L were injected in 
the presence of other ingredients for observation of the 
specificity. The standard caffeine with concentrations 
ranging between 0.5 and 25 mg/L was also injected, 
then the retention time was compared with the matrix 
samples.

The precision was evaluated by %RSD in terms of 
intra-day (repeatability) and inter-day (intermediate) 
precisions by conducting six replicate measurements of 
an energy drink (Sample 01) with a known concentration 
of 15 mg/L. The inter-day precision was conducted by 
using two different HPLCs on two different days, where 
HPLC Arc™ Water was equipped with ZORBAX C18 and 
HPLC Agilent 1100 was equipped with InertSustain C18 
column used. The equation (3) was applied to calculate 
%RSD, where SD is the standard deviation:

%RSD = 
SD 1 00

Mean Value
                (3)

The accuracy of the method was examined by the 
percentage (%) of recovery. The study was conducted 
by spiking the diluted Sample 01 (15 mg/L) with a 
standard caffeine stock solution (1000 mg/L). The final 
concentration of spike solution contained 0.15 mg/L of 
caffeine from Sample 01 and the spiked concentration 
of standard caffeine 8, 10, and 12 mg/L. Each spike 
concentration was prepared with three replicates. The 
following equations were applied:

%Recovery = ( )Conc of spike sample –  Conc of unspiked sample  1 00 
 

Added conc of spike
  (4)

The linearity was studied using known concentrations 
of standard caffeine solutions and the Sample 01 
with a vary concentration ranging from 8 to 12 mg/L 
(n=5). The peak areas were plotted against the known 
concentrations, where the value of R2 was used to 
confirm the linearity with the acceptable range greater 
than 0.99.  

Table 1: Parameters variation for robustness test

Robustness Initial First Second Third

Column Temperature (℃) 30 25 30 30

Flow rate (mL/min) 1.0 1.0 0.8 1.0

Mobile phase (v/v) 87:13 87:13 87:13 85:15
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Robustness tests were conducted on the parameters 
as shown in Table 1 to assess the satisfaction of the 
optimized method, in which the RSD (%) value was 
calculated and compared with the acceptance criteria 
RSD ≤ 2% (Chapter, 2020; Le, Phung, & Le, 2019; Sivagami 
et al., 2019). The first robustness test was conducted by 
changing the column temperature from optimal at 30℃ 
to 25℃, while the flow rate and water/acetonitrile mobile 
phase were maintained at 1.0 mL/min and 87:13 v/v, 
respectively. The second robustness test was observed 
by changing the flow rate from 1.0 to 0.8 mL/min, while 
the temperature and water/acetonitrile mobile phase 
were fixed at 30℃ and 87:13 v/v, respectively. The third 
robustness test was examined by changing the water/
acetonitrile mobile phase from 87:13 to 85:15 v/v at 
constant temperature (30℃) and flow rate (1.0 mL/min).

Results and Discussion

Optimization of HPLC method
The mobile phase (Water/Acetonitrile) ratios were 
optimized for separating caffeine from the matrix energy 
drink samples. The different mobile phase ratios were 
observed for producing a sharp peak, a symmetry band, 
a good tailing factor (<1.4), and a suitable retention time. 
The result in Figure 1 indicated that the mobile phase MP1 
and MP2 exhibited excellent caffeine extraction from the 
matrix solution, which was observed at retention times 
of 25.62 min and 16.29 min, respectively. However, the 
consumption of acetonitrile solvent is relatively large 
volume compared with mobile phase MP3 and MP4. The 
mobile phase MP4 exhibited the shortest retention time 
of caffeine at 7.59 min. However, this peak is fairly close 
to the interference bands produced by other ingredients 
in the matrix sample of energy drinks. In addition, the 
mobile phase MP3 was considered the optimal condition, 
where the band of caffeine at a retention time of 9.75 min 
was completely separated from the interference bands. 

The estimation of the solvent consumption volume (mL) 
was tabulated in Table 2.

Validation of HPLC Method

LOD and LOQ
The limit of detection (LOD) and limit of quantification 
(LOQ) serve as indicators of sensitivity, with lower LOD 
and LOQ values indicating a higher sensitivity of the 
method. Various concentrations of caffeine standard 
solution ranging from 10 to 1000 µg/L (n = 19) were 
measured progressively from low to high concentration 
as shown in overlay chromatogram Figure 2 (right). The 
band of caffeine standard was interpreted and plotted the 
peak area against each concentration as shown in Figure 2 
(left). Then, LOD and LOQ of caffeine were calculated 
according to equations (1) and (2). The result indicated 
that the LOD of 14.34 µg/L and LOQ of 43.45 µg/L were 
obtained, respectively.

Specificity
The specificity of this optimized method was observed 
by measuring various concentrations of Sample 01 and 
standard caffeine while the consistency of caffeine’s 
retention time was compared. The overlay peaks from the 
chromatogram in Figure 3 indicated that the matrix samples 

Figure 1: Overlay chromatogram of blank, standard caffeine, Sample 01, and Sample 07 respected to mobile phase composition

Table 2: Variation of mobile phase ratio and solvent consumption

Mobile 
phase

Ratio Retention 
time

Solvent 
consumption

Water/acetonitrile, 
v/v

min Water 
(mL)

ACN 
(mL)

MP1 92:8 25.62 23.57 2.05

MP2 90:10 16.29 14.66 1.63

MP3 87:13 9.75 8.47 1.27

MP4 85:15 7.59 6.45 1.14

*Note: Estimated solvent consumption (mL) = Flow rate 
(mL/min) × retention time (min) × Solvent (%v/v)
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Figure 3: Calibration curve of standard caffeine at concentrations between 0.5 to 25.0 mg/L (n = 7) and overlay chromatogram 
with Sample 01

Table 3: Summary of intra-day precision using a known 
concentration of Sample 01

Replication
Injected 
concentration* 

Found 
Concentration Percentage

mg/L mg/L %

1 15.013 14.727 98.09

2 15.013 14.684 97.81

3 15.009 14.691 97.88

4 15.039 14.739 98.01

5 15.039 14.738 98.00

6 15.011 14.686 97.83

Average repeatability 97.94

RSD 0.11

*Note: The injected concentration was calculated by weighting 
and diluting the known caffeine concentration of Sample 01.

Figure 2: Calibration curve of standard caffeine at concentrations between 10 µg/L to 1000 µg/L (n = 19) and their overlay 
chromatogram

exhibited the band of caffeine appearing at the same 
retention time as standard caffeine, reflecting sensitive 
method separation. The other bands corresponding to 
various ingredients presented in the matrix samples 
completely separated from the caffeine peak. This result 
indicated a good specificity of the optimized method, 
which was essentially used for qualitative and quantitative 
analysis of caffeine in various matrix samples.

Precision
The lower RSD values indicate higher precision, where 
the RSD ≤ 2% was considered an accepted criterion 
(ICH, 1994). The intra-day precision (repeatability) was 
assessed by conducting 6 replicate measurements of 
caffeine at a known concentration of 15 mg/L in an energy 
drink (Sample 01). The standard linear curve in Figure 3 
was used for the calculation of caffeine concentration 
in energy drinks. The result in Table 3 showed an RSD 
of 0.11%  was obtained within the acceptable range, 
indicating high precision.

The inter-day (intermediate) precision was determined 
by measuring six replicates of known concentration 
(15 mg/L) caffeine content in Sample 01 using two 
different HPLCs equipped with two varieties of columns. 
The chromatograph in Figure 4a and 4b showed that 

the retention time of standard caffeine obtained from 
ZORBAX C18 and InertSustain C18 columns was observed 
at 6.996 min and 9.813 min, respectively. The caffeine 
concentration from Sample 01 was calculated from the 
calibration curve, as shown in Figure 4c for the ZORBAX 
C18 column and Figure 4d for the InertSustain C18 column. 
The result, as shown in Table 4 indicated that the use of 
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Figure 4: Chromatogram and a calibration curve of caffeine observed by (a)&(c) HPLC Arc™ Water equipped with ZORBAX C18 column and 
(b)&(d) HPLC Agilent 1100 equipped with InertSustain C18 column

Table 4: Summary of inter-day precision using a known concentration of Sample 01. Flow rate 1.0 mL/min, 30℃, mobile phase MP3

Replication

HPLC Arc™ Water, ZORBAX C18 column HPLC Agilent 1100, InertSustain C18 column

Injected Conc.* Found Conc. Percentage Injected Conc.* Found Conc. Percentage 

mg/L mg/L % mg/L mg/L %

1 15.047 14.523 96.52 15.000 14.285 95.23

2 15.034 14.791 98.38 15.002 14.328 95.51

3 15.037 14.741 98.03 15.000 14.263 95.09

4 15.038 14.773 98.24 15.001 14.334 95.55

5 15.045 14.813 98.46 15.007 14.354 95.65

6 15.013 14.706 97.96 15.024 14.750 98.18

Repeatability 97.93 95.87

RSD 0.73 1.20

Average Repeatability 96.92%

RSD 1.44%

*Note: The injected concentration was calculated by weighting and diluting the known caffeine concentration of Sample 01.

the ZORBAX C18 column provided repeatability as high 
as 97.93% with a high precision (RSD) of 0.73%. A similar 
result was observed for the InertSustain C18 column, in 
which the repeatability of 95.87% and precision of 1.20% 
were obtained. Overall, the average repeatability of 
both HPCLs was obtained as high as 96.92%, in which the 
precision (RSD) of 1.44% was achieved in the acceptable 
range.

Accuracy
The recovery was conducted to evaluate the accuracy 
of this optimized method by measuring the percentage 
recovery of added analyte (spike) into the known 
concentration of the sample matrix. The acceptant 
criteria for recovery are within 98.0 to 102.0% (Le et 
al., 2019). First, Sample 01 was prepared with three 
replicates separately, where a caffeine concentration of 
14.65 ± 0.02 mg/L was calculated by using the calibration 

curve in Figure 3. Then, these known concentration 
samples were spiked with standard caffeine stock 
solution to achieve the target concentrations. The final 
concentrations of standard caffeine in spike samples 
were varied (8, 10, and 12 mg/L), while the caffeine in 
Sample 01 was 0.1465 ± 0.0002 mg/L calculated from 
the calibration curve in Figure 5. Each spike sample was 
prepared with three replicates. The result in Table 5 
indicated that the high recovery between 99.58 to 99.79% 
was achieved with the precision (RSD) of 0.08 to 0.89%. 
The recovery stayed in the acceptable range, indicating 
the high accuracy of the method.

Linearity
The linearity is used to evaluate the relationship between 
analyte concentration and analytical response over a 
certain range. Linearity can be assessed by constructing 
calibration curves and determining the coefficient of 
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Table 5: Caffeine in un-spike and spiked

Analyte Added 
concentration 
(mg/L)

Found 
concentration
(mg/L)

Recovery
(%)

%RSD

Caffeine 0 0.1465±0.0002 - -

8 8.1149±0.0709 99.61 0.89

10 10.1040±0.0691 99.58 0.69

12 12.1215±0.0691 99.79 0.08

y = 28461x + 6672.2
R² = 0.9995

y = 28924x - 11311
R² = 0.9994
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Figure 6: Linear regression lines prepared from standard caffeine 
and Sample 01

Figure 5: Calibration curve of standard caffeine at concentrations between 0.5 to 25.0 mg/L (n = 7) and overlay chromatogram with 
Sample 01

determination (R²). According to the United Nations 
Office on Drugs and Crime (UNODC, 2009), the value 
of correlation coefficient R2 ≥ 0.990 is considered 
an acceptant criterion for the regression line of the 
correlation (Naveen, Lingaraju, Deepak, Medhini, & 
Prasad, 2018; Saputri & Muchtaridi, 2018). In this study, 
HPLC Arc™ Water equipped with ZORBAX C18 column 
was employed, in which the separation condition was 
fixed at a flow rate (1.0 mL/min), column temperature 
(30°C), and mobile phase ratio (MP3). The standard 
caffeine and Sample 01 were prepared by varying the 
concentration from 8 to 12 mg/L, which were used to 
construct the linear regression line of peak area and 
known concentration. The result in Figure 6 indicated 
that both standard caffeine and Sample 01 have good 
linearity, with the evidence of R2 ≥ 0.9994.

Robustness
Sample 01 was prepared and injected into HPLC with a 
slight change in column temperature, mobile phase flow 
rate, and mobile phase composition from the optimal 
condition to observe the robustness of the method. 
The injected concentration (15 mg/L) of Sample 01 was 
prepared with three replicates, in which the actual 
concentration was calculated from a calibration curve of 
standard caffeine in Figure 8, regarding slight changes in 
parameters. The result, as shown in Figure 7, exhibited 
the overlay band of standard caffeine and Sample 01 
after separation with a minor change of separation 
conditions. In all cases, caffeine peaks were symmetric 
shapes (tailing factor < 0.4). In Table 6, the minor 
change in column temperature from normal 30 to 25℃ 
insignificantly changed the detection ability, in which 
the recovery was as high as 97.63% and good precision 
(RSD) of 0.41%. Similar good results were achieved when 

the minor change in mobile phase ratio (switch from 
MP3–MP4) and flow rate (switch from 1–0.8 mL/L). This 
evidence eased the conclusion that no significant changes 
were detected upon applying small variations to the 
chromatographic conditions, reflecting the method is 
robust to small, deliberate changes.

Overall, this optimized method is comparable to the 
previous findings but uses different amounts of solvents. 
This research study significantly minimized the amount 
of solvent to be used to separate caffeine from the 
matrix energy drink samples. As tabulated in Table 7, the 
method validation exhibited better precision, accuracy, 
sensitivity (LOD and LOQ), recovery, and robustness 
regarding ICH guidelines. This result reflects that the 
current study is fully parameterized, which is considered 
a simple, quick, reliable, accurate, and cost-effective 
method for separating and quantifying caffeine from the 
matrix samples.

Quantitative Analysis Caffeine in Energy Drinks
The optimized method was employed for quantifying 
caffeine contents in various energy drinks as listed 
in Table 8 by using HPLC Arc™ Water equipped with 
ZORBAX C18 column at conditions flow rate of 1.0 mL/
min, column temperature (30°C), and mobile phase ratio 
(MP3). Energy drinks (code sample 01–11) existed the 
caffeine label issued by the manufacturer, indicating the 
caffeine content per net bottle. Whereas, the energy 
drinks (code sample 12 to sample 25) were not mentioned 
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Figure 7: Overlay chromatogram of standard caffeine and Sample 01 after minor change on HPLC Arc™ Water parameters: (a) initial, (b) 
change column temperature, (c) change flow rate, and (d) change mobile phase.
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Figure 8: Calibration curve of standard caffeine observed by HPLC Arc™ Water parameters: (a) initial, (b) change column temperature, (c) 
change flow rate, and (d) change mobile phase.

Table 6: Summary of robustness observation by using Sample 01 and HPLC Arc™ Water

Robustness
Injected Conc.* Found Conc. Percentage RSD

mg/L mg/L % %

Initial 15.0184±0.0032 14.6483±0.0352 97.54 0.26

Changed column temperature 15.0184±0.0032 14.6618±0.0577 97.63 0.41

Changed flow rate 15.0184±0.0032 14.6587±0.0684 97.60 0.45

Changed mobile phase 15.0184±0.0032 14.6789±0.0074 97.74 0.07

*Note: The injected concentration was calculated by weighting and diluting the known caffeine concentration of Sample 01.

the specific concentration of caffeine. The caffeine 
standard and energy drinks spectra were illustrated as 
overlay chromatograms, as shown in Figure 9 (right). 
The calibration curve of standard caffeine at a linear 
concentration range of 0.5 to 25.0 mg/L was constructed 
versus the peak areas plotted in Figure 9 (left). The 

regression line with correlation coefficient R2 = 1 was 
obtained, indicating a good linear relationship within the 
caffeine concentration range.  
The result of caffeine content from various energy drinks 
was tabulated in Table 8. According to Industry standards, 
many companies adhere to the specific tolerance range 
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Table 7: Comparison between this research study and previous findings

Mobile phase Methanol:Water
(80:20)

Acetonitrile:Water
(80:20)

Sodium acetate:Acetic 
acid:Acetonitrile 80:20 
(pH = 4.0)

95% acetate 
buffer, pH = 6.0

Water:Acetonitrile
(87:13)

Diluent Mobile phase Methanol Acetonitrile Water Water

Column C18, 4.6 x 
250mm, 5μm

C18, 4.6 x 
150mm, 5μm C18, 4.6 x 250mm, 5μm C18, 4.6 x 

250mm, 5μm
C18, 4.6 x 250mm, 
5μm

Column temperature 
(°C) 35 14 ± 2 37 N/A 30 

Flow rate (mL/min) 1 1 1 1 1 

Retention time 
(minutes) 7.77 10 4.64 N/A 9.75 

LOD & LOQ 0.5 & 1.5 μg/
mL 0.02 & 2 µg/mL 47.1 & 15 μg/mL

0.10–0.19 μg/
mL & 0.33–0.63 
μg/mL

0.014 & 0.43 μg/
mL

Intra-day & inter-day 
precision 1.9 and 1.93% < 4% N/A ≤ 1.923 & ≤ 

1.950% 0.11 &1.44%

Accuracy & recovery > 90% 99.9–120% 95.41–97.08% ≥ 95.75% 99.58–99.79%

Specificity N/A N/A N/A N/A Yes

Linearity 0.9998 > 0.999 0.9998 > 0.9962 ≥ 0.9994

Robustness No ≤ 5% No No ≤ 0.45%

Guideline ICH ICH ICH ICH ICH

Reference
(Pandey, Yadav, 
Dutta, & Tyagi, 
2022)

(Moura-Silva et 
al., 2023) (Mirza et al., 2021) (Aşçı et al., 

2016) Our research

Table 8: Summary of caffeine content in various energy drinks per net bottle. HPLC Arc™ Water and ZORBAX C18 column (flow rate 1.0 mL/
min, 30℃, mobile phase MP3)

Sample code Appearance
Net bottle Found Concentration Matching 

with label

mg/net volume mg/net volume mg/L %

Sample 01 Dark blue can and yellow liquid 80 mg/250 mL 79.6 mg/250 mL 318.4 99.5

Sample 02 Light blue can and yellow liquid 80 mg/250 mL 78.9 mg/250 mL 315.6 98.6

Sample 03 Red/white can and yellow liquid 80 mg/250 mL 77.3 mg/250 mL 309.2 96.6

Sample 04 Light blue/white can and light blue liquid 100 mg/250 mL 33.2 mg/250 mL 132.8 33.2

Sample 05 Yellow can and brown liquid 80 mg/250 mL 80.4 mg/250 mL 321.6 100.5

Sample 06 Yellow can and dark yellow liquid 80 mg/250 mL 106.1 mg/250 mL 424.4 132.6

Sample 07 Yellow/white can and dark yellow liquid 80 mg/250 mL 83.4 mg/250 mL 333.6 104.3

Sample 08 Dark blue/white can and yellow liquid 80 mg/250 mL 75.4 mg/250 mL 301.6 94.2

Sample 09 Gold can and yellow liquid 80 mg/250 mL 79.5 mg/250 mL 318.0 99.4

Sample 10 Green can and green liquid 150 mg/500mL 137.1 mg/500 mL 274.2 91.4

Sample 11 Pink can and yellow liquid 160 mg/500mL 160.1 mg/500 mL 320.2 100.3

Sample 12 Green can and dark yellow liquid Caffeine/250 mL 80.0 mg/250 mL 320.0

Sample 13 Green bottle and dark yellow liquid Caffeine/150 mL 49.4 mg/150 mL 329.3

Sample 14 Yellow bottle and dark yellow liquid Caffeine/150 mL 49.4 mg/150 mL 329.3

Sample 15 Blue/white can and blue liquid Caffeine/250 mL 33.9 mg/250 mL 135.6

Sample 16 Pink/white can and light brown liquid Caffeine/250 mL 34.3 mg/250 mL 137.2

Sample 17 Gold can and yellow liquid Caffeine/330 mL 67.5 mg/330 mL 204.5
Cont...
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Figure 9: Calibration curve of standard caffeine at concentrations between 0.5 mg/L to 25.0 mg/L (n = 7). HPLC Arc™ Water and ZORBAX 
C18 column (flow rate 1.0 mL/min, 30℃, mobile phase MP3).

Sample 18 Yellow cap bottle and yellow liquid Caffeine/500 mL 105.6 mg/500 mL 211.2

Sample 19 Red cap bottle and red liquid Caffeine/500 mL 108.5 mg/500 mL 217.0

Sample 20 Red can and red liquid Caffeine/250 mL 23.2 mg/250 mL 92.8

Sample 21 Blue can and brown liquid Caffeine/330 mL 31.8 mg/330 mL 96.4

Sample 22 Blue can and brown liquid Caffeine/330 mL 28.3 mg/330 mL 85.8

Sample 23 Red text/white can and brown liquid Caffeine/330 mL 38.8 mg/330 mL 117.6

Sample 24 Black text/red can and brow liquid Caffeine/330 mL 27.2 mg/330 mL 82.4

Sample 25 White text/red can and brow liquid Caffeine/330 mL 28.7 mg/330 mL 87.0

for caffeine content in energy drinks within the 90 to 
110% (or ±10%) range as a standard practice to ensure 
consistency and quality control (USP, 2024). For energy 
drinks (Sample 01–11), the result indicated that most 
of these energy drinks achieved the specific tolerance 
range within the standard. The exceptions were observed 
for Sample 04 (33.2%) and Sample 06 (132.6%), which 
were below and above the limit range, respectively. In 
the case of energy drinks (Sample 12–25), the caffeine 
contents were most frequently observed between 2 to 
3 times lower than those of labeled energy drinks. The 
exceptions were observed for the Samples 12, 13, and 14.

Conclusion
The research optimized and validated a reliable HPLC 
method for caffeine quantification, which potentially 
differentiates between labeled and actual caffeine 
levels in energy drinks in Cambodia. The method was 
introduced to analyze caffeine content in 25 different 
brands of energy drinks collected from the Cambodian 
market. The water/acetonitrile (87:13, v/v) was 
considered as the optimal mobile phase ratio, which was 
conducted using isocratic mode in the C18 column (30°C) 
at a fixed flow rate of 1 mL/min with a wavelength of 273 
nm. The detection values were obtained at 14.34 µg/L 
for LOD and 43.45 µg/L for LOQ. The linearity (R2) of the 
standard caffeine and matrix sample (energy drink) was 
observed to be greater than 0.9994. High repeatability 

and intermediate precision were achieved, as shown 
by an RSD of 0.11% for intra-day precision and 1.44% 
for inter-day precision. Additionally, the recovery test 
exhibited recovery values between 99.58 and 99.79%, 
indicating high accuracy. Finally, the robustness test on 
varying the column temperature, flow rate, or mobile 
phase ratio was revealed with insignificant influent on 
recovery efficiency and precision. The caffeine content 
in various energy drinks analyzed from this optimized 
method exhibited a minimum content of 82.4 mg/L and 
a maximum of 424.4 mg/L. Those energy drinks, without 
mentioning the specific caffeine content on their label, 
most frequently exhibited contents 2 to 3 times lower 
than those of labeled energy drinks. Significantly, this 
method is suitable for quantifying caffeine in energy 
drinks without interference from other ingredients, which 
is beneficial to employ as a quality control laboratory for 
routine matrix sample analysis. 
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