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ABBREVIATIONS AND SYMBOLS 

Abbreviation Description 

Å Angstrom 

ACD Advanced Chemistry Development 

ACN Acetonitrile 

amu Atomic mass unit 

APCI Atmospheric pressure chemical ionization 

API Atmospheric pressure ionization 

aq. Aqueous 

c Number of concentration levels of calibrators 

C Elemental carbon 

°C Celsius degrees 

C18 Carbon 18, 18 carbon chain compound 

CE Capillary electrophoresis 

cm. Centimeters 
13C-NMR Carbon isotope 13 nuclear magnetic resonance 

CO Carbon monoxide 

CO2 Carbon dioxide 

3D Three dimensional 

d Value of scale division or readability interval 

D10 10 Deuteriums 

D11 11 Deuteriums 

Da Dalton 

DAD Diode array detection 

DC Direct current 

DCM Dichloromethane 

DMF Dimethyl formamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

e Value of verification scale division or interval 

E Entgegen or trans conformation 

ESI Electrospray Ionization 

et al. Et alia, and others 

etc. Et cetera, and other similar things 

euro/h Euros per hour 

eV Electron Volts 

F254 Fluorescence detection at 254 nm 

Fcalculated Calculated factor 

Ftabulated Tabulated factor 

FWHM Full width at half maximum resolution units 

g. Grams 

GC-MS Gas Chromatography Mass Spectrometry 

GHz Gigahertz 
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Abbreviation Description 

g/gmol Grams per gram-mol 

g/L. Grams per liter 

g/mL. Grams per milliliter 
1H Hydrogen protium isotope 
1H-NMR Proton nuclear magnetic resonance 
2H Deuterium 

H Elemental hydrogen 

H+ Hydrogen ion, proton 

H2O Water 

HCl Hydrochloric acid 

HPLC-DAD High Performance Liquid Chromatography-Diode Array Detection 

HPLC-ESI-ITMS High Performance Liquid Chromatography-Electrospray Ionization- 

Ion Trap Mass Spectrometry 

HPLC-UV High Performance Liquid Chromatography-Ultraviolet 

HPTLC High Performance Thin Layer Chromatography 

h. Hour(s) 

Hz Hertz 

ICC Ion charge control 

i. d. Internal diameter 

Inc. Incorporation 

IT or ITMS Ion trap mass analyzer 

Kg. Kilograms 

Kg/L. Kilograms per liter 

KOH Potassium hydroxide 

kV Kilo Volts 

L. Liters 

LC-MS, LCMS Liquid Chromatography Mass Spectrometry 

L/min. Liters/minute 

LOD Limit of detection 

Log P Logarithm of the partition coefficient 

LOQ Limit of quantification 

λ Wavelength 

M Molar, mols per liter 

M- Molecular negative ion 

[M-H]- Molecule minus hydrogen negative ion 

[M-H]+ Molecule minus hydrogen positive ion 

M+ Molecular positive ion 

[M+H]- Molecule plus hydrogen negative ion 

[M+H]+ Molecule plus hydrogen positive ion 

[M+Na]+ Molecule plus sodium adduct positive ion 

[2M+Na]+ Two molecules plus sodium adduct positive ion 

Max. Maximum 

Max. Accu. Time Maximum accumulation time 



6 

 

Abbreviation Description 

M-1cm-1 Equal to (
𝐿

(𝑚𝑜𝑙)(𝑐𝑚)
) 

mg. Milligrams 

Mg. of piperine/g. minced pepper Milligrams of piperine per gram of dried minced pepper 

MHz Megahertz 

Milli-Q® water Ultrapure water 

min. Minutes 

mL. Milliliters 

mL/g. Milliliters per gram 

mL/min. Milliliters per minute 

mm. Millimeters 

mM Millimolar concentration 

mmol Millimol 

mmol/L Millimol per liter 

MΩ*cm Megaohm by centimeter 

mol/L. Mols per liter 

MPA/MPB Mobile Phase A/Mobile Phase B 

MRM Multiple reaction monitoring 

ms Milliseconds 

MSSerror Mean sum of squares for the errors 

MSSLoF Mean sum of squares for the lack of fit 

MW Molecular weight 

m/z Mass-to-charge ratio 

μAmp or μA Micro Amperes 

μL. Microliters 

μL/min. Microliters per minute 

μm. Micrometers 

N Elemental nitrogen 

N2 Nitrogen 

N Normality, molar concentration per equivalent factor 

n Number of replicates 

ng. Nanograms 

nm. Nanometers 

NMR Nuclear magnetic resonance 

NS Neck size 

O Elemental oxygen 

PBS Phosphate buffer saline solution 

PDA Photo Diode Array 

pg Picograms 

pH -log [H+] or negative logarithm of the concentration of H+ 

ppb Parts per billion, micrograms per liter 

ppm. Parts per million, milligrams per liter 

psi or psig Pounds per square inch or pound per square inch gauge 

QqQ Triple quadrupole mass analyzer 
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Abbreviation Description 

qTOF Quadrupole time of flight mass analyzer 

r2 Correlation coefficient 

Rf Distance travelled by the analyte divided by the developing distance 

RP Reversed Phase 

RP-HPLC-UV Reversed Phase High Performance Liquid Chromatography Ultra 

 Violet detection 

rpm. Revolutions per minute 

RSD Relative standard deviation or coefficient of variation 

SD Standard deviation 

SIL or SILS Stable isotope labelled standard(s) 

SIM Single ion monitoring 

SiO2 Silicon dioxide 

SPE Solid phase extraction 

SRM Single reaction monitoring 

Sy1 Standard deviation of residuals from equation 1 

Sy2 Standard deviation of residuals from equation 2 

TLC Thin Layer Chromatography 

TOF Time of flight mass analyzer 

UCI Unique code identifiers 

UHPLC Ultra-High Performance Liquid Chromatography 

UV Ultraviolet 

UV-Vis Ultraviolet-Visual 

V Volts 

Vpp Voltage peak-to-peak 

VWR Van Waters Rogers 

% ν/ν Percentage in volume to volume ratio 

W Watts 

Wh/m2 Watt hour per square meter 

% w Percentage in weight 

% w/w Percentage ratio weight to weight 

# Number 

% Percentage 
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I. INTRODUCTION 

The literature section of this thesis provides an overview of analytical approaches that have been employed 

to the quantitation of piperine, with emphasis being placed on separation and detection techniques. This 

review will provide a general knowledge of the state-of-the-art equipment and the challenges associated 

with the analysis and quantitation of piperine and pepper alkaloids in general. 

The objectives of the experimental part of the thesis were two-fold: Firstly, the development and a 

preliminary validation of a practical and efficient method for the quantitation of piperine in pepper fruits, 

combining liquid chromatography separation with mass spectrometric detection (LC-MS). Secondly, the 

synthesis of deuterium labelled piperine to be used as a standard to enable internal calibration for LC-MS 

quantification. 

Piperine 

Piperine, a yellow crystalline solid (IUPAC name: (2E,4E)-5-(2H-1,3-Benzodioxol-5-yl)-1-(piperidin-1-

yl))penta-2,4-dien-1-one), represents the main alkaloid encountered in various Piperaceae species. 

Typically, its content is 0.1 to 13.0 % in weight of dried fruits of black pepper, white pepper and long 

pepper.1-5 It should be mentioned that the piperine content in pepper fruits may vary considerably 

depending on the geographic region of origin, the type of pepper species and the methods of harvesting and 

processing.6 

Chemically, piperine is an amide showing very weak basic properties, undergoing readily hydrolysis when 

exposed to strongly alkaline media, furnishing piperidine and piperic acid.7-13 When exposed in diluted 

solutions to sunlight, piperine suffers rapid photoisomerization, to the respective geometric isomers 

isopiperine, chavicine and isochavicine. The photosensitivity of piperine poses a major, yet often 

overlooked challenge, requiring all steps of the analytical workflow to be executed under exclusion of 

direct sunlight.14 The water solubility of piperine is relatively poor (40 mg/L at 18 °C), while its solubility 

in ethanol is excellent (1000 mg/15 mL).15 The Log P value of piperine is 3.38,16 indicating high 

lipophilicity, consistent with its excellent solubility in a broad range of apolar solvents. 

In recent years, piperine has been receiving increasing attention due to its various beneficial biological and 

pharmacological activity profile. Specifically, piperine has been demonstrated to provide health benefits to 

both humans and livestock. Piperine, either as parent compound or in form of synthetic derivatives, has 

shown considerable promise in the treatment of a variety of medical conditions; exhibiting for example, 

antioxidant, anticarcinogenic, anti-inflammatory, antimicrobial and antiulcer activities, just to mention a 

few.5, 7-13 Of particular interest is the potential of piperine to enhance the bioavailability of certain drugs. 
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While the underlying mechanisms are still subject of research, current evidence suggests that the drug-

enhancing activity is due to inhibitory interaction with the cytochrome P450 enzymes of the liver and small 

intestine, thus improving drug potency for e.g. in cancer therapy.17 Another benefit of co-administered 

piperine is its lipophilicity-enhancing effect for polar, poorly-absorbed drugs via complex formation, 

facilitating their transport over the lipid membranes of the intestines. Figure 1 shows the chemical structure 

of piperine.18 

 

O

N

O

O

Molecular Formula:  C
17

H
19

NO
3

Formula Weight:  285.33766

Composition:  C(71.56%) H(6.71%) N(4.91%) O(16.82%)

Monoisotopic Mass:  285.136493 Da

Nominal Mass:  285 Da

Average Mass:  285.3377 Da

M+:  285.135945 Da

M-:  285.137042 Da

[M+H]+:  286.14377 Da

[M+H]-:  286.144867 Da

[M-H]+:  284.12812 Da

[M-H]-:  284.129217 Da
 

Figure 1. Chemical structure of piperine taken from ACD/ChemSketch.18 
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II. LITERATURE SECTION 

ANALYSIS AND QUANTIFICATION OF PIPERINE 

This literature overview covers analytical methods for the quantification of piperine in pepper fruit samples 

generally and other plant parts, such as leaves, roots, callus or stem, with the emphasis being on separation 

and detection approaches. Some of the covered articles address the analysis of piperine in oleoresins, i. e. 

in oily, viscous semisolid masses obtained by solvent evaporation from more diluted extracts. In this 

context, specific sample preparation requirements and approaches for both types of matrices will also be 

discussed where appropriate. 

The pepper fruits serving as samples originated from various plant species, such as black (piper nigrum), 

white, red and green peppers, long peppers (piper longum), piper guineense, piper retrofractum, piper 

chaba, piper cubeba, piper Thomsonii, piper Sarmentosum and piper betle. 

Typically, the employed sample preparation approaches involve solid-liquid extraction of the 

corresponding plant materials, with the specific extraction technique chosen either for operational 

convenience or achieving the highest possible extraction yields. These extraction techniques included 

accelerated solvent extraction, Soxhlet extraction, agitated batch extraction, dynamic supercritical fluid 

extraction, ultrasound-assisted extraction, reflux extraction, cold maceration, microwave-assisted 

extraction, hydro distillation, liquid-liquid microextraction, solid phase extraction and surfactant-assisted 

enzymatic hydrolysis extraction.2, 4-6, 14, 19-73 

For the following review, sixty selected papers are discussed, covering publication dates ranging from 2002 

to 2020.2, 4-6, 14, 19-73 
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1. SEPARATION TECHNIQUES 

The purpose of separation techniques in context with analytical protocols is to enhance selectivity by 

isolating the analyte of interest from other, potentially interfering matrix components. Typically, the 

development of suitable separation protocols is guided by the researcher’s understanding of the 

physicochemical properties of the analyte(s) of interest and the matrix components. An ideal separation 

method will provide: i) selectivity (analyte(s) of interest not being compromised by any interfering matrix 

components), ii) sensitivity (analyte detection possible at low concentration levels), and iii) favorably short 

run times to ensure economy in terms of sample throughput (number of samples that can be analyzed per 

unit of time). 

An analysis of the analytical separation techniques employed to the analysis of piperine in the covered 

researched papers (see pie chart in Figure 2) suggests that liquid chromatography is by far the preferred 

separation technique (71 %), followed by thin layer chromatography (15 %). Evidently, other separation 

methods, such as gas chromatography (5 %) and capillary electrochromatography and capillary 

electrophoresis (combined 4 %) are less popular options. Also, in three studies, piperine was directly 

quantified in crude plant extracts without employing any separation technique. 

 

 

Figure 2. Relative contributions of separation techniques employed to piperine analysis in the 

studies covered by this review. 

Liquid 

Chromatography

71 %

Thin Layer 

Chromatography

15 %

Gas Chromatography

5 %

Other 4 % None 5 %

SEPARATION TECHNIQUES USED IN RECENT ARTICLES FOR 

ANALYSIS OF PIPERINE
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1.1. LIQUID CHROMATOGRAPHY 

Chromatography is a technique that separates complex mixtures of compounds with similar physico-

chemical properties. For this purpose, the compound mixture is introduced into a fluid called mobile phase 

and carried through a bed of an interactive matrix (stationary phase) exhibiting different affinity to the 

sample components. The specific interactions of the sample components between the flowing mobile and 

the spatially fixed stationary phase cause the sample components to migrate at different speed, and thus 

giving rise to the formation of more or less well-separated sample zones, known as bands. These bands 

eluting from the system are analyzed by using appropriate detection methods. State-of-the art 

chromatographic methods are able to separate dozens to hundreds or even thousands of compounds. 

The efficiency of a chromatographic system for a given analyte is related to the plate number, i.e. the 

number of quasi-equilibrium distribution stage between the stationary phase and mobile phase  can be 

established. For column chromatography, column efficiency can be expressed via the Van Deemter 

equation, see Equation (1).  

H= A + B/u + Cu      (1) 

Were,   H is the height equivalent of a theoretical plate. 

  A is defined as the Eddy diffusion. 

  B is the Longitudinal diffusion. 

  C is the Mass transfer. 

  u is the linear mobile phase velocity. 

For the column efficiency of a given analyte to be high, the height equivalent of a theoretical plate must be 

small. The factors influencing the column efficacy are a combination of dispersive phenomena, being 

related to the mixing effects by the column packing (A-term), the molecular diffusion of the analyte in the 

mobile phase (B-term), and the rate by which the analyte transfers from the stationary phase to the mobile 

phase (C-term). Generally, column efficiency is more favorable with columns packed with small particle 

stationary phases and operated with mobile phases allowing for short runtimes and elevated temperatures. 

As mentioned above, liquid chromatography is based on the selective partitioning of compounds between 

a stationary phase (most often solid) and a flowing mobile phase due to specific non-covalent interactions. 

Compounds showing higher affinity towards the stationary phase will be more strongly retained than those 

with higher affinity to the mobile phase, leading to different elution times and thus to their physical 

separation. The spectrum of non-covalent interactions governing differential phase distribution is broad 
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and many involve differences in molecular polarity, lipophilicity, charge, size or highly specific molecular 

recognition properties. 

The most important modes of liquid chromatography are normal phase and reversed phase chromatography. 

In the case of normal phase chromatography, the stationary phase is more polar than the mobile phase, and 

for reversed phase chromatography the polarity relationship between the phases being opposite. Normal 

phase chromatography typically employs polar oxides, such as silica gel or alumina as stationary phase and 

mixtures of organic solvents as mobile phase. The interactions dominating selectivity in normal phase 

chromatography are well-localized adsorption to specific polar surface functionalities via hydrogen bonds 

or dipole-dipole interactions. In reverse phase chromatography, the stationary phases are represented by 

bonded phases, consisting of long alkane chains covalently attached to an inert support matrix. In this mode, 

the mobile phase consists of water containing a certain proportion of a water soluble solvent, such as 

acetonitrile or methanol. The dominating molecular interaction is the distribution of lipophilic analytes 

from the water rich phase into the immobilized lipophilic alkane monolayer, a process that resembles phase 

transitions seen with liquid-liquid extraction. Reversed phase selectivity is generated, tuned and optimized 

by modifying the relative composition of the mobile phases. Both reversed phase and normal phase 

chromatography are mature techniques, and a broad variety of stationary phases are commercially available 

from many vendors. 

Another classification of liquid chromatography categorizes chromatography into conventional (low 

performance) liquid chromatography, high performance liquid chromatography and ultra-high performance 

liquid chromatography, depending on the particle size of the stationary phase packing inside the separation 

columns employed and the resulting operational pressure ranges. 

Conventional liquid chromatography utilizes stationary phase packings with particle size larger than 50 

μm, causing operational pressures lower than 50 bars. High performance liquid chromatography employs 

stationary phases with particles ranging from 2 to 50 μm, with the resulting operational pressures ranging 

from 50 to 350 bars. The recently introduced ultra-high performance liquid chromatography operates with 

stationary phase particles less than 2 μm in size, requiring working pressures from 600 to 1200 bars. 

Major advantages worth mentioning about liquid chromatography are the separation of compounds in a 

liquid mobile phase at or close to ambient temperature, allowing for the separation of wide range molecules 

from low molecular mass compounds (drugs, nucleic acids, amino acids, lipids, carbohydrates, 

antioxidants) to synthetic polymers and biomacromolecules (proteins, polysaccharides and nucleic acids). 

Limitations associated with liquid chromatography are the need for relative expensive equipment, the 

consumption of considerable volume of solvents, and the inherent limitations in selectivity, even with the 
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most refined stationary phase media. The latter issue can be addressed by combining complementary 

stationary phase systems (multi-dimensional, e.g. 2D chromatography), which allows addressing highly 

complex analyte mixtures and a considerable enhancement in peak capacity. 

Table 1 gives an overview of stationary phases employed to the analysis of piperine, along with the product 

name, column dimension, and the reported analyte retention time. 

Table 1. List of references and their choice of Liquid Chromatography specifications for the analysis of 

piperine. The list is organized from UHPLC to HPLC to conventional LC and each subgroup is arranged 

from the lowest to the highest reported retention time. 

LC 

classification 

Column Retention 

time (min) 
Reference 

Type Dimensions 

UHPLC 

EV-PS (polystyrene 

divinylbenzene 

copolymer) 

n. s. 2.14 [19], T. Yamaguchi et al. 

UHPLC Acquity HSS T3 C18 
100x2.1 mm id, 1.8 μm 

packing, 25 °C 
3 [20], K. Li et al. 

UHPLC 
Accucore Vanquish 

C18 

100x2.1 mm id, 1.5 μm 

packing 
3.31 [21], R. Ahmad et al. 

UHPLC 
Accucore Vanquish 

C18 

100x2.1 mm id, 1.5 μm 

packing 
3.31 [22], R. Ahmad et al. 

UHPLC 
Acquity ethylene 

bridged hybrid 

100x2.1 mm id, 1.7 μm 

packing, 40 °C 
n. s. [23], N. Bao et al. 

HPLC C18 
150x4.6 mm id, 5 μm 

packing 
1.45 

[24], U. Ch. Basak and M. 

Mohapatra. 

HPLC C18 
150x4.6 mm id, 5 μm 

packing, 25 °C 
1.45 [25], U. Ch. Basak et al. 

HPLC 
Phenomenex Gemini 

C18 

50x2 mm id, 5 μm 

packing, 25 °C 
3.78 [26], H. Liu et al. 

HPLC 
Phenomenex 

Kromasil 5 C8 

250x4.6 mm id, 5 μm 

packing, 25 °C 
3.78 [27], R. K. Adosraku et al. 

HPLC Xterra RP8 
150x4.6 mm id, 3.5 μm 

packing 
4.03 [28], P. Challamalla et al. 

HPLC Varian C18 
100x4.6 mm id, 3 μm 

packing 
5 [29], I. M. Scott et al. 

HPLC Acclaim 120 C18 
150x4.6 mm id, 5 μm 

packing, 25 °C 
5.2 [2], G. Gupta et al. 

HPLC Phenomenex C8 
250x4.6 mm id, 5 μm 

packing 
5.2 [30], S. Ramaswamy et al. 

HPLC Licrocart C18 
250x4 mm id, 5 μm 

packing 
5.67 [31], V. Upadhyay et al. 

HPLC n. s. n. s. 5.7 [32], S. Siddique et al. 

HPLC Kinetex C18 
50x4.6 mm id, 5 μm 

packing, 25 °C 
5.76 [33], S. Ch. B. Kotte et al. 

HPLC Pursuit 5 C18 
250x4.6 mm id, 5 μm 

packing 
5.9 [34], E. De Mey et al. 

HPLC Xbridge C18 
250x4.6 mm id, 5 μm 

packing, 27 °C 
5.92 [35], J. A. Jamal et al. 

HPLC Kromasil C18 
125x4.6 mm id, 5 μm 

packing, 25 °C 
6 [36], M. Chin-Chen et al. 

HPLC HiQ Sil C18 W n. s. 6.23 [37], P. N. Shingate et al. 
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LC 

classification 

Column Retention 

time (min) 
Reference 

Type Dimensions 

HPLC ODS2 C18 
250x4.6 mm id, 5 μm 

packing 
6.4 [6], F. Namjoyan et al. 

HPLC Purospher C18 
150x4.6 mm id,  5 μm 

packing 
6.9 [38], R. Sivaranjani et al. 

HPLC 
RP-18e LiChrospher 

100 C18 

250x4.6 mm id, 5 μm 

packing 
7.77 [39], V. Upadhya et al. 

HPLC C18 n. s. 8.20 [40], B. Cahyono et al. 

HPLC 
Phenomenex Luna 

C18 

150x4.6 mm id, 5 μm 

packing, 25 °C 
8.45 [41], V. R. S. Rao et al. 

HPLC Kromasil 100 C18 
250x2 mm id, 5 μm 

packing 
8.8 

[42], M. T. Martinez-Sena 

et al. 

HPLC 
Spherisorb ODS-2 

C18 

250x4.6 mm id, 5 μm 

packing 
10.0 [43], H. Liu et al. 

HPLC 
Shimadzu LC-20 AT 

Phenomenex C18 

250x4.6 mm id, 5 μm 

packing, 25 °C 
12.85 [44], H. Ajmal. 

HPLC 

Polytetrahydrofurfuryl 

methacrylate 

monolithic 

50x4.6 mm id 22.5 [45], M. Li et al. 

HPLC Inertsil ODS-3V C18 
250x4 mm id, 5 μm 

packing, 30 °C 
34.52 [4], M. Friedman et al. 

HPLC Merk RP-18 
250x4.6 mm id, 5 μm 

packing, 30 C 
44.81 [46], R. Chauhan et al. 

HPLC Inertsil ODS-3 
150x2.1 mm id, 3 μm 

packing 
n. s. [4], M. Friedman et al. 

HPLC Inertsil ODS-3V C18 
250x4 mm id, 5 μm 

packing, 25 °C 
n. s. [14], N. Kozukue et al. 

HPLC Inertsil ODS-3 C18 
150x2.1 mm id, 3 μm 

packing 
n. s. [14], N. Kozukue et al. 

HPLC ODS AQ C18 
150x3.9 mm id, 5 μm 

packing 
n. s. [47], Y. Jin et al. 

HPLC 
Eurospher II 100-5 

C18 
n. s., 30 °C n. s. [48], L. Gorgani et al. 

HPLC Zorbax SB C18 
150x4.6 mm id, 3.5 μm 

packing, 30 °C 
n. s. [49], Q. Lu et al. 

HPLC 
Agilent Eclipse XDB-

C18 

150x4.6 mm id, 5 μm 

packing, 20 °C 
n. s. [50], M. Al-Nidawi et al. 

HPLC 
Spherosorb Eclipse 

Plus C18 

150x4.6 mm id, 3.5 μm 

packing 
n. s. [51], Ch. Zu et al. 

HPLC 
Agilent Zorbax 

Eclipse XDB-C18 

250x4.6 mm id,  5 μm 

packing, 30 °C 
n. s. [52], Y. Yu et al. 

HPLC Develosil ODS-5 250x4.6 mm id n. s. [53], H. Kikuzaki et al. 

HPLC Develosil ODS-5 250x4.6 mm id n. s. [53], H. Kikuzaki et al. 

HPLC C18 
150x5 mm id, 3 μm 

packing 
n. s. [54], I. M. Scott et al. 

HPLC C18 
250x4.6 mm id, 5 μm 

packing, 25 °C 
n. s. 

[55], E. E. Mgbeahuruike et 

al. 

HPLC 
Phenomenex Luna 

C18 

150x4.6 mm id, 5 μm 

packing, 40 °C 
n. s. 

[56], V. M. A. De S. 

Grinevicius et al. 

Conventional 

LC 

Waters YMC ODS-

AM 

100x2 mm id, 53 μm 

packing 
n. s. [29], I. M. Scott et al. 

n. s.- not specified 

 

Continuation of Table 1. 
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From these data it is evident that UHPLC columns packed with particles <2 μm outperform HPLC columns 

in terms of analysis time and certainly separation efficiency, with UHPLC retention times being as short as 

2.14 to 3.31 min. 

Yamaguchi et al. employed UHPLC with an EV-PS or polystyrene divinylbenzene copolymer columns of 

varying lengths (5 to 20 mm) for piperine analysis and compared their performance to that of a packed C18 

column. Photo diode array detection was used in the studies. Interestingly, the most favorable symmetry 

factors and theoretical plate numbers were obtained with 20 mm length columns. The results for the EV-

C18 and EV-PS 20 mm columns are shown in Table 2. Superior performance was achieved with the EV-

PS, outperforming the packed EV-C18 column in terms of peak height, number of theoretical plates and 

peak symmetry.19 

 

Table 2. Comparison between 20 mm length columns of EV-C18 and EV-PS in an Ultra High 

Performance Liquid Chromatography assay were piperine was analyzed.19 

Cartridge-column EV-C18 EV-PS 

Retention time (min) 2.060 2.122 

Peak area 88962 97291 

Peak height 14060 24508 

Number of theoretical plates 4425 7133 

Symmetry factor 2.295 1.242 

 

The superior performance of the EV-PS columns were suggested to be due to increased π-π interactions 

between the phenyl groups of the polystyrene-type stationary phase and the piperine analyte.19 

In another study by Li et al., combining UHPLC with photo diode array detection, used a 100 x 2.1 mm i. 

d. Acquity HSS T3 C18 column, packed with 1.8 μm particles with an acetonitrile-water gradient with a 

total runtime of 30 min. The method allowed to detect in a piper longum alkaloid extract, 43 alkaloids and 

quantify 4 of them, including piperine.20 

Into other papers, Ahmad et al. reported the use of UHPLC/DAD and a 100 x 2.1 mm i. d. Accucore 

Vanquish C18 column packed with 1.5 μm particles with a water-methanol based mobile phase under 

isocratic elution conditions. Piperine was eluted at 3.31 min, with a total run time being 5 min. 

Representative chromatograms of extracts of black pepper fruits of different geographic origins are shown 

in Figure 3.21, 22 
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Figure 3. Chromatograms indicating piperine peaks from three different black pepper extract samples 

from the countries of A) India, B) Vietnam and C) Pakistan. Reprinted with permission of Industrial 

Crops and Products.22 

Basak et al. demonstrated that conventional HPLC/UV-Vis is also well suited for piperine analysis. They 

used a conventional 150 x 4.6 mm i. d. C18 column packed with 5 μm particles and an acetonitrile-water 

mixture under isocratic elution conditions. The retention time obtained for piperine was reported to be 1.45 

min. The method was used to guide the development of piperine extraction methods using different 

solvents. The piperine content found for samples from different regions of Odisha in India (East and South-

Eastern Coastal Plain ESCP: K1 Khurda, North Central Plateau NCP: K2 Keonjhar and North-Eastern 

Ghats NEG:G Udayagiri) obtained after experimental extraction with various solvents are shown in Figure 

4.24, 25 
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Figure 4. Piperine content in percentage of dry weight found in three samples of long pepper extracts 

from three diverse regions of Odisha in India. Note the specific results for each type of extraction and 

solvent employed. Extract 1 means Soxhlet extraction and extract 2 means mechanical stirring extraction. 

Reprinted with permission of World Journal of Pharmaceutical Research.24 

 

Adosraku et al. analyzed piperine by reversed phase HPLC and UV-Vis detection in piper guineense 

extracts utilizing a 250 x 4.6 mm. Phenomenex Kromasil C8 column packed with 5 μm particles, methanol-

water mobile phase (80:20 v/v) at a relatively high flow rate of 1.4 mL/min. Under these conditions, the 

retention time for piperine was 3.8 min and the total run time of 6.5 min. The method was subsequently 

applied to quantify piperine in dry leaves, fresh leaves, stem and fruits of piper guineense for quality control 

purposes prior to export.27 

In context with forced degradation studies of piperine solutions, Kotte et al. employed HPLC and both 

UV/VIS and quadrupole-time of flight mass spectrometric detection. Chromatography was performed with 

a 50 x 4.6 mm Kinetex C18 column packed with superficially porous 5 μm particles, using a water-

acetonitrile-formic acid gradient. Piperine was eluted at a retention time of 5.76 min.33 

For the stress tests, a 1000 ppm piperine solution in 50/50 % water/acetonitrile were exposed at 80 °C to 

the following conditions: 2 mM hydrogen chloride for 24 h to assess changes due to acidic hydrolysis; 1 

mM sodium hydroxide for 48 h to assess changes due to basic hydrolysis; and neat water for 48 h for testing 

hydrolysis under neutral conditions. In addition, oxidative degradation was probed by incubating a 1000 

ppm piperine solution with 15 % hydrogen peroxide for 25 days at 25 °C. Moreover, a solid state photolytic 
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study was conducted by exposing a thin layer of crystalline piperine spread on a petri dish to 120000-

145000 lux of fluorescent light for 1 h. The stressed samples were subsequently dissolved with mobile 

phase and chromatographically analyzed to quantify the remaining piperine and to identify the emerging 

degradation products. The authors reported the formation of piperylin, trans-piperine, trichostachine, 

piperanine and piperettine.33 

De Mey et al. used HPLC-DAD with a 250 x 4.6 mm Pursuit 5 C18 column, packed with 5 μm particles, 

in combination with methanol as mobile phase. Elution of piperine was 5.9 min, with the total method run 

time being 12 min. The authors employed this method for quantification of piperine in spice commercial 

nitrite-containing spice mixtures for meat curing to evaluate the formation of the carcinogenic N-

nitrosopiperidine (see Figure 5). The authors concluded that for the investigated storage times and 

conditions, piperidine released by piperine degradation and consequent N-nitrosopiperidine were 

insignificant with most of the studied spice mixtures.34 

N

N
O  

Figure 5. N-nitrosopiperidine chemical structure.34 

 

Chin-Chen et al. employed micellar liquid chromatography for the analysis of piperine in several food and 

pepper samples.36  Micellar liquid chromatography is a reversed phase technique that uses mobile phase 

containing micelle-forming reagents to enhance the retention and selectivity of analyte(s). Micelles are 

spherical macromolecular aggregates composed of amphiphilic surfactant monomers, comprising both 

hydrophobic and hydrophilic structure elements. When dissolved in water above their critical 

concentration, these monomers self-assemble into spherical structures, which may then act as mobile 

carriers for lipophilic analytes. To implement this method, the researchers used a 125 x 4.6 mm  Kromasil 

C18 column packed with 5 micron particles, and a mobile phase consisting of 0.15 M sodium dodecyl 

sulphate in aqueous 0.01 M sodium dihydrogen phosphate (pH 7.00) and isopropanol as organic modifier.  

Remarkably, the analysis of crude extracts was carried with a minimum amount of sample preparation, just 

requiring centrifugation and filtration for removal of solid matter. Prior to injection, the samples were 

diluted with 0.05 M sodium dodecyl sulphate at a 1:10 ratio. The authors claimed that dilution of the sample 
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with surfactant prior to injection was crucial to establish favorable interactions of piperine and the 

stationary phase allowing for faster separation. The piperine contents of the analyzed pepper samples (5.1-

5.4 mg /g of minced pepper) were consistent with those obtained with alternative chromatographic methods 

reported in the literature. Method validation returned favorable figures of merit concerning repeatability 

(intra-day RSD= 0.3-3.6 %) and analyte recovery (97-110 %). The analyte’s total run and retention times 

were also satisfactory with just 7 min and 6 min, respectively.  Using the same method, the authors could 

also detect curcumin and capsaicin from curry, pepper, chilli and curcuma samples. The respective 

chromatograms are shown in Figure 6.36 

 

Figure 6. Micellar liquid chromatography results for: A) standards mixture at 25 ppm of curcumin (1), 

capsaicin (2) and piperine (3), B) curry crude extract sample, C) black pepper crude extract sample, D) 

chilli crude extract sample and E) curcuma crude extract sample. Reprinted with permission of Food 

Chemistry.36 
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These findings suggest that micellar liquid chromatography, while rarely employed, could be a promising 

alternative approach for the analysis of piperine from relatively untreated crude extract samples. However, 

one may question the wisdom of challenging the separation column with considerable loads of crude 

compound mixtures, which may subsequently cause built-up of contaminants in the column packing and 

potential frit blocking. Therefore, to fully appreciate the potential of this approach for routine analytics, a 

more intensive study into the long-term performance of this micellar liquid chromatography method may 

be required. 

Liu et al. employed a HPLC-UV-Vis method to investigate the impact of various grinding techniques on 

the recovery of piperine from various pepper fruit samples.43 The method employed a 250 x 4.6 mm. 

Spherisorb ODS-2 C18 column packed with 5 μm particles as stationary phase and multi-segment gradient 

elution with an acetonitrile-water-formic acid mixtures. The retention time of piperine and the total run 

time were 10 and 28 min, respectively. Using this method, the authors compared the piperine recovery of 

white, green and black pepper samples homogenized prior to extraction by either cryogenic grinding or 

hammer milling. For cryogenic grinding, the pepper fruits were first pre-frozen in liquid nitrogen (-210 to 

-196 °C for 10 min), and then powdered using five consecutive 2 min grinding cycles at a magnetic impactor 

frequency of 10 s-1. Hammer milling of the pepper fruit samples was conducted at 25 °C. After completing 

the grinding processes, the obtained samples were passed through a 250 μm sieve and stored at 4 °C for 6 

months. Subsequent analysis showed that the piperine content of the hammer-milled samples were reduced 

by 3.4-4.7 % as compared to the cryogenically milled samples. The authors rationalized these findings by 

heat-induced piperine degradation occurring during hammer milling. In addition, the authors reported that 

storage of homogenized pepper samples at 4 °C for 6 months led to a 17-30 % loss in piperine content, 

irrespective of the homogenization method employed.43 

Monolithic stationary phases employed to piperine quantitation 

In recent years, a variety of monolithic stationary phases have been added to the chromatographic armory 

of the analytical chemists. In contrast to traditional particulate stationary phases requiring packing into a 

column prior to use, monolithic chromatographic media consists of a single continuous porous structure, 

often produced within the confines of the column. Optimized casting protocols allowing to access 

monolithic media with a network of interconnected macropores (2 to 8 μm) and surface-centered mesopores 

(60 to 200 nm), giving rise to a uniquely favorable chromatographic characteristic. Specifically, the 

macroporous network permits monolithic columns to be operated at high flow rates with minimal back 

pressures, allowing for fast analysis. On the other hand, the surface centered-mesopores can act as easily 

accessible sites for stationary phase analyte interactions, and also as platforms for further chemical 
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modification to tailor specific selectivity profiles. The combination of these favorable structural features 

gives rise to a highly favorable mass transfer kinetics, resulting in superior separation efficiencies and 

considerable shorter run times as compared to traditional packed columns. Monolithic columns can be 

prepared both from inorganic (e.g. silica) and organic monomers (e.g. acrylates, styrenes), with the first 

class being commonly employed to the separation of low-molecular mass compounds, and the second class 

for separation targeting large biomolecules and complexes, such as proteins, nucleic acids, viruses, 

extracellular vesicles and even cells. 

Generally, monolithic columns are mechanically more robust and stable than columns packed with 

particulate phases, show fast equilibration upon mobile phase changes, and less prone to suffer blockage 

upon injection of matrix-loaded samples.  However, some challenges associated with the design and 

productions of monolithic stationary phases remain. Firstly, no generally applicable rational approach is 

available to tailor monolithic media with specific properties. Often, considerable trial-and-error 

experimentation is required to arrive at monolithic media with desirable chromatographic characteristics. 

In addition, achieving uniform chemical modifications of the internal surface of monoliths is rather 

challenging as most of the synthetic protocols developed for particular phases cannot be applied. Typically, 

monolithic columns need to be loaded with ligands in flow through mode in one-unit-a-time fashion, with 

the resulting surface remaining considerably lower than for in-flask modifications of particular stationary 

phases. Another issue concerns the conversion of monoliths into chromatographically applicable column 

formats. In-column generation of monoliths often suffers from volume shrinking, leading to wall voids and 

thus mobile phase channeling. To avoid this drawback, monolithic columns are often fabricated by post-

cladding of pre-formed monoliths with heat shrinkable polymer tubes, a process that is rather time-intensive 

and successful in the hands of very experienced operators only.  

An application of polytetrahydrofurfuryl methacrylate-based monolithic media for piperine analysis was 

reported by Li et al.45 Specifically, the monolithic columns were prepared in stainless steel columns from 

mixtures of tetrahydrofurfuryl methacrylate as base monomer; ethylene glycol dimethacrylate and triallyl 

isocyanurate as crosslinkers; n-propanol, dodecanol, N,N-dimethylformamide as porogens; and 2,2-

azobisisobutyronitrile as initiator. The thermal polymerization conditions and relative composition of 

polymerization mixtures were systematically optimized. Amongst the set of monoliths (M1 to M6) 

prepared, only one (M1) showed promising characteristics in terms of the operational permeability and 

chromatographic efficiency. With monolith M1, 22000 plates per meter could be achieved, while all other 

monoliths delivered poor chromatographic performances (< 9000 plates per meter). Scanning electron 

microscopy images of the individual monoliths are depicted in Figure 7 (with exception of monolith M4, 

which proved mechanically too fragile to withstand SEM sample preparation). Evidently, in comparison to 
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the other materials, monolith M1 displays a very uniform network morphology, consistent with its superior 

chromatographic performance characteristics. The pore size distributions and surface areas of the prepared 

monolithic media were determined by nitrogen adsorption-desorption (for mesopores) and mercury 

intrusion (for macropores) porosimetry. Figure 8 shows the corresponding pore size distribution graphs, 

indicating that monolith M1 displayed well-defined macroporosity. Subsequently, monolithic column M1 

was evaluated for the analysis of piperine in HPLC/UV mode, using gradient elution with water-methanol 

mixtures. Considering the short column format employed, the reported analyte retention and total run time 

were surprisingly long (22.5 and 39 min, respectively). The authors reported a calibration range from 10 to 

1000 ppm with a linearity r2  >  0.999. Intra- and inter-day repeatability were excellent (0.51 and 1.11 %), 

and recoveries ranged from 99 to 102 %. The authors stated that these figures of merit were superior to 

those attainable with commercial columns packed with particulate C18 stationary phases.45 

 

 

Figure 7. Morphologies of monoliths M1, M2, M3, M5 and M6 obtained by scanning electron 

microscopy. Reprinted with permission of Journal of Chromatography B.45 
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Figure 8. Distribution graphs of the macro-pore size in monolithic columns M1, M2, M3, M5 and M6, via 

mercury intrusion porosimetry. Reprinted with permission of Journal of Chromatography B.45 
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In closing this chapter, attention should be directed to a recent review of Ch. R. Quijia and M. Chorilli, 

they reviewed 27 published analytical methods for the analysis of piperine, indicating that the preferred 

separation technique was also Liquid Chromatography, being used in 22 of the cases. They also reported 

in their review that the most frequently stationary phase type was C18 reversed phase in combination with 

acetonitrile:water or methanol:water mobile phase at flows from 0.2 to 1.5 mL/min, typically with organic 

acid additives (formic, acetic or phosphoric acid). Isocratic mode was also indicated as the most frequently 

employed elution mode. The range of piperine retention times varied from 2.0 to 34.5 min. The authors 

also stressed the considerable potential for interferences due to matrix effects in the analysis of piperine 

when using Liquid Chromatography but added that these issues may be resolved either with sample 

preparation or the use of appropriate internal standards or the application of the standard addition technique 

for quantification of the analyte.57 

 

1.2. GAS CHROMATOGRAPHY 

Three out of the 59 studies covered in this review employed gas chromatography for the analysis of 

piperine, along with other analytes of interest.58, 59, 60 

In Gas Chromatography (GC) the mobile phase consists of an inert carrier gas, such as helium, nitrogen or 

hydrogen. Into this gas stream, the mixture of analytes are injected by thermal vaporization, and carried 

through the capillary separation column containing the stationary phase, typically in the form of a thin layer 

of liquid coated onto the capillary wall. Separation of the analytes is achieved by a dual mechanism, 

involving both differences in volatility and analyte specific interactions between the migrating compounds 

and the wall-coated stationary phase. Separation selectivity can be tuned and optimized by proper choice 

of the stationary phase and the temperature adjustment of the separation column. Generally, temperature 

programming mode is employed by gradually increasing of the column temperature as the analysis 

progresses, allowing the elution of analytes according to their boiling points and at different times. A crucial 

requirement for the applicability of GC is that the analytes are thermally stable under the conditions of 

operation, both at the stage of sample introduction and the time the compounds of interest migrate through 

the heated separation column. Certain classes of thermolabile analytes require chemical derivatization prior 

to GC analysis, improving thermal stability and enhancing volatility. GC cannot analyze thermally labile 

compounds lacking functional groups amenable to derivatization without decomposition. 

Gas chromatography is a powerful separation technique for volatile compounds (fatty acids, triglycerides, 

flavor compounds, food components, pesticides, aroma compounds, polychlorinated biphenyls, volatile 

contaminants) due to the convenient use of long columns. This feature gives rise to unparalleled separation 
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efficiency, allowing for the separation of hundreds and even thousands of compounds in a single 

chromatographic run. 

Apart from being restricted in applicability to volatile analytes, a further limitation of GC is its relatively 

poor loading capacity. It is also worth mentioning that GC also requires experienced operators for method 

development and occasionally for data analysis. 

In the study of Andrade et al., GC hyphenated with quadrupole mass spectrometry was employed to 

piperine analysis. A HP-5MS column (30 m x 0.25 mm i. d. and 0.25 μm of film thickness) was used in 

temperature programming (70 to 280 °C at 3 °C/min) with helium as carrier gas and split injection at 250 

°C. Under these conditions, piperine eluted from the column after 64 min. The goal of this study was to 

monitor and quantify volatile compounds recoverable from black pepper extracts with different extraction 

methods. Specifically, supercritical fluid extraction, Soxhlet extraction, ultrasound-assisted extraction, and 

pressurized liquid extraction were evaluated using a range of solvents (carbon dioxide, hexane, ethyl acetate 

and ethanol) at different temperatures (40 to 60 °C) and pressures (100 to 300 bar). In addition to piperine, 

the reported GC method allowed for the quantitation of further 13 compounds. From the results of 19 

extraction runs performed under different operation conditions, the authors concluded that CO2-based 

supercritical fluid extraction with ethanol as co-solvent at 150 bar and 50 °C was the most favorable option 

for piperine isolation.58 

Zachariah et al. employed two different GC methods for piperine quantitation. While both approaches 

employed temperature-programmed analysis, the first used an OV-17 column in combination with flame 

ionization detection, while the second applied a RTX-5 column and quadrupole mass spectrometric 

detection. The focus of the study was to establish the characteristic compounds profiles for leaves and 

berries of 26 black pepper samples, with special consideration of phenols, free amino acids, starch, 

carbohydrates, proteins, piperine and oleoresins. In context with oil constituents, GC quantification focused 

on pinene, sabinene, myrcene, limonene, β-caryophyllene, germacrene, nerolidol, elemol, eudesmol, 

bisabolene and farnesol. Piperine was quantified in 26 leave and berry samples.59 

Kapoor et al. focused on the qualitative and quantitative analysis of volatile constituents of oleoresins and 

oils of black pepper. A GC-MS operated with a phenyl methyl siloxane column (30 m x 0.25 mm i. d. and 

0.25 μm film thickness) and helium as carrier gas was employed under temperature-programmed 

conditions, with sample introduction being accomplished by split injection at 230 °C. A total of 54 

compounds were detected and quantified in the black pepper oils, and 47 compounds in the oleoresins 

(including piperine).60 

 



27 

 

1.3. THIN LAYER CHROMATOGRAPHY 

Thin layer chromatography (TLC) is a solid-liquid phase separation technique. Most frequently, the 

stationary phase consists of silica gel (SiO2) and alumina (Al2O3), with both materials exhibiting polar 

interactions. Alumina shows higher polarity than silica gel, and may be fabricated in neutral, basic or acidic 

version. The employed mobile phases are organic solvents or mixtures of organic solvents. While lacking 

the sophistication of other modern chromatographic techniques, TLC is appreciated in the field of plant 

research as convenient, inexpensive and easy-to-operate high throughput tool for quantitative analysis. 

Operationally, TLC involves direct sample application onto glass or plastic plates coated with the respective 

stationary phases, followed by the development of the chromatograms in closed tanks charged with the 

corresponding mobile phases.  Upon contact with the adsorbent-coated plate, the solvent serving as mobile 

phase ascents by capillary action through the stationary phase, and thus causes the samples to migrate and 

ultimately separate into its constituents. Quantification of compounds separated by TLC is generally done 

with a densitometer, which measures the light absorbed (or emitted) by the area increment of the plate 

accommodating the compound(s) of interest and comparing the reading with those of standards developed 

at the same plate. Under specified operation conditions, analyte(s) can be identified by relative migration 

distances, the so-called ratio-of-fronts (Rf) values, which are obtained by dividing the migration distance 

of the analyte by the distance corresponding to the mobile phase front. 

Concerning analytical applications, thin layer chromatography techniques can be categorized into 

conventional thin layer chromatography and high performance thin layer chromatography. The main 

differences between these techniques concerns the employed particle size, particle size distribution, layer 

thickness, employed plate dimension and migration distance, required separation time, the number of 

samples that can be processed per plate, the applicable  sample volume, and the achievable detection limits. 

Information on these features is given  in Table 3.61 

Table 3. Main differences between conventional and high performance thin layer chromatography. 61 

Feature Conventional TLC High performance TLC 

Mean particle size 10-12 μm 5-6 μm 

Particle size distribution 5-20 μm 4-8 μm 

Layer thickness 250 μm 100-200 μm 

Plate height 30 μm 12 μm 

Typical migration distance 10-15 cm 3-6 cm 

Typical separation time 20-200 min 3-20 min 

Number of samples per plate <10 <36-72 

Sample volume 1-5 μL 0.1-0.5 μL 

Absorbance detection limits 1-5 ng 100-500 pg 

Fluorescence detection limits 50-100 pg 5-10 pg 
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High performance thin layer chromatography is carried out with plates offering the benefits of higher 

packing density, smoother surface and reduced sample diffusion. These characteristics give rise to spatially 

well-defined and concentrated analyte bands, considerably improving both detection sensitivity and 

analysis speed as compared to those achievable with conventional TLC.61 However, there are some 

limitations associated with the use of TLC as a quantitative analytical technique. A considerable level of 

experience and experimental rigor is required to achieve consistent and reproducible results. Maintaining 

a consistent TLC separation performance requires to control a delicate interplay between a stationary, a 

mobile and the vapor phase in the development tank; minor changes in environmental factors like 

temperature and humidity typically compromise separation performance and reproducibility. In addition, 

when compared with more sophisticated chromatographic techniques, precision and detection sensitivity 

are relatively poor. Moreover, the migration distances of state-of-the art TLC plates are limited, restricting 

the separation capacity from 10 to 50 compounds. 

Unsurprisingly, the majority of the TLC papers focusing on piperine quantitation employed HPTLC 

techniques, while conventional TLC methods are less popular options. Table 4 gives an overview of the 

materials and conditions employed for the TLC-based separation and quantification of piperine from plant 

base materials, with the information being presented such that HPTLC methods are listed prior to that of 

conventional TLC methods. 

Table 4. Types of stationary and mobile phases used by researchers for the analysis of piperine from 

plant base materials. 

Classification Stationary phase Mobile phase Rf ratio Reference 

HPTLC Si 60 F254 Toluene/ethyl acetate 6/4 (v/v) n. s. [55], E. E. Mgbeahuruike et al. 

HPTLC Si 60 F254 N-hexane/ethyl acetate 8/2 (v/v) 0.24 [62], K. Pundarikakshudu et al. 

HPTLC Si 60 F254 
Toluene/ethyl acetate/glacial 

acetic acid 7/3/0.5 (v/v) 
0.40 [63], P. Alam. 

HPTLC Si 60 F254 
Toluene/ethyl acetate/diethyl ether 

6/3/1 (v/v) 
0.40 [64], A. A. Rajopadhye et al. 

HPTLC Si 60 F254 
Hexane/ethyl acetate/glacial acetic 

acid 3/1/0.1 (v/v) 
0.46 [65], P. D. Hamrapurkar et al. 

HPTLC Si 60 F254 Toluene/ethyl acetate 6/4 (v/v) 0.51 [66], A. A. Rajopadhye et al. 

HPTLC Si 60 F254 
Cyclohexane/ethyl acetate 5/3 

(v/v) 
n. s. [67], F. Vargas. 

TLC Si 60 F254 N-hexane/ethyl acetate 7/3 (v/v) n. s. 
[56], V. M. A. De S. 

Grinevicius et al. 

TLC Si 60 F254 Acetone/n-hexane 3/2 (v/v) 0.90 [68], E. De Mey et al. 

n. s.- not specified 



29 

 

Mgbeahuruike et al. used the HPTLC/densitometry to quantify piperine in extracts of seeds and leaves of 

piper guineense. Plates coated with silica gel F254 were evaluated with different mobile phase 

compositions to optimize compound resolution. A selection of chromatograms resulting from these efforts 

are  shown in Figure 9. The authors concluded that the most favorable mobile phase conditions for 

quantification of piperine could be realized with a mixture of toluene-ethyl acetate (6:4 v/v).55 

 

Figure 9. HPTLC sheets showing separation bands for piper guineense seed and leaf crude extracts at 

organic solvent ratios: A) n-hexane:ethyl acetate 5:3 v/v, B) n-hexane:acetone 2:3 v/v, C) 

cyclohexane:ethyl acetate 5:3 v/v, D) n-hexane:ethyl acetate:methanol 60:40:1 v/v, E) toluene:ethyl 

acetate 7:3 v/v, F) toluene:ethyl acetate 6:4 v/v, G) toluene:ethyl acetate 1:1, H) toluene:ethyl acetate 

55:45 v/v, I) toluene:ethyl acetate 65:35 v/v. Reprinted with permission of Natural Product 

Communications.55 

In another study, Pundarikakshudu et al. developed a HPTLC method for the simultaneous quantitation of 

piperine and piperlongumine in extracts of long pepper. A commercial state-of-the art HPTLC equipment 

was employed, an automated applicator for reproducible sample loading and a densitometer for analyte 

detection. The samples were applied to TLC plates pre-coated with silica gel/F254 and developed with a 

mobile phase consisting of n-hexane:ethyl acetate (8:2, v/v) at 25 °C and controlled 40 % relative humidity. 

Under these conditions, piperine was detected at Rf = 0.24. The authors reported favorable intra-day 

repeatability (1.02 to 1.07 %). Representative HPTLC-densitograms are shown for piperine and 

piperlongumine in Figure 10. Note that the piperine peak shows a shoulder at its rear slope, suggesting a 

partial overlap with (an) unresolved compound(s), which may represent (a) photo isomer(s).62 
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Figure 10. HPTLC-densitogram detected at 290 nm for a methanolic extract of piper longum fruit and 

the standard solutions of piperlongumine and piperine. Reprinted with permission of Journal of Planar 

Chromatography.62 

P. Alam’s employed TLC/densitometry for the analysis of piperine in black pepper samples in context with 

a stress-induced degradation study, assessing the effects of acidic, basic and oxidative stress conditions. 

Glass HPTLC plates coated silica gel were employed as stationary phase, and a mixture consisting of 

toluene:ethyl acetate:glacial acetic acid (7:3:0.5 v/v) as mobile phase. Prior to analysis, the plates were pre-

activated at 110 °C for 30 min. Under these conditions, the piperine was detected at Rf= 0.4. Excellent 

intra-day repeatability (0.73-0.81 %) could be achieved.63 

For all stress induced degradation studies, 100 ppm piperine stock solutions in methanol were employed. 

For the acid-induced degradation conditions, the piperine stock solution was mixed with 0.1 N HCl and 

refluxed at 80 °C for 3 hours under exclusion of light. For the base-induced degradation, the piperine stock 

solution was fortified with 0.1 N sodium hydroxide and refluxed at 80 °C for 3 hours under exclusion of 

light. The oxidative stress study involved the addition of 30 % hydrogen peroxide to the piperine stock 

solution, and short-time heating on a water bath, followed by refluxing conditions at 80 °C for 3 hours 

under exclusion of light. From the stressed samples, 10 μL aliquots were withdrawn and applied onto 

HPTLC plates, followed by development under conditions specified above. The  densitograms of the 

resulting chromatograms are given in Figure 11, indicating that piperine has suffered a considerable level 

of degradation at all employed stress conditions.63 
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Figure 11. Densitograms of stress-induced analysis for piperine detected at a wavelength of 280 nm. A) 

treatment with 0.1 N HCl (degradation products formed at Rf of 0.01, 0.70 and 0.76; B) treatment with 

0.1 N NaOH (degradation products formed at Rf of 0.14, 0.31, 0.68 and 0.74; C) treatment with 30 % v 

hydrogen peroxide (degradation products formed at Rf of 0.10, 0.38, 0.73 and 0.80). Reprinted with 

permission of Journal of Planar Chromatography.63 

While the authors stated that piperidine and piperic acid were formed under basic and acidic stress 

conditions, no conclusive experimental evidence was provided to support this claim. No efforts were made 

to elucidate the chemical nature of the other degradation products detected in the densitograms. It was 

concluded that additional studies were required in this area.63 

Rajopadhye et al. used silica gel/F254 HPTLC sheets and a ternary mixture of toluene:ethyl acetate:diethyl 

ether (6:3:1 v/v) as mobile phase for piperine analysis. Piperine was detected at Rf of 0.4. A very favorable 

intra-day repeatability (0.87 %) could be achieved.64 

This HPTLC method was subsequently employed to analyze piperine in crude methanolic extracts of six 

different pepper samples (black pepper, white pepper, piper longum, piper retrofractum, piper cubeba and 

piper betle). The densitograms of the experiments are given in Figure 12.64 
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Figure 12. HPTLC densitograms in overlay mode for the crude extracts of various piper sp. indicating 

the analyte piperine between the two vertical markers: A) piper betle, B) piper longum, C) piper 

retrofractum, Std) piperine standard, D) piper cubeba, E) black pepper, F) white pepper. Reprinted with 

permission of Journal of Planar Chromatography.64 

In a related study, the same authors investigated the simultaneous separation of piperine and 

piperlongumine present in the crude methanolic extracts of roots of piper longum and an ayurvedic 

formulation. This could be accomplished by changing the mobile phase to toluene:ethyl acetate 6:4 (v/v). 

The sample extracts were accessed by two different methods, namely Soxhlet and accelerated solvent 

extraction. The densitograms obtained are presented in Figure 13.66 

 

Figure 13. HPTLC densitograms for crude extracts of piper longum root, a formulation and standards of 

piperine and piperlongumine. I. Analysis for piperine at 342 nm. II. Analysis for piperlongumine at 325 

nm. A) Soxhlet extract of root, B) accelerated solvent extract at 60 °C of root, C) Soxhlet extract of 

formulation, D) accelerated solvent extract at 60 °C of formulation, E) piperine standard, F) 

piperlongumine standard. Reprinted with permission of Brazilian Journal of Pharmacognosy.66 
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De Mey et al. applied conventional TLC-densitometry to quantify piperine in extracts of black and white 

pepper samples, obtained by accelerated solvent extractions using dichloromethane. TLC analysis was 

performed on glass plates coated with silica gel/F254 and acetone:n-hexane (3:2 v/v) as mobile phase. 

Under these conditions, piperine was observed at Rf= 0.90. Inter- and Intra-day repeatability of 2.62 and 

5.99 %, respectively. A densitogram of a representative chromatogram is depicted in Figure 14. Similar to 

the results obtained by Pundarikakshudu et al. 62, the piperine peak shows a pronounced shoulder at higher 

Rf, suggesting the presence of poorly resolved photo isomers emerging due to exposure to daylight during 

sample preparation.68 

 

Figure 14. TLC densitogram of the crude extract from the black pepper sample, Rf at 0.90±0.02. 

Reprinted with permission of Journal of Liquid Chromatography and Related Technologies.68 

 

1.4. OTHER SEPARATION TECHNIQUES 

Musenga et al. used for piperine analysis capillary electrochromatography, which is a hybrid separation 

technique combining the operational principles of capillary electrophoresis and liquid chromatography. 

Prior to discussion of this application, a short introduction into this separation technique may be useful. In 

contrast to conventional pressure-driven chromatography, the mobile phase moves across the 

chromatographic bed due to electroosmosis. Electroosmosis occurs inside a porous material, capillary tube 

or membrane carrying surface charges when an electric potential is applied across the conduit. The applied 

electric field produces a Coulomb force that causes flow of the mobile phase, analyte(s) and other matrix 

compounds present in the conduit volume, with the direction of flow being dependent on the nature of the 

surface charge. For example, when exposed to media pH> 4 the silanol groups on the surface of silica 

capillaries become negatively charged, forming a layer of positive ions (Stern layer). When an electric 

potential is applied across these capillaries, the positive ions in proximity of the ions move by action of the 

Coulomb force, resulting in an electroosmotic flow towards the cathode. Neutral sample components 

travelling with electroosmotic flow interact, just as it is the case in conventional chromatography, 
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selectively with the stationary phase within the capillary, and are consequently separated according to their 

relative affinity.69 

Practically, capillary electrochromatography can be implemented with any commercial capillary 

electrophoresis instrument with little effort. In contrast to pressure-driven chromatography, capillary 

electrochromatography  is not limited to the applicable particle size of the stationary phase and the column 

length. Another striking advantage is that the flow profile characteristic of the electroosmotic flow is plug-

like rather than parabolic, a feature that reduces the dispersion of sample zones in the conduit, and thus 

allowing for very high separation efficiencies. 

On the other hand, both the preparation of columns for capillary electrochromatography is rather 

challenging, and the operation of these columns require long times for conditioning and mobile phase 

equilibration. A particular problem with this technique is the electric heating effects, often loading to gas 

bubble-formation within the chromatographic beds, disrupting the electric field and thus the 

chromatographic process. 

Musenga et al. method was implemented using a fused silica capillary (32 cm X 100 μm i. d.), packed with 

5 μm LiChromspher-100 C18 sorbent. The mobile phase consisting of a mixture of aqueous ammonium 

acetate 50 mM at pH 6 and acetonitrile (10:90 v/v).  For separation, a voltage of 30 kV was applied at 8 

bar of working pressure across the capillary and 25 °C. Pressure-driven sample injection was accomplished 

at 5 bar for 30 sec. Piperine was detected at a retention time of 4.4 min, with the total run time being 25 

min. Prior to sample injection, the capillary was allowed to equilibrate with the mobile phase for 1 hour at 

10 bar, and then for an additional hour at a potential of 30 kV and 8 bar.  Sample detection was 

accomplished using a diode array detector. The method was employed to analyze the extracts of various 

black, white and green pepper samples. A representative electrochromatogram is depicted in Figure 15.69 

 

Figure 15. Electrochromatogram for piperine detected at 338 nm for the analysis of a black pepper crude 

extract sample diluted 1:160 with the mobile phase. Reprinted with permission of Journal of Separation 

Science.69 
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As an alternative electro chromatographic technique, Soto et al. employed Micellar Electro Kinetic 

Chromatography/UV-Vis for quantitation of piperine from onion nectar samples.70 This method is hybrid 

between chromatographic and electrophoretic separations that are capable of resolving neutral analytes. 

The working principle involves the addition of charged surfactants to the buffer solution above their critical 

micellar concentrations, giving rise to the formation of charged micelles. Upon application of an electric 

field, the charged micelles migrate electrophoretically towards the corresponding electrodes, with analytes 

interacting with the moving micelles via differential partitioning and thus experiencing physical separation. 

The implementation of this method by Soto et al.,  employed a fused silica capillary (75 μm x 57 cm), and 

a mobile phase consisting of a mixture of sodium tetraborate (20 mM at pH 9.30) and sodium dodecyl 

sulphate (100 mM) as micelle forming agents. Prior to analysis, the capillary was conditioned with water 

for 5 min, then with buffer for 3 min at 20 kV. Samples were introduced hydrodynamically by applying 30 

mbar for 3 sec. Separation was carried out in the capillary at 25 °C. The migration time for piperine was 

13.8 min, and the total run time 15 min. An excellent Limit of Detection (0.175 ng/L) could be achieved 

by this method with spiked samples. However, piperine could not be detected in any of the onion nectar 

samples analyzed.70 
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2. DETECTION TECHNIQUES 

It is informative to analyze the reviewed researched papers on piperine analysis with regard to the employed 

detection techniques. The graphical representation of these trends is given in Figure 16. This survey showed  

that Diode Array Detection (58 %) was the most utilized technique, followed by mass spectrometry 

detection (14 %), being routinely employed in combination with HPLC or UHPLC. Densitometry was the 

technique employed in 12 % of cases, exclusively with TLC separation techniques. Spectrophotometry-

based methods without separation accounted for a 9 % fraction of the papers. Other detection techniques, 

such as flame ionization detection, voltammetry, fluorescence detection and nuclear magnetic resonance 

were employed in 7 % of the reviewed studies. 

 

 

Figure 16. Detection techniques used in 60 recent researched articles. 
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2.1. UV/VIS AND DIODE ARRAY DETECTION 

State-of-the art Diode Array Detection (DAD) devices are capable of rapidly scanning the absorbance 

spectra of analytes with excellent temporal and spectral resolution. The recorded spectra can be utilized for 

identification of unknown compounds via data-base matching, but also for peak purity assessment, and 

advanced peak deconvolution in cases where peak overlap does preclude direct quantitation. An essential 

requirement for the applicability of UV-Vis and DAD detection is that the analytes of interest possess 

potent chromophores within the operation range of the devices, which is typically operated from 190 nm 

(low UV) to 700 nm (upper range of visible light). Fortunately, the majority of compounds being of 

analytical interest (environmental pollutants, drugs, biological metabolites) contain at least moderately 

chromophoric structure elements, such as aromatic groups, conjugated and isolated double bonds, carbonyl 

functionalities, such as carboxylic acids, ester, etc.  

Current DAD devices utilize polychromatic light sources, which are focused and passed through flow cells 

to interrogate the absorbance of compounds eluting from chromatographic columns. The light beam is 

subsequently dispersed using polychromatic elements, most frequently concave holographic gratings, and 

directed onto an array consisting of series of photodiodes mounted onto a ceramic carrier element also 

supporting the required electronics. Typical diode arrays utilize 1024 individual photodiodes covering a 

spectral range from 190 to 950 nm, with the sample interval being less than 1.0 nm. Diode Array Detectors 

are popular options in liquid chromatography as they combine the benefits of affordability, broad 

applicability range, ease-of-use, robustness, and low maintenance cost beyond the routine change of visible 

and UV light sources. 

DAD is a particularly attractive option for piperine detection, as several of its substructure elements have 

chromophoric qualities. The aromatic group and the attached conjugated double bonds are highly potent 

chromophores, giving rise to an exceptionally high molar absorbance coefficient (= 31350 M-1cm-1 in 

ethanol at 344 nm, 20 °C).6, 67, 74 

The majority of the reviewed articles concerning piperine analysis employed DAD for analyte detection, 

with 340 and 343 nm being the most frequently applied detection wavelengths. These trends are clearly 

discernable from the data summarized in Table 5, which also gives additional information on the figure of 

merits of analytical methods employing DAD detection. 

Li et al. reported impressive results concerning the performance for a reversed phase UHPLC/DAD method 

of quantitation of piperine at 254 nm, with a linearity range from 5.15 to 103.00 ppm (r2= 0.9999) and an 

intra-day repeatability of RSD= 0.9 %. The method used the external standardization technique to quantify 

in addition to piperine three related alkaloids in piper longum extracts.20 
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Table 5. List of references that used DAD in their analysis of piperine. The information includes results 

of LOD, LOQ, calibration range, linearity and repeatability. Listed first the highest linearity results. 

λ (nm) 
LOD 

(ppm) 

LOQ 

(ppm) 

Calibration 

range (ppm) 

Linearity 

(r2) 

Repeatability 

(% RSD) 
Reference 

254 n. s. 0.5 5.15-103.00 0.9999 0.90 [20], K. Li et al. 

280 0.006 0.060 0.2-2.0 0.9999 3.187-5.344 [30], S. Ramaswamy et al. 

343 n. s. n. s. 20-100 0.9999 n. s. [52], Y. Yu et al. 

280 3.28 10.89 10-1000 0.99986 1.26-1.35 [45], M. Li et al. 

210 0.005 0.015 1-100 0.9998 0.3-3.6 [36], M. Chin-Chen et al. 

340 n. s. n. s. 100-500 0.9997 0.32 [23], N. Bao et al. 

344 0.057 0.067 n. s. 0.9997 0.01 [24], U. Basak & M. Mohapatra. 

343 0.001 0.010 0.2-3.0 0.9997 1.16-1.44 [44], H. Ajmal. 

338 1.0 2.5 2.5-100.0 0.9996 1.7-3.4 [69], A. Musenga et al. 

210, 232, 262, 343 0.21 0.71 5.0-200.0 0.9995 1.61-1.80 [41], V. R. S. Rao et al. 

343 n. s. n. s. 0.4-10.0 0.999 n. s. [21], R. Ahmad et al. 

240 0.016 0.053 10.0-50.0 0.999 0.37 [28], P. Challamalla et al. 

340 5 5 40-100 0.999 1.3 [31], V. Upadhyay et al. 

340 n. s. n. s. 0.1-250.0 0.999 < 5.5 [29], I. M. Scott et al. 

280, 340 2.06E-04 6.25E-04 0.001-100 0.9986 1.117-3.212 [33], S. Ch. B. Kotte et al. 

340 n. s. n. s. n. s. 0.998 n. s. [2], G. Gupta et al. 

343 1.87E-04 5.67E-04 0.0002-0.0040 0.998 1.217 [27], R. K. Adosraku et al. 

343 n. s. n. s. 20-100 0.9978 n. s. [40], B. Cahyono et al. 

344 0.534 1.620 0-1000 0.997 0.01 [25], U. Ch. Basak et al. 

340 n. s. n. s. 0.050-0.125 0.997 n. s. [32], S. Siddique et al. 

254 140 420 300-700 0.997 0.97-1.39 [35], J. A. Jamal et al. 

255 0.001 0.003 2.0-12.0 0.997 1.6 [55], E. E. Mgbeahuruike et al. 

346 0.2-0.6 0.7-2.0 0.7-35.0 0.996-0.999 1.9-5.1 [50], M. Al-Nidawi et al. 

340 1.9 6.3 6-100 0.996-0.999 4.0-7.0 [42], M. T. Martinez-Sena et al. 

343 n. s. n. s. 0.5-10.0 0.9903 n. s. [22], R. Ahmad et al. 

220 1.75E-07 6.50E-07 n. s. 0.9885 1.42-4.02 [70], V. C. Soto et al. 

343 0.1173 0.3554 0.01-600 0.981 < 2.0 [39], V. Upadhya et al. 

343 n. s. n. s. n. s. 0.9565 n. s. [34], E. De Mey et al. 

280, 340 n. s. n. s. n. s. n. s. n. s. [4], M. Friedman et al. 

340 n. s. n. s. n. s. n. s. n. s. [6], F. Namjoyan et al. 

220, 340 n. s. n. s. n. s. n. s. n. s. [14], N. Kozukue et al. 

n. s. n. s. n. s. n. s. n. s. 1.91 [19], T. Yamaguchi et al. 

338 n. s. n. s. n. s. n. s. n. s. [38], R. Sivaranjani et al. 

254, 280, 343, 364 n. s. n. s. n. s. n. s. n. s. [43], H. Liu et al. 

254 n. s. n. s. n. s. n. s. n. s. [46], R. Chauhan et al. 

254 n. s. n. s. n. s. n. s. n. s. [47], Y. Jin et al. 

343 n. s. n. s. n. s. n. s. n. s. [48], L. Gorgani et al. 

280 n. s. n. s. 0.7825-100 n. s. n. s. [49], Q. Lu et al. 

254 n. s. n. s. n. s. n. s. n. s. [53], H. Kikuzaki et al. 

210, 260 n. s. n. s. n. s. n. s. n. s. [54], I. M. Scott et al. 

n. s.- not specified 
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Similarly, Ramaswamy et al. used reversed phase HPLC/DAD at 280 nm to analyze piperine and curcumin 

in food samples and ayurvedic medicines. The reported method was linear for piperine in the range of 0.06 

to 2.20 ppm (r2= 0.9999), with a LOD being 0.006 ppm via external standardization. The intra-day 

repeatability was from 3.187 to 5.344 %.30 

Yu et al. employed a reversed phase HPLC/DAD at 343 nm for quantitation of piperine from black pepper 

extracted via “green” surfactant-assisted enzymatic hydrolysis extraction. The method was claimed to 

effectively promote the breakage of the black pepper matrix to accelerate the release of piperine. 

Practically, the extraction process was carried out in aqueous solution by incubating a ground black pepper 

with a mixture of cellulase, neutral protease, with different surfactants at 60 °C. The functions of the latter 

was to reduce the surface tension of the medium and thus enhance the interaction between enzyme and 

substrate. Several surfactants (sodium stearoyl lactylate, calcium stearyl lactylate, Tween-80 and Span-60) 

at different concentrations were tested, with sodium stearoyl lactylate giving the best extraction yields. A 

graphical depiction of these findings is given in Figure 17. For analysis, the crude extracts were diluted 

with methanol. The method was linear in the range of 20 to 100 ppm ( r2= 0.9999).52 

 

 

Figure 17. (a) Comparison of the extraction yield of piperine between various surfactants (detection 

methods used were UV-spectrophotometry and HPLC-DAD) from black pepper extracts (b) Effect of the 

% amount of sodium stearoyl lactylate on the extraction yield of piperine from black pepper extracts. 

Reprinted with permission from International Journal of Food Properties.52 
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Bao et al. developed a reversed phase UHPLC/DAD method for the combined analysis of piperine and 

piperlongumine in various peppers samples, detecting the analytes at 340 nm. The method was linear over 

a range of 100 to 500 ppm (1 to 5 μg of piperine on-column; r2= 0.9997)  LOD was 1 ng of piperine on-

column, and intra-day repeatability was 0.32 %. The values for piperine found in the investigated samples 

ranged from 0.06 to 54.33 mg/gram of minced pepper sample. Figure 18 shows photographs of the 

investigated long pepper fruits from different geographic origins.23 

 

 

Figure 18. Dried pepper-fruits of piper longum, piper retrofractum and piper betle from various 

countries. 1) piper longum from Hainan, China, 2) piper longum from Xinjiang, China, 3) piper longum 

from Indonesia, 4) piper longum from India, 5) piper longum from Vietnam, 6) piper retrofractum from 

Ishigaki, Japan, 7) piper betle from Taiwan. Reprinted with permission of Journal of Natural 

Medicines.23 

 

Ajmal reported the analysis of piperine using reversed phase HPLC-DAD, with the analyte of interest being 

detected at 343 nm. Good linearity was obtained in the range 0.2 to 3.0 ppm (r2= 0.9997). LOD and LOQ 

were 0.001 ppm (0.02 ng of piperine on-column) and  0.01 ppm (0.2 ng of piperine on-column). The inter-

day repeatability was in the range 1.16 to 1.44 %. In this particular case, the authors selected the employed 

detection wavelength based on an independent pre-scanning experiment conducted on a separate UV 

spectrophotometer (see Figure 19).44 
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Figure 19. UV spectra of piperine from 200 to 400 nm. Reprinted with permission of World Journal of 

Pharmacy and Pharmaceutical Sciences.44 

 

Musenga et al. demonstrated that DAD detection may also give satisfactory results for piperine analysis 

when employed in combination with capillary electro-chromatography methods. In this case, piperine 

detection was directly conducted on a section of the capillary column at 338 nm. Good linearity was 

obtained in the range of 2.5 and 100 ppm (r2 was 0.9996), with the LOD and LOQ being 1 ppm and 2.5 

ppm, respectively. The reported intra-day repeatability was between 1.7 to 3.4 %. It is worth mentioning 

that the method was also able to identify another 10 structurally different compounds in a black pepper oil 

extract when employing a lower detection wavelength (210 nm). Here, the potential of DAD to detect 

simultaneously compounds at different wavelengths proved beneficial for the analysis of a number of 

terpenes, such as eugenol, terpinen-4-ol, caryophyllene oxide, α-phellandrene, limonene, β-pinene, 3-

carene, α-pinene, α-humulene and β-caryophyllene.69 

Scott et al. reported the quantitation of piperine in ethyl acetate extracts of black pepper and piper guineense 

fruits, and in piper tuberculatum leaves, employing reversed phase HPLC in combination with PDA 

detection at 205 and 340 nm. Linearity was satisfactory over a range of 0.1 to 250 ppm (r2= 0.999). LOD 

was 2 ng of piperine, and the repeatability better than 5.5 %. For sample preparation, ambient temperature 

sonication and reflux extraction were tested, with the latter providing superior analyte recovery. For 

example, for a given black pepper sample piperine recovery was 340±10 mg with sonication-supported 

extraction, and 540±70 mg with reflux extraction. Representative chromatograms obtained with the 

reported method for piper nigrum, piper tuberculatum and piper guineense samples are depicted in Figures 

20, 21 and 22, respectively.29 
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Figure 20. HPLC chromatograms showing detection of some alkaloids in black pepper extracts at 205 

and 340 nm. Identification of peaks: 1) piperylin, 2) piperlonguminine, 3) dihydropiperine, 4) piperine, 5) 

pipercide. Reprinted with permission of Journal of Agriculture and Food Chemistry.29 

 

 

Figure 21. HPLC chromatograms showing detection of some alkaloids in piper tuberculatum extracts at 

205 and 340 nm. Identification of peaks: 1) pellitorine, 2) dihydropiperlonguminine,                                

3) piperlonguminine, 4) dihydropiperine, 5) piperine. Reprinted with permission of Journal of 

Agriculture and Food Chemistry.29 
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Figure 22. HPLC chromatograms showing detection of some alkaloids in piper guineense extracts at 205 

and 340 nm. Identification of peaks: 1) piperylin, 2) 4,5-dihydropiperlonguminine, 3) piperlonguminine, 

4) 4,5-dihydropiperine, 5) piperine. Reprinted with permission of Journal of Agriculture and Food 

Chemistry.29 

 

Gorgani et al. used reversed phase HPLC in combination with UV detection to quantify piperine from black 

pepper extract samples obtained by four different extraction techniques. The global goal of this program 

was to identify the most efficient conditions for extraction of piperine from minced black pepper samples. 

Specifically, microwave-ultrasound-assisted extraction, Soxhlet extraction, microwave-assisted extraction 

and ultrasound-assisted extraction and a range of different extraction solvents (dichloromethane, acetone, 

methanol and ethanol) were tested. The impact of the particle size of the pepper samples was also studied 

in detail, evaluating fractions with particles sizes ranging from 0.12 to 0.30 mm. In course of these 

extraction experiments, the impact of solvent-to-solid ratio, the microwave power, the irradiation time and 

extraction time were systematically investigated.48 

This rather comprehensive research effort established for the individual extraction techniques the following 

favorable conditions: For the combined microwave-ultrasound-assisted extraction protocol, to be 

conducted with ethanol as the extraction solvent and 0.15 mm particles at a 20:1 solvent-to-solid ratio with 

a microwave power input of 100 W for 1 min, followed by 30 min of ultrasound treatment at 50 °C. For 

the Soxhlet extraction protocol, to be conducted with 15 g of minced black pepper with a particle size of 

0.15 mm, with refluxing of 300 mL of ethanol, for 70 °C and 12 hs. For the microwave-assisted extraction 

protocol, to be conducted with 0.5 g of minced black pepper and a particle size of 0.15 mm, and 10 mL of 
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ethanol at 100 W and an exposure time of 1 min. Finally for the ultrasound-assisted extraction protocol, to 

be conducted with 0.5 g of minced black pepper with a particle size of 0.15 mm, and 10 mL of ethanol at 

a bath temperature of 50 °C and 30 min of exposure time.48 

The authors also found that the piperine recovery for a given pepper sample differed somewhat depending 

on the extraction protocol employed. Thus, using the same starting material, the microwave-ultrasound-

assisted extraction, Soxhlet extraction, the microwave-assisted extraction and the ultrasound-assisted 

extraction protocols produced piperine recoveries of 46.6±2.7 mg/g, 39.1±2.1 mg/g, 38.8±1.9 mg/g and 

37.0±1.6 mg/g, respectively.48 A selection of the data sets obtained in course of this study are given in the 

bar charts and plots shown in Figures 23, 24 and 25. 

 

Figure 23. Effect of different parameters on the extraction yield of piperine from black pepper samples. 

(a) solvent effect (0.5 g of sample with particle size 0.15 mm and solvent-to-solid ratio 20:1), (b) particle 

size effect (0.5 g of sample with ethanol as solvent and solvent-to-solid ratio 20:1), and (c) solvent-to-

solid ratio effect (0.5 g of sample with particle size 0.15 mm and ethanol as solvent). Extraction 

conditions: microwave power 100 W, microwave time 1 min, ultrasound temperature 50 °C and 

ultrasound time 30 min. Reprinted with permission of Food and Bioprocess Technology.48 
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Figure 24. Effect of different parameters on the extraction yield of piperine from black pepper samples. 

(a) microwave power effect (microwave time 1 min) (b) radiation time effect (microwave power 100 W). 

Extraction conditions: 0.5 g of sample with particle size 0.15 mm, ethanol as solvent, solvent-to-solid 

ratio 20:1, ultrasound temperature 50 °C and ultrasound time 30 min. Reprinted with permission of Food 

and Bioprocess Technology. 48 

 

 

Figure 25. Effect of different parameters on the extraction yield of piperine from black pepper samples. 

(a) ultrasound time effect (ultrasound temperature 50 °C) (b) temperature effect (ultrasound time 30 

min). Extraction conditions: 0.5 g of sample with particle size 0.15 mm, ethanol as solvent, solvent-to-

solid ratio 20:1, microwave power 100 W, microwave time 1 min. Reprinted with permission of Food and 

Bioprocess Technology.48 
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2.2. DENSITOMETRY 

Densitometry measures quantitatively the optical density or absorbance of compounds constrained to well-

defined surface locations on planar substrates, most often TLC plates after development. Modern 

instrumentation covers operational wavelengths from 190 to 900 nm, and also enables simultaneous 

scanning of several wavelengths, ensuring both appropriate specificity and sensitivity for a broad range of 

analytes. 

The light sources employed in densitometer devices are mercury, deuterium lamp or halogen-tungsten 

lamps. The initially polychromic light is passed through a series of monochromators, and then focused on 

sets of lenses and mirrors to achieve wavelength selection and precision scanning of the relevant sample 

locations. A combination of reference and measuring photomultipliers are used to quantify the fraction of 

radiation absorbed by the scanned surface sections. Final analyte quantification is typically achieved by 

comparing the absorbance or emission of samples versus to those of reference spots obtained by 

development on the same TLC plate.  

In contrast to the studies employing DAD detection discussed in the previous chapter, essentially all TLC-

based methods for piperine quantification use indirect densitometry. The separations of the sample mixtures 

are executed on HPTLC plates containing a fluorescent dye, enabling subsequent densitometric detection 

in quenching mode. i. e. upon exposure of these plates to an exciting light source, all areas containing 

sample zones will appear as dark images on an otherwise fluorescent background due to emission 

quenching. The distinct differences in optical density of the emissive background and quenching sample 

areas are recorded by surface scanning, and electronically converted into outputs resembling conventional 

easy-to-integrate chromatograms. Provided that the sample spots are well resolved from each other, the 

analytical results achievable by HPTLC-densitometry detection may rival those seen with HPLC-DAD. 

Table 6 summarizes the figures of merit of TLC-densitometry methods employed to the quantification of 

piperine, along with the detection wavelengths. 

Table 6. Wavelengths for piperine detection and method validation results from researched references 

employing densitometry for quantification of this analyte. Listed with the highest linearity results first. 

λ (nm) LOD (ng) LOQ (ng) 
Calibration 

range (ng) 
Linearity (r2) 

Repeatability 

(% RSD) 
Reference 

290 40 80 100-500 0.998 1.02-1.07 [62], K. Pundarikakshudu et al. 
280 19.63 59.47 100-900 0.997 0.727-0.809 [63], P. Alam. 

325, 342 6.66 20 20-100 0.9957 0.97 [66], A. A. Rajopadhye et al. 
337 5 15 15-75 0.994 0.97 [64], A. A. Rajopadhye et al. 
343 6 18 18-240 0.99 < 2 [65], P. D. Hamrapurkar et al. 
360 n. s. n. s. 100-600 0.9636 2.62-5.99 [68], E. De Mey et al. 
255 n. s. n. s. n. s. n. s. n. s. [55], E. E. Mgbeahuruike et al. 

190-450 n. s. n. s. 100-500 n. s. n. s. [67], F. Vargas. 

n. s.- not specified 
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Pundarikakshudu et al. analyzed piperine in methanol extracts of long pepper fruits after separation on 

HPTLC silica gel/F254 plates with a mobile phase consisting of hexane:ethyl acetate (8:2 v/v) as mobile 

phase. Samples and standard bands were quantified by a densitometric scanner operating at 290 nm. 

Validation studies demonstrated that the method was linear from 100 to 500 ng (r2= 0.998). LOD and LOQ 

were found to be 40 and 80 ng of piperine per spot, and the intra-day repeatability was in the range of 1.02 

to 1.07 %. Using this method, the piperine content of various batches of piper longum fruits were in the 

range of 0.21 to 0.85 % w/w.62 

Alam analyzed methanolic black pepper extracts with HPTLC on silica gel/F254 plates with a mobile phase 

composed of toluene:ethyl acetate:glacial acetic acid (7:3:0.5 v/v), followed by densitometric zone 

quantitation at 280 nm. Figure 26 shows the 3D densitogram resulting from the standard solutions and 

several black pepper samples. The method was linear from 100 to 900 ng (r2= 0.997), the LOD and LOQ 

were reported to be 19.63 and 59.47 ng, respectively. Intra-day repeatability was in the range of 0.727 to 

0.809 %. The piperine content from evaluated sample batches were found to vary from 1.21 to 2.71 % 

w/w.63 

 

Figure 26. 3D densitogram for the quantification of piperine in black pepper extract samples with normal 

phase HPTLC and detection at 280 nm. Reprinted with permission of Journal of Planar 

Chromatography.63 
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Rajopadhye et al. quantified piperine in the methanolic extracts of a piper longum root sample and an 

ayurvedic formulation with a HPTLC-densitometry technique. The method was applicable from 20 to 100 

ng of piperine per spot (corresponding to 1 to 5 ppm of piperine), with the LOD and LOQ being 6.66 ng 

and 20 ng of piperine per spot. Intra-day repeatability was 0.97 %. The amount of piperine content in the 

samples obtained by Soxhlet extraction was 9.56±0.83 mg/g for the root sample, and 0.23±0.05 mg/g for 

the ayurvedic formulation sample. Piperine recovery was slightly improved when applying accelerated 

solvent extraction for sample preparation, i.e. 9.91±0.98 mg/g for the root sample, and 0.27±0.09 mg/g for 

the ayurvedic formulation.66 

In another work of Rajopadhye et al., black pepper, white pepper, long pepper, piper retrofractum Vahl, 

piper cubeba hunter and piper betle l. fruits were analyzed by HPTLC/densitometry after being extracted 

with a mixture of methanol:chloroform (1:1 v/v). Separation of extracts was carried on silica gel/F254 

HPTLC plates using the previously established toluene:ethyl acetate:diethyl ether (6:3:1 v/v) as mobile 

phase, followed by densitometric scanning at 337 nm. The method was applicable from 15 to 75 ng of 

piperine per spot (r2 of 0.994), with the LOD and LOQ being 5 ng and 15 ng of piperine per band. Intra-

day repeatability was 0.97 %. The piperine contents reported were for black pepper 45.21±0.04; for white 

pepper 33.51±0.02; for long pepper 37.12±0.01; for piper retrofractum Vahl 21.33±0.02; for piper cubeba 

hunter 11.19±0.05; and for piper betle l. 9.22±0.03 mg/g, respectively.64 

 

2.3. MASS SPECTROMETRY 

Mass spectrometry is a technique capable of separating and detecting gas-phase ionized species derived 

from inorganic and organic compounds. Over the last two decades, the advent of hyphenated methods, 

combining highly sensitive and compound-specific mass spectrometric detection with the selectivity of 

liquid phase separation techniques, such as HPLC, UHPLC and CE, has dramatically improved the 

concentration limits at which compounds can be quantified. Analysis by mass spectrometry requires the 

analytes of interest to be first converted into gas phase charged species, selection of the latter by so-called 

mass analyzers, and finally their detection in form of their mass to charge (m/z) ratio. The development of 

robust methods for ionization of analytes eluting from separation columns was a crucial requirement for 

the routine implementation of mass spectrometry with separation techniques. While this task was 

straightforward for gas chromatography (analytes of interest emerging from the columns as volatile species 

in the carrier gas stream), coupling with liquid chromatographic separation techniques proved more 

challenging. Fortunately, these limitations were successfully overcome through the development of mild 

and liquid phase-compatible ambient pressure ionization techniques, i.e. Electro Spay Ionization (ESI) or 
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Atmospheric Pressure Chemical Ionization (APCI). In ESI, the column eluent is introduced into a heated 

interface and converted into a charged aerosol. The particles of this aerosol are then continuously reduced 

to a critical size by a cascade of evaporation/Coulomb fragmentation steps to achieve desorption of ions of 

the respective analytical species. In the case of APCI, the compounds eluting from the column are 

introduced into a heated corona discharge interface, and desolvated to obtain gas phase molecules. The 

latter interact with charged solvent species generated by corona discharge, leading to the formation of 

analyte ions via proton transfer.75 

The ions produced by ESI or APCI are transferred into appropriate mass analyzers, typically being based 

on triple quadrupole (QqQ), quadrupole time-of-flight (qTOF), or various ion trap (IT) configurations. 

Among these, the QqQ analyzer is the most popular configuration for LC-MS applications, combining the 

benefits of reasonable costs for purchase and maintenance, versatility in terms of advanced mass monitoring 

functions (e.g., single ion monitoring (SIM), single and multi-reaction monitoring (SRM and MRM), 

neutral loss (NL), and product/precursor scanning), and excellent dynamic range (4 to 5 orders of 

magnitude). Ion trap type analyzers have certain advantages in terms of high full scan sensitivity, MSn 

capability, and a reasonable dynamic range (3 orders of magnitude). A limitation of ion trap mass analyzers 

is the relatively low duty cycles when compared to QqQ, and the fact that matrix interferences may 

compromise general performance. In addition, especially with first generation 3D ion traps, the linear range 

tends to be rather narrow, posing a serious limitation for quantitative analytical applications. TOF and 

especially qTOF type analyzers are attractive options for applications requiring fast mass scanning 

capabilities, extended mass range (up to 20,000 m/z), good dynamic range (3-4 orders of magnitude), and 

high mass resolution (up to 40,000 full width at half maximum FWHM). Limitations of TOF type analyzers 

are that they either lack MS/MS functionality (for most conventional TOF analyzers) or show inferior 

performance in terms of MRM as compared with QqQ type analyzers, with the sensitivity occasionally 

being affected by the scan speed.75 

A general problem encountered with separation methods hyphenated with mass spectrometric detection 

concerns the impact of components co-eluting with the analyte(s) of interest, leading to positive (signal 

enhancement) and negative (signal suppression) biases. These matrix effects are frequently observed with 

LC-MS methods using ESI sources in the case of samples with complex matrices and need to be addressed 

as an essential part of the method validation process. Strategies to prevent or alleviate matrix effects include 

optimization of the chromatographic separation method, removal of problematic interferences by highly 

selective sample preparation protocols (e.g. immunoaffinity extraction) or most conveniently, internal 

calibration using stable isotope labeled standards (SILs). The latter approach is particularly attractive as 

SILs show physicochemical properties very similar to those of the parent compound, typically causing 
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them to co-elute with the parent analyte(s). Thus, any instrumental or chemical interference compromising 

the signal of the analyte of interest will affect the SIL signal to the same extent, allowing matrix effects 

being efficiently compensated by relative quantitation using the corresponding m/z ratios. 

A number of studies have been published in which separation techniques hyphenated with mass 

spectrometry detection have been employed in context with the quantitation of piperine. An overview of 

the employed ionization techniques, mass analyzer configurations, and some crucial figures of merit are 

summarized in Table 7. 4, 20, 26, 29, 33, 53, 56, 58-60 

Table 7. Specifications of the mass spectrometer and method validation results reported in references 

that quantify piperine in their studies. Listed from higher to lower linearity results. 

MS Type 

(separation 

technique) 

m/z range 
LOD 

(ng) 

LOQ 

(ng) 

Calibration 

range, ppm 

(ng in column) 

Linearity 

(r2) 

Repeatability 

(% RSD) 
Reference 

ESI-Quattro Micro 

QqQ-MS 

(UHPLC) 

n. s. n. s. 2.0 
5.15-103 

(21-412) 
0.9999 1.2 [20], K. Li et al. 

APCI-MS (HPLC) n. s. 0.2 n. s. 
0.1-250 

(0.2-500) 
0.999 < 5.5 

[29], I. M. Scott 

et al. 

Dual ESI-Agilent 

Q-TOF G6520A 

(HPLC) 

100-1000 0.001 0.003 
0.001-100 

(0.005-500) 
0.9986 1.117-3.212 

[33], S. Ch. B. 

Kotte et al. 

Applied 

Biosystems ESI-

MSn API 4000 

QqQ (HPLC) 

n. s. 0.0002 0.0005 
0.01-10 

(0.1-100) 
0.9955 1 [26], H. Liu et al. 

LCQ-MS Thermo 

Fisher Scientific 

(HPLC) 

50-400 n. s. n. s. n. s. n. s. n. s. 
[4], M. Friedman 

et al. 

Hitachi M-2000 

APCI-MS (HPLC) 
n. s. n. s. n. s. n. s. n. s. n. s. 

[53], H. 

Kikuzaki et al. 

ESI-Amazon X Ion 

Trap MS (HPLC) 
n. s. n. s. n. s. n. s. n. s. n. s. 

[56], V. M. A. 

De S. 

Grinevicius et al. 

EI-Quadrupole-MS 

5975C (GC) 
n. s. n. s. n. s. n. s. n. s. n. s. 

[58], K. S. 

Andrade et al. 

EI-Quadrupole-MS 

QP 2010 (GC) 
n. s. n. s. n. s. n. s. n. s. n. s. 

[59], T. J. 

Zachariah et al. 

EI-Quadrupole-MS 

Hewlett-Packard 

5973 (GC) 

n. s. n. s. n. s. n. s. n. s. n. s. 
[60], I. P. S. 

Kapoor et al. 

n. s.- not specified 

Next, a short description of some studies developed by researchers that employed the HPLC or UHPLC 

techniques coupled with mass analyzers during piperine analysis. 
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K. Li et al. employed UHPLC/UV in combination with a Quattro Micro MS triple quadrupole mass 

spectrometer with ESI ionization for the analysis of a range of piperamides in piper longum extracts. In 

total, the method allowed the identification of 43 alkaloids in the piper longum extract sample, and 18 of 

these compounds were subsequently quantified via external calibration with standard materials available 

from previous studies. The corresponding UHPLC-MS chromatogram and spectra examples are shown in 

Figure 27. Excellent linearity (r2= 0.9999) was obtained over a concentration range of 5.15 to 103 ppm for 

piperine, with LOQ being 0.5 ppm (2 ng on column) and the intra-day repeatability was 0.9 %. The piperine 

content of the investigated long pepper fruit sample was found to be 5.75 % w/w.20 

 

Figure 27. UHPLC-MS Chromatogram and spectra showing: (A) 43 alkaloids from a piper longum 

extract sample. (B) Spectra of compound 1-(2E, 4E)-octadecadienoylpiperidine deduced by MS2. 

Reprinted with permission of Journal of Pharmaceutical and Biomedical Analysis.20 

 

I. M. Scott et al. analyzed piperine in various black pepper fruit and piper tuberculatum leave samples using 

HPLC-APCI in positive mode. The method was applicable from 0.1 to 250 ppm (r2= 0.9999) , with LOD 

being 0.2 ng of piperine on column, and an inter-day repeatability < 5.5 %. The piperine content established 

with this method was in the range 34 to 55 mg/g for the investigated black pepper samples, and 168 to 433 

mg/gram for piper tuberculatum leaves.29 
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S. Ch. B. Kotte et al. studied the stress degradation products of piperine when submitted to acidic, basic 

and neutral hydrolysis, oxidation, photolysis and thermal stress. In this study, piperine was quantified in 

solution using HPLC-quadrupole time of flight mass spectrometer Agilent Q-TOF G6520A with a dual 

electrospray ionization source. The method was linear from 0.001 to 100 ppm (r2= 0.9986), with LOD and 

LOQ being 0.2063 and 0.6252 ng/mL, respectively. Intra-day repeatability was satisfactory (1.12 to 3.21 

%). The operational details and key findings of these forced degradation experiments have been outlined 

in a preceding chapter.  The LC-MS method was instrumental in identifying piperine and some piperine-

related compounds formed in course of the stress tests. The structure assignments for major fragment 

masses as proposed by the authors is given in Figure 28 and the mass spectrum observed for piperine  is 

shown in Figure 29.33 

 

Figure 28. Structures of main fragments of piperine. Reprinted with permission of Analytical Methods.33 
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Figure 29. LC-ESI-MS spectra for piperine and its major mass fragment ions at m/z 201.0, 171.0 and 

143.0. Reprinted with permission of Analytical Methods.33 

 

H. Liu et al. quantified five alkaloids including piperine from four black pepper, two white pepper and six 

long pepper samples, using two different LC-MS approaches for piperine detection and quantitation. One 

employed HPLC in combination with an Applied Biosystems API-4000 triple quadrupole mass 

spectrometer with an electrospray ionization source operated in positive mode. The other used HPLC 

hyphenated with a Thermo Fisher Scientific ESI-ion trap MS, also equipped with an electrospray ionization 

source operating in positive mode. Subsequently, the authors employed the LC-QqQ approach for piperine 

quantitation, using terfenadine (drug) as an internal standard. An overlay of representative extracted ion 

chromatograms of piperine, terfenadine, and other co-eluting sample constituents, i.e. Δα,β-

dihydropiperlonguminine, piperlonguminine, piperanine,  and pellitorine, is shown in Figure 30. The 

established method was capable of covering for piperine an analytical range of 0.01 to 10 ppm (r2= 0.9955), 

with LOD and LOQ being 0.02 and 0.05 ng/mL, respectively. Intra-day repeatability was < 5.81 %. The 

piperine content of the investigated samples varied from 29.20 to 33.03 mg/g for black pepper fruits, 31.08 

to 34.63 mg/g for white pepper fruits, 13.73 to 22.09 mg/g for long pepper fruits.26 
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Figure 30. Extracted ion chromatogram for 1) internal standard terfenadine, 2) Δα,β-

dihydropiperlonguminine, 3) piperlonguminine, 4) piperanine, 5) piperine, 6) pellitorine. Reprinted with 

permission of Food Chemistry.26 

 

M. Friedman et al. analyzed the content of various piperamides including piperine in 20 pepper samples, 

consisting of dried fruits of black, white, green and red peppers, and also commercial ground pepper 

samples. For this purpose, HPLC was hyphenated with Thermo Fisher Scientific LCQ (QqQ configuration) 

mass spectrometer operated in positive mode. Representative mass spectra for molecular ions and selected 

characteristic fragments are given in Figure 31. The piperine content observed for pre-minced samples 

was: 33.2±0.1 to 52.2±0.0 mg/g of black pepper; 40.2±0.5 to 42.0±0.1 for white pepper; and for freshly 

minced samples: 40.2±0.2 to 107.4±0.2 for black pepper fruits; 77.4±0.1 for white pepper fruits; 128.6±0.1 

for green pepper fruits; and 0.7±0.0 for red pepper fruits. No details on method validation were disclosed 

in this study.4 
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Figure 31. Mass spectra of piperamides. Also, m/z values and structures of main mass fragments. 

Reprinted with permission of Journal of Agricultural and Food Chemistry.4 

 

In another study, H. Kikuzaki et al. profiled piperamides in dichloromethane extracts of piper retrofractum 

Vahl (long pepper) using an HPLC-MS approach. The focus of this effort was on isolation and structure 

elucidation of new plant constituents rather than quantitation of known alkaloids, and analytical relevant 

information was reported. For this purpose, the authors employed a Hitachi M-2000 mass spectrometer in 

combination with an APCI ion source operating in positive mode. A total of 12 compounds were detected, 

including piperine and other piperamides like N-isobutyl-2E,4E,12Z-octadecatrienamide, N-isobutyl-

2E,4E,14Z-eicosatrienamide, 1-(octadeca-2E,4E,12Z-trienoyl)piperidine, 1-(eicosa-2E,4E,14Z-trienoyl) 

piperidine, 1-(octadeca-2E,4E-dienoyl)piperidine, 1-(eicosa-2E,4E-dienoyl)piperidine, 1-(eicosa-2E,14Z-

dienoyl)piperidine, pellitorine, guineensine, pipercide and piperlonguminine.53 

Grinevicius et al. studied the effect of ethanolic extracts of black pepper on the production of reactive 

oxygen species and their potential to induce DNA fragmentation, cell cycle arrest, apoptosis, and potential 

antitumor activity. The composition of the black pepper ethanolic extract employed in this study was 

profiled using an HPLC-MS approach. For this purpose, the authors hyphenated reversed phase HPLC with 
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an Amazon X ion trap mass spectrometer, operating with an ESI source in positive mode. The piperine 

content of the extract was 36.0±0.2 % w/w.56 

The use of GC-MS coupling for the quantitation of piperamides and especially of piperine, is rare according 

to the researched articles. This fact may reflect the limitations imposed by their poor volatility (the melting 

point of piperine is about 131 °C), and consequently the risks of thermal degradation during injection and 

chromatographic analysis. Still, some studies on GC-MS-based piperine quantitation in context with the 

investigation of essential oils and oleoresins have been reported. 

Thus, Zachariah et al. employed GC hyphenated with a quadrupole-MS QP 2010 mass spectrometer to 

analyze constituents of oils isolated from black pepper leaves. The observed piperine contents were very 

low, ranging from 6x10-5 to 8x10-3 % w/w in the investigated black pepper leaves samples. No 

comprehensive method validation was reported for this particular application.59 

In a similar fashion, Kapoor et al. quantified piperine in essential oil and oleoresins extracted from piper 

nigrum employing a GC-MS methodology. For this purpose, the authors used a conventional quadrupole 

mass spectrometer operating with electron ionization mode at 70 eV. Using this approach, the authors 

identified a total of 54 compounds in the essential oils, with terpenes such as β-caryophylline, limonene, 

β-pinene and sabinene being the major constituents. Unsparingly, piperine represented the major 

constituent in the oleoresin samples, with its content ranging from 39.0 to 63.9 % w/w.60 

 

2.4. UV SPECTROPHOTOMETRY 

UV/Vis spectrophotometry is a well-established solution-phase analytical method for the quantification of 

compounds comprising suitable chromophores, exploits the direct proportionality between absorbance and 

analyte concentration (Lambert-Beer relationship). 

The practical benefits of UV/Vis spectrophotometry over more sophisticated analytical approaches are 

readily available, low-cost instrumentation, ease of implementation and ease of operations. In addition, 

samples often can be processed after minimal sample preparation (i.e. dissolution in a suitable solvent) with 

short run times, and the potential of full automation. Another appealing benefit is that the analysis is 

conservative in nature, with the option to reuse the sample solution after analysis for other purposes. 

However, the analytical potential of UV/Vis spectrophotometry can only be exploited with compounds 

showing significant levels of absorbance in the relevant wavelengths range, and in cases where 

contributions from  matrix components are either negligible or non-interfering. As compared to modern 
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chromatographic approaches, conventional UV/Vis spectrophotometry requires relatively large sample 

volumes (several hundred of micro liters), which may pose limitation in cases where sample 

amount/volumes are restricted. Severe difficulty in terms of selectivity/specificity are expected to arise 

with highly complex samples, such as herbal extracts containing structurally closely related compounds 

possessing essentially identical chromophores. 

Considering the limitations outlined above, it is no surprise that only a few reports on UV/Vis 

spectrophotometric quantitation of piperine have been published. An overview of selected applications are 

summarized in Table 8. The table also provides information on the type of the used spectrophotometer and 

figures of merit for method validation studies.24, 25, 37, 40, 52, 56 

 

Table 8. List of spectrophotometry studies for detection of piperine, listed are the type of 

spectrophotometer and method validation data, starting from the reference with the highest linearity 

result in the calibration plot. 

UV-Vis 

Spectro-

photometer 

Wavelength 

(nm) 

LOD 

(ppm) 

LOQ 

(ppm) 

Calibration 

range (ppm) 

Linearity 

(r2) 

Repeatability 

(% RSD) 
Reference 

Shimadzu UV-

1601 
343 n. s. n. s. 4-20 0.9999 n. s. 

[40], B. Cahyono et 

al. 

Shimadzu UV-

3600 
343 n. s. n. s. 0-8000 0.9996 n. s. [52], Y. Yu et al. 

Analytic Jena 

SPEKOL-2000 
656 n. s. n. s. n. s. n. s. n. s. 

[24], U. Ch. Basak 

and M. Mohapatra 

Analytic Jena 

SPEKOL-2001 
656 n. s. n. s. n. s. n. s. n. s. 

[25], U. Ch. Basak 

et al. 

n. s. n. s. n. s. n. s. n. s. n. s. n. s. 
[37], P. N. Shingate 

et al. 

Cirrus 80ST 

FEMTO 
n. s. n. s. n. s. n. s. n. s. n. s. 

[56], V. M. A. De 

S. Grinevicius et al. 

n. s.- not specified 

Cahyono et al. reported the quantitation of piperine in crude ethanolic extracts of piper retrofractum Vahl 

(long pepper) at 343 nm as the detection wavelength. Quantitation was achieved by external quantitation 

relative to ethanolic piperine standard solutions (see Figure 32). The amounts of piperine obtained with 

this method ranged from 18.1 to 19.0 % w/w. Considering the fact that crude long pepper fruits are known 

to contain a wide range of alkaloids sharing a common characteristic chromophore, the results reported in 

this study may be called into question. Indeed, the analysis of the same samples with reversed phase HPLC-

DAD (detection wavelength 343 nm) returned considerably lower piperine contents, ranging 6.8 and 7.3 % 

w/w. The authors concluded that the UV spectroscopic technique gave a comprehensive estimate for the 

total pepper alkaloid content rather than reliable information on that of piperine.40 
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Figure 32. A) UV spectrum of a piperine standard solution in ethanol at different ppm concentrations. B) 

Calibration plot for piperine standard solutions in ethanol. Reprinted with permission of Materials 

Science and Engineering.40 

 

Yu et al. used spectrophotometric measurements (343 nm) to monitor the piperine release from black 

pepper extracts by enzymolysis-promoted extraction. The experimental details and main results of this 

study have been discussed in detail in a preceding chapter and shall not be reiterated here. Piperine 

quantitation was accomplished by external calibration with piperine standard solutions in methanol, with 

the calibration plot being linear from 0 to 8000 ppm  (r2= 0.9996). As in the previously discussed study of 

Cahyono et al.40, the authors compared the piperine contents determined by UV/VIS with those obtained 

with a complementary HPLC-DAD method. The corresponding results, referring to extraction experiments 

conducted under different operational conditions, are summarized in the plots given in  Figure 33, in which 

the black and red lines are representing the piperine values obtained by UV-spectrophotometry and HPLC-

DAD methods, respectively.52 
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Figure 33. Extraction result studies, where different parameters have been varied to analyze piperine 

yield (in % w) from a black pepper sample. a) enzyme amount, b) solid/liquid ratio, c) enzyme hydrolysis 

time, d) enzyme hydrolysis temperature. Plotted in black for UV-spectrophotometry and in red for HPLC-

DAD detection. Reprinted with permission of International Journal of Food Properties.52 

 

Significant differences are seen for the piperine content established by the different analytical approaches, 

with the values obtained with the UV/Vis method being consistently higher than those resulting from 

HPLC/DAD. Interestingly, much better agreement in piperine contents was observed for ground pepper 

samples extracted in presence of certain surfactants (Tween-80 and Span-60) after optimizing sample 

particle size and surfactant concentration (see Figure 34).52 While the authors did not comment on this 

particular issue, the addition of detergents may dramatically enhance the selectivity of piperine extraction 

over other structurally related pepper constituents, and thus reduce interferences leading to overestimation 

in the UV/VIS assay. However, a separate study might be required to support this hypothesis.  
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Figure 34. a) Yield of piperine content (in % w) comparison between extractions made from whole black 

pepper and extractions made from minced black pepper of the same batch. b) Yield of piperine content 

(in % w) when extracting it from different sized pepper particles. Detection by UV-spectrophotometry 

(black) and HPLC-DAD (red). Reprinted with permission of International Journal of Food Properties.52 

 

Basak et al. made an effort to analyze crude extracts of female spikes of long pepper samples using an 

Analytic Jena Spectrophotometer SPEKOL-2000 at 656 nm as the detection wavelength. The extracts were 

prepared either by Soxhlet extraction or mechanical agitated batch extraction with methanol, ethanol, and 

ethyl acetate-water and methanol-water mixtures.24 

The extracts obtained with Soxhlet extraction with methanol (10 to 12 hours) resulted in the highest 

piperine recoveries, with the values ranging from 2.12 to 2.46 % w/w when analyzed by the UV/VIS 

methods. However, reversed phase HPLC-DAD analysis of the same samples at 344 nm resulted in 

significant higher piperine contents, ranging from 3.62 to 5.29 % w/w.24  The authors did not comment on 

this discrepancy, but it is quite evident that the mismatch between the detection wavelengths may be the 

major source of these deviations and (to a lesser extent) the inability of the UV/Vis method to discriminate 

between analytical target and co-extracted interferents. Similar methodological errors may compromise the 

scientific value of a related study published by the same authors.25 
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Shingate et al. employed UV-spectrophotometry to evaluate the spectra of piperine extracted from black 

pepper samples with ethanol, dichloromethane and glacial acetic acid. 37  In this case, no quantification was 

attempted, but the experiments confirmed that all extracts showed maximum absorbance at 343 nm. This 

finding suggests that the spectra of the crude extracts are dominated by the inherent absorbance of piperine, 

irrespective of the solvents employed for extraction and the presence of other matrix components. 

 

2.5. FLAME IONIZATION DETECTION 

To the best of our knowledge, flame ionization detection, a broadly applicable and highly sensitive 

detection method typically employed in combination with GC analysis, has been used for piperine 

quantitation only once. Specifically, T. J. Zachariah et al. analyzed oil fractions extracted from leaves and 

berries of black pepper with a gas chromatography and flame ionization detection technique. The 

temperatures at the injection system and the detector were held at 200 and 300 °C, respectively. The 

investigated oil samples were prepared via hydro-distillation using a Clevenger trap. In total, 26 samples 

were analyzed, and the observed piperine contents varied from 1.6 to 4.2 % w/w.59 

 

2.6. OTHER DETECTION TECHNIQUES 

In addition to the routine detection methods outlined for piperine quantitation, some alternative approaches 

based on fluorescence detection, nuclear magnetic resonance and voltammetry have been employed.42, 71-

73  These shall be briefly discussed in the following pages. 

 

Fluorescence detection 

The fluorescence detection exploits the emission of radiation of molecules after being excited with an 

appropriate wavelength, the emission typically emerging at a higher wavelength (lower energy) than that 

used for excitation. In contrast to absorbance based detection methods, fluorescence techniques can provide 

higher selectivity and considerably high sensitivity due to its inherent signal-above-dark-baseline 

characteristic. In practical terms, fluorescence detection may be two to three orders of magnitudes more 

sensitive than UV/VIS-based detection approaches, and thus provide an excellent tool for trace and ultra-

trace analysis. Fluorescence detection is limited to molecules showing the required luminescence 

mechanisms, typically compounds comprising poly-condensed or appropriately substituted aromatic 

structure elements. Also, the dynamic range may be compromised by quenching phenomena, either due to 
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self-quenching or the quenching contribution of matrix components. In case of weakly basic and acidic 

molecules, fluorescence might be dramatically impacted by the pH of the medium, necessitating strict pH 

control to achieve reproducible results. 

Fluorescence detection was employed in combination with HPLC by Martinez-Sena et al. for quantitation 

of piperine in extracts of black, white, green and red pepper fruits. Excitation and emission were recorded 

at 350 to 435 nm. The method was applicable from 6.3 to 100 ppm of piperine (r2= 0.996 to 0.999), with 

LOD and LOQ being 1.9 ppm and 6.3 ppm, respectively. The piperine content established for the 

investigated samples varied from 32.0 to 35.9 mg/g for black pepper, 64.0 to 70.0 mg/g for white pepper, 

34.7 to 36.5 mg/g for green pepper and 6.5 to 6.9 mg/g for red pepper.42 

 

Quantitative Nuclear Magnetic Resonance spectrometry (qNMR) 

Nuclear magnetic resonance (NMR) is arguably the most powerful analytical technique available for 

studying the chemical structure of molecules. NMR involves radio wave absorbance by the nuclei of 

combined atoms present in molecules under the presence of a strong magnetic field. In principle, the 

method is applicable to any compound containing nuclei with spin angular momentums, such as 1H and 

13C. When placed into a powerful magnet field, these nuclei can interact with radiation in the 

radiofrequency range to produce an electromagnetic signal from the atoms. The magnitude of this signal 

depends on the chemical environment of the NMR-active nuclei and thus diagnostic of the structure of the 

molecule is obtained. With the energy of the frequency being adsorbed by the nuclei being a function of 

the magnetic field at the probe location, NMR absorbance are reported as relative changes in reference to 

an internal standard, such as certain solvents added to the samples, i. e. tetramethyl silane (TMS). Also, to 

render the sample of interest free of background signals, NMR measurements are typically carried out in 

deuterated solvents, which are transparent at the frequency range of e.g. 1H and 13C containing compounds. 

The intensity of the signals for the observed nuclei is directly proportional to its concentration in the sample 

solution, allowing its quantitation in relative to added internal standards. In practical terms, the 

measurement of NMR spectra of molecules containing high abundance nuclei are relatively fast, being 

typically completed in a matter of minutes. With modern software packages, data processing is rapid and 

straightforward, and so is the (relative) quantitation of diagnostic signals of analytes of interest. Over the 

last two decades, the use of NMR spectrometry as a tool for the quantitation of low-molecular-mass 

compounds in complex mixtures has gained considerable momentum. Current fields of application spread 

from metabolomics to the profiling and characterization of plant extracts, with its potential being 

appreciated by some workers in the field, comparable to those of state-of-the-art GC- and LC-MS 
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approaches. However, there are certain limitations for the broad implementation of quantitative NMR 

spectrometry as a routine analytical tool. The purchase and maintenance of the NMR instruments are capital 

intensive, and thus is the associated infrastructure. There are also limitations in terms of detection 

sensitivity, with typical NMR experiments requiring milligram amounts of samples to ensure short sample 

acquisition times and thus satisfactory sample throughput. The complexity of the sample is also a matter of 

concern; sample matrices comprising a large number of structurally related compounds may produce 

interferences with the diagnostic chemicals shift of target compound, making reliable signal integration 

difficult. Also, difficulty may arise due to association phenomena occurring in the sample solutions, leading 

to complexation induced shift of target signals. 

An interesting paper dedicated to the NMR based quantitation of piperine in pepper fruit extracts was 

published by Catchpole et al. They employed four different extraction methods to liberate piperine from 

the black pepper matrix: i) near critical carbon dioxide extraction, ii) subcritical propane extraction, iii) 

subcritical dimethyl ether extraction and iv) conventional Soxhlet extraction using acetone, with the later 

procedure serving as a reference method. For NMR sample preparation, about 10-24 mg of aliquot from 

the dried crude extract were dissolved in deuterated chloroform containing 0.05 % v of dimethyl formamide 

(internal standard) and tetramethylsilane (chemical shift standard) to adjust a final crude extract 

concentration of 10000 ppm. The obtained solution was filtered into a 5 mm diameter NMR tube. The 

measurements were carried out with a Varian Inova equipment at 500 MHz, at digital resolution of 0.087 

Hz, a pulse width of 80 degrees and 12.5 second delays between radiofrequency pulses. A representative 

1H-NMR spectrum obtained for these samples is shown in Figure 35. The authors reported an applicable 

calibration range from 0.125 to 4 ppm for piperine (r2= 0.9991) with LOQ being 0.125 ppm. Based on these 

results, the efficiency for piperine recovery of the different extraction methods was assessed. The dried 

extract emerging from Soxhlet extraction with acetone contained 100 mg/g and that from supercritical 

carbon dioxide extraction contained 130 mg/g. Subcritical propane extraction yielded 45 to 54 mg/g, and 

the extraction with subcritical dimethyl ether gave 147 to 187 mg/g.71 

Some other references using NMR to confirm the presence of piperine in various matrices can be found in 

the researched articles.21, 27, 46, 47, 50, 53 
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Figure 35. 1H-NMR spectrum of a black pepper extract sample. The expanded zone indicates peaks used 

for quantitative analysis. Marks: D, dimethyl formamide; S, solvent chloroform in deuterated chloroform; 

P, piperine; TMS, tetramethylsilane. Reprinted with permission of Journal of Agricultural and Food 

Chemistry.71 

 

Electrochemical methods 

A few reports using electrochemical techniques have been published for the quantitation of piperine in 

crude extracts, with all of them employing voltammetry. 

Thus, Jain and Verma quantified piperine extracted from black pepper fruits, using a voltammetry setup 

realized with an Autolab potentiostat-galvanostat, comprising a glassy carbon working electrode, a 

silver/silver chloride reference electrode, and a platinum auxiliary electrode. Measurements were carried 

out in Britton-Robinson buffer at pH 7.36. The operational pH was established through a series of 

optimization experiments,  selecting the conditions under which piperine solutions produced the highest 

peak current (see Figure 36 ).72 
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Figure 36. pH versus peak current plot. The pH was varied in the Britton-Robinson buffer solution. And 

the current was obtained from the electrochemistry of piperine. Reprinted with permission of 

International Journal of Electrochemical Science.72
 

The method was applicable within a range from 0 to 30 ppm of piperine (r2= 0.981), with intra-day 

repeatability being 2.42 to 3.68 %. Sample quantitation was performed using a standard addition approach, 

establishing a piperine content of 21.25 mg/g of minced black pepper. The voltammograms obtained in the 

course of the standard addition experiments are depicted in Figure 37, the insert within this figure presents 

the corresponding calibration covering piperine concentrations from 0 to 30 ppm.72 

 

Figure 37. Square-wave voltammograms for a black pepper extract sample by standard addition 

technique. The 8 curves from a to h represent: a) blank, b) sample, c) 8 ppm, d) 12 ppm, e) 16 ppm, f) 20 

ppm, g) 24 ppm, h) 28 ppm of piperine standard. The calibration plot is shown in the upper right corner 

were the concentration of piperine standard in Britton-Robinson buffer at pH 7.36 is plotted versus the 

obtained current from the electrochemical analysis. Reprinted with permission of International Journal 

of Electrochemical Science.72 
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Y. Wang et al. developed an electrochemical assay to quantify piperine in ethanolic black pepper extracts, 

the authors claimed the method to be simple, highly sensitive and cost effective when compared to other 

analytical approaches, such as colorimetric techniques, GC-MS and HPLC-UV. Specifically, this method 

employed a cyclic voltammetry technique set up within a Faraday cage at 25 °C, using a three-electrode 

standard configuration as implemented at a μAutolab II potentiostat. A glassy carbon macroelectrode (2.99 

mm of diameter) served as a working electrode, a saturated calomel as the reference electrode, and a 

graphite rod was used as the counter electrode.73 

For sample preparation, ground black pepper fruits were extracted with ethanol using ultrasonication. A 

phosphate buffered saline (PBS) solution was prepared at pH 7.4 by mixing sodium chloride at 137 mM, 

potassium chloride at 2.7 mM, sodium phosphate dibasic at 10 mM and potassium phosphate monobasic 

at 1.8 mM. Prior to analysis, the crude extracts were diluted with a PBS:ethanol mixture (40:60 v/v), and 

subsequently the corresponding electrochemical signals were recorded under air-saturated conditions at 

100 mV/s. Figure 38 shows a schematic representation of the two-step reaction mechanism for reduction 

of piperine underlying the electrochemical response as suggested by the authors.73 

 

 

Figure 38. Piperine reduction reaction mechanism proposed by the authors. Reprinted with permission of 

Food Chemistry.73 

 

Figure 39 shows an overlay of the voltammetric plots obtained in course of calibration measurements, 

covering piperine concentration ranging from 0.25 to 5 mM (i.e. 71 to 1425 ppm). Using this method, the 

researchers established that the sample under investigation had a piperine content of 22±0.10 mM or 

627.22±28.51 ppm in the extract, corresponding to 12.54±0.57 mg/g (piperine/minced black pepper).73 
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Figure 39. Cyclic voltammogram for analysis of piperine from black pepper extract samples: A) cyclic 

voltammetry signals including background and concentrations from 0.25 to 5.0 mM of piperine standard 

solutions. Reprinted with permission Food Chemistry.73 
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3. DISCUSSION & CONCLUSIONS 

The review provided here on analytical procedures for piperine quantitation in plant matrices (such as fruits, 

leaves, roots) and products (oil, oleoresins) demonstrates that this task has been approached by a variety of 

methods, ranging from TLC, HPLC, GC, electrophoretic techniques, to separation-free methods, such as 

UV/VIS spectroscopy, NMR spectroscopy and electrochemical techniques. 

TLC based piperine quantitation appears to be a popular approach due to its low level of sophistication, 

affordability, the possibility to process multiple samples simultaneously, and low capital costs for 

infrastructure and implementation. Detection and quantitation by densitometry are straightforward, 

generally providing satisfactory estimates for the piperine content. However, TLC is limited in terms of the 

number of components that can be resolved on conventional plates. Especially, complete separation of 

minor sample constituents that have physicochemical properties similar to those of piperine cannot be 

achieved. TLC often employs mobile phases consisting of mixtures of “un-green” organic solvents, giving 

rise to problematic waste streams. 

The reviewed literature also indicates that HPLC/UHPLC -based analytical techniques are the most popular 

options for piperine analysis. Certainly, reversed phase HPLC/UHPLC using bonded C-18 phases provides 

considerably higher levels of selectivity for structurally close piperamides, and allows for superior peak 

efficiency through gradient elution. 

The mobile phases employed for reversed phase HPLC/UHPLC employed are simple in composition, being 

essentially aqueous mixtures of methanol and/or acetonitrile, modified with small amounts of acid to 

improve peak shapes, make protons available for the ionization process and facilitate detection. While the 

required instrumentation is relatively expensive, state-of-the-art HPLC/UHPLC platforms provide the 

benefits of ease-of-operation, and excellent control over operational parameters (mobile phase 

composition, flow rate, column temperature, injected sample amounts), and flexibility in choice of columns 

and detectors, typically in a fully automated fashion. 

While gas chromatography is a standard technique to characterize and quantitate volatile components in 

plant extracts, it appears to be a less attractive option for piperine, due to the limited volatility of the alkaloid 

and the associated risk of thermal decomposition. 

Some reports on electro-driven separation techniques have been employed successfully to piperine 

quantitation, such as capillary electrochromatography and micellar electrokinetic chromatography. 

However, the successful implementation of these protocols require considerable expertise in preparation of 
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the required columns, method development and execution, and may therefore deliver reliable results in the 

hands of highly skilled operators only. 

Concerning the detection techniques applied for piperine quantitation, the reviewed papers indicated that 

UV/VIS spectrometry- and mass spectrometry-based techniques are the most popular options. Taking 

advantage of the strong UV absorbance of piperine at 343 nm, DAD devices are capable of detecting the 

analyte of interest over a range of 0.2 to 15000 ng (r2 = 0.9999), with a LOD = 0.02 ng. 

The combined experimental evidence from the reviewed papers indicate that mass spectrometry-based 

detection techniques outperformed DAD by more than two orders of magnitude in sensitivity, with an 

operational range from 0.005-500 ng (r2= 0.9999) and an LOD = 0.0002 ng. Routinely used in hyphenation 

with HPLC/UHPLC platforms, mass spectrometric detections employs mild ionization techniques (such as 

ESI and APCI) in combination with triple quadrupole, ion trap and time of flight mass analyzers. 

In several of the reviewed papers, efforts were made to use “separation-free” analytical techniques for the 

quantitation of piperine in crude extracts of plant matrices, using UV/VIS spectrophotometry, voltammetry 

and NMR-based protocols. Unsurprisingly, direct UV/VIS spectroscopy was found to consistently 

overestimate the piperine content as compared to HPLC-based protocols, reflecting the positive bias 

emerging from interfering matrix components. Voltammetry-based methods may offer a higher level of 

selectivity since the analytical signal emerges through a specific electrochemical reaction at the target. 

However, typically crude plant extracts may contain a plethora of compounds sharing common 

electrosensitive functional groups, thus producing similar voltammetric response profiles. Certainly, a 

cross-validation of these protocols with a validated HPLC-based method would be required to assess their 

true analytical potential. 

NMR spectrometry for quantitation of low-molecular-mass compounds in complex matrices is well 

established and finds currently extensive use in the fields of natural product and metabolomics research. A 

paper discussed in the review demonstrated that piperine could be reliably quantified in presence of crude 

matrix via internal calibration after being reconstituted in a deuterated solvent. However, the applicable 

concentration range was quite narrow (0.125 to 4.0 ppm), and the LOQ (0.125 ppm) was unfavorably high 

as compared to conventional chromatography based protocols. Given this relative lack of sensitivity and 

the high capital costs associated with establishment and maintenance of NMR facilities, the described 

method may not qualify for routine applications. 

Based on the reviewed literature, it can be safely concluded that HPLC/UHPLC hyphenated with mass 

spectrometric detection provides the most convenient, and most sensitive and selective option currently 

available for the quantitation of piperine in plant extracts. 
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However, it is worth noting that some aspects crucial to the analysis of piperine have received insufficient 

attention. One of these aspects concerns the matrix complexity of the crude extract typically employed for 

chromatographic analysis. For example, crude extracts of pepper fruits contain numerous natural 

compounds with widely varying polarity, spanning from very polar organic acids to highly lipophilic 

terpenes and fatty acid amides. In addition, these extracts contain a number of compounds structurally 

closely related to piperine, which are typically co-eluted with the main alkaloid under reversed phase 

conditions. With the use of mass-sensitive detectors, partially resolved and even unresolved peaks can be 

isolated by extracting the corresponding ions from the total ion chromatogram. However, co-elution of 

structurally related species with the analyte’s peak usually gives rise to matrix effects (most frequently 

manifested by suppression of the analyte signal), which impact reliable quantitation. Remarkably, none of 

the reviewed papers employing LC-MS approaches has addressed this crucial issue. 

Matrix effects in LC-MS can be addressed in several ways, such optimizing the chromatographic method 

to shift the analyte of interest away from the elution windows causing this unwanted phenomena: 

performing sample preparation to remove the problematic matrix interferences prior to analysis or using 

stable isotope labeled internal standards (SILs) co-eluting with the analyte to compensate for any matrix 

effect. The latter approach is particularly appealing in terms of operational simplicity and flexibility with 

respect to potential changes in matrix composition between different samples. Internal standard calibration 

with SILs is also a powerful approach to compensate instabilities in ionization efficiency and transmission, 

induced by matrix rich crude extracts or built up of matrix-related contaminations in the ion source. 

Another crucial aspect for the quantitation of piperine concerns its sensitivity to ambient light, an issue that 

has not been addressed by a single of the reviewed papers. Piperine, when exposed in solution to ambient 

light, suffers extensive photoisomerization, forming a mixture of the corresponding geometric isomers. 

Photoisomerization occurs both with standard solutions and crude extracts within matter of minutes and 

can be avoided only by executing all steps associated with sampling, sample treatment, sample preparation 

and analysis under strict exclusion of ambient light. 

In the following experimental part of this thesis, the development of a new LC-MS method for the 

quantitation of piperine will be described, specifically addressing matrix effect issues via appropriate 

sample preparation and the internal standardization with an in-house synthesized SIL standard. In addition, 

sample handling and standard preparation protocols for avoiding photoisomerization of piperine during 

sample and standard preparation will be outlined in detail. 
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III. EXPERIMENTAL SECTION 

QUANTIFICATION OF PIPERINE IN PEPPER FRUITS USING HIGH PERFORMANCE 

LIQUID CHROMATOGRAPHY ELECTROSPRAY IONIZATION MASS SPECTROMETRY IN 

COMBINATION WITH A PURPOSE-SYNTHESIZED STABLE ISOTOPE LABELLED 

INTERNAL STANDARD 

 

Goals of the experimental section 

• The main objective of the experimental part of this thesis was to establish a robust, fast and sensitive 

analytical assay for the quantitation of piperine in pepper fruits using reversed phase HPLC-MS 

methodology. 

• Special attention was to be given to crucial, yet largely ignored issues associated with piperine 

analysis, i.e. the inherent photosensitivity of the analyte of interest, and the impact of matrix effects 

through compounds co-eluting with the analyte of interest.  

• The photoisomerization issue was to be tackled by developing and evaluating sample and standard 

preparation procedures that can be carried out under exclusion of ambient light. 

• Compensation of matrix effects were to be addressed by firstly synthesizing an appropriate stable 

isotope labelled internal standard (SIL) and employing it subsequently for internal calibration 

purposes. 

• The applicability of the developed protocol was to be demonstrated for real-world application using 

a set of different pepper fruit samples. 

• Finally, a preliminary method validation was to be executed to establish important figures of merit, 

such as sample and standard stability, selectivity, calibration range and linearity, LOD and LOQ, 

inter-day repeatability, accuracy and reproducibility. 
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1. CHARACTERIZATION OF SAMPLES & SAMPLE PREPARATION STRATEGY 

Sample homogenization and analysis of moisture content of pepper fruits 

In context with the development of a robust and generally applicable sample preparation protocol for 

piperine analysis in pepper fruits, homogenization of the samples and determination of their relative 

moisture was of interest. 

For homogenization, the samples were ground in an electric coffee grinder to reduce the particle size of the 

pepper fruits of interest to < 200 μm. Diminution of the relative hard plant matrix produced considerable 

heat, thus the milling protocol was designed to alternate between milling and resting cycles to avoid 

overheating of both the motor drive and the sample materials under processing. Certain samples, such as 

long pepper fruits, proved especially resistant, requiring manual precutting prior to grinding and additional 

processing cycles to achieve the desired particle size. The homogenized samples were transferred into glass 

containers, sealed with plastic screw caps and wrapped with aluminum foil to avoid light exposure. The 

containers were stored at ambient temperature in the dark until further use. 

Moisture analysis of the freshly ground pepper fruit samples were varied out using a commercial  

instrument (HR73 halogen moisture analyzer) capable of following gravimetrically the loss of moisture of 

a sample being exposed to an integrated halogen heat source. Endpoint recognition of the drying process is 

fully automated based on the chosen drying programs. A preprogrammed drying process recommended for 

ground pepper fruits was employed without further modifications. 

Selection of extraction technique and solvent 

To guide the selection of suitable solvent and conditions for the extraction of piperine from pepper fruits, 

the protocols described in the papers discussed in the literature section were reviewed. Efficient release of 

matrix bound piperine is dependent on the physical nature of the sample (particle size and texture of the 

plant material), the nature of the solvent employed (solubility, interaction with the matrix), and extraction 

temperature (rate of matrix to bulk mass transfer), and the mode of extraction (batch or continuous mode). 

Certainly, diminution of the pepper fruit bodies and reduction of the particle size, thus facilitate access to 

analyte containing regions located within the interior of the fruits. The method employed for sample 

diminution may have an impact on analyte recovery. Liu et al. observed differences in piperine recovery 

from pepper fruit samples when subjected to hammer grinding instead to cryogenic grinding, with the 

former procedure inducing losses up to 4.7 %.43  

Numerous extraction protocols have been reported for the extraction of piperine from plant matrices, 

including cold maceration, batch extraction under reflux conditions, ultrasound- and microwave-assisted  
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batch extraction, continuous Soxhlet extraction, accelerated solvent extraction, pressurized liquid 

extraction, supercritical fluid extraction using carbon dioxide, just to mention the most important ones.4-6, 

19, 24, 26, 29, 33, 34, 37, 47, 48, 58, 59, 66, 68 

A comparative study of extraction efficiencies for piperine from black pepper fruits was conducted for 

ultrasound-assisted solvent extraction, continuous Soxhlet extraction, and supercritical CO2 extraction.19 

The results (see Table 9) of this study demonstrated that supercritical CO2 extraction are superior to the 

other protocols. 

Table 9. Comparison of extraction results for piperine in minced black pepper of 3 extraction 

techniques.19 

Technique Solvent Time (min) Piperine/minced black pepper (mg/g) 

Solvent extraction/ultrasound 

assisted extraction 
Methanol 10 54.9 

Soxhlet extraction Methylene chloride 1200 52.7 

Supercritical CO2 extraction CO2 15 56.6 

 

A summary of merits and limitations of different extraction methods reported in the literature are 

summarized in Table 10. 4-6, 19, 24, 26, 29, 33, 34, 37, 47, 48, 58, 59, 66, 68 

Table 10. Advantages and disadvantages for selected extraction techniques used to extract piperine from 

pepper samples. 4-6, 19, 24, 26, 29, 33, 34, 37, 47, 48, 58, 59, 66, 68 

Technique Advantage Disadvantage 

Continuous hot 

extraction  

High extraction yields, simple technique 

and no filtration needed. 

Moderate extraction times and moderate amount 

of solvent needed. 

Batch extraction under 

reflux conditions 
Simple and practical. 

May form residue on the walls of the heated 

container, no fresh solvent recirculation, 

requires filtration and washing of the matrix. 

Supercritical extraction 

using CO2 

High extraction yields, lower extraction 

times and environmentally friendly. 

Very high cost, is less feasible and high 

pressures are needed. 

Accelerated solvent 

extraction 
High extraction yields. 

Requires high pressures and temperatures which 

means possible degradation of analytes. 

Pressurized Liquid 

Extraction 
Moderate extraction yields. 

Requires relatively high pressures and 

temperatures and may degrade the analyte. 

Ultrasound-assisted 

extraction 

Low amount of solvent needed, no need for 

high temperatures and low extraction times. 

Requires filtration, has lower extraction yields 

and the ultrasound may cause degradation of the 

analyte. 

Continuous Soxhlet 

extraction 
No filtration needed. 

High solvent consumption, long process, is not 

environmentally friendly and has a low 

extraction yield. 

Flash extraction 
Very useful as an isolation/purification 

technique. 

Requires long times to prepare and extract, is 

not environmentally friendly and uses larger 

amounts of mobile phase or solvents. 

Solvent extraction Very useful as an isolation technique. Uses relatively large amounts of solvents. 

Cold maceration Simple and easy. 

Requires long times, has no fresh solvent 

interaction and requires filtration and washing of 

the matrix. 
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Extraction protocols reported in the literature have employed a broad range of solvents, including methanol, 

glacial acetic acid, dichloromethane, ethanol, ethyl acetate, petroleum ether, acetone, and toluene. 

Advantages and disadvantages of these solvents for piperine extraction are outlined in  Table 11. 4-6, 19, 24, 

26, 29, 33, 34, 37, 47, 48, 58, 59, 66, 68, 76 

Clearly, the lipophilic nature of piperine calls for relatively apolar organic solvents, yet additional criteria 

were to be considered for the solvent selection in the current project. Apart from displaying 

good/reasonable solubility for the analyte, the candidate extraction solvent was to meet a range of additional 

criteria, such as low costs, ideally lack of toxicity, green nature, and full compatibility with any post-

extraction sample preparation procedures to avoid time consuming solvent exchange steps.76 

Table 11. List of advantages and disadvantages of the solvents used in the extraction of piperine from 

pepper samples. 4-6, 19, 24, 26, 29, 33, 34, 37, 47, 48, 58, 59, 66, 68, 76 

 

The study by Gorgani et al. suggested that methanol was the best option amongst a range of other organic  

solvents (ethanol, methanol, acetone and dichloromethane) tested for piperine extraction.48 

In addition to the favorable extraction potential for piperine, methanol is fully miscible with water, 

compatible with reversed phase chromatography conditions, and relatively well behaving in context with 

API sources, such as ESI and APCI. Also, the low boiling point of methanol (65 °C) was expected to allow 

to reduce thermal stress to the analyte relative to other, higher boiling solvents under refluxing extraction 

conditions. Methanol displays toxicity properties, yet it is still classified as a green solvent with an 

Solvent Advantage  Disadvantage 

Methanol 

High extraction yields, compatible with reversed 

phase HPLC/SPE, and non-detectable with 

Diode Array Detection and Mass Spectrometry. 

Low cost and toxicity. 

The extract obtained may contain 

a considerable amount of polar 

matrix components and may 

require sample preparation. 

Ethanol Low cost and low toxicity. 
Higher boiling point, lower 

extraction yields. 

Dichloromethane Good extraction yields and cleaner extract. 

More polar, lesser affinity to 

piperine, is toxic and a potential 

carcinogenic. 

Ethyl acetate Fair extraction yields. Some toxicity. 

Glacial acetic acid Good extraction yields. 
Crystallization at close to room 

temperature. 

Petroleum ether May be used in GC-MS. 

Very volatile, low flash and 

boiling points and insoluble in 

water. 

Acetone Good extraction when combined with toluene. Volatile and flammable. 

Toluene Good extraction when combined with acetone. Moderately toxic. 
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environmentally benign footprint. Considering these merits, methanol was selected as the most favorable 

compromise as a solvent for piperine extraction from pepper fruits. 

 Optimization studies of the extraction protocol established that methanol was capable to recover essentially 

all of the available piperine within 1.5 hours under continuous hot extraction conditions. The total mass of 

extractables amounted typically to 15.6 to 40.5 % of the initially employed sample. Detailed information 

on the mass of extractables can be found in Appendix A. 

Sample preparation & solid phase extraction 

The methanolic extract emerging from the continuous hot extraction contained, in addition to piperine, a 

rich matrix consisting of compounds of widely varying polarities. Direct injection of crude extracts into 

LC-MS platforms may give rise to contaminations both on the separation columns and the ionization 

interfaces, affecting ultimately the retention characteristics, column permeability, and detection sensitivity. 

Furthermore, the presence of highly lipophilic compounds in samples may necessitate long regeneration 

segments at highly organic mobile phase conditions, severely diminishing the method throughput capacity. 

Therefore, it was decided to subject the crude sample extract to solid phase extraction (SPE) to remove 

both the polar and lipophilic contaminants from the analyte of interest.  

SPE is generally appreciated as a fast and convenient technique to isolate target analytes from heavily 

matrix loaded extracts. SPE performed on reversed phase materials has been demonstrated to be particularly 

favorable for reversed phase HPLC-MS applications, as the cleanup steps resembles very closely the 

requirements of the analytical chromatographic protocol. 

Applying the crude methanolic extract (after dilution with water) onto cartridges packed with C18-bonded 

silica gel and sequential elution with acetonitrile-water mixtures of increasing elution strength provided a 

piperine fraction essentially free of polar/apolar contaminations, and essentially quantitative analyte 

recovery. 

Development of the reversed phase HPLC-MS method 

The literature reports numerous reversed phase HPLC methods for the analysis of piperine, typically 

employing C18-bonded phases as stationary media and aqueous methanol or acetonitrile as mobile phases. 

2, 4, 6, 14, 19-56 With the focus being on establishing a LC-MS protocol using SIL-based internal calibration, 

considerable efforts were invested to identify elution conditions ensuring co-elution of piperine with the 

corresponding deuterated surrogate and providing efficient ionization of the analytical relevant species.  

After considerable experimentation, a gradient elution protocol was established meeting the co-elution 

requirement, utilizing a water-methanol-formic acid system as mobile phase. 



76 

 

For the current project, an Esquire 3000 Plus Ion Trap Mass Spectrometer in combination with an ESI 

source operating in positive mode was employed for the detection, due to the fact that this was the only 

mass spectrometer available during this period. 

Under the mobile phase conditions employed, piperine and the corresponding SIL standard produced strong 

responses for the molecular ions [M+H]+, which also represented the base peaks in the corresponding mass 

spectra, consistent with the high efficiency by which amides are ionized by ESI techniques. Unsurprisingly, 

piperine could not be detected in the negative mode. In this context it is worth mentioning that Khajuria, et 

al. observed under similar experimental conditions formation of cluster ions in presence of methanol, with 

[M+Na]+ being the dominating adduct at sample concentrations < 5 ppm, and [2M+Na]+ the major adduct 

when the concentration was > 5 ppm.77 

Ion trap mass analyzers are less than ideal choices for analytical LC-MS applications, as the ion traps can 

accommodate a limited number of ions before suffering space charge effects and loss in detection 

efficiency. This inherent limitation generally results in a rather limited analytical range, with linearity being 

typically lost within 2 orders of magnitude. A strategy to address this limitation was suggested by Hall et 

al. by inserting a Differential Ion Mobility (DIM) analyzer between the ionization source and the ion trap.78 

This combined configuration may reduce chemical noise and expand the dynamic range by avoiding the 

ion saturation phenomena within the ion trap. The Differential Ion Mobility analyzer could act as an 

efficient discriminative ion prefilter, focusing mainly the targeted analyte(s) towards the mass 

spectrometer. In practical terms, this particular extended mass analyzer configuration allowed for a 10-fold 

increase in sensitivity for some of their studied analytes in this reference.78 

Internal standard technique 

Several techniques may be used for quantification of the analytes relative to standard reference compounds, 

with the most frequent approach being external standardization, internal standardization, and standard 

addition techniques.79 

While external standardization procedures are straightforward and convenient to execute, it may give rise 

to considerable biases in case of instrument instability, variation in samples matrices, and detector 

saturation phenomena. In these cases, internal standardization approaches are more favorable, as the 

reference materials are directly added to the sample prior to processing, and changes affecting the analyte 

during instrumental analysis will also act on the reference material to the same extent. Another beneficial 

use of internal standardization is the compensation of  losses of analyte through sample preparation, 

transfer, adsorption, evaporation, variation in injection volume, and in particular analyte signal variation 

through matrix effects causing ion suppression or ion enhancement in mass spectrometry. Crucial 
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requirements for a compound to qualify for internal standardization purposes are that it behaves during the 

process of analysis very similar (ideally identical) as the analyte; that it interacts with other compounds in 

the matrix in the same way as the analyte; that it shows very similar retention characteristics towards the 

employed chromatographic system; and that it can still be differentiated from the analyte by the employed 

detector. Generally, two classes of compounds are commonly used as internal standards: chemical 

compounds structurally similar to the analyte, and isotope labelled versions of the analyte of interest. Stable 

isotope labelled compounds are to be preferred, with a difference in amu more than three, i.e. Carbon 13 

(13C) or Nitrogen 15 (15N), which have been proved to be superior, but the ones that contain deuterium (2H) 

are easier to synthesize and economically more accessible.79, 80 

In framework of the thesis projects, it was planned to compare the internal standard technique versus the 

external standard technique, and critically assess the trends in terms of linearity. The standard addition 

technique was not pursued, to avoid contaminations of the ion source and the Ion Trap analyzer due to high 

mass loadings. For the projected work, piperine-D10 was selected as the internal standard, containing ten 

2H atoms at the ring structure of piperine-D10 and thus showing a difference in mass by ten Daltons as 

compared to piperine. The mobile phase condition of the chromatographic methods was optimized to render 

the retention times of piperine and piperine-D10 practically the same to allow efficient compensation of 

any matrix effects. 

Preparation of the required stable isotope labeled internal standard (SIL): piperine-D10 

While the SIL material intended to be used for this project is commercially available, the costs for this 

standard material were far beyond the budget. Therefore, it was decided to prepare a sufficient amount of 

the required SIL reference material in-house, starting from piperine isolated from black pepper fruits, using 

a simple hydrolysis/re-amidation strategy. In the first step, piperine was to be hydrolyzed under basic 

conditions to obtain piperic acid, which was to be subsequently purified via recrystallization. The acid was 

then to be activated by conversion into the corresponding acid chloride and reacted with piperidine-D11 in 

presence of an auxiliary base. The crude material was to be crystallized to provide the desired SIL (piperine-

D10) in high yield and purity essentially free from any isomers. The synthesis was planned to be conducted 

to deliver approximately 3.00 g (representing a commercial market value of 180,000 Euros).7-13, 33, 81-83 
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Preparation of photosensitive calibrators 

The chemical and photochemical stability of calibrators during preparation and instrumental analysis is a 

crucial requirement for the establishment of any analytical procedure. Piperine and structurally related 

piperamides are extremely sensitive to ambient light, suffering extensive double bond isomerization within 

matter of minutes. This issue was to be addressed by carrying out any sample and calibrator preparation 

procedure under strict exclusion of light. For the preparation of calibrators, this was to be accomplished by 

using custom written injector programs with software implemented for the autosampler of the 

chromatographic system. This approach was expected to allow precise transfer of concentrated stock 

solutions to vials charged with dilution solvent within the light-protected sampler compartment. With this 

strategy, light exposure of stock solutions and diluted calibrators was expected to be minimal, thus avoiding 

the isomerization phenomena. In addition, it was expected that this approach would also address 

imprecision issues associated with the transfer of small volumes of organic solvents and prevent any biases 

arising from manual pipetting. As an added benefit, such a sample-supported approach consuming only μL 

volumes of high-value calibrator solutions would allow for saving in costs and reduce waste stream 

significantly.   

Analysis of real-world pepper samples 

The method was to be applied to the analysis of piperine in different species of pepper fruits from different 

geographic regions and suppliers. 

Method validation 

While a complete method validation was out of the scope of the current project, it was planned to conduct 

a preliminary assessment of important figures of merit of the developed LC-MS method. Specifically it 

was planned to establish information on linearity, calibration range, limit of detection, limit of 

quantification, accuracy, selectivity, specificity, stability, repeatability, reproducibility and recovery.80, 84-

94 
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2. DESCRIPTION OF METHODS 

2.1. CHEMICALS, MATERIALS AND INSTRUMENTATION 

Tables 12, 13 and 14 describe the chemicals, materials and instrumentation, along with their descriptions, 

that were utilized during the experimental section of this thesis. 

Table 12. List of chemicals used during the experimental section of this thesis. 

Chemicals Specifications 

4-methylpiperidine  96%, density= 0.838 g/mL at 25 °C, from Aldrich Chemistry. 

Acetone 
≥ 99.8 %, HPLC grade, density= 0.791 g/mL at 25 °C, from 

Sigma-Aldrich. 

Acetonitrile 
≥ 99.9 %, Chromasolv™, HPLC grade, density= 0.79 g/mL at 25 

°C, from Honeywell, Riedel-de Haën. 

Black pepper crude extract In methanol. 

Deuterated piperidine (piperidine-D11) 
98 atom % D, MW= 96.22 g/gmol, density= 0.973 g/mL at 25 °C, 

from Aldrich Chemistry. 

Deuterated piperine (piperine-D10) 
99.7 %, in-laboratory synthesized chemical at the Analytical 

Chemistry Laboratory from the University of Helsinki, Finland. 

Dichloromethane 
≥ 99.8 %, HPLC grade, stabilized with amilene, density= 1.325 

g/mL at 25 °C, from Sigma-Aldrich. 

Dimethylformamide ≥ 99.5 %, HPLC grade, water= 0.018 %, from Fisher Chemical. 

Dried minced pepper samples Several origins, see Appendix B for more information. 

Ethanol absolute 
American Chemical Society reagent grade, density= 0.791 Kg/L, 

from VWR Chemicals. 

Ethyl acetate 
≥ 99.7 %, HPLC grade, density= 0.902 g/mL at 25 °C, from 

Sigma-Aldrich. 

Formic acid  
99-100 %, American Chemical Society reagent grade, density= 

1.22 Kg/L, from VWR Chemicals. 

Hydrochloric acid (aq.) 
1 mol/L (1 N), density= 1.02 Kg/L at 20 °C, from VWR 

Chemicals. 

Hydrochloric acid (aq.) 
37 %, density= 1.2 g/mL, American Chemical Society reagent 

grade, from Sigma-Aldrich. 

Methanol 
≥ 99.9 %, Chromasolv™, LC-MS grade, density= 0.79 g/mL at 

20 °C, from Honeywell, Riedel-de Haën™. 

Milli-Q® water 
18.2 MΩ*cm. resistivity at 22.4 °C, from Millipore Direct-Q 

UV3. 

Nitrogen gas From AGA Finland. 

Oxalyl chloride  
98%, reagent grade, density= 1.5 g/mL at 20 °C, from Aldrich 

Chemistry. 

Piperic acid crystals  
Synthesized in the Analytical Chemistry Laboratory of the 

University of Helsinki. 

Piperine  
99.7 %, in-laboratory synthesized chemical at the Analytical 

Chemistry Laboratory from the University of Helsinki, Finland. 

Piperine/piperine-D10 Calibrators in methanol at different concentrations. 

Potassium hydroxide Pellets, analytical reagent grade, from Fisher Scientific. 
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Chemicals Specifications 

Sand, SiO2 Industrial washed, density= 2.66 Kg/L, from VWR Chemicals. 

Silica gel 
40-63 μm. particle size, bulk density= 482 g/L, from VWR 

Chemicals. 

Sodium bicarbonate From Sigma-Aldrich. 

Tetrahydrofuran 

≥ 99.9 %, Chromasolv™ Plus for HPLC, inhibitor-free, density= 

0.89 g/mL at 20 °C, from Honeywell, Riedel-de Haën™. Freshly 

distilled. 

Toluene 
≥ 99.9 %, Chromasolv™, HPLC grade, density= 0.865-0.868 

g/mL at 20 °C, from Honeywell, Riedel-de Haën. 

Triethylamine  
For synthesis, density= 0.726-0.728 Kg/L at 20 °C, water content 

≤ 0.2 %, from Merck. 

Various pepper crude extract samples. In methanol. 

 

Table 13. List of materials used during the experimental section of this thesis. 

Materials Specifications 

Allihn glass condenser. With faucet freshwater recirculation system. 

Aluminum sample pans. 90 mm. diameter for moisture analyzer. 

Automatic pipettes. 
Several volume ranges (10-100 μL, 100-1000 μL, 500-5000 μL, 

etc.), from Sartorius. 

Burette or flash chromatography column 

with valve. 

30 cm. height, 6 cm. external diameter, 2.4 mm. thickness glass, 

with 6.35 mm. thickness frit. 

Burette or flash chromatography column 

with valve. 
49 cm. height, 2.6 cm. internal diameter, with 1 cm. thickness frit. 

Capillary tubes. 
1.0x1.4x80 mm, one end closed, clear tubes, from VITREX 

Medical A/S. 

Discovery DSC-18 solid phase extraction 

tubes. 
100 mg, 1 mL, from SUPELCO. 

Dropping funnel.   

Extraction thimble. 
Type 603, 33x100 mm, thickness=1.5 mm, 71 mL, cellulose, 

from Whatman. 

Filters for syringes. Phenex RC 0.45 μm. 

Glass Buchner funnel. 
With frit, 14.5 cm. height, 6.5 cm. internal diameter, 3 mm. 

thickness frit of medium size pore. 

Glass column. 20 cm. height, 5.1 cm. external diameter, 2.4 mm. thickness glass. 

Glass connector system. To induce vacuum with faucet water recirculation. 

Glass gas bubbler. Filled with paraffin oil. 

Glass vials with closed cap. 20 mL. volume. 

HPLC vials.  1.5 mL. volume, amber and clear. 

Liebig glass condenser. With freshwater recirculation system. 

Liquid extraction separatory funnel. 250 mL. volume. 

Magnetic stir bars. 1 and 3 cm. long. 

Needle for SPE tubes. 0.80 mm diameter, 120 mm long, from 100 Sterican® Braun. 

Pasteur pipettes.   

Continuation of Table 12. 
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Materials Specifications 

Pre-slit caps or septums.  For HPLC vials. 

Round bottom flasks. 
100, 250 and 500 mL. volume, with NS29.2-32 neck and 

stoppers. 

Silica gel on aluminum foil sheets. 
with fluorescence indicator at 254 nm, 0.75 mL/g pore volume, 

from SUPELCO Analytical. 

Syringe. Packed with soda lime. 

Syringes. 1 mL. volume with long needle. 

Valve. Three way. 

Volumetric flasks. 25, 100 and 500 mL. volume. 

 

Table 14. List of instruments used during the experimental section of this thesis. For more information on 

the HPLC, DAD and MS specifications, please see Appendix C and H. 

Instrumentation Specifications 

Analytical balance. Sartorius BP 301 S, 10 mg.-303 g, e= 1 mg, d= 0.1 mg. 

Diode Array Detector. Wavelength of 280 nm, reference value of 450 nm. 

Electrospray Ionization. From Agilent, accessory G1948A. 

Freezer. At -22 °C. 

Glass oven. Type B-585, from Buchi. 

Grinder. From Silver Crest. 

Heating mantle. For 250 and 500 mL. round bottom flasks with three levels of heating. 

High Performance Liquid 

Chromatography. 

1260 Infinity, with HiP degasser G1322A, binary pump G1312A, 

autosampler G1313A, DAD G1315A, from Agilent Technologies. 

Software: Agilent ChemStation Rev. B.01.03-SR2(204), 2001-2005.  

High Performance Liquid 

Chromatography. 

Hewlett Packard Series 1100, with degasser G1322A, binary pump 

G1312B, autosampler G1329B. Software: ChemStation for LC 3D 

systems Rev. B.01.03-SR2(204), 2001-2005. 

HR73 moisture analyzer.  
With halogen ring-shaped radiator, balance weight range from 1 mg. to 

51 g. 

InfraRed (IR) spectroscopy system. ALPHA PLATINUM ATR, from Bruker. OPUS software. 

Magnetic stirrer. IKA RCT basic. 

Mass Spectrometer. 
Esquire 3000 plus Ion Trap, from Bruker Daltonics. Software: Esquire 

Control Version 6.1 (Build 92), Data Analysis Version 3.4 (Build 192). 

Melting point system. MP50 from Mettler Toledo. 

Oven. Type T 6060, from Heraeus. 

Oven. From a Gas Chromatographer 5890 Series II. 

Refrigerator. At 4 °C. 

Rotational evaporator. With vacuum generated by water flow, from BUCHI RII. 

Shortwave/longwave UV lamp. From Ultra-Violet Products, Inc. 

Water purification system. 
Millipore Direct-Q UV3, 185 nm. UV lamp, 18.2 MΩ*cm. resistivity at 

22.4 °C. 

 

 

Continuation of Table 13. 
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2.2. PROCEDURES 

2.2.1. ISOLATION AND PURIFICATION OF PIPERINE STANDARD 

A single 500 g. batch of black pepper seeds purchased from a local supplier was used as source for the 

preparative extraction of piperine. The entire process included several isolation and purification steps to 

ensure the final purity of the standard as more than 99.5 % to satisfy the criteria set for standard purposes. 

Two solvents were evaluated for extraction, namely methanol and dichloromethane. Methanol 

demonstrated high extraction efficiency, but did co-extract several unwanted compounds, e. g. salt-like 

components which complicated further processing and required additional tedious purification steps. 

Dichloromethane, while being the less “green option” extracts piperine less efficiently in terms of 

extraction rate, but with higher selectivity, ensuring a straightforward isolation and purification workflow. 

In addition, the low boiling point of dichloromethane allowed for considerable time saving at the stage 

involving the concentration of crude extracts. 

 

Preparative hot extraction of black pepper 

A 40 g. amount of ground black pepper seeds was charged into a cellulose extraction thimble and the 

contents compacted by repeated gentle dapping of the thimble onto a filter paper covered surface. The 

space above the pepper layer was covered with a cotton plug to prevent ejection of sample during the 

extraction process. The thimble was inserted into a hot extraction adapter, which was subsequently fitted 

onto a 500 mL round bottomed flask containing an egg-shaped stir bar and 300 mL of dichloromethane. 

The round bottomed flask was placed onto an electric heating mantle, which was mounted onto a magnetic 

stir plate. By means of a funnel, 100 mL of dichloromethane was applied gradually onto the cotton covered 

opening of the thimble to pre-wet the contents. After fitting the extraction adapter with a water-feed reflux 

condenser, magnetic stirring was initiated at 630 rpm and the solvent contained in the receiver flask was 

heated to reflux (heating level 1). A schematic depiction of the experimental setup is shown in Figure 40. 

The entire extraction apparatus was wrapped with aluminum foil to avoid loss of heat to the environment 

and to avoid potential light-triggered isomerization of piperine during extraction. After 4 hs, the extraction 

process was terminated by stopping the heating while stirring was allowed to continue until the contents of 

the extraction flask reached ambient temperature. To accumulate a sufficient amount of piperine-containing 

extracts for subsequent isolation, the described process was repeated another eleven times, i.e. a total of 

480 g of ground black pepper were processed. 
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Figure 40. Apparatus used for hot extraction of piperine from minced black pepper fruits. 

 

Thin layer chromatography 

For explanatory evaluation of mobile phase systems suitable for subsequent preparative silica gel 

chromatography, a series of thin layer chromatography experiments were carried out on commercial silica-

coated plates with a range of solvent mixtures. Among the tested solvent mixtures, toluene:acetone 9:1 

(v/v) provided favorable characteristics in terms of sample solubility (up to 20 g of the concentrated black 

pepper extract could be readily dissolved in 60 mL of mobile phase at ambient temperature), selectivity 

(the piperine zone was well resolved from polar to apolar co-extracted compounds) and great retention 

behavior (Rf= 0.29 for piperine). 

A 250 mL beaker was loaded with a 0.5 cm layer of mobile phase and covered up with a glass petri dish to 

avoid evaporation and to achieve chamber vapor saturation. Pre-cut 6x10 cm silica gel sheets were marked 

with a pencil to indicate the sample application line and the terminal solvent front (See Figure 41). Samples 
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were applied via glass capillaries and well-spaced from each other (approximately 1 cm between the sample 

spots) to ensure uncompromised zone formation during development. This setup was employed both for 

the mobile phase scouting experiments and the subsequent evaluation of fractions obtained in course of 

preparative silica gel chromatography. 

 

Figure 41. Setup for Thin Layer Chromatography (TLC) analysis of crude pepper extracts and fractions 

obtained from silica gel chromatography. 

 

Preparative silica gel chromatography 

Preparative silica gel chromatography was carried out in glass columns with an integrated sintered glass 

filter and a Teflon valve. The column was wet-packed with a slurry consisting of 150 g of silica gel 

suspended in approximately 500 mL of toluene:acetone 9:1 (v/v). The suspension was allowed to settle 

within the column under flow conditions and the collected mobile phase emerging from the column was 

re-applied to ensure complete equilibration of the stationary phase. After the packing material had fully 

settled, its upper boundary was stabilized by applying via funnel sufficient sand to form a 1 cm layer above 

the silica gel bed. Based on the column diameter and the packing height, effective stationary phase volume 

was calculated to be 390 mL. Prior to sample application, the column was equilibrated with another three 

column volumes of mobile phase. Figure 42 shows the equipment employed for preparative silica gel 

chromatography. 
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Figure 42. Preparative silica gel chromatography employed for the pre-purification of crude 

dichloromethane piperine extracts. 

 

For sample application, the mobile phase was allowed to drain just to the level of the protective sand layer, 

without letting any air penetrate into the silica gel layer. The sample solution (obtained by stripping the 

dichloromethane from 3 extraction runs under reduced pressure and reconstituting the resultant oleoresin 

in 60 mL of mobile phase) was applied by means of a Pasteur pipette and allowed to migrate just into the 

sand layer. Then, small volumes of fresh mobile phase were repeatedly applied to transfer all of the sample 

solution into the silica bed, afterwards the column was completely filled with mobile phase, causing a 

steady gravity-driven elution flow of approximately 16 mL/min. The eluate was collected as 60 mL 

fractions in Erlenmeyer flasks. The chromatographic separation was carried out under exclusion of direct 

sunlight and in a well-vented hood. The column and all the fraction collection vessels were wrapped with 

aluminum foil to prevent photoisomerization of piperine. 

The collected fractions were analyzed by TLC and compared with a co-applied high purity piperine 

standard (available from previous studies) to identify those fractions containing the target compound. 
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Crystallization of piperine 

Subsequently, the piperine-containing fractions identified by TLC were pooled and the volatiles removed 

under reduced pressure to provide a thick orange oil which solidified upon standing overnight at ambient 

temperature. Typically, the mass of the thus obtained material, being highly enriched in piperine, was in 

the range of 3.0 to 4.5 g. Further purification was achieved by dissolution in boiling ethyl acetate (2 mL 

per gram of raw material) followed by crystallization at -22 °C for 2 days. 

The obtained piperine crystals were then isolated by filtration and washed with small volumes of cold ethyl 

acetate (see Figure 43). Two more re-crystallization steps, following the same protocol, were carried out 

to rise the purity to analytical standard level. 

This procedure gave after drying at 60 °C, 11.7 g of yellow crystals with an HPLC purity higher than 99.7 

%. Considering the amount of black pepper seeds and an analytical stablished 4.1 % w/w of piperine 

content, the overall isolation yield was 59 %. As with the extraction and the chromatographic isolation, the 

crystallization-based purification steps were carried out under exclusion of light to avoid 

photoisomerization. 

 

 

Figure 43. Filtration apparatus employed to isolate piperine from the crystallization solution. 
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Determination of the purity of piperine standard 

Analysis of crystalline piperine was performed by HPLC-DAD after drying in vacuum. For this, the crystals 

were then dissolved in 1 mL of acetonitrile within amber HPLC vials. The employed HPLC conditions are 

given in Appendix C. 

The ATR-FTIR spectrum, melting point tests, and 1H-NMR and 13C-NMR spectra were recorded and are 

given in Appendix D. 

 

2.2.2. SYNTHESIS OF DEUTERATED PIPERINE (PIPERINE-D10) 

The motivation for employing internal standardization for piperine analysis in pepper seeds was to avoid 

potential issues associated with matrix effects emerging from co-eluting pepper related impurities, 

changing detection sensitivity due to build-up of impurities in the ion source, and the issues associated with 

the limited linear range of the employed mass analyzer. The ideal internal standard should show chemical 

properties very similar to the analyte of interest to avoid any property-related discrimination in course of 

sample preparation and detection efficiency. For application involving mass spectrometry-based detection, 

stable isotope labeled standards (SILs) are the most suitable option. In the case of piperine, SILs may be 

obtained by replacing some of the native atoms by stable isotopes, such as carbon, nitrogen, oxygen or 

hydrogen. Both, piperine and the isotope labeled compound are expected to show similar interactions with 

matrix components, solvents, surfaces, chromatographic separation systems and ionization sources, and 

thus render any significant matrix effects unlikely. 

In the current study, the use of a deuterated piperine (piperine-d10) was considered as an attractive option. 

However, the only commercial source that could be identified offered the desired piperine-D10 at an 

astronomically high price (1500 euros per 25 mg), being well beyond the available budget.81 

Therefore, one of the main objectives of this thesis was to synthesize gram amounts of the required 

piperine-D10 at affordable costs and subsequently apply it for the development of sensitive and robust LC-

Ion Trap MS methods for quantitation of piperine in black pepper seeds. 

The semi-synthetic strategy for the preparation of the required piperine-d10, involved the preparation of 

piperic acid by basic hydrolysis of piperine. This was to be followed by activation of the acid by acid 

chloride formation, and conversion of the latter to the target molecules by reaction with piperidine-d11. 

Figure 44 gives an overview of the individual synthetic steps required. 
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Important requirements for this synthetic strategy were the need to achieve high chemical purity and 

maintain stereochemical integrity of the deuterated standard material, while obtaining a satisfactory overall 

yield. 

 

 

Figure 44. Individual steps of the semi-synthetic strategy chosen for the preparation of a piperine-D10 

standard. 

 

Hydrolysis of piperine 

The amide hydrolysis of piperine was conducted under exclusion of light and a nitrogen atmosphere to 

avoid photoisomerization and potential base-promoted oxidation of piperine and piperic acid, respectively. 

The scheme for the hydrolysis reaction, along with the conditions employed, are given in Figure 45. 

 

 

Figure 45. Reaction conditions employed for the basic hydrolysis of piperine. 
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A 250 mL round bottomed flask was placed in a heating mantle and mounted on a magnetic stirrer, and 

then was charged with 13.5 g (337.563 mmol) of potassium hydroxide pellets, then added 120 mL of 

ethanol and an egg-shaped stir bar. The flask was fitted with a Liebig condenser and an additional Vigreux 

column acting as an extended condenser. The latter was fitted with a three-way valve, which was attached 

to a nitrogen container and a bubbler. A schematic depiction of the experimental setup is given in Figure 

46. 

 

 

Figure 46. Apparatus employed for the hydrolysis of piperine to piperic acid. 

 

After flushing the apparatus with nitrogen for 5 min, the stirring rate was adjusted to 400 rpm and to heating 

level 2. The solution was stirred under gentle reflux until the KOH dissolved completely. Then, heating 

was switched off with stirring being continued until the solution had reached ambient temperature. To the 

strongly alkaline solution, piperine (4 g, purity 99.7 %, 14.028 mmol) was added in a single portion. The 

apparatus was reassembled and heating was set to level 1, causing the mixture to boil gently. The nitrogen 

stream was adjusted so as to produce 1 to 2 bubbles per min. After 2 h, the poorly soluble piperic acid 
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potassium salt crystals started precipitating. The reaction was allowed to proceed for 48 h, after which the 

heating was turned off while stirring until the reaction mixture had reached ambient temperature (Note that 

maintaining stirring upon cooling is important to avoid violent pumping). 

After cooling the suspension was transferred to a 500 mL round bottomed flask for evaporation. A large 

flask was required as the strongly alkaline solution had a pronounced tendency for pumping and foaming, 

posing a risk of the mixture being ejected from the flask under vacuum. Close inspection of the reaction 

flask provided evidence that the strongly alkaline alcoholic solution attacked the glass surface significantly, 

leading to a loss of several hundreds of milligrams relative to its initial mass. 

The ethanol was stripped from the reaction mixture under reduced pressure at 40 °C and 10 Torr. The initial 

phase of solvent evaporation required close monitoring due to continuous pumping. In course of the 

evaporation, the reaction mixture turned into a thick yellowish slurry which retained ethanol quite 

persistently. Therefore, the bath temperature was increased to 60 °C and evaporation continued for one 

more hour with the intention to eliminate as much of the ethanol as possible from the solids. 

The thus obtained yellowish semi-solid mass was dissolved in water (300 mL) with strong stirring. Then, 

HCl (at 37 %, 25 mL, 308.533 mmol) was added carefully to adjust the pH between 1 and 2 to liberate the 

piperic acid from the salt. Piperic acid precipitated in the form of a thick yellowish slurry, making effective 

stirring of the mixture rather difficult. With the hope that this slurry would turn into a more easy-to-handle 

mass of crystals upon cooling, the pH-adjusted mixture was stored in a refrigerator at 4 °C overnight. 

Unfortunately, the morphology of the piperic acid did not change significantly in terms of crystal size but 

retained its slurry-like consistence. Consequently, the isolation of piperic acid by filtration through a 

sintered glass funnel proved difficult, taking more than 5 h to remove potentially entrapped salts, the 

collected solid was washed several times with small volumes of cold water (110 mL total). 

The filtration funnel containing piperic acid was transferred into a conventional drying oven adjusted to 60 

°C and dried until weight constancy was achieved (15 h), furnishing 3.06 g (14.038 mmol) of crude piperic 

acid as an amorphous yellowish powder (see Figure 47). 
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Figure 47. Filter funnel containing crude piperic acid after drying. 

 

It was suspected that the observed unfavorable filtration characteristics of the crude piperic acid might be 

caused by silicates introduced into the sample by dissolved glass from the reaction flask during the 

hydrolysis reaction. For this reason, it was decided to take the crude piperic acid into an appropriate organic 

solvent and then remove any insoluble inorganic materials by filtration. This was achieved by dissolving 

the crude piperic acid in tetrahydrofuran (THF) inside a 500 mL round bottomed flask and followed by 

filtration through a large pore cellulose filter. Note that freshly distilled tetrahydrofuran was used, because 

oxygen exposure can cause formation of hydrogen peroxides and risk of explosions.83 However, the 

solubility of piperic acid in THF was modest and approximately 200 mL of the solvent was required for 

complete dissolution. Dissolution was supported by providing agitation by spinning the flask at a rotavapor 

at ambient temperature without applying any vacuum. Dissolution of the solid was essentially complete 

after 2 h. 

The reddish-brown turbid solution was filtered through a large-pore cellulose filter to eliminate any 

insoluble components present. The filtrate was then transferred into a 50 mL round bottomed flask and the 

solvent was stripped off at a bath temperature of 40 °C. The resultant reddish-brown crystalline solid was 

dried in a conventional drying oven at 60 °C until weight constancy was achieved. The crude piperic acid 

was purified by crystallization as described next. 

The 500 mL round bottomed flask containing the crude piperic acid was placed into a heating mantle and 

mounted onto a magnetic stirrer. The flask was fitted with a pressure-equilibrated addition funnel carrying 

a reflux condenser (see Figure 48). 
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Figure 48. Apparatus employed for the purification of piperic acid by recrystallization. 

 

Ethanol (50 mL per gram of piperic acid) and an egg-shaped magnetic stir bar was added to the 500 mL 

flask and the stir rate was adjusted to 600 rpm. The heating was set to level 3, causing the ethanol in the 

flask to boil after 10 min. At this point, the valve of the pressure-equilibrated addition funnel was left 

opened, causing the condensing ethanol to be cycled back into the flask. After complete dissolution of 

piperic acid had been achieved, the valve of the addition funnel was closed, with the refluxing ethanol 

being now collected within the funnel body. Thus, the employed apparatus allowed for complete dissolution 

of piperic acid and then the ethanolic solution was concentrated by controlled removal of the excess solvent. 

As soon as the desired concentration level was achieved, the heating mantle was removed and the flask 

allowed to cool slowly to ambient temperature. The flask was then sealed with a Teflon stopper and stored 

for 2 h in a freezer (-22 °C) for crystallization. 

The obtained crystals were isolated by filtration through a pre-weighted sintered glass funnel of medium 

pore size and the crystals washed with several portions of cold ethanol. 
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After drying at 60 °C in a conventional drying oven, 2.27 g (74.2 % yield) of piperic acid were obtained as 

yellowish-orange needles. The rest of the crystals were lost during filtration due to purification. 

The ATR-FTIR spectrum, melting point tests, and 1H-NMR and 13C-NMR spectra were recorded and are 

given in Appendix E. 

 

Activation of piperic acid by acid chloride formation, followed by amidation with piperidine-D11 

All steps were carried out in a dark environment. 

The apparatus employed for this reaction is depicted in Figure 49. 

 

Figure 49. Equipment layout used for the first step in the acylation process of piperic acid to obtain 

piperic acid chloride. 

Figure 50 represents the reaction scheme for the formation of the piperic acid chloride. 
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Figure 50. Piperic acid chloride reaction. 
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Note that the reaction proceeds under formation of gaseous byproducts (CO2 and highly toxic CO), which 

need to be vented directly, via the release valve, into the aspiration channel of the hood. 

Recrystallized piperic acid (2.27 g, 10.410 mmol), were charged into a 250 mL round bottomed flask, 

followed by an egg-shaped stir bar and 140 mL of dichloromethane. The stirrer was set to 750 rpm. Then, 

a catalytic amount of dimethyl formamide (90 μL) was added, followed by dropwise addition of a solution 

of oxalyl chloride (2.700 mL) in 20 mL of dichloromethane at ambient temperature. After 10 min, the 

evolution of gases from the reaction mixture was observed, along with a mild exothermic phenomena. In 

course of the addition of the oxalyl chloride solution, the initially heterogeneous mixture became gradually 

homogeneous. To complete the acid chloride formation, the reaction was allowed to proceed with stirring 

at ambient temperature for further 18 h, after which a clear, deeply reddish solution was obtained. 

To confirm complete conversion of the acid to the corresponding chloride, a small sample (100 μL) of the 

reaction mixture was withdrawn, transferred to an amber HPLC vial and dried in vacuum. The remaining 

solid was reconstituted in 1.00 mL of acetonitrile and the resulting solution quenched with 5 drops (about 

100 μL) of 4-methyl piperidine. After 5 min, the solution was analyzed by HPLC-DAD. Complete 

disappearance of the piperic acid peak and presence of a new peak representing “4-methyl piperine” 

provided evidence that complete conversion to the desired acid chloride had indeed been achieved. 

After this, the volatiles were stripped from the reaction mixture under reduced pressure at ambient 

temperature to give a reddish brown solid (2.5 g, 10.592 mmol), which was used immediately for the next 

step without any further purification. Figure 51 shows the arrangement of instruments and laboratory 

materials used for the acylation reaction of piperidine-D11. 

 

Figure 51. Instrumental setup for the acylation reaction of piperidine-D11 with piperic acid chloride. 
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As with all other reactions, the procedure was conducted under dark conditions to avoid potential 

photoisomerization of substrates and/or products. Figure 52 represents the current reaction along with the 

conditions employed. 
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Figure 52. Reaction scheme for the amidation of piperic acid chloride with piperidine-D11. 

 

A 500 mL. round bottom flask was charged with dry, freshly distilled dichloromethane (50 mL) and a stir 

bar, followed by deuterated piperidine (piperidine-D11, 1.000 g, 10.400 mmol) and freshly distilled 

triethylamine (2.300 mL, 1.672 g, 16.536 mmol). The flask was fitted with a pressure equilibrated addition 

funnel, which held a solution of the crude piperic acid chloride in 25 mL of distilled dry dichloromethane. 

The addition funnel was sealed with a rubber septum, through which a syringe body packed with soda lime 

pellets was attached to provide both moisture protection and pressure release. 

The piperic acid chloride solution was added dropwise to the stirred solution of the amines over 30 min at 

ambient temperature. Initially, white fumes were observed in the headspace of the reaction flask but 

disappeared as the reaction proceeded. The reaction showed a mild exotherm during addition but remained 

well manageable. After complete addition, the reaction mixture was allowed to stir for further 3 h. 

The reaction mixture containing piperine-D10 was stripped to dryness in vacuum at a bath temperature of 

40 °C and worked up as follows. 

 

Isolation of piperine-D10 by liquid-liquid extraction 

The dry residue obtained after removal of the volatiles was suspended in 150 mL of ethyl acetate. 

Hydrochloric acid (1.0 M, 50 mL) was added, the mixture was shaken thoroughly for 3 min and the phases 

were allowed to separate. The aqueous phase was separated and discarded. Liquid extraction with 1.0 M 

hydrochloric acid (50 mL) was repeated two more times. 
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After this, the organic phase was washed with water (2x50 mL), followed by further washing with half 

saturated aqueous sodium hydrogen carbonate solution (2x50 mL). This pH controlled extraction protocol 

successfully removed the amines and their salts due to the excess employed and the HCl liberated in course 

of the reaction. For drying, the ethyl acetate phase was passed through a plug of magnesium sulfate 

contained by a large pore filter paper in a glass funnel (see Figure 53). Then, the drying agent in the funnel 

was carefully washed with several portions of ethyl acetate (3x30 mL) to ensure complete recovery of the 

product. 

 

Figure 53. Drying of the ethyl acetate solution emerging from liquid-liquid extraction by filtration 

through a magnesium sulfate plug. 

The dried ethyl acetate solution was stripped from the ethyl acetate in the rotavapor at 40 °C until the 

weight was constant to furnish 2.92 g of crude piperine-D10 as a slightly yellowish solid. 

This material was transferred into a 40 mL headspace vial and 6.00 mL of ethyl acetate were added. The 

vial was sealed with a Teflon-lined septum screw cap and the contents were heated with a heat gun while 

shaking until complete dissolution of the solid. The vial was allowed to cool to ambient temperature upon 

which crystallization occurred. To complete the crystallization, the vial was stored for 15 h at 4 °C. The 

crystals were isolated by filtration through a sintered glass filter funnel and washed with small portions of 

ice-cold ethyl acetate. 

To recover the piperine-D10 still contained in the mother liquor, the latter were dried under vacuum and 

subjected to preparative column chromatography, employing a 6 cm diameter column packed with 130 g 

of silica gel and toluene:acetone 9:1 (v/v) as mobile phase. The eluent was collected as 20 mL fractions in 

Erlenmeyer flasks, which were subsequently analyzed by TLC. The fractions containing the product were 

pooled, dried under vacuum using a rotavapor, then dried in a conventional drying oven at 60 °C until 

constant weight was achieved. 



97 

 

The material isolated from the mother liquor was combined with the main batch obtained by crystallization 

to yield 2.79 g (9.45 mmol, 87.9 % based on piperidine-D11) of slightly yellowish crystals. The overall 

yield based on piperine was 65 %. 

The ATR-FTIR spectrum, melting point tests, and 1H-NMR and 13C-NMR spectra were recorded and are 

given in Appendix F. 

 

2.2.3. ANALYSIS OF PIPERINE IN MINCED PEPPER FRUITS 

2.2.3.1. MOISTURE ANALYSIS OF MINCED PEPPER FRUITS 

The moisture analysis of ground pepper seeds was accomplished using an HR73 halogen moisture analyzer, 

operating on the thermogravimetry principle. The instrument combines the functions of an analytical 

balance with a halogen lamp as a heating device. The integrated software allows for execution of 

electronically precise controlled heating programs and recording of loss of volatile mass of a sample as a 

function of time. The endpoint of the loss-on-drying run can be defined by a switch-off criterion, i. e. a 

limiting weight loss per unit of time. The moisture analyzer automatically converts weight loss into % of 

moisture content relative to initial sample. 

In the current study, a pre-programmed drying protocol recommended for ground pepper samples was 

employed. The program had an upper drying temperature of 135 °C, with masses being recorded every 30 

seconds and a switch-off criterion set at option 3 (0.05 % change between two consecutive readings within 

30 seconds). For all loss-on-drying experiments, 2.000g of minced pepper seeds were employed as samples. 

Figure 54 shows a picture of the equipment.95 

 

Figure 54. HR73 halogen moisture analyzer with the sample tray opened. 
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Moisture analysis procedure 

Fifteen pepper seed samples were minced separately in a coffee grinder for 90 min, transferred to glass 

bottles and tightly sealed with polymer screw caps. To avoid light exposure, the bottles were wrapped with 

aluminum foil and stored at ambient temperature in the dark. The average particle size of the ground pepper 

seed samples was < 200 μm. 

The sample tray of the moisture analyzer was ejected and a 2.000 g amount of the respective pepper sample 

was loaded and evenly spread homogeneously within the sample pan. Then, the analysis process was 

executed using the mentioned pre-programmed protocol. Loss-on-drying analysis typically were completed 

within 4.5 to 6 min for black, white and green pepper samples. Somewhat longer operation times were 

required for long pepper samples (5.5 to 18 min), for which moisture release was less efficient due to a 

different texture of the plant material. For all samples, duplicate measurements were carried out and the 

reported results included the average values. 

 

2.2.3.2. SAMPLE PREPARATION 

The procedure described in the following section has been developed by considering relevant some 

information available in the scientific literature, and series of independent experiments conducted in our 

laboratory. 

All operations were executed under dark conditions to avoid piperine isomerization. The use of amber 

HPLC vials and the light protection of containers by wrapping with aluminum foil was also implemented. 

Piperine extraction procedure 

The hot extraction apparatus employed for the extraction of pepper samples is depicted in Figure 55. It 

consisted of a 100 mL round bottomed flask containing an egg-shaped stir bar. The flask was placed in an 

appropriately sized electric heating mantle and fitted with a hot extraction adapter and a water-feed reflux 

condenser. The entire apparatus was mounted onto a magnetic stir plate. 

An approximately 15 g-amount of the respective pepper sample was taken from the freshly opened package 

and ground by means of a coffee grinder for three consecutive 30 second cycles. Between the grinding 

cycles a 30 second resting period was allowed to avoid excessive heating of the samples. The procedure 

produced powders with an average particle size < 200 μm.  Then, a 2.000 g-amount of the homogenized 

samples were weighted into a cellulose extraction thimble, which was sealed with a loose plug of cotton 
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wool to avoid ejection of sample materials under extraction conditions. The loaded thimble was inserted 

into a hot extraction adapter, as outlined in Figure 55. 

After assembling of the extraction apparatus, the condenser was removed and 70 mL of methanol was 

transferred via a glass funnel onto the top of the previously loaded thimble to wet the loaded plant material 

evenly. As soon as the methanol had permeated through the extraction thimble and collected within the 

round bottomed flask, the entire apparatus was wrapped with aluminum foil to ensure exclusion of light. 

The setting of the heating mantle was adjusted to level 3, and the magnetic stirring rate to 600 rpm. The 

cooling water was turned on from the moment at which the first drops of condensing solvents started 

refluxing from the condenser, the extraction process was allowed to proceed for 90 min.  Then, the heating 

was switched off while stirring was continued until the contents of the receiver flask had reached ambient 

temperature. 

 

 

Figure 55. Reflux extraction set up for minced pepper samples. 
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The cooled crude extract was transferred quantitatively to a 100 mL volumetric flask and made up to the 

mark with methanol. The flask was labeled for identification and completely wrapped with aluminum foil 

to ensure protection from light. All extracts were stored in the dark and at ambient temperature until further 

processing. 

Methanol percolating through the sample over the complete extraction period was measured by replacing 

the reflux condenser by a distilling bridge and by measuring the methanol volume condensing within 2.2 

min intervals in average (the corresponding experimental data can be found in Appendix G). 

A series of experiments using different extraction times (ranging from 15 to 165 min) under otherwise 

identical conditions were carried out with pepper samples from a single batch to investigate extraction 

efficiency and extraction kinetics.  Anisole was added to the extraction solvent for internal standardization. 

The piperine contents in the resulting extracts were estimated by RP-HPLC-UV analysis. These data will 

be discussed in the “Results” section. 

 

Clean up procedure for crude extracts from pepper fruits extractions by C-18 RP-Solid Phase 

Extraction 

The following acetonitrile/water mixtures were prepared to be used as eluents for C18-SPE extraction: 

20/80, 30/70, 35/65, 40/60 and 100/0 (v/v). The solutions were stored in 100 mL Erlenmeyer flasks sealed 

with glass stoppers. 

For preparation of the loading solutions, the crude methanol extracts (2.000 mL) were diluted with 8.000 

mL of water in 20 mL sample vials and thoroughly mixed by shaking. This resulted in turbid solutions with 

a milky appearance. It is important to note that these mixtures need to be processed immediately, as 

prolonged storage was found to lead to formation of oily droplets adhering to the glass walls, suggesting 

precipitation and thus separation of some of the sample’s components. The mentioned changes in the 

appearance of the crude methanol extract upon addition of water are demonstrated in Figure 56 for sample 

BP070919-3. 
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Figure 56. Changes in the physical appearance of the crude methanol extract (left) of sample BP070919-

3 upon addition of water (right). 

 

The experimental setup for solid phase extraction system using DSC-18 cartridges are given in Figure 57. 

 

 

Figure 57. Solid phase extraction set up used for the sample preparation step in the analysis of pepper 

samples. Notice a needle attachment below the SPE cartridge for faster elution. 
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The solid phase extraction was conducted in gravity mode with a 120 mm injection needle attached to the 

cartridges to speed solvent flow. The DSC-18 columns were conditioned first with 2.000 mL of acetonitrile, 

followed by 2.000 mL of water. After this, 1.000 mL of the diluted extract was loaded and eluted with 

acetonitrile/water mixtures as indicated in Table 15. The eluates were collected in 25 mL volumetric flasks 

wrapped with aluminum foil for light protection. Essentially all the piperine contained in the sample was 

recovered in fraction # 3, which was confirmed by TLC and HPLC. The volumetric flask containing 

piperine was then spiked with piperine-D10 (6.0 ppm final concentration in 25 mL) and filled to the mark 

with acetonitrile. 

 

Table 15. List of fractions collected from the eluent of the solid phase extraction step with the volumes of 

acetonitrile/water used to separate the compounds in the diluted crude extracts. 

Fraction # Mobile phase (% v/v) Volume added (mL) 

1 
ACN/H2O 20/80 % 1 

ACN/H2O 20/80 % 1 

2 

ACN/H2O 30/70 % 1 

ACN/H2O 35/65 % 1 

ACN/H2O 35/65 % 1 

3 

ACN/H2O 40/60 % 1 

ACN/H2O 40/60 % 1 

ACN/H2O 40/60 % 1 

4 

ACN 100 % 1 

ACN 100 % 1 

ACN 100 % 1 

ACN 100 % 1 

ACN 100 % 1 

At this point, the processed sample was diluted by a factor of 125 relative to crude methanol extract. 

 

Preparation of calibrators procedure 

The preparation of calibration solutions was conducted using custom-written injection programs with 

software features implemented in the autosampler module of the employed HPLC system (Automated 

Liquid Sampler, Model G1315 from Agilent Technologies). For this purpose, amber HPLC vials were used 

and the calibrators obtained by mass-based dilutions of stock solutions were re-converted into volume 

concentration considering the density of methanol (0.791 g/mL at 22 °C).96 Mass changes were measured 

on an analytical balance. The initial standard stock solutions for piperine and piperine-D10 in methanol 

were 207.2 ppm and 209.4 ppm, respectively. For all calculations, the density of the stock solutions was 

assumed to be equal to that of methanol. Six calibrators were prepared at piperine concentrations of 0.2, 2, 

4, 6, 8 and 10 ppm, with all of them containing a constant concentration of 6.0 ppm of piperine-D10. 
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A detailed description of the autosampler-assisted calibrator preparation is given in the following. 

First, six HPLC amber vials were equipped with septum screw caps and accurately weighted on the 

analytical balance. Then, into each of these vials was transferred 1.000 mL of methanol via an adjustable 

automated pipette. The vials were resealed with the same septum screw caps and again weighted to assess 

the mass of the transferred solvent. 

The vials were then loaded into the sample compartment of the autosampler, and defined volumes of the 

stock solutions were added to the corresponding vials. It should be mentioned that the source vials of the 

stock solutions were sealed with pre-slit septum caps to avoid vacuum-induced inaccuracies due to 

sampling of volumes up to the 50 μL range. For the transfer of the stock solutions from the source vials 

and the methanol, the injection parameters were using 100 μL/min draw and ejection speeds, respectively, 

and the draw position was set to 0 mm. 

As an example for a typical injection program, the command table employed to the preparation of the 10 

ppm of piperine calibrator is shown in Table 16. 

Table 16. List of commands for the injection program used to prepare the calibrator targeted with 10 

ppm. of piperine. 

Operation Command 

# 
Action 

A 

1 Draw 0 μL. From vial 1 Wash the needle in methanol 

2 Draw 50 μL. From vial 3 Upper plug of methanol 

3 Draw 33 μL. From vial 13 Drawing piperine stock solution 

4 Draw 0 μL. From vial 1 Wash the needle in methanol 

5 Draw 17 μL. From vial 3 Lower plug of methanol 

6 Eject Max. amount Into vial 12 Calibrator vial, target position 

B 

7 Draw 0 μL. From vial 1 Wash the needle in methanol 

8 Draw 50 μL. From vial 3 Upper plug of methanol 

9 Draw 30 μL. From vial 13 Drawing piperine stock solution 

10 Draw 0 μL. From vial 1 Wash the needle in methanol 

11 Draw 20 μL. From vial 3 Lower plug of methanol 

12 Eject Max. amount Into vial 12 Calibrator vial, target position 

Carryover 

tests 

13 Draw 0 μL. From vial 1 Wash the needle in methanol 

14 Draw 50 μL. From vial 5 
Methanol to run in the HPLC to 

ensure no carryovers occurred 

between calibrators 

 

Vial # 1 was loaded with methanol and functioned as wash reservoir to eliminate any traces of solutions 

adhered to the needle. Vial # 3, also loaded with methanol, acted as a source of solvent plugs, separating 

the piperine zone within the transfer needle (see Figure 58). Vial # 13 served as a piperine source vial. Vial 

# 12 was the target vial charged with a known mass of methanol as outlined previously. Vial # 5, loaded 
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with methanol, functioned as a source of blank sample, to test potential carryover effects emerging after 

completion of the solvent transfer sequence. 

All other calibrators were prepared in the same way, considering that the amounts to be drawn from the 

vial were in different proportions to obtain the required concentrations. 

At the end, and by the use of this program, the amount of solution in each calibrator vial was 1.200 mL, 

which was verified by weight and registered. 

 

 

Figure 58. Representation of the plug structure generated within the injection needle/loop of the 

autosampler during programmed calibrator preparation. The volumes of methanol and the stock solution 

are referring to the example shown in Table 16. Note that the capacity of the needle is limited to 100 μL, 

and the injection sequences had to be employed to achieve complete transfer. A) Plug structure 

corresponding to commands 1 to 6. B) Plug structure corresponding to commands 7 to 12. 

 

After completion of the transfer of the piperine standard stock solution, an additional injection program 

was activated to execute the addition of piperine-D10 internal standard to the final concentration of 6.0 

ppm. The series of commands for this operation is detailed in Table 17. 
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Here, Vial # 2 served as a needle wash vial; Vial # 4 as a source for the plug solvent; Vial # 14 as a source 

vial for the piperine-D10 stock solution; Vial # 12 as a target calibrator vial; and Vial # 6 as a source vial 

for the blank injection to test for carry over. 

Table 17. List of commands for the injection program used to prepare the calibrators with a target of 6 

ppm. of piperine-D10 each. 

Operation 
Command 

# 
Action 

A 

1 Draw 0 μL. From vial 2 Wash the needle in methanol 

2 Draw 50 μL. From vial 4 Upper plug of methanol 

3 Draw 37 μL. From vial 14 
Drawing piperine-D10 stock 

solution 

4 Draw 0 μL. From vial 2 Wash the needle in methanol 

5 Draw 13 μL. From vial 4 Lower plug of methanol 

6 Eject Max. amount Into vial 12 Calibrator vial, target position 

Carryover 

tests 

7 Draw 0 μL. From vial 2 Wash the needle in methanol 

8 Draw 50 μL. From vial 6 

Methanol to run in the HPLC to 

ensure no carryovers occurred 

between calibrators 

 

After completion, the weights of the target vials were established to ensure that the actual final masses were 

identical with the expected values (corresponding after density based conversion to 1300 μL of total 

volume). The contents of the vials were homogenized by shaking, and the pierced septum caps were 

exchanged by new ones. Special care needed to be taken during mixing, as some of the solution may 

perpetrate the perforated caps and contribute to losses. The time requirements for the autosampler-assisted 

generation of a single calibrator solution were in the range of 15 min. 

 

2.2.3.3. HPLC-ESI-ITMS ANALYSIS 

HPLC-ESI-ITMS analysis procedure 

Initially, the isocratic mobile phase conditions were evaluated for HPLC analysis but produced poor 

resolution for the peaks of interest and caused issues in the ESI interface due to insufficient evaporation 

capacity. In addition, some level of resolution between piperine and piperine-D10 was observed, violating 

the crucial requirement of coelution of analyte and internal standard. Therefore, the isocratic elution mode 

was replaced by an optimized gradient elution program, resolving the issues outlined above. 

The final optimized gradient program used two mobile phases: Mobile Phase A, consisting of 

water/acetonitrile/formic acid at 1000/50/0.5 mL ratios; and Mobile Phase B, consisting of 

acetonitrile/water/formic acid at 1000/50/0.5 mL ratios. The gradient program started with an isocratic 

segment consisting of 100 % of Mobile Phase A over 2 min; followed by a linear increment gradient to 
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100% of Mobile Phase B over 8 minutes; then an isocratic segment at 100% of Mobile Phase B for 3 min; 

a return to 100% of Mobile Phase A over  5 min; and an isocratic re-equilibration segment with 100 % of 

Mobile Phase A over 2 min. The total run time was 20 min. The flow rate was reduced from the initial 1.0 

mL/min to a final value of 0.7 mL/min to avoid liquid accumulation in the ESI interface. The retention time 

for piperine was 8.2 min. The injection volume was set at 2.0 μL reflecting a compromise between precision 

and peak shape quality. The piperine signal was recorded as a strong [M+H]+ ion (286.1 amu) in the 

extracted ion chromatogram. No efforts were made to evaluate other adduct ions or fragments. 

Typically, the fully processed piperine samples being fortified with internal standard were analyzed along 

with the pepper calibrators in a single sequence using the HPLC-ESI-ITMS setup under the conditions 

specified in the Appendix H. Solvent blanks were run at the beginning and end of each sequences, and also 

within the sequence between calibrators and samples runs. The chromatograms of the blanks were carefully 

analyzed for any carryovers of piperine and piperine-D10.  Piperine and piperine-D10 co-eluted at a 

retention time of 8.2 min. Triplicate injections were done for each sample and calibrator to calculate the 

average, standard deviation and relative standard deviation for the assessment of the accuracy of the 

readings. 

 

2.2.3.4. METHOD VALIDATION 

While a complete method validation was out of the scope of this project, an effort was made to establish 

some of the crucial figures of merit of the developed analytical protocol. Specifically, a series of replicate 

measurements were carried out to evaluate linearity, calibration range, limit of detection, limit of 

quantification, selectivity and specificity, stability, repeatability, reproducibility and recovery.80, 86, 89, 90, 91 

 

Assessment of calibrator stability 

Seven sets of calibrators at three concentration levels (2.0, 6.0 and 10.0 ppm of piperine containing 6.0 

ppm of piperine D-10 each) were prepared and analyzed using the developed HPLC-ESI-ITMS method 

(for conditions see Appendix H) within 2 days. The septum caps were then replaced by new ones, and the 

vials stored at 4 °C in the dark for three weeks. The initial analysis of the calibrators were conducted on 

the 20/21.12.2020 and re-analyzed on the 13/14.01.2021. From the obtained data sets, calibrator stability 

was calculated as a percentage relative to the concentration of the freshly prepared samples.84, 92 
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Assessment of sample stability 

A selected set of pepper fruits samples comprising black, white and long pepper fruits were subjected to 

sample preparation according to the procedures outlined in section“2.2.3.2. Sample preparation” and the 

developed HPLC-ESI-ITMS method. The samples were processed within a single day (19.09.2019) and 

stored at 23 °C under dark conditions. After a storage period of 4 month, this set of samples were analyzed 

again within a single day (22.01.2020). From the obtained data sets, sample stability was calculated as a 

percentage relative to the concentration of the freshly prepared samples.84, 92 

 

Selectivity and specificity procedure 

The developed method should be able to distinguish between the co-eluting piperine and piperine-D10 

[M+H]+ signals in the extracted ion mode without any interferences.80, 84, 86, 88, 91, 92 To test this requirement, 

samples containing variable concentrations of piperine and a constant concentration of piperine-D10 were 

injected, and the ion chromatograms corresponding to m/z 286.1 and 296.4 amu were extracted. The 

corresponding retention times were recorded and compared to assess the crucial requirement of 

piperine/piperine-D10 co-elution. In addition, the extracted ion chromatograms were inspected for any 

additional signals appearing at elution times different from that of piperine and piperine-D10. The same 

experiments were conducted with fully processed sample solutions. 

 

Assessment of linearity and applicable concentration range 

For this purpose, seven sets of calibrators at 6 levels (0.2, 2, 4, 6, 8 and 10 ppm) were processed within 2 

days using the autosampler-assisted procedure outlined previously. Concerning piperine, this range covers 

a mass range between 0.4 and 20 nanograms on-column. Each calibrator set was analyzed independently 

using the developed HPLC-ESI-ITMS method within 48 hs. The emerging data sets were used to construct 

calibration graphs by plotting the relative areas of the extracted ion chromatograms (piperine/piperine-D10) 

versus the piperine concentration in ppm. Regression analysis of the averaged results was performed with 

Excel for Windows 10 Home and with Origin Pro 2018 to obtain the mathematical expressions for the 

calibration plots and correlation coefficients r2. In addition, an analysis of residuals, a lack of fit and a 

Mandel’s fit tests were performed as detailed below. 
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Linearity assessment: lack of fit test 

The lack of fit was calculated by comparing the Fcalculated factor obtained from the data versus the Ftabulated 

factor obtained from on-line sources, according to a procedure from the University of Tartu.94, 97 

Equation (2) was used for this purpose: 

Fcalculated= 
𝑀𝑆𝑆𝐿𝑜𝐹

𝑀𝑆𝑆𝑒𝑟𝑟𝑜𝑟
 = 

𝛴(𝑦𝑎𝑣𝑒𝑟𝑎𝑔𝑒−𝑦𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)
2

(𝑐−2)
⁄

𝛴(𝑦𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙−𝑦𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2

𝑐(𝑛−1)
⁄

    (2) 

Were,   Fcalculated is a calculated factor by using the data of the experiment. 

𝑀𝑆𝑆𝐿𝑜𝐹 is the mean sum of squares calculated by using the averaged signals from the 

experiment and the signals calculated by using the linear equation intended to be used to 

represent the group of experimental data. 

𝑀𝑆𝑆𝑒𝑟𝑟𝑜𝑟 is the mean sum of squares calculated by using the signals obtained in the 

experiment and their averages. 

yaverage are the averaged signals of the instrument from each concentration level obtained 

experimentally. 

ycalculated are the calculated signals of the instrument obtained by using the proposed linear 

equation. 

yindividual are each individual experimental signal obtained from the instrument. 

   c is the number of concentration levels of the calibrators. 

   n is the number of replicates. 

Fcalculated was then compared with Ftabulated, this last value is the factor and critical value that indicates if our 

data complies with a linear equation. Ftabulated values were taken from on-line sources, considering a 95 % 

of confidence level.98 

In the case of the lack of fit technique if Ftabulated > Fcalculated it would mean that there is no significant reason 

to believe that the proposed linear equation may be used to represent the set of  data that was obtained 

experimentally. 94, 97 
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Linearity assessment: Mandel’s fit test 

The Mandel’s fit test was done by comparing two models, a linear and a polynomial second order equation. 

The models were obtained from the experimental averaged data of the replicates and are shown next as 

Equations (3) and (4). 

y= 0.1835x + 0.0185      (3) 

y= -0.0009x2 + 0.1932x + 0.0043     (4) 

To obtain the Fcalculated factor the next Equation (5) was used. 

𝐹𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =  
𝑆𝑦1
2 (𝑐−2)− 𝑆𝑦2

2 (𝑐−3)

𝑆𝑦2
2      (5) 

Were, Sy is the standard deviation of residuals. 

 c is the number of concentration levels for the calibrators. 

 Subscripts 1 and 2 stand for the linear and polynomial second order equations. 

The standard deviation of residuals for each model was calculated with the use of the next Equation (6). 

𝑆𝑦𝑖 =  √
𝛴(𝑦𝑖−ŷ𝑖)

2

𝑐−2
      (6) 

Were, i may be the linear or the polynomial second order equations. 

yi are the peak area ratios between the piperine and the piperine-D10 obtained from the 

experimental signals. 

ŷ𝑖 are the calculated peak area ratios signals, by using the linear or polynomial second order 

equations that were proposed as models. 

c is the number of concentration levels for the calibrators. 

Fcalculated is then compared with Ftabulated, this last value is the factor or critical value that indicates if our data 

is better represented with a linear or polynomial second order equation. Ftabulated values were taken from on-

line statistical data sources, considering a 95 % of confidence level.98 

For Mandel’s fit if Fcalculated < Ftabulated, it would indicate that the linear model fits the data better than the 

polynomial second order equation. 93, 94, 97 
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Limit of detection and limit of quantification 

All the next process was done in dark conditions. 

For the limit of detection, seven blanks in methanol were prepared with no addition of piperine and with a 

concentration of piperine-D10 of 6 ppm. The blanks were processed through the HPLC-ESI-ITMS system 

at the specified parameters in the Appendix H. Then, the peak area signals were registered at a retention 

time of 8.2 min, for piperine and piperine-D10. The noise was registered as the piperine signal. The limit 

of detection was calculated with Equation (7).80, 86, 89, 91, 97 

 LOD = 3.3 x (SD/slope)      (7) 

 Were,  SD corresponds to the standard deviation of the peak area ratio between piperine and the 

piperine-D10 signals. 

slope this value was taken from the calibration plot. 

The limit of quantification (LOQ) was considered as the lowest concentration in the calibration plot. 

 

Assessment of inter-day repeatability 

Three subsamples were drawn from a single batch of a black pepper fruit sample (BP010619) and processed 

independently according to the sample preparation procedure detailed previously. The samples were 

processed and analyzed within 2 days by a single operator, using essentially the same sets of equipment, 

materials and chemicals from single batches. The sample sets were then analyzed by HPLC-ESI-ITMS 

methods using quadruplicate injections. From the obtained data sets, inter-day repeatability was calculated 

and expressed as relative standard deviation.84, 92 

 

Assessment of inter-day reproducibility 

For the assessment of inter-day reproducibility, four selected pepper fruit samples were processed and 

analyzed independently by two different operators following the developed HPLC-ESI-ITMS analytical 

method. These operators used the same laboratory infrastructure, instrumentation, materials and chemicals. 

Both operators completed the experiments within 2 days. The emerging results were compared without 

further statistical treatment due to lack of sufficient replicate experiments.84, 92 
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Recovery procedure 

In the framework of this study, recovery experiments could not be carried out entirely by using the 

developed HPLC-ESI-ITMS procedure due to time constraints. However, preliminary data on the analyte 

recovery were available from exploratory studies performed by the author of this thesis on a related HPLC-

UV method utilizing essentially the same sample preparation procedure. No details of this procedure will 

be provided here, and comments will address recovery results only. Assessment of recovery based on 

standard addition experiments for sample BP010619 were done based on literature methodology.99 

Information on chromatographic conditions for the HPLC-DAD employed in these experiments are 

summarized in Appendix C, which helped provide the “true” piperine content of the crude sample extract. 

This “true” piperine content was then compared with the values obtained for the same sample batch with 

the current HPLC-ESI-ITMS method and inter-day repeatability values (already addressed before).99 
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3. RESULTS AND DISCUSSIONS 

3.1. PIPERINE STANDARD 

Piperine was extracted from black pepper fruits with dichloromethane, purified via silica gel 

chromatography and repeatedly crystallized from ethyl acetate to obtain a standard material free of isomers 

and a chemical purity of 99.7 % (see Figure 59). 

 

 

Figure 59. HPLC-DAD chromatogram showing the piperine peak at retention time around 19.5 min. The 

% of the peak area represented a 99.7 % of piperine. 

 

From the total amount of 480 g of black pepper fruits, 11.70 g of analytically pure piperine was obtained, 

corresponding to an overall yield of 59.1%. Figure 60 shows a picture of the material obtained after the 

second crystallization step. 
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Figure 60. Piperine crystals showing a clear yellowish appearance. 

 

To test for photosensitivity, a 194 ppm piperine stock solution in methanol was prepared and exposed to 

sunlight for different periods of time (0 to 3000 seconds, see Table 18). Formation of a peak cluster was 

observed which was poorly resolved under the employed HPLC conditions. Changes in the total peak area 

of the cluster were seen with prolonged light exposure times, a finding which stresses the potential for 

uncontrollable bias with analytical methods pursuing piperine quantitation based on total area integration. 

A graphical representation of this light exposure experiment is depicted in Figure 61. 

 

Table 18. Peak area results for piperine integrated under the same conditions and analyzed after 

exposure to direct sunlight at different total times. The integration was done always under the same 

range of retention time, so that the formation of piperine isomers was added to the final Peak area 

amount. 

Sunlight exposure 

time (sec) 

Peak Area 

for piperine 

0 1758.3 

30 1814.2 

60 1830.6 

90 1865.8 

120 1891.3 

240 1920.4 

600 1935.6 

1200 2036.2 

1800 2057.3 

2400 2085.6 

3000 2091.9 
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Figure 61. Sunlight exposure time versus Peak area signal obtained for a piperine stock solution at 194 

ppm in methanol. 

 

Figure 62 shows the stacked chromatograms corresponding to the photosensitivity study, representing the 

changes in shape of the peak cluster after given exposure times. 

 

Figure 62. Stacked chromatogram for piperine signals analyzed at different sunlight exposure times, from 

left to right= 0, 30, 60, 90, 120, 240, 600, 1200, 1800, 2400 and 3000 seconds. All signals have the same 

retention time at 2.2 min. Notice the change in shape due to the formation of isomers. 
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The cluster evidently consist of the geometric isomers of piperine (isopiperine, chavicine, isochavicine) 

and residual piperine. Efforts to resolve this cluster into its individual isomers using reversed phase 

chromatography were unsuccessful. The appreciation of photosensitivity issues in context with piperine 

analysis is rare within the researched articles that quantify piperine. M. Kakarala et al. also observed peak 

splitting of the piperine signal under sunlight exposure and stressed the importance to strictly avoid 

sunlight.100 Apparently, photoisomerization issues are frequent in the field of natural product and food 

research. An interesting discussion of these issues are provided by J. Verduin et al., outlining the 

mechanisms of photoisomerization for selected compounds relevant to food science.101 

 

3.2. SYNTHESIS OF PIPERINE-D10 

Piperine-D10 was prepared using a semisynthetic strategy from high-purity piperine isolated from black 

pepper fruits. For this purpose, piperine was hydrolyzed to the corresponding acid and subsequently re-

amidated with commercially available piperidine-D11. All steps of the synthesis proceeded with high 

yields, providing after purification by re-crystallization the desired deuterium-labeled target in an overall  

yield of 65% (90 % based on piperidine-D11) and a chromatographic purity level of 99.7 % (see Figure 

63). 

 

 

Figure 63. HPLC-DAD chromatogram for piperine-D10 at retention time of 19.4 min. 
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The final amount of high purity piperine-D10 (see Figure 64) made accessible was 2.79 g. 

 

 

Figure 64. Piperine-D10 crystals obtained from the crystallization process. 

 

Cost balance for the synthesis of piperine-D10 

Given the exceptional high price of piperine-D10 when purchased from the only commercial source, it was 

informative to compare the costs associated with the in-house synthesis. Table 19 provides a balance sheet 

detailing the capital costs for chemicals and labor associated with the individual steps of the synthesis 

campaign.102 Not considered in this estimation are costs associated with laboratory infrastructure and 

instrumentation. 
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Table 19. Amount of chemicals and manpower time used for synthesizing piperine-D10, including the 

cost in euros that it represents. 

Process Material type Consumption Material cost (euros) 
Chemist time and 

cost (31 euro/h)102 

Piperine extraction 

Black pepper 120 g 2.47 

24 hs= 744 euros 

Dichloromethane 400 mL 24.60 

Silica gel 130 g 47.15 

Toluene 2340 mL 100.30 

Acetone 260 mL 11.85 

Piperine hydrolysis 

Potassium hydroxide, 

pellets 
13.5 g 2.41 

90 hs= 2790 euros 

Ethanol 320 mL 37.81 

Piperine, 99 % 4 g In-laboratory extracted 

Tetrahydrofuran 200 mL 22.17 

Hydrochloric acid (aq.), 

37% 
25 mL 0.76 

Synthesis of piperic 

acid chloride 

Piperic acid 2.27 g In-laboratory synthesized 

40 hs= 1240 euros 
Dichloromethane 134 mL 8.24 

Dimethylformamide 0.089 mL 0.05 

Oxalyl chloride 2.683 mL 1.25 

Synthesis of piperine-

D10 

Dichloromethane 80 mL 4.92 

24 hs= 744 euros 

Deuterated piperidine 1 g 200.66 

Triethylamine 2.3 mL 39.86 

Piperic acid chloride 2.5 g In-laboratory synthesized 

Ethyl acetate 150 mL 8.59 

Hydrochloric acid (aq.), 

1 M 
50 mL 1.67 

Sodium bicarbonate 

(aq.), 5% 
50 mL 25.46 

Sum   540.22 euros 5518 euros 

Total cost   6058.22 euros 

 

This cost balance analysis indicated that the synthesis of 2.79 g. of piperine-D10 amounted to 6058 euros, 

if manpower costs were explicitly considered. However, as the author conducted this task in the framework 

of a Master thesis research project, no compensation was provided, reducing the total costs to 540 euros. 

Considering the commercial market price, the prepared amount of piperine-D10 would represent a revenue 

of 167400 euros.81 Thus, in-house synthesis made the required standard material available at 0.32 % of its 

market price. 

 

 

 

 

 

 



118 

 

3.3. ANALYSIS OF PIPERINE IN MINCED PEPPER FRUITS 

3.3.1. MOISTURE ANALYSIS OF MINCED PEPPER FRUITS 

The use of an HR73 moisture analyzer allowed for the establishment of loss-on-drying information of the 

investigated pepper fruits samples in an expedient and convenient fashion. Thus, loss-on-drying 

experiments were initially conducted using conventional drying oven based on gravimetric procedures at 

105 °C, which required multiple drying-weighting cycles over 25 hours total. In comparison, conducting 

the loss-on-drying measurements with the electronic moisture analyzer were completed typically in less 

than 10 minutes, with the results being close to those obtained with the conventional drying oven procedure. 

For example, in sample BP010619  the moisture content obtained with the oven drying procedure was 

10.32 ±0.11 %, while the moisture analyzer method returned a moisture content average of 11.60 ± 0.08 

%. A typical drying curve as recorded with the electronic moisture analyzer for sample BP010619 is given 

in Figure 65 . Additional data for these particular measurements are given in Appendix I. 

 

 

Figure 65. Drying curve obtained with an electronic moisture analyzer for sample BP010619. In this 

case the final result in moisture content for the sample was 11.60 %. 

 

Loss-on-drying data for all results of moisture content for all 15 pepper samples are shown in Table 20. 
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Table 20. Moisture content results in % for fifteen minced pepper fruit samples. The results were 

obtained from the average of duplicates done in an HR73 halogen moisture analyzer. 

UCI % Moisture content 
% Moisture content 

from reference 

BP010619 11.60 

<12.00103, 105 

BP070919-1 13.02 

BP070919-2 10.90 

BP070919-3 11.12 

WP070919-1 11.42 

WP070919-2 11.15 

GP070919 9.00 

LP300319-1 11.77 

<15.00104 

LP300319-2 11.00 

LP130419-2 12.97 

LP010619-1 10.55 

LP010619-2 12.47 

LP010619-3 10.87 

RLP010619-1 15.67 

RLP010619-2 12.90 

 

In the literature, loss-on-drying values are reported to be less than 12 % for black, white and green pepper 

fruits, and less than 15 % for long pepper fruits.1, 3, 103-105 The figures obtained in the current study for black 

pepper fruits were in the range of 10.9 to 13.02 %, with only one sample BP070919-1 exceeding literature 

data. Good consistency with literature data was obtained for white pepper fruits, with the moisture content 

varying from 11.15 to 11.42 %. The moisture content data of long pepper fruits with values ranging from 

10.55 to 15.67 % were also in good agreement with literature values, with only one sample RLP010619-1 

being an exception. 

 

3.3.2. SAMPLE PREPARATION 

Sample management – assignment of unique code identifiers 

For this study, fifteen pepper fruits samples were purchased from different sources, which are detailed in 

Appendix B. The pepper fruits samples were assigned unique code identifiers or UCIs to facilitate in-

laboratory data management (see Table 21). 
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Table 21. Description of the pepper samples and their unique code identifiers. 

UCI Description 

BP010619 Black pepper fruits. 

BP070919-1 Black pepper fruits. 

BP070919-2 Black pepper fruits. 

BP070919-3 Black pepper fruits. 

WP070919-1 White pepper fruits. 

WP070919-2 White pepper fruits. 

GP070919 Green pepper fruits. 

LP300319-1 Long pepper fruits. 

LP300319-2 Long pepper fruits. 

LP130419-2 Long pepper fruits. 

LP010619-1 Long pepper fruits. 

LP010619-2 Long pepper fruits. 

LP010619-3 Long pepper fruits. 

RLP010619-1 Red long pepper fruits. 

RLP010619-2 Red long pepper fruits. 

 

In the UCIs, the letters stand for the kind of pepper, and the numbers inform on the date of acquisition. 

Some UCIs indicate the same date of acquisition, but different commercial sources, hence the extension 

number after the dash. 

 

Assessment of the kinetics of the continuous hot extraction process 

Information on the kinetics of the continuous hot extraction process was gained by extracting BP010619 

under the conditions relevant to the sample preparation protocol. To the extraction solvent, anisol was 

added as internal standard for monitoring the changes in piperine content in the extract as a function of 

time. Small volumes of samples were withdrawn periodically, analyzed by HPLC/DAD and the observed 

piperine content plotted as a function of extraction time. The corresponding graph is given in Figure 66. 

This plot indicates that most of the extractable piperine (85%) was liberated after 15 min. Prolonging the 

extraction time to 90 min, increased the piperine to a 95 % yield (referred the 165 min value considered as 

100% recovery with a peak area of 3466). Based on these data, for further experiments an extraction time 

of 90 min was chosen as a workable compromise between recovery and sample throughput. 
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Figure 66. Reflux extraction curve for black pepper (BP010619) with methanol, showing that most of the 

extraction of piperine was done around 15 min, after that the amount increases slowly. 

 

Solvent exchange rate 

The total volume of methanol percolated through the pepper fruits samples during hot extraction was 

measured by a distilling experiment under process relevant conditions. This experiment indicated that the 

amount of methanol passing through the sample matrix was 4.67±0.21 mL/min (RSD= 4.43, n=9). More 

detailed information can be found in the Appendix G. Considering a total extraction time of 90 min, a 

volume of  420 mL of boiling methanol percolates through the sample. This finding justifies the chosen 

continuous extraction approach, as it allows for considerable savings in solvents as compared to less 

efficient batch extraction processes. 
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Preparation of calibrators 

Prior to implementing the autosampler-assisted calibrator preparation method, a series of tests were carried 

out to compare this automated procedure with traditional manual calibrator preparation.  For this purpose, 

a series of calibrators at 5 concentration levels (8.0 to 153.0 ppm) were first prepared manually by an 

experience analyst, and subsequently via the autosampler-assisted procedure. After this, both sets of 

calibrators were analyzed, and the obtained concentrations used to construct a parity plot (depicted in 

Figure 67). The parity function showed excellent linearity (r2= 0.9999), which demonstrates that the quality 

of the autosampler-assisted calibrator preparation is comparable to those prepared by an experience 

operator. For these reasons, the autosampler-assisted calibrator generation was implemented in the current 

method as a convenient and time-saving alternative to manual preparation. Also, as a crucial benefit, this 

procedure allowed to minimize light exposure to piperine/piperine-D10. Autosampler-assisted calibrator 

preparation has also been a topic of interest in the recent scientific literature, due to its potential to improve 

accuracy, reliability, repeatability and productivity while largely eliminating uncertainty contribution due 

to human bias.106-118 

 

Figure 67. Plot comparing the obtained concentration of the calibrators when using the autosampler 

system from the HPLC apparatus versus the concentration obtained from traditional automatic pipetting 

preparation with a qualified experienced chemist. 
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Three-level calibration plot 

In an advanced stage of this study, the number of calibrators was reduced from initial 6 to 3 levels of 

concentration to allow for saving in time and permit quality assurance samples being executed in between 

sample runs. Thus, the calibration plot was built from nine replicates of the set of calibrators at three levels 

of concentration. It was decided that the stability and linearity for the calibrators was good enough to use 

only three levels of concentration for the calibration plot. 

A graph is presented in Figure 68 for the calibrators, were the peak area ratios between piperine and 

piperine-D10 were plotted against the concentration of piperine in ppm. 

 

 

Figure 68. Calibration plot for piperine using the internal standard technique with piperine-D10, at three 

levels of concentration. 
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3.3.3. HPLC-ESI-ITMS ANALYSIS 

The full set of pepper fruits samples were analyzed employing the developed HPLC-ESI-ITMS method as 

triplicate injections. The piperine content of the samples were calculated using the three level calibration 

functions.  Stacked extracted ion chromatograms for piperine corresponding to these samples are shown in 

Figure 69. The results are given in milligrams of piperine per gram of ground pepper basis in Table 22. 

 

Table 22. Statistical data and piperine concentration results for fifteen pepper samples. 

UCI 

Peak area ratios 
Mg. of piperine/g. 

minced pepper 

±SD (n=3) 
Average 

(n=3) 
±SD % RSD 

BP010619 1.03 0.012 1.17 34.52±0.42 

BP070919-1 0.92 0.004 0.44 30.64±0.14 

BP070919-2 1.65 0.022 1.33 56.25±0.77 

BP070919-3 1.02 0.013 1.28 34.14±0.46 

WP070919-1 1.17 0.015 1.29 39.42±0.53 

WP070919-2 1.12 0.025 2.24 37.68±0.88 

GP070919 0.70 0.010 1.42 23.12±0.35 

LP300319-1 0.54 0.006 1.12 17.28±0.21 

LP300319-2 0.71 0.022 3.12 23.22±0.77 

LP130419-2 0.64 0.005 0.78 20.86±0.18 

LP010619-1 0.68 0.005 0.74 22.22±0.18 

LP010619-2 0.75 0.022 2.95 24.63±0.77 

LP010619-3 0.73 0.014 1.93 23.94±0.49 

RLP010619-1 1.21 0.018 1.49 40.92±0.63 

RLP010619-2 0.87 0.013 1.50 28.87±0.46 

 

The piperine content for black pepper fruits varied from 30.64 to 56.25 mg/g, and for white pepper fruits 

the piperine content was in the range of 37.68 and 39.42 mg/g. The investigated green pepper sample 

exhibited a relatively low piperine content of 23.12 mg/g. Similar was true for long pepper fruits samples, 

for which the piperine content amounted from 17.28 to 24.63 mg/g of minced pepper for six samples, 

having relatively lower concentrations than red long pepper with 28.87 and 40.92 mg/g for two samples. 

In general, the found trends were in good agreement with those reported in various researched papers on 

piperine quantitation in pepper fruits.1, 2, 4, 5, 14, 19, 20, 24, 26, 29, 34, 37, 43, 48, 56, 59 



125 

 

 

Figure 69. HPLC-ESI-ITMS chromatogram for fifteen pepper samples showing the stacked peaks for 

piperine at 8.2 min. of retention time. 

 

Figure 70 shows extracted ion chromatograms for piperine and piperine-D10 in sample BP070919-3. Note 

that the difference in elution time is due to the effect of the stacked representation of the chromatograms 

and not a physical separation of analyte and internal standard. Both compounds are co-eluted at a retention 

time 8.2 min. 

 

Figure 70. Piperine peak # 2 in red and piperine-D10 peak # 1 in green for one of the pepper samples 

identified as BP070919-3. The peaks are in stacked mode and both have the retention time of 8.2 min. 
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3.3.4. METHOD VALIDATION 

3.3.4.1. STABILITY 

Stability results of piperine/piperine-D10 calibrators 

The stability of the calibrator solutions was assessed by comparing seven sets of piperine calibrators at 

three concentration levels, all containing 6.0 ppm of piperine-D10.  For this purpose, the sets of calibrators 

were measured within 2 days after preparation (20/21.12.2019), and again after 3 weeks (13/14.01.2020) 

of storage at 4 °C in the dark. The corresponding data sets are given in Table 23. Generally, calibrator 

solutions are regarded to be stable if the standard concentration does not change more than 10 % relative 

to the initial concentrations under specified storage conditions and time.84 

 

Table 23. Stability results for seven sets of piperine/piperine-D10 calibrators at three levels of 

concentration of piperine, after a 3 week storage in a dark and cold environment at 2 °C. The reference 

value for the calculation of stability % was the peak area ratios from the 20/21.12.2019. The formula for 

the stability % is equal to the value from the 13/14.01.2020 divided by the value reference from the 

20/21.12.2019 and then multiplying the result by 100. 

Set 
Piperine concentration 

in the calibrator (ppm) 

Piperine/piperine-D10 

peak area ratios for 

20/21.12.2019 

Piperine/piperine-D10 

peak area ratios for 

13/14.01.2020 

Stability 

(%) 

1 

2.03 0.43 0.41 95 

6.12 1.17 1.17 100 

10.22 1.85 1.83 99 

2 

2.06 0.42 0.40 97 

6.08 1.18 1.17 99 

10.24 1.91 1.88 98 

3 

2.05 0.41 0.40 98 

6.17 1.15 1.16 101 

10.22 1.88 1.90 101 

4 

2.04 0.40 0.42 102 

6.12 1.15 1.18 103 

10.18 1.89 1.89 100 

5 

2.04 0.40 0.41 103 

6.14 1.17 1.14 98 

10.35 1.90 1.86 98 

6 

2.01 0.41 0.40 96 

6.08 1.14 1.14 100 

10.17 1.92 1.88 98 

7 

2.04 0.40 0.39 98 

6.18 1.17 1.15 98 

10.23 1.95 1.86 96 
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Gratifyingly, the obtained results indicate that none of the calibrator solutions suffered changes in 

concentration larger than 5 % upon storage. These findings corroborated that both piperine and the internal 

standard are exceptionally stable under the chosen storage conditions and may be kept in stock once 

prepared over extended period of times. 

For additional information on stability, the peak areas of piperine and piperine-D10 were compared 

separately with those of the freshly prepared solutions (data not shown here). This comparison showed that 

the changes in piperine and piperine-D10 were very similar to those of the relative changes (i.e. the ratio 

of piperine and piperine-D10). This finding excluded the possibility that the stability data based on relative 

responses masked a scenario in which analyte and internal standard degradation had occurred at similar 

rate. This conclusion is supported by the fact that no peaks in addition to those of the co-eluting piperine 

and piperine-D10 were observed in the total ion chromatograms of the stored calibrators. 

 

Stability results for four selected samples 

Sample stability was investigated for a selected set of four pepper fruits, using fully prepared samples 

fortified with piperine-D10, after having been stored for approximately 4 months at ambient temperature 

in the dark. The corresponding stability results are shown in Table 24. The data suggests acceptable sample 

stability for the tested black pepper, white pepper and long pepper samples (i.e. relative change upon 

storage was < 4%), but show a substantial decrease in the case of the red long pepper sample (RLP010619-

1).84  The observed increases in piperine concentration may reflect some level of solvent evaporation that 

may have occurred over the extended storage period through a poorly sealing of the septum cap. Further 

investigations may be required to clarify the causes for this observation. 

 

Table 24. Stability results of four selected pepper samples analyzed 4 months apart. The stability % was 

calculated by dividing the result from the 22.01.2020 by the reference value from the 19.09.2019 and 

multiplying this fraction by 100. 

Sample 

(UCI) 

Mg. piperine/g. minced pepper 

Analyzed on 

19.09.2019, 

(n= 3) 

Analyzed on 

22.01.2020, 

(n= 3) 

Stability 

(%) 

BP070919-2 56.25±0.77 58.68±0.86 104 

WP070919-2 37.68±0.88 38.89±0.59 103 

RLP010619-1 40.92±0.63 34.71±0.44 85 

LP010619-2 24.63±0.77 24.67±0.84 100 
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Stability for crude extracts 

The physical appearance of the crude methanol extracts, stored in the dark and at 23°C was monitored by 

occasional visual inspection over the period of 4 months to detect potential precipitation of sample 

constituents. For some extracts, e.g. that of BP070919-1, formation of flaky sediments was observed (see 

Figure 71). 

 

Figure 71. BP070919-1 crude extract in methanol after a four month storage period in dark environment 

and at room temperature. Large suspensions are visible, which may originate piperine quantification 

biases. 

However, this behavior was exceptional, as most of the crude extracts remained homogenous over the entire 

observation period, as demonstrated for the extract of GP070919 in Figure 72. 

 

Figure 72. GP070919 crude extract in methanol after a four month storage period in dark environment 

and at room temperature. No apparent changes in the solution were observed. 
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It is important to note that in all cases for which quantitative piperine contents are given in this thesis, the 

crude extracts were processed immediately after extraction, without allowing ageing of the solutions. 

Therefore, the reported quantitative results are not expected to be compromised by analyte losses due to 

precipitation. 

 

3.3.4.2. SELECTIVITY/SPECIFICITY 

The developed method was able to distinguish between the co-eluting piperine and piperine-D10 signals in 

the extracted ion mode ([M+H]+ ions, piperine: 286.1 amu;  piperine-D10: 296.4 amu) without any 

interferences. No other peaks were detected in the extracted ion chromatograms apart from those of the 

analyte and the internal standard.80, 84, 86, 88, 91, 92 

 

3.3.4.3. LINEARITY AND CALIBRATION RANGE 

Figure 73 shows the internal standardization calibration plots obtained with seven sets of piperine 

calibrators at six levels of concentration (0.2 to 10 ppm; corresponding to 0.4 to 20 ng on-column), all 

fortified with 6.0 ppm of piperine-D10. The data sets from which this graph was constructed are 

summarized in Appendix J. 

The calibration data plotted in Figure 73 demonstrates that the spread of concentration data at each level 

was low, suggesting favorable repeatability over the entire covered calibration range. The relative standard 

deviations (precision) at each concentration level are given in Table 25. To demonstrate the benefits of the 

SIL-based internal calibration approach, an additional calibration plot was constructed from the averaged 

extracted ion peak areas of piperine without considering the internal standard. This alternative “external 

calibration” graph is depicted in Appendix K. Inspection of this plot clearly demonstrates that the spread of 

response signals are significantly more prominent than with the internal calibration approach. 

Consequently, the best-fit linear regression is poor as compared to that obtained from the corresponding 

internal calibration data (r2= 0.9928 vs. 0.9991). This finding indicates that internal standardization does 

not only address potential matrix effects but may possibly also address potential fluctuation in ESI 

ionization efficiency. 
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Figure 73. Calibration plots for seven sets of piperine calibrators in methanol at six levels of 

concentration with their resulted equations and correlation coefficients r2. 

 

Table 25. Statistical results for the peak area ratios between piperine and piperine-D10 of seven sets of 

calibrators at each level of concentration in the calibration plot. 

Targeted piperine 

concentration (ppm) 

Peak area ratios 

average (n= 7) 

Peak area ratios 

±SD 
% RSD 

0.2 0.03 ±0.002 6.78 

2 0.41 ±0.012 2.80 

4 0.78 ±0.014 1.76 

6 1.16 ±0.014 1.21 

8 1.49 ±0.030 2.00 

10 1.90 ±0.032 1.69 
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The averaged response data were used for the assessment of linearity of the calibration function. Initially, 

both linear and polynomial second order calibration models were considered. The corresponding regression 

plots, along with the respective equations and correlation coefficients are given in Figures 74 and 75, 

respectively. 

 

Figure 74. Linear regression graph for the average of seven sets of piperine calibrators in methanol. 

 

Figure 75. Polynomial second order regression graph for the average of seven sets of piperine 

calibrators in methanol. 
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Correlation coefficient r2 

The correlation coefficients (r2 ) for the best-fit calibration functions were 0.9991 for the linear model and 

0.9993 for the second order polynomial model. The small differences in the regression coefficient was 

deemed insufficient evidence for selection of the calibration model to be preferred. Therefore, further 

statistical tests were conducted, which will be outlined in the following. 

 

Analysis of residuals 

To test the linear model in terms of homoscedasticity, a residuals plot was constructed using the entire data 

set available from the SIL-based calibration studies. The corresponding plot is shown in Figure 76. 

 

 

Figure 76. Residuals plot using a linear regression equation from the average of the seven sets of 

piperine calibrators in methanol at six levels of concentration. 

 

Surprisingly, the residual plot indicated that the homoscedasticity for the investigated dataset was less than 

ideal.  Homoscedasticity indicative for Gaussian behavior requires the data points scatter randomly around 

average values. The residuals plot shows a clear clustering of the data points concentrated either above or 
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below the averaged calibration points (heterogeneous behavior), a characteristic that may call the favored 

linear calibration model into question. For this reason, the quadratic calibration model was considered as a 

possible alternative, and additional statistical tests (Lack of fit and Mandel’s fit) were carried out to assess 

which of these options would provide a more favorable signal/concentration relationship. 

 

Lack of fit 

A detailed description of the execution of the Lack of fit test was given in the experimental procedure 

section. The results are summarized in Table 26. The raw data employed for this test are documented in 

Appendix L. 

 

Table 26. Results for the Lack of fit test applied to the linear regression equation y=0.1835x+0.0185. 

Parameter Value 

MSSLoF 0.000545 

c 6 

MSSerror 0.000408 

n 7 

Fcalculated 1.34 

Degrees of freedom in the numerator= (c-2) 4 

Degrees of freedom in the denominator= (c(n-1)) 36 

Ftabulated 2.634 

Ftabulated > Fcalculated Yes 

Conclusion 
There is no significant lack of fit, the proposed 

linear equation may be used. 

 

This conceptually simple test suggests that there are no statistically forcing reasons to reject a linear 

calibration model. However, the test cannot provide information preference between candidate models, 

such as linear and quadratic options. To answer this question, the Mandel’s fit test was employed. 
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Mandel’s fit 

A detailed description of the procedure for conducting the Mandel’s fit test was given in the experimental 

procedure section. The statistical data relevant for decision making by Mandel’s fit testing are summarized 

in Table 27. The data sets used as input for the Mandel’s fit test are given in Appendix M. 

 

Table 27. Results for the Mandel’s fit test using a linear regression equation y=0.1835x+0.0185 and a 

second order regression equation y=-0.0009x2+0.1932x+0.0043. 

Parameter Value 

c 6 

Sy1 0.087 

Sy2 0.081 

Fcalculated 1.533 

Degrees of freedom in the numerator= (c-2) 4 

Degrees of freedom in the denominator= (c(n-1)) 36 

Ftabulated 2.634 

Ftabulated > Fcalculated Yes 

Conclusion 
The linear equation model fits the data better than the 

polynomial second order equation. 

 

These data clearly indicate that the Mandel’s fit gives preference to the linear model over the more complex 

quadratic equation. Therefore, the linear calibration model was used in further work. 

 

3.3.4.4. LIMIT OF DETECTION AND LIMIT OF QUANTIFICATION 

Limit of detection 

Limit of detection of the developed HPLC-ESI-ITMS method was established using the slope method as 

detailed in the experimental procedure section. Table 28 summarizes the extracted ion signals of piperine 

and piperine-D10 relevant to LOD estimation. The data sets employed for this analysis are those generated 

in context with the linearity study (see 3.3.4.3. LINEARITY AND CALIBRATION RANGE). 
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Table 28. Peak area signals for piperine and piperine-D10 on blank samples in methanol, containing 

zero piperine and piperine-D10 at a concentration of 6 ppm. 

Peak area signals 

Peak area ratios 

(piperine/piperine-D10) Average ±SD %RSD Piperine 

Piperine-

D10 

14685 3042983 0.005 

0.004 ±6.71E-04 17.40 

14425 3127762 0.005 

14132 3508852 0.004 

13000 3535117 0.004 

12586 3567647 0.004 

12182 3622525 0.003 

11674 3927032 0.003 

 

Considering the slope = 0.1835 (from the averaged calibration curve, see Figure 74) of the developed 

method, LOD was calculated to be 0.012 ppm. 

 

Limit of quantification 

Based on LOD values, a LOQ value of 0.04 ppm was expected. However, efforts to verify this figure by 

appropriately diluted stock solutions produced inconsistent results. Therefore, the lowest calibrator 

concentration, being 0.2 ppm of piperine (0.4 ng on-column), was adopted as a “practical” LOQ figure. 

Discrepancies between experimentally verifiable and LOD values calculated by the slope methods are 

frequent, and preference should there be given to experimentally established figures. 

 

3.3.4.5. INTER-DAY REPEATABILITY 

Inter-day repeatability was assessed by completely processing three aliquots of black pepper fruit samples 

from batch BP010619 according to the developed sample preparation protocol and analyzing them with the 

outlined HPLC-ESI-ITMS procedure. The results for the ratios of piperine/piperine-D10 obtained for 

quadruplicate injections are summarized in Table 29. The corresponding peak area data sets are 

summarized in the Appendix N. 
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Table 29. Piperine/piperine-D10 signal ratios and statistical data obtained from the BP010619 black 

pepper sample. 

  Sample Peak Area Ratios (Piperine/Piperine-D10) 

  Average ±SD (n=4) % RSD 

Repetition 1 3.81 ± 0.02 0.46 

Repetition 2 3.80 ± 0.04 1.08 

Repetition 3 3.60 ± 0.08 2.17 

 

Table 30 shows the piperine concentrations calculated from the raw data given from Table 29. 

 

Table 30. Piperine concentration and statistical results for BP010619 black pepper sample for the 

repeatability tests. 

Mg. piperine/g. minced black pepper 
±SD (n= 3) % RSD 

Repetition 1 Repetition 2 Repetition 3 

40.90 40.66 42.88 ±1.22 2.95 

 

From these piperine concentrations, an average value for piperine concentration of 41.48 mg/g for sample 

BP010619 was obtained, corresponding to a method repeatability of 2.95 %, which can be considered 

satisfactory according to international guidelines.84 

 

3.3.4.6. INTER-DAY REPRODUCIBILITY 

Inter-day reproducibility was estimated by analysis of four selected pepper fruit samples by two operators 

under otherwise identical conditions, following the developed analytical method. Operator A was the 

author of this thesis, and Operator B a student in the early stage of her Master research project. Operator B 

was executing the analysis independently based on a written procedure provided by Operator A. The 

piperine contents obtained by both Operators are given in Table 31.84, 87, 97 
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Table 31. Piperine concentration and statistical results for four selected pepper samples analyzed by two 

different operators using the same procedure, same laboratory equipment and same chemicals, done 

within a period of one week. 

Sample 
Mg. piperine/g. minced pepper 

Average 
Operator A Operator B 

BP070919-2 60.48 58.69 59.58 

WP070919-2 38.76 38.89 38.83 

LP010619-2 21.77 24.71 23.24 

RLP010619-1 35.32 34.67 35.00 

 

Generally, very similar and satisfactory results were obtained for the investigated pepper samples 

(differences between operator A/operator B were less than 3%). However, for the long pepper fruit sample 

LP010619-2, the result obtained by operator B is by approximately 13.2% higher than that achieved by 

operator A. This may reflect sample specific causes rather than operational issues. The concerned long 

pepper fruit sample differed in texture from all other samples and was difficult to grind mechanically. Slight 

heterogeneity in particle size may have affected the release of piperine during the extraction stage. 

Certainly, more work is required to establish more solid repeatability data. The corresponding raw data on 

the chromatographic signals for piperine, piperine-D10 and RSD of these readings obtained by operator A 

and operator B are summarized in Appendix O. 

 

3.3.4.7. RECOVERY 

As outlined in the Experimental procedures, recovery studies were not carried out using the developed 

HPLC-ESI-ITMS method due to time constraints. The data given here are taken from related projects, in 

which piperine quantitation was conducted using HPLC-DAD. In this case, the “true” piperine content of 

the sample was estimated for BP010619 employing standard addition experiments with the crude extract 

(see Figure 77). The raw data used for the construction of the standard addition plot are summarized in 

Appendix P. Then, this “true” piperine content was compared with that obtained for the same sample 

processed with the developed HPLC-ESI-ITMS method. The recovery value stated in this thesis resulted 

in 102 %. While this figure obtained with this inter-method approach is favorable and suggests that the 

developed HPLC-ESI-ITMS allows for high recoveries, additional validation experiments are required to 

establish a reliable recovery estimate. The graph shows one point plotted for the non-spiked sample aliquot 

at zero ppm value and another plot for the spiked sample aliquot at 46.57 ppm of the spiked concentration 

of piperine standard axis. 
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Figure 77. Standard addition plot for sample BP010619 from the average of 3 replicates. The sample 

was processed through HPLC-DAD. The extrapolation of the line to the negative section of the x axis 

intercepts with the absolute value of the piperine concentration of the sample vial at 32.43 ppm (taken as 

reference for the calculation of the true piperine concentration value for the pepper sample              

(40.48 mg/g)). 
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4. CONCLUSIONS. 

Piperine, an alkaloid encountered in various plants of Piperaceae species, is valued as a compound 

displaying a wide spectrum of pharmaceutically and biologically interesting activities. In recent years, 

piperine also has seen applications as a starting material for the synthesis of promising new pharmaceutical 

ingredients and potential “green” pest control agents. 

Commercial grade piperine is accessed through solvent extraction of pepper fruits. Therefore, analytical 

methods to quantify piperine in the parent plant materials, and the derived extracts, oleoresins and oils are 

crucial to support this effort. The current literature reports a wide range of analytical procedures for piperine 

quantitation, being based on electrochemical, spectrometric, electrophoretic, and chromatographic 

techniques. 

Unarguably, chromatographic methods are the preferred analytical option, providing the combined benefits 

of low sample requirements, selectivity, sensitivity, speed and full automation. However, even with modern 

chromatographic methods, some challenges remain. An important, and yet often ignored, issue concerns 

the extreme photosensitivity of piperine to ambient light, causing isomerization of its conjugated double 

bonds in a matter of minutes. Another issue concerns the difficulty to completely separate piperine from 

structurally closely related minor alkaloids, causing these compounds to be typically co-quantified with the 

target. 

The objective of the experimental part of the thesis focused on the development of a convenient, robust, 

efficient and reliable method to quantify piperine in pepper fruits. This task was accomplished by advancing 

an analytical protocol addressing the currently unresolved issues associated with chromatographic piperine 

quantitation. This involved a streamlined sample preparation strategy in combination with gradient 

reversed phase HPLC-MS analysis using a stable isotope labeled internal standard. Sample preparation 

involved liberation of piperine by continuous liquid extraction of ground pepper fruits with methanol, 

followed by the cleanup of crude extracts with reversed phase solid phase extraction. Subsequent sample 

analysis was carried out using a gradient reversed phase HPLC-ESI-ITMS.  

For budget reasons, the required deuterium labelled piperine (piperine-D10) was prepared from piperine, 

which was isolated from black pepper fruits in high yield and standard-level purity. The commercial market 

value of analytical standard grade piperine-D10 synthesized in-house (2.79 g) amounts to 167,400 euros. 
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The inherent photosensitivity issue of piperine and piperine-D10 was addressed by executing all operations 

associated with synthesis, sample preparation and analytical measurements under dark conditions. 

For the preparation of calibrators, a fully automated procedure was developed, being controlled by custom-

written injector programs, and executed directly within the light-protected sample compartment of a 

conventional autosampler module. Apart from minimizing the exposure to light of piperine and piperine-

D10 standard solutions, automated calibrator preparations improved the accuracy, repeatability and 

productivity. In addition, this largely eliminated the uncertainty associated with manual transfer of small 

volumes of organic solvents.106-118   

In terms of merits, the developed method offers good sample throughput (run time 20 min, retention time 

8.2 min), excellent selectivity and high sensitivity (LOD = 0.012 ppm; LOQ = 0.2 ppm). The applicable 

linear concentration range spans from 0.4 to 20 ng of injected mass (r2= 0.9991). 

The stability of calibration standards was excellent, with less than 5% of variation compared to the initial 

concentrations, after storage for 3 weeks at 4 °C in dark conditions. The same was true for fully processed 

samples after storage for 4 months at ambient temperature under dark conditions. Inter-day repeatability 

was better than 2.95 %, and preliminary data suggest satisfactory inter-operator reproducibility. 

To test the developed LC-MS method for real-world applications, it was employed to analyze the piperine 

content in a set of 15 pepper fruit samples. These included black, white, red and green varieties of round 

and long peppers, which were purchased from local and foreign retailers and markets. The piperine content 

of these samples was found to be in the range of 17.28 to 56.25 mg/g (piperine/minced sample), and were 

in good agreement with the values reported in the scientific literature. 

Possibly, the developed analytical method may be adapted without extensive efforts for the quantitation of 

related pepper alkaloids in herbal commodities, and after dedicated modifications in the sample preparation 

strategy, also for the monitoring of piperine in biological fluids, such as serum and urine. 

 

 

 

 

 



141 

 

IV. BIBLIOGRAPHY. 

1. K. N. Babu, et al. in Handbook of herbs and spices vol. III, long pepper. Ed. K. V. Peter, CRC Press 

LLC, North America, 2006, vol. 3, ch. 25, pp. 420-437. 

2. G. Gupta, et al. Study of variation in piperine content of piper longum genotypes. Medicinal Plants- 

International Journal of Phytomedicines and Related Industries, 2014; 6 (3): 209-212. 

3. V. A. Parthasarathy, et al. in Chemistry of spices. CABI, ProQuest Ebook Central, Helsinki, 2008, ch. 2, 

pp. 21-40. 

4. M. Friedman, et al. Analysis by HPLC and LC/MS of pungent piperamides in commercial black, white, 

green, and red whole and ground peppercorns. J. Agric. Food Chem., 2008; 56 (9): 3028-3036. 

5. L. Gorgani, et al. Piperine- the bioactive compound of black pepper: from isolation to medicinal 

formulations. Compr. Rev. Food Sci. Food Saf., 2017; 16 (1): 124-140. 

6. F. Namjoyan, et al. Evaluation of the drying process on the composition of black pepper ethanolic extract 

by High Performance Liquid Chromatography with Diode Array Detection. Jundishapur J. Nat. Pharm. 

Prod., 2012; 7 (4): 163-167. 

7. A. Yasir, et al. Antimicrobial, hemolytic and thrombolytic activities of some new N-substituted-2-({5-

[(1E,3E)F-4-(1,3-benzodioxol-5-yl)-1,3-butadienyl]-1,3,4-oxadiazol-2-yl}sulfanyl) propanamides. Trop. 

J. Pharm. Res. 2017; 16 (8): 1973-1981. 

8. P. Umadevi, et al. Synthesis, anticancer and antibacterial activities of piperine analogs. Med. Chem. Res. 

2013; 22 (11): 5466-5471. 

9. T. N. Franklim, et al. Design, synthesis and trypanocidal evaluation of novel 1,2,4-triazoles-3-thiones 

derived from natural piperine. Molecules Journal (Basel, Switzerland). 2013; 18 (6): 6366-6382. 

10. C. Kharbanda, et al. Novel piperine derivatives with antidiabetic effect as PPAR‐γ agonists. Chem. 

Biol. Drug Des. 2016; 88 (3): 354-362. 

11. P. Choochana, et al. Development of piperic acid derivatives from piper nigrum as UV protection 

agents. Pharm. Biol. 2015; 53 (4): 477-482. 

12. I. Philipova, et al. Synthetic piperine amide analogs with antimycobacterial activity. Chem. Biol. Drug 

Des. 2018; 91 (3): 763-768. 

13. K. R. Amperayani, et al. Synthesis and in vitro and in silico antimicrobial studies of novel piperine–

pyridine analogs. Res. Chem. Intermed. 2018; 44 (5): 3549-3564. 

14. N. Kozukue, et al. Kinetics of light-induced cis-trans isomerization of four piperines and their levels in 

ground black peppers as determined by HPLC and LC/MS. J. Agric. Food Chem. 2007; 55 (17): 7131-

7139. 

15. K. Vasavirama, M. Upender. Piperine: A valuable alkaloid from piper species. Int. J. Pharm. Pharm. 

Sci. 2014; 6 (4): 34-38. 

16. Virtual computational chemistry laboratory. http://www.vcclab.org/lab/alogps/. Accessed 21.04.2020. 

17. K. Srinivasan in Molecular Targets and Therapeutic Uses of Spices. Black pepper (piper nigrum) and 

its bioactive compound, piperine. Ed. B. B. Aggarwal and A. B. Kunnumakkara. World Scientific 

Publishing Co. Pte. Ltd. Singapore. 2009, ch. 30, pp. 25-64. 

http://www.vcclab.org/lab/alogps/


142 

 

18. ACD/ChemSketch/labs. https://www.acdlabs.com/. Accessed 04.03.2020. 

19. T. Yamaguchi, et al. Analysis of piperine in peppers using on-line SFE-UHPLC with Photodiode Array 

Detection. Am. Lab. (Boston). 2011; 43 (2): 29-31. 

20. K. Li, et al. Qualitative and quantitative analysis of an alkaloid fraction from piper longum L. using 

Ultra-High Performance Liquid Chromatography-Diode Array Detector–Electrospray Ionization Mass 

Spectrometry. J. Pharm. Biomed. Anal. 2015; 109: 28-35. 

21. R. Ahmad, et al. Quality variation and standardization of black pepper (piper nigrum): a comparative 

geographical evaluation based on instrumental and metabolomics analysis. Biomed. Chromatogr. 2020; 34 

(3): e4772. https://onlinelibrary.wiley.com/doi/abs/10.1002/bmc.4772. DOI: 10.1002/bmc.4772. 

22. R. Ahmad, et al. Solvent and temperature effects of accelerated solvent extraction (ASE) with ultra-

high pressure liquid chromatography (UHPLC-PDA) technique for determination of piperine and its ICP-

MS analysis. Ind. Crops Prod. 2019; 136: 37-49. 

23. N. Bao, et al. Occurrence of piperidine alkaloids in piper species collected in different areas. J. Nat. 

Med. 2014; 68 (1): 211-214. 

24. U. Ch. Basak and M. Mohapatra. Comparative appraisal of piperine content in various female spikes 

of piper longum linn., a ret medicinal plant of Odisha. World J. Pharm. Res. 2015; 4 (11): 1048-1058. 

25. U. Ch. Basak, et al. Screening of “piperine”- a vital alkaloid, from long spikes of piper longum l. Sci. 

Agric. 2017; 19 (2): 55-61. 

26. H. Liu, et al. Identification and simultaneous quantification of five alkaloids in piper longum L. by 

HPLC–ESI-MSn and UFLC–ESI-MS/MS and their application to piper nigrum L. Food Chem. 2015; 177: 

191-196. 

27. R. K. Adosraku, et al. Characterization and HPLC quantification of piperine isolated from piper 

guineense (fam. piperaceae). Int. J. Pharm. Pharm. Sci. 2013; 5 (1): 252-256. 

28. P. Challamalla, et al. Development and validation of RP-HPLC method for simultaneous estimation of 

omeprazole and piperine in bulk form. World J. Pharm. Res. 2015; 4 (5): 1822-1828. 

29. I. M. Scott, et al. Analysis of piperaceae germplasm by HPLC and LCMS:  A method for isolating and 

identifying unsaturated amides from piper spp extracts. J. Agric. Food Chem. 2005; 53 (6): 1907-1913. 

30. S. Ramaswamy, et al. Development and validation of simultaneous estimation method for curcumin 

and piperine by RP-UFLC. Pak. J. Pharm. Sci. 2014; 27 (4): 901-906. 

31. V. Upadhyay, et al. Development and validation of rapid RP- HPLC method for estimation of piperine 

in piper nigrum L. Int. J. Herb. Med. 2013; 1 (4): 6-9. 

32. S. Siddique, et al. Comparative analysis of piperine in wild plant and callus of piper longum by HPLC 

method. Pharm. Biosci. J. 2019; 7 (2): 07-10. 

33. S. Ch. B. Kotte, et al. Identification and characterization of stress degradation products of piperine and 

profiling of a black pepper (piper nigrum L.) extract using LC/Q-TOF-dual ESI-MS. Anal. Methods. 2014; 

6 (19): 8022-8029. 

https://www.acdlabs.com/
https://onlinelibrary.wiley.com/doi/abs/10.1002/bmc.4772


143 

 

34. E. De Mey, et al. Assessment of the N-nitrosopiperidine formation risk from piperine and piperidine 

contained in spices used as meat product additives. Eur. Food Res. Technol. 2014; 238 (3): 477-484. 

35. J. A. Jamal, et al. Pharmacognostic and chromatographic analysis of Malaysian piper nigrum linn. 

fruits. Indian J. Pharm. 2016; 78 (3): 334-343. 

36. M. Chin-Chen, et al. Direct injection and determination of the active principles of spices using micellar 

liquid chromatography. Food Chem. 2010; 120: 915-920. 

37. P. N. Shingate, et al. New method development for extraction and isolation of piperine from black 

pepper. Int. J. Pharm. Sci. Res. 2013; 4 (8): 3165-3170. 

38. R. Sivaranjani, et al. Evaluation of chemo-diversity in major piper species for three piperamides using 

validated RP-HPLC method. Genet. Resour. Crop Evol. 2019; 66: 1635-1641. 

39. V. Upadhya, et al. Compound specific extraction of camptothecin from nothapodytes nimmoniana and 

piperine from piper nigrum using accelerated solvent extractor. J. Anal. Methods Chem. 2014; 2014: 

932036. https://dx.doi.org/10.1155/2014/932036. DOI: 10.1155/2014/932036. 

40. B. Cahyono, et al. Analysis of piperine content in cabe jawa extracts (piper retrofractum Vahl) using 

UV spectrophotometry and HPLC. Mater. Sci. Eng. 2019; 509: 012025. DOI: 10.1088/1757-

899X/509/1/012025. 

41. V. R. S. Rao, et al. Simultaneous determination of bioactive compounds in piper nigrum L. and a species 

comparison study using HPLC-PDA. Nat. Prod. Res. 2011; 25 (13): 1288-1294. 

42. M. T. Martinez-Sena, et al. Hard cap espresso extraction and liquid chromatography determination of 

bioactive compounds in vegetables and spices. Food Chem. 2017; 237: 75-82. 

43. H. Liu, et al. Pulverizing processes affect the chemical quality and thermal property of black, white, 

and green pepper (piper nigrum L.). J. Food Sci. Technol. 2018; 55 (6): 2130-2142. 

44. H. Ajmal. Isolation, identification and quantitative analysis of piperine from piper nigrum linn. of 

various regions of Kerala by RP-HPLC method. World J. Pharm. Pharm. Sci. 2018; 7 (6): 1023-1049. 

45. M. Li, et al. Simple quantitative analytical methods for the determination of alkaloids from medicinal 

and edible plant foods using a homemade chromatographic monolithic column. J. Chromatogr. B. 2019; 

1128: 121784. http://dx.doi.org/10.1016/j.jchromb.2019.121784. DOI: 10.1016/j.jchromb.2019.121784. 

46. R. Chauhan, et al. Chemical standardization and quantification of piperine from methanolic extract of 

piper nigrum by HPLC method on the basis of isolated markers. Int. J. Chem. Sci. 2008; 6 (4): 1726-1733. 

47. Y. Jin, et al. Preparation of bioactive amide compounds from black pepper by countercurrent 

chromatography and preparative HPLC. Ind. Crops Prod. 2013; 44: 258-262. 

48. L. Gorgani, et al. Sequential Microwave-Ultrasound-Assisted extraction for isolation of piperine from 

black pepper (piper nigrum L.). Food Bioprocess Technol. 2017; 10 (12): 2199-2207. 

49. Q. Lu, et al. Prebiotic potential and chemical composition of seven culinary spice extracts. J. Food Sci. 

2017; 82 (8): 1807-1813. 

https://dx.doi.org/10.1155/2014/932036
http://dx.doi.org/10.1016/j.jchromb.2019.121784


144 

 

50. M. Al-Nidawi, et al. Switchable-hydrophilicity solvent liquid-liquid microextraction versus dispersive 

liquid-liquid microextraction prior to HPLC-UV for the determination and isolation of piperine from piper 

nigrum L. J. Sep. Sci. 2020; 2020: 1-8. 

51. Ch. Zu, et al. Regulation of black pepper inflorescence quantity by shading at different growth stages. 

Photochem. Photobiol. 2016; 92 (4): 579-586. 

52. Y. Yu, et al. Surfactant-assisted enzymatic extraction of piperine from piper nigrum L. Int. J. Food 

Prop. 2020; 23 (1): 52-62. 

53. H. Kikuzaki, et al. LC-MS analysis and structural determination of new amides from Javanese long 

pepper (piper retrofractum). Biosci., Biotechnol., Biochem. 2014; 57 (8): 1329-1333. 

54. I. M. Scott, et al. Insecticidal activity of piper tuberculatum Jacq. extracts: synergistic interaction of 

piperamides. Agricultural and Forest Entomology. 2002; 4: 137-144. 

55. E. E. Mgbeahuruike, et al. Optimization of thin-layer chromatography and high-performance liquid 

chromatographic method for piper guineense extracts. Natural Product Communications. 2018; 13 (1): 25-

28. 

56. V. M. A. de S. Grinevicius, et al. Piper nigrum ethanolic extract rich in piperamides causes ROS 

overproduction, oxidative damage in DNA leading to cell cycle arrest and apoptosis in cancer cells. J. 

Ethnopharmacol. 2016; 189: 139-147. 

57. Ch. R. Quijia and M. Chorilli. Characteristics, biological properties and analytical methods of piperine: 

a review. Crit. Rev. Anal. Chem. 2020; 50 (1): 62-77. 

58. K. S. Andrade, et al. Piperine-rich extracts obtained by high pressure methods. J. Supercrit. Fluids. 

2017; 128: 370-377. 

59. T. J. Zachariah, et al. Correlation of metabolites in the leaf and berries of selected black pepper varieties. 

Sci. Hortic. (Amsterdam, Neth.). 2011; 129 (4): 418-422. 

60. I. P. S. Kapoor, et al. Chemistry and in vitro antioxidant activity of volatile oil and oleoresins of black 

pepper (piper nigrum). J. Agric. Food Chem. 2009; 57 (12): 5358-5364. 

61. Merck Millipore. https://www.merckmillipore.com/FI/en/analytics-sample-preparation/learning-

center-thin-layer-chromatography/hptlc. Accessed 06.08.2020. 

62. K. Pundarikakshudu, et al. Simultaneous quantitation of piperine and piperlongumine in the fruit of 

piper longum linn. by validated high-performance thin-layer chromatography-densitometric method. J. 

Planar Chromatogr. --Mod. TLC. 2014; 27 (5): 362. DOI: 10.1556/JPC.27.2014.5.6. 

63. P. Alam. Stress-induced analysis of piperine variability in different marketed black pepper powders 

and seeds by a validated high-performance thin-layer chromatography method. J. Planar Chromatogr.- - 

Mod. TLC. 2017; 30 (4): 251-258. 

64. A. A. Rajopadhye, et al. HPTLC method for analysis of piperine in fruits of piper species. J. Planar 

Chromatogr. --Mod. TLC. 2011; 24 (1): 57-59. 

https://www.merckmillipore.com/FI/en/analytics-sample-preparation/learning-center-thin-layer-chromatography/hptlc
https://www.merckmillipore.com/FI/en/analytics-sample-preparation/learning-center-thin-layer-chromatography/hptlc


145 

 

65. P. D. Hamrapurkar, et al. Quantitative estimation of piperine in piper nigrum and piper longum using 

high performance thin layer chromatography. J. Appl. Pharm. Sci. 2011; 01 (03): 117-120. 

66. A. A. Rajopadhye, et al. Rapid validated HPTLC method for estimation of piperine and piperlongumine 

in root of piper longum extract and its commercial formulation. Rev. Bras. Farmacogn. 2012; 22 (6): 1355-

1361. 

67. F. Vargas. Quantification of piperine in black pepper fruit (piper nigrum l.) and test for minimum 

content (MCT) of piperine (> 3 % Ph. Eur.). https://www.camag.com/news/1321-quantification-piperine-

black-pepper-fruit-piper-nigrum-l-and-test-minimum-content-mct. Accessed 06.08.2020. 

68. E. De Mey, et al. Application of accelerated solvent extraction (ASE) and thin layer chromatography 

(TLC) to determination of piperine in commercial samples of pepper (piper nigrum l.). J. Liq. Chromatogr. 

Relat. Technol. 2014; 37 (20): 2980-2988. 

69. A. Musenga, et al. Analysis of aromatic and terpenic constituents of pepper extracts by capillary 

electrochromatography. J. Sep. Sci. 2007; 30 (4): 612-619. 

70. V. C. Soto, et al. Determination of alkaloids in onion nectar by micellar electrokinetic chromatography. 

Electrophoresis. 2016; 37 (13): 1909-1915. 

71. O. J. Catchpole, et al. Extraction of chili, black pepper, and ginger with near-critical CO2, propane, and 

dimethyl ether:  analysis of the extracts by quantitative nuclear magnetic resonance. J. Agric. Food Chem. 

2003; 51 (17): 4853-4860. 

72. R. Jain and A. Verma. Voltammetric quantification of phytoesterone 1-[5-(1, 3-benzodioxol-5-yl)-1-

oxo-2, 4-pentadienyl] piperidine. Int. J. Electrochem. Sci. 2017; 2017: 3459-3471. 

73. Y. Wang, et al. Electrochemical quantification of piperine in black pepper. Food Chem. 2020; 309 

(2020): 125606. 

74. F. Zsila et al. Binding of the pepper alkaloid piperine to bovine β-Lactoglobulin: circular dichroism 

spectroscopy and molecular modelling study. J. Agric. Food Chem. 2005; 53 (2005): 10179-10185. 

75. J. W Robinson, et al. in Undergraduate Instrumental Analysis, Mass Spectrometry I: Principles and 

Instrumentation. Ed. CRC Press, Taylor and Francis Group, LLC. 2014, Seventh Edition, ch. 9, pp. 705-

761. 

76. D. R. Joshi and N. Adhikari. An overview on common organic solvents and their toxicity. J. Pharm. 

Res. Int. 2019; 28 (3): 1-18. 

77. R. K. Khajuria, et al. Concentration dependent Electrospray Ionisation Mass Spectrometry and Tandem 

Mass Spectrometry (MS/MS) studies on (E,E)-1-[5-(1,3-benzodioxol-5yl)-1-oxo-2,4-pentadienyl]-

piperidine (piperine) and its analogues. SpringerPlus. 2013; 2: 427-434. 

78. A. B. Hall, et al. Extending the dynamic range of the ion trap by differential mobility filtration. J. Am. 

Soc. Mass Spectrom. 2013; 24: 1428-1436. 

79. W. Zhou, et al. Matrix effects and application of matrix effect factor. Bioanalysis. 2017; 9 (23): 1839-

1844. 

https://www.camag.com/news/1321-quantification-piperine-black-pepper-fruit-piper-nigrum-l-and-test-minimum-content-mct
https://www.camag.com/news/1321-quantification-piperine-black-pepper-fruit-piper-nigrum-l-and-test-minimum-content-mct


146 

 

80. S. M. Moosavi and S. Ghassabian. Chapter 6. Linearity of calibration curves for analytical methods: a 

review of criteria for assessment of method reliability. IntechOpen. 2018; 109-127. 

81. Toronto research chemicals. www.trc-canada.com/prduct-detail/?P483002. Accessed 08.08.2019. 

82. R. Adams and L. H. Ulich. The use of oxalyl chloride and bromide for producing acid chlorides, acid 

bromides or acid anhydrides. III. J. Am. Chem. Soc. 1920; 42 (3): 599-611. 

83. H. F. Shurvell and M. C. Southby. Infrared and Raman spectra of tetrahydrofuran hydroperoxide. Vib. 

Spectrosc. 1997; 15 (1): 137-146. 

84. F. T. Peters, et al. Requirements for the validation of analytical methods. GTFCh Guidelines for quality 

assurance in forensic-toxicological analyses. https://www.semanticscholar.org. Accessed 27.04.2020. 

85. T. P. J. Linsinger. Use of recovery and bias information in analytical chemistry and estimation of its 

uncertainty contribution. TrAC, Trends Anal. Chem. 2008; 27 (10): 916-923. 

86. A. Kruve, et al. Tutorial review on validation of Liquid Chromatography–Mass Spectrometry methods: 

Part I. Anal. Chim. Acta. 2015; 29-44. 

87. A. Kruve, et al. Tutorial review on validation of Liquid Chromatography–Mass Spectrometry methods: 

Part II. Anal. Chim. Acta. 2015; DOI: 10.1016/j.aca.2015.02.016. 

88. R. Anderson, et al. United Nations Office on Drugs and Crime. Guidance for the validation of analytical 

methodology and calibration of equipment used for testing of illicit drugs in seized materials and biological 

specimens. http://www.unodc.org/documents/scientific/validation_E.pdf. Accessed 27.04.2020. 

89. T. Y. Tatei, et al. in Characterization of minerals, metals, and materials 2020. Statistical Data Analysis. 

Ed. J. Li et al. The Minerals, Metals and Materials Society 2020. U. S. A. 2020. ch. 22, pp. 671-700. 

90. J. Van Loco, et al. Linearity of calibration curves: Use and misuse of the correlation coefficient. 

Accredit. Qual. Assur. 2002; 7: 281-285. 

91. T. N. Rao. Chapter 7. Validation of analytical methods. IntechOpen. 2018; 131-141. 

http://dx.doi.org/10.5772/intechopen.72087. 

92. Food and drug administration. Bioanalytical method validation. http://www.fda.gov. 

Biopharmaceutics. Accessed 30.08.2021. 

93. J. M. Andrade and M. P. Gomez-Carracedo. Notes on the use of Mandel's test to check for nonlinearity 

in laboratory calibrations. Anal. Methods. 2013; 5: 1145-1149. 

94. L. Brüggemann, et al. Test for non-linearity concerning linear calibrated chemical measurements. 

Accred. Qual. Assur. 2006; 11: 625-631. 

95. Mettler Toledo. How to measure moisture content in food. 

https://www.mt.com/es/en/home/library/applications/laboratory-weighing/moisture-content-in-food.html. 

Accessed 08.06.2020. 

96. DDBST Saturated Liquid Density. 

http://ddbonline.ddbst.de/DIPPR105DensityCalculation/DIPPR105CalculationCGI.exe. Accessed 

17.01.2020. 

97. LC-MS Method Validation. https://sisu.ut.ee/lcms_method_validation/. Accessed 17.01.2020. 

98. Stat Trek statistics. https://stattrek.com/. Accessed 17.01.2020. 

http://www.trc-canada.com/prduct-detail/?P483002
https://www.semanticscholar.org/
http://www.unodc.org/documents/scientific/validation_E.pdf
http://dx.doi.org/10.5772/intechopen.72087
https://www.mt.com/es/en/home/library/applications/laboratory-weighing/moisture-content-in-food.html
http://ddbonline.ddbst.de/DIPPR105DensityCalculation/DIPPR105CalculationCGI.exe
https://sisu.ut.ee/lcms_method_validation/
https://stattrek.com/


147 

 

99. B. R. Jones, et al. Surrogate matrix and surrogate analyte approaches for definitive quantitation of 

endogenous biomolecules. Bioanalysis. 2012; 4 (19): 2343-2356. 

100. M. Kakarala, et al. Ultra-low flow liquid chromatography assay with ultraviolet (UV) detection for 

piperine quantitation in human plasma. J. Agric. Food Chem. 2010; 58: 6594-6599. 

101. J. Verduin, et al. Photodegradation products and their analysis in food. J. Food Sci. Nutr. 2020; 6 (3): 

067-083. 

102. Salary Expert. https://www.salaryexpert.com/. Accessed 01.02.2020. 

103. Finnpartnership. Spices and herbs in Finland. https://finnpartnership.fi/en/country-and-industry-

information/importing-from-developing-countries/. Accessed 08.06.2020. 

104. Global Vision Impex. Long pepper. https://www.gvi.co.id/index.php?page=product&title=9. 

Accessed 08.06.2020. 

105. Asian spices. Green pepper. http://asianspicesindia.com/products.htm. Accessed 08.06.2020. 

106. K. Matsushita. Automatic precolumn derivatization of aminoacids and analysis by fast LC using the 

Agilent 1290 Infinity LC system. https://www.agilent.com. Publication number 5990-5599EN. Accessed 

30.08.2021. 

107. M. Trudeau and N. Skinner. Demonstration of LC-MS nitrosamine impurity quantification 

performance using automated sample preparation with the Andrew+ pipetting robot. 

https://www.waters.com. Accessed 30.08.2021. 

108. Andrew Alliance. Accurate and consistent serial dilutions made easy with Andrew. 

https://www.andrewalliance.com. Application note No. 5 20160913. Accessed 30.08.2021. 

109. F. D. Foster, et al. Automating the preparation of matrix matched calibration standards for the analysis 

of food contaminants by LC/MS/MS. https://www.gerstel.com. Application note No. 210. Accessed 

30.08.2021. 

110. S. Auger and S. Letarte. Automated calibration curve preparation and high throughput analysis using 

LDTD-MS/MS system. www.phytronix.com. Application note No. 1706. Accessed 30.08.2021. 

111. Shimadzu Corporation. Automated preparation of calibration curve samples in the analysis of residual 

pesticides in foods. www.shimadzu.com. Application data sheet No. 115. Accessed 30.08.2021. 

112. W. B. Jones, et al. Automated standard dilution analysis. J. Anal. At. Spectrom. 2020; 35: 178-187. 

113. Y. Zhu. Automatic preparation of calibrating solutions for quantitative analysis by ICP-MS. Anal. Sci. 

2019; 35: 1295-1298. 

114. Thermo Fisher Scientific. ID100 Autodilutor system. https://www.thermofisher.com. Catalog number: 

4600395. Accessed 30.08.2021. 

115. A. Christler, et al. Semi-automation of process analytics reduces operator effect. Bioprocess Biosyst. 

Eng. 2020; 43: 753-764. 

116. S. Schipperges. Let your autosampler do your pipetting. https://www.agilent.com/chem. Technical 

sheet number 5994-1704EN. Accessed 30.08.2021. 

117. Thermo Fisher Scientific. Automated in-needle derivatization applying a user-defined program for the 

Thermo Scientific Dionex WPS-3000 split-loop autosampler. https://www.thermofisher.com/dionex. 

Technical note 107. Accessed 30.08.2021. 

https://www.salaryexpert.com/
https://finnpartnership.fi/en/country-and-industry-information/importing-from-developing-countries/
https://finnpartnership.fi/en/country-and-industry-information/importing-from-developing-countries/
https://www.gvi.co.id/index.php?page=product&title=9
http://asianspicesindia.com/products.htm
https://www.agilent.com/


148 

 

118. M. Cassap. Automated, intelligent sample preparation: integration of the ESI prepFAST auto-dilution 

system with the Thermo Scientific iCAP 7400 ICP-OES. https://www.thermofisher.com. Technical note 

43252. Accessed 30.08.2021. 



i 

 

V. APPENDICES 

Appendix A 

 

Table A1. Reflux extraction results: % in weight of extracted compounds from the pepper samples. 

Sample  
Initial weight of 

sample (g) 

Final dried weight of 

extraction residue (g) 

Extracted 

amount (g)  

Extracted 

(% w/w)   

BP010619 2.002 1.495 0.507 25.34 

BP070919-1 2.003 1.463 0.540 26.96 

BP070919-2 2.002 1.460 0.542 27.07 

BP070919-3 2.002 1.482 0.519 25.95 

WP070919-1 2.000 1.578 0.422 21.09 

WP070919-2 2.001 1.579 0.422 21.10 

GP070919 2.001 1.487 0.514 25.68 

LP300319-1 2.003 1.490 0.512 25.59 

LP300319-2 2.000 1.438 0.562 28.09 

LP130419-2 2.000 1.541 0.459 22.97 

LP010619-1 2.001 1.689 0.312 15.59 

LP010619-2 2.004 1.454 0.549 27.41 

LP010619-3 2.001 1.456 0.546 27.26 

RLP010619-1 2.004 1.192 0.811 40.49 

RLP010619-2 2.001 1.332 0.669 33.45 
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Appendix B 

 

Table B1. Listing of the suppliers from the pepper samples used in the Experimental section of this thesis. 

UCI Description Tracking 

BP010619 Black pepper fruits. Tokmanni Oy, purchased in Espoo, Finland. Origin Vietnam. 

BP070919-1 Black pepper fruits. P & B Foods Ltd., purchased in Espoo, Finland. Origin U. K. 

BP070919-2 Black pepper fruits. 
TRS Wholesale Co. Ltd., purchased in Espoo, Finland. Origin 

India. 

BP070919-3 Black pepper fruits. Abido Co., purchased in Espoo, Finland. Origin Beirut, Lebanon. 

WP070919-1 White pepper fruits. Meira Oy, purchased in Espoo, Finland. 

WP070919-2 White pepper fruits. Fast End Foods, purchased in Espoo, Finland. Origin U. K. 

GP070919 Green pepper fruits. Meira Oy., purchased in Espoo, Finland. 

LP300319-1 Long pepper fruits. Imported by Unique Bazaar, Amazon, origin India. 

LP300319-2 Long pepper fruits. Imported by Vastzone, Amazon, origin India. 

LP130419-2 Long pepper fruits. Imported by Max Nature, Amazon, origin India. 

LP010619-1 Long pepper fruits. Purchased in Vienna, Austria. Origin unknown. 

LP010619-2 Long pepper fruits. Purchased in Vienna, Austria. Origin unknown. 

LP010619-3 Long pepper fruits. Purchased in Vienna, Austria. Origin unknown. 

RLP010619-1 Red long pepper fruits. Purchased in Vienna, Austria. Origin unknown. 

RLP010619-2 Red long pepper fruits. Purchased in Vienna, Austria. Origin unknown. 
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Appendix C 

 

HPLC system: 

High Performance Liquid Chromatography Hewlett Packard Series 1100, consisting of Degasser Model 

G1322A, a Binary pump Model G1312A, Automated Liquid Sampler Model G1313A, and a Diode Array 

Detector Model G1315A. 

Pump: 

Flow= 1 mL/min 

Autosampler: 

Injection volume= 10 μL, draw/ejection speed= 30 μL/min. 

Column: 

Luna C18, 100x3 mm, (5 μm, 100 Å) 

Column temperature: 25 °C 

Mobile phase: 

MPA= Water/Acetonitrile/Formic acid 550/450/1 (ν/ν) 

MPB= Acetonitrile 

Gradient program: see Table C1. 

 

Table C1. Gradient program used for HPLC-DAD experiments. 

Time (min) % B Flow (mL/min) Max. Pressure (Bar) 

0 0 1 400 

10 0 1 400 

15 100 1 400 

20 100 1 400 

25 0 1 400 

30 0 1 400 

 

Diode Array Detector: 

Detection wavelength, 280 nm; Reference wavelength: 480 nm. 
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Appendix D 

 

 

Figure D1. ATR-FTIR spectrum for piperine. 

 

Table D1. Results for triplicate melting point determination of piperine. 

Measurement Temperature (°C) Average (°C) ±SD % RSD 

1 130.8 

130.4 ±0.35 0.27 2 130.2 

3 130.2 
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Figure D2. 1H-NMR spectrum for piperine recorded in deuterated chloroform (10 mg/mL). 
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Figure D3. 13C-NMR spectrum for piperine recorded in deuterated chloroform (10 mg/mL). 
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Appendix E 

 

 

Figure E1. ATR-FTIR spectrum for piperic acid. 

 

Table E1. Results for triplicate melting point determinations of piperic acid. 

Measurement Temperature (°C) Average (°C) ±SD % RSD 

1 220.6 

220.5 ±0.21 0.09 2 220.3 

3 220.7 
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Figure E2. 1H-NMR spectrum for piperic acid recorded in deuterated DMSO (10 mg/mL). 
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Figure E3. 13C-NMR spectrum for piperic acid recorded in deuterated DMSO (10 mg/mL). 
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Appendix F 

 

 

Figure F1. ATR-FTIR spectrum for piperine-D10. 

 

Table F1. Results for triplicate melting point determination of piperine-D10. 

Measurement Temperature (°C) Average (°C) ±SD % RSD 

1 131.3 

131.3 ±0.06 0.04 2 131.2 

3 131.3 
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Figure F2. 1H-NMR spectrum for piperine-D10 recorded in deuterated chloroform (10 mg/mL). 
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Figure F3. 13C-NMR spectrum for piperine-D10 recorded in deuterated chloroform (10 mg/mL).
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Appendix G 

 

Information on the methanol exchange rate within the hot extraction apparatus measured during extraction 

by distillation. Data on the volume of distilled methanol as a function of time are shown in the next Table 

G1, and plotted in Figure G1. The slope of the regression line in Figure G1 corresponds to the methanol 

exchange rate in mL/min. 

 

Table G1.Time required to distill 10 mL of methanol (n= 9 consecutive readings) through the hot 

extraction apparatus. 

Reading # Time (min) Accumulated time (min) Solvent exchange rate (mL/min) 

1 2.22 2.22 4.51 

2 2.22 4.43 4.51 

3 2.28 6.72 4.38 

4 2.07 8.78 4.84 

5 2.12 10.90 4.72 

6 2.00 12.90 5.00 

7 2.20 15.10 4.55 

8 2.23 17.33 4.48 

9 2.08 19.42 4.80 

  Average 4.64 

  ±SD ±0.21 

  % RSD 4.43 
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Figure G1. Volume of methanol passing through the extraction apparatus (loaded with 2.000 g of minced 

black pepper fruits) as a function of time under the employed extraction conditions. The slope 

corresponds to the solvent exchange rate expressed in mL/min. 
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Appendix H 

Chromatographic conditions employed for the HPLC-ESI-ITMS analysis of piperine of fully 

processed pepper fruits samples. 

HPLC system: 

Agilent 1260 Infinity systems, consisting of a HiP Degasser Model G1322A; a Binary pump Model 

G1312B and an Automated Liquid Sampler Model G1329B, from Agilent Technologies. 

Chromatographic conditions: 

Pump: 

Flow= 0.7 mL/min 

Autosampler: 

Injection volume= 2.0 μL, draw/ejection speed= 30 μL/min 

Injection mode using needle wash option (methanol as wash solvent) 

Column: 

Luna C18, 100x3.0 mm (5 μm, 100 Å) 

Column temperature: 23 °C (ambient) 

Mobile phase: 

MPA= Water/Acetonitrile/Formic acid 1000/50/0.5 (v/v) 

MPB= Acetonitrile/water/Formic acid 1000/50/0.5 (ν/ν) 

Gradient elution mode, total run time= 20 min (gradient program see Table H1) 

 

Table H1. Gradient program employed for HPLC-ESI-ITMS analysis of piperine in fully processed 

pepper fruit samples. 

Time (min) %B Flow (mL/min) Max. Pressure (Bar) 

0 0 0.7 400 

2 0 0.7 400 

10 100 0.7 400 

13 100 0.7 400 

18 0 0.7 400 

20 0 0.7 400 
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MS system: 

Bruker Esquire 3000 plus Ion Trap Mass Spectrometer equiped with an ESI ion source operated in positive 

mode. 

Reccording settings: ICC 10000; Max. Accu. Time= 50 ms; Scan from 100 to 400 m/z; Averages= 7. 

Set potentials: Capillary= -3800 V; Skimmer= 30 V; Cap exit= 90 V; Octopole 1 DC= 12 V; Octopole 2 

DC= -8 V; Trap drive= 37; Octopole reference= 90 Vpp; Lens 1= -7.3 V; Lens 2= -40.5 V. 

Gas pressure/flow/temperature settings: Nebulizer= 50 psi; dry gas= 11 L/min; dry temperature= 360 

°C.
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Appendix I 

 

Table I1. Moisture content results for duplicates measurements of BP010619 samples 

(Initial mass load: 1.999 g each). 

Time 

(min)  

Actual mass Run 

1 (g)  

Actual mass Run 

2 (g)  

Actual Moisture content (% w/w) 

Run 1  Run 2  Average  

0 1.999 1.999 - - - 

0.5 1.881 1.867 6.00 6.65 6.32 

1 1.821 1.816 9.00 9.2 9.10 

1.5 1.798 1.793 10.14 10.35 10.25 

2 1.788 1.783 10.64 10.85 10.75 

2.5 1.782 1.777 10.94 11.15 11.05 

3 1.779 1.774 11.09 11.3 11.20 

3.5 1.775 1.769 11.29 11.55 11.42 

4 1.772 1.767 11.44 11.65 11.55 

4.5 1.77 1.767 11.54 11.65 11.60 
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Appendix J 

 

Table J1. Peak Areas data for seven sets of calibrators containing piperine and piperine-D10 

(Data sets generated in course of linearity and range validation experiments). 

Set 

Piperine 

concentration 

(ppm) 

Piperine-D10 

concentration 

(ppm) 

Peak Area of 

Piperine 

Peak Area of 

Piperine-D10 

Ratio of Peak Areas, 

Piperine/Piperine-D10 

1 

0.20 6.06 129681 3927032 0.033 

2.03 6.09 1498613 3458430 0.433 

4.05 6.07 2540815 3150030 0.807 

6.12 6.12 3483106 2960634 1.176 

8.16 6.12 4355427 2884252 1.510 

10.22 6.13 5086530 2754227 1.847 

2 

0.20 6.10 105382 3535117 0.030 

2.06 6.18 1313635 3150416 0.417 

4.08 6.12 2290200 2961443 0.773 

6.08 6.08 3400424 2874355 1.183 

8.27 6.20 4087678 2744577 1.489 

10.24 6.14 5026487 2638158 1.905 

3 

0.20 6.12 118919 3567647 0.033 

2.05 6.16 1311798 3216097 0.408 

4.13 6.19 2341824 3033781 0.772 

6.17 6.17 3367837 2916336 1.155 

8.19 6.14 4192526 2712441 1.546 

10.22 6.13 4925882 2620256 1.880 

4 

0.21 6.18 102292 3508852 0.029 

2.04 6.13 1277573 3147009 0.406 

4.07 6.11 2267280 2955167 0.767 

6.12 6.12 3158677 2740740 1.152 

8.14 6.10 4025056 2718693 1.481 

10.18 6.11 4830655 2557731 1.889 

5 

0.21 6.17 118470 3622525 0.033 

2.04 6.11 1312509 3282122 0.400 

4.09 6.13 2441936 3148849 0.776 

6.14 6.14 3337519 2864094 1.165 

8.18 6.14 4345438 2938437 1.479 

10.35 6.21 5169968 2726553 1.896 

6 

0.20 6.07 95658 3042983 0.031 

2.01 6.03 1144324 2760984 0.414 

4.03 6.05 2080174 2689867 0.773 

6.08 6.08 2922443 2556319 1.143 

8.05 6.04 3629394 2452824 1.480 

10.17 6.10 4639562 2412991 1.923 

7 

0.21 6.18 110967 3127762 0.035 

2.04 6.12 1170828 2916921 0.401 

4.11 6.16 2110312 2751634 0.767 

6.18 6.18 3221308 2755723 1.169 

8.22 6.16 3890361 2680901 1.451 

10.23 6.14 4791347 2459616 1.948 
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Appendix K 

 

Table K1. Peak area averages for piperine extracted from seven sets of calibrators (from Table J1) for 

the validations of the quality of an external (i. e. “piperine only”) calibration approach. 

Piperine concentration (ppm) Peak area for piperine (average) ±SD % RSD 

0.20 111624 ±11601 10.39 

2.04 1289897 ±115929 8.99 

4.08 2296077 ±165957 7.23 

6.13 3270188 ±188023 5.75 

8.17 4075126 ±258489 6.34 

10.23 4924347 ±184679 3.75 

 

 

 

Figure K1. Best-fit linear plot constructed from the data summarized in Table K1, representing the 

external (i. e. “piperine only”) calibration option. 
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Figure K2. Best-fit quadratic plot constructed from the data summarized in Table K1, representing the 

external (i. e. “piperine only”) calibration option. 
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Appendix L 

 

Table L1. Summary of data obtained for the Lack of fit test for the linear internal calibration equation 

(y= 0.1835x+0.0185) constructed from seven sets of piperine/piperine-D10 calibrators. 

Average 

piperine 

concentration 

in the 

calibrators 

(ppm) 

Peak area ratios, piperine/piperine-D10 (yindividual) yaveraged ycalculated (yaveraged-ycalculated)2 
MSSLoF, 

if c=6 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7     

0.20 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.06 5.68E-04 5.45E-04 

2.04 0.43 0.42 0.41 0.41 0.40 0.41 0.40 0.41 0.39 3.47E-04   

4.08 0.81 0.77 0.77 0.77 0.78 0.77 0.77 0.78 0.77 8.54E-05   

6.13 1.18 1.18 1.15 1.15 1.17 1.14 1.17 1.16 1.14 4.29E-04   

8.17 1.51 1.49 1.55 1.48 1.48 1.48 1.45 1.49 1.52 7.46E-04   

10.23 1.85 1.91 1.88 1.89 1.90 1.92 1.95 1.90 1.90 5.76E-06   

            

Average 

piperine 

concentration 

in the 

calibrators 

(ppm) 

Variance of the data, (yindividual-yaveraged)2 
MSSerror, 

if c=6 

and n=7 

Factor 

Fcalculated 
  

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 

  

0.20 7.90E-07 5.40E-06 1.44E-06 8.89E-06 3.25E-07 4.87E-07 1.12E-05 4.08E-04 1.34   

2.04 4.80E-04 3.09E-05 1.24E-05 2.97E-05 1.33E-04 9.30E-06 1.00E-04       

4.08 9.12E-04 9.41E-06 2.02E-05 8.43E-05 8.21E-07 9.42E-06 8.98E-05      

6.13 1.69E-04 3.82E-04 7.48E-05 1.21E-04 3.34E-06 4.10E-04 3.01E-05      

8.17 3.73E-04 1.92E-06 3.02E-03 1.05E-04 1.42E-04 1.23E-04 1.57E-03      

10.23 2.64E-03 5.01E-05 3.35E-04 9.17E-05 4.29E-06 6.01E-04 2.48E-03      
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Appendix M 

 

Summary of data obtained for the Mandel’s test evaluation of the linear (y= 0.1835x+0.0185) and 

quadratic (y=-0.0009x2+0.1932x+0.0043) internal calibration models. 

Table M1. Data for (ŷi) calculated from the peak area ratios for both calibration  models. 

Average piperine 

concentration in 

the calibrators 

(ppm) 

ŷi 

Linear 

model 

Polynomial second 

order model 

0.20 0.06 0.04 

2.04 0.39 0.39 

4.08 0.77 0.78 

6.13 1.14 1.15 

8.17 1.52 1.52 

10.23 1.90 1.89 
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Table M2. Data for experimental peak area ratios (yi) and the calculated variances (yi-ŷi)
2 referring to 

the proposed optional internal calibration models. 

Average 

piperine 

concentration 

in the 

calibrators 

(ppm) 

Peak area ratios, piperine/piperine-D10 (yi) 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 

0.20 0.03 0.03 0.03 0.03 0.03 0.03 0.04 

2.04 0.43 0.42 0.41 0.41 0.40 0.41 0.40 

4.08 0.81 0.77 0.77 0.77 0.78 0.77 0.77 

6.13 1.18 1.18 1.15 1.15 1.17 1.14 1.17 

8.17 1.51 1.49 1.55 1.48 1.48 1.48 1.45 

10.23 1.85 1.91 1.88 1.89 1.90 1.92 1.95 

Average 

piperine 

concentration 

in the 

calibrators 

(ppm) 

(yi-ŷi)2 

Linear model 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 

0.20 5.27E-04 6.84E-04 5.13E-04 7.19E-04 5.41E-04 6.02E-04 4.20E-04 

2.04 1.64E-03 5.85E-04 2.28E-04 1.73E-04 5.04E-05 4.69E-04 7.39E-05 

4.08 1.56E-03 3.81E-05 2.26E-05 3.76E-09 6.95E-05 3.81E-05 5.47E-08 

6.13 1.14E-03 1.62E-03 1.46E-04 9.49E-05 5.08E-04 2.25E-07 6.87E-04 

8.17 6.39E-05 8.24E-04 7.62E-04 1.41E-03 1.54E-03 1.47E-03 4.48E-03 

10.23 2.40E-03 8.98E-05 2.53E-04 5.15E-05 1.08E-07 7.24E-04 2.72E-03 

Piperine 

concentration 

in the 

calibrators 

(average), ppm 

(yi-ŷi)2 

Polynomial second order model 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 

0.20 1.14E-04 1.93E-04 1.08E-04 2.12E-04 1.21E-04 1.51E-04 6.78E-05 

2.04 1.50E-03 4.99E-04 1.76E-04 1.28E-04 2.77E-05 3.93E-04 4.56E-05 

4.08 8.43E-04 1.78E-05 3.18E-05 1.07E-04 4.23E-06 1.78E-05 1.13E-04 

6.13 4.96E-04 8.31E-04 3.88E-07 2.91E-06 1.23E-04 1.20E-04 2.18E-04 

8.17 1.68E-04 1.13E-03 5.12E-04 1.81E-03 1.95E-03 1.88E-03 5.17E-03 

10.23 1.59E-03 3.47E-04 4.54E-05 3.93E-06 9.01E-05 1.30E-03 3.76E-03 
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Table M3. Residual standard deviation Syi for the proposed optional internal calibration models and the 

Fcalculated value derived thereof. 

Syi 

Linear 

model 

Polynomial second 

order model 

0.09 0.08 

Fcalculated 

1.53 
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Appendix N 

 

Table N1. Peak Area results for piperine and piperine-D10 obtained in course of the inter-day 

repeatability experiments with black pepper sample BP010619. 

Injection 

replicate 

Peak Areas 

Repetition 1 Repetition 2 Repetition 3 

Piperine  
Piperine-

D10 
Ratio  Piperine  

Piperine-

D10 
Ratio  Piperine  

Piperine-

D10 
Ratio  

1 3161190 832264 3.80 3510121 932920 3.76 3799688 1085187 3.50 

2 3150330 830060 3.80 3358858 879465 3.82 3802297 1061358 3.58 

3 3193349 838862 3.81 3435311 893262 3.85 3623596 995055 3.64 

4 3180976 829654 3.83 3472298 922280 3.76 3490689 948292 3.68 
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Appendix O 

 

Table O1. Peak Area ratios for piperine and piperine-D10 obtained in course of inter-operator 

reproducibility studies for 4 selected pepper samples. 

Operator A      

 Peak Area ratios for piperine/ 

piperine-D10 
  

Sample  Ratio 1  Ratio 2  Ratio 3  Average  ±SD  % RSD 

BP070919-2 1.74 1.80 1.80 1.78 ±0.03 1.75 

WP070919-2 1.14 1.19 1.16 1.17 ±0.03 2.31 

LP010619-2 0.66 0.66 0.67 0.67 ±0.01 1.25 

RLP010619-1 1.06 1.05 1.05 1.06 ±0.01 0.58 

       

Operator B      

 Peak Area ratios for piperine/ 

piperine-D10 
  

Sample  Ratio 1  Ratio 2  Ratio 3  Average  ±SD  % RSD 

BP070919-2 1.75 1.70 1.73 1.73 ±0.02 1.42 

WP070919-2 1.19 1.16 1.16 1.17 ±0.02 1.47 

LP010619-2 0.73 0.78 0.74 0.75 ±0.02 3.22 

RLP010619-1 1.03 1.05 1.03 1.04 ±0.01 1.21 
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Appendix P 

 

Table P1. Peak area results for piperine from the standard addition sample aliquots, including statistical 

data for the replicates. 

Sample 

Spiked 

concentration 

of piperine 

(ppm) 

Area 

Replicate 1 

Area 

Replicate 2 

Area 

Replicate 3 

Area 

Average 

Area 

±SD 

Area  

% RSD 

Non-spiked 0 363.50 364.90 370.70 366.37 ±3.82 1.04 

Spiked 46.57 886.40 894.80 896.10 892.43 ±5.27 0.59 

 


