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1. Separation techniques in impurity profiling 

The three most important separation techniques used in the European 

Pharmacopoeia for the assessment of related substances are high performance liquid 

chromatography, gas chromatography and capillary electrophoresis. The techniques used in 

this work, HPLC and CE, are introduced in the following part. 

1.1. High performance liquid chromatography 

Chromatography is a process of separation using adsorption and distribution 

processes between a stationary and a mobile phase moving along the stationary phase. In 

HPLC, the mobile phase is pumped with moderately high pressure (typically 50 – 350 bar) 

through a steel column packed with small uniform beads or irregular formed particles of 

stationary phase. The analytes are detected after the column using a suitable detection 

device. A chromatogram based on the analog data provided by the detector is yielded by 

means of an integrator or an appropriate digital interface (see Fig. 1) [1, 2].  

 

Fig. 1. Schematic layout of a HPLC system. 

 

In liquid chromatography several separation modes can be distinguished: normal 

phase, reversed phase, size exclusion, ion exchange, ion-pair, hydrophilic interaction liquid 

chromatography, and chromatography using chiral modifications [3]. A stationary phase 

consists of a polymeric support (e.g. silica gel, poly acrylate, etc.) carrying a chemical 

modifications to introduce the desired characteristics. Popular modifications are listed in 

Table 1. 
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Table 1 
Types of stationary phases applied in HPLC analytics [1, 2, 4]. 

Chemistry separation mode main application 

C-1 reversed phase 
large biomolecules 

C-4 reversed phase 

C-8 reversed phase very lipophilic SM, peptides 

C-18 reversed phase lipophilic SM, small peptides 

Phenyl reversed phase alternative to C-18 with modified 
selectivity PFP reversed phase 

CN reversed phase or NP hydrophilic SM 

Diol HILIC very hydrophilic SM 

Amide HILIC very hydrophilic SM 

plain silica gel HILIC or NP very hydrophilic SM 

NH2 HILIC or WAX very hydrophilic SM, carbohydrates 

sulfonate SCX cationic SM, inorganic cations 

quaternary amine SAX anionic SM, inorganic anions 

methacrylate gel size exclusion large biomolecules, polymers 

HILIC, hydrophilic interaction liquid chromatography; NP, normal phase; SAX, strong anion exchange; 
SCX, strong cation exchange; SM, small molecules 

Today, most of the separations described in the Ph. Eur. [4] for the determination of 

related substances are based on reversed phase chromatography. The stationary phase is 

chemically modified silica gel with a more or less hydrophobic group at the surface of the 

particles. Mobile phases are usually a mixture of water or aqueous buffer and acetonitrile, 

tetrahydrofuran or methanol as organic modifier. The selectivity of the separation can be 

adjusted by the type of stationary phase, column temperature, the choice and proportion of 

organic modifier, buffer type, buffer concentration and pH [2]. 

The composition of the mobile phase has to consider both the separation and the 

applied detection principle. For instance the UV cutoff of a solvent or buffer salt has to be 

considered in UV detection and the volatility of the mobile phase is an issue when using LC-

MS or other techniques that involve the evaporation of the mobile phase (e.g. CAD, ELSD, 

NQAD). Common mobile phase additives are summarized in Table 2 and Table 3. Selected 

physical properties of organic modifier common in HPLC analysis are displayed in Table 4. 

The most common detection technique applied in the Ph. Eur. is UV detection because it is 

straightforward and applicable for most of the monographed substances. 
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Table 2 
Selection of buffer salts used in HPLC and their properties [2]. 

Buffer usable range volatile UV cutoff
a
 

dihydrogen phosphate 1.1 – 3.1 no < 200nm  

hydrogen phosphate 6.2 – 8.2 no < 200 nm  

phosphate 11.3 – 13.3 no < 200 nm  

dihydrogen citrate 2.1 – 4.1 no 230 nm (10 mM) 

hydrogen citrate 3.7 – 5.7 no 230 nm (10 mM) 

citrate 5.4 – 7.4 no 230 nm (10 mM) 

acetate 3.8 – 5.8 yes
b
 210 nm (10 mM) 

formate 2.7 – 4.7 yes
b
 210 nm (10 mM) 

bicarbonate 5.1 – 7.1 yes
b
 < 200 nm 

borate 8.3 – 10.3 yes
b
 - 

a 
Wavelength at which aqueous solution absorbs > 0.5 AU;

   

b
 only volatile when used as ammonium salt 

Table 3 
Selection of acids and bases used in HPLC and their properties [2]. 

pKa (25 °C) compound volatile UV cutoff
a
 

0.3 trifluoroacetic acid yes 210 nm (0.1%) 

2.15, 7.20 and 12.33 phosphoric acid no < 200 nm 

3.13, 4.76 and 6.40 citric acid no 230 nm (10 mM) 

3.75 formic acid yes 210 nm (0.1%) 

4.76 acetic acid yes 210 nm (0.1%) 

4.76 citric acid no 230 nm (10 mM) 

4.86 propionic acid yes 210 nm (0.1%) 

6.10 carbonic acid yes < 200 nm 

9.23 boric acid yes - 

9.25 ammonia yes 200 nm (10 mM) 

10.72 triethylamine yes 200 nm (10 mM) 

11.27 pyrrolidine yes - 
a 
Wavelength at which aqueous solution absorbs > 0.5 AU 

Table 4 
Selection of mobile phase components used in HPLC and their properties [2].  

solvent separation mode polarity index 
dielectric 
constant UV cutoff

a
 

Water RP 10.2 80 - 

Acetonitrile RP or HILIC 5.8 37.5 < 190 nm 

Methanol RP or HILIC 5.1 32.7 205 nm 

THF RP or NP 4.0 7.6 212 nm
b
 

Acetone RP or NP 5.1 20.7 330 nm 

Ethanol RP or NP 4.3 24.6 210 nm 

Isopropanol RP or NP 3.9 19.9 205 nm 

Hexane NP 0.1 1.9 195 nm 

Methylene chloride NP 3.1 8.9 233 nm 

Ethyl acetate NP 4.4 6.0 256 nm 
a 
wavelength at which solvent absorbs 1.0 AU;   

b
 without stabilizer, with stabilizer (e.g. BHT) only usable with RID 
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1.2. Capillary electrophoresis 

In capillary electrophoresis (CE) analytes are separated inside a fused silica capillary 

filled with background electrolyte (BGE) under influence of a high electric field due to their 

different migration velocities and eventually detected by an appropriate mean of detection 

(see Fig. 2). The migration velocity of an ion in an electric field is the product of electric field 

strength E and electrophoretic mobility µe. The mobility on the other hand is proportional to 

the charge of the ion and inversely proportional to the decelerating friction produced by the 

moving ion in solution. The friction again depends on the size and the spatial arrangement of 

the ion. Two compounds that differ either in charge or produced friction can be separated by 

capillary electrophoresis [1].  

 

Fig. 2. Schematic layout of a capillary electrophoretic apparatus [1]. 

 

A special feature of capillary electrophoresis is the electroosmotic flow (EOF). If the 

pH of the BGE is > 3 the silanol groups on the surface of the capillary are partially 

deprotonated and attract positively charged counter-ions of the electrolyte thus forming a 

double layer of immobile negative and mobile positive charge. The positive ions move 

towards the cathode dragging solvent molecules (due to their hydration layer) with them. The 

whole BGE starts to flow towards the cathode in a characteristic flat flow profile. The EOF is 

the reason why positively and negatively charged ions eventually migrate towards one side 

of the capillary where they are detected [1]. They are separated due to their net migration 

speed which is the sum of electrophoretic and electroosmotic velocity. Sample injection in 

CE is carried out differently compared to HPLC, where a well-defined volume of sample is 

injected using special valves. The sample can be transferred to the capillary by hydrostatic, 

hydrodynamic and electrokinetic injection [1]. No matter which kind of injection is used, the 

amount of sample loaded to the capillary can only be estimated and fluctuates from injection 

to injection. To compensate for these fluctuations, the use of an internal standard is 

obligatory.  
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The main advantages of CE are the extremely high separation efficiency of about 20- 

to 100-times the usual plate count obtained in HPLC, easy separation of ionic species, 

comparatively cheap and straightforward optical resolution of small molecules using 

cyclodextrins or other modifiers in the BGE. A very small sample volume needed (usually 

only a few nL) and CE is a versatile tool due to the different applications such as MEKC and 

MEEKC enabling the separation of neutral species [1]. 

 

1.3. Amino acid analysis 

Amino acid analysis (AAA) was intended to characterize peptide hydrolysates and 

amino acid mixtures by their content of individual amino acids [4, 5]. The principle is based 

on HPLC separation of amino acids using cation-exchange stationary phases with an 

appropriate mobile phase (sodium- or lithium based) [6, 7] (see Fig. 3). The separated amino 

acids are derivatized (often with OPA or ninhydrin) after the column and detected by UV- or 

fluorescence detection [8-11]. The main problems with amino acid analyzers are their high 

specificity for a class of derivatizable compounds and the need for a comparatively 

expensive dedicated instrument. 

 

Fig. 3. Schematic layout of an AAA instrument [11]. 
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2. Detectors used in HPLC and CE 

With a few exceptions HPLC and CE use the same detection principles. The main 

difference for most detectors is the location of detection: In CE the detection usually takes 

place inside of the system (capillary) whereas in HPLC analytics the column eluate is 

analyzed outside. This is very important when using concentration sensitive detectors 

because the peak area is strongly dependent on the dwell time in the detector. To 

compensate for different migration speed and therefore detector dwell time, the corrected 

peak area (peak area divided by migration time) is usually used in CE. 

2.1. UV/Vis-Detector 

The UV/Vis detector is the most popular detector in HPLC and CE analytics due to 

the straightforwardness and the low price. 

The UV light is usually produced by deuterium lamps which yields a continuous 

spectrum of light whereas special applications utilize metal lamps in order to use a single 

wavelength from the line spectrum of the metal (e.g. mercury or zinc). Visible light is usually 

produced by a tungsten halide lamp. Light of the desired wavelength (selected by a 

combination of a prism or more frequently a grating and a slit) is diverted through the 

detector cell, in CE the capillary (polyimide coating removed) and the light intensity on the 

other side is measured. If an analyte with an adequate chromophore is inside the detector 

cell, some of the light is absorbed and the intensity drops on the sample diode thus 

producing a signal (see Fig. 4). The relationship between analyte concentration and 

absorbed light is described by the Beer-Lambert-Bouguer law [1, 2]: 

Eλ=log
10

(
Iinc

Itrans
) =ελ∙c∙l        (Eq. 1) 

The extinction Eλ (or absorbance) of a substance in solution is the logarithm to base 

10 of the incident light intensity (Iinc) divided by the transmitted light intensity (Itrans). It is 

proportional to the absorbing species concentration and the path length (l) crossed by the 

light beam through the solution. As can be seen from the equation, the relationship is strictly 

linear for dilute solutions of the analyte. The UV detector is obviously a concentration 

dependent detector, where the detector dwell time and therefore the flow rate have strong 

impact on the peak area response. Efficient detectors use long pathways with very low 

internal volumes to reduce extra-column peak broadening due to diffusion. 
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Fig. 4. Principle of an UV/Vis detector [1, 2]. 

 

2.2. Fluorescence detection 

The fluorescence detector (FLD) is almost as straightforward as the UV/Vis detector, 

but the necessity for a fluorophore limits the number of detectable compounds. In many 

cases when the molecule does not contain of a suitable fluorophore, derivatizations can turn 

the analyte into a fluorescent molecule. For fluorescence detection, a higher light intensity is 

needed compared to UV/Vis detection. The light source is usually a xenon arc lamp, an 

argon or neon laser or strong light emitting diodes (LEDs) [1, 2]. 

The analyte is excited by the light beam and immediately drops back to the ground 

state under light emission (see Fig. 5). The intensity of the emitted light is measured and 

gives the signal. The emitted light is usually detected at a 90° angle towards the incident light 

to reduce stray light from the exciting light source (see Fig. 6). The emitted light is always of 

longer wavelength than the absorbed light (Stokes shift) and the fluorescence spectrum is 

usually the mirror image of the absorbance spectrum of the molecule (Mirror image rule) and 

it normally does not depend on the excitation wavelength (Kasha-Vavilov rule) [1]. 

Fluorescence detectors belong to the most sensitive detectors with detection limits in 

in the pg/mL level, but the response is usually not linear over a wide range (In extreme cases 

only 1 order of magnitude) [2]. These properties make the detector useful in trace analysis. 

The mobile phase needs special attention with regards to molecules that quench 

fluorescence, such as dissolved oxygen. Thorough degassing is crucial to obtain sensitive 

detection [12].  
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Fig. 5. Jablonski diagram for radiation free decay (red), fluorescence (green) and phosphorescence 
(blue) of a molecule after photon absorption (yellow); A, absorption; F, fluorescence; IC, internal 
conversion; ISC, inter-system crossing; P, phosphorescence; VR, vibrational relaxation; S0, singlet 
ground state; S1, excited singlet; T1, excited triplet [1]. 

 

 

Fig. 6. Principle of a fluorescence detector; filters are used to select a single wavelength of excitation 
and to block the exciting wavelength to limit the noise due to stray light [1, 2]. 

 

2.3. Refractive index detector 

The refractive index detector (RID) detects peaks based on the difference in refractive 

indices between the analyte and the mobile phase. It is known to be a kind of universal 

detector which means that in theory any compound can be detected, as long as its refractive 

index is different from that of the mobile phase. The RID uses mostly light in the visible range 

from 660 to 880 nm because light of higher wavelength refracts more than that of shorter 

wavelengths. The light is usually produced by tungsten halide lamps or LEDs [1, 2]. 
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A beam of light refracts when it passes from one medium into another. The 

relationship between angle of incidence and the angle of refraction is expressed in Snell’s 

Law of refraction [1, 2]: 

n= 
n2

n1
=

sin α1

sin α2
         (Eq. 2) 

where:  

n  = Refractive index of medium 1 relative to medium 2 

n2 = Refractive index of medium 2 

n1 = Refractive index of medium 1 

α1 = Angle of incident light in medium 1 

α2 = Angle of refraction in medium 2 

For small angles of external deflection (γ), the difference between the refractive indices of 

medium 1 and medium 2 is proportional to the angle of external deflection according to: 

tan γ= 
n1-n2

n1
         (Eq. 3) 

The refractive index is affected by the wavelength of the light source and the optical 

density. The density however depends on the composition, the temperature and the 

pressure. A substance eluting from the column will change the composition and therefore 

change the refractive index of medium 1 (see Fig. 7). The external deflection angle (γ) will 

change and one of the photodiodes will be exposed to a higher intensity of light than the 

other and cause a signal [2]. 

Although any substance is detectable using this kind of detector it is not very sensitive 

due to the small differences in refractive indices. Small shifts in temperature, mobile phase 

composition and pressure lead to baseline drift and noise. This means that the RID can only 

be used in isocratic elution. To maintain the temperature of the cell, the column effluent and 

the reference mobile phase constant, most RIDs are equipped with heat exchangers 

between column and detection cell. The heat exchanger increases dead volume after the 

column thus increasing peak width. Increased peak width results in lower chromatographic 

performance and therefore higher detection limit. These major drawbacks make the RID only 

second choice for impurity profiling. 
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Fig. 7. Principle of a refractive index detector [2]. 

 

2.4. Evaporative light scattering detector 

The evaporative light scattering detector (ELSD) is used to detect unselectively non-

volatile analytes. The detection principle comprises nebulization and evaporation of the 

mobile phase leading to an analyte containing aerosol which is diverted through a light beam 

(see Fig. 8). The light scattering due to the aerosol is measured by means of a 

photomultiplier to give a signal [1, 2]. 

 

Fig. 8. Principle of an ELSD [2]. 

 

Light scattering is the diffuse reflection of light on a solid surface. In contrast to 

specular reflection, where the incident angle is equal to the reflection angle (like in a mirror) 

the light is reflected in many directions. Depending on the type of particle considered, there 

exist several types of light scattering: 

Rayleigh scattering is the elastic scattering of light occurring on molecules and 

particles much smaller than the wavelength of the incident light. The intensity of Rayleigh 

scattering is proportional to the sixth power of the particle diameter and inversely proportional 

to the fourth power of the wavelength. Mie scattering describes the light scattering on 
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spherical particles if the particle size is in between 0.1 to 1.0 times λ. The intensity is not 

strongly dependent on the wavelength and it is proportional to the fourth power of the particle 

diameter. If the particle diameter is much bigger than the applied wavelength refraction-

reflection scattering occurs. The scattered light is proportional to the second power of the 

particle diameter. Tyndall scattering is basically the same type of scattering as Mie 

scattering, without the limitation to spherical particles. Brillouin scattering is a type of inelastic 

scattering in liquids and solids. Inelastic means that the wavelength of scattered light differs 

from the wavelength of the incident light. The incoming light interacts with so-called acoustic 

phonons. These phonons correspond to vibrations of the lattice or elastic waves in liquids. 

Another type of inelastic scattering is Raman scattering where the light creates or annihilates 

intra-molecular vibrations and rotations, so-called optical phonons [13].  

As a peak elutes from the column, the analyte concentration and therefore mean 

particle diameter in the detector increases from near-zero to a maximum and returns to near-

zero. Since the particle diameter determines the type of light scattering, it is possible that 

three types of scattering occur if the concentration of the analyte is sufficiently high: 

Rayleigh, Mie and reflection-refraction scattering. Because the intensity of scattered light is 

strongly related to the particle diameter and it is different for all three types of light scattering 

the response can never be strictly linear over a broad range of concentration [13]. 

Nevertheless wide concentration ranges can be covered by using quadratic fit or log-log 

responses. Other types of light scattering (see above) can occur, but usually with a much 

lower intensity, so that their contribution to the total intensity could be neglected. 

The light sources used in ELSD are usually LEDs, tungsten halide lamps, or laser 

light sources producing visible light. Because Raleigh scattering intensity is highly dependent 

on the wavelength, changes in sensitivity have to be considered when a method is 

transferred to another version of ELSD (with another light source) [14]. 

 

2.5. Condensation nucleation light scattering detector 

The condensation nucleation light scattering detector (CNLSD) which is sometimes 

referred to as nano-quantity analyte detector (NQAD®) is the direct advancement of the 

ELSD. After the evaporation the aerosol is directed through a chamber with high relative 

humidity in order to induce condensation on the particles. The produced nebula is directed to 

the detection chamber and analyzed by the same principle described for the ELSD (see Fig. 

9). The CNLSD shows better linearity and improved sensitivity compared to the ELSD [15]. 
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Fig. 9. Principle of the CNLSD [15] 

 

2.6. Corona charged aerosol detector 

The corona charged aerosol detector (CAD) is another kind of aerosol based detector 

using a completely different way of particle detection compared to ELSD and CNLSD, 

because it does not need optical elements. 

The column effluent is nebulized with nitrogen and dried to yield an aerosol of analyte 

[16]. At the same time nitrogen is positively charged on a corona discharge needle and 

directed into a collision chamber where the aerosol is combined with the positively charged 

nitrogen. The charge is transferred to the aerosol particles and later detected using a 

sensitive amperemeter (see Fig. 11). 

The CAD has been applied for a wide range of non-volatile compounds without 

chromophore like sugars [17], amino acids [18, 19] and bisphosphonates [20]. Detection 

limits are similar to CNLSD and in general superior to ELSD [15, 21, 22]. Like for all 

evaporative detectors, the mobile phase itself has to be completely volatile to prevent 

clogging of the detector. 

As previously seen for the ELSD and CNLSD, the response of the CAD is also not 

linear over a broad range (see Fig. 12). The reason is in this case more obvious than in the 

case of ELSD. The amount of adsorbed charge is considered proportional to the particle 

surface, but the ratio of surface to volume (for spherical particles directly proportional to the 

particle mass) is not constant for increasing particle diameters (see Fig. 10). The mean 

particle diameter on the other hand depends on the analyte concentration [23]. Therefore the 

analyte concentration (the injected mass) cannot be strictly proportional to the surface in 

other words to the detector response. The logarithm of the surface/volume ratio and the 

logarithm of the volume however are strictly linear to the logarithm of mean particle diameter 

(see Fig. 10).  
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Fig. 10. Schematic graph showing the relationships between particle diameter, volume and surface 
for spherical particles V= 1/6 d³ π and A = π d² 

 

In general models for the CAD the response is usually fit to an equation of the form 

y = A∙xb         (Eq. 4) 

where y is the peak height or peak area, x the concentration and b a coefficient smaller 

than 1. If a linear response is desired, equation (4) can be converted into a linear relationship 

by taking the logarithm on both sides [24]. On low concentration levels, the CAD response 

was found to be sufficiently linear [25]. 

 

Fig. 11. A: Schematic layout of a CAD detector [16] 

 

Apart from the lack of linearity, the so-called “gradient effect” also contributes to the low 

acceptance of this detector. The nebulization efficiency, the droplet formation and therefore 

response depends strongly on the percentage of organic modifier in the mobile phase. This 

in turn can lead to a 5-10-fold change in response of analytes when using gradient 

separations. Interesting approaches to solve this issue are post-column inverse gradients to 

give a constant mobile phase composition entering the detector (see Fig. 13) [26, 27] and 

three-dimensional calibration plots (see Fig. 14) [28]. 
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Fig. 12. Qualitative run of calibration curves for CAD, UV and ELSD. 

 

 

Fig. 13. Schematic layout of an HPLC System capable of gradient compensation [26, 27]. 
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Fig. 14. Schematic development of 3D calibration; A: a calibrant is injected at different times during a 
gradient; B: this is done for different concentrations of the calibrant; C: a three-dimensional graph is 
created from this data and could be used to calculate the amount of an unknown substance at any 
time of the gradient from the response-retention time graph [28]. 

 

2.7. Electrochemical detector 

An electrochemical detector (ECD) is used to detect oxidizable and reducible 

compounds with high selectivity. ECD flow cells contain usually three types of electrodes: A 

reference, a working and a counter electrode (see Fig. 15 A). The reference electrode is 

used to set a potential between working and counter electrode. The working electrode 

performs the electrochemical reaction and the counter electrode is used to measure the 

generated current (amperometric mode) or amount of charge transferred (coulometric mode) 

during the reaction. 

Electrochemical detection can be very sensitive and specific provided that the 

detectors parameters are thoroughly optimized. The electrode potential has to be set for 

every analyte using a so called hydrodynamic voltammogram (see Fig. 15B) to avoid 

oxidation or reduction of mobile phase leading to increased noise. This parameter has to be 

optimized for every analyte which is difficult in impurity profiling because impurities are often 

unknown compounds. Advanced instruments are capable of coulometric electrode array 
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detection with multiple electrodes each operating at a different potential. This technique 

facilitates impurity profiling because unknown impurities are more likely to be detected. 

However, the ECD is a rather complicated detector needing a skilled operator and is not 

suitable for detecting unknown compounds due to its high specificity for oxidizable and 

reducible structures. 

 

Fig. 15. A: Schematic layout of an ECD flowcell, B: hydrodynamic voltammogram [1, 2]. 

 

2.8. Capacitively coupled contactless conductivity detector 

The C4D is an advancement of conventional conductivity detectors often applied in 

ion chromatography. The principle of this technique was first described in the beginning of 

the 19th century [29] and later used for flow-injection analysis (FIA) and ion chromatography 

[30, 31]. Since the advancements in 1998 [32, 33] it became a popular detector in CE 

analytics and is nowadays available for any kind of chromatography as well [34]. The major 

advantage over classical conductivity detection is the separation of eluent and electrodes 

(see Fig. 16) preventing electrode fouling and facilitating conductivity detection in CE, 

because previously the electrodes had to be shielded well from the electric field required for 

the separation. The technique is comparatively new and uncommon in HPLC analytics but 

could offer new possibilities in impurity profiling since UV inactive compounds can be 

detected with the C4D and like all non-destructive techniques it could be combined with other 

detection principles. 

 

Fig. 16.  Schematic layout of a C
4
D [32, 35]. 
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2.9. Mass spectrometer 

The combination of LC or CE and mass spectrometry is far from being simple. The 

removal of the mobile phase leads to a huge amount of gaseous mobile phase, which needs 

to be separated before the analytes can enter the mass spectrometer in order to maintain the 

required high vacuum inside. This task is performed by the LC-MS interface which takes care 

of mobile phase evaporation and analyte ion generation. Ever since suitable interfaces like 

electrospray ionization (ESI), atmospheric-pressure chemical ionization (APCI) and 

atmospheric-pressure photoionization (APPI) have been developed, the acceptance and 

application of LC-MS techniques has grown larger and larger. It is today one of the most 

powerful combinations with regards to sensitivity and selectivity. On the other hand, the 

acquisition and maintenance of those instruments is rather costly, because they need 

continuous high vacuum, nitrogen, and in some cases helium supply.  

The aforementioned interfaces belong to so-called soft-ionization techniques. This 

means that the analyte is usually not fragmented during the ionization process in contrast to 

e.g. electron impact ionization (EI). During the ESI process (see Fig. 17) the analyte is 

charged by a high voltage applied to the nebulizer needle tip, whereas in APCI a corona 

discharge placed in the spray cone and in APPI UV light cause ionization of the analyte. 

Each of these interfaces is more or less suitable for a group of analytes. ESI e.g. is very 

common interface for large biomolecules, peptides and small hydrophilic compounds 

whereas APCI is a more efficient principle for small nonpolar molecules. 
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Fig. 17. Schematic of the electrospray interface for LC-MS detection; a charge is transferred to the 
analytes during the nebulization process by high voltage at the end of the nebulizer needle tip; the 
droplets are reduced in size until the repulsion of the equally charged analyte particles leads to a 
sudden burst of the droplet creating smaller droplets (coulomb explosion); This process is repeated 
until single ions are emitted from the droplet surface and dragged through the glass capillary into the 
mass spectrometer [2] 

 

Once the analyte ion is generated, several ways for its analysis exist. There are ion-

traps, single quadrupole, triple quadrupole (QqQ), time-of-flight (TOF) and quadrupole time-

of-flight (qTOF) mass spectrometers. Every type of instrument is suitable for a certain 

application. Ion-trap is a very wide term including e.g. quadrupole ion-trap, cyclotron and 

orbitrap mass detectors. As its name implies, the analyte ion is trapped in an electromagnetic 

field e.g. created by a ring electrode and a so-called end-cap electrode on a more or less 

stable circular orbit. By variation of the electromagnetic field single ions with corresponding 

m/z value can be selected, ejected and detected (see Fig. 18 A). The electromagnetic field is 

also used to make the ion oscillate at its resonance frequency eventually causing its 

fragmentation. These instruments are very useful in structure elucidation because they can 

perform multiple fragmentation steps of an analyte ion in a single analysis.  
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The QqQ mass spectrometer is used for quantification of trace levels in difficult 

matrices with high specificity. Typical applications are therapeutic drug monitoring, doping 

control, forensics and toxicology (e.g. of food and plants). The QqQ is hereby usually used in 

multiple reaction monitoring (MRM) mode. The analyte ion is selected by the first quadrupole, 

fragmented by collision induced dissociation in the second quadrupole and the daughter ions 

are analyzed in the third quadrupole (see Fig. 18 B). Thus, the analyte is characterized by 

specific transitions (qualifier transition for identification and quantifier transition for 

quantification) to exclude that random matrix peaks interfere with the analysis. The use of 

internal standards, usually stable isotopically tagged analyte (deuterated, preferably 13C 

labelled) compensate for matrix effects and analyte loss during extraction and sample 

preparation.  

The coupling of CE and MS is possible but not very common, because the technique 

requires a high level of know-how and routine to yield a rugged method. 

Main applications of LC-MS in impurity profiling are the identification of unknown 

compounds (e.g. by qTOF or ion-trap) and the sensitive and specific control of extraordinarily 

toxic impurities (QqQ). 

 

Fig. 18. Schematic of ion-trap (A) and triple quadrupole (B) mass analyzers; CID, collision induced 
dissociation; quad, quadrupole [2] 
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2.10. Chemiluminescent nitrogen detector 

Like LC-MS, the chemiluminescent nitrogen detector (CLND) was first introduced in 

GC analysis [36-38]. It is an element specific detector able to detect nitrogen containing 

compounds. Because the analyte is burned during the detection process, volatile and non-

volatile analytes can be detected and it is a purely mass sensitive detector (the peak area is 

independent of the detector dwell time and flow rate) [39, 40]. After combustion of the column 

effluent, substances containing nitrogen are converted to nitrogen monoxide. The reaction of 

NO with ozone leads to the formation of excited nitrogen dioxide which decays to the ground 

state under infrared light emission. The emitted light is registered by a photomultiplier tube 

giving a signal (see Fig. 19). Under normal circumstances the signal is directly proportional to 

the amount of nitrogen molecules present in the substance and analyte concentration. This 

means that any nitrogen containing compound can be used as an external standard. 

The detector has some decisive downsides: It misses out on nitrogen free 

compounds like carboxylic acids, carbohydrates, alcohols etc. It is a comparatively complex 

instrument and rather costly due to the high gas consumption of helium (or argon), oxygen 

and ozone. Some substances do not give signal of expected intensity. E.g. if the substance 

contains two adjacent nitrogen atoms, they are converted to molecular nitrogen (N2) upon 

combustion and do not give the reaction with ozone [41]. Another important limitation 

concerns the mobile phase: acetonitrile and ammonium buffers are not suitable for LC-CLND 

because the nitrogen present in those compounds would cause excessive baseline noise. 

 

Fig. 19. Schematic of a chemiluminescent nitrogen detector [42, 43] 

 

  



Introduction 
 

22 

3. Challenges in Impurity profiling 

The purity assessment of substances monographed in the Ph. Eur. is based in large 

part on HPLC separation followed by a suitable detection principle. Only a handful of 

monographs rely on capillary electrophoresis to determine related substances. 

When it comes to impurity profiling using HPLC, analytes can impose several 

challenges: The most common detection principle is UV/vis absorbance detection, which is 

suitable for the greater part of analytes. On the other hand substances lacking a suitable 

chromophore are difficult to detect by this technique. Many of these compounds have 

structures also that make them difficult to separate on conventional reversed phase HPLC 

columns because of high hydrophilicity and/or because of their ionic character. The 

quantification of unknown impurities by UV detection is another important aspect. If 

unidentified compounds with unknown response factors are quantified using an external 

standard the concerned impurity might be highly over- or underestimated.  

3.1. Strategies to overcome the separation issue 

There are several approaches to address challenging separations. In HPLC analytics 

these approaches conclude the variation of mobile phase composition (pH, organic modifier, 

buffer salt type and concentration) and the change of the stationary phase. In cases where 

the popular reversed phase chromatography does not yield satisfactory results, the following 

methodologies are used to overcome a challenging separation. 

3.1.1. Ion-pair Chromatography  

A way to separate ionic species on conventional reversed stationary phases is ion-

pair chromatography (IPC). In IPC the mobile phase contains of a carefully selected additive, 

the ion-pairing agent and the pH of the mobile phase is adjusted in a way to guarantee a 

near 100 % ionization of the analyte. The ion-pairing agent represents a counter ion for the 

analyte and has a lipophilic residue, usually alkyl or fluoroalkyl chain. Carboxylic or sulfonic 

acids are used for basic analytes whereas amines or ammonium salts are used for acidic 

compounds (see Fig. 20). 

The separation principle of IPC is based on two mechanisms. On the one hand, the 

lipophilic residue of the ion-pairing agent is embedded in the stationary reversed phase 

turning it into an ion exchange stationary phase. On the other hand, the lipophilic counter ion 

forms an ion-pair with the analyte which is separated by reversed phase mechanisms [44, 

45]. The dominating mechanism is mostly determined by the type of ion-pairing agent and by 

its concentration in the mobile phase. 
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Although difficult analytes like oligonucleotides, nucleotide phosphates, 

bisphosphonates and amino acids have been separated using IPC [46-50] the technique 

comes with some drawbacks: A RP column used with ion-pairing agents is contaminated 

with the reagent forever, it cannot be used for other applications. The use of extreme pH to 

force the ionization of the analyte lowers the life time of the column. The (re)equilibration can 

take very long, especially when gradient separations are used. A more serious issue is the 

bioaccumulation and suspected long-term toxicity of some ion-pairing agents (e.g. long chain 

perfluorinated carboxylic acids) [51]. Last but not least, the price for ion-pairing agents is 

usually a multiple of the price of simpler mobile phase additives (e.g. TFA, formic and 

phosphoric acid) making the technique rather costly. 

 

Fig. 20. A choice of ion-pairing agents used in IPC. 

 

3.1.2. Mixed-mode Chromatography 

Mixed mode chromatography (MMC) fills the gap between ion chromatography and 

RP chromatography, because the separation of ionizable and neutral analytes is possible in 

a single run [52, 53]. Mixed mode columns are especially useful for impurity profiling because 

it was demonstrated that the loading capacity of these columns is higher for charged 

analytes compared to ordinary C18 columns [54]. Separation of critical peaks is easier 

because the principle peaks width is reduced and the probability for unknown compounds 

covered by the main peak is lower. The mixture of multiple retention mechanisms enables 

separation of a wide variety of compounds. E.g. the combination of reversed phase and ion 

exchange is an intriguing alternative to reversed phase ion-pairing chromatography [55] 

without the downsides of IPC.  
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There are several ways to achieve mixed mode chromatography: Two 

chromatographic columns with different stationary phases could be connected in series, one 

chromatographic column could contain two stationary phases as a mixture or the functional 

groups are embedded into the stationary phase (e.g. ammonium groups carrying octadecyl 

residues). Some types of mixed-mode stationary phases are depicted in Fig. 21. A choice of 

commercially available mixed-mode columns is listed in Table 5.  

 

Fig. 21. Types of mixed mode stationary phases. 

 

Mixed mode chromatography can solve separation problems, but is not as 

straightforward as common RP chromatography. The buffer ionic strength, pH and organic 

modifier have to be selected and tuned carefully, as their impact on the separation is 

considerably larger compared to RP chromatography. Another issue is the fact that one 

mixed mode column usually cannot be replaced by a mixed mode column with the same 

functionalities of a different brand and there is no standardization like USP categories for 

these kinds of columns. The composition of the stationary phases and the functional groups 

might not be identical although the column is of the same type (e.g. RP18 and SAX) [56]. 

This is reflected by the applications listed in Table 1 where the comparison of several mixed 

mode columns for one separation problem often leads to very different results regarding 

retention, elution order and peak shape. The column lifetime compared to common reversed 

phase columns seems to be reduced at least in some cases. 
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Table 5 
Examples for commercially available mixed mode columns and latest applications 

Column brand name Functional group literature 

Primesep 100 RP and SCX [57-59] 

Primesep SB RP and SAX [20] 

Coresep SB
a
 RP and SAX [60] 

Obelisc R RP, HILIC and IEX [61, 62] 

Obelisc N HILIC and IEX [61, 63] 

Primesep 200 RP and WCX [52] 

Acclaim Trinity P1 RP, SCX and WAX [62, 64] 

Acclaim Trinity P2 HILIC, SAX and WCX [65] 

OmniPac PAX RP and SAX [66, 67] 

OmniPac PCX RP and SCX [68] 

Acclaim Mixed-Mode WAX-1 RP and WAX [69, 70] 

Acclaim Mixed-Mode HILIC-1 RP and HILIC [71] 

Acclaim Mixed-Mode WCX-1 RP and WCX [72] 

Scherzo SM-C18 RP, WAX and WCX [62, 73] 

Scherzo SS-C18 RP, SAX and SCX  

TCI Dual ODS-CX10 RP and SCX  

TCI Dual ODS-AX20 RP and SAX  
a
 solid-core particles; HILIC: hydrophilic interaction liquid chromatography, IEX: ion exchange, RP: 

reversed phase, SAX: strong anion exchange, SCX: strong cation exchange, WAX: weak anion 

exchange, WCX: weak cation exchange 

 

3.1.3. Derivatization of the analyte 

Derivatization procedures are used to modify the analyte structure in order to 

increase its retention on a stationary phase and to introduce a chromophore for UV or 

fluorescence detection. Suitable derivatization sites are primary or secondary amines, 

hydroxyl groups and carboxylic acids. 

Innumerous reagents for the derivatization of all kinds of chemical compounds are 

available on the market. A very common reason for derivatization is the introduction of a 

chromo- or fluorophores in LC analysis of challenging compounds (see Table 6). Examples 

for challenging compounds are e.g. carbohydrates [74], fatty acids [75], amino acids [76], 

aliphatic amines and bisphosphonates [77]. Since the newly introduced chromophore usually 

represents an aromatic hydrocarbon, the retention of the derivative on reversed phase 

stationary phases is enhanced at the same time. Thus, derivatization is able to kill two birds 

with one stone. 
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Table 6 
Examples for derivatization reactions used in LC-analysis of amino acids 

Reaction 
derivative 

type Examples 

method 
of 

detection 

 

urethane 

 

FLD 

 

sulfonamide 

 

FLD 

 

thiourea 

 

UV 

 

urea 

 

FLD 

 

isoindole and 
analogues 

 

FLD 

 

3.1.4. Capillary electrophoresis 

A truly orthogonal separation compared to HPLC offers CE. Capillary electrophoresis 

is a versatile technique allowing for high theoretical plate counts due to the characteristic flow 

profile. The wide variety of available separation modes such as CZE, MEKC, MEEKC and 

the possibility of chiral selectors enable the separation of charged and neutral compounds as 

well as of enantiomers [78-81]. Disadvantages in impurity profiling are the fair sensitivity, the 

complexity and the lack of acceptance of CE techniques in the pharmaceutical industry. 

Important fields of application are the investigation of large biological molecules, like DNA 

and the separation of enantiomeric compounds. 
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3.2. Coping with the detection issue 

The detection of substances without strong chromophore (conjugated double bonds) 

imposes a great challenge to analysts. Besides RID, which is very popular in carbohydrate 

analysis, the following detection principles can be used to detect those substances with 

adequate sensitivity. 

3.2.1. Direct UV-detection 

In some cases the analyte may be detected at low wavelength (< 210 nm) but the 

detection limit is usually insufficient for impurity profiling. However, in some cases when the 

mobile phase is sufficiently transparent for the low wavelength and the analytes possess 

moderately strong chromophores, such as amides, thiols or thioethers, the direct detection is 

possible [58].  

3.2.2. Derivatization 

As mentioned before, the introduction of fluoro- and chromophores can improve 

retention as well as detection limits, but comes with decisive downsides for impurity profiling:  

1. The involvement of another substance with its own impurities and degradation 

products could impair the results. 

2. All available derivatization reagents are more or less specific for a class of 

analytes, rendering the detection blind towards compounds that do not have the 

necessary feature to react with the reagent. 

3. Some substances yield multiple or unexpected products, especially when the 

derivatization conditions are not precisely maintained within the specifications. 

4. Degradation products of derivatives might lead to misinterpretation of the result. 

5. Post-column derivatization leads to decreased chromatographic performance due 

to the high dead volume between column and detector resulting in extra-column 

band broadening. 
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3.2.3. Universal detection 

So-called universal detectors can detect substances for the best part independent of 

their chemical structure. ELSD, CNLSD, CLND, MS, CAD and to some extent C4D belong to 

this group. Although called universal, the response is never completely independent of the 

analytes physical-chemical properties. Each detection principle comes with its own 

disadvantages and fields of application. In the end several detectors (universal and others) 

have to be assessed in order to get maximum certainty and to choose the most suitable 

detection principle. In many cases a combination is possible and sensible [82]. 

Detectors like the CAD, ELSD and CNLSD exhibit over a wide range of analytes a 

more or less uniform response [83]. This means that response factors of substances with 

comparable boiling point or vapor pressure are also similar, so that the quantification error for 

unknown compounds is also reduced in comparison to e.g. UV-detection where a 10-fold 

difference in response (e.g. due to the lack of an extended chromophore) is not uncommon 

(see Fig. 22). In cases where an extended chromophore (e.g. conjugated double bond in 

fumaric acid) is present UV detection is much more sensitive compared to CAD and ELSD. 

For substances with only a minimal chromophore (like carboxylic acid, or guanidine) the 

quantification limit (LOQ) is equal or superior using CAD and inferior using ELSD (see Table 

7).  

 

Fig. 22. Response variation for the related substances of Carbocisteine relative to Carbocisteine 
comparing UV detection at 210 nm and CAD, from own work related to [57]. 
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Table 7 
Comparison of obtainable LOQ or LOD for difficult analytes using different detection techniques. 

 LOQ (LOD) [ng] 

 

UV CAD ELSD CNLSD LC-MS LC-MS/MS CNLD 

Citric acid 79.9
a
 40

b
 800

b
 - - - - 

Succinic acid 277
a
 240

b
 1333

b
 - - - - 

Fumaric acid 1.1
a
 40

b
 800

b
 80

c
 0.3

c
 - - 

Malic acid - 40
c
 400

c
 92

c
 1.5

c
 - - 

Aspartic acid 
- 

(30)
d
 

24
c 

(10)
d
 

800
c 

(25)
d
 

100
c 

- 
0.03

c
 

(4)
d
 

- 

(2)
d 

- 
(10)

d
 

Glutamic acid 
- 

(30)
d
 

32
c 

(250)
d
 

1200
c 

(50)
d 

152
c 

- 
0.03

c 

(30)
d
 

-
 

(1.5)
d
 

- 
(6) 

Streptomycin 250
e
 45

e
 - - - - - 

a λ= 210 nm, from [84] 
b
 from [85] 

c
 from [18] 

d
 λ = 210 nm, from [86] 

e
 λ = 205 nm, from [87] 

 

3.3. Examples for challenging separations 

According to the literature available from Table 8 a very common approach for the 

detection of difficult analytes is “universal detection” using CAD or ELSD. Challenging 

separations are frequently overcome by means of ion-pair chromatography. Some 

separations also rely on mixed mode chromatography to avoid expensive and fault prone 

ion-pairing agents. 

Table 8 
Examples for impurity profiling of challenging analytes found in the literature. 

Main compound 
challenge imposed 
by analytes 

solution Lit. 

Topiramate no chromophore RPC and CNLD [43] 

Artemisinin no chromophore 
RPC and UV detection at 210nm and 
LC-MS 

[88] 

Etidronate 
very polar and no 
chromophore 

MMC and CAD 
[20] 

Risedronate very polar IPC and UV detection 262 nm 
[89, 
90] 

Alanine 
very polar and no 
chromophore 

IPC and ELSD, CNLSD, CAD and MS 
[18] 

Aspartic acid 
very polar and no 
chromophore 

IPC and CAD 
[85] 

Streptomycin 
very polar and no 
chromphore 

IPC and CAD  
IPC with post-column derivatization 
and FLD 

[87] 
[91] 

Etimicin 
polar and no 
chromophore 

RPC and ELSD and LC-MS 
[92] 

Gentamicin 
very polar and no 
chromophore 

IPC and ECD and ELSD 
RP and LC-MS 

[93] 
[94] 
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Table 8 (continued) 

Main compound 
challenge imposed 
by analytes 

solution Lit. 

Ibandronate 
very polar and no 
chromophore 

IEC and CD  
IPC and ELSD  
CE and indirect UV detection at  
254 nm (chromate) 

[95] 
[48] 
[96] 

Lactic acid 
polar and no 
chromophore 

RPC and UV detection 210 nm 
[84] 

Amino acids 
very polar and no 
chromophore 

HILIC and CAD 
[97] 

Gabapentin no chromophore RPC and CAD [19] 

Methionin 
very polar and no 
chromophore 

MMC and UV detection 210 nm 
[58] 

Ionic liquids no chromophore RPC and CAD [98] 

Kanamycin 
very polar and no 
chromophore 

CZE and C
4
D 

Derivatization and CZE 
IPC and ECD 

[99] 
[100] 
[101] 

Carbocisteine 
very polar and no 
chromophore 

IEC and UV detection 205 nm 
[102] 

Nucleotide phosphates very polar MMC and UV detection 254nm [103] 

Memantine 
very polar and no 
chromophore 

IPC and CAD 
[104] 

Meprobamate no chromophore RPC and UV detection 200 nm [105] 

Pipecuronium bromide 
very polar and no 
chromophore 

RPC and ECD 
[106] 

Ursodeoxycholic acid no chromophore RPC and RID [107] 
Fatty alcohol 
ethoxylates 

no chromophore RPC and ELSD 
[108] 

Fatty acids no chromophore HILIC and CAD [109] 
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4. Chiral separation techniques for amino acids 

4.1. Indirect separation 

The indirect separation of enantiomers comprises the reaction of the sample with an 

enantiomerically pure reagent to form two diastereomeric compounds. This pair of 

diastereomers is afterwards separated using an achiral stationary phase, usually in reversed 

phase mode or by CE. Crucial requirements for this method are highly pure derivatization 

reagents, complete derivatization, chemical and configurational stable derivatives and a 

suitable derivatization site, such as amines, alcohols and thiols [2]. 

In order to obtain reliable and reproducible results, the analyte and the reagent have 

to react in a selective reaction to yield well defined products. This is e.g. not the case if the 

analyte contains multiple functional groups that undergo the derivatization reaction or if the 

derivatization reagent is of poor (optical) purity. If the reagent contains a significant amount 

of the other enantiomer, a mixture of 4 derivatives is produced (Fig. 23). The unexpected 

derivatives coelute on achiral stationary phases with the desired derivatives and distort the 

result. 

 

Fig. 23. Complex mixture of diastereomeric (d) and enantiomeric (e) derivatives if the reagent (green) 
is contaminated with a significant amount of the other enantiomer (red) [2]. 

 

Of all reagents listed in Table 9 and Fig. 24, FLEC and OPA are most frequently 

applied due to their high reactivity leading to complete derivatization. The poor stability of the 

OPA derivatives is often overcome by automated pre-column or in-capillary derivatization just 

before the separation [110]. 

 

  



Introduction 
 

32 

Table 9 
A Selection of chiral derivatization reagents. 

Reagent Derivatization site Literature 

Mosher’s reagent alcohols, amines [111] 

DBTAAN alcohols, amines [112] 

FLEC alcohols, amines [113] 

OPA + chiral thiol compounds primary amines [114-117] 

Marfey’s reagent primary and secondary amines, thiols [118, 119] 

GITC primary and secondary amines, thiols [120] 

 

 

Fig. 24. Selection of chiral derivatization reagents and chiral thiols to use with OPA; MTPA-Cl, (S)-(+)-
α-methoxy-α-trifluoromethylphenylacetyl chloride; DBTAAN, (+)-dibenzoyl-L-tartaric anhydride; FLEC, 
(-)-1-(9-Fluorenyl)ethyl chloroformate; FDAA, Nα-(2,4-Dinitro-5-fluorophenyl)-L-alaninamide; OPA, o-
phthaldialdehyde; NAC, N-acetyl-L-cysteine; NiBC, N-isobutyryl-L-cysteine; NBC, N-n-butyryl-L-
cysteine; TATG, 2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranoside; TG, 1-thio-β-D-glucopyranose; 
GITC, 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl isothiocyanate. 

 

4.2. Direct separation using chiral stationary phases  

In the direct separation of enantiomers a chiral selector (CS) is covalently linked or 

alternatively adsorbed to porous silica gel particles or another kind of chromatographic 

support to form the stationary phase. During the migration of the sample through the 

stationary phase, the enantiomers are retained due to the formation of diastereomeric 

complexes with different equilibrium constants (see Fig. 25). Several kinds of stationary 

phase modifications, both natural and synthetic exist for the direct separation of enantiomers. 
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Fig. 25. Equilibria of diastereomeric complex formation of (S)- and (R)-analyte with the chiral selector 
(CS) and corresponding equilibrium constants (ki,R and ki,S). 

 

Pirkle-phases named after a pioneer in the field of chiral recognition rules and 

enantiomeric separation William H. Pirkle [121] consist of silica gel modified with chiral 

groups able to form and accept hydrogen bonds and π-π interactions [122]. Other 

modifications available are based on chiral crown ethers, polysaccharides (cellulose or 

amylose) with π-π interactions sites bound via a carbamate group, proteins (e.g. avidin or 

albumin), macrocyclic antibiotics (e.g. vancomycin or teicoplanin), cyclodextrins and chiral 

chelating agents for chiral ligand-exchange (CLEC) [2]. 

The mobile phase is usually an achiral normal phase or sometimes reversed phase 

eluent and plays an important role as it defines the environment where the chiral recognition 

takes place. The selection of mobile phase and separation mode is of great importance 

because the formation of diastereomeric complexes can be promoted or suppressed by the 

eluent components. 

CLEC, teicoplanin, chiral HILIC and chiral crown ethers have proven useful in the 

direct separation of unmodified D- and L-amino acids [123-128]. The direct separation of 

enantiomeric amino acids is well established and straightforward but the necessary column 

material is rather costly. A comprehensive overview about direct and indirect separation 

methods for amino acids is given by Ilisz et al. [129]. 

 

4.3. Direct separation using chiral CE 

Capillary electrophoresis is one of the most important techniques for the separation of 

amino acids because they are easy to separate in an electric field due to their ionic 

character. The addition of chiral modifiers allows for the resolution of enantiomeric amino 

acids. Among all chiral modifiers applied in CE, cyclodextrins are by far the most important 

and most frequently used additives. Other approaches to separate D- and L- amino acids 

make use of diastereomeric complex formation similar to CLEC, chiral ionic liquids or a 

combination thereof [130-136]. 
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Since the other techniques are still on a research stage, the application of 

cyclodextrins (CD) is from the analytical point of view the most reasonable approach for 

pharmacopoeial impurity profiling. They are commercially available in many different 

variations and thoroughly explored. Native cyclodextrins are cyclic oligosaccharides of  

α-D-glucose monomers forming a truncated cone shaped molecule consisting of a 

hydrophobic cavity and a hydrophilic hull (see Fig. 26). The theory of chiral recognition 

assumes some sort of complex formation with the enantiomeric sample, often in a way that 

the sample molecule is located inside the cavity [137]. However other forms of complexes 

with the outside of the CD or some kind of sandwich complex involving two molecules of CD 

are also possible [138]. 

Besides the native cyclodextrins (α, β and γ-CD) a high number of modified 

cyclodextrins is available on the market. Amongst these modifications are 

hydroxypropylation, acetylation or methylation to improve water solubility [139] (see Fig. 27) 

and the introduction of ionizable groups such as phosphate, sulfate, carboxylate and 

ammonium groups to induce electrophoretic mobility of the CD and to modify its chiral 

recognition characteristics [139-141]. The increase of water solubility is especially important 

for β-CD, because it seems to be the best chiral selector for many molecules, especially 

amino acid derivatives (due to the cavity volume) [142] but it is at the same time the CD with 

the lowest water solubility.  

 

Fig. 26. Chemical structure and molecular shape of native cyclodextrins.  
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Fig. 27. Water solubility of native and modified cyclodextrins [143], HP-, hydroxypropyl-; Met-, methyl- 

 

For the determination of impurities below 1% the introduction of a suitable 

chromophore for UV- or LIF-detection is imperative for non-aromatic amino acids because 

those techniques are the only routinely available means of detection compatible with the 

chiral BGE. The chromo- or fluorophore usually made up of aromatic hydrocarbons could 

also be necessary for the interaction with the cyclodextrin, because cyclic aromatic systems 

are known to take part in host-guest-interactions with the hydrophobic cavity [144-146]. 

Common derivatization reagents for D- and L-amino acids prior to CE separation with the 

help of cyclodextrins are: dansyl-Cl, FMOC-Cl, CBQCA, FQ, OPA, NDA (naphthalene-2,3-

dicarboxaldehyde) and FITC (fluoresceine isothiocyanate) [129, 132, 147] (see also Table 6) 
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The Ph. Eur. and the contained monographs are subject to constant change. New 

monographs are included and obsolete ones are updated or deleted. An important part of a 

monograph besides tests for the identification and the assay are tests for related substances 

and if applicable additional tests to cover other impurities. A test for related substances 

comprises usually a state of the art separation followed by an appropriate mean of detection. 

The separation power of the system has to be high enough to separate all relevant 

impurities. The sensitivity of the detection has to be sufficient to quantify impurities according 

to ICH guideline Q3A(R2) for small molecules. The limit is usually determined by the daily 

intake of the substance. The impurity profile of a substance has to be assessed prior to 

inclusion of new monographs and during the update of existing monographs preferably 

involving all relevant suppliers. The profile of related substances consists usually of process 

related impurities like starting material and by-products as well as degradation products. 

The revision of the Ph. Eur. monograph “Carbocisteine” and the introduction of the 

new monograph “Ibandronate sodium” demand for methods appropriate for the 

pharmacopoeial impurity profiling covering all process and degradation related impurities. 

Both substances and their respective related substances are rather simple polar molecules 

that do not contain a suitable chromophore for UV detection. Due to their zwitterionic 

character, the analytes as well as the related substances are charged all the time 

independent from pH and cannot be separated using reversed phase chromatography. The 

suitability of the CAD for this purpose should be demonstrated and the separation conditions 

like column and mobile phase were to be investigated, if possible avoiding ion-pairing 

chromatography. Both methods should eventually be validated and proposed to the expert 

groups dealing with the monograph revision of Carbocisteine and the creation of the new 

monograph for Ibandronate. 

 

Fig. 1. Chemical structures of the compounds of interest 
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A method for the analysis of related substances of the 99mTc chelating amino acid 

derivative Bicisate should be developed and validated. The substance is a rather lipophilic 

ester without strong chromophores. The related substances (precursors, by-products and 

degradants) are very hydrophilic, ionizable and some are semi-volatile. A suitable stationary 

phase should be combined with UV-CAD detection to cover all possible impurities. 

The enantiomeric purity of magnesium-L-aspartate dihydrate was to be investigated. 

The reason for partial racemization during the synthesis should be studied and analytical 

methods appropriate for the purity assessment in the Ph. Eur. were to be developed and 

validated. 
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1. Impurity profiling of carbocisteine by HPLC-CAD, qNMR and 

UV/vis spectroscopy 

Wahl, O., Holzgrabe, U. 

Reprinted with permission from  

Journal of Pharmaceutical and Biomedical Analysis 95 (2014) 1-10 

 

ABSTRACT 

For the impurity profiling of the mucolytic and anti-inflammatory drug carbocisteine a 

high performance liquid chromatographic (HPLC) method using corona charged aerosol 

detection (CAD) was developed and fully validated following the ICH guideline Q2(R1). The 

response was linear (R2> 0.995) over a small concentration range (0.05–0.25 or 0.10–0.60 % 

respectively) and a detection limit of at least 0.03% was registered. The separation was 

achieved on a mixed mode column combining hydrophobic C18 and strong cation exchange 

retention mechanisms using a mass spectrometer compatible volatile mobile phase 

consisting of trifluoroacetic acid 10 mM and acetonitrile 12 % (V/V). Impurities, not 

assessable by HPLC-CAD such as the volatile chloroacetic acid and the unstable cysteine, 

were determined by quantitative NMR (qNMR) with maleic acid as internal standard and 

UV/vis spectroscopy after reaction with Ellman’s reagent, respectively. Six batches of three 

different manufacturers were tested by means of those methods. The purity varied from 

below 99.0 to higher than 99.8 per cent. The major impurities of all batches were the starting 

material cystine and N,S-dicarboxymethylcysteine being a synthesis by-product 

 

 

Abbreviations: CAD, corona charged aerosol detector; COPD, chronic obstructive 

lung disease; Ph. Eur., European Pharmacopoeia; AAs, amino acids; OPA, ortho-

phthalaldehyde; FMOC, fluorenylmethyloxycarbonyl chloride; DABS-Cl, 

dimethylaminoazobenzene-4-sulfonyl chloride; PITC, phenyl isothiocyanate; CBQCA, 3-(4-

carboxybenzoyl)quinolone-2-carboxaldehyde; API, active pharmaceutical ingredient; AAA, 

amino acid analyzer; ELSD, evaporative light scattering detector; CLND, chemiluminescent 

nitrogen detector; qNMR, quantitative NMR; DTNB, 5,5-dithiobis(2-nitrobenzoic acid); TFA, 

trifluoroacetic acid; ICH, International Conference on Harmonisation; R2, coefficient of 

determination; S/N, signal-to-noise ratio.  
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1. Introduction 

The non-proteinogenic amino acid carbocisteine is used as an anti-inflammatory 

mucolytic agent for the treatment of chronic obstructive lung disease (COPD) and asthma. 

Unlike N-acetylcysteine, the substance seems to interfere with the metabolism of mucus 

producing cells [1–3] and not with the phlegm itself.  

Carbocisteine is synthesized by alkylation of L-cysteine with chloroacetic acid in 

aqueous sodium hydroxide solution [4, 5]. Until today the impurity profile of carbocisteine is 

assessed by means of a thin layer chromatography (TLC) test on ninhydrin-positive 

substances in the European Pharmacopoeia (Ph. Eur.) detecting amino acids (AAs) only. Not 

all related substances (see Fig. 1) originated by synthesis or caused by degradation are 

amino acids and therefore they are either not detected or the detection limit is unsatisfyingly 

high. Hence a state-of-the-art HPLC method for the separation and detection of carbocisteine 

and its impurities is urgently needed for the monograph.  

The analysis of amino acids and their derivatives by means of HPLC has two 

challenges: the majority of those highly hydrophilic compounds are hardly retained on 

classical reversed phase columns and most of them lack an UV/vis light absorbing 

chromophore. One strategy to overcome these problems is the derivatization resulting in 

hydrophobic, UV-light absorbing or fluorescing compounds. Innumerous methods for the 

derivatization and separation of amino acids are known. The most common derivatizing 

agents used for AAs are ortho-phthalaldehyde (OPA) [6, 7], fluorenylmethyloxycarbonyl 

chloride (FMOC) [7–10], dimethylaminoazobenzene-4-sulfonyl chloride (DABS-Cl) [11, 12], 

phenyl isothiocyanate (PITC) [13], 3-(4-carboxybenzoyl)quinolone-2-carboxaldehyde 

(CBQCA) [10] and ninhydrin [14, 15]. Each has individual advantages and disadvantages. 

They all share one drawback: not all related substances contain the essential reactive amino 

moiety. In addition, pre-column derivatization often does not work quantitatively in the 

presence of a high excess of one AA, the active pharmaceutical ingredient (API), and may 

yield more than one product or unstable derivatives. Last but not least, the pre-column 

derivatization is a time consuming and therefore an expensive procedure. On the other hand 

the void volume of post-column derivatization loops often leads to band-broadening [16, 17] 

and the application requires dedicated instrumentation such as amino acid analyzers (AAAs). 

Alternatives to UV or fluorescence detection are aerosol based detectors like the 

evaporative light scattering detector (ELSD), chemiluminescent nitrogen detector (CLND), 

corona charged aerosol detector (CAD) or any kind of mass spectrometer coupled to the 

HPLC system [18]. All techniques have in common that volatile mobile phase additives have 

to be used.  
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Fig. 1. Molecular structures of carbocisteine and its impurities. 

 

The principle of the ELSD is spraying and drying the mobile phase, followed by 

detection of the light scattered by the resulting aerosol. The separation and detection of 

underivatized amino acids using this technique has been shown [19, 20]. However, the major 

disadvantages of the detector are the comparatively low sensitivity, non-linear response and 

spike peaks on the tail of the main peak [20] when it comes to impurity profiling.  

When using CLND, the eluent is evaporated with oxygen and an inert gas (argon or 

helium), and pyrolyzed at high temperatures. Any nitrogen containing compound is converted 

to nitrogen monoxide, which reacts with ozone in the gas phase to excited nitrogen dioxide. 

The excited molecule drops to the ground state under infrared light emission. The response 

of this detector is linear over a broad concentration range and directly proportional to the 
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number of nitrogen atoms in the molecule [21, 22]. The CLND was successfully applied to 

the separation and detection of free amino acids when using a reversed phase 

chromatography with pentadecafluorooctanoic acid as an ion pair reagent [23]. 

The detection mechanism of the CAD comprises the formation of an aerosol of the 

column effluent and the transfer of positively charged nitrogen molecules to the aerosol 

particles with subsequent amperometric detection of those charged particles. The detector 

response is more or less independent of the molecular structure but highly dependent on the 

molecules’ physical properties like vapor pressure so that only non-volatile substances can 

be detected [24]. Unlike the CLND, the CAD is able to detect a wider spectrum of 

substances, like organic acids or aminoglycosides [25], which makes it a good choice for a 

test for related substances [26]. In contrast to the ELSD, the CAD has an almost linear 

response in a small dedicated concentration range of about two orders of magnitude [27, 28] 

which is usually sufficient for impurity assessment when an external standard at an 

appropriate concentration is used. For both detectors, the response depends on the 

concentration of organic modifier in the mobile phase. This leads to a loss of the universal 

response, when running a gradient separation. A counter gradient can compensate for this 

loss of sensitivity [29].Alternatively an isocratic elution protocol has to be applied.  

The aim of this study was to determine the content of carbocisteine and to assess the 

amount of its related substances, i.e. cystine, tyrosine, cysteine, chloroacetic acid, 

carbocisteinelactam, carbocisteinesulfoxid and N,S-dicarboxymethylcysteine (see Fig. 1). 

Since the CAD allows for volatile mobile phases only and volatile ion pairing agents create 

problems when it comes to validation, a mixed mode column with embedded strong cation 

exchanger, which made ion pair chromatography unnecessary, was used. The pros and cons 

of this method will be discussed. 
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2. Experimental 

2.1. Chemicals and reagents 

The carbocisteine reference standard, all impurities (except C and J see Fig. 1), and 

batch samples were obtained from the European Directorate for the Quality of Medicines & 

Health-Care (EDQM) (Strasbourg, France). HPLC grade acetonitrile and 0.1 M hydrochloric 

acid were purchased from VWR International S.A.S. (Fontenay-sous-Bois, France), glycolic 

acid, trifluoroacetic acid, ammonium hydroxide solution (28–30%), 5,5’-dithiobis(2-

nitrobenzoic acid), sodium deuteroxide (NaOD) 40 wt% in D2O (99.5% D-atom) and maleic 

acid standard for quantitative NMR (qNMR) (TraceCERT®) from Sigma–Aldrich Chemie 

GmbH (Steinheim, Germany). Deuterium oxide (99.9% D-atom) was obtained from Deutero 

GmbH (Kastellaun, Germany). Potassium dihydrogen phosphate was acquired from 

Grüssing GmbH (Filsum, Germany). We purchased sodium hydroxide solution 50% and 

chloroacetic acid from Merck KGaA (Darmstadt, Germany). All chemicals used for 

quantification were of analytical grade or even better. Ultra-pure water was produced by a 

water purification system from Merck Millipore (Schwalbach, Germany). All solutions were 

filtered through a 0.22 µm PTFE filter supplied by Machery-Nagel GmbH & Co. KG (Düren, 

Germany) prior to use. 

2.2. Apparatus 

The HPLC was performed on an Agilent 1200 modular chromatographic system 

consisting of online vacuum degasser, binary pump, auto sampler, thermostatted column 

compartment and a photo-diode array detector (Agilent Technologies, Waldbronn, 

Germany).The Corona CAD detector (Thermo Fisher, Courtaboeuf, France) was linked to the 

HPLC system by a 0.25 mm internal diameter PEEK capillary and a 0.22 µm stainless steel 

inlet-frit. Highly pure nitrogen for the detector was produced by a Nitrogen Generator 

(Thermo Fisher, Courtaboeuf, France). The inlet pressure (nitrogen) was 35.0 psi. The peak 

areas were integrated automatically using the Agilent ChemStation® Rev B.03.02 software 

program.  

The experiment with post-column addition of acetonitrile was performed on a Dionex 

UltiMate®3000 X2 chromatographic system (Dionex, Courtaboeuf, France) equipped with a 

ternary pump, an online degasser, a thermostatted autosampler, a thermostatted column 

compartment and a single wavelength UV/vis detector. Acetonitrile was added via a mixing-

tee installed between detector and column. Detection was performed with a Corona CAD 

ultra RS (Thermo Fisher, Courtaboeuf, France). Gas inlet pressure (nitrogen) was 35.0 psi. 

The detection range was set to 100 pA and filter to “none”. Nebulizer was set to 35 °C. The 

chromatograms were processed using Waters Empower®2 build 2154 software program.  
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Mass spectrometry experiments were performed on a LC/MSD Trap G2445D ESI ion 

trap (Agilent Technologies, Waldbronn, Germany) with an syringe pump KDS100 (KD 

Scientific, Holliston MA, USA) coupled to the electro spray ionization (ESI) interface. The flow 

rate was 40 µL/h. Nebulizer pressure: 15 psi, dry gas flow: 5 L/min, dry temperature: 325 °C, 

capillary voltage 3500 V, collision gas: helium. All NMR experiments were carried out on a 

Bruker Avance® (Karlsruhe, Germany; 1H 400.132 MHz 13C 100.613 MHz). The spectra were 

processed using Bruker TopSpin v3.0 software program. 1H NMR experiments were 

performed with 64 scans at a sample spinning frequency of 20 Hz, 300 K and a flip angle of 

30 °, whereas 13C NMR was measured with 1024 scans with 1H decoupling and rotation 

(20 Hz). The experiments were carried out with broad band observer (BBO BB-H 5 mm) 

probe. The content of chloroacetic and glycolic acid (C and J) was determined with inverted 

broad band observer probe (BBI BB-H 5 mm) at 300 K using 32 scans without rotation and a 

flip angle of 30 ° observing the 1H nuclei. The relaxation delay between two scans was set to 

60 s. Spectral width of 20.55 ppm and transmitter offset at 6.175 ppm was applied. 

UV/vis absorption spectroscopy experiments were performed on a Shimadzu UVmini-

1240 UV/vis spectroscop (Shimadzu Deutschland GmbH, Duisburg, Germany). 

2.3. Chromatographic procedure 

A mixed mode column SIELC Primesep®100 (250 mm × 4.6 mm i.d., with a particle 

size of 5 µm and pore size of 100 Å, SIELC Technologies, Prospect Heights IL, USA) was 

used as stationary phase. The Agilent chromatographic system was operated isocratically at 

20 °C using a mobile phase composed of aqueous TFA (1 %, V/V)–acetonitrile–water 

(8:12:80, V/V/V), a flow-rate of 1.3 mL/min and CAD detection with the filter set to “high”. The 

injection volume was 20 µL. 

2.3.1 Preparation of solutions 

For the sample solutions 50 mg of carbocisteine were dissolved in 0.3 mL of a 30 g/L 

ammonia solution and diluted with water to 10.0 mL, resulting in a pH of approx. 8.75. The 

sample solutions were prepared immediately before analysis. The reference solution is 

produced by dilution of the sample solution 1:1000 (0.1%) with water. The system suitability 

solution is prepared as follows: 10 mg of carbocisteine, cystine and tyrosine were dissolved 

in 0.25 ml of a 40 g/L sodium hydroxide solution and diluted to 50.0 mL with water.5.0 mL of 

this solution were diluted to 100.0 mL with water. For the impurity stock solutions, 2.5 mg of 

each impurity, except tyrosine, were individually dissolved in water and diluted to 10.0 mL 

with the same solvent. 2.5 mg of tyrosine were dissolved in 0.15 mL of a 30 g/L ammonia 

solution and diluted to 10.0 mL with water. The stock solutions were stored at 2–8 °C, 
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protected from light and daily diluted to an appropriate concentration with water or were used 

for spiking sample solutions. 

2.4. Quantitative determination of chloroacetic and glycolic acid 

80.0 mg of carbocisteine and 2.5 mg of maleic acid were dissolved in a mixture of 

720 µL D2O and 80 µL sodium deuteroxide (40 %, w/V in D2O). The sample solutions were 

immediately subjected to quantitative NMR analysis. After manual phase and automatic 

baseline correction, the methylene singlet of chloroacetic acid at 4.07 ppm (2H), methylene 

singlet of glycolic acid at 3.95 ppm (2H) and the methine protons singlet of maleic acid at 

6.02 ppm (2H) were integrated and quantified using the following relationship: 

w(C,J)= 
MW(C,J)

MW(IS)
×

A(C,J)

A(IS)
×

m(IS)

m(E)
×100         (1) 

where MW(C, J) and MW(IS) are the molecular weights in g/mol and A(C, J) and 

A(IS) are the areas for the selected NMR signals of the examined impurity (C, J) and maleic 

acid (IS), respectively. The masses (weights) in mg of maleic acid (IS) and carbocisteine (E) 

are m(IS) and m(E). The examined impurity content is then expressed by w(C, J) in per cent. 

2.5. NMR spectra of di-sodium N,S-dicarboxymethylcysteinelactam and the free acid 

Free acid (H): 10 mg of tri-sodium-N,S-dicarboxymethylcysteine in 700 µL deuterium 

oxide. This solution was subjected to NMR studies immediately after preparation. 1H NMR 

(D2O, δ (ppm), J (Hz)): 2.77 (d, 2H, -CH2CH-, J=6.4), 3.07-3.18 (m, 2H, HOOC-CH2-S-), 3.20 

(s, 2H, -NH-CH2-COOH), 3.22 (t, 1H, -CH2CH-, J=6.4). 13C NMR (D2O, δ (ppm)): 34.89 

(-CH2CH-), 37.23 (-S-CH2-COOH), 50.74 (-NH-CH2-COOH), 61.99 (-CH2CH-), 178.06 

(HOOC-CH2-S-), 178.52 (-CH2CH-COOH), 179.60 (-NH-CH2-COOH). MS (neg. ESI): m/z 

236 

Lactam (I): 9 mg of tri-sodium-N,S-dicarboxymethylcysteine were dissolved in 10 mL 

0.1 M hydrochloric acid and stirred for two weeks at room temperature. The solution was 

neutralized with aqueous sodium hydroxide solution 0.1 M, the pH set to 8.75 and 

lyophilized. The residue was dissolved in 700 µL of deuterium oxide and subjected to NMR 

studies immediately. 1H NMR (D2O, δ (ppm), J (Hz)): 3.05-3.09 (m, -CH2CH-), 3.21 (d, 1H, 

J=17.4, S-CH2-C=O), 3.22 (d, 1H, J=17.0, N-CH2-COOH), 3.26-3.31 (m, -CH2CH-), 

3.57 (d, 1H, J=17.4, S-CH2-C=O), 4.27 (t, 1H, J=3.8, -CH-CH2-NC=O), 4.51 (d, 1H, J=17.1, 

N-CH2-COOH). 13C NMR (D2O, δ (ppm)): 28.18 (-CH2CH-), 29.35 (S-CH2-C=O), 52.45 

(N-CH2-COOH), 65.02 (O=CN-CH-CH2), 168.33 (-N-C=O), 175.80 (-CH2CH-COOH), 176.50 

(-N-CH2-COOH). MS (neg. ESI): m/z 218 
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2.6. Determination of cysteine 

The test is based on the redox reaction of cysteine with 5,5’-dithiobis(2-nitrobenzoic 

acid) (DTNB) at alkaline pH [30, 31], was developed and validated at Moehs Ibérica S.L. 

(Rubí, Spain) (personal communication). The absorbance at 410 nm was read exactly 300 s 

after the addition of 0.5 mL reagent solution to the sample, reference or blank solution. The 

content cysteine was calculated using the following equation: 

w(D) = 
c(ref) ∙ Abs(sample)

c(E) ∙ Abs(ref)
×100        (2) 

where c(ref) and c(E) are the concentrations in mg/mL of cysteine in the reference 

solution and carbocisteine in the sample solution, respectively. Abs(sample) and Abs(ref) are 

the absorbances of the sample and the reference solution. The content of cysteine is then 

expressed by w(D) in per cent. 

2.6.1. Preparation of solutions 

The buffer solution pH 8.0 was prepared by mixing 500.0 mL of a 0.2 M aqueous 

potassium dihydrogen phosphate solution with 468.0 mL of a 0.2 M aqueous sodium 

hydroxide solution. The resulting solution was diluted with water to 2000.0 mL. The sample 

solution was prepared by dissolving 200 mg of carbocisteine in 1.0 ml of a sodium hydroxide 

solution (40 g/L) and subsequent dilution to 20.0 mL with buffer solution pH 8.0. For the 

reference solution, 58.0 mg of cysteine hydrochloride monohydrate CRS were dissolved in 

buffer solution pH 8.0 and diluted to 100.0 mL with the same solvent. 0.25 mL of this solution 

was diluted to 20.0 ml with buffer solution pH 8.0. The reagent solution was prepared by dis-

solving 40.0 mg of DTNB in buffer solution pH 8.0 and subsequent dilution to 10.0 mL with 

the same solvent. 

3. Results and discussion discussion 

3.1. HPLC method development 

3.1.1. Chromatographic procedure 

The mixed mode column combines reversed phase retention mechanism with strong 

cation exchange due to the embedded sulfonic acid entities. When operating the column with 

acidic mobile phases, neutral compounds or carboxylic acids, i.e. carbocisteinelactam, are 

retained by the reversed phase mechanism whereas hydrophilic basic substances such as 

carbocisteine and cystine are separated by the cation exchange mechanism. Lipophilic basic 

com-pounds, i.e. tyrosine, are retained by both mechanisms. The influence of temperature, 

acetonitrile, trifluoroacetic acid (TFA) and flow-rate was studied in order to optimize the 



Results 
 

 

62 

separation and sensitivity. The acetonitrile concentration severely affects the retention of 

carbocisteine lactam, but has only minor impact on the retention of the amino acids except 

for tyrosine; however the peaks of tyrosine and cystine are swapped in the elution order 

while increasing acetonitrile content in the mobile phase (see Fig. 2). At 12 % (V/V) 

acetonitrile, the resolution between the early and the late eluting peaks was optimal. TFA 

concentrations slightly influence the retention times, but may affect peak shape and therefore 

resolution and detection limit. The TFA concentration controls the retention time of sodium 

and ammonium ions. A concentration of 10 mmol/L (approx. 0.08 %, V/V) TFA was chosen, 

because the peak shape of N,S-dicarboxymethylcysteine and the resolution of carbocisteine 

and the sodium peak were optimal (see Fig. 3). The application of weaker acids, such as 

formic or acetic acid, resulted in a heavy distortion of the N,S-dicarboxymethylcysteine (H) 

peak (data not shown). The flow-rate was set to 1.3 mL/min leading to as hort analysis time 

and an acceptable resolution. The temperature was adjusted to 20°C, because it gave the 

best signal-to-noise ratio. In order to lower the limit of quantification, we studied the effect of 

post-column addition of acetonitrile on the detector response. A dilute mixture of 

carbocisteine and all impurities was prepared and investigated with and without post-column 

acetonitrile. As expected, the enhanced evaporation of the column effluent leads to a 

strongly increased response (approx. by a factor of 2.5) for all impurities (see Fig. 4). Since 

this technique requires more sophisticated and special instrumentation, we decided to 

validate the method without post column addition of acetonitrile. Nevertheless, it was 

possible to meet the limit of quantification (LOQ) demanded by the European 

Pharmacopoeia (Ph. Eur.) for all impurities. 

3.1.2. Sample preparation 

Because the API is insoluble in water and unstable at low pH the samples were 

dissolved in a 30 g/L ammonia solution. Inorganic bases lead to large peaks due to the 

corresponding cation and interfere with the analysis. Acidic media, like the mobile phase, 

have to be avoided for sample preparation because of the formation of carbocisteinelactam 

(F) (see Fig. 1) at low pH. 
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Fig. 2. Influence of the acetonitrile concentration in the mobile phase; TFA–acetonitrile–water 

(0.1:x:99.9−x, V/V/V); column temp: 30 °C; flow rate 1.0 ml/min; column: Primesep 100 250 mm × 

4.6 mm 5 µm; detector: CAD; peak assignment: A: cystine, B: tyrosine, E: carbocisteine, F: 

carbocisteinelactam, Ga and Gb: carbocisteinesulfoxid, H: N,S-dicarboxymethylcysteine. 

 

Fig. 3. Influence of TFA concentrations in the mobile phase; mobile phase: TFA–acetonitrile–water 

(x:12:88−x, V/V/V); column temp: 30 °C; flow rate 1.0 mL/min; column: Primesep 100 250 mm × 4.6 

mm 5 µm; detector: CAD; peak assignment: see Fig. 2. 
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Fig. 4. The effect of post-column acetonitrile addition; mobile phase: TFA–acetonitrile–water 

(0.1:12:87.9, V/V/V); column temp: 30 °C; flow rate eluent: 1.0 mL/min; column: Primesep 100 250 

mm × 4.6 mm 5 µm; detector: CAD; flow rate post column acetonitrile: 1.0 mL/min; peak assignment: 

see Fig. 2. 

 

3.1.3. Stability of N,S-dicarboxymethylcysteine referencesubstance 

One manufacturer described stability problems with N,S-dicarboxymethylcysteine (H), 

because this substance, like carbocisteine, forms a lactam (I) under acidic conditions (see 

Fig. 1). The lactam of N,S-dicarboxymethylcysteine is usually not present in batch samples. 

The influence of the solutions pH on the formation of the lactam of 

N,S-dicarboxymethylcysteine were investigated by an HPLC-UV method and nuclear 

magnetic resonance (NMR) spectroscopy. The cyclization of N,S-dicarboxymethylcysteine 

was monitored by the appearance of the additional signals for the N-CH2-COOH group 

resonating at δ = 4.51 and 3.22 ppm. The structure is supported by the peak of m/z 218 in 

the mass spectrum. In conclusion, carbocisteine and N,S-dicarboxymethylcysteine are 

rapidly cyclized in acidic solution (the peak area of the lactam doubles within 30 min) and 

more stable in slightly basic solutions (see Fig. 5). As a consequence the sample solution 

has to be prepared in dilute ammonia solution and immediately before injection. A cyclization 

on-column is likely, but would not cause additional peaks; the lactam is formed continuously, 

so that the baseline would rise slightly until the API is eluted. This was not observed and is 

therefore not considered to be an issue. 
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3.2. Validation of the HPLC method 

The method was validated with regard to the following parameters: specificity, 

linearity, range, precision, accuracy, LOQ and robustness, following the International 

Conference on Harmonisation (ICH) guideline Q2(R1) [32]. System suitability criteria were 

defined and evaluated. 

Specificity of the method was proven by comparing spiked samples with a blank 

solution. The resolution was at least 1.5 for every impurity peak (data not shown) and every 

impurity was separated from the main peak and from each other. 

The linearity and range were determined by constructing calibration curves from 0.05 

to 0.25 % for carbocisteinelactam, carbocisteinesulfoxid and tyrosine in the presence of 5 

mg/mL carbocisteine with five levels equally distributed. The curves for 

N,S-dicarboxymethylcysteine and cystine ranged from 0.10 to 0.60 % because a higher 

amount of these impurities was expected according to previous experiments. Every level was 

injected in sextuple. The relative standard deviation (RSD) on every level for every impurity 

was below 5% and the coefficient of determination (R2) for every curve was higher than 

0.995. The LOQ and the LOD were calculated from the calibration curves according to ICH 

guideline Q2(R1) (see Table 1). 

 

Fig. 5. The peak area of carbocisteinelactam in a 1 mg/ml solution of carbocisteine increases by more 

than 100 per cent after 30 min in the mobile phase. The error bars display the standard deviation  

(n = 2). 

 

Accuracy was assessed on spiked sample solutions. The recovery rate was 

calculated at the lower end of the calibration curves, at the specification limit and on the 

upper end of the calibration curve. The recovery rates were found to be between 91 and 

114 % (n = 3; RSD = 0.50–3.81 %) on every level. The quantification was done by comparing 

the carbocisteine peak area of the reference solution with the peak area of the impurities in 

the sample solution using the correction factors (see Table 1) obtained from the slopes of the 

calibration curves. Because the diastereomeric carbocisteinesulfoxids (Ga and Gb) are 
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separated with the method, it is necessary to sum up the peak areas of both peaks, if they 

occur concurrently. 

Table 1  
Correction factors obtained from the calibration curves and the relative retention to carbocisteine for all 
impurities  

Substance R
2
 LOQ

a
 LOD

a
 

correction 

factor 

relative 

retention 

Carbocisteinelactam 0.9994 0.02 % 0.006 % 1.1 0.49 

Carbocisteinesulfoxid 0.9996 0.02 % 0.005 % 1.0 0.55 and 0.58 

N,S-dicarboxymethylcysteine 0.9995 0.04 % 0.013 % 1.4 0.65 

Tyrosine 0.9983 0.03 % 0.010 % 0.7 2.70 

Cystine 0.9970 0.09 % 0.027 % 0.7 3.13 
a 
in per cent of the test solutions concentration 

 

Repeatability and precision were determined on a real batch sample and on one 

spiked batch sample, because no batch contained carbocisteinelactam, carbocisteinesulfoxid 

and tyrosine above the LOQ. The impurity content was measured in sextuple on two different 

days. The RSD intra-day was between 2.3 and 5.0 % (n = 6) and inter-day determined on 

two consecutive days between 2.7 and 5.0 % (n = 12). 

The stability of the sample solution was examined by measuring a sample once every 

hour for 5 h while storing it at room temperature. Using the statistical trend test of Neumann 

[33], no trend was detected for carbocisteinesulfoxid, N,S-dicarboxymethylcysteine, tyrosine 

and cystine. Due to the formation of carbocisteinelactam (see Fig. 1) an increase of its peak 

area was observed. 

For checking the robustness, the operation parameters were varied in the following 

ranges: temperature ±5 °C, flow rate ±0.1 mL/min, CAD-filter setting: none, low, medium, 

high; acetonitrile content ±1 % (V/V) and TFA concentration ±2 mmol/L. An aqueous model 

solution containing all impurities at relevant level and carbocisteine was analyzed under 

either condition (see Table 2). The impurities were quantified by comparison of their peak 

area with the area of carbocisteine using the corresponding correction factors (see Table 1). 

The TFA concentration was found to be critical for good resolution between carbocisteine 

and sodium. This parameter is controlled in the system suitability test, because if the 

concentration was too high or too low, the test would fail. The relative recovery rate to the 

unmodified operation parameters ranged from +2 % to +48 % for N,S-dicarboxy-

methylcysteine and from −19 % to +20 % for every other impurity. Temperature, CAD-filter 

setting, acetonitrile content and flow rate had no impact on recovery rate or resolution and 

the method is therefore considered to be robust against those influences. 
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For the establishment of a system suitability test, the resolution between 

carbocisteine and sodium as well as between tyrosine and cystine was studied. Sodium is 

always present because it is dis-solved from the utilized glassware and is detectable by the 

CAD. Thus, we had to ensure that the peak is separated from carbocisteine, since it is used 

for the quantification of the impurities. The resolution between the peaks due to carbocisteine 

and sodium is at least 3.0 controlled by the TFA concentration, whereas the acetonitrile 

content controls the resolution between tyrosine and cystine. It should be at least 3.5. 

3.3. Other impurities 

The alkylation reagent chloroacetic acid cannot properly be detected by the CAD 

because the compound is volatile. The substance is detectable with HPLC-UV in very 

concentrated sample solutions at a low wavelength (λ = 210 nm). The same holds true for its 

degradation product glycolic acid. Also, both impurities are well visible in the 1H NMR 

spectrum at 4.07 and 3.95 ppm (see Fig. 6) for the methylene group of chloroacetic acid and 

glycolic acid, respectively. By means of integration of these signals, the amount of both 

impurities could be calculated in comparison to maleic acid as an internal standard. The 

method was validated for chloroacetic acid only, because the amount of glycolic acid 

detected in batch samples was very low and thus of minor interest. The linearity and range 

were determined from 0.05 to 1.0 per cent (R2= 0.9996). The method was found to be 

precise [RSD = 3.7 % (n = 6) measured in a batch sample containing 0.09 per cent 

chloroacetic acid] and accurate (proportional systematic error 1.5 % and constant systematic 

error 0.1 ppm). The accuracy was determined on a spiked batch sample. The spiked 

concentrations of 0.05, 0.10 and 0.15 per cent were measured in triplicate; the recovery rates 

ranged from 99 to 101 %. The LOQ determined from the slope of the calibration curve 

according to ICH guideline Q2(R1) is 0.03 per cent (S/N was 165 at this level). However, the 

sample solution is unstable. The integral of the chloroacetic acid signal decreases by almost 

40% within 2 h after sample preparation while the glycolic acid signal increases. Cysteine on 

the other hand could selectively be determined by UV/vis spectroscopy at 410 nm after the 

reaction with Ellman’s reagent (DTNB) at alkaline pH. This method was validated at Moehs 

Ibérica S.L. (Spain). The linearity was determined over the range of 0.025–0.2 per cent 

(R2= 0.9985). The inter- and intra-day precision was demonstrated by RSDs of 8.6 and 

1.8 %. (n = 14 and n = 6). The accuracy was determined in between 0.05 and 0.2 percent 

(recovery rates ranging from 98 to 102 %). The LOQ calculated from the regression line is 

0.04 per cent. The results of the batch tests are displayed in Table 3 together with those of 

the HPLC-CAD experiments. 
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3.4. Batch results 

Several batch samples from different manufacturers were tested using this HPLC 

method, qNMR and UV/vis absorption spectroscopy. The results (Table 3) indicate that there 

is a typical impurity profile for each manufacturer. Whereas the batches of manufacturer a 

contain substantial amounts of N,S-dicarboxymethylcysteine and cystine, the batch from 

manufacturer c contains only N,S-dicarboxymethylcysteine and chloroacetic acid above the 

qualification limit of 0.1 %, no impurity was found to be above 0.1 % in the samples of 

manufacturer b. 

 

Fig. 6. 
1
H NMR spectrum of the quantitative determination of chloroacetic and glycolic acid in 

carbocisteine. Concentration: 100 mg/mL carbocisteine in 1 M NaOD in D2O. 

 

3.5. Method transfer to cystine 

The HPLC method could also be applied to cystine as a test for related substances. 

Cystine is technically produced from hair and horn [34] and is contaminated with tyrosine if 

purification fails. To achieve satisfactory resolution we had to slightly adapt the mobile phase. 

The TFA concentration was raised from 10 mmol/L to 15 mmol/L whereas the acetonitrile 

content was elevated from 12 to 25 % (V/V). The sample solvent was switched to 

hydrochloric acid since this solvent is volatile and cystine is stable under acidic conditions. 

The method is not only suitable for CAD detection, but also for UV detection at 275 nm (see 

Fig. 7). 

  



Results 
 

 

70 

Table 3  
Results of batch testing using the HPLC method described under 2.3. 

Manufacturer a  b  c 

Batch 1 2  1 2 3  1 

Cystine (A) 0.37% 0.41%  n.d. n.d. n.d.  0.09% 

Tyrosine (B) 0.03% <0.03%  <0.03% n.d. <0.03%  <0.03% 

Chloroacetic acid (C)
a
 0.08% 0.07%  0.04% 0.04% 0.03%  0.17% 

Cysteine (D)
b
 < 0.04% < 0.04%  < 0.04% < 0.04% < 0.04%  < 0.04% 

Lactam (F) 0.02% 0.03%  <0.02% <0.02% <0.02%  0.02% 

Sulfoxid (Ga, Gb) <0.02% <0.02%  <0.02% <0.02% <0.02%  <0.02% 

N,S-dicarboxymethylcysteine (H) 0.53% 0.55%  0.06% 0.05% 0.06%  0.61% 

Glycolic acid (J)
a
 <0.05% <0.05%  n.d. n.d. n.d.  <0.05% 

Unspecified impurity at rel. RT 2.6 n.d. n.d.  n.d. n.d. n.d.  0.05% 

Sum 1.03% 1.06%  0.12% 0.11% 0.11%  0.94% 
a
 determined by qNMR as described under 2.4  

b
 determined by UV absorption spectroscopy after reaction with Ellman’s reagent (see 2.6)  

 

 

Fig. 6. Chromatogram of a 5 mg/mL cystine sample solution spiked with 0.05 % tyrosine in 0.1 N 

hydrochloric acid; mobile phase: TFA–acetonitrile–water (0.12:25:74.88,V/V/V); column temp: 20 °C; 

flow rate 1.5 mL/min; column: Primesep 100 250 mm × 4.6 mm 5 µm; detector: Dionex esa CAD filter: 

none inline after Agilent PDA detector; peak assignment: A: cystine, B: tyrosine. 

 

4. Conclusion 

In this study a C18 reversed phase cation exchange mixed mode HPLC method using 

10 mmol/L of TFA, acetonitrile and corona charged aerosol detection for the purity control of 

carbocisteine was developed and validated. The method was capable of separating and 

quantifying the main related compounds of carbocisteine. We furthermore studied the 

stability of the impurity N,S-dicarboxymethylcysteine and confirmed the cyclization product of 

this impurity. The HPLC-CAD method described in this study represents a suitable 
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alternative to amino acid analyses and HPLC-UV detection. It is not only controlling related 

amino acids but also other related process and degradation impurities like 

carbocisteinelactam. The universal response allows for quantification without the need for an 

external standard. The method is considered suitable for the related substances evaluation 

to replace the currently described TLC test.  
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ABSTRACT 

Magnesium supplementation in form of organic magnesium salts is a very popular 

practice. We examined the enantiomeric purity of “Magnesium aspartate dihydrate” 

monographed in the European Pharmacopeia. A chiral capillary zone electrophoresis using 

(2-hydroxypropyl)-β-cyclodextrin coupled to laser induced fluorescence detection and a 

HPLC-fluorescence method with chiral derivatization using o-phthaldialdehyde and N-acetyl-

L-cysteine as an orthogonal method were developed and validated. Two batch samples of 

this substance and three drug products containing the salt were analyzed by means of both 

methods. The concentration of the D-enantiomer of aspartic acid ranged from 0.03 to 0.12%. 

Simulations of the synthesis revealed that the D-aspartic acid content is elevated if the 

dissolution of L-aspartic acid was performed at acidic pH values. 

 

 

 

 

 

Abbreviations: API, active pharmaceutical ingredient; CBQCA, 3-(4-carboxybenzoyl) 

quinolone-2-carboxaldehyde; DMSO, dimethyl sulfoxide; DOE, design of experiments; 

EDQM, European Directorate for the Quality of Medicines& HealthCare; FLD, fluorescence 

detection; HP-β-CD, (2-hydroxypropyl)-β-cyclodextrin; ICH, International Conference on 

Harmonisation; IEP, isoelectric point; IS, internal standard; KF, Karl-Fischer; LIF, laser 

induced fluorescence; MeCN, acetonitrile; NAC, N-acetyl-L-cysteine; NMDA, N-methyl-D-

aspartate; OPA, o-phthaldialdehyde; PFP, pentafluorophenyl; Ph. Eur., European 

Pharmacopeia; PH, phenyl-hexyl; PVDF, polyvinylidene fluoride. 
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1. Introduction 

Innumerous magnesium salts for the sometimes controversially discussed treatment 

of hypomagnesaemia and cramp prophylaxis are currently available on the market [1, 2]. The 

salts are classified according to the anion into organic and inorganic magnesium salts. 

Among the inorganic magnesium salts as drug products are magnesium oxide (MgO), 

magnesium carbonate (MgCO3), magnesium hydroxide (Mg(OH)2), magnesium hydrogen 

phosphate (MgHPO4) and magnesium chloride (MgCl2). The organic salts, mostly salts of 

carboxylic acids, possess a higher solubility in water and are therefore supposed to be better 

bioavailable [3, 4]. Nevertheless, according to latest work, there is no special benefit of the 

organic salts for the reconstitution of the normal magnesium status compared to the 

inorganic salts [5, 6]. At least from the pharmaceutical point of view, the better soluble 

organic salts seem to be more suitable for the production of effervescent tablets and 

powders because the resulting liquid dosage form is a solution and not a suspension. The 

organic salts are salts of citric, glucuronic, acetic, glutamic or aspartic acid. In the case of 

aspartic acid there are three relevant salts: magnesium aspartate hydrochloride trihydrate, 

magnesium bis(hydrogen-DL-aspartate) tetrahydrate and magnesium bis(L-hydrogen-

aspartate) dihydrate (Fig. 1). The latter one is in the focus of this study. The substance is 

monographed in the European Pharmacopeia (Ph. Eur.) with the title “magnesium aspartate 

dihydrate” [7] and should contain the L-amino acid only. Among the amino acids, aspartic 

acid exhibits the highest racemization rate in peptide or protein structures [8]. That is why the 

D-aspartic acid content in aged tissue, fossil, tooth or bone samples is widely utilized for the 

age determination of those samples [9–13]. The mechanism of racemization in peptides, 

however, is different to that of the free amino acid because the amide moiety is required in 

the proposed mechanisms for peptides [14–16]. Because of its neuroexcitatory effect on 

NMDA (N-methyl-D-asparatate) receptors [17–20] and interference with several endocrinal 

and hormonal systems [21–25] the D-aspartic acid concentration has to be restricted and 

controlled by means of a sensitive CE or HPLC method. 

Due to the highest daily dose of approx. 1.8 g magnesium bis(hydrogenaspartate) 

dihydrate, any impurity (in our case D-aspartic acid) above 0.06 % (1 mg daily intake) has to 

be specified and qualified according to ICH guideline Q3A(R2) [26]. However, two challenges 

have to be faced: on the one hand the separation of the enantiomers and on the other hand 

the fact that aspartic acid lacks a chromophore for UV detection. The enantiomeric resolution 

of amino acids can be achieved by many techniques. The chromatographic separation of D- 

and L-amino acids has been shown e.g. on chiral stationary crown ether phases [27–29], by 

chiral ligand exchange chromatography [30–32] or by chiral gas chromatography after 

derivatization [33]. However, the detection problem is not overcome by most of those 
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techniques and in addition those stationary phases are relatively expensive. The key step 

therefore was to find an appropriate derivatization reaction that allowed for the detection and 

separation of the D- and the L-isomer of aspartic acid. A suitable derivatizing reagent with 

excellent characteristics for capillary electrophoretic separation coupled to laser induced 

fluorescence (LIF) detection is 3-(4-carboxybenzoyl)quinolone-2-carboxaldehyde (CBQCA) 

[34–37] (see Fig. 1) or naphthalene-2,3-dicarboxaldehyde [38]. The reactions lead to highly 

fluorescent derivatives easy to separate by means of CE. 

 

Fig. 1. Overview of magnesium bis(hydrogenaspartate) dihydrate synthesis, related substances and 

derivatization reactions; CBQCA, 3-(4-carboxybenzoyl)quinolone-2-carboxaldehyde; NAC, N-acetyl-L-

cysteine; OPA, o-phthaldialdehyde. 

 

The aims of this study were to evaluate the D-aspartic acid content in two active 

pharmaceutical ingredient (API) batch samples and three drug products obtained from the 

local market. Additionally, the reasons for elevated D-aspartic acid concentration were 

elucidated. For those purposes a robust CE separation of CBQCA derivatives using 

(2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) as chiral selector was developed. The 

separation of diastereomeric o-phthaldialdehyde (OPA)/N-acetyl-L-cysteine (NAC) 

derivatives of aspartic acid (see Fig. 1) by means of an achiral HPLC separation [39] was 

elaborated as an orthogonal method in order to verify the CE results. The highly fluorescent 

isoindoles were detected by fluorescence detection (FLD) with excellent sensitivity (LOQ = 

0.006 %) and repeatability. 
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2. Experimental 

2.1. Chemicals and materials 

The magnesium aspartate dihydrate batch samples and L-aspartic acid were obtained 

from the European Directorate for the Quality of Medicines & HealthCare (EDQM) 

(Strasbourg, France). Magnaspart® 20 powder, Magnerot® A 500 granulate and Magnesium 

Verla® effervescent tablets were bought from a local pharmacy. HPLC grade acetonitrile, 

methanol, ammonium acetate and sodium hydrogen carbonate were purchased from VWR 

International S.A.S. (Fontenay-sous-Bois, France), hydrochloric acid 37 %, (2-

hydroxypropyl)- β-cyclodextrin with average MW = 1380 g/mol (HP-β-CD), sodium 

tetraborate decahydrate, acetic acid ≥ 99.9 %,ammonium formate, hydrochloric acid 37 %, 

HYDRANAL®-Titrant 5, HYDRANAL®-Solvent, N-acetyl-L-cysteine (NAC) 99 %, L-glutamic 

acid > 99.5 %, magnesium oxide, magnesium carbonate, magnesium hydroxide and o-

phthaldialdehyde (OPA) from Sigma–Aldrich Chemie GmbH (Steinheim, Germany), D-

aspartic acid from Alfa Aesar (Karlsruhe, Germany), L-aspartic acid, disodium hydrogen 

phosphate dihydrate, sodium dihydrogen phosphate monohydrate, formamide, Acilit®, 

Neutralit® and Alkalit® indicator paper for pH measurement (catalog number: 109565) from 

Merck KGaA (Darmstadt, Germany), dimethyl sulfoxide 99.9 % from Acros Organics (Geel, 

Beglium), CBQCA and potassium cyanide from Molecular Probes (Eugene, Oregon, USA), 

2-propanol ≥ 99.7 % from Bernd Kraft GmbH (Duisburg, Germany). All chemicals used were 

of analytical grade or even better. Ultrapure water was produced using the “MilliQ Synthesis” 

water purification system by Merck Millipore (Schwalbach, Germany). HPLC columns tested 

during method development are summarized in Table 1. 

Table 1  
Overview of stationary phases screened during method development 

phase brand name manufacturer dimensions 

PH Nucleodur
®
  

Phenyl-Hexyl 
Machery-Nagel GmbH & Co. KG, 
Düren, Germany 

150 x 4.6 mm i.d., 3 µm 

C18 Luna
®
 C18 Phenomenex, Aschaffenburg, 

Germany 
100 x 4.6 mm i.d., 3 µm 

C12 Synergi
®
 MAX-RP Phenomenex, Aschaffenburg, 

Germany 
150 x 4.6 mm i.d., 4 µm 

C8 Nucleodur
®
 C8ec Machery-Nagel GmbH & Co. KG, 

Düren, Germany 
150 x 4.6 mm i.d., 3 µm 

C4 Beta-Basic-4
®
 Thermo Fisher Scientific Inc. Waltham 

MA, USA 
250 x 4.6 mm i.d., 5 µm 

C1 YMC-Pack
®
 TMS YMC Europe GmbH, Dinslaken, 

Germany 
100 x 4.6 mm i.d., 5 µm 
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2.2. Instrumentation 

All CE separations were performed by means of a Beckman Coulter P/ACE System 

MDQ (Fullerton CA, USA), equipped with a LIF-detector using an argon-ion-laser The fused-

silica capillaries (BGB Analytik, Schloßböckelheim, Germany) employed for the analysis of 

magnesium aspartate samples after derivatization with CBQCA were of 75 µm internal 

diameter and effective length of 40.0 cm (total length of 50.2 cm). All HPLC separations were 

carried out using an Agilent 1200 modular chromatographic system consisting of online 

vacuum degasser, binary pump, thermostatted auto sampler, thermostatted column 

compartment, a photodiode array detector and a fluorescence detector (Agilent 

Technologies, Waldbronn, Germany). Water content was determined by means of a 

TitroLine® KF (Schott Instruments, Mainz, Germany) automatic titration system. The optical 

rotation was determined using a PerkinElmer 241 Polarimeter equipped with a thermostatted 

cuvette, 1 dm in length (PerkinElmer, Waltham MA, USA). 

2.3. Capillary electrophoretic procedure 

For the first method development attempts with borate buffer, the derivatized samples 

were loaded by pressure injection (6.89 kPa) for 5 s on the anode side. Separation was 

carried out with the following running buffers: 500 µM HP-β-CD were dissolved in 0.5, 1.0, 

1.5, 2.0 or 2.5 mL DMSO and 5.0 mL of a 70 mM disodium tetraborate decahydrate solution, 

previously adjusted to pH 9.3 with 0.1 M sodium hydroxide solution. The resulting solution 

was diluted to 10.0 mL with water and filtrated (0.22 µm PVDF-filter) prior to use. The 

capillary was kept at 20 °C. Separation was achieved at a voltage of +30 kV (current 

approximately 60 µA) with LIF detection at λexc= 488 nm and λem= 520 nm (fix band pass 

filter). 

The separation method with phosphate buffer used pressure injection (6.89 kPa) for 

10 s on the anode side, the running buffers consisted of 100, 150, 180 and 200 µM of HP-β-

CD, respectively,1.8 mL of DMSO and 3.0, 4.0 or 5.0 mL of a 0.1 M phosphate buffer pH 7.0, 

7.5 or 8.0 subsequently diluted to 10.0 mL with water. The final separation buffer was 

composed of 180 µM of HP-β-CD, 1.8 mL of DMSO and 5 mL 0.1 M phosphate buffer pH 7 

subsequently diluted to 10.0 mL. The capillary was kept at 25 °C and a voltage of +20 kV 

applied (current approximately 80 µA) with LIF detection at λexc= 488 nm and λem= 520 nm 

(fix band pass filter). New capillaries were conditioned by rinsing with 1 M NaOH (10 min, 

206 kPa) followed by water (10 min, 206 kPa) and running buffer (180 s, 138 kPa). Between 

runs the capillaries were rinsed with 0.1 M NaOH (60 s, 206 kPa) followed by water, 

2-propanol, water and running buffer (each 120 s, 206 kPa). Constant migration times were 

observed throughout the studies. 
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2.3.1. Preparation of solutions 

0.1 M phosphate buffer pH 7.0/7.5/8.0: A 17.8 g/L solution of disodium hydrogen 

phosphate dihydrate was added to a 13.8 g/L solution of sodium dihydrogen phosphate 

monohydrate until the pH was 7.0, 7.5 and 8.0, respectively. Preparation of the CBQCA 

reagent: 5 mg of CBQCA were dissolved in 1.64 mL of DMSO. The internal standard solution 

was prepared by dissolving 40.0 mg of L-glutamic acid in 0.3 mL sodium hydroxide solution 

(1 M) and dilution to 10.0 mL with water. For the spiking solution, 40.0 mg of D-aspartic acid 

were dissolved in 0.3 mL sodium hydroxide solution (1 M) and diluted to 10.0 mL with water. 

Preparation of the reference solution for the correction factor: 6.4 mg of L-aspartic were 

dissolved in 0.1 M phosphate buffer solution pH 7.0 and spiked with 10 µL of internal 

standard solution, 10 µL of spiking solution and eventually diluted to 5.0 mL with 0.1 M 

phosphate buffer solution pH 7.0. The resolution due to the peaks of L- and D-aspartic acid 

was determined from a resolution reference solution containing 4 mg L- and 4 mg of D-

aspartic acid in 10.0 mL of 0.1 M phosphate buffer pH 7.0. Preparation of test solutions: 8.0 

mg of the substance to be examined and 10 µL of the internal standard solution were dis-

solved in and diluted to 5.0 mL with 0.1 M phosphate buffer solution pH 7.0. 

2.3.2. Derivatization procedure 

0.20 mL of the test or the reference solution were diluted to 10.0 mL with 0.1 M 

phosphate buffer pH 7.0. 20 µL of the dilutions were added to 40 µL of a 0.65 g/L solution of 

potassium cyanide and thoroughly mixed after addition of 20 µL of the CBQCA reagent. After 

1, 2, 3, 4, 5, 6 or 24 h reaction time at room temperature protected from light, 120 µL of water 

were added to the mixture which was then mixed and subjected to CE analysis. 

2.4. Chromatographic procedure 

A column with pentafluorophenyl modification: Kinetex® PFP (150 × 4.6 mm i.d.; 

particle size: 2.6 µm; pore size: 100 Å, Phenomenex, Aschaffenburg, Germany) was used as 

a stationary phase. The chromatographic system was operated isocratically at 10 °C using a 

mobile phase composed of an aqueous ammonium acetate solution (50 mM, pH adjusted to 

5.0 with glacial acetic acid) and acetonitrile (1000:50, V/V) applying a flow-rate of 1.0 

mL/min. The column was flushed after every run with a mixture of acetonitrile and water 

(70:30 V/V) for 10 min at 1.0 mL/min. The fluorescence detector was set to an excitation 

wavelength of 345 nm and the emission was recorded at 445 nm. The injection and 

derivatization was done by an injector program described under Section 2.4.2. 
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2.4.1. Preparation of solutions 

OPA reagent solution: 15 mg of o-phthaldialdehyde were dissolved in 2.0 mL of a 4.2 

g/L solution of NaHCO3 and stored at 8 °C in the auto sampler within an amber glass vial. 

The NAC buffer was a solution containing 18 g/L NAC and 26 g/L NaHCO3, degassed by 

sonication and stored at 4–8 °C. Reference solution: 5.0 mg of L-aspartic, 5.0 mg of L-

glutamic and 5.0 mg D-aspartic acid were dissolved in and diluted to 10.0 mL with a 4.2 g/L 

solution of NaHCO3 and diluted again 1:100 with the same solvent. 0.1 mL of this solution 

was diluted to 1.0 mL with NAC buffer. 

The internal standard (IS) solution was a 0.1 mg/mL solution of L-glutamic acid in a 

4.2 g/L solution of NaHCO3. For the API sample test solution 10.0 mg of magnesium 

aspartate dihydrate or 8.0 mg of L-aspartic acid and 0.1 mL of IS solution were dissolved in a 

4.2 g/L solution of NaHCO3 and diluted to 10.0 mL with the same solvent. This stock solution 

was subsequently diluted 1:4 with NAC buffer before injection. The drug product test solution 

was prepared by dissolution of an amount of the drug product equal to 10.0 mg of 

magnesium aspartate dihydrate and 0.1 mL of IS solution in a 4.2 g/L solution of NaHCO3 

and subsequent dilution to 10.0 mL with the same solvent. This stock solution was finally 

filtrated (0.22 µm cellulose acetate) and diluted 1:4 with NAC buffer before injection. 

2.4.1. Derivatization procedure 

The auto sampler drew 2 µL of OPA reagent solution, then test or reference solution, 

and subsequently OPA reagent solution again, mixed the 6 µL by up- and down-movement 

of the syringe cylinder with a speed of 100 µL/min and a volume of 2 µL. The derivatives 

were injected after 3, 4, 5, 6, 7, 8, 9 and 10 min reaction time, respectively. 

2.5. Determination of water by Karl-Fischer (KF) titration 

125 mg of magnesium aspartate dihydrate were dissolved in 10.0 mL of formamide 

by sonication and diluted to 25.0 mL with anhydrous methanol. 20.0 mL of this solution were 

diluted with the HYDRANAL®-solvent for KF and titrated with methanolic iodine solution 

(HYDRANAL®-Titrant 5) using biamperometric endpoint detection. A blank titration was 

performed. 

2.6. Determination of the specific rotation 

0.5 g of magnesium aspartate dihydrate were dissolved in 5 mol/L hydrochloric acid, 

spiked with 0, 250, 500, 750, 1000 and 1250 µL of a 20 mg/mL solution of D-aspartic acid in 

5 M hydrochloric acid and diluted to 25.0 mL with the same acid. The optical rotation of this 
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solution was determined using the D-line of the sodium-vapor lamp spectrum (589.3 nm) at 

20 °C. The specific rotation was calculated for the anhydrous substance. 

2.7. Racemization studies 

2.7.1. Synthesis variation using different magnesium species 

The magnesium salt of aspartic acid is produced by neutralization of aspartic acid 

from different sources (one batch already contaminated with D-asp) with MgO, MgCO3 or 

Mg(OH)2 [40]. 37.6 mmol of L-aspartic acid and 18.8 mmol of either magnesium salt were 

dispersed in 20 mL of water (pH of the cold suspension approx. 7–8). The mixture was 

heated until the solids were dissolved (approx. 60–70 °C), the pH of the solution adjusted to 

6 with L-aspartic acid at room temperature using indicator paper and immediately cooled 

down in an ice/sodium chloride mixture. After addition of 100 ml of cold 2-propanol, a syrup-

like precipitate was formed and separated from the solution. The syrup was dried under 

reduced pressure (11 mbar) at 50 °C for 2 h yielding a white substance that was ground in a 

mortar and dried for another 24 h. 

2.7.2. Synthesis variation exposing aspartic acid to acidic pH 

37.6 mmol of L-aspartic acid (already contaminated with D-aspartic acid) were 

dispersed in 20 mL of water and heated (pH of the cold suspension approx. 3; 100 °C) for 30 

and 60 min, respectively, before 18.8 mmol of Mg(OH)2 were added. The mixture was then 

further heated until the solids were dissolved and treated as described in Section 2.7.1. 

2.7.3. Synthesis variation exposing aspartic acid to alkaline pH 

18.8 mmol of L-aspartic acid and 18.8 mmol of Mg(OH)2 were dispersed in 20 mL of 

water and heated (pH of the cold suspension approx. 9; 100 °C) for 30 and 60 min, 

respectively, before another 18.8 mmol of L-aspartic acid were added. The mixture was then 

further heated until the solids were dissolved, and treated as described in Section 2.7.1. 

2.8. Data processing 

Electropherograms were processed using Beckman 32 Karat® Software 8.0 by 

Beckman Coulter, Inc. (Fullerton, CA, USA). Chromatograms were analyzed by Agilent 

ChemStation® Rev. B.03.02 (Agilent Technologies, Waldbronn, Germany). All experimental 

results were evaluated using STATISTICA® 8.0 by StatSoft Inc. (Tulsa OK, USA) and 

Microsoft Excel®2010 by Microsoft Corp. (Redmont WA, USA). 
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3. Results and discussion 

3.1. Capillary electrophoresis 

3.1.1. Method development 

For a sensitive detection the aspartic acid enantiomers were derivatized with CBQCA 

according to a standard protocol elaborated by Novatchev et al. [34, 36]. The conversion with 

CBQCA was done at pH 7 with a 50 fold molar excess in order to gain quantitative 

derivatization in a comparatively short time. The D-aspartic acid corrected peak area and 

peak height after 1, 2, 3, 4, 5 and 6 h were determined. As can be seen from Fig. 2, the 

reaction was complete after 3 h and the derivatives were stable for at least 24 h (stored at 

8 °C). The separation method was developed using a common borate buffer showing a low 

current at high voltage. The resolution between the enantiomeric derivatives was not 

sufficient with a standard 37.5 mM disodium tetraborate decahydrate solution (pH 9.3) 

containing 10 mM β-cyclodextrin as running buffer. Thus, HP-β-CD at a concentration of 50 

mM was chosen, because this chiral selector exhibits an improved solubility and an 

increased possibility of interactions with the derivatives. By means of HP-β-CD the peaks of 

the enantiomers were resolved. Further increase in resolution was possible by the addition of 

an organic modifier cf. [41]. Since the test solution contained 10% V/V of DMSO, this solvent 

was added to the running buffer as an organic modifier in order to increase the viscosity [42], 

and to decrease the relative permittivity of the buffer [43] and the zeta potential of the 

capillary wall, thus enhancing the selectivity [44]. Reducing the electroosmotic flow and along 

with that favoring the electrophoretic mobility of the negatively charged derivatives resulted in 

a higher number of theoretical plates and better resolution: At 25% V/V DMSO a very high 

resolution (typically greater than 9) was achieved in a comparatively long run time (see  

Fig. 3). 

 

Fig. 2. Overlay of electropherograms of a sample containing 0.1 % D-aspartic acid after 1, 2, 3, 4 and 

5 h derivatization time. The peak height due to the D-aspartate derivative reaches the maximum after 

3 h. 
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Fig. 3. The effect of the DMSO concentration on the capillary electrophoretic separation of the 

enantiomeric derivatives of D- and L-aspartic acid; conditions: BGE: 50 mM, HP-β-CD, 37.5 mM, 

sodium tetraborate decahydrate pH 9.3 and the displayed percentage V/V of dimethyl sulfoxide, fused 

silica capillary, untreated 50.2 cm × 75 µm i.d.; voltage: +30 kV; temperature: 20 °C; detection: LIF 

with λex= 488 nm and λem= 520 nm at 40 cm. 

 

In order to avoid the genotoxic borate additive, a CE separation using a sodium 

phosphate buffer and L-glutamic acid as an internal standard was developed based on the 

aforementioned findings. A design of experiments (DOE) based approach was used to deter-

mine the optimal separation parameters. By means of a three-level full factorial design [45] 

investigating buffer pH (7.0 and 8.0), buffer salt concentration (30 and 50 mM) and 

cyclodextrin concentration (10 and 20 mM) (n = 8) using the resolution between L- and 

D-aspartic acid as response, the optimal electrophoretic conditions were identified: A high 

resolving (resolution > 4) separation was achieved with 18 mM HP-β-CD, 50 mM sodium 

phosphate buffer pH 7.0 and 18 % V/V DMSO (see Fig. 4). The predicted resolution for those 

parameters (4.6) in this model was close to the real resolution (4.5). The robustness of the 

separation is given by the experiment design: The influence of the method parameters on the 

separation is displayed in the contour plots and the pareto chart derived from those 

experiments (Fig. 5). The dark red areas of the contour plots mark the regions where a 

variation in method parameters always yields a resolution of more than 4. The arrows 

indicate the optimized method parameters. As expected, the buffer and cyclodextrin 

concentration had the greatest impact on the resolution whereas pH 7 was advantageous 

compared to higher pH, because the resulting current and joule heating, leading to band 

broadening, was minimal. 

The quantification was done by means of an internal standard (L-glutamic acid) using 

the corrected area. The corrected area of D-aspartic acid had to be multiplied by the 

correction factor of 1.8 because we found different fluorescence yields for the derivatives due 
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to D-aspartic acid and L-glutamic acid at 520 nm, possibly due to the proximity of the 

β-carboxylate to the fluorophore in the aspartic acid derivative resulting in partial 

fluorescence quenching. The correction factor was determined in the presence and in the 

absence of L-aspartic acid (50- and more than 16,000-fold molar excess of CBQCA 

compared to the total amino acid concentration) excluding the possibility of an incomplete 

derivatization. 

3.1.2. Method validation 

The linearity was determined over the range of 0.1–0.5 % D-aspartic acid spiked to a 

magnesium aspartate batch sample containing approx. 0.1 % D-aspartic acid. The coefficient 

of determination was found to be higher than 0.995 (R2= 0.9994). The accuracy was 

determined using another batch sample spiked from 0.1 to 0.5 %. The recovery rates ranged 

from 87 to 90 % (RSD < 1.5 % n = 2). The intermediate precision was tested on an API batch 

sample containing 0.11 % D-aspartic acid (RSD < 10 %, n = 6). The LOQ (S/N of 10) was 

found to be 0.03 % determined via a successive addition of D-aspartic acid to a blank 

solution until the S/N ratio reached 10. 

 

Fig. 4. Representative electropherogram obtained from a test solution (CBQCA derivatives) – 

migration order: L-glutamic acid (IS), L-aspartic acid, D-aspartic acid (D-Asp = 0.11 %); electrophoretic 

conditions: BGE: 18 mM, HP-β-CD 18 % V/V DMSO and 50 mM phosphate buffer pH 7.0, fused silica 

capillary, untreated 50.2 cm × 75 µm i.d.; voltage: +20 kV; temperature: 25 °C; detection: LIF with 

λex= 488 nm and λem= 520 nm at 40 cm. 

 

3.2. Chromatographic method 

3.2.1. Method development and optimization 

The separation method development was based on previous work by Aswad [39] and 

optimized regarding resolution and limit of detection (LOD). They used an isocratic elution 

protocol with 50 mM sodium acetate pH 5.9 and 8 % V/V methanol in combination with an 

octadecyl-modified silica gel column.  
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Fig. 5. Contour plots for the resolution between the peaks due to D-asp and L-asp as a function of pH, 

buffer salt and cyclodextrin concentration – A: pH is constant at 7.5; B:cyclodextrin concentration is 

constant at 15 mM; C: buffer salt concentration is constant at 40 mM; D: Effects on the nominal 

resolution; the buffer pH had to be reduced to increase the resolution, whereas cyclodextrin and buffer 

concentration need to be increased for a higher resolution; a combined effect for buffer pH and salt 

concentration was observed. 

 

Seven available reversed phase columns with different polarities (see Table 1) were 

screened for method development using two mobile phases of approximately equal elution 

power and the same pH: 50 mM ammonium formate pH 5.0 with 5 % V/V acetonitrile and 

with 8 % V/V methanol, respectively (see Table 2). The highest selectivity (α) was obtained 

with an endcapped C8 and a pentafluorophenyl (PFP) stationary phase whereas the phenyl-

hexyl phase yielded the highest capacity factors (k’) for both peaks. The PFP phase was 

chosen because of its high selectivity, reasonable capacity factor and sharp peak form 

(compared to the C8 column) resulting in a lower LOD. Acetonitrile (MeCN) as organic 

modifier was chosen to lower the backpressure (still approx. 300 bars) due to the lower 

viscosity in comparison to methanol–water mixtures [46]. 

The method performance was explored by a DOE based approach: Column 

temperature (10 ± 2 °C), acetonitrile concentration (5 ± 2 % V/V), and buffer pH (5.0 ± 0.5) 

were modified (two at the same time) and the resolution between the diastereomeric 
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compounds was observed. The optimal conditions were found to be: 50 mM ammonium 

acetate buffer pH 5.0 and 5 % V/V acetonitrile (see Fig. 6). In fact, the resolution and the 

design space regarding pH robustness were greater with only 3 % V/V acetonitrile, but also 

increased peak width caused a decrease in S/N ratio. This deficit of robustness was 

deliberately chosen in favor of a higher sensitivity. Critical for the separation were pH (±0.2 

pH units tolerated) and acetonitrile concentration (±1 % V/V tolerated). The impact of the 

temperature was negligible. As long as the method parameters only vary within the red to 

orange areas in the contour plots (see Fig. 7A–C), the resolution is sufficient for the 

quantitative determination of D-aspartic acid. The final separation conditions are marked by 

arrows.  

Table 2  
Results of the stationary phase screening experiments 

phase 
 

50 mM NH4HCOO pH 5.0 -  
MeOH (92:8 V/V)   

50 mM NH4HCOO pH 5.0 -  
MeCN (95:5 V/V) 

k'D-Asp k'L-Asp α   k'D-Asp k'L-Asp α 

C1 1.25 1.40 1.12 
 

1.16 1.33 1.14 
C4 3.23 3.94 1.22 

 
7.31 8.55 1.17 

C8 3.92 5.27 1.35 
 

2.89 3.82 1.32 
C12 9.52 12.51 1.31 

 
6.86 8.52 1.24 

C18 12.02 15.39 1.28 
 

5.42 6.74 1.24 
PH 12.80 17.01 1.33 

 
8.67 10.69 1.23 

PFP 3.86 5.23 1.36 
 

2.06 2.70 1.31 

 

In order to avoid the sodium tetraborate buffer applied by Aswad [39] in the 

derivatization step, a hydrogen carbonate buffer was used. Phosphate buffer was no option, 

because OPA derivatives are known to be unstable in the presence of phosphate ions [47]. 

For reproducibility reasons the derivatization was automated and took place in the auto 

sampler which drew sample and reagent from prepositioned vials, mixed the components in 

the needle, let the components react for 9 min (see Fig. 7D) and injected the derivatives. 

Besides the formation of diastereomeric derivatives, the use of NAC as thiol component also 

led to a higher fluorescence yield and improved stability of the derivatives compared to 

2-mercaptoethanol [48, 49] which is very commonly used for this purpose. Again L-glutamic 

acid was chosen as an internal standard. The peak area of D-aspartic acid had to be 

multiplied by the correction factor 1.1 since different response factors for the derivative due 

to D-aspartic and L-glutamic acid (calculated from the ratio of the calibration curve slopes) 

were found in the experiments. 
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Fig. 6. Representative chromatogram obtained from an API test solution (OPA derivatives) – elution 

order: D-aspartic acid (0.08 %), L-aspartic acid, L-glutamic acid; chromatographic conditions: Mobile 

phase 50 mM ammonium acetate pH 5.0: acetonitrile (1000:50, V/V); flow rate = 1.0 mL/min; column: 

Phenomenex Kinetex
®
 PFP 150 × 4.6 mm 2.6 µm; temperature: 10 °C; detection: FLD with λex= 345 

nm and λem= 445 nm. 

 

Fig. 7. Contour plots for the resolution between the peaks due to D-asp and L-asp as a function of pH, 

temperature and acetonitrile concentration; A: temperature is constant at 10 °C; B: pH is constant at 

5.0; C: acetonitrile concentration is constant at 5 % V/V; D: The derivatization reaction time plotted vs. 

the resulting peak area; The optimal response was observed after 9 min. 
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3.2.1. Method validation 

The method was linear (R2= 0.9992 over 0.1–0.5 % D-asp spiked to a batch sample), 

accurate over the same range (recovery rate ranging from 98 to 114 % with max. RSD 

< 2 %, n = 3) and precise (RSD = 1.8 %, n = 6). LOQ was determined at the S/N ratio of 10 

as described in Section 3.1.2 and found to be 60 ng/ml (equal to 0.006 %). 

3.3. Impurity profiling 

Two API batch samples and three drug products (one batch each) obtained from a 

local pharmacy were analyzed by means of those methods. The D-asp concentration found in 

the drug product samples ranged from 0.03 to 0.12 % whereas the API batch samples 

contained 0.08 and 0.11 % of D-aspartic acid. The D-aspartic acid concentration in two 

L-aspartic acid samples (obtained from the EDQM) was below or equal to 0.03 % (see  

Table 3). 

3.4. Specific rotation 

The specific optical rotation (2.6) of the magnesium aspartate dihydrate received from 

the EDQM and synthesized within this study (see below) was determined in hydrochloric acid 

(5 M). The same samples were spiked with D-aspartic acid followed by the determination of 

the specific optical rotation. The specific rotation of all unspiked batch samples is within the 

monograph limits (+22.0 to +24.0) although they contain up to 0.7 % D-aspartic acid. Thus, 

the test is unable to discover concentrations of the D-enantiomer below 1 % (see Fig. 8 and 

Table 3). 

 

Fig. 8. Mg aspartate (0.03 % D-asp) was spiked with five different concentrations of D-aspartic acid 

and the specific optical rotation was determined (n = 3); the horizontal lines indicate the specification 

limits of the monograph. 
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3.5. Racemization studies 

In order to find out the reason for the possible elevated D-aspartic acid levels in the 

magnesium aspartate dihydrate samples, the salt was synthesized using MgCO3, Mg(OH)2, 

and MgO, respectively, and two different batches of L-aspartic acid (Section 2.7.1). In no 

case elevated D-aspartic acid levels were found (see Fig. 9). The amount of D-aspartic acid 

found in the salt mirrored the level of the D-enantiomer in the starting material. However, the 

concentration of D-aspartic acid in the product was even lower than in the starting material 

due to dilution with magnesium and water of crystallization. 

Erbe and Bruckner [50] previously described the racemization of aspartic acid in 

vinegar and dilute acetic acid. They explained this behavior with the formation of a cyclic 

enolate at a pH close to the isoelectric point (IEP) of 2.8 (see Fig. 1). To prove this 

hypothesis various batches of L-aspartic acid already containing variable amounts of 

D-enantiomer were dissolved in boiling water resulting in a pH of approx. 3. After dissolution 

a magnesium salt, Mg(OH)2, was added in order to increase the pH to 6 (Section 2.7.2). The 

later Mg(OH)2 was added to the 100 °C hot solution, the higher was the increase in the 

D-enantiomer content (Fig. 9). Since amino acids are known to undergo racemization at 

alkaline pH, L-aspartic acid was exposed to a pH of 9 for 30 and 60 min (Section 2.7.3); here 

a very slight increase in the D-enantiomer concentration was found only (Fig. 9). However, 

the ratio of Mg(OH)2 and L-aspartic acid is here 1:1 instead of 1:2 so that these conditions do 

not lead to magnesium aspartate with the correct stoichiometry. Thus, alkaline pH is very 

unlikely to occur during the synthesis. All these experiments confirm the findings of Steinberg 

et al. [51] that the racemization rate of free aspartic acid at intermediate acidic pH is by far 

higher than at neutral or alkaline pH. Thus, high levels of D-aspartic acid in the API 

magnesium-L-aspartate are caused by the wrong synthesis procedure. Consequently, the 

European Pharmacopeia plans to evaluate and to limit the content of the D-enantiomer. 

3.6. Comparison of the analytical methods 

3.6.1. Sensitivity 

HPLC-FLD with a LOD of 0.003 and a LOQ of 0.006 % D-aspartic acid is a very 

sensitive method. The sensitivity was realized at the cost of robustness and the necessity for 

special HPLC instrumentation capable of pre-column derivatization. Nonetheless, the LOQ of 

0.03 % achieved with the CE method is sufficient for an adequate control (below 0.1 %) of 

the enantiomeric purity. 
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Table 3 
Average results of the performed determinations (n = 2) and specific rotation (n = 3) ± SD 

Substance Source 
Specific optical 

rotation [° mL g
-1

dm
-1

] 
D-Asp by  

HPLC-FLD
a
 

D-Asp by 
CE-LIF

a
 

Mg L-aspartate EDQM +22.60 ± 0.10 0.10 ± 0.00 0.11 ± 0.01 
Mg L-aspartate EDQM +23.11 ± 0.09 0.08 ± 0.00 0.10 ± 0.01 
Mg L-aspartate own synthesis (2.7.1) +22.46 ± 0.09 0.02 ± 0.00 0.03 ± 0.00 
Mg L-aspartate own synthesis (2.7.1) +22.29 ± 0.18 0.16 ± 0.02 0.17 ± 0.02 
Mg L-aspartate own synthesis (2.7.1) +22.97 ± 0.15 0.16 ± 0.00 0.19 ± 0.02 
Mg L-aspartate own synthesis (2.7.2) +22.49 ± 0.14 0.39 ± 0.02 0.40 ± 0.04 
Mg L-aspartate own synthesis (2.7.2) +23.37± 0.21 0.41 ± 0.02 0.42 ± 0.04 
Mg L-aspartate own synthesis (2.7.2) +22.86 ± 0.20 0.69 ± 0.03 0.64 ± 0.06 
Mg L-aspartate own synthesis (2.7.2) +22.54 ± 0.21 0.69 ± 0.03 0.67 ± 0.05 
Mg L-aspartate own synthesis (2.7.3) - 0.03 ± 0.00 - 
Mg L-aspartate own synthesis (2.7.3) - 0.03 ± 0.00 - 
Mg L-aspartate own synthesis (2.7.3) - 0.04 ± 0.00 - 
Mg L-aspartate own synthesis (2.7.3) - 0.03 ± 0.00 - 
Magnaspart

®
 20 local pharmacy - 0.12 ± 0.00

b
 - 

Magnerot
®
 A 500 local pharmacy - 0.10 ± 0.00

b
 - 

Magnesium 
Verla

®
 

local pharmacy - 0.03± 0.00
b
 - 

L-aspartic acid EDQM - 0.03± 0.00 < LOQ 
L-aspartic acid EDQM - 0.02± 0.00 < LOQ 
L-aspartic acid Merck KGaA - 0.21± 0.00 - 
a
 in % of the test solutions concentration 

b
 in % of the declared content 

 

 

Fig. 9. The content of D-aspartic acid in the synthesized magnesium aspartate dihydrate samples is 

compared to the concentration of the D-enantiomer in the corresponding starting material. The salt 

was produced from Mg(OH)2, MgCO3, MgO and L-aspartic acid at neutral, acidic and alkaline pH 

(n = 2). 

 

  



Evaluation of enantiomeric purity of magnesium-L-aspartate dihydrate 
J Pharm Biomed Anal 102 (2015) 100-109 

 

91 

3.6.2. Repeatability 

The HPLC method is highly repeatable because of the automated process of 

derivatization and precise sampling procedure. Both methods benefit from the use of an 

internal standard which equalizes dosing, reaction time and, in the case of the CE method, 

migration time imprecision. However, the use of an internal standard is almost obligatory 

since area normalization would not lead to an adequate result because of the poor linearity of 

the fluorescence response over such a wide range. The derivatization step in the CE method 

takes much longer (3 h vs. 9 min) but is easily transferable to any laboratory making it the 

ideal method for a pharmacopeia. 

3.6.3. Deduction 

The quick HPLC method is mostly suitable as a screening procedure with high 

throughput whereas the time consuming CE method is ideal for the Ph. Eur., because it is 

feasible in almost every laboratory able to perform CE-LIF analysis. Nevertheless, most of 

today’s available HPLC instruments are capable of automated pre-column derivatization so 

that many laboratories could perform this test as well. In conclusion both methods have 

proven suitable for the control of the enantiomeric purity of magnesium L-aspartate dihydrate. 

4. Conclusion 

In summary there are two reasons for a high D-aspartic acid concentration in Mg 

aspartate dihydrate: The starting material for the synthesis was already contaminated with 

the D-enantiomer and/or the amino acid was exposed to heat and simultaneously to a pH 

close to its IEP (2.8). Avoiding acidic pH the synthesis of batches with less than 0.03 % of 

the D-enantiomer is possible. Against the background of D-aspartic acid mimicking the action 

of glutamate by activating NMDA receptors [17–20] and interfering with several endocrinal 

and hormonal systems [21–25], the use of racemic magnesium bis(hydrogen-DL-aspartate) 

tetrahydrate appears to be out of date and the chiral purity of magnesium bis(hydrogen-

aspartate)dihydrate should be controlled by a sensitive method to guarantee the quality and 

the safety of the API. The current employed test “specific optical rotation” of the Ph. Eur. is 

not suitable to effectively control the enantiomeric purity of the substance. Either one of the 

herein presented methods is accomplishing this task. The HPLC-FLD method combines high 

sensitivity and a quick determination with very good precision, whereas the CE-LIF method is 

easily transferable to other CE systems because it does not need special instrumentation 

capable of online derivatization, but uses a time consuming manual sample preparation step 

prior to analysis instead. 
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ABSTRACT 

The modern bisphosphonate drug ibandronate sodium, a challenging candidate for 

impurity profiling, was analyzed using high performance liquid chromatography (HPLC) 

combined with corona charged aerosol detection (CAD). Separation was achieved on a 

mixed mode column combining hydrophobic C18 and strong anion exchange retention 

mechanisms using a mass spectrometer compatible volatile mobile phase consisting of 

trifluoroacetic acid and acetonitrile while gradient elution was applied. The method was 

validated following the ICH guideline Q2(R1) and found suitable for the assessment of 

ibandronate’s related substances. The observed CAD-response for all identified impurities 

was linear (R2 > 0.995) over a small concentration range (0.05–0.25) and a quantification 

limit of at least 0.03 % was found. Four batches of two different manufacturers were tested 

by means of the method. None of the batches contained a single impurity above 0.05 %. The 

major impurities of all batches were the synthesis by-products N-desmethyl- and N-despentyl 

ibandronate as well as N,N-dimethyl pamidronate. 

 

 

 

 

Abbreviations: CAD, corona charged aerosol detector; Ph. Eur., European 

Pharmacopoeia; AA, amino acids; API, active pharmaceutical ingredient; EDQM, European 

Directorate for the Quality of Medicines & HealthCare; EIC, extracted ion chromatogram; 

ELSD, evaporative light scattering detector; CLND, chemiluminescent nitrogen detector; 

TFA, trifluoroacetic acid; ICH, International Conference on Harmonisation; LOQ, limit of 

quantitation; MeCN, acetonitrile; R2, coefficient of determination; S/N, signal-to-noise ratio; 

qNMR, quantitative nuclear magnetic resonance spectroscopy. 
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1. Introduction 

First analogs of diphosphate, the so called bisphosphonates, have been developed in 

the middle of the 19th century [1] and were used in the industry as metal chelating agents 

and water softeners [2]. Since their biological effect on bone tissue and osteoclasts was 

discovered in the middle of the 20th century [1, 3, 4] many new structures have been 

developed. Among them are bisphosphonates containing a basic nitrogen atom in the side 

chain and those which do not (see Fig. 1), like the older derivatives: etidronate, clodronate 

and tiludronate. With the introduction of a basic side chain, the potency of the drugs 

increased tremendously because of a modified pharmacology [5, 6]. Important 

representatives are zoledronate, risedronate, alendronate, pamidronate, olpadronate, 

neridronate, incadronate and ibandronate [7–9].  

For a better understanding of the impurity profile, the ibandronate synthesis had to be 

considered. Ibandronate sodium is synthesized by conversion of N-methyl-N-pentyl-β-alanine 

(1) with phosphorus oxychloride, phosphorus pentachloride and phosphorus trichloride, 

respectively, and phosphorous acid, and subsequent neutralization with sodium hydroxide 

(Fig. 2) [10–16] resulting in the α-hydroxy bisphosphonic acid sodium salt. The excess of 

phosphorus oxychloride and phosphorous acid used is transformed to sodium phosphate (3), 

sodium phosphonate (4) and sodium chloride (5) in the neutralization step. The potential 

impurities of the precursor (6, 8, 10) (Fig. 2) are converted to the desmethyl, the despentyl 

and the dimethyl derivative (7, 9, 11) of ibandronate (2), respectively. However, the 

occurrence of the dimethyl derivative (11) was not expected because this impurity’s 

precursor N,N-dimethyl-β-alanine (10) is no possible side product in any known synthesis 

pathway (see Fig. 3) leading to the key intermediate (1) [10–12, 17]. Nevertheless low 

amounts of this compound were detected in all three batches of one manufacturer, maybe 

due to an impure starting material (e.g. methylamine contaminated with dimethylamine). 

Since most of the bisphosphonate compounds and hence their potential impurities 

are lacking a chromophore for UV detection, other detection methods for impurity control are 

required. Those bisphosphonates containing primary or secondary amines in the side chain 

can be detected after suitable derivatization of this moiety [18–20]. However, the tertiary 

amine in ibandronate does not allow for such a reaction. Instead, the non-volatile impurities 3 

and 4, the related substances 7, 9 and 11 as well as the amino acid precursor 1 of 

ibandronate (Fig. 2) can be subjected to particle based detectors like ELSD, CNLSD or CAD 

[21–27]. Due to the known disadvantages of the ELSD when it comes to impurity profiling, 

like non reproducible spike peaks and poor sensitivity [28–30], the CAD was chosen as 

detector because it does not show artefacts and provides better sensitivity. 
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Fig. 1. Bisphosphonate drug substances. 

 

Another challenge in the analysis of the strong acidic very hydrophilic compounds 

was the choice of a suitable stationary phase to achieve acceptable retention. A combination 

of reversed phase HPLC with ELSD using volatile ion-pairing reagents [21] or ion-exchange 

chromatography [24] are known. In order to avoid strong and mostly toxic volatile ion-pairing 

agents like n-amylamine, tributylamine or tripropylamine, a mixed mode column combining 

strong anion exchange with reversed phase properties, which was already applied 

successfully in the analysis of etidronate [22], was chosen. For identification of the impurities 

in the chromatogram, they were synthesized according to Fig. 4. 

2. Experimental 

2.1. Chemicals and reagents 

Ibandronate sodium monohydrate, pamidronate disodium pentahydrate, etidronate 

disodium and clodronate disodium tetrahydrate were obtained from the European Directorate 

for the Quality of Medicines & HealthCare (EDQM) (Strasbourg, France). Diethylcarbonate 

and chloroform were obtained from Fisher Scientific GmbH (Nidderau, Germany) whereas 

HPLC gradient grade acetonitrile was purchased from VWR International S.A.S. (Fontenay-

sous-Bois, France), acetone, ethanol, hydrochloric acid 37 %, N-methyl-N-pentyl-amine, 

methyl acrylate, methylamine solution in ethanol 33 %, dimethylamine solution in ethanol 

33 % and maleic acid standard for quantitative NMR (qNMR) (TraceCERT®), methanol, 

monosodium phosphate anhydrous, phosphorous acid, sulfolane 99 %, trifluoroacetic acid 

were purchased from Sigma–Aldrich Chemie GmbH (Steinheim, Germany). Deuterium oxide 

(99.9 % d-atom) was obtained from Deutero GmbH (Kastellaun, Germany), phosphorous 

oxychloride, hydrogen peroxide 30% from Merck Millipore (Schwalbach, Germany) and 

2-propanol ≥ 99.7 % was purchased from Bernd Kraft GmbH (Duisburg, Germany). All 
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chemicals used for quantification were of analytical grade or even better. Ultrapure water 

was produced by a water purification system from Merck Millipore (Schwalbach, Germany). 

All solutions were filtered through a 0.22 µm PVDF filter supplied by Machery-Nagel GmbH & 

Co., KG (Düren, Germany) prior to use. 

 

Fig. 2. Synthesis of ibandronate sodium (2) from N-methyl-N-pentyl-β-alanine HCl (1); the potential 

impurities in the precursor (6, 8 and 10) lead to the related substances 7, 9 and 11 in the last 

synthesis step, whereas sodium phosphate (3), sodium phosphite (4) and sodium chloride (5) are by-

products of the reaction. [10–12, 14]. 

 

2.2. Apparatus 

The HPLC-CAD experiments were performed on an Agilent 1100 modular 

chromatographic system consisting of online vacuum degasser, binary pump, auto sampler, 

thermostatted column compartment and a photodiode array detector (Agilent Technologies, 

Waldbronn, Germany). The Corona CAD detector (Thermo Fisher, Courtaboeuf, France) was 

linked to the HPLC system by a 0.25 mm internal diameter PEEK capillary and a 0.22 µm 

stainless steel inlet frit. Highly pure nitrogen (99.9 %) for the detector was produced by an 

ESA Nitrogen Generator (Thermo Fisher, Courtaboeuf, France). The inlet pressure (nitrogen) 

was 35.0 psi. The peak areas were integrated automatically using the Agilent ChemStation® 

Rev B.03.02 software program. 
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LC–MS experiments were performed on a LC/MSD Trap G2445D ion trap (Agilent 

Technologies, Waldbronn, Germany) coupled to an Agilent 1100 modular chromatographic 

system consisting of online vacuum degasser, binary pump, thermostatted auto sampler, 

thermostatted column compartment and a photodiode array detector (Agilent Technologies, 

Waldbronn, Germany) via electro spray ionization (ESI) interface. Nebulizer pressure: 50 psi, 

dry gas flow: 12 L/min, dry temperature: 350 °C, capillary voltage 3500 V. IR spectra were 

recorded using a Jasco FT/IR-6100 Fourier transformation infrared spectrometer (Jasco 

Germany GmbH, Gross-Umstadt, Germany) equipped with MIRacleTM single reflection 

horizontal ATR accessory holding a diamond/ZnSe crystal (PIKE Technologies, Madison WI, 

USA). All NMR experiments were carried out on a Bruker Avance® spectrometer (Karlsruhe, 

Germany; 1H 400.132 MHz, 13C 100.613 MHz, 31P 161.977 MHz). The spectra were 

processed using Bruker TopSpin v3.0 software program. 1H NMR experiments were 

performed with 16 scans at a sample spinning frequency of 20 Hz, 300 K and a flip angle of 

30°, whereas 13C nuclei were measured with 1024 scans, 1H broadband decoupling and 

rotation (20 Hz) at 300 K. 31P NMR spectra were recorded with 32 scans at 300 K, a flip 

angle of 30° and 20 Hz sample spinning frequency, 200.44 ppm spectral width, transmitter 

offset at 10 ppm with and without 1H decoupling and the ppm scale calibrated to phosphoric 

acid 85 %. All experiments were carried out with broad band observer (BBO BB-H 5mm) 

probe. The 1H-qNMR experiments were performed using a relaxation delay between two 

scans of 60 s applying a spectral width of 20.55 ppm, the transmitter offset at 6.175 ppm and 

the time domain at 64k. 

 

Fig. 3. Synthesis routes to the key intermediate N-methyl-N-pentyl-β-alanine HCl (1) [10–12, 15, 17]. 
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2.3. Chromatographic procedure 

A mixed mode column SIELC Coresep® SB (150×4.6mm i.d., with a particle size of 

2.7 µm and pore size of 100 Å, SIELC Technologies, Prospect Heights IL, USA) was used as 

stationary phase. The chromatographic system was operated using gradient elution at 25 °C. 

Mobile phase A was ultrapure water while mobile phase B was composed of 15 % v/v MeCN 

containing 15 mmol/L TFA. The flow-rate was set to 1.2 mL/min and CAD detection with the 

filter set to “none” was applied. The injection volume was 10 µL. Gradient: 0–3 min: 30 % B; 

3–10 min: 30–100 % B; 10–17 min: 100 % B. The last isocratic step of the gradient was 

modified for the analysis of etidronate and clodronate: 0–3 min: 30 % B; 3–10 min: 30–100 % 

B; 10–20 min: 100 % B and 0–3 min: 30 % B; 3–10 min: 30–100 % B; 10–30 min: 100 % B, 

respectively.  

 

Fig. 4. Synthesis route to the impurities 1, 7, 9 and 11 according to the general procedure for the 

preparation of α-hydroxy bisphosphonic acids [16]. 

 

The chromatographic conditions for LC–MS were the same as for HPLC–CAD except 

for the flow rate which was set to 1.0 mL/min to match the requirements of the ESI-source. 

The column effluent was subjected to the ESI-source from 2 to 11 min only when running 

sample solutions in order to protect the instrument from high amounts of sodium (eluting at 

1.0 min) and ibandronic acid (at 13.0 min). 

2.3.1. Preparations of solutions 

The test solutions for HPLC–CAD and LC–MS were 20 mg/mL solutions of 

ibandronate sodium monohydrate in water. 1 mg/mL solutions of the impurities (calculated as 

free base or acid, respectively) in water were prepared for spiking the test solutions. For the 

test solutions for linearity 20 mg ibandronate sodium monohydrate were spiked with 10, 20, 

30, 40 and 50 µL of each 1 mg/mL impurity stock solution and diluted to 1.0 mL. The 

reference solutions for quantification contained 0.02 mg/mL of phenylalanine, phosphorous 

acid, sodium dihydrogen phosphate and ibandronate sodium monohydrate, respectively. The 

system suitability solution was composed of 5 mg phenylalanine, 5 mg sodium dihydrogen 

phosphate and 5 mg pamidronate sodium pentahydrate dissolved in 100.0 mL water. All 
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solutions were stored at 4 to 8 °C. A 20 mg/mL solution of ibandronate sodium monohydrate 

in 3 % hydrogen peroxide solution was prepared for the forced degradation experiment and 

kept at room temperature for 5 days. 

2.4. Quantitative NMR spectroscopy 

5 mg of the substance to be examined and 5 mg of maleic acid were dissolved in 

700 µL D2O and immediately subjected to quantitative NMR analysis. After manual phase 

and automatic baseline correction, a suitable signal of the substance to be examined and the 

methine protons singlet of maleic acid as an internal standard at 6.02 ppm (2H) were 

integrated and quantified using the following relationship: 

w(X)= 
MW(X)

MW(IS)
∙

A(X)

A(IS)
∙

m(IS)

m(X)
∙

N(IS)

N(X)
         (1) 

where MW(X) and MW(IS) are the molecular weights in g/mol, N(IS) and N(X) the 

numbers of protons, A(X) and A(IS) are the areas for the selected NMR signals of the 

examined substance (X) and maleic acid (IS), respectively. The masses (weights) in mg of 

maleic acid (IS) and the substance (X) are m(IS) and m(X). The purity of the tested 

compound is then expressed by w(X) [31]. 

2.5. Synthesis of the impurities 

2.5.1. N-Methyl-N-pentyl-β-alanine HCl (1) 

The substance was prepared from N-methyl-N-pentyl-amine and methyl acrylate 

according to Junghans and Baetz [11] (105 mg, yield: 9.5 %, purity 99 % qNMR). 1H-NMR 

(D2O) δH (ppm) 0.84 (m, 3H, H3C-(CH2)4N-), 1.3 (m, 4H, H3C-(CH2)2-(CH2)2-N-), 1.7 (m, 2H, 

H3C-(CH2)2-CH2-CH2-N-), 2.82 (s, 3H, H3C-(CH2)4-N-CH3) , 2.84 (t, 3JHH = 6.8 Hz, 2H, -N-

CH2-CH2-COOH), 3.04 – 3.18 (m, 2H, H3C-(CH2)3-CH2-N-), 3.25 – 3.54 (m, 2H, -N-CH2-CH2-

COOH) ;13C-NMR (D2O) δC (ppm) 12.98 (H3C-(CH2)4-N-), 21.44 (H3C-CH2-(CH2)3-N-), 23.10 

(H3C-(CH2)2-CH2-CH2-N-), 27.72 (H3C-CH2-CH2-(CH2)2-N-), 28.64 (-N-CH2-CH2-COOH) , 

39.99 (H3C-(CH2)4-N-CH3), 51.23 (-N-CH2-CH2-COOH), 56.63 (H3C-(CH2)4-CH2-N-), 174.08 

(-N-(CH2)2-COOH); ESI-MS (m/z): 174.0 ([M+H]+, found), 174.3 ([M+H]+, calculated); IR (FT): 

ν (cm–1) = 2954 (m), 2644 (m), 1718 (s, C=O), 1468 (m), 1433 (m), 1420 (m), 1405 (m), 1368 

(m), 1296 (m), 1198 (s, C-O), 1153 (m), 992 (m), 850 (m) , 799 (w) , 732 (w) , 653 (m) 
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2.5.2. N-pentyl-β-alanine HCl (6) 

23.18 g (0.2 mol) of pentylamine were dissolved in 20 mL ethanol. 8.6 g (0.1 mol) 

Methylacrylate were dissolved in 75 mL methanol and added drop wise to the solution of 

pentylamine over 1 hour at room temperature. Afterwards, the solvent was removed in 

vacuo, 200 mL of 0.5 M sodium hydroxide were added and refluxed for 1 hour. The aqueous 

phase was extracted 4 times with 25 mL of chloroform to remove the residual pentylamine. 

The chloroform extract was discarded and the pH of the aqueous phase was set to 4.5 with 

hydrochloric acid. Sodium chloride was then precipitated by the addition of methanol. Most of 

the solvent was then removed in vacuo and the hydrochloride 6 precipitated from the solution 

after the addition of acetone upon storage at –20 °C for several days. The compound was 

obtained after recrystallization from acetone/water as white powder (2.0g, yield: 10.2%). 

1H-NMR (D2O) δH (ppm) 0.82 (m, 3H, H3C-(CH2)4N-), 1.29 (m, 4H, H3C-(CH2)2-(CH2)2-N-), 

1.64 (m, 2H, H3C-(CH2)2-CH2-CH2-N-), 2.77 (t, 3JHH = 6.6 Hz, 2H, -N-CH2-CH2-COOH), 3.02 

(m, 2H, H3C-(CH2)3-CH2-N-), 3.27 (t, 3JHH= 6.6 Hz, 2H, -N-CH2-CH2-COOH); 13C-NMR (D2O) 

δC (ppm) 13.01 (H3C-(CH2)4-N-), 21.43 (H3C-CH2-(CH2)3-N-), 24.98 (H3C-(CH2)2-CH2-CH2-N-

), 27.77 (H3C-CH2-CH2-(CH2)2-N-), 30.14 (-N-CH2-CH2-COOH) , 42.76 (-N-CH2-CH2-COOH), 

47.82 (H3C-(CH2)4-CH2-N-), 174.30 (-N-(CH2)2-COOH); IR (FT): ν (cm–1) = 2930 (sb), 2765 

(sb), 2474 (m), 1696 (s, st, C=O), 1438 (m), 1400 (m), 1303 (m), 1226 (m, st, C-O), 1050 (w), 

907 (wb), 799 (w), 731 (w), 680 (w) 

2.5.3. 1-Hydroxy-3-[amino]propane-1,1-diyl bis(phosphonic acid) sodium (7) (pentyl) 

The substance was synthesized from 6, phosphorous acid and phosphorus 

oxychloride following the general procedure for the preparation of α-hydroxy bisphosphonic 

acids published by Kieczykowski et al. [16]. (100 mg, purity 91.4% by qNMR). 1H-NMR (D2O) 

δH (ppm) 0.81 (m, 3H, H3C-(CH2)4N-), 1.28 (m, 4H, H3C-(CH2)2-(CH2)2-N-), 1.61 (m, 2H, H3C-

(CH2)2-CH2-CH2-N-), 2.27 (tt, 3JHH = 6.9 Hz, 3JHP = 13.0 Hz, 2H, -N-CH2-CH2- COH(PO3H)2), 

2.97 (m, 2H, H3C-(CH2)3-CH2-N-), 3.31 (t, 3JHH = 6.9 Hz, 2H, -N-CH2-CH2-COH(PO3H)2); 
13C-

NMR (D2O) δC (ppm) 13.01 (H3C-(CH2)4-N-), 21.46 (H3C-CH2-(CH2)3-N-), 25.30 (H3C-CH2)2-

CH2-CH2-N-), 27.81 (H3C-CH2-CH2-(CH2)2-N-), 29.58 (-N-CH2-CH2-COH(PO3H)2), 44.08 (t, 

2JCP = 7.7 Hz, -N-CH2-CH2-COH(PO3H)2), 47.70 (H3C-(CH2)4-CH2-N-), 72.43 (t, 1JCP = 134.4 

Hz, -N-(CH2)2-COH(PO3H)2); 
31P-NMR (D2O) δH (ppm) 17.04 (t, 3JHP = 13.0 Hz); ESI-MS 

(m/z): 306.1 ([M+H]+, found), 306.1 ([M+H]+, calculated) 304.8 ([M-H]-, found), 304.1 ([M-H]-, 

calculated); IR (FT): ν (cm–1) = 2956 (m), 1603 (w), 1455 (w, δ, C-H), 1391 (w), 1331 (w), 

1153 (s, st, P=O), 1080 (m), 1012 (sb, st, P=O), 926 (sb, st, P–O), 900 (s, st, P–O), 768 (m), 

676 (m) 
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2.5.4. N-Methyl-β-alanine HCl (8) 

The methyl ester of 8 was prepared from methylamine and methyl acrylate according 

to Lv et al. [32]. The methyl ester was then directly converted into 8 without further 

purification according to Blower et al. [33] (4.4g, yield: 31.5%). 1H-NMR (D2O) δH (ppm) 2.79 

(s, 3H, -HN-CH3) , 2.87 (t, J = 6.4 Hz, 2H, -N-CH2-CH2-COOH), 3.35 (t, J = 6.44 Hz, 2H, -N-

CH2-CH2-COOH);13C-NMR (D2O) δC (ppm) 29.99 (-N-CH2-CH2-COOH) , 33.02 (-HN-CH3), 

44.48 (-N-CH2-CH2-COOH), 174.28 (-N-CH2-CH2-COOH); IR (FT): ν (cm–1) = 3073 (sb), 2832 

(sb), 1731 (s, st, C=O), 1556 (m, δ, N-H), 1465 (m), 1454 (m), 1428 (m), 1402 (m), 1350 (m), 

1289 (m), 1188 (m, st, C-O), 1157 (m), 1074 (w) , 1025 (m) , 952 (w) , 886 (m), 757 (m) 

2.5.5. 1-Hydroxy-3-[amino]propane-1,1-diyl bis(phosphonic acid) sodium (9) (methyl) 

The substance was prepared from 8, phosphorous acid and phosphorus oxychloride 

according to Blower and Rafael [33] and the general procedure for the preparation of 

α-hydroxy bisphosphonic acids (Kieczykowski et al. [16]) (340 mg, purity: 92.5% free acid by 

qNMR). 1H-NMR (D2O) δH (ppm) 2.27 (tt, 3JHH = 6.8 Hz, 3JHP = 12.6 Hz, 2H, -N-CH2-CH2-

COH(PO3H)2), 2.66 (s, 3H, -HN-CH3), 3.3 (t, 3JHH = 6.8 Hz, -N-CH2-CH2-COH(PO3H)2);
13C-

NMR (D2O) δC (ppm) 29.41 (-N-(CH2)2-COH(PO3H)2), 32.81 (H3C-N-), 45.92 (t, 2JCP = 7.5 Hz, 

-N-CH2-CH2-COH(PO3H)2), 72.54 (t, 1JCP = 134.6 Hz -N-(CH2)2-COH(PO3H)2); 
31P-NMR 

(D2O) δH (ppm) 16.95 (t, 3JHP = 12.6 Hz); ESI-MS (m/z): 250.0 ([M+H]+, found), 250.1 

([M+H]+, calculated), 248.0 ([M-H]-, found), 248.1 ([M-H]-, calculated); IR (FT): ν (cm–1) = 

3141 (s), 2716 (m), 1607 (w), 1486 (w), 1466 (w), 1400 (w), 1314 (wb), 1153 (s, st, P=O), 

1082 (m), 1053 (s, st, P=O), 1015 (s, st, P–O), 934 (sb), 901 (s, st, P–O), 867 (m), 775 (w), 

671 (m) 

2.5.6. N,N-Dimethyl-β-alanine HCl (10) 

The methyl ester of 10 was prepared from dimethylamine and methyl acrylate 

according to Annenkov et al. [34]. The methyl ester was then treated without further 

purification as described by Devarajan et al. [35] to obtain the compound 10. (2.1g, yield: 65 

%). 1H-NMR (D2O) δH (ppm) 2.84 (t, J = 6.7 Hz, 2H, -N-CH2-CH2-COOH), 2.87 (s, 6H, -HN-

(CH3)2), 3.38 (t, J = 6.7 Hz, 2H, -N-CH2-CH2-COOH);13C-NMR (D2O) δC (ppm) 28.86 (-N-CH2-

CH2-COOH) , 42.97 (-HN-(CH3)2), 53.15 (-N-CH2-CH2-COOH), 173.95 (-N-(CH2)2-COOH); IR 

(FT): ν (cm–1) = 2964 (sb), 2696 (sb), 1718 (s, st, C=O), 1468 (m), 1421 (m), 1402 (m), 1370 

(m), 1298 (m), 1240 (m), 1197 (s, st, C-O), 1162 (m), 1149 (m), 1010 (w) , 970 (m) , 909 (w) , 

855 (m), 798 (m) 
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2.5.7. 1-Hydroxy-3-[amino]propane-1,1-diyl bis(phosphonic acid) HCl (11) (dimethyl) 

The compound was prepared from 10, phosphorous acid and phosphorus oxychloride 

according to Martin et al. [36] and treated as described by Blower and Rafael [33] to yield the 

hydrochloride (11) instead of the sodium salt of 11. (300 mg, yield 15%, purity: 94.5% by 

qNMR). 1H-NMR (D2O) δH (ppm) 2.32 (tt, 3JHH = 6.9 Hz, 3JHP = 13.0, 2H, -N-CH2-CH2-

COH(PO3H)2), 2.84 (s, 6H, -HN-(CH3)2), 3.41 (t, 3JHH = 6.9 Hz, -N-CH2-CH2-

COH(PO3H)2);
13C-NMR (D2O) δC (ppm) 28.03 (-N-CH2-CH2-COH(PO3H)2), 42.85 ((H3C)2-N-), 

54.47 (t, 2JCP = 7.0 Hz, -N-CH2-CH2-COH(PO3H)2), 72.08 (t, 1JCP = 138.5 Hz -N-(CH2)2-

COH(PO3H)2); 
31P-NMR (D2O) δH (ppm) 16.87 (t, 3JHP = 13.0); ESI-MS (m/z): 264.0 ([M+H]+, 

found), 264.04 ([M+H]+, calculated), 262.0 ([M-H]-, found), 262.02 ([M-H]-, calculated); IR 

(FT): ν (cm–1) = 3128 (m), 2770 (m), 1472 (w), 1380 (w), 1280 (wb), 1154 (s, st, P=O), 1095 

(m), 1059 (s, st, P=O), 1028 (s, st, P–O), 978 (m), 901 (s, st, P–O), 951 (m), 927 (m), 898 

(m), 712 (w), 670 (w) 

3. Results and discussion 

3.1. HPLC method development 

3.1.1. Chromatographic procedure 

Ibandronic acid and its impurities are strong acids hardly retained on conventional 

reversed phases. Moreover, the only difference between the API and the related substances 

is the chain length of the N-alkyl residue demanding for lipophilic interactions for the 

separation. Avoiding the conventional solution, the application of ion-pairing agents, a mixed 

mode column combining reversed phase retention mechanism with strong anion exchange 

moieties was successfully applied for the separation. When operating the column with acidic 

mobile phases, neutral compounds or weak carboxylic acids are retained by the reversed 

phase mechanism whereas hydrophilic strong acidic substances such as olpadronic acid 

(11) are separated by the anion exchange mechanism. Strong acidic compounds also 

containing lipophilic entities, i.e. ibandronic acid, are retained by both mechanisms. The 

method was developed using a column length of 50 mm allowing for short run times and high 

throughput. In order to improve the separation of the precursor (1) from the sodium peak, a 

longer sized column (150 mm) was applied successfully and eventually used for validation 

and batch testing. Different kinds of mobile phase additives and buffers were checked. 

Acidified ammonium formate and acetate buffers within the allowed pH range (1.5–5) of the 

column led to poor peak shapes and thus decreased sensitivity. Only trifluoroacetic acid 

proved strong enough to suppress the dissociation of the strong acidic bisphosphonates. 
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The optimized method comprised a gradient elution (4.5 mmol/L TFA and 4.5 % v/v 

MeCN to 15 mmol/L TFA and 15 % v/v MeCN) after a short isocratic step eluting all 

impurities and the API in less than 20 min using 1.2 mL/min flow rate at 25 °C column 

temperature (see Fig. 5 chromatogram A). 

3.1.2. Sample preparation 

Since the sodium salt of ibandronic acid is highly soluble in water, a concentrated 

sample solution (20 mg/mL) could be prepared allowing for low detection and quantification 

limits. The sample solution was considered stable since no change in peak areas or 

additional peaks were observed after storage of 24 h at room temperature. 

 

Fig. 5. A: Chromatogram obtained from a spiked test solution (0.05 %) of ibandronate; B: 20 mg/mL 

etidronate test solution in H2O; C: 20 mg/mL clodronate test solution in H2O; chromatographic 

conditions see Section 2.3; elution order A: sodium, N-pentyl-N-methyl-β-alanine (1), phosphate (3); 

despentylibandronate (9), olpadronate (11), phosphite (4), desmethylibandronate (7); B: sodium, 

phosphate, etidronate; C: sodium, clodronate. 

 

3.1.3. Peak assignment 

The expected related substances 1, 7 and 9 were synthesized in order to identify the 

peaks in the sample solutions and for the validation. The compound 11 was prepared after 

the batch and LC/MS results were available to confirm the identity of the substance. 
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3.2. Validation of the HPLC method 

The method was validated for impurity profiling with regards to the following 

parameters: specificity, linearity, range, precision, accuracy, LOQ and robustness, following 

the International Conference on Harmonisation (ICH) guideline Q2(R1) [37]. System 

suitability criteria were defined and evaluated. The purpose of this work was to develop a 

method applicable for the Ph. Eur. Since the drug substance is administered in doses of 150 

mg p.o. once a month, 50 mg once a day or 3 mg i.v. once in three months a reporting 

threshold of 0.05 % was applied according to ICH guideline Q3A(R2) [38]. 

Specificity of the method was proven by comparing spiked samples with a blank 

solution and by a forced degradation experiment. The resolution was at least 1.5 for every 

identified impurity peak and every impurity was separated from the main peak, the sodium 

peak, from oxidative degradation products and from each other (see Fig. 5 chromatogram A 

and Fig. 7). 

The linearity and range for all impurities (1, 3, 4, 7, 9, 11) and phenylalanine (external 

reference) were determined by constructing calibration curves from 10 to 50 µg/mL (equal to 

0.05–0.25 %) in spiked test solutions to account for possible interactions with the matrix (e.g. 

sodium or the peak caused by ibandronic acid). The coefficient of determination was at least 

0.997 (see Table 1). 

The LOQ for each identified impurity (1, 3, 4, 7, 9, 11) was calculated from the 

standard deviation and the slope of the calibration curve according to ICH guideline Q2(R1). 

The LOQs calculated were 0.03 % or even less (see Table 1) and the S/Ns at the 

corresponding LOQ was 20 or higher. 

Accuracy was assessed on spiked sample solutions. The recovery rate was 

calculated at 0.05, 0.10 and 0.15 %. The recovery rates were found to be between 81 and 

120 % (n = 3, RSD = 0.30–4.81 %) on each level. The quantification of impurities eluting in 

front of phosphate (3) was done by comparing the phenylalanine peak area as an external 

standard in the reference solution for quantification with the peak area of the impurities 

detected in the sample solution whereas later eluting substances were quantified using the 

phosphite (4) peak in the same reference solution using the correction factors obtained from 

the calibration curve slopes (see Table 1). This procedure was necessary due to the rising 

concentration of organic modifier enhancing the evaporation of mobile phase and thus 

increased response of late eluting compounds. 

Repeatability and precision were determined on a real batch sample and on one 

spiked batch sample, because no batch contained all impurities above the LOQ. The impurity 
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content was measured in sextuple on two different days. The RSD intra-day was between 

0.8 and 1.6 % (n = 6) and inter-day determined on two consecutive days between 0.13 and 

0.49 % (n = 2). 

The sample solutions were stable for at least a day since no additional peaks or 

changes in peak areas after 24 h were noticed in any batch sample. Additional peaks 

between phosphite (4) and desmethylibandronate (7) were detected in forced degradation 

experiments exposing a 20 mg/mL solution of the substance to 3 % H2O2 for 1, 3, and 5 

days. The oxidation products did not interfere with the identified impurities (see Fig. 7). 

Ibandronate was proven stable under other than oxidizing conditions like UV light, acidic and 

basic media (c. ref. [24]). 

 

Fig. 6. A: Chromatogram obtained the test solutions of batch III; A: spiked with 7; B: spiked with 11; 

chromatographic conditions see Section 2.3. 

 

For checking the robustness, the operation parameters were varied in the following 

ranges: temperature ±5 °C, flow rate ±0.1 mL/min, gradient time ±1 min, isocratic part ±1 min 

and the composition during isocratic part ±3 % mobile phase B. A spiked sample solution 

containing all known impurities at 0.05 % and ibandronate sodium at 20 mg/mL was 

analyzed under either condition. None of the selected variations did impair the separation of 

the related compounds (see Fig. 8). 
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For the establishment of a system suitability test, the resolutions between sodium and 

N-methyl-N-pentyl-β-alanine (1) as well as between phosphate (3) and despentylibandronate 

(9) were studied. Sodium is always present in huge amounts, as the API is the sodium salt. 

Thus, the separation of the sodium peak from the precursor (1) had to be ensured. 

Phenylalanine instead of N-methyl-N-pentyl-β-alanine and pamidronic acid instead of 

despentylibandronate were used for the system suitability test, because these substances 

behave very similar on the column and are commercially available at low cost. A resolution of 

at least 10 between sodium and phenylalanine and 4 between pamidronate and phosphate, 

respectively, was found (data not shown). 

 

Fig. 7. A-C Chromatograms obtained from the test solutions of batch I in 3 % H2O2 after 0, 1 and 5 d; 
D: batch III – at least some of the substances eluting between 11 and 7 seem to be degradation 
products; chromatographic conditions see Section 2.3. 

 

3.3. Batch results 

One batch (I) of one manufacturer and three batches (II–IV) of a second supplier 

were screened using the above mentioned method (see Table 1 for results). No impurity 

could be detected in batch I whereas all kinds of impurities, except the key intermediate (1), 

were found in the latter three batches at very low levels (<0.05 %). A tiny unknown peak 

between sodium and phosphate (3) at about 3.0 min, a medium sized unidentified peak in 

front of phosphite (4) at 7.9 min and various other peaks eluting after phosphite were 
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detected (see Fig. 9). LC–MS experiments in ESI-positive and ESI-negative mode were 

conducted in order to identify those substances. 

The compound at 3.0 min in batch II (m/z = 268) was, unlike the bisphosphonates, 

detected by LC–MS in positive mode very sensitively and the fragmentation pattern was 

distinct from them. The substance could be an intermediate of the precursor synthesis bound 

to some kind of protecting group because it also absorbed UV-light at 254 nm making it 

detectable via PDA. Since it was only found in one batch and in a very small amount, this 

issue was not further investigated.  

 

Fig. 8. A: Impact of the flow rate on the separation; B: influence of the mobile phase composition 
during the isocratic step; C: influence of the isocratic step duration; D: impact of the gradient time; 
chromatographic conditions see Section 2.3. 

 

The identification of the unknown substances eluting in all batches of one 

manufacturer (Batches II–IV) by LC–MS revealed at least one other bisphosphonate which 

was not expected: olpadronate (see Fig. 1), also known as N,N-dimethyl pamidronate (11) 

elutes at 7.9 min just in front of phosphite (4). The corresponding m/z values 264 in ESI-

positive mode and 262 in ESI-negative mode were consistent with substance 11 (see Fig. 6). 

The forced degradation of ibandronate in 3 % hydrogen peroxide solution indicated the 

formation of oxidation products, like N-oxide, peroxide compounds, rearranged oxidation 

products, combinations hereof, phosphate (3) and the precursor molecule N-methyl-N-pentyl-
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β-alanine (1) (see Fig. 7). The oxidation products elute between phosphite (4) and 7 showing 

m/z values in ESI-negative mode of 334, 332 and 350, respectively, and thus indicating the 

introduction of one or two oxygen atoms (m/z for ibandronate is 318) and reactions such as 

the elimination of water from the α-hydroxy group. Some of these substances can also be 

found in the batches II–IV in small amounts (see Fig. 10). After 2 weeks in 3 % H2O2, a new 

peak arose at about 2 min. with the m/z value of 190 in ESI-positive mode. It is most likely 

the N-oxide of the precursor (1, m/z 174). This substance was never detected in any batch 

tested. 

 

Fig. 9. Chromatograms obtained from the test solutions of 4 different batches – no impurity was found 
above 0.05 %; chromatographic conditions see Section 2.3. 

 

3.4. Other bisphosphonates 

The method was also found suitable to determine phosphate and phosphite in 

etidronic and clodronic acid if the methods run time was extended to 30 min (see Fig. 5 

chromatogram B and C). 
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Fig. 10. Overlaid EIC of batch III in ESI-negative mode; the substances eluting between 11 and 7 are 
most likely oxidation products of ibandronate (2, m/z 318); chromatographic conditions see Section 
2.3. 
 

4. Conclusion 

A new and robust method for the determination of the related compounds in 

ibandronate sodium monohydrate was developed and validated and new knowledge of 

possible impurities and degradation products of ibandronate was gained during the method 

development and validation. The LC–MS compatibility of the method facilitates identification 

of unknown structures that might be found in future batches produced by new suppliers. 
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ABSTRACT 

The impurity profile of amino acids depends strongly on the production process. Since there 

are many different production methods (e.g. fermentation, protein hydrolysis or chemical 

synthesis) universal, state of the art methods are required to determine the impurity profile of 

amino acids produced by all relevant competitors. At the moment TLC tests provided by the 

Ph. Eur. are being replaced by a very specific amino acid analysis procedure possibly 

missing out on currently unknown process related impurities. Production methods and 

possible impurities as well as separation and detection methods suitable for said impurities 

are subject to this review. 

 

 

Abbreviations: AA, amino acid; AAA, amino acid analysis; APCI, atmospheric 

pressure chemical ionization; APPI, atmospheric pressure photo ionization; C4D, capacitively 

coupled contactless conductivity detector; CAD, corona charged aerosol detector; CBQCA, 

3-(4-carboxybenzoyl)quinolone-2-carboxaldehyde; CE, capillary electrophoresis; CLND, 

chemiluminescent nitrogen detector; CZE, capillary zone electrophoresis; CNLSD, 

condensation nucleation light scattering detector; ECD, electrochemical detector; ELSD, 

evaporative light scattering detector; ESI, electrospray ionization; FID, flame ionization 

detector; FLD, fluorescence detector; FMOC-Cl, fluorenylmethoxycarbonyl chloride; FQ, 3-

(furan-2-carbonyl)quinolone-2-carbaldehyde; HILIC, hydrophilic interaction liquid 

chromatography; HPLC, high performance liquid chromatography; IEC, ion-exchange 

chromatography; IPC, ion-pairing chromatography; LED, light emitting diode; LIF, laser 

induced fluorescence; LOD, limit of detection; MEKC, micellar electrokinetic chromatography; 

MOPS, 3-(N-morpholino)propanesulfonic acid; NAC, N-acetylcystein; NQAD, Nano quantity 

analyte detector (see CNLSD); OPA, o-phtalaldehyde; PGC, porous graphitic carbon; Ph. 

Eur., European Pharmacopoeia; PITC, phenylisothiocyanate; QqQ, triple quadrupole; RID, 

refractive index detector; TLC, Thin-layer chromatography; TOF, time-of-flight; UHPLC, ultra-

high performance liquid chromatography;  
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1. Introduction 

Amino acids (AA) belong to the most important chemical structures on earth. They 

are building blocks of vital proteins and peptides, neurotransmitters, nourishment, poison, 

antibiotics, and transporters [1]. Thus, they are subject to great scientific interest [2]. In the 

pharmaceutical industry AA are used as starting material for therapeutic proteins, peptides 

and small molecules (e.g. Methotrexate, N-acetylcystein, pemetrexed, captopril, etc), as 

components of total parenteral nutrition, excipients [3-6], and active pharmaceutical 

ingredients (API), e.g. L-DOPA, Carbocisteine, Gabapentin, etc.  

The quality and the safety of the applied AA for the intended purpose have to be 

assured by adequate analytical procedures and tests. The challenging part in purity 

assessment is in most cases the separation and detection of related substances. Since 

amino acids (natural and synthetic) are rather hydrophilic compounds and are lacking a 

chromophore, separation as well as detection by HPLC is very difficult. The nature of the 

impurities present in AA depends highly on their origin (e.g. recombinant, synthetic or other) 

and on possible modification reactions such as acylation or alkylation. Often, the related 

compounds are other AA, degraded AA, and precursors, causing the same challenges 

regarding separation and detection. Since the second half of the 20th century [7, 8] the 

detection of AA was facilitated by numerous derivatization reactions each coming along with 

particular advantages and disadvantages (see Fig. 1 for some examples). During the last 

decades, great effort has been made to find ways to separate and detect amino acids without 

time-consuming and fault-prone derivatization steps. Recent trends in AA analytics use 

HILIC or mixed-mode columns combined with CNLSD, CAD, C4D or LC-MS, respectively. 

The application of those comparatively new techniques enjoys increasing popularity in the 

field of research and discovery, whereas official regulatory authorities are more reluctant in 

the adoption of new ways to analyze AA and rather rely on comparatively old techniques like 

TLC and amino acid analysis (AAA) with post-column derivatization. Thus, this review 

focuses on content determination and impurity profiling of AA by liquid chromatography 

without using derivatization reactions. 

2. Preparation of amino acids 

Nowadays AAs are produced via various ways. Since the production pathway 

determines the impurity profile the manufacturing is summarized below. For the 

monographed AA the most common production pathways are summarized in Table 1. 
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2.1. Chemical synthesis 

Since Adolph Strecker developed the first chemical synthesis of α-amino acids in the 

middle of the 19th century [9] many different variants of this reaction and other ways of 

producing amino acids have been established in order to obtain enantiomerically pure 

products and/or to improve yields. There are also specific syntheses e.g. for Lys: Toray and 

DSM procedure [10]. The question rises whether all impurities from all commercially used 

synthesis variants using different precursors and/or reagents are covered by a given test [11-

17]. Besides Strecker synthesis another way to obtain racemic α-amino acids is the 

amination of α-hydroxy carboxylic acids [18]. 

2.1.1. Chiral resolution 

Although asymmetric syntheses are available, they often do not provide 

enantiomerically pure D- and L-forms, respectively, are expensive, elaborate and thus often 

not profitable. Nevertheless, some approaches of racemate separation found their way into 

the commercial production of amino acids. E.g. the conversion of racemic methionine 

comprising acetylation and specific enzymatic deacetylation of the L-form is today an 

important and elegant way to obtain L-methionine [19]. Chiral resolution using additional 

steps like fractional crystallization of diastereomeric precursors [20] is essential to convert 

racemic AAs into one enantiomer after chemical synthesis. 

2.2. Recombinant synthesis by microorganisms and fermentation 

The biochemical synthesis of AA using microorganisms involves several advantages 

over chemical total synthesis, e.g. the enantiomeric selectivity. On the other hand it is a very 

sensitive process needing a high level of know-how. Frequently applied bacteria in those 

processes belong inter alia to Corynebacterium, Bacillus, Brevibacterium and Escherichia 

coli strains [21-23]. The production of one amino acid is usually up-regulated in these 

microbes whereas the growth inhibitory effect of the AA in question is removed by means of 

genetic engineering. The produced AA is eventually excreted and accumulated in the liquid 

phase. After separation of the biomass from the cell culture medium, the amino acid(s) are 

extracted from the solution and purified [24-27]. The removal of carbon and nitrogen sources 

or nutrients e.g. sugars, sugar alcohols, starch, amino acids, urea [28], “crude glycerol” [29] 

and organic acids like malic, fumaric or succinic acid needs to be assured. Residual 

components from the broth like antibiotics (e.g. penicillin, tetracycline, kanamycin, 

streptomycin or chloramphenicol [26, 27, 29-31]), co-substrates (e.g. biotin, thiamin [32, 33]), 

buffers like MOPS [25, 28] and growth inhibitors like β-(2-thienyl)-DL-alanine [34] need to be 

removed. Strategies to purify the AA include centrifugation and membrane filtration to 
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remove cell mass followed by ion-exchange chromatography, concentration and 

crystallization [24, 32, 33, 35-39]. 

 

Fig. 1. Some derivatization reactions used in AAA [70, 72, 155-160]; BME, β-mercaptoethanol; NAC, 

N acetylcysteine; MPA, 3-mercaptopropionic acid 
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Table 1 
Common ways to synthesize amino acids monographed in the Ph. Eur. [43, 164] 

Monograph 
name 

separation 
technique  
currently 

applied by Ph. 
Eur. production method potential impurities 

L-Alanine AAA method 1  

chemical synthesis from D-chloropropionic 
acid [165] 

starting material, by-
products and intermediates 

Strecker- [9] or Bucherer-Bergs-synthesis 
[166] of DL-Ala starting from acetaldehyde 
followed by L-amino acylase catalyzed 
asymmetric hydrolysis of N-acetyl-DL-Ala 
[167, 168] 

starting material, 
intermediates and by-
products of synthesis, by-
products of stereospecific 
deacetylation 

enzymatic decarboxylation of L-Asp [169, 
170] 

L-Asp and co-substrates 
from fermentation process 
e.g. pyridoxal phosphate, 
fumaric acid 

fermentation [171, 172] 
components of 
fermentation broth and by-
products of biosynthesis 

Aminocaproic 
acid 

TLC + 
Ninhydrin 

hydrogenation of cyanovaleric acid [173] 
starting material and 
intermediates 

L-Arginine AAA method 1 

protein hydrolysis (gelatin) [174] other amino acids 

chemical conversion of L-ornithine [175] 

starting material, 
intermediates and by-
products like S-
methylthiourea, 
O-methylthiourea 

fermentative using Bacillus subtilis [176], 
Corynebacterium glutamicum [177-180] or E. 
coli [181] 

components of 
fermentation broth and by-
products of biosynthesis 

L-Arginine 
L-Aspartate 

TLC + 
Ninhydrin 

by ion-exchange from calcium L -aspartate 
and L-arginine HCl [182] 

see L-Arg and L-Asp 

L-Arginine 
HCl 

AAA method 1 see L-Arg 
see L-Arg 

L-Asparagine 
H2O 

TLC + 
Ninhydrin 

fermentation using recombinant E. coli [183]  other amino acids 

reaction of ammonia with L-Asp-β-
methylester [184] 

starting material 

L-Aspartic 
acid 

TLC + 
Ninhydrin 

amination of fumaric acid using 
Brevibacterium flavum [185] 

starting material 

Carbocisteine 
TLC + 
Ninhydrin 

alkylation of L-Cys (in situ produced from L-
Cis) with chloroacetic acid [186, 187] 

starting material, by-
products, degradation 
products (e.g. lactam, 
sulfoxide), L-Tyr [115] 

 L-Cysteine 
HCl H2O 

AAA method 1 

reduction of L-Cis [188] 
see L-Cis, ammonia, 
inorganic ions (cathode 
material) 

enzymatic conversion of β-chloro-L-Ala with 
acetylserine desulfhydrase in presence of 
NaSH [189] or cysteine desulfhydrase in the 
presence of H2S [190] 

starting material, by-
products, co-substrates 

synthesis from methyl α-chloroacrylate and 
thiourea followed by enzymatic purification 
[191] 

starting materials, by-
products, co-subsstrates 

fermentation [192] 
components of nutrient 
solution and by-products of 
biosynthesis 

L-Cystine 
TLC + 
Ninhydrin 

protein hydrolysis [42] 
other amino acids in 
particular L-Tyr 

Gabapentin 
HPLC UV 
215nm 

chemical synthesis [193-196] 
 

L-Glutamic 
acid 

TLC + 
Ninhydrin 

fermentation [24, 26, 27] 
components of nutrient 
solution and by-products of 
biosynthesis 
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Table 1 (continued) 

Monograph 
name 

separation 
technique  
currently 

applied by Ph. 
Eur. production method potential impurities 

Glycine
a
 AAA method 1 

amination of chloroacetic acid [197] 
starting material and 
by-products 

Strecker-synthesis, hydrolysis of 
aminoacetonitrile [198] 

starting material, 
intermediates and by-
products 

L-Histidine AAA method 1 

protein hydrolysis (blood meal, casein or keratin) 
[174, 199] 

other amino acids 

fermentation [30, 33] 

components of nutrient 
solution and by-
products of 
biosynthesis 

L-Histidine 
HCl H2O 

AAA method 1 hydrolysis of hemoglobin [200] or casein [174] other amino acids 

L-Leucine AAA method 1 

protein hydrolysis [42] other amino acids 

fermentation using Corynebacterium glutamicum 

[201, 202] 

components of nutrient 
solution and by-
products of 
biosynthesis 

Levodopa
b
 

HPLC UV 
280nm 

chemical synthesis and chiral resolution using L-
camphoric acid [203] or enzymatically using E. 
coli acylase [204] 

starting material, 
intermediates and by-
products 

fermentation starting from 3,4-dihydroxyphenyl 
pyruvic acid [205] 

components of nutrient 
solution and by-
products of 
biosynthesis 

Levothyroxine 
HPLC UV 
225nm 

chemical synthesis [206, 207] 
starting material, 
intermediates and by-
products 

Liothyronine 
sodium 

HPLC UV 
225nm 

chemical synthesis [175, 208, 209] 
starting material, 
intermediates and by-
products 

L-Lysine 
acetate 

TLC + 
Ninhydrin 

from L-Lys HCl [210] see L-Lys 

L-Lysine HCl AAA method 1 

toray-procedure: synthetically starting with 
cyclohexanone via DL-α-amino-ε-caprolactam 
(ACL) followed by enzymatic chiral resolution 
with L-ACL-hydrolase [10, 175] or D-camphoric 
acid [211] 

starting material, 
intermediates and by-
products 

protein hydrolysates [174, 212]  other (basic) amino acids 

Bergs-Bucherer synthesis [175] via 
acrylonitrile, γ-cyanobutyraldehyde, 
5-(γ-cyanopropyl)-hydantoin, chiral resolution 
by fractional crystallization 

starting material, 
intermediates and by-
products 

fermentation by recombinant Corynebacterium 
glutamicum [213, 214]  

components of nutrient 
solution and by-products 
of biosynthesis 

L-Methionine 
HPLC UV 
205nm 

fermentation of α-hydroxy-γ-
methylmercaptobutyric acid using 
Pseudomonas spec. [215]  

starting material, 
intermediates, by-
products and 
components of the broth 

fermentation of O-acetylhomoserine in 

methylmercaptane athomosphere [216] 

starting material, 
intermediates, by-
products and 
components of the broth 

from DL-Met by chiral resolution [19, 217, 218] see DL-Met, 
intermediates like 
N-acetyl-methionyl-
methionine (3 isomers), 
N-acetyl-DL-methionine 
[219] 
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Table 1 (continued) 

Monograph 
name 

separation 
technique  
currently 

applied by 
Ph. Eur. production method potential impurities 

DL-Methionine 
TLC + 
Ninhydrin 

synthesis starting from acrolein via 3-
methylmercaptopropionaldehyde and 
5-(2-methylmercaptoethyl)-hydantoin [220, 221] 

starting material, 
intermediates and by-
products 

fermentation [222] 

components of nutrient 
solution and by-
products of 
biosynthesis 

(S)-Methyldopa 
HPLC UV 
280nm 

asymmetric synthesis starting from (3,4-
dimethoxyphenyl)-2-propanone [223] or 
(3-methoxy-4-hydroxyphenyl)-2-propanone 
[224] or starting from 2-phenyl-4-methyl-S-
oxazolinone [225] 

starting material, 
intermediates and by-
products, D-tartaric 
acid or L-camphor 
sulfonic acid (chiral 
resolution) 

L-Phenylalanine AAA method 1 

reduction of L-tyrosine derivatives [175, 226] 
starting material, 
intermediates and by-
products 

fermentation of DL-m-fluorophenylalanine [227]; 
fermentation of phenylpyruvic acid [228] 

starting material, 
intermediates, by-
products and 
components of the 
broth 

fermentation using E. coli [229] or 
Brevibacterium flavum [175, 230] 

components of nutrient 
solution and by-
products of 
biosynthesis 

protein hydrolysis [42] other amino acids 

L-Serine AAA method 1 

fermentation of glycine using E. coli [231, 232] 
or Corynebacterium glycinophilum [233]  

components of nutrient 
solution and by-
products of 
biosynthesis 

fermentation using Corynebacterium spec. [34] 

components of nutrient 
solution and by-
products of 
biosynthesis 

enzymatic conversion of glycine and 
formaldehyde [234] 

starting material, 
intermediates, by-
products and 
components of the 
broth 

L-Threonine AAA method 1 

fermentation using E. coli or Serratia spec. [28, 
31, 235-238] 

components of nutrient 
solution and by-
products of 
biosynthesis 

enzymatic conversion of DL-threonine with D-
threonine-aldolase [239]; DL-threonine obtained 
from chemical synthesis [240, 241] 

starting material, 
intermediates, by-
products and 
components of the 
broth; impurities of 
chemical synthesis 

Tranexamic 
acid 

HPLC UV 
220nm 

chemical synthesis starting from 4-
methylbenzonitrile [242, 243], from 
acetamidomethylbenzoic acid [244] or from 4-
aminomethylbenzoic acid [245] 

starting material, 
intermediates and by-
products 
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Table 1 (continued) 

Monograph 
name 

separation 
technique  
currently 

applied by Ph. 
Eur. production method potential impurities 

L-Tryptophan
a
 AAA method 1 

fermentation of indole, indolepyruvic or 
anthranilic acid using Brevibacterium spec. 
[246-248], Bacillus subtilis [249] or Micrococcus 
luteus [250] 

starting material, 
intermediates, by-
products and 
components of the 
broth 

recombinant using Corynebacterium 
glutamicum [251] or Brevibacterium flavum 
[230, 252, 253] 

components of nutrient 
solution and by-
products of 
biosynthesis 

enzymatic conversion of indole and L-serin 
[254] 

starting material, 
intermediates and by-
products 

enzymatic chiral resolution of N-acetyl-DL-
tryptophan [175, 255] 

starting material, 
intermediates and by-
products 
1,1’-ethyliden-
bis(tryptophan)

a
 

Chiral resolution by precipitating diastereomeric 
salt from N-acetyl-DL-tryptophan and L(+)-threo-
(1-p-nitro phenyl)-2-amino propane-1,3-diol 
[256] 

starting material, 
intermediates and by-
products 
1,1’-ethyliden-
bis(tryptophan)

a
 

N-Acetyl-DL-

tryptophan 
HPLC UV 220nm 

chemical synthesis [175, 257, 258] followed by 
acetylation in glacial acetic acid or acetic acid 
anhydride [175] 

starting material, 
intermediates and by-
products 
1,1’-ethyliden-
bis(tryptophan) 

L-Tyrosine AAA method I 

antarctic krill hydrolysate (enzymatic) [259]; 
other protein hydrolysates [41, 42, 260] 

other amino acids, 
residues from the broth 

fermentation using Brevibacterium, Serratia or 
Corynebacterium[230, 261-263] 

components of nutrient 
solution and by-
products of 
biosynthesis 

N-Acetyl-L-
tyrosine 

HPLC UV 219nm 
acetylation of L-Tyrosine using acetic anhydride 
[264, 265] 

starting material, 
intermediates and by-
products 

L-Valine AAA method I 

fermentation using E. coli [266], 
Corynebacterium [267] or Candida tropicalis 

[268] 

components of nutrient 
solution and by-
products of 
biosynthesis 

from DL-Val by enzymatic chiral resolution after 
acetylation [269, 270] 

starting material, 
intermediates and by-
products 

stereo selective synthesis [271-273]  
starting material, 
intermediates and by-
products 

(RS)-
Vigabatrin

a
 

HPLC
 
UV 210nm 

Chemical synthesis starting from L-glutamic 
acid [274] or from 5-hexynoic 
4-N-acetylamino-5-hexynoic acid methyl ester 

[275] 

starting material, 
intermediates and by-
products 

a
 Additional method for single impurities required,   

b
 Starting material not detectable 
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Table 2 
Possible impurities in amino acids produced by fermentation and detection methods. 

Origin of impurities Potential impurities Separation and detection method 

Enzymatic chiral 
resolution 

N-acetyl amino acids HPLC direct UV detection at 210nm [219] 

D-amino acids 

chiral MEKC or CZE of underivatized 
AA or dansyl derivatives 

[276, 
277] 

chiral LC of underivatized AA using 
teicoplanin stationary phase and MS 
detection 

[278] 

Fermentation 

carbon sources 

low molecular alcohols and 
sugar alcohols 

CZE with direct UV detection [279] 

GC with FID [280] 

organic acids like pyruvic, 
acetic, fumaric, malic or 
lactic acid 

IEC with suppressed conductivity 
detection 

[281] 

Mixed mode Chromatography with 
CAD 

[282] 

CZE with C4D [283] 

IEC with RID [85] 

carbohydrates 

HILIC with CAD 
[284, 
285] 

PGC-LC with CAD [286] 

HPLC with RID [82-85] 

IEC with pulsed amperometric 
detection 

[287] 

CZE with direct UV detection [279] 

CZE with RID [86] 

CZE with C4D after derivatization with 
AETMA 

[288] 

antibiotics 

gentamicin 

IPC with CAD [289]  

IPC with RID [290] 

IPC and ECD [291] 

IPC with ELSD 
[292, 
293] 

CZE with UV detection at 195nm [294] 

IPC with LC-MS detection [295] 

streptomycin 

IPC using CAD or IPC with UV 
detection at 205nm 

[114] 

IPC with C4D [296] 

tetracycline 

RP HPLC with UV detection at 360 
nm 

[297] 

RP HPLC with FLD λex = 374 λem = 
495 nm 

[298] 

RP UHPLC MS detection [299] 

kanamycin 

IPC with pulsed amperometric 
detection 

[300] 

CZE after pre-capillary derivatization 
(OPA) 

[301] 

IPC with ELSD [293] 

IPC with C4D 
[296, 
302] 
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Table 2 (continued) 
Origin of impurities Potential impurities Separation and detection method 

antibiotics chloramphenicol 

RP HPLC with tandem MS [303] 

RP HPLC with UV detection at 280 
nm or 275 nm 

[304, 
305] 

RP HPLC with electrochemical 
detection 

[305] 

RP HPLC with CNLSD detection [306] 

other components in the 
broth 

amino acids 

IPC with tandem MS [307] 

AAA with post-column ninhydrin 
derivatization 

[44, 46, 
47] 

UHPLC with CAD [118] 

AAA with post-column OPA 
derivatization 

[63] 

IPC with post-column 1,2-
naphthoquinone-4-sulfonate 
derivatization 

[67] 

RP-HPLC with pre-column FMOC-Cl 
derivatization 

[70] 

CE after pre-capillary derivatization 
(FMOC or CBQCA)  
using LIF or UV detection 

[308, 
309] 

CZE with RID [86] 

IPC with ELSD detection [310] 

IEC with ECD (amperometric) [311] 

IPC with CLND [88, 96] 

IEC with ECD (pulsed amperometric) [312] 

biotin 

RP-HPLC with ECD (coulometric) [313] 

RP-HPLC with CAD [314] 

RP-HPLC with UV detection [315]  

RP-HPLC with FLD [315]  

CZE with UV detection at 210 nm [316]  

MEKC with UV detection at 214 nm [317] 

CZE with MS detection [318] 

thiamin 

RP-HPLC with CAD [314] 

RP-HPLC with UV detection at 275 
nm 

[319] 

MEKC with UV detection at 214 nm [317] 

CZE with MS detection [318] 

pyridoxal phosphate 
RP-HPLC with FLD after post column 
derivatization 

[320] 

AAA: amino acid analysis, AETMA: (2-aminoethyl)trimethylammonium chloride hydrochloride, C4D: capacitively 

coupled contactless conductivity detector, CAD: corona charged aerosol detector, CLND: chemiluminescent 

nitrogen detector, CZE: capillary zone electrophoresis, ECD: electrochemical detection, ELSD: evaporative light 

scattering detector, FID: flame ionization detector, FLD: fluorescence detection, GC: gas chromatography, HPLC: 

high performance liquid chromatography, IEC: ion-exchange chromatography, IPC: ion-pairing chromatography, 

MEKC: micellar electrokinetic chromatography, PGC: porous graphitic carbon, RP: reversed phase, UHPLC: 

ultra-high performance liquid chromatography 
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Fig. 2. Reaction of primary α-amino acids and proline with ninhydrin [161, 162] 
 

2.3. Protein hydrolysis 

Acidic hydrolysis of peptides and proteins yields solutions of the amino acids present 

in the chosen precursor. The crude hydrolysate is purified by fractionated crystallization and 

chromatographic procedures [21, 40-42]. The amino acid composition of the hydrolysate is 

controlled by the chosen protein starting material and the method of hydrolysis. Obviously, 

mainly enantiomerically pure AAs are yielded by this procedure. In turn, only natural amino 

acids are accessible by this method. The starting material and method of hydrolyzation have 

to be chosen carefully to make sure that posttranslational modifications or degraded amino 

acids do not find their way into the final product. AAs prone to degradation are Met, Cys and 

Trp. They are converted to methionine sulfoxide, methionine sulfone, cysteic acid and 

oxidation products of Trp. Other amino acids such as Asn and Gln e.g. are usually converted 

to their corresponding acid (D- and L-form due to partial racemization) and are therefore not 

easily accessible by protein hydrolysis. 
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3. Analytical methods for amino acids 

Fermentation is today the most common way to produce AA. Beside antibiotics and 

carbohydrates possible impurities due to the fermentation process are ketones and acids 

occurring as starting material and intermediates in the biosynthesis. Methods to determine 

those impurities are listed in Table 2. The most frequently used techniques are summarized 

in the following part. 

3.1. Pharmacopoeial methods 

3.1.1. Thin-layer chromatography 

Thin-layer chromatography (TLC) is an appropriate mean of identification in 

combination with additional tests. For impurity profiling, the method is obsolete due to the 

lack of sensitivity and resolving power. Some AA monographed in the Ph. Eur. still rely on a 

TLC test combined with ninhydrin detection as a test for related amino acids and great effort 

is made to replace those TLC tests by more sensitive and specific tests. In most cases it is 

replaced by amino acid analysis (AAA). 

3.1.2. Amino acid analysis (2.2.56) 

Chapter 2.2.56 of the Ph. Eur. [43] defines AAA as a “methodology used to determine 

the amino acid composition or content of proteins, peptides, and other pharmaceutical 

preparations”. It is discriminated between methods of “protein hydrolysis” and 

“methodologies of amino acid analysis”. In the current version 8.8 of the Ph. Eur. there are 

11 methods for hydrolysis and 8 methods for AAA described. Although AAA is not intended 

for this purpose, some of the currently monographed amino acids use analysis method 1 to 

determine related “ninhydrin-positive substances”. This method comprises the separation of 

the test solution on an cation-exchange resin using lithium- [44] or sodium-based [45] mobile 

phases and the post-column derivatization of the analytes with ninhydrin [46, 47]. Since the 

ninhydrin derivatization is well-known and characterized (see Fig. 2), it is also known that 

some amino acids yield multiple products and thus variation in response if parameters such 

as temperature, time and pH are not precisely maintained (e.g. in the case of Arg, Asn, Trp, 

Cys and Lys [48-56], see Fig. 3). The post-column derivatization comes with high specificity, 

because all possible derivatization products of one AA are covered by a single peak, 

whereas the resolving power of the chromatographic system suffers from post-column dead 

volume leading to peak broadening [57-59]. Hence the results produced by AAA might be 

reliable provided that reaction conditions are strictly constant for both sample and AA 

standard. However, the procedure is not only time consuming and costly due to the fact that 

a special instrument has to be used but it is also completely blind towards compounds that 
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do not react with ninhydrin [45]. Artefacts (e.g. substances that react unexpectedly with 

ninhydrin) might lead to misinterpretation of the result [60-62].  

There are other ways of AAA which rely on pre- and also post-column derivatization 

steps. In contrast to the ninhydrin reaction, which is rather specific for α-amino acids, a 

chromo- or fluorophore is attached (see Fig. 1) to any amino moiety (e.g. via fluorenyl-

methoxycarbonyl chloride (FMOC-Cl), phenylisothiocyanate (PITC) or dansyl chloride) or a 

new one is formed in situ (e.g. by ortho-phtalaldehyde (OPA), 3-(4-

carboxybenzoyl)quinolone-2-carboxaldehyde (CBQCA) or 3-(furan-2-carbonyl)quinolone-2-

carbaldehyde (FQ)). The question whether other derivatization reagents were more suitable 

for impurity profiling by AAA remains unanswered [57, 63-76]. All derivatization methods 

share the same drawbacks: due to the essential high reactivity of the reagents, side 

reactions, degradation products of the reagent as well as of the derivatives and unexpected 

products could impair the result. In some cases not all amino acids are readily derivatized or 

some amino acids yield multiple products (e.g. lysine and cysteine). 

 

Fig. 3. Possible side reactions of ninhydrin with amino acids that do not lead to Ruhemann’s purple 

[48, 50-53, 55, 56, 163] 
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3.1.3. UV detection 

Most amino acids lack a suitable chromophore, like conjugated double bonds, for UV 

detection. However, the absorbance due to the n  π* transition of the carboxylic acid at 

about 210 nm enables the direct detection of underivatized amino acids at low wavelength  

(< 220 nm) [77-79]. Nevertheless, the poor sensitivity is one of the major drawbacks of the 

direct UV-detection. Improved sensitivity is provided by modern detectors with high sensitivity 

flow cells, high energy lamps and improved optics. Modern high efficiency columns minimize 

band broadening and highly pure acetonitrile shows reduced absorption at low wavelength. 

Other organic solvents are usually useless due to UV cutoff at about 220 nm or higher. The 

preparation of a highly concentrated sample solution for the determination of related 

substances can also compensate for the low sensitivity. 

3.2. Methods used in research and discovery 

3.2.1. Electrochemical detection (ECD) 

The electrochemical detection after ion chromatographic separation was for a long time the 

most common method of detection for underivatized AA. In general there are three types of 

electrochemical detectors, amperometric and coulometric detectors, and a combination of 

both. This technique needs a skilled operator, is fault-prone and not suitable for impurity 

assessment because the most important advantage of these detection techniques is their 

high specificity for oxidizable or reducible compounds which, at the same time, limits the 

amount of detectable substances [80].  

3.2.2. Refractive Index (RI) detection 

The principle of the RID comprises the comparison of the RI of the column effluent or 

separation buffer (in CE) with the RI of pure mobile phase. Any substance eluting from the 

column changes the RI and therefore causes a signal in the detector. Although it is 

considered a universal detector, there are some decisive downsides: Due to the 

comparatively small differences in RIs, the detection limit is usually higher than that of other 

detectors (UV, CAD, CNLSD), it is not compatible to gradient elution and extremely sensible 

to temperature shifts. The latter aspect is dealt with in modern instruments, but the lack of 

sensitivity and the restriction to isocratic elution makes this detector only second choice for 

the determination of related substances [81].  

The RID is a common detector in carbohydrate analysis [82-85] whereas the detection of AA 

by means of RID is rarely described in capillary zone electrophoresis (CZE) [86, 87] or HPLC 

[88]. 
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3.2.3. Evaporative and condensation nucleation light scattering detection (ELSD and 

CNLSD) 

In the late 1980s the ELSD was the next milestone to universal detection [89-92] after the 

RID. The CNLSD (also referred to as NQAD) is considered the direct advancement of the 

ELSD [93, 94]. Both principles are based on the evaporation of the column effluent at 

elevated temperatures producing an aerosol which contains the analyte. The mobile phase 

has to be completely volatile to get a sufficiently low background noise. In the ELSD, the 

aerosol is directed through a chamber equipped with a light source and the amount of light 

scattered by the aerosol is measured whereas in the CNLSD the aerosol is combined with 

water (n-butanol at the research stage) vapor before the light scattering is measured. The 

vapor condenses on the particles increasing their diameter and therefore augments light 

scattering and response. Both detectors use light of different wavelengths in the visible 

range, in some cases emitted from laser light emitting diodes (LEDs) [95]. Possible 

interactions with the analyte, if it absorbs at the applied wavelength, have to be considered, 

especially if substances are not quantified against themselves as external reference but 

against other substances with different structure (e.g. if the analyte is unknown). Although 

this might be rarely the case, as ELSD and CNLSD are usually applied for substances 

lacking a chromophore, some attention should be paid to this matter when using one of these 

techniques. ELSD and CNLSD have proven useful in the analysis of underivatized amino 

acids [96-98] although the LOD is in general equal or higher compared to low wavelength UV 

detection [88]. A major problem of the ELSD in impurity analysis is due to spike peaks on the 

tail of principle peaks leading to misinterpretation of the chromatogram. These spike peaks 

are completely random and unavoidable because of the necessary high sample 

concentration for impurity profiling [97].  

3.2.4. Corona charged aerosol detector (CAD) 

The corona charged aerosol detector is another aerosol based technique [99-103]. Instead of 

measuring the scattered light, the particles are diverted through a stream of positively 

charged nitrogen gas and the adsorbed charge is determined by a sensitive amperemeter 

[104]. The detector response is considered proportional to the total particle surface. This 

explains one important characteristic of the CAD: Since the surface is not directly 

proportional to the particle volume (ideally referred to as spherical) and therefore not 

proportional to the analyte mass, the response is not strictly linear [100]. Nevertheless, 

several applications have demonstrated that the response is sufficiently linear over two 

orders of magnitude which is adequate for determinations of related substances in most 

cases. However, logarithmic regression is suitable if an extended calibration range is 

required [105]. Furthermore, the same limitations (at the same time advantages) apply as for 
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the ELSD and CNLSD: The need for an LC-MS compatible mobile phase facilitates the 

transfer to LC-MS analysis if required (e.g. when the occurrence of unknown impurities 

demands for structure elucidation).  

Studies comparing these three particle based detectors found approximately equal response 

of CNLSD and CAD and in general superior response and linearity compared to the ELSD 

[88, 106-110]. Compared to the ELSD and CNLSD, the CAD is a rather simple to use 

instrument with only a few parameters to adjust. The use of the CAD in impurity profiling 

increased over the years since its invention [58, 97, 111-116] and the technique could be 

considered as reliable [117]. Coupling to novel techniques like UHPLC are able to replace 

AAA [118]. Decisive downsides of all three detectors are the limitation to non-volatile 

analytes and the variation in response due to partial volatility or interaction with mobile phase 

additives e.g. salt or ion-pair formation observed for acids, bases and inorganic ions. The 

CAD has been successfully applied in the impurity profiling of carbocisteine [116], alanine 

[107], aspartic acid [113] other amino acids, carbohydrates, lipids etc. [119]. 

 

Fig. 4. HPLC-CAD chromatogram obtained during impurity profiling of Carbocisteine from our own 

work [115], chromatographic conditions: mobile phase: TFA–acetonitrile–water (0.1:12:87.9, V/V/V); 

column temp: 30 °C; flow rate: 1.0 mL/min; column: Primesep 100 250 × 4.6 mm 5 μm; detector: CAD 
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3.2.5. Chemiluminescent nitrogen detection (CLND) 

In the CLND the column effluent is vaporized with oxygen and an inert gas (argon or helium), 

and pyrolyzed at high temperatures. Any nitrogen containing compound is converted to 

nitrogen monoxide, which reacts with ozone in the gas phase to excited nitrogen dioxide. The 

excited molecule drops to the ground state under infrared light emission. The emitted light 

intensity is linear over a broad concentration range and directly proportional to the number of 

nitrogen atoms in the molecule [120, 121]. Major drawback of this detector is the specificity 

for nitrogen containing compounds which also limits the available components for the mobile 

phase. Acetonitrile, ammonium buffers and amine ion-pairing agents cannot be used with the 

CLND due to the baseline noise caused by the contained nitrogen. On the other hand, it is 

possible to quantify volatile and semi volatile analytes because the reaction takes place in 

the gas phase. Despite of the limitations regarding mobile phase composition, amino acid 

analysis is possible using methanol and perfluorinated carboxylic acids as ion-pairing agents 

[88, 96] but the specificity for nitrogen containing compounds limits the number of detectable 

substances in impurity profiling. 

3.2.6. LC-MS 

Since the introduction of soft ionization techniques such as ESI, APCI and APPI the coupling 

of liquid chromatographic systems to almost any type of mass spectrometer has been 

possible. Very common types of instruments coupled to one of these ionization interfaces are 

triple quadrupole (QqQ), time of flight (TOF), quadrupole TOF, and ion-trap mass 

spectrometers, respectively. Each instrument/interface combination holds its own 

advantages and fields of application. Triple quadrupole mass spectrometers are mainly 

applied in trace analytics from difficult matrices (e.g. blood and other body fluids or plant 

extracts) [122-125] because of their high sensitivity and specificity (robust method design 

assumed) whereas TOF, qTOF and ion-traps (e.g. orbitrap) are very powerful tools of 

structure elucidation, because the high m/z precision permits calculation of sum formulae. 

This information combined with fragment spectra obtainable from MS/MS experiments (e.g. 

using qTOF or ion trap) even allows for amino acid sequencing of small peptides [126, 127]. 

Impurity profiling is usually not a domain of LC-MS analysis due to the poor linearity and the 

need of internal standards (ideally stable isotope tagged analyte). Last but not least, the 

costliness of these instruments is a limitation for most laboratories dealing with routine quality 

analyses. 

Nevertheless, if an impurity has to be detected very sensitively and specifically, e.g. because 

it is extraordinarily toxic, the application of LC-MS techniques in the Ph. Eur. has to be 

considered on behalf of safety and innocuousness like it has been the case for meldonium 
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dihydrate, oseltamivir phosphate, imatinib mesilate and the confirmatory test for aristolochic 

acids in herbal drugs (2.8.21) method C. Impurities found in these substances are not AA but 

issue the same challenges regarding detection and separation. During the investigations 

related to the tryptophan incident [128] this powerful technique [129] was unfortunately only 

applied after the disaster had happened [130-132]. 

3.2.7. Capacitively coupled contactless conductivity detection (C4D) 

C4D is a relatively new so called universal detector applied in CE and HPLC analytics of 

underivatized amino acids [133-145]. The detection principle is based on the measurement 

of the eluents or running buffers conductivity by means of electromagnetic signals send 

through the detector cell [146-148]. Analytes passing the detector change the conductivity 

and produce a signal. Like UV detection, it is a non-destructive detection principle showing 

sensitivity equal or superior to UV detection [139]. Like all non-destructive detectors this 

technique could be combined with UV and MS detectors in order to obtain more information 

about the analyte like UV-spectra and/or mass spectra in a single analysis.  

3.2.8. Combining detection techniques 

Combination of destructive and non-destructive detection techniques by hyphenation and by 

means of flow splitting can be very useful to acquire information about unknown structures. 

Some extreme applications combining 3 or more detection principles [149-151] are certainly 

not routinely available in pharmaceutical laboratories, but the combination of UV and CAD is 

as simple as it is powerful to obtain information about unknown impurities [152]. The 

determination of non-volatile, but UV inactive compounds as well as the detection of volatile, 

but UV active contaminants is possible using this combination. The UV-detector effluent that 

is usually diverted to the waste is simply directed to the CAD. This is feasible by any 

laboratory without further equipment or instrumentation and the additional detection 

dimension introduces higher certainty regarding the substance purity. The combination of 

UV-FLD-ECD already proved capable of replacing AAA in certain cases [153]. 

3.3. Other monographed substances that could profit from modern detection principles. 

There is basically no substance relying on a test for related substances applying LC-

UV detection that would not profit from orthogonal detection techniques like LC-MS or LC-

CAD. Those tests applying a detection wavelength above 220 nm could benefit from aerosol 

based techniques like CAD, CNLSD or ELSD or C4D because unknown impurities without 

chromophore might be present but undetected whereas the detection limit of methods using 

very low wavelength could be lowered by using alternative detection principles. The impurity 

profiling of the unnatural AAs gabapentin, tranexamic acid and vigabatrin could benefit from 
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alternative techniques also [154]. The application of C4D in HPLC analysis is a 

comparatively new and unexplored area but could prove useful in the purity assessment of 

substances lacking an adequate chromophore for UV-detection. 

 

4. Conclusion 

Due to the many ways of producing amino acids and the diversity of suppliers, more 

general, state of the art methods for the quality control of amino acids should be used. 

Methods meeting these criteria are available but seem to be disregarded in favor of the very 

specific, to some extend “blind”, amino acid analysis. In some cases the Ph. Eur. deals with 

this issue by additional tests for single impurities complicating the test procedure instead of 

providing a single method covering all impurities. It is at least necessary to check extensively 

for ninhydrin-negative impurities before transferring an old TLC method to AAA. A substance 

that has been monitored by TLC for decades could have been contaminated with ninhydrin-

negative compounds for years that are still not visible using the AAA; changes in the 

synthetic process or in the supply chain could cause new contaminants that are not detected 

after derivatization, e.g. the tryptophan incident [128]. Currently available AAs are from high 

quality and purity, but as more and more competitors expand on the market, the quality 

provided by future manufacturers has to be assured by using less specific methods for 

impurity profiling.  
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ABSTRACT 

A HILIC HPLC-UV-CAD method for the impurity profiling of the 99mTc chelating agent 

bicisate has been developed and evaluated. Bicisate and its impurities were separated by 

means of isocratic elution on a zwitterionic stationary phase using 7.5 mmol/L trifluoroacetic 

acid and acetonitrile (47.5:52.5 % V/V) as mobile phase. Five different batches of a 

manufacturer were tested using the method and LC-MS experiments were conducted in 

order to identify the impurities. The predominant impurities found were the oxidation product 

(disulfide), the monoester of ethylene dicysteine and an unknown compound with an m/z of 

293 in ESI positive mode. A new degradation product of bicisate, bicisate lactam, was 

identified during sample solution stability assessment. 

 

 

 

 

 

 

 

 

Abbreviations: ECD, N,N’-ethylenebis-L-cysteine diethyl ester; ENMC, N-methyl-

cysteine ethyl ester; ESI, electro spray ionization; SPECT, single-photon emission computed 

tomography; EC, N,N’-ethylene-L-biscysteine; ECM, ethylene cysteine monoethyl ester; 

ETCA, L-thiazolidine-4-carboxylic acid ethyl ester; NMC, N-methyl-cysteine; TCA, 

L-thiazolidine-4-carboxylic acid; 
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1. Introduction 

N,N’-Ethylenebis-L-cysteine diethyl ester (ECD) is a chelating ligand for radioactive 99mTc 

applied in brain perfusion studies by single-photon emission computed tomography (SPECT) 

and for scintigraphy [1, 2]. The sulfhydryl groups are essential for the complexation of 99mTc 

whereas the ester functions are essential for the distribution and the enrichment of the 

complex in the brain [3, 4]. ECD is distributed in so-called kits for the preparation of 99mTc 

labeled ECD and there are only few methods to control the purity of the radio-labeled 

compound [5-7], but no method for the unlabeled precursor (ECD), one of the ingredients of 

those preparation kits is described in the literature. 

The intermediate N,N’-ethylene-L-biscysteine (EC) is synthesized by reduction of 

L-thiazolidine-4-carboxylic acid (TCA) with sodium in liquid ammonia. Then the dicarboxylic 

acid (EC) is esterified in ethanol saturated with dry gaseous hydrochloric acid yielding ECD 

dihydrochloride [8-10] (see Fig. 1). The substance is sensitive to oxidation of the sulfhydryl 

groups and hydrolysis of the ester moieties. The oxidation product, the disulfide of ECD 

(ECDSS), is not able to form the 99mTc complex whereas partial (ECM) and complete 

hydrolysis (EC) of the molecule lead to complexation agents with different biodistribution [3, 

11, 12]. Hence, it was aimed to find a method to control the content of those impurities and 

impurities from the synthesis, like TCA, N-methyl-cysteine (NMC), TCA ethyl ester (ETCA) 

and NMC ethyl ester (ENMC).  

 

Fig. 1. Synthesis pathway and origin of impurities of ECD [8-10] 

 

Since all impurities and degradation products lack a chromophore for UV detection, a particle 

based detector, the corona charged aerosol detector (CAD) seemed suitable. In order to 

discover volatile impurities that are not detected by the CAD, the method was designed as 

tandem UV-CAD method. A betaine HILIC column was used to separate the mostly polar 



Impurity profiling of N,N’-ethylenebis-L-cysteine diethyl ester (Bicisate) 
 

163 

analytes with detection at 215 nm followed by CAD detection. Because the substance is 

administered only once, the thresholds according to ICH guideline Q3A(R2) for a substance 

with a daily dose lower or equal to 2 g per day were applied. Thus an identification threshold 

of 0.1 % and a reporting threshold of 0.05 % were applied. 

2. Experimental 

2.1. Chemicals and reagents 

Samples of ECD and the process related impurities were obtained from the group of 

Prof. Alfons Verbruggen (Laboratory for Radiopharmacy, K.U. Leuven, Belgium). HPLC 

gradient grade acetonitrile was purchased from VWR International S.A.S. (Fontenay-sous-

Bois, France) and trifluoroacetic acid from Sigma-Aldrich Chemie GmbH (Steinheim, 

Germany). All chemicals used for quantification were of analytical grade or even better. 

Ultrapure water was produced by a water purification system from Merck Millipore 

(Schwalbach, Germany). All solutions were filtered through a 0.22 µm PVDF filter supplied by 

Machery-Nagel GmbH & Co. KG (Düren, Germany) prior to use. 

2.2. Apparatus 

The HPLC-CAD experiments were performed on an Agilent 1100 modular chromatographic 

system consisting of online vacuum degasser, binary pump, auto sampler, thermostatted 

column compartment and a photodiode array detector (Agilent Technologies, Waldbronn, 

Germany). The Corona CAD detector (Thermo Fisher, Courtaboeuf, France) was linked to 

the HPLC system by a 0.25 mm internal diameter PEEK capillary and a 0.22 µm stainless 

steel inlet-frit. Highly pure nitrogen (99.9 %) for the detector was produced by an ESA 

Nitrogen Generator (Thermo Fisher, Courtaboeuf, France). The inlet pressure (nitrogen) was 

35.0 psi. The peak areas were integrated automatically using the Agilent ChemStation® Rev 

B.03.02 software program. 

LC-MS experiments were performed on a LC/MSD Trap G2445D ion trap (Agilent 

Technologies, Waldbronn, Germany) coupled to an Agilent 1100 modular chromatographic 

system consisting of online vacuum degasser, binary pump, thermostatted auto sampler, 

thermostatted column compartment and a photodiode array detector (Agilent Technologies, 

Waldbronn, Germany) via electro spray ionization (ESI) interface. Nebulizer pressure: 50 psi, 

dry gas flow: 12 L/min, dry temperature: 350 °C, capillary voltage 3500 V. Trap parameters: 

ion polarity: positive, source type: ESI, trap drive: 24.2, octopole RF amplitude: 156.6 Vpp, 

capillary exit: 115 V, skimmer: 40 V, oct 1 DC: 12 V, oct 2 DC 1.70 V, scan begin: 50 m/z, 
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scan end: 700 m/z, averages: 7 spectra, max accumulation time: 200 ms, ICC target: 30000, 

charge control: on. 

2.2. Chromatographic procedure 

A betaine HILIC column SIELC Obelisc® N (150 x 4.6 mm i.d., with a particle size of 

5 µm and pore size of 100 Å, SIELC Technologies, Prospect Heights IL, USA) was used as 

stationary phase. The chromatographic system was operated isocratically at 25 °C. The 

mobile phase was composed of 7.5 mM trifluoroacetic acid-acetonitrile (47.5:52.5 % V/V) 

and the flow-rate was set to 1.0 mL/min. The column effluent was subjected to UV detection 

at 215 nm followed by CAD detection with the filter set to “none”. The injection volume was 

10 µL.  

The chromatographic conditions for LC/MS were the same as for HPLC-CAD. When running 

sample solutions the column effluent was subjected to the ESI-source from 0 to 15 and from 

35 to 60 min only in order to protect the instrument from high amounts of ECD (eluting at 

about 15 min). 

2.2.1. Preparation of solutions 

The test solutions for HPLC-CAD and LC/MS were 5 mg/mL solutions of ECD 

dihydrochloride in water. 1 mg/mL solutions of the impurities TCA, ETCA, EC and NMC 

(calculated as free base or acid, respectively) in 0.1 mol/L hydrochloric acid were prepared 

for spiking the test solutions. For the test solutions for accuracy 5 mg ECD dihydrochloride 

were spiked with 2.5, 5.0 and 7.5 µL of each 1 mg/mL impurity stock solution and diluted to 

1.0 mL. All solutions were stored at -20 °C.  

3. Results and discussion 

3.1. Method development 

Since most of the compounds are extremely hydrophilic (e.g. TCA, EC and NMC) and 

not retained on conventional reversed phase columns, the separation mechanism of 

hydrophilic interaction liquid chromatography (HILIC) seemed suitable for an acceptable 

retention. Since the studied compounds contain basic, acidic or either moiety, the choice fell 

on a betaine HILIC stationary phase in order to use the strong electrostatic interactions 

between the charged analytes and the stationary phase.  
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The method was designed using isocratic elution in order to maintain the universal 

response provided by the CAD and to minimize baseline noise in UV-detection. 

Trifluoroacetic acid proved most suitable as volatile modifier because a pH of about 2 was 

required to attain acceptable peak shapes. Mobile phases containing different amounts of 

TFA and acetonitrile were examined. Interestingly ECD elutes earlier when the acetonitrile 

content was raised whereas other substances were retained longer as expected for a HILIC 

mechanism (see Fig. 2). The retention time of ETCA was not influenced by the acetonitrile 

concentration. This untypical behavior could be due to the absence of free carboxylic acids in 

ECD and ETCA. The optimized method used a mobile phase composed of an aqueous 

solution containing 7.5 mmol/L TFA and acetonitrile (47.5:52.5 % V/V) at a flow rate of 1.0 

mL/min with UV (215 nm) followed by CAD detection. All impurities were separated from 

each other and from the ECD peak and could be detected in this way (see Fig. 3). ETCA was 

only detected by the UV detector because of its high vapor pressure. CAD detection was by 

far more sensitive for the other compounds. 

3.1.1. Sample preparation 

ECD dihydrochloride is very well soluble in water; thus, it was possible to prepare 

concentrated sample solutions (5 mg/mL) of the substance to achieve high sensitivity. Since 

the substance is considered to be unstable and especially sensitive to oxidation, the sample 

solutions were prepared in degassed ultrapure water purged with nitrogen and injected 

immediately after preparation. 

3.2. Method validation 

The method was validated for impurity profiling with regards to the following 

parameters: specificity, linearity, range, precision, accuracy, LOQ and robustness, following 

the International Conference on Harmonisation (ICH) guideline Q2(R1) [13]. Specificity of the 

method was proven by comparing spiked samples with a blank solution. Neither peaks from 

the blank solution nor peaks caused by degradation products of ECD did interfere with 

impurity peaks. The LC/MS results confirmed the identity and purity of the substance peaks. 

The linearity and range for all available impurities (TCA, NMC, EC and ETCA) were 

evaluated from 0.05 to 0.5 %. The coefficient of variation of the regression lines (method of 

least squares) was at least 0.9993. The LOQ for TCA, ETCA, NMC and EC was calculated 

from the slope of the regression lines and the standard error according to ICH guideline 

Q2(R1). The LOQ was at least 0.05 per cent compared to the main peak or even lower. 

Accuracy was assessed on spiked sample solutions 0.05, 0.10 and 0.15 % TCA, ETCA, 
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NMC and EC, respectively. Each level was reproduced in triplicate. The mean recovery rates 

ranged from 85 to 109 % (RSD between 0.0 and 4.7 %, n = 3). Precision was determined on 

a batch sample containing 0.12 % ECM spiked with 0.10 % TCA, ETCA, NMC and EC, 

respectively. The RSD were between 1.4 and 4.7 % (n = 6). 

 

Fig. 2. Influence of the acetonitrile concentration on the separation of the impurities (each 0.05 
mg/mL); A: UV 215 nm; B: CAD; mobile phase: 7.5 mmol/L TFA-MeCN(100-x:x % v/v); flow rate: 
1.0 mL/min; 25 °C ;elution order: 1: injection peak, 2: system peak, 3: TCA, 4: NMC, 5: ETCA, 6: 
sodium, 7: ammonium, 8: EC, 9: chloride, 10: N,N’-dimethyl cystine (oxidation product of NMC), 11: 
ECD 
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Fig. 3. Chromatogram obtained from a 5.0 mg/mL solution of ECD dihydrochloride in water spiked 
with 0.1 % TCA, ETCA, NMC and EC; elution order: injection peak, system peak, 1: TCA, 2: NMC, 3: 
ECDSS, 4: ETCA, 5: sodium/ammonium, 6: EC; 7: chloride; 8: ECM, 9: ECD, 10: unknown compound 
with m/z (ESI

+
) 293; chromatographic conditions: see section 2.3. 

 

The sample solutions were not stable. A drastic increase in ECDSS was observed 

after 1 hour at room temperature. Other degradation products like ECM and ECD lactam 

were formed successively (see Fig. 4). The formation of ECDSS seemed to slow down after 

1 hour, maybe due to oxygen depletion of the sample solution. Only nitrogen purged and 

degassed water should be used to prepare the samples in order to decelerate the oxidation. 

The test solution had to be subjected to analysis immediately after preparation.  

For checking the robustness, the operation parameters were varied in the following 

ranges: Flow rate 1.0 ± 0.1 mL/min, TFA concentration 7.5 ± 0.5 mmol/L, MeCN 

concentration 52.5 ± 1.0 % and temperature 25 ± 5 °C. None of the variations did impair the 

separation of the impurities. 

3.3. Batch results 

Five batches of one manufacturer were studied using this method. None of the 

available impurities TCA, ETCA, NMC nor EC were detected in any of the samples. However 

traces of ENMC were found by the very sensitive LC-MS method. Unavailable and 

unidentified impurities could be found in the CAD chromatogram and the content was 
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calculated using the calibration curve of EC because of the uniform response provided by 

this detection principle (see Table 1 and Fig. 5).  

 
Table 1. HPLC-UV-CAD results of the available batches 

retention 
time [min] 

impurity 
Batch 

A B C D E 

3.5 TCA n.d. n.d. n.d. n.d. n.d. 

3.7 NMC n.d. n.d. n.d. n.d. n.d. 

4.1 ECDSS 0.06 % < 0.05 % < 0.05 % 0.10 % 0.05 % 

4.3 ECD lactam n.d. n.d. n.d. n.d. < 0.05 % 

4.9 ETCA n.d. n.d. n.d. n.d. n.d. 

6.7 EC n.d. n.d. n.d. n.d. n.d. 

12.1 ECM  0.07 % 0.11 % 0.12 % < 0.05 % 0.06 % 

32.0 
unknown a  

(m/z 293 in ESI+) 
0.45 % 0.39 % 0.12 % 0.18 % 0.11 % 

42.6 
unknown b 

(no signal in ESI+) 
n.d. n.d. n.d. 0.14 % n.d. 

sum of impurities 0.58 % 0.50 % 0.24 % 0.42 % 0.22 % 

 

Two degradation products (ECD lactam and ECM) were identified using LC-MS. The 

lactam is formed by an intramolecular nucleophilic substitution of an ethyl group by one of 

the amino moieties whereas ECM either originates from partial hydrolysis or is present due to 

incomplete esterification during the synthesis. The found m/z ratios [M+H]+ of 279 (ECD 

lactam) and 297 (ECM) and the fragmentation patterns were in concordance with the 

proposed structures. The late eluting unknown impurities could not be identified. 

 

Fig. 4. Formation of degradation products in a 5.0 mg/mL solution of ECD dihydrochloride vs. time 
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Fig. 5. Chromatogram obtained from 5.0 mg/mL solution of ECD dihydrochloride batches A to E; CAD 
detection; elution order: 1: ECDSS, 2: sodium, 3: ammonium, 4: ECM, 5: ECD, 6: unknown 
compound with m/z (ESI

+
) 293; 7: unknown compound, no peak in LC-MS (ESI

+
); chromatographic 

conditions: see section 2.3. 

 

4. Conclusion 

A robust and versatile method for the impurity control of ethylene dicysteine diethyl 

ester dihydrochloride was developed and evaluated. The stability of the substance in 

aqueous solution was investigated and one new degradation product (ECD lactam) was 

observed. The method is suitable to control synthesis related impurities and degradation 

products. A major unknown impurity was detected over all batches using CAD and needs to 

be identified. 
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The aim of the studies performed here was to find appropriate means of analysis to 

determine related substances of challenging analytes. These challenges in particular 

comprise the lack of a chromophore in the analyte molecule and physical-chemical 

properties such as high hydrophilicity or amphoterism impeding both detection and 

separation by HPLC. The benefit of mixed-mode chromatography, a promising approach to 

address the separation and the potential of the corona charged aerosol detector for 

pharmacopoeial purposes were evaluated. 

 

1. The CAD in impurity profiling 

The CAD turned out to be a valuable alternative to commonly applied detection 

principles. The greater part of related substances could be detected with sufficient sensitivity 

and linearity. However, the impurity profiling of Carbocisteine illustrates one of the major 

drawbacks of CAD detection: volatile and semi-volatile analytes cannot be detected. In this 

special case the most toxic impurity, chloroacetic acid, was not detectable using this 

technique. The combination of UV and CAD applied for Bicisate was suitable to overcome 

this problem for a semi-volatile ester. However, for chloroacetic acid UV detection was also 

not suitable due to the low response of the substance. The content of chloroacetic acid was 

determined by qNMR to get an idea about how much of this compound could be expected in 

the API. Because qNMR, especially for a single impurity, is not a desirable method for the 

Ph. Eur., additional methods were evaluated for the assessment of chloroacetic acid. A GC 

method with derivatization (ethyl ester) proposed by a manufacturer of carbocisteine and a 

new ion-chromatography method with conductivity detection were tested. All three methods 

yielded similar results (data not included in this work). 

Overall, the CAD was a useful detector for all non-volatile compounds and enabled 

the detection of several unexpected und unknown impurities. The direct transfer of a CAD 

method to LC-MS proved very helpful in the identification of those unknown impurities in 

Ibandronate and Bicisate. It is a valuable additional technique and should be considered 

more frequently in the impurity profiling to find unexpected substances. The combination of 

UV and CAD is easily feasible and covers a higher number of detectable analytes when 

mobile phases with a low UV-cut off are used. However, the only available volatile modifiers 

with low UV cut-off are TFA, analogue fluorinated acids and TEA. 
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2. Enantiomeric purity of magnesium aspartate 

The direct separation of underivatized non-aromatic amino acids is rarely described in 

the literature. However, special stationary phases are available for the separation of D- and L- 

amino acids. These columns are rather expensive and are dedicated to a single separation 

problem. It could be demonstrated that the indirect separation on a conventional PFP 

reversed phase and the direct separation of CBQCA derivatives by CZE yield sufficiently 

precise results with excellent sensitivity. 

It was shown that aspartic acids racemizes rather quickly compared to other amino 

acids in moderately acidic solution. Optimal parameters for the synthesis process could be 

deducted from these findings. Furthermore, it was outlined, that the test for optical rotation in 

the Ph. Eur. is unable to detect D-aspartic acid below 1 % and additional tests are necessary 

to ensure the optical purity of the salt. 

3. Mixed-mode chromatography in impurity profiling 

Three different kinds of mixed-mode columns were used during this work: A RP-18 

with embedded strong cation exchanger (Carbocisteine), a RP-18 with embedded strong 

anion exchanger (Ibandronate) and a betaine HILIC (Bicisate), which includes HILIC and ion-

exchange mechanisms in this case. 

The principle of mixed-mode chromatography was clearly outlined during the 

development of the method for Carbocisteine and Bicisate. The retention of neutral impurities 

or compounds where one mechanism of retention dominates (e.g. RP for Tyrosine) is mainly 

influenced by the amount of organic modifier, whereas ionic species are mostly affected by 

ionic strength of the mobile phases (e.g. TFA concentration). This characteristic behavior 

allows for the fine tuning of a separation in a different way compared to IPC where the 

increase of organic modifier usually leads to a decreased retention of all analytes. 

An important objection to the use of mixed-mode chromatography for pharmacopoeial 

purposes is the limitation to only a few manufacturers and the comparatively short lifetime of 

the columns. On the other hand, they are useful in preliminary screening experiments in 

order to discover potential and new impurities. “Conventional” more generic methods, e.g. 

using IPC could be developed based on these findings. 
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4. Other applications of the CAD 

The CAD has not only proven useful in impurity profiling, but is also becoming more 

and more popular for other very interesting potential applications. Comparatively new is the 

application in blood sample analysis and metabolomics. The detector is here not used for the 

quantification of the compounds of interest but as a screening tool to determine the sample 

clean up efficiency. Many matrix compounds like amino acids, derivatives and physiological 

metabolites which could interfere with the actual analysis (suppression of MS-signal) are well 

detectable by CAD [1]. In another study the ratio of DAD to CAD response as a compound 

specific property is used for peak identification in the blood sample [2].  

Another field of application where the detector has been used before but still holds 

interesting possibilities is the analysis of excipients. Excipients are often very similar to what 

is herein referred to as a challenging analyte. Inorganic salts, polymers for gel formation, 

triglycerides, surfactants, starch, sugars, and sugar alcohols belong to the most frequently 

applied excipients in pharmaceutical technology. Many of these substances e.g. 

polysorbates are mixtures of many similar compounds and the quality is usually verified by a 

variety of inconvenient methods such as saponification value, acid and peroxide value. Using 

HPLC-CAD it was possible to characterize these surfactants and a relationship between the 

composition and their functionality related characteristics like critical micelle concentration, 

cloud point and hydrophilic-lipophilic balance was discovered [3]. The analysis of polidocanol 

[4], polyethylene glycol [5] and lipids [6] is also described in the literature. 

The ability to detect excipients could be used for a future application of the CAD: 

fingerprinting of whole formulations (after suitable sample preparation) in order to assign an 

unknown sample to a manufacturer or to discover counterfeit drug products in a similar way 

like the detector has been used before to verify the authenticity of food products (e.g. olive 

oil) [7]. Additional information like MS, UV or DAD chromatograms could be combined with 

the CAD chromatogram to retrieve more information from the sample if necessary. 

5. Conclusion 

In all cases were the CAD could be used for impurity profiling the calibration curves 

were sufficiently linear for single point calibration over a small range and quantification limits 

were always acceptable for impurity analysis (see Table 1). It could be demonstrated, that 

the CAD was capable of detection of difficult analytes and the possibilities of mixed-mode 

chromatography in the separation of hydrophilic compounds were outlined. The CAD is a 

useful additional detector in impurity profiling increasing the amount of detectable 

substances. In cases were the expected impurities are not known it is of particular interest 

because the response is for a great part independent of the structure, as long as the analyte 
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is not volatile or semi-volatile. Due to the limitation to non-volatile impurities the CAD can 

never completely replace other detection techniques but it is a valuable tool for screening 

purposes in order to find new impurities. The easy transfer to LC-MS in order to identify 

unknown structures is one of the main advantages of CAD detection. A major disadvantage 

is the limitation to volatile mobile phase additives leaving only little scope for optimization 

(e.g. even the combination of TFA and NH3 leads to excessive baseline noise).  

In conclusion no detection technique can guarantee a 100 % certainty about the 

purity of an analyte, but the chance to get more information about the composition of a 

sample has to be used. Mixed-mode chromatography is an interesting approach to solve 

difficult separations, especially in combination with “universal” detectors like the CAD 

because the assessment of inorganic impurities is possible at the same time. Furthermore 

CAD detection has the potential to reduce the error made when quantifying unknown 

impurities because of the universal response. 

 

Table 1 
Overview of impurities determined by HPLC-CAD, the corresponding LOQ and linearity 

Analyte LOQ
a
 R² Amount on column 

 

0.02 % 0.9994 50-250 ng 

 

0.02 % 0.9996 50 -250 ng 

 

0.04 % 0.9995 100 – 600 ng 

 

0.03 % 0.9983 50 – 250 ng 

 

0.10 % 0.9984 100 – 600 ng 
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Table 1 (continued) 

Analyte LOQ
a
 R² Amount on column 

 

0.03 % 0.9972 80 – 400 ng 

 

0.02 % 0.9990 80 – 400 ng 

 

0.02 % 0.9990 80 – 400 ng 

 

0.02 % 0.9989 80 – 400 ng 

 

0.02 % 0.9994 80 – 400 ng 

 

0.03 % 0.9973 80 – 400 ng 

 

0.03 % 0.9998 25 – 250 ng 

 

0.02 % 0.9999 25 – 250 ng 

 

0.05 % 0.9993 25 – 250 ng 

a
  calculated from the linearity plots according to ICH guideline Q2(R1) with regards to the test 

solution concentration 
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The impurity profiling of pharmaceutical ingredients can oppose many challenges. 

The best part of active pharmaceutical ingredients (APIs) and the related substances are 

detectable by UV detection, a very common detection principle. However, if an API lacks a 

suitable chromophore other means of detection are necessary. The corona charged aerosol 

detector (CAD) is a detector capable of detecting substances independent of their chemical 

structure. This “universal” detector has only one limitation: The analyte has to have a 

sufficiently low vapor pressure. Another important challenge that comes often together with 

the lack of a chromophore concerns the separation. These substances (e.g. most amino 

acids and derivatives) often contain structures that make them difficult to retain on 

conventional reversed phase columns. 

Possible solutions to overcome these challenges, like the application of the CAD and 

the benefit of so-called mixed-mode stationary phases in impurity profiling for 

pharmacopoeial purposes were explored in this work. The related substances analyzed in 

this thesis comprise amino acids, inorganic ions, bisphosphonic acids, basic and acidic 

derivatives of amino acids (esters and amides).  

The successful development and validation of mixed-mode liquid chromatography 

methods with CAD detection for carbocisteine and ibandronate sodium might help to 

increase the acceptance of this versatile detector in the pharmaceutical industry and in 

official authorities dealing with the determination of related substances.  

The combination of UV and CAD detection proved very useful during the analysis of 

Bicisate. Most of the related substances and some unidentified impurities were detectable by 

CAD whereas a synthesis by-product, a semi-volatile ester, was only detectable in the UV 

trace. The simple combination covers all relevant impurities in a single analysis. 

Two truly orthogonal methods regarding separation and detection for the 

enantiomeric purity of magnesium-L-aspartate helped to find the reason for elevated 

D-aspartic acid content in the drug substance. A very quick and sensitive indirect separation 

using the OPA derivatization with NAC was developed as a powerful screening tool, whereas 

the direct separation of D- and L-CBQCA-Asp derivatives confirmed the results. Both 

methods were optimized in order to do without substances mentioned on the REACH list, like 

sodium tetraborate which is very frequently applied in standard derivatization protocols and 

CE separations. 

The importance of orthogonal detection principles in the determination of related 

substances of amino acids was discussed in a review article dealing with the revision of 

amino acid monographs in the Ph. Eur..   
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Die Reinheitsprüfung pharmazeutischer Wirkstoffe kann den Analytiker vor 

verschiedene Hürden stellen. So gilt für den größten Teil pharmazeutischer Wirkstoffe und 

deren verwandte Substanzen, dass sie mit Hilfe des weit verbreiteten UV-Detektors 

nachweisbar sind. Verfügt ein Wirkstoff hingegen nicht über ein geeignetes Chromophor, so 

benötigt man andere Möglichkeiten der Detektion. Der corona charged aerosol detector 

(CAD) ist in der Lage Substanzen unabhängig von ihrer chemischen Struktur zu detektieren, 

vorausgesetzt, sie sind schwerflüchtig. Eine weitere Herausforderung, die häufig mit dem 

Fehlen eines Chromophors einhergeht betrifft die Trennung. Verbindungen dieser Art (z.B. 

die meisten Aminosäuren und deren Derivate) enthalten häufig Strukturen, die eine 

Trennung auf konventionellen Umkehrphasen erschweren. 

Mögliche Ansätze um die genannten Herausforderungen zu meistern, wie zum 

Beispiel die Verwendung des CAD und sogenannter mixed-mode Phasen in der 

pharmazeutischen Reinheitsanalytik wurden erarbeitet und an konkreten Anwendungen 

erprobt. Die in dieser Arbeit bestimmten verwandten Substanzen sind vor allem 

Aminosäuren, anorganische Ionen, Bisphosphonate sowie basische und saure Derivate von 

Aminosäuren (Ester und Amide). 

Die erfolgreiche Entwicklung und Validierung von mixed-mode flüssig-

chromatographischer Methoden kombiniert mit CAD für Carbocistein und Ibandronat Natrium 

könnte dabei helfen die Akzeptanz in der Pharmazeutischen Industrie und bei den für 

Reinheitsprüfungen zuständigen Behörden für diesen vielseitigen Detektor zu verbessern. 

Die Kombination von UV-Detektion und CAD erwies sich bei der Analyse von Bicisate 

als sehr nützlich. Die meisten verwandten Substanzen und einige unbekannte 

Verunreinigungen konnten mittels CAD detektiert werden, während ein Nebenprodukt der 

Synthese, ein halb-flüchtiger Ester, nur mit Hilfe des UV Detektors sichtbar war. Die 

Kombination zweier Detektionstechniken ermöglichte die Bestimmung aller relevanten 

Verunreinigungen in einer einzigen Analyse. 

Die Bestimmung der optischen Reinheit von Magnesium-L-Aspartat gelang mittels 

zweier orthogonaler Methoden und der Grund für das Auftreten von erhöhten 

Konzentrationen an D-Aspartat wurde gefunden. Eine schnelle indirekte Bestimmung der 

OPA/NAC-Derivate eignete sich als Screening-tool, während die direkte Trennung der 

enantiomeren CBQCA-Derivate die Ergebnisse bestätigte. Beide Methoden wurden im 

Hinblick darauf optimiert, dass sie ohne Substanzen wie Natriumtetraborat, eine Substanz 

auf der REACH Liste für besonders besorgniserregende Substanzen, sowie gebräuchlicher 

Puffer bei Derivatisierungsreaktionen und CZE Trennungen, auskamen. 
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Die Bedeutung von orthogonalen Detektionstechniken bei der Bestimmung der 

verwandten Substanzen von Aminosäuren wurde in einem Übersichtsartikel, der in 

Zusammenhang mit der Revision von Aminosäuren Monographien des Europäischen 

Arzneibuches steht, diskutiert.  
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3. Abbreviations 

AAA amino acid analysis 

APCI atmospheric-pressure chemical ionization 

APPI atmospheric-pressure photoionization 

AU absorbance unit 

BGE background electrolyte 

BHT butylated hydroxytoluene 

C4D capacitively coupled contactless conductivity detector 

CAD corona charged aerosol detector 

CBQCA 3-(4-carboxybenzoyl)quinolone-2-carboxaldehyde 

CE capillary electrophoresis 

CD cyclodextrin 

CLEC chiral ligand-exchange 

CNLD chemiluminescent nitrogen detector 

CNLSD condensation nucleation light scattering detector 

CS chiral selector 

CZE capillary zone electrophoresis 

DBTAAN (+)-dibenzoyl-L-tartaric anhydride 

ECD electrochemical detector 

EI electron impact ionization 

ELSD evaporative light scattering detector 

EOF electroosmotic flow 

ESI electrospray ionization 

FDAA Nα-(2,4-Dinitro-5-fluorophenyl)-L-alaninamide 

FIA flow-injection analysis 

FITC fluoresceine isothiocyanate 

FLD fluorescence detector 

FLEC (-)-1-(9-Fluorenyl)ethyl chloroformate 

FMOC-Cl fluorenylmethoxycarbonyl chloride 

FQ 3-(2-furoyl) quinoline-2-carboxaldehyde 

GITC 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl isothiocyanate 

HILIC hydrophilic interaction liquid chromatography 

IEX ion exchange 

IPC ion-pair chromatography 

LED light emitting diode 

LOD limit of detection 

LOQ limit of quantification 

MEEKC micro emulsion electrokinetik chromatography 

MEKC micellar electrokinetik chromatography 

MMC mixed mode chromatography 

MRM multiple reaction monitoring 
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MTPA-Cl (S)-(+)-α-methoxy-α-trifluoromethylphenylacetyl chloride 

NAC N-acetyl-L-cysteine 

NBC N-n-butyryl-L-cysteine 

NDA naphthalene-2,3-dicarboxaldehyde 

NiBC N-isobutyryl-L-cysteine 

NQAD nano-quantity analyte detector 

OPA o-phthaldialehyde 

Ph. Eur. European pharmacopoeia 

PITC phenylisothiocyanate 

QqQ triple quadrupole mass spectrometer 

qTOF quadrupole time-of-flight mass spectrometer 

RID refractive index detector 

RP reversed phase 

SAX strong anion exchange 

SCX strong cation exchange 

TATG 2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranoside 

TFA trifluoroacetic acid 

TG 1-thio-β-D-glucopyranose 

TOF time-of-flight mass spectrometer 

USP United States pharmacopoeia 

WAX weak anion exchange 

WCX weak cation exchange 

 

 

 

 

 

 


