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1. Introduction 

 

 

In liquid chromatography a revolutionary new period had started at the last decade. Beside 

the appearance of new stationary phases using new morphology the instrument technology 

has also improved. Along high performance liquid chromatography, ultra-high performance 

liquid chromatography also spread.   

In my Ph.D. work new and traditional liquid chromatographic methods were compared 

concerning the theoretical and practical points of view. Examples will be shown in each 

method and it will be proved how the most efficient separation can be reached by the use of 

these two techniques.  

The comparison of kinetic efficiency of the stationary phases previously was carried out 

based on the van Deemter [1] or dimensionless reduced plate height (h)-reduced linear flow 

rate curves. These methods are not suitable for comparison of stationary phases with different 

morphology and e.g. not take into consideration how much back pressure attaches to the 

desired efficiency in case of given stationary phase. These problems were solved by Desmet, 

who introduced the Kinetic Plot Method (KPM) [2]. The KPM curves are suitable to 

determine the minimum time or column length to reach the given theoretical plates. These 

curves were used in my work to compare stationary phases with different morphology.        

The practical comparison of high performance and ultra-high performance liquid 

chromatographic columns was carried out based on a volume overload study. The 

chromatographic techniques nowadays applied are linear set aside a few exception e.g. 

preparative chromatography, trace analysis. It means that the injected sample concentration in 

the mobile phase and adsorbed concentration in the stationary phase are in direct proportion. 

However there are some cases when to achieve the goal of the analysis (limit of detection, 

limit of quantitation) the injection volume or the concentration of the analyte should be 

increased. In these cases we are out of the linear range. 

The increased injection volume or concentration can cause peak distortion, decrease in 

efficiency or resolution [3, 4]. In practice ten percent decrease in efficiency can be acceptable; 

this is the so called 10% rule. To comply with this 10% rule the components have to be 

focused at the front of the column.  

The easiest peak focusing method is applying sample solvent, which elution strength is 

weaker than the mobile phase elution strength [5]. In case of reversed phase chromatography 

sample solvent can be water [6], nevertheless applying the not suitable solvent can cause peak 

distortion, precipitation and carry over and therefore this method cannot be applied in every 

case.     

Sample injection followed by water plug is another possibility for sample band 

compression. One of the ways is injecting water after the sample. The second opportunity is 

applying pulse gradient where the mobile phase B is water.  
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The third opportunity of band focusing is the gradient elution. On one hand, gradient 

elution is commonly used for shortening the analysis time of complex samples in which the 

retention factors of the compounds are very different. On the other hand, gradient elution is 

applied to decrease peak width. Shellinger et al. highlighted that gradient elution is also 

suitable for the separation of compounds with similar retention factors, because gradient 

elution provides shorter analysis time and narrower peak width than isocratic elution [7]. 

Gradient elution has a significant peak compression effect because elution strength ahead of 

the sample brand is weaker than elution strength of the mobile phase behind the peak.  

My goal was to compare the stationary phases with different morphology applied 

nowadays. The comparison based on the Kinetic Plot Method. I would like to draw attention 

to the theoretical nature of the comparison since KPM curves were calculated at the highest 

allowable backpressure for each column. 

Further purpose of my work was to compare the high performance with ultra-high 

performance stationary phases by their practical aspects. For this reason volume overload 

behaviour of these columns was studied. Examples that have practical significance were 

chosen for this study. 

In the first example the goal was to develop a high performance liquid method for indirect 

determination of serine enantiomers. 

D-serine appears in very different concentration (nmol/g tissue) in the sections of the brain; 

its concentration is changing with the age. My goal was to develop a selective method with 

very low detection and quantitation limit. In the course of the development effect of large 

volume injection on the column efficiency, limit of detection and limit of quantitation was 

studied. 

Further purpose of my work was to study the possibility of method transfer from high 

performance liquid chromatographic system to ultra-high performance liquid 

chromatographic system. 

The volume overload of the ultra-high performance column is much lower than the volume 

overload of the high performance liquid chromatographic columns because of the column 

parameters. For the better limit of detection (LOD) and limit of quantitation (LOQ) the 

injection volume should be increased, which can decrease the column performance. 

Chromatographers have to make a compromise: the acceptable efficiency loss should be 

determined to achieve adequate LOD, LOQ with increased injection volume. Possibility of 

large volume injection was also studied in case of ultra-high performance liquid 

chromatographic stationary phases.    

Blood samples – which were studied in the course of my work – are very complex 

matrices; therefore the goal of my work was to develop a sample treatment method increasing 

the selectivity of the chromatographic method.  

In the last example of my work volume overload of ultra-high performance liquid 

chromatographic stationary phases was studied. Large volume injection makes possible to 

achieve the adequate LOD, but in the same time decreases the column efficiency. This 

efficiency decrease is very significant in case of small (short, small I.D.) columns and 

columns with core-shell particles. Possibility of large volume injection to comply with the 

10% rule in case of core-shell particles was studied. Efficiency of columns with core-shell 

particles was studied under isocratic, pulse gradient and gradient elution conditions.    

 

 

 

 

 



 

 

 

 

2. Experimental 

 

 

The applied solvents and chemicals were high purity, usually HPLC grade. HPLC analysis 

were performed on a Merck Hitachi LaChrom HPLC, UHPLC measurement were carried out 

with Waters Acquity UPLC and Perkin Elmer Flexar FX-15 UHPLC systems.  

Theoretical and practical applicability of high performance and ultra-high performance liquid 

chromatographic stationary phases were studied. 

To compare the performance of columns with different morphology Kinetic Plot Method was 

applied. Column efficiencies (i.e. plate counts) were measured at a series of flow rates. Based 

on the determined H-u curves kinetic plots were calculated (eq. 1. and 2.)     
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where ΔP is the available pressure drop, Kv0 the column permeability, η the mobile phase 

viscosity, u linear velocity, t0 void time.  

 

The practical comparison started with a development of a high performance liquid 

chromatographic method for determination of serine enantiomers from rat brain. 

Amino acid enantiomers were determined after derivatization with orto-phthaldialdehyde 

and N-terc-butyloxycarbonyl-L-cysteine (OPA-Boc-L-cys) followed by an indirect separation. 

Work was carried out in cooperation with EGIS pharmaceuticals.   

The preparation of the biological samples was carried out at EGIS pharmaceuticals. The 

goal of the study was twofold i) achieving adequate LOQ, LOQ, ii) study of the effect of the 

sample pH to the derivatization reaction. For achieving adequate LOD, LOQ large volume 

was applied, the pH of the sample was regulated with addition of sodium-hydroxide.   

Application of large volume injection in case of ultra-high performance liquid 

chromatography was studied throughout the determination of Keppra (antiepileptic drug, 

AED) from serum. The development was carried out in cooperation with National Institute of 

Neuroscience.   

High performance liquid chromatographic method was developed for the determination of 

levetiracetam from serum samples and the method was successfully transferred to ultra-high 

performance system. 

The first step of the method transfer from high performance liquid chromatographic system 

to ultra-high performance liquid chromatographic system is choosing an ultra-high 

performance stationary phase, which physical-chemical properties are very similar to the 

properties of high performance liquid chromatographic stationary phase. Then the applied 

chromatographic parameters have to be recalculated to suit the ultra-high performance 

chromatographic column parameters. In case of isocratic separation flow rate (eq. 3) and 

injection volume (eq. 4) have to be recalculated.  
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where d2 and d1 are the diameter of the UHPLC and the HPLC column, respectively, F1 

and F2 are the applied flow rate in the HPLC and UHPLC system.  
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where r2 and L2 are the radius and the length of the UHPLC column,  r1 and L1  are the 

radius and the length of the HPLC column, V1 and V2 are the injection volume applied in the 

HPLC and UHPLC system. 

 

The method was partially validated. The sample preparation was also optimized. Different 

pre-treatment methods: liquid-liquid extraction, solid phase extraction and precipitation with 

organic solvent were studied in aspect of accuracy, time consumption and reproducibility. 

Large volume injection was applied to achieve adequate limit of detection.   

In this case the efficiency loss exceeded the acceptable ten percent.  

In the last example I try to find an answer for the question how can large volume injection 

be applied to comply with the ten percent rule. In this part of my work volume overload of 

columns with core-shell particles was studied under isocratic, pulse gradient (Fig. 1) and 

gradient elution. In case of isocratic elution the largest injection volume that can be applied 

without efficiency loss was determined.   

In case of pulse gradient (Fig. 1) effect of gradient time to column efficiency and effect of 

injection volume to kinetic performance of the column were also studied.  

 

   

 
Figure 1: Pulse gradient 

 

In last but not least band focusing effect of gradient elution was examined. The largest 

injection determined by the UHPLC instrument can be applied only in case of gradient elution 

from the applied three methods. Enantiomers of amino acids were determined from fruit juice 

with large volume injection under gradient conditions after derivatization with Marfey 

reagent.  
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3. Results 

 

The results of the theoretical comparison of stationary phases with different morphology: 

 

Based on the N- t0/N
2 

curve of the studied columns the core shell column with 1.7 µm particle 

size shows better performance, lower t0/N
2 
value than the column with 2.6 µm particle size.  

Based on the obtained result for the fully porous Acquity BEH C18 column at different 

temperature (30 and 85°C) it can be concluded that the higher the temperature, the shorter the 

plate time becomes. 

In the studied range the columns packed with sub-3 µm core-shell, fully porous 1.5 and 1.7 

µm particles provided very similar plate time.    

The sub-2 µm particle size core shell column provided the most efficient separation with 

20 000 number of theoretical plates, meanwhile the poorest separation efficiency was 

obtained using a Chromolith Flash column with 5000 number of theoretical plates based on 

the N-L curve. 

In case of separation of polypeptides the core-shell column provided faster separation than 

the fully porous particles and the plate time decreases with decreasing thickness of the shell. 

 

The results obtained by conducting a volume overload study: 

 

An HPLC method for the determination of serine enantiomers from rat brain was 

developed. The stability of diastereomers obtained from serine enantiomers after 

derivatization with ortho-phthaldialdahyde and N-terc-butiloxicarbonyl-L-cysteine was 

studied first time in my work. The half life of serine-OPA-Boc-L-cys derivative obtained with 

L-serine is shorter (64 min) than half life of derivative obtained with D-serine (91 min).     

The sample pH has significant influence on the derivatization reaction, therefore the 

sample pH was optimized (pH=11). 

For achieving adequate limit of detection and limit of quantitation large volume injection 

was applied. 

The injection volume can be increased to 200 µl without efficiency loss, because of the 

right solvent selection (elution strength of the solvent was lower than the elution strength of 

the mobile phase). With large volume injection LOD and LOQ in nmol/l concentration can be 

achieved. 

 

An HPLC method was developed for the determination of levetiracetam from serum 

samples. The method was successfully transferred to a UHPLC system. 

LOD and LOQ were decreased with applying large volume injection. 20 µl injection 

volume was applied this amount is outside of the linear chromatographic range. It was proved 

in the practice that non-linear chromatography can be applied for achieving the separation 

goal.   

I developed a UPLC-PDA method, which is more sensitive with 15-times lower detection 

limit than the UPLC-MS-MS method [8] found in the literature. The difference is owing to 

the large volume injection and sample preparation method with lower sample dilution. 

The serum samples were prepared with liquid-liquid extraction on Extrelute in the National 

Institute of Neuroscience. It was proved with measurements that this method is not suitable 

for preparation of serum samples; therefore the sample preparation method was also 

optimized.



 

 

 

The result of the cooperation is that the optimized sample preparation method 

(precipitation with methanol) and HPLC method is being applied in the National Institute of 

Neuroscience for therapeutic drug monitoring of patient with epilepsy.

As the last part of my work the small volume overload of columns packed with core-shell 

particles under isocratic conditions was proved. In case of pulse gradient injection volume can 

be increased but the maximum injection volume provided by the instrument (50 µl in case of 

Flexar UHPLC system) cannot be applied without efficiency loss.    

The injection volume can be increased to 50 µl without decrease in number of theoretical 

plates under gradient conditions thanks for the band compression effect of gradient elution. 

Amino acids enantiomers content of fruit juice can be determined in nmol/l concentration 

range with applying large volume injection. 

In case of pulse gradient the gradient time has significant effect on column performance. 

The greater the pulse time is the greater the apparent number of theoretical plates is. The 

effect of pulse time decreases with increasing column length, but it was significant in all 

cases.   

 

4. Thesis 

 

1. Based on the Kinetic Plot Method (N – t0/N
2
)  it was proved that core shell stationary 

phase with smaller particle (1.7 µm) provides faster separation with lower t0/N
2 

value 

in the practically applied 5 – 20 000 number of theoretical plates range than the 

column packed with 2.6 µm particle size core shell particle. It was experimentally 

proved that the sub-2 µm particle size core-shell column provides the most efficient 

separation with 20 000 number of theoretical plates from the studied 5 cm long, small 

I.D. columns packed with sub-3 and sub-2 µm core-shell, 1.7 µm fully porous and 

monolithic columns meanwhile the less efficient column is the monolith with 5000 

number of theoretical plates [1, 5].      

 

 

2. Several studies deal with determination of serine enantiomers after derivatization but it 

was first time to determine stability of diastereomers obtained from serine enantiomers 

after derivatization with orto-phthaldialdehyde and N-terc-butyloxycarbonyl-L-

cysteine. It was first time to prove that the pH of the solution has significant effect on 

the amount of diastereomers [2].    

 

 

3. Large volume injection was applied several times in the literature but large volume 

injection was first time applied for the determination of serine enantiomers after 

derivatization with high performance liquid chromatography. With large volume 

injection LOD and LOQ in nmol/l concentration can be achieved. 

 

 

 



 

 

 

 

4. High performance liquid chromatographic method was developed for the 

determination of levetiracetam from blood serum. This method is applied in National 

Institute of Neuroscience for patient therapeutic drug monitoring. Parameters of three 

different sample preparation methods were measured. Based on my measurements it 

can be concluded that protein precipitation with large volume injection instead of solid 

phase extraction provides suitable detection. The method is successfully transferred to 

ultra-high performance liquid chromatographic system (UPLC). I developed a UPLC-

PDA method, which has better limit of detection and limit of quantitation than the 

most sensitive LC-MS-MS method found in the literature [3]. 

 

 

 

5. In the literature I was the first who compared the different large volume injection 

methods (suitable solvent, pulse gradient, gradient elution) and concluded that they 

can be applied in case of complex biological samples. It was established that large 

volume injection without band broadening can be achieve by applying adequate 

gradient profile.  

 

6. It was first time to study the volume overload of core-shell Kinetex (2.6 µm) columns 

with different column length (50, 100, 150 mm). It was experimentally proved that the 

efficiency increases in case of pulse gradient and the pulse time has significant effect 

on apparent plate number. This effect decreased with increasing column length. It was 

proved that in case of gradient elution the injection volume can be increased ten times 

without efficiency loss [4].   

    

5. Application of the results 

 

The HPLC method for the determination of levetiracetam from serum and the optimized 

sample preparation method are applied in National Institute of Neuroscience for patient 

therapeutic drug monitoring (TDM).   
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