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1. INTRODUCTION 

Chromatography is an extremely important and frequently used technology in 

analytical chemistry because it is necessary to understand what is inside the sample. 

Chromatography is a method for separating substances based on how different the affinity 

for or solubility is in two different phases (the stationary phase, and the mobile phase). The 

concept of chromatography was first mentioned in the University of Warsaw more than 

100 years ago by Tswett as he used a glass tube packed with calcium carbonate and flushed 

it with a mixture of organic solvents to separate plant pigments [1]. This early type of 

chromatography is still widely practiced today as flash chromatography mostly by organic 

chemists. Since performing chromatography in this manner was typical for a very long 

time, it was referred to as "normal phase" chromatography. However, there is still an 

opportunity for these techniques to develop a new instrument model, chromatographic 

columns, and chromatographic system technical solutions to satisfy the various new 

requirements and requests for improvement from other scientific areas as well as an 

increase in the precision and accuracy of measurement. The "heart" of every 

chromatographic system is the chromatographic column. Of all the chromatographic 

constituents, its development is most susceptible to alteration to reduce the changes in 

chromatographic properties between batches that are manufactured consecutively 

therefore, researchers are continually concentrating their efforts on increasing the 

effectiveness and longevity of columns [2]. Modern High-Performance Liquid 

Chromatography (HPLC) column has been categorized into numerous subclasses based on 

the mode of separation, the polarity of the mobile phase and stationary phase, and the type 

of intermolecular interaction that dominates the retention process as follows: a) Normal 

Phase Liquid Chromatography (NPLC) - a chromatographic system in which the stationary 

phase is more polar than the mobile phase, b) Reverse Phase Liquid Chromatography 

(RPLC) - a chromatographic system in which the stationary phase polarity lower than that 

of the eluent used, c) Hydrophilic Interaction Liquid Chromatography (HILIC) a 

chromatographic migration system which is a combination of the two above-mentioned 

systems, with a stationary phase used in the normal phase system(polar) and mobile phase 

used in a reversed-phase system (acetonitrile with water). The most widely used HPLC 

columns are RP-HPLC columns, which account for more than 90% of all HPLC 
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separations [3,4]. On one hand, in liquid chromatography, the basic material used from the 

beginning of chromatographic analysis until the present day is amorphous silica material. 

This is due to the low costs associated with the high availability of silicon in the natural 

environment and the presence of superficial silanols, which are essential for liquid 

chromatographic (LC) stationary phase synthesis and column preparation [5]. They 

provide the hydrophilic nature of silica, which feature is directly used in NPLC, but they 

also create the possibility of attaching organic moieties to them. The higher concentration 

of silanols on the surface makes the silica more hydrophilic in nature. Since the presence 

of surface silanols affects the selectivity of a stationary phase in all LC modes, it is 

necessary to know their concentration on the surface. Currently, the silica used for LC 

column packing is a synthetic silica which allows greater control of the final product. The 

appropriate selection of synthesis parameters ensures obtaining appropriate particle sizes, 

their spherical shape, porosity, and the proper concentration of silanols on the surface. On 

the other hand, a natural source of amorphous silica could be used, for example, 

diatomaceous earth or diatomite. Diatomaceous earth can contain more than 90% silica, 

but also such minerals as clay, iron oxides, and other tiny mineral impurities are present. It 

is rarely used as a packing material for LC columns; more often it is used in gas 

chromatography (e.g., Chromosorb stationary phase) [6]. Diatomite itself is a material 

originating from skeletons of diatoms. Diatoms [7] are microalgae that are found 

worldwide in both freshwater and marine environments. In addition, diatoms are common 

unicellular microscopic photosynthesizing algae that possess shells (exoskeletons) called 

frustules made of amorphous hydrated silica [8]. The siliceous walls of diatom frustules 

that are intricately patterned are decorated by an original pattern of ordered structural 

features such as pores, ridges, ribs, spikes, or spines, creating the most spectacular example 

of three-dimensional (3D) structured silica materials of biological origin. The pores of 

circular, polygonal, or elongated shapes range from a few hundred nanometers to a few 

micrometers in size. Based on symmetry in frustules morphology diatom frustules 

(biosilica) are composed of two overlapping valves called thecae (upper part – epitheca, 

lower part - hypotheca) with characteristic double-sided structure like a Petri dish [9-13]. 

Biosilica [14] is an inorganic polymer consisting of orthosilicate units formed by organisms 

such as diatoms or siliceous sponges. On one hand, in the classical approach, such particles 
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should be considered as irregular as they are not spherical, but on the other hand, they 

cannot be considered as irregular as all the particles have the same shape, which is even 

more important - the same size. Random observations using SEM revealed that the biosilica 

frustules population which we used is characterized by a narrower size distribution than 

commercially available Kromasil 100 of dp = 5 μm. We suspect that the complex influence 

of the frustules' parameters like valve diameter (ca. 4 μm), its sidewall thickness (ca. 1 μm), 

and thickness of the bottom (ca. 110-150 nm) in which 150-300 nm pores (holes) are 

present is responsible for quite good chromatographic properties. Particularly interesting 

may be the combination of the two last-mentioned features. Based on the considerations of 

Tallarek et al. [15] we can assume that those frustules positioned parallel to the column’s 

long axis would show a rather small value of a characteristic length for hydraulic 

permeability while for those perpendicular ones – this value would equal frustule's 

diameter. There is, however, a significant difference when compared to spherical particles 

- the frustules are flat, and in the region of the pores (the holes) their thickness is around 

110-150 nm, so perfusion through the frustules is possible. So, even if the frustule material 

would be totally porous (macroporous) , the characteristic length of the stagnant mobile 

phase would be very short, which would be comparable to superficially porous spherical 

particles or monolithic silica skeletons [16]. It is very likely that these features are 

responsible for high efficiency , high number of theoretical plates and relatively good 

permeability. This is due to good mass exchange between the analytes, the stationary phase 

and the mobile phase components. 

 

 

where:  

Rs : is the resolution between the two analytes. 

N2 : is the plate number of the second analytes. 

α : is the separation factor between the two analytes. 

k2  : is the retention factor of the second analyte. 

 

https://en.wikipedia.org/wiki/Theoretical_plate
https://en.wikipedia.org/wiki/Retention_factor
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The diatom's frustule considers as a natural silica and the surface after removing 

organic deposition it contains a high level of silanol groups (Si-OH) and siloxane bond (Si-

O-Si) i.e., there is no metal impurities nor hetero atom and it would be promising from the 

point of view of “green chemistry” as the cultivation of diatoms is rather not 

environmentally harmful. 

More than 100,000 living diatoms are classified by typical morphologies of their 

frustules that are unique to each of the diatom species [17]. Diatom frustules ( biosilica ) 

[18-20] serve as a source of inspiration for the creation of new nanostructured materials, 

and more recently, new nanomaterials have been created by maintaining the diatom 

nanostructure while changing the material chemistry. Also, frustules (biosilica) have been 

employed by numerous researchers to create different silica-material nano- and micro-

composites because of their distinctive optical characteristics and large surface area. Due 

to the reactive silanol (Si-OH) groups that cover the surface, the valve surface of diatoms 

is easily modified by connecting with other substances [21]. Moreover, it has been noted 

that the diatom-derived bio-silica structure [22-23] possesses excellent mechanical and 

thermal durability, distinctive optical properties, and outstanding biocompatibility. The 

striking similarities between the morphology of frustules and that of artificially generated 

porous silica, like the low cost and the availability all around the world, make the 

nanostructured silica of diatoms an appealing source of material for several technological 

applications such as water treatment technologies, drug delivery system, transducer 

components, photovoltaic systems, bio-nanotechnology applications, and in solar energy 

harvesting systems [14]. 

These study shed light on the functionalization techniques that can be used to change 

the surfaces of biosilica and the possibility of using natural material as a filler/adsorbent- 

stationary phase liquid chromatography and extraction technique for the first time. 

The Ph.D. thesis submitted for evaluation is based on four published or/and submitted 

for publication papers (D1- D4) from (JCR) list: 

 (D1) AL Saoud, H.; Sprynskyy, M.; Pashaei, R.; Kawalec, M.; Pomastowski, P.; 

Buszewski B. Diatom biosilica: Source, physical-chemical characterization, modification, 

and application. J. Sep. Sci. 2022, 45, 3362-3376.  
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(D2)  AL Saoud H, Krakowska-Sieprawska A, Sprynskyy M, Pomastowski P, Buszewski 

B. Nowe materiały na bazie 3D biokrzemionki. Analityka. 2021;3:4–12. 

(D3)  M. Szumski, H. Al Saoud, I. Wojtczak, M. Sprynskyy, R. Gadzała-Kopciuch, S. 

Bocian, M. Dembek, M. Potrzebowski, B. Buszewski, Diatom biosilica for the 

chromatographic purposes. J. Chromatogr. A. (under review)  

(D4)  AL Saoud, H.; Szumski, M.; Sprynskyy, M.; Bocian, S.; Buszewski, B. Biosilica as 

a new stationary phase in HILIC mode. Chromatographia. (under review) 

  



10 
 

2. THE AIMS OF THE STUDY 

 The main aim of this study was to investigate the possibility of using and applying 

diatom frustules (biosilica) as a stationary phase for separation science,  particularly for 

liquid chromatography. Another possibility has been to use obtained material as packing 

adsorbent for solid phase extraction mainly purification and preconcentration process 

technology. It would be promising from the point of view of “green chemistry” as the 

cultivation of diatoms is rather not environmentally harmful because it was extremely bure 

homogeneous natural material. 
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3. RESEARCH PROBLEMS 

3.1 Diatom biosilica as a promising material in the chromatography world 

Growing research interest in the use of  biosilica results from its unique properties 

such as chemical inertness, biocompatibility, high mechanical and thermal stability, low 

thermal conductivity, and homogeneous porous structure with a large specific surface. 

Unlike the production of synthetic silica materials with a micro- or nanoscale structure in 

an expensive conventional manufacturing process, biosilica can be produced in huge 

quantities without significant expenditure of energy and materials. This fact makes it an 

unlimited, easily accessible, natural, inexpensive, and renewable material. Moreover, the 

production of biosilica is extremely environmentally friendly, as there is essentially no 

toxic waste, and the process does not require more energy compared to the production of 

synthetic silica-based materials. For all these reasons, biosilica are an intriguing alternative 

to synthetic materials in developing cheap biomaterials used in different branches of 

industry. For this a broad area, a comprehensive study summarizes the state-of art of 

biosilica materials, their characteristics approaches, and possible ways of application have 

been reported in the review articles entitled “ Diatom biosilica: Source, physical-chemical 

characterization, modification, and application” (D1) and “Nowe materiały na bazie 3D 

biokrzemionki” (D2). 

 

3.2 Developing a new stationary phase for liquid chromatography 

The challenges of developing a new stationary phase have long been the subject of 

intensive research. Throughout the past several decades, numerous attempts have been 

made development within liquid chromatography has been to synthesize new stationary 

phases. Moreover, the evolution of new stationary phases has led to a new generation of 

selective adsorbents [24,25].Where  many HPLC separations require packing materials 

with specific surface properties. For this reason, a variety of stationary phases has been 

developed; these include chiral Packings (e.g., cyclodextrin, bovine serum albumin (BSA), 

and Pirkle phases), chelating phases, and packings with short alkyl chains terminating in 

polar groups (e.g., -NH2, -NO2, -OH, etc.), liquid crystal molecules bonded to the silica 

surface, etc. [26]. In recent years, due to the unique properties of the frustule, diatoms are 
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an example of a new natural source of structural biosilica with appropriate properties to 

produce cost-effective biomaterials. Moreover, great possibilities are opening to change 

the physicochemical properties of the diatom silica by using modification methods for 

obtaining new silica functional materials with unique 3D structures preserved [27,28]. It is 

noteworthy here that under given growth conditions (growth medium, temperature, 

aeration, light conditions) the population of the obtained diatom cells is characterized by a 

very narrow size distribution and porosity. According to their physicochemical 

characteristics, diatom frustules are potential silica material for stationary phase 

chromatography and a filler for chromatographic columns. In this fact, the article entitled 

“Diatom biosilica for the chromatographic purposes” (D3) presents for the first time the 

successful use of diatom biosilica as a new stationary phase. 

 

3.3 Selective separation mode for a new stationary phase 

After the determination of the most efficient procedure to use biosilica for 

chromatographic purposes (D3), the HILIC mode was applied in a further study entitled 

“Biosilica as a new stationary phase in HILIC mode”(D4). The aim of this study was to 

use Hydrophilic interaction liquid chromatography (HILIC) as an alternative high-

performance liquid chromatography (HPLC) mode for separating polar compounds[29]. 

Compared to traditional normal-phase liquid chromatography (NPLC) and reverse-phase 

liquid chromatography (RPLC), HILIC provides several distinct advantages. For instance, 

it is appropriate to analyze substances in complicated systems that consistently elute close 

to the void in reserved-phase chromatography. Polar samples exhibit strong solubility in 

the aqueous mobile phase employed in HILIC, which outweighs the limitations of the 

frequently encountered poor solubility in NPLC. For HILIC separations, any polar 

chromatographic surface may be utilized. Classical bare silica or silica gels that have been 

heavily modified with polar functional groups make up the majority of HILIC stationary 

phases  [30] as we mentioned in successfully using diatom biosilica in chromatography 

(D3). There are excellent opportunities to alter the physicochemical characteristics of 

diatom biosilica by applying modification techniques to create novel silica functional 

materials with retained distinctive 3D structures. According to their physicochemical 



13 
 

characteristics, diatom frustules are a potential silica material for the chromatographic 

stationary phase and a packing for liquid chromatographic columns. 

 

3.4 Biosilica as packing material in solid phase extraction 

Extraction techniques are widely used, particularly those based on phase-based processes 

such as liquid-liquid and/or liquid-solid. They have become the most widely used in routine 

determinations due to the reproducibility of data, precision, relatively low cost of 

appropriate analysis, simplicity of the determination, and the possibility of a direct 

combination of those techniques with others [31,32] . For this purpose, a new carrier 

material was used for these purposes for the first time in extraction and it was a simple, 

rabid, environmentally friendly, and highly efficient extraction technique with water as an 

extraction solvent for the isolation and purification of analytes contained in complex 

mixture, i.e. polycyclic aromatic hydrocarbons (fluoranthene, benzo(k)fluoranthene,  

benzo(b)fluoranthene, benzo(a)pyrene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene 

and/or biologically active substances e.g.  mycotoxins, polyphenols, flavonoids, etc. In 

order to change selectivity, in capillary or in chips [ 33]. The idea is to use various sorbents 

based on biosilica located in a container having a form of a piece of fused silica capillary 

(miniaturization) to connect it on-line to LC column to create a nanoSPE-nanoHPLC 

system. The construction proposed here was built on the basis of the previous results 

described by Grzywiński et al. Briefly, it consists of two 10-port nanoLC valves designed 

for connection of 360 um fused silica capillaries. The scheme of the connections is 

presented in Fig. 1. In this special arrangement the eluate from the extraction column is 

passed through the detector during the extraction step, so any possible loss of the analytes 

that may occur due to the extraction column breakthrough can be observed. After the 

extraction step is complete, the change of the valve position makes the mobile phase flush 

the extraction column, so the analytes are desorbed and on-line transferred to the separation 

column. Simultaneously, the valve changes the stream of the liquid driven to the detector 

to the separation column mobile phase. So, the final chromatogram can be divided into two 

sections – the extraction part and the separation part, which turned out to be very 

convenient. The only drawback of the system may be increasing the extra column volumes 
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which might result in non-symmetric peaks and, sometimes, deteriorated resolution. 

 

Figure. 1 Scheme of the valve system in µSPE–nanoHPLC 

The model solution of a set of sex poly cyclic hydrocarbon in water was injected and the 

extraction  and separation procedure were started. The result of such a chromatographic process 

is presented in Fig. 2. In this case we didn’t observe any breakthrough of the extraction bed , 

and the analytes were transferred to the C18 separation column. 
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Figure 2. Example chromatograms of nanoSPE-nanoHPLC process of blank solution and solution 

containing six polycyclic aromatic hydrocarbons. Chromatographic conditions: sample solvent 

5/95 ACN/H2O, flow rate 5µl/min, extraction time 10 min, elution solvent/mobile phase 75/25 

ACN/H2O, flow rate 5µl/min, gradient 0-10 min 75/25 ACN/H2O,10-22 min increase from 75-100 

CAN, 22-30 min 100%ACN. elution order: 1 - fluoranthene, 2 - benzo(k)fluoranthene, 3 - 

benzo(b)fluoranthene, 4 - benzo(a)pyrene, 5 - benzo(ghi)perylene, 6 - indeno(1,2,3-cd)pyrene). 

 

3.5 Surface modification and preparation of biosilica 

The 3D-structured diatom biosilica was obtained under laboratory conditions by 

the cultivation of the selected species of Pseudostaurosira trainorii. This diatom species 

was provided by the Culture Collection of Baltic Algae, Institute of Oceanography, 

University of Gdansk, Poland. Microalgae were cultivated using Erlenmeyer flasks (5 L) 

with a Guillard's growth medium that contained silicon concentration of 7 mg/L under air 

aeration and light regime 12h light/12h darkness. After growing diatom cells were 

separated by filtration using a vacuum pump and washed with distilled water. Diatom 

biosilica (diatom exoskeletons) was isolated from dried diatom biomass by decomposition 

of organic matter with hydrogen peroxide and hydrochloric acid. The frustules obtained in 

this way were washed with distilled water and dried in the oven at 120°C. Chemical 

modification of diatom frustules were performed according to the methodology used for 

silica gel modification described by Buszewski et al.[34] Before chemical modification of 

the diatom frustules, a sample of the adsorbent was placed in a glass reactor specially 

designed to protect the reagents from contact with the external environment. Diatom 
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frustules were dried at 180°C under vacuum for 24 h to remove physically adsorbed water. 

The temperature was then reduced to 80°C, and octadecyldimethylchlorosilane dissolved 

in anhydrous toluene was added. In order to bind hydrogen chloride generated during the 

reaction, triethylamine was added to the reactor. After 12 h, the reaction product was 

washed with toluene, ethanol, hexane and acetone. Then the biosilica was dried in a 

vacuum oven for 24 h at a temperature of 70°C.  According to our results in this study 

“Diatom biosilica for the chromatographic purposes”(D3) and “Biosilica as a new 

stationary phase in HILIC mode” (D4)  it turned out it was an efficient method to prepare 

and modify the biosilica. 

 

3.6 Column packing procedure 

At first the fused silica capillary section of 3 m in length was consecutively washed 

with 2 mL of each of the following solvents: dichloromethane, acetone, water, 1M sodium 

hydroxide, water, and acetone. Then the capillary was cut into 20 cm sections and in each 

section the outlet ceramic frit was synthesized using sodium water glass (750 µL) solution 

in formamide (120 µL) which was introduced by capillary forces to the 2.5 cm distance 

from the outlet. Then both ends of the capillary were plugged with pieces of silicone rubber 

and the whole was heated in the oven at 100°C for 1 hour. After that, prepared porous frit 

was flushed with water and acetone and dried in the stream of nitrogen. 50 mg of biosilica 

was weighed out and suspended in 470 µL of isopropanol. The mixture was then 

homogenized and degassed by sonication for 10 min. The slurry was transferred to a 

stainless-steel reservoir (100 x 2 mm) with the empty capillary column connected to its 

outlet. Such a prepared set-up was connected to a high-pressure air-driven pump (model 

DSF-122, Haskel, Burbank, USA). The slurry was pushed with methanol at a pressure of 

20 MPa for 2 hours. After that, the column was left to depressurize slowly. Finally, it was 

gently disconnected from the reservoir and the outlet ceramic frit was cut to its final length 

of 0.5 cm. According to our results in this study “Diatom biosilica for the 

chromatographic purposes” (D3)  and “Biosilica as a new stationary phase in HILIC 

mode” (D4) it turned out it was a rapid, efficient method to pack the column. 
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4. PUBLICATIONS 

 

The detailed description of the methods used, obtained results, their discussion, and 

conclusions are presented in two unpublished experimental papers which are currently 

under peer review in the Journal of Chromatography A (D3) (submitted on May 6, 2023) 

and Chromatographia (D4) (submitted on March 24, 2023). 
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5. CONCLUSIONS AND REMARKS 

 

The principal aim of the present work was to investigate the possibility of using diatom 

frustules (biosilica) as a liquid chromatography stationary phase, and it would be promising 

from the point of view of “green chemistry” as the cultivation of diatoms is rather not 

environmentally harmful. The selection of diatom biosilica as a power full material for the 

development and research, where the three-dimensional structure of diatom biosilica can 

be designed as a multifunctional scaffold using various chemical modifications.  

The results of the study can be summarized as follows: 

a) For the first time, diatom biosilica frustules were successfully turned into a useful liquid 

chromatographic material. Although the frustule-based chromatographic bed did not show 

selectivity compared to the commercially available adsorbent due to natural porosity and 

surface properties the observed high efficiencies are very promising. 

b) Prepared packing materials based on biosilica were applied for the preparation of 

columns for nano - HPLC (160 mm, 400 µm i.d) which characterize very high efficiency 

(N) higher than 20000 with low permeability (KF = 5.33 × 10-15 m2). The columns have 

shown long lifetime in analyses of bioactive compounds. 

c) For the first time, diatom biosilica frustules were successfully used as a stationary phase 

in the HILIC mode. The obtained stationary phase is selective with respect to certain 

nucleic bases and nucleosides, which were used as test compounds. It was also successful 

in preparing and optimizing the separation process of a mixture of nucleic bases and 

nucleosides. 

d) possibility to use as a material for another application in solid phase extraction for 

preconcentration and purification of analyte in solid phase extraction (SPE).  
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7. ABSTRACT  

In recent years, more and more research has focused on the development of new, 

precisely adaptable, environmentally friendly materials or technologies. Due to the unique 

properties of the frustule, diatoms are an example of a new natural source of structural 

biosilica with appropriate properties to produce cost-effective biomaterials. Consequently, 

in our work we present the use, for the first time, of biosilica in column liquid 

chromatography. Biosilica is an inorganic polymer consisting of orthosilicate units formed 

by organisms such as diatoms or siliceous sponges. As diatoms are widespread unicellular 

photosynthetic algae (Pseudostaurosira trainorii) that produce unique highly ordered 

siliceous cell walls, called frustules, they can be regarded as a "green" source of silica 

particles. As the given population of the diatom frustules is characterized by a narrow size 

distribution and practically the same shape and morphology it was a good rationale to use 

them in column liquid chromatography. The prepared column filled with siliceous frustules 

modified with C18 chains showed good chromatographic properties regarding the number 

of theoretical plates and permeability. Also, for the first time, diatom biosilica frustules 

were successfully used as a stationary phase in the HILIC mode. The obtained stationary 

phase is selective with respect to certain nucleic bases and nucleosides, which were used 

as test compounds. It was also successful in preparing and optimizing the separation 

process of a mixture of nucleic bases and nucleosides. 
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8. STRESZCZENIE 

W ostatnich latach coraz więcej badań skupia się na opracowaniu nowych, precyzyjnie 

adaptowalnych, przyjaznych środowisku materiałów lub technologii. Ze względu na 

unikalne właściwości frustuli, okrzemki są przykładem nowego naturalnego źródła 

biokrzemionki strukturalnej o odpowiednich właściwościach do produkcji opłacalnych 

biomateriałów. W związku z tym, w naszej pracy przedstawiamy po raz pierwszy 

zastosowanie biokrzemionki w kolumnowej chromatografii cieczowej. Biokrzemionki   

to nieorganiczny polimer składający się z jednostek ortokrzemianowych tworzonych przez 

organizmy takie jak okrzemki czy gąbki krzemionkowe. Ponieważ okrzemki to szeroko 

rozpowszechnione jednokomórkowe fotosyntetyzujące glony (Pseudostaurosira 

trainorii), które wytwarzają unikalne, wysoce uporządkowane krzemowe ściany 

komórkowe, zwane frustulami, można je uznać za ,,zielone" źródło cząsteczek krzemionki. 

Ponieważ dana populacja frustul okrzemek charakteryzuje się wąskim rozkładem 

wielkości  frakcji ziarnowej oraz praktycznie takim samym kształtem i morfologią, było  

to mocną przesłanką do wykorzystania ich w kolumnowej chromatografii cieczowej. 

Przygotowana kolumna  po odpowiednim oczyszczeniu z depozycji organicznej 

wypełniona krzemowymi frustulami modyfikowanymi łańcuchami C18 wykazała dobre 

właściwości chromatograficzne w zakresie liczby płytek teoretycznych  

i przepuszczalności. Ponadto, po raz pierwszy z powodzeniem zastosowano 

biokrzemionkowe frustule okrzemek jako fazę stacjonarną w trybie HILIC. Otrzymana 

faza stacjonarna jest selektywna w stosunku do niektórych zasad nukleinowych  

i nukleozydów, które zostały użyte jako związki testowe. Udało się również przygotować 

i zoptymalizować proces rozdzielania mieszaniny zasad nukleinowych i nukleozydów. 
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