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Abstract 

A high-performance thin-layer chromatographic (HPTLC) separation system 

coupled with a scientifically operated charge-couple device detector (CCD) has been 

developed to improve the identification and quantitative analysis of pharmaceutical 

products and natural toxins. The combination of the fast, easy and high throughput 

properties of TLC, high speed, sensitivity, wide dynamic range of the CCD detector, and 

the high reproducibility and accuracy of the micro nebulization sampler can be used to 

facilitate pharmaceutical industrial quality control and food industrial safety control. The 

application of this system in these areas has shown significant improvement in 

sensitivity, precision, and accuracy. 

Improvements have been demonstrated in two areas. Determinations of aflatoxins 

in food samples and tetracycline impurities in the pharmaceutical products have been 

performed both qualitatively and quantitatively. Precision of the quantitative 

measurement was found to be ~ 2% relative standard deviation. D3Tiamic range was over 

two orders of magnitude for aflatoxins and over one order of magnitude for tetracycline 

impurities. Detection limits less than Ipg of aflatoxins, and < O.lng of tetracyclines were 

observed, currently restricted by the fluorescence backgroimd of the plates rather than the 

detector. The recovery percentage of aflatoxins from peanut butter samples was over 

90%. Compared with the high-performance liquid chromatographic (HPLC) technique, 

the system offers equal or even better sensitivity with much shorter analysis time and 

negligible solvent consumption. 
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Furthermore, the stability of tetracycline was studied by using UVA^is, HPTLC 

and HPLC-MS. Structures for eight of the degradation products were suggested from 

their mass spectra. A chemical reaction sequence was proposed for the degradation of 

tetracycline in methanol solution. 

Overall, the above experiments indicate that the system can be applied to a wide 

variety of systems employing the TLC and HPLC, and will provide significantly 

enhanced analytical informadon in a shorter time with high sensitivity, precision and 

accuracy. 
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Chapter 1. High-Performance Thin-Layer Chromatography (HPTLQ 

1.1. Introduction 

Separation and quantitative analysis of many chemical mixtures have been 

dominated by high performance liquid chromatography (HPLC) because of its good 

chromatographic resolution, high precision and accuracy, and automation. However, for 

large-scale analysis, HPLC is inadequate due to its low sample throughput. Meanwhile, 

many applications of HPLC in biotechnological production plants are limited by column 

clogging, and in applications requiring high sensitivity (fg range) are possible only 

through exotic detection schemes. All of these problems can be solved easily by using an 

improved thin-layer chromatographic (TLC) technique. This is the direct result of its 

simplicity, ease of use, high sample throughput, high sensitivity, speed of separation, and 

relatively low cost. 

TLC is a mode of liquid chromatography in which the sample is applied as a small 

spot or streak to the origin of a thin sorbent layer supported on a glass, plastic, or metal 

plate. The mobile phase, consisting of a single solvent or a mixture of organic and/or 

aqueous solvents, moves through the stationary phase by capillary action, sometimes 

assisted by gravity or pressure. TLC separations take place in the "open" layer (or "open 

bed"), with each component having the same total migration time but different migration 

distances. Numerous fixed sorbents have been used, including silica gel, cellulose, 

alumina, polyamides, ion exchangers, and chemically bonded silica gel. The wide variety 

of available mobile and stationary phases provides considerable versatility in choosing a 

system for separation for virtually all types of compounds. 
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1.2. History''^ 

Thin-layer chromatography actually began with the Dutch biologist Beyerinck, in 

1889\ when he allowed a drop of a mixture of hydrochloric and sulfuric acids to diffuse 

through a thin layer of gelatin. The hydrochloric acid, which traveled faster than the 

sulfuric acid in the gelatin, formed a ring around the sulfluic acid. The hydrochloric acid 

zone was made visible with silver nitrate, while sulfuric acid was stained with barium 

chloride. Nine years later Wijsman"* separated an amylase mixture on a gelatin layer 

containing starch. Wijsman was also the first to use fluorescence signals, generated by 

the reaction of an enzyme with starch, to detect the enzyme on a TLC plate. This proved 

to be one of the more sensitive visualizing agents encountered in thin-layer work. 

A wide variety of separations have been performed on various sorbent layers since 

Beyerinck and Wijsman's work. In 1938, Izmailov and Shraiber^ separated certain 

medicinal compounds on unbound alumina spread on glass plates. Since the solvent was 

dropped on a glass plate containing the sample and sorbent, their procedure was called 

drop chromatography. In 1940, Lapp and Erali® published a method of loose-layer 

chromatography. This was accomplished by spreading a layer of sorbents on a glass 

slide. The mixture to be separated was placed at the top of the adsorbent and gradually 

washed down with a developing solvent. In 1948, Meinhard and Half used a starch 

binder to adhere alumina to microscope slides. Their plates were used for the separation 

of certain inorganic ions using drop chromatography. 

From 1950 to 1954, Kirchner and colleagues^'" at the U. S. Department of 

Agriculture developed conventional TLC. These workers used sorbents bound to glass 

plates with the aid of a binder, and plates were developed according to conventional 

ascending development procedures used in paper chromatography. 
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Although quite a number of workers used this method successfully during the 

period 1951-1958, the method attracted little attention at that time. The real breakthrough 

in the method came with the publication of Stahl in 1958, in which standardization, 

detection, documentation and applications were described." In the same year, the 

commercial availability of equipment ( Desaga, Heidelberg, G. F. R.) and precoated TLC 

plates (Merck, Darmstadt, G.F.R.) were presented at the ACHEMA exhibition of 

chemical equipment at Frankfiirt. TLC was fiirther enhanced during this period, through 

recognition as a separation method in Chemical Abstracts. Information on the 

topicbecame easier to locate as a result. 

1.3. High-Performance Thin-Layer Chromatography (HPTLC) 

The development of conventional TLC into a modem instrumental technique 

started with the introduction of high-resolution materials in 1975. The expression 

HPTLC referred to layers that had a better separation efSciency over a shorter separation 

distance due to smaller particle size and particularly to a more uniform pore and particle 

size. Meanwhile, sample application methods and development strategies have been 

optimized to improve the performance and speed of thin-layer separations.'^ Detection 

was enhanced by densitometers specifically designed for HPTLC.The differences 

between conventional TLC and HPTLC can be seen from Table 1.1. 

The basic difference between conventional TLC and HPTLC is the quality of the 

TLC sorbent layer. Practically all advantages of HPTLC over conventional TLC, such 

as: faster separation, better separation efficiency, lower detection limits, lower plate costs 

per sample, and less solvent consumption, could be contributed to the decreasing in the 

particle size and the particle size distribution of the plates. 
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Table 1.1 Comparison of conventional and modern TLC''* 

Parameter Conventional TLC Modem TLC 

Plate size (cm) 20x20 lOx 10 

Layer thickness (fim) 100-250 100 - 200 

Particle size (|im): Average 20 ~5 

Distribution -60 ~ 10 

Effective theoretical plates number <600 -5000 

Sample volume (|il) 1 - 5  p
 1 o
 

to
 

Starting spot diameter (mm) 3 - 6  1 .0-1 .5  

Diameter of separated spots (mm) 6-15 2 - 6  

Solvent migration distance (cm) 10-15 3 - 6  

Time of development (min) 30 - 200 3-20 

Sample lanes per plate® ~ 10 -30 

Detection limits: Absorption (ng) 1 - 5  0 .1-0 .5  

Fluorescence (pg) 50 -100 5-10 

" Simultaneous development from both ends to the center increases this number twofold. 

To utilize the advantages of HPTLC stationary phases it became necessary to 

reduce the spotted sample volumes, to use high quality sample applicator, to develope 

techniques that make the chromatographic process reproducible and to employ highly 

precise and reliable data acquisition and analysis procedures. 

Overall, an ideal HPTLC is defined as the combined action of the following 

variables:'^ 

1) an optimized coating material with a separation power superior to the best HPLC 

separation materials 
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2) a new method of feeding the mobile phase 

3) a novel procedure for layer conditioning 

4) a considerably improved dosage method 

5) a competent data acquisition and processing system 

Therefore, modem TLC is characterized by the optimization of sample 

application, separation and detection. Quantitation in modem TLC is both accurate and 

precise and can be applied reliably to problems in major, minor, and trace component 

analysis. Of equal importance, quantification can be automated, freeing the analyst to 

perform other tasks. 

1.4. Mechanism and Theory'^'' 

TLC is a subdivision of liquid chromatography, in which the mobile phase is a 

liquid and the stationary phase is a thin-layer of sorbent on the surface of a flat plate. For 

better understanding of the separation mechanism of HPTLC, one must understand the 

flow of the liquid phase and the interfering factors in achieving good separation. 

1.4.1. Mobile Phase Migration in HPTLC 

There are many models to predict the flow of the mobile phase. One of these 

models considers the stationary phase to be composed of intercormected capillaries of 

varying diameter with the solvent migrating linearly.'*'^" Initially, the stationary phase is 

dry. As the liquid mobile phase is applied at one end, it is drawn up into the stationary 

phase by capillary action. If the vapor phase in contact with the layer has attained 

equilibrium, the speed with which the mobile phase moves through the layer can be 

described by 
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Z/ = Kt (1) 

where Zf is the migration distance of the solvent front in cm after t second, and k is the 

velocity constant in cmVs. At any position on the layer the solvent front will be moving 

with a velocity, Uf, given by: 

Uf is proportional to the velocity constant and inversely proportional to the distance the 

front has moved. 

The velocity constant reflects the kinetic eluant-layer properties and can be 

expressed as: 

2kf.d„Y cos 6 
. = (3) 

where dp is the average particle diameter, y is the surface tension of the mobile phase, ti is 

viscosity of the mobile phase, 0 is the surface contact angle of the solvent with the 

adsorbent, and ko is the permeability constant which is greater in coarse-particle layers 

than in fine-particle layers. Therefore, the velocity constant is proportional to the surface 

tension, viscosity of the mobile phase and the capillary radius. Since k is dependent on 

the identity of the solvent, the stationary phase, the temperature, and the saturation degree 

of TLC plates, it is constant only for a given set of experimental conditions.*' 

Because of the dependency of the eluant migration speed on the thin-layer 

structure (dp and EQ value) and eluant properties (y, cos9, and ti), the solvent velocity 

decreases as it migrates further away from the origin and increases with increasing 

particle size. In linear TLC, the mobile phase flow decreases according to the square root 

of separation time. The flow is further reduced by unavoidable evaporation of the mobile 

phase. Evenmally, the solvent velocity, for ascending methods, decreases to zero. The 
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changing of the solvent velocity puts an upper limit on the distance that the solvent can 

migrate and the lower limit on the effective particle size of the HPTLC plates. 

Meanwhile, since the separation efficiency is reversibly proportional to the particle size 

and size distribution, an upper limit is set for the particle size to achieve good resolution. 

1.4.2. Resolution, Selectivity and Efficiency 

1.4.2.1. Rf Value and Capacity Factor 

One of the most important experimental parameters for TLC is the value. Rf is 

defined as the ratio of the migration distances: 

distance traveled by the spot center of solute Z, ^ i L. £. 
^ distance traveled by solvent front Zy 

Rf values range from 1.0 for zones migrating at the solvent front to 0.0 for a zone 

not leaving the point of application. On a theoretical basis, separations are easy when ARf 

is greater than 0.1 and very difficult or impossible when ARf is less than or equal to 0.05. 

The reproducibility of Rf values depends on many factors such as quality of the 

sorbent, humidity, layer thickness, development distance, and ambient temperature. For 

obtaining tentative identification of a substance, the sample and a series of reference 

compounds are spotted on the same TLC plate. In this way, mobilities of all compounds 

are compared under the same experimental conditions and a match in Rf values between a 

sample and standard is evidence for qualitative identification of a sample. 

The capacity factor k' is a measure of the retention of the analyte in the stationary 

phase as compared to that in the mobile phase. 

, , ^suaionary k = -  ( 5 )  
mobile 

In linear TLC: 
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(6) 

Generally speaking, the experimental Rf value has proven to be smaller than the 

calculated Rf value by a factor of I. I to 1.4, due to the formation of some mobile-phase 

gradients. The true retention factor Rf is given by^ 

where Rf t is the true (or thermodynamic) retention factor, Eq is the total porosity of the dry 

bed, and v' is the adsorption rate of solvent per unit surface area of the chromatographic 

bed, which is a function of the partial pressure of the solvent. Therefore, the Rf values 

decrease slowly with increasing time. 

1.4.2.2. Layer Efficiency 

The broadening of the spots in HPTLC is controlled by molecular diffusion. The 

performance of the layer (of layer efficiency) is measured by calculation of the theoretical 

plate number N from the equation 

where Zj is the distance migrated by the sample (spot) fi:om its origin, and Wj is the spot 

diameter. Unlike column chromatography, separated components migrate different 

distances through the layer. Consequentiy, separated zones only experience those 

theoretical plates through which they travel and, therefore, their zones are broadened to 

different extents and the efficiency of the TLC plate is only constant for a specific zone 

migration distance (Rf value). By convention, the efficiency of a thin-layer plate is 

measured or calculated for a substance having an Rf value of 0.5, 1.0, or some average 

value." 

(7) 

(8) 
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The influence of the layer structure on the theoretical plate height can only be 

interpreted with the aid of a suitable model.'"* The model developed by Guiochon^ and 

Stewart^' is intuitively most appealing and is based on refinement of the Van Deemter 

equation: 

- 7> BD Cic,d; l Z, 

where A, B and C are the coefficients of the Knox equation, is the apparent mobile 

phase velocity constant for bulk flow (equivalent to 0.8 k), D^, is the diffusion coefficient 

of the solute in the mobile phase, dp is the average particle diameter, and Zf and ZQ are the 

distances from the source of solvent to solvent front and to the starting line, respectively. 

Equation 9 implies that an optimum solvent migration distance exists as far as 

plate height is concerned. The exact value of this distance must be determined 

experimentally for each chromatographic system. The Van Deemter equation also 

implies the existence of an optimum particle diameter for any given system, which has 

been estimated to be in the range I to 5 |im by numerous workers. In addition, 

temperature has been found to have little effect on general performance, except through 

change in R^and relative retention. 

Extra-bed factors can also influence efficiency in TLC. Perhaps the most 

important of these factors is the influence of the initial spot size on plate height and 

resolution. It is especially true in HPTLC that optimum efficiency carmot be obtained 

unless the initial zones are as small as possible. 

However, because of the complexity of the processes in planar chromatography it 

is unpossible to formulate a universal model. The mobile phase, the stationary phase, and 

the environment in the development tank are not well defined and are constantly 

changing during development, owing to different conditions in the sorbent." 
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1.4.2.3. Resolution 

The main purpose of all chromatographic techniques, including TLC, is to 

separate or resolve components of mixtures. Resolution (R) of two chromatographic 

zones is defined as the distance between zone centers (d) divided by the average of the 

zones widths (W): 

To control resolution we must icnow how it varies with experimental parameters 

such as the layer efficiency, the ratio of the equilibrium constants governing the 

separation process, and the position of the zones. This variation can be approximated by 

the following equation for a single unidimensional development under capillary flow-

controlled conditions: 

where k,' and k,' are capacity factors for two TLC zones. N is the number of theoretical 

plates for a zone migrating with the solvent front. The subscripts 1 and 2 refer to the 

individual zones numbered such that the larger number corresponds to the zone with the 

highest Rf value. Equation 11 shows that the variation of resolution with Rf is not a 

simple ftmction. Differentiation of Equation 11 indicates that the optimum resolution of 

two closely migrating zones will occur at an Rf value of about 0.3. For Rf values between 

0.2 and 0.5, resolution does not change significantly. Within this range, the resolution is 

greater than 92% of the maximum value."' This Rf region is thus the target zone for 

solvent selection to achieve the optimum resolution of the most difficult solute pair in a 

mixture. 

\{W,+W{) 
(10) 

R = (11) 

4(|-l)(l 
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Equation 11 also indicates that the resolution increases with the square root of the 

layer efficiency (N). As discussed previously, the layer efficiency (N) can be increased 

by using finer particle layers with shorter separation times and more compact spot size. 

HPTLC, therefore, offers higher separation efficiency than conventional TLC. 

1.5. Dosage Technique in HPTLC 

Successful quantitative TLC is strongly dependent on the quality of sample 

application. Reproducibility of sample amount and spot size are obviously quite 

important, but to achieve good chromatographic separation and sensitivity of detection, 

the shape of the applied sample spots is also critical. Experimentally, the size of the 

applied sample spot must be smaller than 1.0 mm in diameter for most commercial 

FIPTLC plates to achieve optimum resolution and sensitivity. Sample spots should also 

be as uniform as possible in both shape and size for determining separated components. 

Clearly, the usual fire-drawn glass pipet is an inadequate means of sample delivery. 

Additionally, if the dosage system comes into contact with the plate, the surface of the 

layer can be damaged to a certain extent, which will cause a decrease in separation power. 

Ideally, sample application should be simple and as rapid as possible and the application 

technique should not disturb the separation media. 

Several dosage systems are commercially available, such as microcapillary 

pipettes, microsyringes, contact spotters, autosamplers, and spray-on type sample 

applicators. Table 1.2 summarizes the most important features of some of the sampling 

procedures.^" 
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Table 1.2 Most important features of some sampling procedures. 

Procedure 

Volume (|il) 

Positive aspects Negative aspects Procedure (min) (max) Positive aspects Negative aspects 

Glass capillary 

tube 

0.5 5 Inexpensive, 

disposable 

Not precise enough 

Fused silica tube 0.01 I Inexpensive, quite 

precise, disposable 

Requires robot, large spot 

size 

Platinum-iridiimi 

tube 

0.1 0.5 Very precise, clean Fragile, easy blockage, 

cross-contamination 

Microsyringe 0.1 5 Very precise, 

flexible 

Requires experience, 

cross-contamination 

Autosampler 0.05 5 Automation, 

very precise and easy 

Requires very complicated 

instrumentation 

Autosampler with 

"spray on 

technique" 

1 99 Automation, precise, 

flexible, enrichment, 

no damage of the plate 

Requires very complicated 

instrumentation 

Contact spotting 100 Precise, enrichment, 

no damage of the plate 

Possible contamination, 

time consuming 

Summarizing the practical problems associated with various sampling procedures, 

it can be stated that sampling is the most critical step in quantitative TLC: 

1) There is a very narrow working range for the sample volume load if there is no 

focusing step prior to separation. 

2) Sampling in the presence of solvents with a measurable elution strength can start 

chromatography, resulting in significant loss in separation efficiency. 

3) If some solvent used for sample preparation remains in the layer in or around the 

sampling area, the final selectivity as well as the relative or absolute spot position 
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in the chromatogram may be drastically altered, resulting in serious problems 

during quantitation. 

4) Normally, TLC starts with a dry stationary phase. Part or the entire applied 

sample is solidified or strongly adsorbed onto the stationary phase particles. 

Perfect dissolution is absolutely necessary, requiring more time, as is made 

available by the local mobile-phase flow velocity. Slow dissolution may result in 

tailing. 

5) Mechanical damage of the surface of the stationary-phase bed at the point of 

sampling may result in disastrous quantitative systematic errors. The error may 

become critical if selectivity coincides precisely with a high enrichment level in 

this part of the layer. This problem can be overcome by spraying samples onto 

the plates. 

1.6. Developing Techniques 

After spotting, the plate can be developed in the ascending, horizontal, circular 

and anticircular modes, in an isocratic or gradient mobile phase at room temperature or in 

the cold with or without pressure. 

1.6.1. Conventional Chamber System 

Three geometric arrangements exist for the development of chromatograms in a 

flat bed: linear (the solvent front migrates linearly), circular (the solvent spreads out 

radically from one spot), and anticircular (the solvent is introduced in a circular line and 

migrates toward the center). Instrumentation is relatively simple; the capillary migration 

of the developing solvent in the separation layer is given in all modes of layer 

chromatography development. A siurey of TLC developing devices and some of their 
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characteristics are summarized in Table 1.3.^° 

The sandwich configuration is only suitable for neat solvents and for solvent 

mixtures that behave like a one-component solvent. It is not suitable for solvents that 

contain volatile acids or bases, and for mixtures with a comparatively large concentration 

of a polar solvent such as methanol and/or acetonitrile. 

There is evidence that the resolution in circular and anticircular development may 

be better than in linear chromatography. Circular development gives better resolution 

while anticircular allows the spotting and analysis of a larger nmnber of samples on the 

same size plate. Meanwhile, the circular technique is an extremely powerfiil tool for the 

resolution of components in the low Rf region and the anticircular technique for the 

separation of components in the high Rf region.^' 

1.6.2. Alternate Development Systems 

Besides the above conventional developing system, the modem TLC techniques 

also use some other developing methods. 

1.6.2.1. Automated Multiple Development (AMD): 

This concept was derived by Burger^" from a technique called programmed multiple 

developing process (PMD) described in 1973 by Perry et al.The plate is developed 

repeatedly in the same direction over increasing migration distances. Redevelopment of 

the plate causes spot reconcentration to take place, resulting in better separation 

efficiency. Unlike PMD, in AMD the developing solvent for each successive run differs 

from the one used before, so that a stepwise gradient is obtained. Between developments, 

the solvent is completely removed from the developing chamber and the layer is dried 

under vacuum to avoid heat decomposition of compounds on active sites of the stationary 
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Table U. Survey of TLC developing modes^" 

Developing Mode 

Linear 

TTTT 

Circular 

/\ 

Anticircular 

/\ 

Developing device Tank Linear U U chamber 

chamber chamber 

Number of sample 10x10 cm 16 32 24 24 

tracks per plate 20 X 20 cm 36 72 - -

Humidity condition ing is situ limited no yes yes 

Control of solvent pre- limited only yes yes 

equilibration externally 

Developing configuration Sandwich Sandwich Sandwich Sandwich 

Defined separation distance No Yes Yes Yes 

Optimum separation distance 100 50 25 25 

(mm) 

Typical developing time (min) 40 12 4 2 

for common solvents 

Reproducibility of the Limited To a large Good Good 

chromatographic conditions extent 

Controlled gas phase No Limited Yes Yes 

Controlled solvent gradient No No Yes No 

possibility 
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phase surface. The systematic approach of the AMD process provides the ability to 

separate complex, multicomponent mixtures in a single chromatogram, employing a 

reproducible elution gradient. A remarkable feature of the AMD method is that the 

migration distance of the individual component is independent of the sample matrix. 

Therefore, substances differing widely in their polarity can be separated. It is clear that 

with suitable automation and parameter control, a very efficient and reproducible 

chamber system and development mode can be obtained. 

1.6.2.2. Automated Developing Chamber: 

A simple automated developing chamber has been constructed by Omori.^^ The 

essential feature of this system is a specially designed double-beam optical sensor that 

ensures stable and reliable detection of the solvent-front position; therefore, the 

development can be stopped when the solvent front reaches the desired distance. 

1.6.2.3. Overpressurized Thin-Layer Chromatography (OPTLC): 

Overpressurized TLC, which was introduced by Tyihak et al.,^® is a typical case of 

forced-flow technique which can be analogous to HPLC. HPLC is performed with a 

column under pressure while the OPTLC used a "flattened column", also under pressure. 

OPTLC, however, takes advantage of the large number of samples spotted on the plate. 

The concept of OPTLC is simple: the TLC plate after spotting and drying is placed in the 

apparatus and covered with an inert see through plate. The solvent is then forced into the 

plate and separates different components in the mixture. The key is that atmospheric 

vapor and its contaminants are excluded from the layer; thus, a closed system is obtained. 

OPTLC has three basic features: 

1) No vapor space exists during chromatography; therefore, the possible interactions 

between vapor-solvent and vapor-sorbent can be excluded, resulting in more 
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reproducible retention of the compounds. 

2) Flow rate can be changed by controlling the pressure applied to the mobile phase 

and is constant during development, resulting in short analysis time and high 

separation efficiency. 

3) Overdevelopment can easily occur; therefore, those compounds having low 

mobility can be investigated under controlled conditions. 

1.6.2.4. Centrifugal Layer Chromatography 

The use of preparative centrifugal layer chromatography for the separation and 

collection of sample fractions has been well known for a long time.^^''® The principle of 

the method is based on eluant flow acceleration aided by centrifugal force. The sample is 

applied near the center of a rotating disk covered with stationary phase. The mobile 

phase is then added in a concentric manner and centrifugal force is used to facilitate the 

flow of the mobile phase through the sorbent. Concentric zones of substances migrate 

toward the outside of the plate during the run. These circles elute sequentially from the 

disk and can therefore be fractionated. The solvent migrates more rapidly in TLC driven 

by centrifugal force than by capillary action. 

1.7. Detection and Quantitation 

Quantitation in TLC historically involved "eyeballing", tedious methods with 

suspect reproducibility and sensitivity. The current trend in quantitative methodology for 

TLC is in situ scanning using linear mechanical scarmers and imaging detectors, although 

laser scanners have been used for fluorescence measurement.^' 
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1.7.1. Spectroscopic Methods - Scanning Densitometry 

Scanning densitometry is considered as a linear scarmer. Light passes through the 

layer and is captured by a photomultiplier tube, from which energy is converted to the 

signal that appears on the recording device or integrator. The same operation can be 

performed in the reflectance mode by changing the position of the light or sensor. The 

design of all densitometers are similar in principle but differs in detail. Virtually all 

instruments have a light source, a monochromator or filters or both, an optical system to 

form the light beam into a fixed slot, one or more photosensing detectors, a readout 

system, and a means of moving the layer past the detector(s). Common accessories 

include a baseline corrector, linearizer, and integrator. 

/. 7.1.1. Single- Beam Instrument 

Schematic diagrams of instrument arrangements for simultaneous measurement 

and fluorescence measurement are shown in Figure 1.1.^° The light emerges from the 

monochromator perpendicular to the surface of the thin-layer plate. Diffusely reflected 

light is detected by a photomultiplier. The plate is mounted on a movable motor driven 

in the direction perpendicular to the slit length, and either manually operated or motor 

driven in the orthogonal direction. 

For absorption measurement in the UVA^is range, the wavelength is selected by a 

monochromator. The incident beam of monochromatic radiation is projected onto the 

plate at a 90° angle toward the plate surface. The reflected light is measured by a 

photomultiplier at an angle of 45°. For transmission measurements a second 

photomultiplier is operated on the opposite side of the layer. For simultaneous 

measurements, photomultiplier signals from the reflectance and transmission modes are 

electronically recorded (Figure 1.1.(a)). For fluorescence measurements a cutoff filter is 
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inserted between the sample and the photomultiplier (Figure 1.1 (b)). 

PMl MC Jt— 
f;l> 

Plate 

(a) (b) 

Figure 1.1. Schematic diagrams of various single-beam, single wavelength 

densitometers, (a) simultaneous measurement mode, (b) fluorescence measurement 

mode. PM: photomultiplier; L: light source; MC: monochromator; FF: cutoff filter. 

For technical reasons the sample beam is fixed and the plate is scanned by 

mounting it on a stepping motor controlled movable stage. The most common method of 

scanning is slit scanning in which the sample beam is shaped into a rectangular area on 

the plate surface through which the plate is transported in the direction of development. 

Each scan, therefore, represents a lane whose length is defined by the sample migration 

distance and whose width is determined by the slit dimensions. The measurement beam 

can also be shaped into a spot or rectangle of dimensions much smaller than the 

chromatographic zones to be scanned. By moving the scarming stage in the x and y 

direction a 2dg-zag or meander scan is possible. Zig-zag and meander scarming allow 

zones of any shape to be quantitated using computer algorithms to perform the 

integration. For very small spots, errors may arise because the scarming beam 

dimensions cannot be made sufficiently small to permit a sufficient number of sampling 

points for the spots. The method employed for baseline correction is also important. 
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The single-beam single-wavelength arrangement is quite capable of producing 

excellent quantitative results with homogeneous high performance plates. However, 

baseline drift may be troublesome due to source fluctuations and extraneous adsorbed 

material in the thin layer. This problem may be overcome using a double-beam scanner. 

The two beams can be either separated in time at the same point on the plate or separated 

in space and recorded simultaneously by two detectors. 

/. 7.1.2. Single-Wavelength Double-Beam Instrument 

MC 

SD PM PM 

>WMC 
Plate 

WM( 

WMC 

PM 

Figure 1.2. Schematic diagram of double-beam, single-wavelength densitometer. 

WMC: wedge monochromator; SD: beam divider; R: ratio adjust 

A diagram of this type of instrument is shown in Figure 1.2?° The design of this 

instrument can be classified as double-beam in space with variable wavelength capability. 

The double-beam in space optical arrangement divides a single beam of monochromatic 
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light into two beams that scan different positions on the plate. One beam scans the 

sample lane while the other traverses the blank region between sample lanes. The two 

beams are subsequently detected by matched photomultipliers, and the ratio between the 

signals of two photomultipliers is recorded. Fluctuations in the source output and general 

plate background are corrected in this way. However, as the two beams impinge on 

different areas of the plate, small irregularities in the plate surface and undesired 

background contributed by impurities in the sorbent layer and the sample itself may still 

pose problems. Consequently, the dual-wavelength system is designed to minimize these 

effects. 

1.7.1.3. Single-Beam Dual-Wavelength 

Figure 1.3. Schematic diagram of single-beam dual wavelength densitometer. CH: 

chopper 
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The principle of an instrument that combines single-wavelength double-beam 

geometry is shown in Figure 1.3.^ The mode can also be considered as "double beam in 

time." In a dual-wavelength single-beam mode, two monochromators and a chopper 

alternately furnish the same sample lane with a reference wavelength (minimal absorption 

by the spotC^,)) and analytical wavelength (maximum absorption by the spot(X,)), 

separated in time. The beams are recombined into a signal beam to provide the difference 

signal beam at the detector. Fluctuations caused by scattering at a light absorbing 

wavelength (A.,) are compensated for by subtracting the fluctuations at a different 

wavelength (Ao) at which the spot exhibits no absorption but experiences the same scatter. 

The reference wavelength(A^, therefore, helps to cancel out background and corrects for 

scattering, spurious absorption by plate impurities, and plate irregularities. In favorable 

circumstances, backgroimd correction in this mode can be very good. However, as the 

scatter coefficient is to some extent wavelength-dependent, the background correction is 

better when A., and Ao are nearly identical. This requirement is often difficult or 

impossible to meet as absorption spectra are usually broad and it may be impossible to 

find two similar wavelengths of which absorption occurs for one wavelength and not for 

the other. In general, the best baselines are obtained in this mode for irregular, impure 

layers. A specially designed densitometer also provides for scanning in a zigzag (flying 

spot) rather than linear fashion. This method will provide smooth, reproducible scans for 

irregvilarly shaped spots. However, zigzag scarming is a time-consuming operation and 

should be a last resort for analyzing irregularly shaped spots. 

Overall, linear scarmers offer detection limits in the low nanogram range for 

absorbance of colored or charred zones. Fluorescence detection produces limits in the 

subpicogram range, particularly when labeling with fluorescent probes. However, linear 

scarmers can be time consuming for multidimensional data sets. 
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The principal soiirces of error in scanning densitometry have been identified as 

reproducibility of sample application, chromatographic conditions, alignment of the 

measming beam, and the measurement/" Chromatographic resolution and sample 

detectability can be impaired by the choice of slit dimensions, the scan rate, and the total 

electronic time constant of the densitometer and recording device. In the absorption 

mode the ratio of slit height to spot diameter has a large influence on sensitivity. Slit 

heights less than the diameter of the spot produce the highest sensitivity. Unless position 

scanning is used, it may lead to unacceptable errors due to incorrect alignment of the 

sample beam and spot centers throughout the track. Generally a slit height equivalent to 

the diameter of the largest spot to be scanned is selected as a compromise. In 

fluorescence, the signal increases linearly with increasing slit width and shows a general 

increase with increasing slit height until a slit height as large as the spot diameter is 

reached. For slight heights greater than the spot diameter, there is litfle change in 

sensitivity. In both absorption and fluorescence there is a reciprocal relationship between 

the signal and the scan rate. At high scan rates, resolution and the signal may be 

attenuated if the time constant of the signal-processing device Is inadequate. 

1.7.2. Imaging Detectors 

An imaging system includes readily available components such as light sources 

(visible and UV), an imaging detector, and a computer with a video digitizer. 

The main advantages of imaging detectors are the fast acquisition of data, the 

absence of moving parts, simple instrument design, and compatibility with two-

dimensional chromatograms, which are very difficult to scan using conventional slit-

scanning densitometers. These systems can obtain information in three ways: 

transmittance, reflectance, and fluorescence, and can assay low-picogram quantities of 
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fluorescent compounds when used with HPTLC. Multichannel detectors provide faster 

quantitation than conventional detectors. Even inexpensive instruments offer digital 

storage for large amounts of data, which enables use of mathematical methods. 

The major shortcomings of previous imaging detectors, such as the vidicon 

camera tube, photodiode array, and vacuum tube multichannel detectors, are limited 

dynamic range, lack of sensitivity, poor linearity and geometric stability. The vacuum 

and camera tubes are also sensitive to overexposiure, which when excessive may lead to 

permanent damage and even destruction. Moderate locally confined overexposure can 

affect neighboring pixel elements (blooming), which take some time to disappear. 

Electron beam scanning can be deflected by magnetic or electric fields, which makes the 

tube, especially versions v^dth magnetic deflection, sensitive to external fields.'" 

Semiconductor sensors, such as a scientifically operated charge coupled device 

detectors (CCD), are much smaller than camera tubes, sturdy in use and their power 

supply is simple. Functionally important is their wide dynamic range, excellent linearity, 

wide spectral application range (UV to near IR), high sensitivity and low read noise. 

They are largely insensitive to overexposure and blooming is reduced in modem devices. 

Another significant advantage is dimensional stability and insensitivity to even fairly 

strong external fields. 

1.8. Advantages and Disadvantages 

For many problems, HPLC and HPTLC are based on the same separation 

principle. They differ only in how their mobile phase is moved (pressure/capillary 

action) and in the arrangement of their stationary phase (column/thin layer). At first 

glance, HPLC appears to be the superior method due to better resolution, high precision, 
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and better conditions for automation. In recent years, however, with the improvement of 

HPTLC tecliniques, HPLC and HPTLC have become comparable and often complement 

one another. Some typical features that can make HPTLC the method of choice for a 

given analytical problem are listed below. 

1) The main advantage of HPTLC is high sample throughput. The parallel nature of 

HPTLC allows the simultaneous separation and analysis of multiple samples. As 

many as 30 samples can be analyzed in the same time while HPLC performs just 

one. This advantage is particularly important in routinely monitoring 

contaminants and by-products, where a large number of samples must be taken to 

accurately represent the sample. It is ideally suited to large-scale screening 

processes since costs can be minimized using parallel separations and certain 

kinds of matrix interference can often be tolerated to a higher level than is 

possible with HPLC. This large throughput ability also enables standards to be 

run on the sample plate with the unknowns, reducing the number of total 

separations required. 

2) A wide variety of stationary and mobile phases are available for HPTLC analysis 

to achieve optimum separation. Numerous sorbents can been used, including 

silica gel, cellulose, alumina, polyamides, magnesium oxide, magnesium silicate, 

powdered glass, ion exchangers, chemically bonded silica gel, or mixed-layer 

stationary phases, which contain a combination of two or more of these layers. In 

fact, just about all phases used for normal and reversed-phase HPLC are available 

for HPTLC. This large variety of layers almost guarantees that a suitable 

stationary phase can be found to perform the desired separation. For TLC there is 

no restriction for mobile phase solvents. Since the analysis is performed after all 

of the solvents are evaporated, the nature of the solvents does not affect detection. 
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Highly fluorescent mobile phases can be used to separate weakly fluorescing 

analytes. This is not possible with a column, since detection is performed in the 

presence of the mobile phase. Thus, HPTLC is much more flexible and elegant 

for finding and optimizing mobile phase compositions and has a much wider 

range of applicable mobile phases for critical specific separations than HPLC. 

3) Compared with the solvent used for HPLC analysis, the amount of solvent used 

for TLC is negligible. At most only 10% and under optimized conditions far 

below 1% of the material consumption of stationary and mobile phase per sample 

is necessary for HPTLC as compared with HPLC. Lower consumption reduces 

the cost of each separation as well as waste disposal. 

4) Since the stationary phase for HPTLC is disposable, and each time a sample is 

analyzed on a fresh stationary phase, there are no contzmiination or carryover 

problems caused by the residues from previous samples. Therefore, sample 

preparation is not as stringent as with other separation schemes. Less sample can 

be applied without fear of contaminating the medium, which reduces operator 

time in preparation of the samples, and fiirther reduces costs. However, in HPLC, 

non-migrating analytes in the column medium can bleed off slowly over time or 

never come off the column, altering future separations and results. 

5) HPTLC has the added advantage of total sample accountability, meaning that 

non-migrating species will be easily seen at the origin. This is important when 

one must account for ail compounds and by-products in a reaction to understand 

which reactions have taken place. This ability is particularly important in the 

pharmaceutical field, where an undetected compound in a particular synthesis 

may have harmful side effects. In an HPTLC medium, all analytes, whether they 

migrate or not, are detected and accoimted for. In a column analytes are detected 
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only if they migrate down the column to the detector. 

6) Unlike in HPLC and GC, quantitation in HPTLC is a static, time-independent 

process. All qualitative and quantitative information of the separated substances 

remains "stored" on the plate. The plates can be scaimed repeatedly using 

different parameters, or can be stored and later retrieved for further analysis. 

Post-chromatography derivatization and measurement at different wavelengths 

can be used to enhance sensitivity and selectivity. 

7) HPTLC offers comparably high separation power when two-dimensional 

separations are made using optimized mobile phase selection. This involves 

spotting analytes on one comer of the plate and developing it in one direction, as 

in normal separation. The plate is then rotated 90 degrees and the plate is 

developed again with a different solvent. While the throughput advantage is lost, 

the separation power can be greatly increased. This increases the range of 

separations that can be performed on an HPTLC medium. These features help 

make HPTLC an attractive altemative to column chromatographic techniques. 

8) EIPTLC is highly flexibility and rugged. While in LC the chromatographic part is 

rigidly connected to the detector, TLC is performed in a chamber independent of 

the detector. For this reason TLC is more flexible for rapidly changing 

chromatographic separation problems and the development of new separation 

systems without modifying the instnunentation system. Meanwhile, very few 

factors can cause the breakdown of the HPTLC system. If the plate is bad, it is 

just discarded, but for an HPLC system, many things can go wrong with the 

column, the degassing system and the purging system. 

9) As for sensitivity, HPTLC has about the same or better detection limits as HPLC. 

These advantages of HPTLC are surrmiarized in Table 1.4. 
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Limitations: 

1) The chromatographic separation efficiency of HPLC is usually better than that of 

HPTLC, due to the limited separation distance and uneven solvent flow of the 

latter. Forced-flow development chambers can reduce these effects. 

2) In general, quantitative precision (not necessarily accuracy) in HPLC is somewhat 

better than in HPTLC, although with new instrumentation, HPTLC with 

background correction has been reported to bring it to almost the same level. 

3) Air and light sensitive analytes can often be a problem for HPTLC separation, 

since the analytes are often exposed to an open system. The used of a glove bag 

containing an inert gas can avoid these problems, but this additional step is 

inconvenient. 

4) Temperature gradients can exist across the plate. Since the adsorption of liquid at 

the solvent front on the stationary phase is exothermic, the temperature near the 

solvent front is greater than for its surroundings. This can cause partial 

distillation of a mobile phase that is a mixture of solvents, and change the 

properties of the mobile phase as it migrates along the plates. Pre-equilibration of 

the plates with the solvent vapor before separation can prevent these problems. 

5) 24-hour automation is currently only available with HPLC. It should not be 

overlooked, however, that the number of analyses that can be handled by one 

HPTLC system per working day exceeds that of a fully automated HPLC system 

operated 24 hours. 

To conclude, although HPLC, for good reasons, is the more often employed 

method, HPTLC provides its own set of distinct advantages. While LC can be rationally 

used in a lab always dealing with the same problem or limited amounts of samples, TLC 

with subsequent direct instrumental evaluation should be employed in labs dealing with 



47 

many different separation problems or large amounts of samples. Therefore, a 

combination of both techniques provides the modem analytical laboratory with a 

maximum of flexibility, economy and reliability of results. 

Table 1.4. HPTLC features. 
HPTLC features 

Many samples simultaneously 

Variety of stationary and mobile phases 

available. 

Mobile phase immaterial for detection 

Minimum solvent consumption 

Simplified sample preparation 

Quantification/identification can be repeated 

In-situ derivatization 

High separation power 

Extremely flexible and rugged 

Low detection limits 

Based on 

"off-line" principle 

detection in absence of the mobile phase 

stationary phase disposable 

Static detection, storage principle 

"off-line" principle, storage principle 

two-dimensional separation 

"off-line" principle. 



48 

Chapter 2. Evaluation of Several Commercially Available Precoated 

High Performance Thin-Layer Chromatographic Silica-Gel Plates for 

Quantitative Fluorescence Analysis 

2.1. Summary 

Several commercially available high performance thin layer chromatographic 

(HPTLC) plates were evaluated for quantitative fluorescence imaging analysis using 

scientific charge coupled device (CCD) detection. This investigation looks at the effects 

on the observed background intensity as it relates to the following parameters: the 

technique used for precleaning the plates, the fluorescence from the plate backing 

material, the presence of inhomogeneous fluorescence "impurities", and the thickness of 

the glass backing material and silica layer. The sensitivity and linear dynamic range were 

found to be limited primarily by the intensity of the fluorescence background from the 

plate rather than by the detector or the excitation source. The results show that plate 

precleaning is a crucial step in providing for a correctable fluorescence backgroimd 

sufficient for obtziining reliable quantitative results. The influence of particle size on 

sensitivity was negligible compared to the florescence background from the plates. With 

plate precleaning, detection limits of approximatly 100 femptograms were obtained for 

rhodamine 6G with an intraimage linear dynamic range of over 4 orders of magnitude 

when utilizing scientific CCD fluorescence detection. 
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2.2. Introduction 

The development of new solid state imaging systems for high performance thin 

layer chromatography (HPTLC) has placed considerable demands on the quality and 

reproducibility of commercially manufactured thin-layer plates. Studies using dual 

wavelength absorbance densitometry have investigated the influence of layer thickness, 

surface irregularity, mean particle size, and particle size distribution on the performance 

of HPTLC plates.'"^ These studies showed that coarse particles and layer irregularities 

give rise to high levels of baseline noise. This noise was the main problem in obtaining 

reproducible, quantitative TLC data at high sensitivity. However, fluorescence 

measurements are fundamentally different from absorption measurements. Theoretically, 

the sample behaves as a secondary source of illumination at different wavelengths from 

the excitation source. Filtering of the excitation radiation at the detector results in a 

signal of moderate intensity but with a very low background contribution. Therefore, 

fluorescence detection provides for greater dynamic range and increased sensitivity over 

absorbance detection.* 

It has been observed in our previous work that commercially manufactured plates 

have a high degree of fluorescent impurities in or on the support material that 

significantly affect the quality of the measurements.® The sporadic occurrence of 

contamination spots represented the ultimate limiting factor in sensitivity, not the noise 

associated with the detector or the excitation source. To date, no studies have been 

published describing the influence of the fluorescence impurities on quantitative HPTLC 

fluorescence analysis. 

Imaging HPTLC has been shown to be a fast and efficient method for quantitative 

TLC analysis^"'" allowing for image acquisition of the entire plate surface simultaneously, 

significantly decreasing analysis times over slit scan detection." Image acquisition can 
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be useful in attempts to automate the analysis of TLC plates in that it can minimize 

human intervention and facilitate the extraction of quantitative information. Despite their 

inherent advantage, early versions of photodiode and vacuum tube multichannel detectors 

lacked the sensitivity and dynamic range of discrete photomultipliers.® More recent 

developments in solid state area array imagers have significantly improved multichannel 

detection. Scientifically operated (cooled, slow-scan) charge coupled device (CCD) 

detectors have demonstrated extremely low dark current and read noise characteristics 

while simultaneously providing high sensitivity from the soft X-ray to the near IR and 

wide dynamic range. These features have made the scientific CCD a nearly ideal detector 

for many low photon flux imaging applications, such as fluorescence HPTLC detection.® 

In this work, a scientific CCD based HPTLC imaging system was used to study 

the influence of fluorescence background noise on the performance obtainable with 

commercially manufactured HPTLC plates. The study evaluated the effects of 

prechromatographic cleaning of the plates, fluorescent plate backing materials, and 

variation in plate structures and properties on the observed background intensity. Limits 

of detection for rhodamine 6G (R6G) are reported for each of the different HPTLC plates. 

2.3. Experimental 

2.3.1. Materials 

Reagents used in this work were chromatographic grade methanol (J.T.Baker), 

dehydrated ethanol (Quantum Chemical Corporation), and analytical grade chloroform 

(E. Merck) and acetone (Mallinckrodt). A laser grade fluorescent dye, rhodamine 6G 

(R6G, Kodak, Inc.), was used for plate evaluation. 
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2.3.2. HPTLC 

Commercial HPTLC plates precoated with silica gel 60 were obtained from E. 

Merck (EM) (Darmstadt, GFR), Analtech (AN) (Newark, U.S.A,), Whatmann (WM) 

(Clifton, U.S.A.) and Macherey-Nagel (MN) (Duren, Germany). All of the above plates 

contained no fluorescence indicator and had a glass-backing for mechanical support of 

the stationary phase material. The application plate size used for this work was 5x5 cm. 

An aerosol spray-type sample applicator was constructed and used for quantitative 

sample delivery.'" Nitrogen gas was used to disperse the solution into fine drops and to 

facilitate solvent evaporation. The system applied 0.5 |j.l sample volumes to the silica gel 

plate in a semi-dry form with high precision (< 0.9% RSD). The sample spot size on the 

plate was smaller than 1 mm in diameter. 

Plates were developed vertically in an enclosed chamber. Before placing a plate 

into the developing chamber, solvent vapor was allowed to equilibrate in the chamber for 

10 min. Three different mobile phases were used on different brand HPTLC plates to 

achieve a distinguishable separation of R6G spots from the starting point and the solvent 

front. Dehydrated ethanol was used for WM and MN plates, methanol/acetone (100 + 1 

v/v) was used for EM plates, and ethanol/water (8 + 2 v/v) was used for AN plates. The 

plates were developed to a distance of approximately 3 cm. Before sample application, 

all of the plates were pre-chromatographically washed three times and dried so that no 

traces of solvent remained on the precoated layers. Due to the different characteristics of 

the plates, the use of different solvents was necessary to clean the different brands of 

HPTLC plates. Methanol was very effective for WM plates, and partially removed the 

impurities on MN plates. The remaining impurities on the MN plates could not be 

removed by any of the solvents or solvent mixtures used. None of the solvents were 

found to significantly reduce the fluorescence intensity of AN plates, so methanol was 
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also used to clean AN plates. Methanol + chloroform (1 + I v/v) was determined to be 

the best solvent system for cleaning EM plates. 

2.3.3 Detection Instrumentation 

The experimental configuration used for the quantitative analysis of HPTLC 

plates is shown in Figure 2.1. Image acquisition was accomplished with a scientific CCD 

camera system (Photometries, Ltd., Tucson, AZ). The camera system consisted of a 

CC200 camera controller, CE200 camera electronics unit and PM512 CCD camera. The 

CCD had a516x516 detector element format with 20 mm square pixels. 

The CCD was mounted in a cryogenic dewar housing which allowed for device 

cooling. The CCD was cooled to approximately - 100 ° C with the use of liquid nitrogen 

in order to reduce the production of thermally generated charge to negligible levels. 

Exposure times were controlled with an electro-mechanical shutter mounted on the firont 

of the dewar housing. Ultraviolet illumination of the HPTLC plates was accomplished 

with a transilluminator which contained two 8 watt 365 nm UV fluorescent light tubes. 

The transilluminator was overlaid with a UV - 340 nm glass filter. A 400 nm high pass 

filter (CVI LWP - 400, CVI Laser Corp., Albuquerque) was installed in front of the 

detector to block the excitation light from the transilluminator and isolate the 

fluorescence emission of interest. On the front of the shutter assembly was mounted a 

105mm UV-Nikkor camera lens (Nikon) which was used for focusing the emission light 

onto the detector. The whole system was controlled by microcomputer using National 

Instruments Lab VIEW® software for instrument control and data analysis. 
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CCD 

UV illuinmator 

filter 

Camera lens 

TLC plate 
Dark enclosure 

Figure 2.1. Instrumental setup of imaging HFTLC system. 

Sample components are distributed spatially across the chromatographic plate 

surface. Uneven illumination of the HPTLC plates, variations in detector element 

sensitivities, and some of the plate inhomogeneities are corrected by flat fielding of the 

images allowing the extraction of precise and accurate quantitative information from the 

plate. All of the images were corrected for fixed pattern electronic offsets by the 

subtraction of a bias exposure, which was an image generated by simply reading out the 

CCD with the shutter closed, followed by flat-field correction.® '^ The background image 

of each pre-cleaned, unspotted HPTLC plate was used as a "flat-field image" for flat-field 

correction. The background image provided a spatial distribution of the fluorescent 
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impurities on the plate and a spatial map of UV illumination intensity. It was used to 

correct each pixel in the analytical image, allowing for the extraction of accurate 

quantitative information. The flat field correction was accomplished by dividing each 

and every pixel in the analytical image of interest by the corresponding pixel in the flat 

field image, the quotient was then multiplied by the mean value of the flat field image. 

The result was a corrected image of the plate, where the emission was independent of 

spatial location. 

A scanning electron microscope (SEM) was utilized to examine the surface 

features of the silica sorbent layers. 

2.4. Results and Discussion 

2.4.1. HPTLC Plate Characteristics 

Data obtained fi:om the five commercially available precoated HPTLC silica gel 

plates are presented in Table 2.1. A portion of the data presented in Table 2.1 was 

supplied by the manufacturers, no information was available about the existence of 

fluorescence impurities on the plates. The tests performed in this study were carried out 

on a representative sample of several plates fi-om each manufacturer. No tests were 

performed on "Scientific Adsorbent" (SA) HPTLC plates because of the large number of 

sorbent layer defects observed on the plates obtained for evaluation. Entrapped visible 

particles and pin holes were observed over the entire surface of the SA plates. 

Figiure 2.2 shows the SEM images of the sorbent layers for the different HPTLC 

plates. From these images it can be seen that the average particle size is not as small as 

quoted by the manufacturers. A considerable number of the particles used for the 5 ^m 

plates are revealed to be larger than 10 [im in size, and particles up to 40 |am in diameter 
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are found in the plates prepared from 10 ± 4 (im particles. The particle size distributions 

are narrow for EM and WM plates, but have a wide range for AN and MN plates. 

Table 2.1. Properties of the commercially available HPTLC plates. 

Manufactures Plate Type^®* Si Layer Glass Substrate Particle Size (nm) 

Thickness^"' Thickness 

(nm) (mm) Quoted^®' Apparent 

SA Sil-gel Super 100 1.93 ~3 -

MN Nano sil-lO 100 1.24 2-10 1-20 

AN HP-HL 150 1.63 ~ 10±4 7-41 

EM SU-gel 60 200 1.24 - 5 1-14 

WM HP-K 200 1.27 -4.5 4-10 

(a) Provided by the manufactures. 

It is well-known that two of the major improvements from conventional TLC to 

HPTLC are the reduction in the average particle size and the narrower range of the 

particle size distribution. It has been confirmed in several studiesthat the particle size 

distribution must be as narrow as possible for a given mean particle size for a sorbent to 

have optimum chromatographic properties. Also, sorbents with low mean particle size 

offer more separation efficiency than those of a higher mean particle size, even though 

the particle size distribution may be the same. Therefore, the separation efficiency of the 

HPTLC plates can be further improved by decreasing the particle size and narrowing the 

particle size distribution, at least to approach the stated values by the manufacturers. 



Figure 2.2. SEM surface images of different commercial HPTLC plates, a) EM 
plate, xll70; b) WN plate, xll70; c) MN plate, xlOOO; d) AN plate, xll80. 
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2.4.2. Fluorescence Background Noise 

In absoqjtion mode, the sensitivity is highly influenced by surface irregularities. 

These surface irregularities are considered to be caused by microscopic differences in 

particle size, uneven particle size distribution, and by variations in the texture of the 

plate.In fluorescence mode, the situation is different. Under ideal conditions, the plate 

by itself should have no absorption or fluorescence when exposed to UV excitation light. 

In the experimental setup, 99.9% of the UV excitation light is removed by the high pass 

optical filter and only the sample fluorescence signals can reach the detector. The only 

influence of an ideal plate on the measurement should be the scattering loss of both the 

excitation light and the sample emission light. Therefore, the plates with the thicker 

sorbent layer and larger particle size distribution should have the most scattering loss and 

be the least sensitive. However, experimentally it was observed that all of the 

commercial PtPTLC plates used showed fluorescence background. This fluorescence 

background consisted of three components: the overall fluorescence background from the 

silica layer, the individual high intensity fluorescence spots arising from impurities in or 

on the silica layer, and the fluorescence from the glass substrate (Table 2.2). Comparing 

with the effects of the fluorescence background, the contribution of the scattering loss to 

the sensitivity of the detection is negligible. 

There are several sources which contribute to the background noise: the 

background shot noise, the localized fluorescence impurities, the spatial variation of the 

illumination source, the detector and the TLC plate. 

The fluorescence of the glass substrate accounts for 34.6 to 80.3% of the total 

background fluorescence and over 30% of the background noise level (Table 2.2), except 

in the MN plate the major noises were contributed from the individual impurities on the 

plate. The fluorescence intensity not only depends on the thickness of the glass, but also 



Table 2.2. Fluorescence background and noise level of different precoated HPTLC plates. 

Plates 

HPTLC Plate 

Before cleaning After cleaning 
Glass %lass/^plat*^^^ W Impurities 

Avg. Int."" SD"'' Avg. Int. SD Avg. Int. SD Before After removed 

MN 804 84.4 589 29.6 204 4.59 25.4 34.6 yellow 

AN 1514 51.0 1488 34.7 770 13.6 50.9 51.7 invisible 

EM 437 14.3 288 6.34 227 4,72 51.9 78.8 pale yellow 

WM 817 18.6 687 13.9 552 10.7 67.6 80.3 yellow 

(a) Ave. Int.; average fluorescence intensity in arbitrary units. 

(b) SD : standard deviation of the fluorescence intensities based on the whole image. 
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the properties of the glass. Since the shot noise associated with the background depends 

on the intensity of the fluorescence, background noise increases with the higher 

fluorescence background level (Table 2.2). If the substrate could be substituted with low 

or non-fluorescing materials, such as quartz, both the fluorescent background level and 

the backgroimd noise could be decreased significantly. The individual fluorescent spots 

were observed to be the greatest contributor to the variation in the fluorescent 

background. These spots are caused by fluorescent impurities adsorbed in or on the 

plates. The existence of some fluorescence impurities on sorbent layers is expected due 

to the many possible sources of contamination, such as the materials used in the 

manufacture of the plates, packaging materials, atmospheric adsorbents, and additives 

and impurities in the mobile phase. If the plates are not cleaned prior to use, these 

impurities can be redistributed to higher position on the plate causing a characteristic 

rising baseline in the direction of chromatography. These impurity gradients can present 

problems in obtaining reliable results for quantitative analysis. Two methods have 

been used to wash TLC plates: immersion and blank chromatography. Immersing the 

plates in a solvent is a fast cleaning procedure, but "impurities" can be redistributed 

instead of being removed from the chromatographic range on the plate. While blank 

chromatography takes somewhat longer, the "impurities" become concentrated at one end 

of the plate where they can be mechanically removed. Blank chromatography is the 

preferred method used in this work. 

The fluorescence backgroimd noise due to contamination of the silica layer, which 

is seen as bright spots, can be partly reduced by washing the plates. Most of the spots on 

WM and EM plates were successfully removed by chromatographic washing. The AN 

plates had very few individual fluorescence spots, but the spots that did exist could not be 

removed by any of the solvent systems employed in this study. The individual spots on 
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Figure 2.3. Baclcground images of MN plates before (a) and after (b) washing with 
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Figure 2.4. Effects of flat field correction on quantitation. I) reproducibility test of 

10 pg R6G on WM plate, U) Lane plot of R6G on MN plates, before a) and after b) 

flat field correction. 
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the AN plates were caused by large particles and what looks like fibers or dust particles 

trapped within the silica layer; there were no visible "impurities" at the end of the plate 

following the chromatographic wash. The MN plates had the highest degree of 

fluorescent spots, some of which could be removed by cleaning but most remained 

unchanged by the solvent systems investigated, as demonstrated in Figure 2.3. No visible 

defects were seen on the MN plates, and images of the glass substrate appeared highly 

uniform, indicating that the fluorescent impurities are embedded within the silica gel. 

In addition to precleaning the plates, flat-field correction is required in order to 

obtain reliable quantitative results. Flat field correction is used to correct for the spatial 

variation in source intensity, detector sensitivity and plate homogeniety. The effect of 

flat-field correction can be seen in Figure 2.4. Both detection limits (LOD) and precision 

were improved by flat-field correction. However, due to the background signal 

fluctuation arising fi:om the localized fluorescence spots, flat-field correction is not 

perfect. The analytical results are still affected by the existence of the fluorescence spots. 

For obtaining reliable quantitative results, the position of the background and sample 

images have to be reproducibly positioned or variations on the baseline can be introduced 

by the flat field correction process, resulting in a degradation of both the precision and 

limit of detection. 

2.4.3. Detection Limits 

The presence of fluorescent impurities caused difficulties with both the sensitivity 

and accuracy of the quantitative analysis. Laser grade R6G was used as a model sample 

to determine the sensitivity of the plates. The images were taken after chromatographic 

development. They were bias subtracted and flat field corrected before further data 

analysis. Lane plots of R6G around the limit of detection on four different brands of 
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HPTLC plates are shown in Figure 2.5. The lane plots were obtained by summing the 

pixel values perpendicularly along a column encompassing the dye spots. The signal 

intensity for each R6G spot was obtained by integrating the area under the corresponding 

peak of the plot, using the baseline of the spectrum as the baseline for integration. The 

overall performances of these plates are presented in Table 2.3. The detection limits of 

R6G were determined at a signal to noise ratio (S/N) of two. 

Table 23. Performance of the commercial HPTLC plates. 

Plates detection limits (pg)^"' baseline of binned spectrum (flat-field corrected) 

Avg. Int. RMS Noise 

MN 0.64 47001 178 

AN 1.11 139225 411 

EM O.I l  14667 78 

WM 0.77 120461 227 

(a) values were obtained at S/N = 2. 

The influence of the sorbent thickness on the LOD was negligible compared to the 

fluorescence background (as shown in Tables 2.1. - 2.3). 

2.4.4. Dynamic Range 

In previous work using CCD cameras for HPTLC^'*, line plots from images were 

typically of undeveloped plates. In this work the linear dynamic range was investigated 

on images taken of both undeveloped and developed plates. The linear dynamic range 

obtained was much shorter before developing as shown in Figure 2.6. This behavior was 
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EM plate. 

most probably caused by self-quenching phenomena. Before development sample spot 

sizes were less than 1 mm in diameter, but after development spot sizes ranged from 1.5 

to 3 mm in diameter depending on the amount of the sample applied, allowing for more 

uniform sample illumination. Thus, the whole sample could be illuminated thoroughly 

with little or no self-quenching taking place. The intraimage linear dynamic range for 

R6G on a single HPTLC plate was meastired to be 1-20,000 pg with P < 0.4% and r^ > 

0.94. The linear dynamic range can be seen much easier with log(Intensity) vs log(Mass) 
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plot (see Figure 2.7). Exposure time bracketing can be used with the scientifically 

operated CCD to extend this range. 

2.5. Conclusions 

The fluorescent impurities embedded in the chromatographic layer are the major 

limitation to the sensitivity and dynamic range of the quantitative HPTLC analysis. The 

glass backing of the plates contributes over 50% of the average fluorescence background 

level and over 30% of the background noise. This problem, intrinsic to the glass, could 

be reduced by substituting the glass backing with low or non-fluorescent materials, such 

as quartz. The silica layer contributes two different types of fluorescence background: an 

overall background and the embedded fluorescent impurity spots. The majority of the 

fluorescent spots were caused by chemicals or even physical substances (such as fiber or 

dust particles) entrapped in or on the silica layer. The high intensity fluorescent spots 

significantly impact the sensitivity. The influence of the sorbent thickness on the 

sensitivity of detection is not as significant as the fluorescence background. Therefore, 

plate cleaning to minimize the adverse effects of impurities in the sorbent layer is a 

necessity in obtaining reliable quantitative results in fluorescence HPTLC analysis. 

All of these features indicate that for obtaining reliable quantitative results fi:om 

HPTLC, the plates need to be further improved. The fluorescence background and noise 

need to be minimized to fiilly explore the low dark current nature of the scientific CCD 

camera. For best results, the plates should be cleaned prior to use and maintained and 

stored in a clean enviroimient to minimize contamination. The use of pure solvents and a 

clean laboratory envirormient are essential to avoid poor quantitative results, especially at 

low sample concentrations. 
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Chapter 3 Quantitative Analysis of Aflatoxins by High Performance 

Thin Layer Chromatography Utilizing a Scientifically Operated 

Charge-Coupled Device Detector 

3.1 Abstract 

The use of a scientifically operated charge-coupled device (CCD) for the detection 

and quantitation of aflatoxins on a high performance thin layer chromatographic 

(HPTLC) plate was investigated. A nebulizer based sample application system was 

utilized to quantitatively transfer the sample onto the HPTLC plate without disturbing the 

sorbent layer. Fluorescence excitation of the aflatoxins was accomplished with an 

ultraviolet transilluminator which caused the analytes of interest to emit in the blue-green 

portion of the visible spectrum. The dynamic range, sensitivity, accuracy and precision 

of the system were evaluated. Detection limits of the aflatoxins were determined to be in 

the low picogram range. The existence of aflatoxins in peanut butter samples was 

analyzed both quantitatively and qualitatively by using multi-dimensional TLC. The 

capabilities of the system for performing real time monitoring of the separation process 

was also investigated. 

3.2. Introduction 

Aflatoxins (Figure 3.1) are toxic, extremely carcinogenic substances excreted by 

green powdery molds known as Aspergillus flams and Aspergillus parisiticus. These 

compounds have been found on a variety of agricultural products, livestock feeds and 
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commercial foodstuffs including: com, peanuts, cottonseeds, grains, legumes and tree 

nuts and indirectly in dairy products, poultry and meat products. It was in the 1960s that 

aflatoxins were first discovered to be of serious concem when ducklings, calves and some 

100,000 young turkeys died after ingesting contaminated peanut meal.'*^ Aflatoxins have 

been shown to cause cancer of the liver, colon, and kidney in some animals, such as rats, 

ducks, and monkeys.^ Strong correlation has been found between the levels of aflatoxins 

in human diets and incidence of liver cancer.^ 

While improvements in storage conditions have done much to reduce the 

problems associated with aflatoxin contamination of agricultural products, extensive 

routine monitoring for these compounds at all levels of production from growing, 

harvesting, storage and processing is required to control this severe health hazard.' Thus, 

a low cost and reliable technique for the fast and efficient analysis of large numbers of 

potentially contaminated samples is necessary for the practical routine monitoring of 

these hazardous compounds. A requirement of this technique should also include a high 

degree of sensitivity for the aflatoxins under investigation in order to determine 

contamination at very low levels. 

Aflatoxins fluoresce strongly when illuminated by long wave UV light (365 nm), 

emitting in the blue to green portion of the visible spectrum. Two techniques which have 

been used extensively for the analysis of these substances have been planar"^ and high 

performance liquid chromatography (HPLC)^'^ with fluorescence detection. 

Unfortunately, these techniques, as employed in the past, are an impractical means of 

analysis for routine, quantitative monitoring applications requiring high sample 

throughput, such as the detection of aflatoxins. 
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Figure 3.1 Molecular structures of aflatoxins Bl, B2, G1 and G2. 
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HPLC, while providing for a good means of analysis for aflatoxins, requires that 

all standards and unknowns be injected sequentially onto the chromatographic column. 

Sequential analysis in this manner takes place at the expense of both time and solvent 

consimiption. Planar chromatographic techniques provide the unique advantage of 

parallel sample separation. That is, all standards and unknowns to be analyzed can be 

separated simultaneously on a single chromatographic layer allowing for very high 

sample throughput in comparison to HPLC. 

A number of techniques have been utilized to record or quantitate the separated 

components on a TLC plate.® '"* '^ The most common include: visual examination, 

mechanical slit scanning densitometry, and imaging. Visual examination suffers from the 

obvious disadvantages of poor precision and accuracy. Mechanical slit scaiming 

densitometers, currendy the state of the art technology utilized for obtaining quantitative 

information from TLC plates, require that a slit aperture be rastered down each lane one 

after the other. Scarming in this maimer reduces the throughput advantage afforded by 

HPTLC by reducing the parallel processing nature of the planar chromatographic 

technique to that of a sequential one. Moreover, any attempt to speed up mechanical 

scarming is likely to suffer a signal-to-noise degradation inversely proportional to the 

decreased time spent in the scaiming process. 

Imaging HPTLC has been shown to be a fast and efficient method for quantitative 

TLC analysis.'®""" It allows the entire chromatogram to be acquired simultaneously, 

resulting in decreased analysis times over slit scanning densitometry. Despite their 

inherent advantages, early versions of photodiode, vidicon, and vacuum tube 

multichannel detectors lacked the sensitivity and dynamic range of discrete 

photomultipliers.^' Recent efforts have demonstrated the efficacy of charge-coupled 

device (CCD) array detectors for a wide variety of scientific applications.^' When 
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operated scientifically (cooled, slow-scan), CCD detectors have demonstrated extremely 

low dark current and read noise characteristics, high sensitivity from the soft x-ray to the 

near IR, excellent linearity, and wide dynamic range. These features have made the 

scientifically operated CCD an excellent detector for many low photon flux imaging 

applications in chemical analysis, such as fluorescence detection. 

In. brief, the instrumentation described here allows for the qualitative and 

quantitative determination of aflatoxins Bl, B2, Gl, and G2 after simple extraction from 

peanut butter samples. The remainder of this article describes the use of the scientific 

CCD area array detector for the real time, in situ analysis of aflatoxins on HPTLC plates. 

3.3. Experimental 

3.3.1. Reagents. 

Aflatoxin standards BI, B2, Gl, G2 and their mixture were obtained from Sigma 

Chemical Co. (St. Louis, MO, cat. no. AF-l and A9441) in crystal form. All solvents 

were of analytic or chromatographic reagent grade and purchased from J. B. Baker 

(Phillipsburg, USA). A laser grade fluorescence dye, rhodamine 6G (R6G Kodak, Inc.), 

was utilized for system evaluation. Ground peanuts and creamy peanut butter were 

bought from grocery stores. 

The following stock solutions were prepared: (a) 1.0 mg of each single aflatoxin 

standard is dissolved in 2.00 ml of methanol, (b) The aflatoxins mixture, which included 

250 ng of Bl &. Gl and 75 ng of B2 & G2, was dissolved in LOG ml of benzene / CH3CN 

(98 : 2 v/v). (c) 10.0 mg of R6G was dissolved in 50.00 ml of methanol. All ftirther 

quantitative standards were prepared by further dilution of their stock solutions with 
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chromatographic grade methanol. 

3.3.2. Extraction. 

Replicate 25 g samples of peanut butter were each homogenized with 100 ml 

MeOH / H2O (55 :45 v/v), 50 ml of hexane and ca 1 g of NaCl for 45 min at high speed, 

and filtered through Whatman No. 40 filter paper with light vacuum. The entire aqueous 

methanol phase was collected in a 250 ml separation funnel and extracted with five 20 ml 

fractions of chloroform. The chloroform layer was collected and evaporated to dryness 

with a rotary evaporation pump. The dry extracts were redissolved in methanol for 

application onto the HPTLC plates. 

3.3.3. HPTLC Separation Procedures. 

Chromatographic separations were performed on either 5 x 10 cm or 10 x 10 cm 

HPTLC plates coated with silica gel 60 (E. Merck, Darmstadt, G.F.R.). All plates were 

chromatographically washed three times with methanol and allowed to dry at room 

temperature prior to sample application. The plate pre-wash procedure was performed in 

order to reduce the fluorescence background from any adsorbed organic impurities on the 

plate." 

3.3.4. Quantitative TLC. 

Aliquots of 0.5 nl sample extracts were spotted onto a 5 x 10 cm HPTLC plate 

adjacent to aliquots of standards ranging from 1.5 to 37.5 pg for B2 & G2 and from 5 to 

125 pg for B1 & G1 per spot. The plate was then developed with anhydrous ethyl ether 

to remove the interfering compounds (direction one) until the solvent front reached the 

top of the plate. The ethyl ether was evaporated and the plate was examined by the CCD 

camera system. The top portion of the silica sorbent layer containing the interfering 



73 

compounds, approximately 1 cm, was scratched off. To separate the aflatoxin species, 

the plate was turned 180° and developed with chloroform/acetone (9 : 1 v/v) or 

chloroform / ethyl ether (7 : 3 v/v) until the solvent front migrated to a distance of 7.5 cm. 

The chromatographic images were obtained after the developed plate was dried in air for 

5 min. 

3.3.5. Confirmation of the Aflatoxins. 

The sample extract and the aflatoxin standards were spotted onto a 10 x 10 cm 

HPTLC plate at positions A and B respectively (Figiure 3.7). The plate was developed in 

the first direction (direction 1) with anhydrous ethyl ether until the solvent front reached 

the end of the plate. It was dried and the top portion, approximately 1 cm, of the silica 

sorbent containing the interferences was removed. The plate was then developed in the 

second direction (direction 2) with chloroform/ethyl ether (7 : 3 v/v) until the solvent 

front reached the top of the plate. After the plate was dried, the second standard was 

spotted at position C. Finally the plate was developed in the third direction (direction 3) 

with chloroform/acetone (9 : I v/v). The development was stopped before the solvent 

front reached the position of the first standard spot. The plate image was obtained after 

the  p la te  was  dr ied  a t  room tempera ture  for  5  min ,  

3.3.6. Real Time Imaging. 

Separation of the aflatoxins for real time visualization was carried out in a 

horizontal HPTLC developing chamber (Sargent-Welch, Part # SI8930-01). The 

chamber was modified in order to utilize the transillxmiinator as the excitation source and 

allow for the monitoring of the separation process. This was accomplished by cutting a 4 

X 4 cm hole in the bottom of the chamber and replacing the cut out section of the chamber 

with a 1/16" ground and polished fused silica window (GM Associates Inc., OZ Grade). 
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The fused silica plate was utilized to seal the chamber so as to allow for a two minute 

solvent vapor pretreatment of the chromatographic surface and the passage of UV light 

for fluorescence excitation. 

3.3.7. Sample Application. 

Sample application was performed using a concentric micronebulizer to 

quantitatively spray the analytes onto the plate. The nebulizer consisted of a syringe 

needle surrounded by a nylon concentric housing which constrained a flow of nitrogen 

past the needle tip. The pressure and the temperature of the nitrogen gas could be 

adjusted to optimize the nebulization efficiency and the evaporation rate of different 

solvent systems. The needle tip was symmetrically sharpened and polished to ensure 

good spray characteristics. As the solvent/analyte approached the tip of the needle, it was 

drawn out by the surrounding gas flow and sprayed onto the surface of the plate. To 

ensure adequate precision of sample application, an HPLC sample injector loop (0.5 nl 

Elheodyne, Model 7520) was used to deliver a fixed quantity of analyte to the nebulizer. 

The sample injector was connected to a syringe infusion pump (Harvard Apparatus, 

Model 22) equipped with a 50 jil syringe which was used as the solvent delivery system. 

The infusion pump could be set to a variety of settings, but for this study a flow rate of 

2.5 (il/min was utilized. A block diagram of the system is shown in Figure 3.2. The 

micronebulizer sample applicator was capable of delivering a uniform and symmetrical 

spray of the analyte onto the HPTLC plate in a very focused and controlled manner. The 

spot sizes were less than 1 mm in diameter. 
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Figure 3.2. Block diagram of the "micronebuiizer" sample applicator. 

1) sample syringe, 2) infusion pump, 3) modified concentric flow nebulizer, 4) 0.5 

ml HPLC sample injection loop, 5) TLC plate and holder, 6) plate movement stage, 

7) heating tape. 
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3.3.8. Excitation Source. 

A broad bandpass UV light transilluminator was constructed for the excitation of 

the aflatoxins. A 15 xl5 cm hole was cut in the top of an aluminum box (42 x 26 x 10 

cm). Over the hole was permanently mounted a wide bandpass UV filter 

(Hoya Optics, Fremont, CA, U-340, 3.0 x 165 x 165 mm). Two 8 watt, long wavelength 

(365 nm) fluorescent light tubes (Spectronics Corp., Westbury, NY, BLE 8T365) were 

mounted in the box. Illumination of the plates was achieved either by placing the glass 

substrate of the chromatographic plates in direct contact with the UV pass filter or by 

illuminating the plate (silica side down) through the modified horizontal chromatographic 

chamber. 

3.3.9. CCD Imaging System. 

The CCD camera system was provided by Photometries, Ltd. (Tucson, AZ) and 

consisted of a CC200 camera controller, a CE200 camera electronics unit and a PM512 

scientific grade CCD. The whole system was controlled with a microcomputer using 

National Instruments LABVIEW® software for instrumental control and data analysis. 

The CCD was mounted in an evacuated dewar assembly, which allowed for cryogenic 

cooling of the device to -100°C to prevent dark current buildup. The exposure time was 

controlled with an electro-mechanical shutter mounted on the firont of the dewar 

assembly. The shutter mount also allowed for the adaptation of an G.3 ~ 4.5, 35 ~ 70 

mm focal length AF Nikkor zoom lens (Nikon) which acted as the imaging optics. A 

CVI LWP- 400 high pass filter (CVI Laser Corp., Albuquerque, USA) was mounted on 

the front of the camera lens to achieve the proper emission filtering characteristics for the 

aflatoxins under investigation. All images were bias subtracted to remove electronic 

offsets and flat fielded to correct for spatial variances in illumination, detection and 
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HPTLC plate homogeneity. Both bias subtraction and flat fielding are described in the 

Results and Discussion section. 

3.4. Results and Discussion 

3.4.1. Flat Field Correction. 

All plate images were corrected prior to data extraction to account for spatial 

fluctuations in UV source intensity, fixed pattern variations in detection sensitivity 

related to optical components or the detector itself, and plate inhomogeneity. Correction 

was achieved by the technique of flat fielding in a manner similar to that previously 

described by Sutherland and coworkers.^ Before sample application, the HPTLC plate 

was used to obtain the field correction image, called the field image. Because of the 

fluorescence background of the plate, the CCD image of the plate provided for an 

accurate map of the variations in excitation energy, detection sensitivity, and plate 

homogeneity. HPTLC plate images, obtained after chromatographic separation and 

defined as original images, were corrected as described in eqxaation 1. 

Adjusted Original Image 
Corrected Original Image = (Adjusted Field Image)qvera2e (U 

Adjusted Field Image ® 

where. 

Adjusted Original Image = Original Image - Bias Image (2) 

Adjusted Field Image = Field Image - Bias Image (3) 

As described in equations 2 and 3, both the field image and the original image of the 

HPTLC plate are corrected for any fixed pattern and electronic ofifsets with the 

subtraction of a bias image prior to flat field correction of the plate image. A bias image 
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is acquired by reading out the CCD without exposing the detector. As described in 

equation 1, every pixel in the uncorrected original image is divided by the corresponding 

detector element value in the field image, resulting in normalization of the uncorrected 

original image for illumination and detection sensitivity. Thus, even though the sample 

spots to be quantitated are distributed spatially across the inhomogeneous plate material, 

the extraction of accurate and precise quantitative information is made possible with flat 

field correction. The improvement of the fiat-field correction toward the reproducibility 

and the sensitivity of the HPTLC quantitative results can be seen cleanly firom Figure 3.3. 

3.4.2. System Performance. 

To evaluate the performance of the system, replicate quantities of R6G were 

spotted onto the chromatographic plate in order to determine the inter-spot precision. 

Seven to eight spots of the same quantity of standard material were applied onto each 5 x 

5 cm HPTLC plate; five different standard concentrations were utilized. The integrated 

fluorescence observed with the scientific CCD camera of the single component R6G 

samples was measured before and after chromatography. All images were bias and flat 

field corrected. The results of the inter-spot precision are shown in Table 3.1. The 

pooled relative standard deviation before and after plate development was equal to or less 

than 1.4%. The accuracy of the system was investigated by spotting six different R6G 

standards, in the range of 0.8 to 80 pg, onto each 5 x 5 cm HPTLC plate with the 20 pg 

spot as a test sample. The recovered quantity of the test standard was obtained from the 

calibration curve derived from the other five R6G standards. The results showed that the 

mean recovery percentage of the test standard was 99% with relative standard deviation 

2.1% (average of six trials). 
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Inter-image precision was evaluated by taking ten successive exposures of a 

fluorescent filter (Y-48, Hoya Optics, Fremont, CA) and measuring the mean intensity of 

two 32 X 32 pixel subarrays located near the center of each image. The pixel arrays were 

separated vertically by 100 pixels. The mean signal intensity for the two pixel array 

boxes and the standard deviation of the difference in mean signal intensity between the 

two arrays were determined for all ten trials. The relative standard deviation for inter 

image precision in our system was found to be 0.04 %. 

0 100 200 300 400 500 
Pixel Number 

1.
1

.
 

(11) 

5 8 -
1 1 (a) 

5 4 -

t 
WW ' II 

6 2 - 20pg 

5 8 -

5 4 - J 
0 100 200 300 400 

Pixel Number 

Figure 3.3. Effects of the flat-field correction on the quantitative results. 

(I) Reproducibility test results of 10 pg R6G. (II) LOD test results of R6G, before 

(a) and after (b) flat field correction. 
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Table 3.1. Inter-spot precision results. 

%RSD %RSD 

Mass Cpe) # of Samples before chromatograohv after chromatoeraphv 

6.00 7 2.04 2.08 

20.00 7 1.48 1.52 

50.00 8 0.59 0.78 

100.0 7 0.77 1.32 

200.0 7 1.25 1.53 

Pooled % RSD 1.35 1.40 

* Data obtained by measuring the total integrated fluorescence intensities from each spot. 

The inter-spot precision represents the convolution of several variables, including 

the ability of the spotting apparatus to reproducibly deliver a fixed quantity of material to 

the plate, spatial variations in excitation intensity and spatial variations in detection 

sensitivity due to optical or detector inhomogeneities. Spatial variations in source 

intensity which are not time dependent and variations in detection sensitivity due to filter, 

lens, or detector are adjusted using flat field correction. The contribution of plate 

inhomogeneity to the overall detection error was determined to be insignificant since 

before any analyte was applied an image of the plate was obtained and used as the flat 

field image. Those variations in source intensity which fluctuate in time and thus differ 

relatively from the flat field image are not corrected in the flat fielding process. 

However, the detection imprecision arising from the time dependent spatial fluctuations 

appeared to be an insignificant contributor (< O.l %) to the overall imprecision of our 

system. The error in scientific CCD detection is dominated over most of the working 

dynamic range of the detector by shot noise and can thus be 
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Figure 3.4. CCD image of the separated aflatoxins on an HFTLC plate. 

From top to bottom are Bl, B2, G1 and G2. Lanes decrease in aflatoxin 

concentration from left to right, with Bl & G1 ranging from 5 to 125 pg and B2 & 

G2 from 1.5 to 37.5 pg. 
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Figure 3.5. Chromatograms obtained from the image of Figure 3.4. 

(a) Chromatogram for Bl, by summing the signal intensities of each column 

between two horizontal lines; (b) chromatogram of the least concentrated standard, 

by summing the signal intensities of each row between two vertical lines. 
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considered negligible in comparison to the imprecision in determining the peak area of 

replicate spots within a single exposure. This is true because of the ultra low noise 

performance of the scientific CCD and the high fluorescence background and spatial 

background noise levels arising from fluorescent impurities embedded in the 

chromatographic layer." 

3.4.3. Image Detection and Enhancement. 

The ability of the CCD to bracket analytical information is demonstrated in Figure 

3.4. The high contrast image of Figure 3.4 was obtained by linearly scaling the portion of 

die digital dynamic range of the image which was due only to aflatoxin fluorescence 

across the 256 gray scale levels of the display screen. Display in this maimer brackets the 

analytical information of interest, providing the examiner with finer detail for qualitative 

assessment. Chromatographic spectra can be obtained by summing the pixel values on 

each column or row within the two corresponding lines which encompass the sample 

spots being determined (as shown in Figure 3.4). The chromatograms obtained from the 

image of Figure 3.4 are shown in Figure 3.5. The change in fluorescence signal intensity 

with respect to the sample mass can be easily derived from the chromatogram of Figure 

3.5(a). The separation efficiency is demonstrated by the chromatogram of Figure 3.5(b). 

Quantitative information can be obtained from either the height or area of each 

component's peak in the chromatograms, using the baseline of the spectrum as the 

baseline for integration. The peak areas supply more accurate information than peak 

heights due to the non-imiformity of the peak widths and non-symmetric distribution of 

the sample spots. In this work all of the quantitative results were derived from the peak 

areas. 
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3.4.5. Analysis of Aflatoxins. 

3.4.5.1. Dynamic Range and Sensitivity. 

The average limits of detection (LOD) based on a signal to noise ratio (S/N) of 3 

for the four aflatoxins were found to be between 3 and 5 pg. The LOD values were 

determined by extrapolating from the curves of S/N V5. sample mass or derived from the 

sample masses with the lowest detectable signals. The final results were obtained from 

the average value of replicate sample applications (Table 3.2). The LOD results obtained 

by HPTLC with CCD detection were close to or lower than those reported by Kussak et 

al.'* for aflatoxins using HPLC mass spectrometry. Good linear fits to the data (p < 

0.001, r^ > 0.96) were achieved over greater than two orders of magnitude for all the 

aflatoxins under investigation. 

Table 3.2. Aflatoxin detection limits 

Aflatoxin HPTLC-CCD?^ HPLC-MS'^ 

G2 3.3 10 

G1 4.9 5 

B2 3.0 4 

El 4.5 4 

3.4.5.2. Peanut Butter Study. 

Because aflatoxins are often present in peanuts at ppb levels, sample pretreatment 

is required for analysis. The Association Official of Analytical Chemists (AOAC) 

recommended BF method" was used for the aflatoxin extraction and condensation with 
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slight modifications as described in the Experimental Section. The repeatability of the 

extraction method and the accuracy of the whole analysis system were assessed by 

measuring the percent recovery of the spiked aflatoxins. Twenty-five gram samples of 

aflatoxin-free freshly ground peanuts were spiked with 250 ng of B1 & G1 and 75 ng of 

B2 & G2, respectively. No detectable levels of aflatoxins were found in the unspiked 

sample (as indicated in Figures 3.6 and 3.8(a)). The aflatoxin-free samples were freshly 

ground peanuts without any additives. The images show that except for the aflatoxin 

species most of the extracted components were left at the origin of sample application, 

suggesting that a sample precleaning step is required if HPLC is to be used for analysis. 

Figures 3.7 and 3.8(b) show the image and the chromatograms of the samples spiked with 

aflatoxins Bl, B2, G1 and G2. The recoveries of the four aflatoxins are in the range of 

90 to 100% with acceptable standard deviations (less than 2.8%, Table 3.3). 

Table 3.3. Recovery of aflatoxins from the spiked peanut butter extracts. 

Aflatoxins Added fne/e) Recoverv* (%) RSD *(%) 

Bl 9.84 97.85 2.63 

B2 2.95 90.38 2.78 

G1 9.84 100.2 1.71 

G2 2.95 98.75 2.47 

* Recovery percentages and relative standard deviations (RSD) are average values of six 

assays. 
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Figure 3.6. CCD image of the separated aflatoxins with freshly ground peanuts. 

From top to bottom: Bl, B2, Gl, G2 and sample origin. From right to left: freshly 

ground peanuts' extracts, standards with increased concentration. 
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Figure 3.7. CCD image of the separated aflatoxins with spiked peanut extracts. 

From left to right: pure solvent, spiked peanut extracts, standards with increased 

concentrations. 
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Figure 3.8. Chromatograms of the aflatoxins from (a) freshly ground peanuts and 

(b) spiked freshly ground peanuts. 
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A commercial creamy peanut butter product was also analyzed. Approximately 3 

ppb of total aflatoxins was found in the peanut butter extracts (Figure 3.9 and Table 4.4). 

The aflatoxin content was determined to be much lower than the FDA regulation 

recommended level of 20 ppb. Since there are more interfering compounds in the 

commercial peanut butter than in the freshly ground peanuts, chloroform / acetone was 

used as the mobile phase instead of chloroform / ethyl ether in order to reduce problems 

associated with compoimds co-developing along with the aflatoxins. However, even with 

the chloroform / acetone mobile phase the interfering compounds still existed and co-

developed with the aflatoxins. This caused a characteristic decreasing baseline in the 

direction of chromatography, resulting in poor precision on the quantification of the G2 

component (Figure 3.10(b)). 

Table 3.4. Recovety of aflatoxins from commercial peanut butter sample. 

Detected amounts* In 25 g of peanut butter 

Aflatoxins foe) RSD* (%) roob) 

B1 72.8 1.39 1.73 

B2 15.8 0.97 0.38 

G1 21.7 4.40 0.52 

02 7.58 22.2 0.18 

* Detected amounts and relative standard deviations are average values of three assays. 
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Figure 3.9. CCD image of the separated aflatoxins from commercial peanut butter 

extracts. Same sequence as Figure 3.7. 
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Figure 3.10. Chromatograms of the aflatoxins obtained from (a) aflatoxin standard 

solution and (b) commercial peanut butter extracts. 
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3.4.5.3. Confirmation of the Aflatoxin Identity. 

Occasionally, fluorescent spots with the same Rf values as the aflatoxins were 

observed. Therefore, chemical confirmation of the identity of the toxin from suspected 

positive samples was essential. Many methods can be used, such as nuclear magnetic 

resonance, infrared, ultra-violet, and mass spectroscopic techniques. However, all these 

require the isolation of the suspected toxins and are not employed during routine analysis. 

GC-MS has played an important role in the separation and identification of organic 

compounds from various sample matrices. However, the sensitivity of the GC method is 

very low in aflatoxin analysis because of the high polarity, high molecular weight, low 

volatility, and thermal instability of the aflatoxin molecules. Therefore, GC-MS is often 

considered as an unsuitable technique for the analysis of aflatoxins." 

With the HPTLC-CCD system, the existence of the aflatoxins can be successfiilly 

confirmed using a two-dimensional separation technique. Three different mobile phase 

solutions were used in this experiment Anhydrous ethyl ether was used as a sample 

clean-up agent to remove any oil components. Chloroform / ethyl ether was used as the 

chromatographic mobile phase to separate the aflatoxins in direction one and chloroform / 

acetone was used in direction two. The result of utilizing the multidimensional 

separation technique for the analysis of the spiked peanut butter extracts is shown in 

Figure 3.11. Each aflatoxin species can be easily identified by matching the two Rf 

values of the sample components with those from the standards. All interferences were 

out of the aflatoxin ranges. The fluorescent spot located at position X in the 2D image 

(Figure 3.11) may be attributed to the degradation of aflatoxin B2. Because of the 

characteristically long chromatographic development times, about 2 hours for each plate, 

some decomposition of the aflatoxins was unavoidable. 



93 

# • 

P 

IP 
G1 

( , 2  •  

f 

\ 

C 

450 

^ 350 

I S 250 
(U 

X m 

^ 150 

60 f ^ I , I 

50 150 250 350 450 

Pixel Number 

Figure 3.11. CCD image of a two-dimensional TLC separation used for the 

verification of aflatoxins in the peanut butter extracts. 
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3.4.6. Real Time Monitoring. 

The ability to monitor the separation process in real time offers the investigator a 

tremendous advantage in the simultaneous optimization of the time and resolution of a 

given separation. Unique to planar separation techniques is the ability to watch the 

components differentially migrate through the support material. With column 

chromatographic techniques, the components are typically detected as they exit the 

column. Detection in this manner makes method development time consuming and often 

results in excessive separation times. 

In HPTLC, the ability to monitor the separation process electronically can help to 

shorten analysis time by signaling the termination of the procedure. When the 

components of interest have reached the desired degree of resolution, the separation 

process can be stopped. This is particularly important in HPTLC since chromatographic 

plates differ in their svirface activity, homogeneity and degree of surface hydration, which 

can alter their ability to separate the molecules of mterest. With the use of real time CCD 

imaging and automated computer examination, separations can be individually optimized, 

preventing losses in time due to overdevelopment or premature removal of the plates, 

subsequently enhancing the capabilities of automation. Furthermore, method 

development for new separations can be monitored to stop the chromatographic process if 

the solvent conditions are not leading to the desired results. 

The separation of aflatoxins B2 and G2 was monitored during their 

chromatographic development. The plate image was acquired approximately every 30 

seconds using a 2 second integration time. Figure 3.12 shows the planar chromatographic 

separation of aflatoxins G2 and B2 at various times during the separation process. It can 

be seen that the two aflatoxins are well separated (R > 1) 3 minutes and 23 seconds into 

the separation. 
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Figure 3.12. Chromatograms of the separation of aflatoxins B2 (600 pg) and G2 

(360 pg) at various developing times. 
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3.5. Conclusions 

The scientific CCD based imaging system described here provides excellent 

sensitivity, accuracy, precision and linearity for the quantitative determination of 

aflatoxins on HPTLC plates. The ability of this technique to separate and detect samples 

in parallel can result in significant reductions in analysis time over techniques utilizing 

sequential separation or detection. The detection limits for each of the aflatoxins were 

less than 5 pg, making this system ideal for easily identifying contaminated products. 

The flexibility of the system makes it readily adaptable to many screening or routine 

monitoring applications requiring high sample throughput and sensitivity. 
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Chapter 4. Utilization of A Scientifically Operated Charge-Coupled 

Device Detector for High Performance Thin-Layer Chromatographic 

Analysis of Tetracyclines 

4.1. Abstract 

A high performance thin-layer chromatography (HPTLC) method using a 

scientifically operated charge-coupled device (CCD) detector is described for the assay of 

tetracycline pharmaceutical products. Quantitative information can be obtained for all 

samples on a TLC plate within a few seconds. The separation efficiency and detection 

limits were determined on both normal and reverse phase TLC plates. Fluorescence 

detection mode offers higher sensitivity than fluorescence quenching mode. The dynamic 

range, sensitivity, accuracy and precision of the system were evaluated. Detection limits 

of the tetracycline impurities are in the range of 0.1 to 0.5 ng or 0.3 to 1 % of tetracycline 

depending on the compounds. 

4.2. Introduction 

Tetracycline (TC) antibiotics continue to play an important role in human and 

veterinary medicine and in animal nutrition. Pharmaceutical preparations of tetracyclines 

always contain small quantities of related compounds as impurities, especially 4-

epitetracycline (ETC), anhydrotetracycline (ATC), 4-epianhydrotetracycline (EATC) and 

chlortetracycline (CTC). Owing to the toxicity and / or different therapeutic activity of 

these degradation and fermentation products, their contents in TC products must be 
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controlled.' The permitted concentration of EATC is fixed by United States 

Pharmacopoeia" at less than 2%. The British Pharmacopoeia^ sets limits of 4% for ETC, 

2% for CTC, and 0.5% for EATC and ATC in tetracycline pharmaceutical preparations. 

Therefore, in the pharmaceutical industry, an analytical method is needed to allow 

complete control of the purity of raw materials and finished products, and for stability 

evaluation of aged tetracyclines. Meanwhile, it is important to control the total 

concentration of the active components to ensure the required and adequate biomedical 

effects being obtained without causing undesired or even deadly results due to underdose 

or overdose. 

Various methods have been used to analyze tetracyclines for impurities, such as, 

microbiological assay, spectrophotometry, gas chromatography, high-performance liquid 

chromatography and thin layer chromatography. '•'" Microbiological analysis is the most 

sensitive technique for the residue analysis of TCs in food products, but requires a long 

period of incubation time and lacks precision and specificity. Spectrophotometric 

methods are insensitive, and interference firom other materials caimot always be excluded. 

Meanwhile, since both microbiological assay and spectrophotometry do not allow 

differentiation between the main component of TC and its impurities, they carmot be used 

in the purity control test of TC pharmaceutical products. Furthermore, GC requires prior 

formation of the trimethylsilyl derivative under carefully controlled conditions.^'® 

Therefore, the quantitative analysis of tetracyclines has been dominated by reversed 

phase HPLC. However, HPLC requires that all samples be injected sequentially onto 

the chromatographic column. The expense of efficient HPLC columns and the ease with 

which they can be damaged suggest that it would be prudent to pretreat samples to limit 

irreversible adsorption of highly hydrophobic materials on the column. These steps are 

both time and solvent consuming. Many papers have been published on the planar 



99 

chromatography of tetracyclines.Unfortunately, these techniques, as employed in the 

past, are an impractical means of analysis for routine quantitative monitoring applications 

that require high sample throughput, sensitivity, and precision. Mechanical scanning 

densitometers have been used in the impurity control of the TC dosages for obtaining 

quantitative TLC information.'^"" However, due to the different UV absorption features 

for TC and its impurities, each sample had to be scaimed twice to obtain quantitative 

information for all of the components, which severely limits the sample throughput and 

offers no advantages over the HPLC technique. Thus, a low cost and reliable technique 

for fast and efficient analysis of large amounts of potentially contaminated samples is 

necessary for practical routine monitoring of the impurities in the tetracycline 

formulations. This technique requires a high degree of sensitivity for the tetracyclines 

under investigation, in order to determine the trace amount of impurities in the 

pharmaceutical products on a routine basis. 

Imaging HPTLC has been shown to be a fast and efficient method for quantitative 

TLC analysis."'"^ It allows the entire chromatogram to be acquired simultaneously, 

resulting in decreased analysis times over slit scanning densitometry. Despite their 

inherent advantages, early versions of photodiode, vidicon camera, and vacuum tube 

multichannel detectors lacked the sensitivity and dynamic range of discrete 

photomultipliers. Recent efforts have demonstrated the efficacy of charge-coupled device 

(CCD) array detectors for a wide variety of scientific applications.^® When operated 

scientifically (cooled, slow-scan), CCD detectors have demonstrated extremely low dark 

current and read noise characteristics, high sensitivity from the soft X-ray to the near ER, 

excellent linearity, and wide dynamic range. These features have made the scientifically 

operated CCD an excellent detector for many low photon flux imaging applications in 

chemical analysis, such as fluorescence detection. Combination of a charge-coupled 
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device detector with the HPTLC separation technique has been successfully used in this 

lab to analyze aflatoxins,"^ amino acids,*^etc. 

In this paper, we will demonstrate the advantages of using this technique on 

quantitative analysis of the impurities on tetracycline pharmaceutical products. 

4.3. Materials and Methods 

4.3.1. Standards, Solvents and Reagents 

All of the tetracycline standards were obtained from Acros Organic, Fisher 

Scientific, and came as a powder or as a crystal. The chemical information provided by 

the manufacturers is given in Table 4.1. The standards were stored in a freezer (at -11°C) 

inside a dark desiccator. 

Table 4.1. Chemical information of tetracycline standards. 

Name Lot# Puritv % H,0%. 

Tetracycline HCl A0083794 98.80 0.700 

Anhydrotetracycline HCl A0097378 99.1 3.1 

4-Epi-anhydrotetracycline HCl A0095119 99.5 6.2 

4-Epi-tetracycline HCl A0078456 99.9 3.4 

Chlorotetracycline HCl A0082854 99.20 0.300 

All solutions were prepared with HPLC-grade methanol (J. B. Baker Inc.). The 

stock solutions were prepared as 300 to 500 ppm of TC, ATC, EATC and ETC 

individually, and 100 ppm ATC + EATC + ETC + CTC mixtures. All of the stock 
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solutions were stored in aluminum foil wrapped plastic bottles at - 10°C or below. The 

stock solutions were prepared every month. Working standards were made daily by 

diluting the stock solutions to the desired concentration with methanol. All of the 

solutions were protected from light during their usage. 

Other solvents and chemicals used for this study were either HPLC-grade or 

analytical reagent grade. All of the organic solvents and ammonium hydroxide came 

from E. Merck. Saturated NaiEDTA (Mallinckrodt, Paris, KT) solution and oxalic acid 

(J. T. Baker, Philipsburb, N. J.) solution were prepared with distilled water. The pH of 

Na,EDTA solution was adjusted with 42% NaOH and the pH of oxalic acid was adjusted 

with ammonium hydroxide to desired values. 

4.3.2. Fluorimetry 

The fluorescence properties of tetracyclines were investigated using an SPEX 

Fluorolog spectrofluorometer (Instruments SA, Inc. Edison, NJ) with 2 mm of slit 

window for both excitation and emission monochromators. The sample temperature was 

controlled at 20°C. Both excitation and emission spectra were obtained for tetracycline 

and its impurities individually (10 ppm methanol solutions were used). 

4.3.3. HPTLC 

Thin layer chromatographic analysis was performed by using a scientifically 

operated charge-coupled device imaging detector."*^® Both normal phase and reverse 

phase HPTLC plates were tested as stationary phases for achieving good separation 

efficiency. Both fluorescence and fluorescence quenching detection modes were used to 

achieve low detection limit. 
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4.3.3.1. Reverse Phase 

Both fluorescence and fluorescence quenching detection modes were performed 

on C18 HPTLC plates. No pre-treatment of the plate is necessary. Macherey-Nagel 

Nano-Sil CI8 plates were used for the fluorescence detection mode with 360 nm 

excitation source and a 550 nm band-pass filter to remove any undesired radiation below 

500 nm and beyond 600 nm. CHjCN + MeOH + 0.5 M oxalic acid (pH 2.00; 10+10+30 

v/v ) was used as mobile phase. The plate was developed in the saturated developing 

chamber until the migration distance reached 7.5 cm. After separation the plates were 

dried in air for 1 min, then visualized with NH4OH vapor for 10 min. Without 

neutralization of the plate surface with NH4OH vapor, no fluorescence signal could be 

detected for any of the tetracyclines. Merck HPTLC RP-CI8F254S plates were used for 

fluorescence quenching experiments. A 254 nm illumination source was used to excite 

the TLC plates from top, the emission light of the plates were detected utilizing the CCD 

camera with the 550 nm band-pass filter. Due to the different properties of these two 

brand plates, the mobile phase used above could not migrate on Merck C18F plates. 

Therefore, CHjCN + ethanol + CHjCl, + 0.5M oxalic acid (pH 2.00) (5+5+1+15 v/v) was 

used as mobile phase. 

4.3.3.2. Normal Phase 

Fluorescence detection mode was used under the same instrument setup and 

conditions as those used in the reverse phase. HPTLC Si-gel plates (E. Merck) were 

used as the stationary phase. All of the plates were pre-coated with NaiEDTA solution, 

then were re-activated for 2 hours at 105°C. Since silica-gel can be dissolved in water 

quite rapidly at pH > 9,^° chromatographic developing coating as suggested by Oka, et 

al.^' could not be used. Coating with a spray gun has been used by most researchers."'^^ 
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However, the non-uniformity of the coating generated by the solvent aerosol can cause 

severe cracking of the silica layer. The best way to coat the plates is to dip the plate in 

NajEDTA solution for less than 2 seconds. Then the plates should be dried in air for an 

hour before being re-activated in the oven. The plates were kept in a dessicator before 

using. Methanol + dichloromethane + water (15 + 32 + 3 v/v) was used as the mobile 

phase. The developing chamber was pre-equilibrated with mobile phase for at least 15 

min prior to the development of the plates. After sample application, the plate was 

developed in the saturated developing chamber until the migration distance reached 7.5 

cm. After separation, the plates were dried in air for 5 min, then dipped in a 30% solution 

of paraffin in hexane for 1 sec. The plates were dried in air for another 10 min to make 

sure the hexane was totally evaporated. Any remaining hexane will increase the 

fluorescence background level. 

4.4. Results and Discussion 

4.4.1. Fluorimetry 

Fluorescence emission has been used by several researchers to analyze 

tetracyclines.Most of them used the enhanced fluorescence signals by chelating 

TC's with metallic ions.""'^ However, any modification of the molecules may deteriorate 

the separation efficiency of TLC analysis. Natural fluorescence properties of 

tetracyclines have been used for qualitative^"-^^ and semi-quantitative analysis^"-^® on TLC 

plates, but no detailed information could be found about the fluorescence properties of 

tetracycline and its possible impurities. Therefore, a fluorimetry experiment was 

performed to investigate the fluorescence properties of tetracycline. The methanol 

solutions of tetracycline and its impurities were used for the fluorimetric analysis. The 
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experimental results are given in Table 4.2. 

Table 4.2. Maximum absorption and fluorescence wavelengths (nm) of TCs. 

Sample name UV absorbence Emission* Excitation** 

^ax.Abs (nm) ^ax.Em (nm) ^Tnax£x (nUl) 

Tetracycline 269, 362 563 364 

Epi-tetracycline 263,364 565 374 

Anhydrotetracycline 269,428 542 280,424 

Epi-anhydrotetracycline 269,424 544 282,425 

Chlorotetracycline 266, 373 570 378 

* excitation wavelength was set at 360 nm. 

** emission wavelength was set at for each compounds. 

The experimental results show that both tetracycline and its impurities fluoresce 

between 540 and 570 nm when excited with a 360 nm source. The fluorescence intensity 

decreases with increasing of the pH value of the solution." In strong acid, they do not 

fluoresce at all. Therefore, fluorescence detection mode can be used for the HPTLC 

analysis as long as the plate surface us kept basic. 

4.4.2. HPTLC 

4.4.2.1. Reverse Phase 

Since almost all HPLC techniques are reverse phase, CI8 HPTLC plates were 

used to analysis tetracyclines. No plate pre-treatment is necessary for reverse phase TLC 

analysis. Since the mobile phase is in the acidic range (pH 2), no fluorescence signals 
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can be detected for tetracycline and its impurities on the RP-TLC plates. The pH value of 

the plate surfaces needed to be changed from acidic to basic in order to detect the TCs 

under fluorescence detection mode. Ammonia vapor was used to neutralize the acidic 

condition of the plate surfaces. For neutralization to occur, the plates needed to have a 

certain amount of water content on the surface. For a dry plate, the visualization effect of 

anmionia vapor is very small. Figures 4.1 and 4.2 show the separation of the tetracycline 

and its impurities on a CI8 plate. Good separation efficiency can be achieved without 

suffering a tailing problem. However, the requirements of water and ammonia for the 

detection of sample spots added extra steps and some variations in the quantitative 

results. 

Since under acid conditions, tetracycline and its impurities lost their fluorescence 

properties, the fluorescence quenching detection mode was used on the fluorophore 

coated CI8F254 plates. The separation of TC on the CI8F254 plate is depicted in Figures 

4.3 and 4.4. Although no pre- or post-treatments of the TLC plate were required, the 

sensitivity of this method is poor compared with the fluorescence detection mode. No 

signals could be detected with sample quantities less than 100 ng. With such high 

detection limits, the method could not be used for routine impurity control by 

pharmaceutical industries. Therefore, no further work was performed to optimize the 

chromatographic conditions. 

The reason for the low detection limits and poor separation efficiency may be the 

manganese and zinc, used as a short-wavelength (254mn) UV indicator, on the C18F 

plate. These metals can chelate with tetracycline. The chelating products may fluoresce 

weakly and influence the separation efficiency. 
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Figure 4.1. Image of the TC separation on RF-HPTLC plate with fluorescence 

detection mode. 
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Figure 4.4. Chromatogram of the separation of TCs on a CI8F254 plate. 
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4.4.2.2. Normal Phase 

With the untreated silica-gel plate, no separation could be achieved for TC and its 

impurities due to high retention of TCs by Si-gel surface and severe tailing problem. The 

poor separation efficiency of the plain silica-gel plates may be caused by the trace amount 

of metallic ion impurities, such as magnesium, iron, calcium, and aluminum, on the 

plates,. As good chelating agents, TCs can interact with trace metals and affect the 

separation efficiency. To increase the separation efficiency and decrease the tailing 

problem, the plates were coated with saturated NaiEDTA solution to remove or reduce 

the metallic ions. Theoretically, slightly alkaline conditions can improve the chelating 

properties of Na,EDTA with metallic ions and decrease the formation of the 4-epimers of 

the tetracyclines on the thin layer.^* Therefore, the pH value of the plates needs to be 

controlled for achieving the desired separation. Figure 4.5 shows that no separation 

between ATC, CTC and TC could be achieved for pHs higher than 10. The separation 

efficiency increased with the decrease of the pH value of the NajEDTA solutions. When 

pH < 7, the separation efficiency decreased again. Meanwhile, as the pH value dropped 

below 6, the fluorescence intensities of TCs dropped significantly. Therefore, for 

achieving the best separation efficiency while keeping high fluorescence signal intensity, 

the pH of the solution needs to be controlled between 7.5 and 9. 

Water content in the mobile phase is another factor influencing the migration 

distance and the separation efficiency of TCs on a TLC plate. Figure 4.6 shows that low 

water contents in the mobile phase gave insufficient migration. With the increase of 

water in mobile phase, the plate developing time decreased for the solvent firont reaching 

the same migration distance. Both migration distances and the separation efficiency of 

TCs were increased. The migration of TCs reached an maximum when the water 

concentration was 6% of the mobile phase. Further increasing the water content would 
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cause the formation of two solvent layers. To increase the miscibility of water in the 

mobile phase, more methanol was added. However, the increase of methanol 

concentration decreased the separation efficiency. 

Therefore, to achieve the best separation efficiency for TC and its impurities, 

plates were pretreated with NajEDTA (pH 8.5) solution. And CH2CI2 + MeOH + H^O 

(32+15+3 v/v) was used as mobile phase. Example of the separation results are shown in 

Figures 4.7 and 4.8. 

Experimentally it was found that the fluorescence intensity of the TCs decreased 

significantly after exposure to room light and room atmosphere due to the degradation of 

TCs. As discussed previousely,^' within 10 min the fluorescence intensity decreased 

about 20%. For obtaining reliable quantitative results, the TC standards and samples 

have to be applied onto the TLC plate in very short period time with high precision. 

Therefore, 0.5 (il micropipettes were used for sample application. All of the samples 

were spotted onto the TLC plates within two min. The reproducibility of the 

micropipettes was evaluated with 20 ppm of TC mixture solution. The results are given 

on Table 4.3. 

The reproducibility of the micropipettes was not as good as the nebulization 

sampler used previously in this laboratory."^ The ideal sample application should be a 

nebulization sampler with multiple sample application ability. However, the results 

showed that the micropipettes used for this analysis is sufficient to perform this work. 

After sample application, fluorescence quenching has no interference with the 

quantitative results, since standards and samples were developed and analyzed 

simultaneously. 
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Figure 4.7. Image of the TC separations on a normal phase plate. 
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Table 43. Reproducibility results of 0.5 ^1 micropipettes under fluorescence 

detection mode. 

Relative Standard Deviation (%) 

Trail n Mixtures* TC** ETC** ATC** EATC** CTC** 

1 5 5.40 6.04 7.34 5.04 8.55 6.48 

2 5 2.85 5.70 1.85 6.69 5.00 1.77 

3 5 6.64 5.77 5.53 6.20 5.87 7.56 

4 5 5.77 5.33 4.61 3.14 3.33 3.53 

5 5 4.30 7.25 5.36 7.01 3.10 3.86 

Pooled RSD% 5.16 6.05 5.25 5.79 5.54 5.09 

* after sample application and before chromatographic separation 

** after chromatographic separation 

For preventing the degradation of TCs during the chromatographic process, the 

plates were developed in a dark developing chamber. Meanwhile, paraffin coating was 

necessary for enhancing the fluorescence intensities. With paraffin coating, the 

fluorescence signal was doubled for TC, CTC and ETC (Figure 4.9), and increased about 

5 times for ATC and EATC (Figure 4.10). The enhancement effect was the combination 

of a decrease in the background baseline and an increase of the sample signals. 
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The detection limits of the methods were tested by two methods. The first 

involved making the concentrations of all of the components the same, which was the 

situation used by all of the previous reserachers for both HPLC and HPTLC techniques. 

The second way was to mimic the real situation with the pharmaceutical products, i.e. to 

keep tetracycline at least 100 times more concentrated than its impurities. No 

information is available about the detection limits of TC impurities under the second 

condition. The LOD of tetracycline impurities in these two different circimistances are 

given ui Table 4.4. No LOD could be detected for CTC when TC was about 100 time!.'; 

higher in concentration then the impurities. For being able to detect the impurities in the 

few ng range while TC was in the 50 ng range, the TC signal had to be saturated. Due to 

the tailing problem with TC and the close Rf values of TC and CTC, the CTC signal was 

buried under the saturated TC signals. However, even in this situation, less than 0.5 ng of 

other the TC impurities, i.e. ATC, EATC, and ETC, could be detected. Comparing with 

the results obtained HPLC, the limits of detection were improved by about an order of 

magnirnde with decreased experimentation time. After converting to the percentage of 

total tetracyclines, the system is still sensitive enough to satisfy the USP requirement. 

The linear dynamic range for all of the tetracyclines are over 1 order of magnitude 

under a single exposure time. 

Comparing with reverse phase separation, the drawback for normal phase HPTLC 

is the tailing problem. When tetracycline is 100 times higher in concentration than its 

impurities, the tailing problem will make the detection of the small quantity of CTC 

impossible. However, no post-plate treatment is necessary for normal phase separation. 

For achieving the desired separation efficiency, the plate developing time is three times 

shorter for normal phase separation than for reverse phase separation. 
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Table 4.4. Detection limits of tetracycline impurities. 

Name LOD A" LOD B" HPLC-UVms'' USP' 

(ng) (ng) (% of TC) (ng) (% of TC) 

ATC 0.26 0.51 1 2 

EATC 0.18 0.38 0.76 2 2 

ETC 0.07 0.18 0.36 10 

CTC 0.12 2.5 

" all in the same concentration, average of six trials. 

'' with 50 ng of TC, average of seven trials. 

4.5. Conclusion 

The high speed of analysis, the precision, and the good sensitivity to minor 

quantities of degradation compounds make the HPTLC method ideal for the analysis of 

pharmaceutical preparation containing tetracycline. Of the three methods used, the 

normal phase HPTLC with fluorescence detection mode is the best. It offers sufficient 

separation efficiency, short separation time, and low detection limits. However, to 

achieve good chromato grams, the silica-gel needs to be treated with NajEDTA solution. 

The pH of the NaiEDTA influences the Rf values and permits fine tuning of the 

separation. The concentration of the Na^EDTA was less critical. The water content of 

the mobile phase is another factor influencing the chromatograms. Low water contents in 

the mobile phase gave insufficient migration. 

Several things can be done to further improve the sensitivity of the method. First, 

the tailing problem could be solved using overpressured layer chromatography which can 

be analogous to HPLC. Since the flow rate of the mobile phase can be controlled aad 
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increased, the resolution may be increased and the tailing problems may be solved. 

Second, the excitation source can be modified by changing the band-pass filter of the 

transilluminator. From Figure 4.11 it can be seen that the excitation source used in these 

studies did not supply the best excitation wavelengths for all of the components. By 

moving the excitation source around 100 nm toward the longer wavelength, all of the TCs 

will have more fluorescence quantum efficiency than before, resulting in an enhanced 

fluorescence signals. 

As an improvement, the UV absorption detection mode could be another choice. 

However, from Table 4.2 we can see that the only common absorption wavelength for all 

of the components is around 269 nm. At this wavelength, both glass substrate and Si-gel 

have very strong absorption, which will significantly decrease the sensitivity of the 

detection. For detecting all five compounds, two absorption images have to be taken 

under two different wavelengths. The only way to solve this problem is to use an 

acoustic optic tunable filter, which can be used as a light source with single wavelength, 

and also the wavelength can be changed easily with a computer. 
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Chapter 5. Stability Studies of Tetracycline in Methanol Solution 

5.1. Abstract 

The stability of tetracycline in methanol solution was investigated by UVA/^isible 

spectrometry, HPLC and TLC methods. After dissolution in methanol, tetracycline 

decomposes rapidly under the influence of light and atmospheric oxygen, forming more 

than fourteen different degradation products. None of the previously reported 

degradation products, such as the epi- and anhydro- compounds, were detected as the 

final degradation products. The molecular structures for eight of the compounds are 

suggested by their daughter ion mass spectra. A degradation sequence is suggested for 

the reactions of tetracycline with methanol. The degradation of tetracycline on silica gel 

surfaces resulted in different products. A new HPLC-MS solvent system was developed, 

which solved the clogging problem at the interface between the HPLC and MS chamber 

enabling high separation efficiency. 

5.2. Introduction 

Tetracycline antibiotics are known to be unstable. These antibiotics often change 

firom yellow to brown over time. The degradation process is much faster for the free base 

than for the hydrochloride.'"* The stability of tetracyclines has been studied under 

different conditions by different methods.^"'" The previous results indicate that light, 

oxygen, temperature and solvents are the major factors influencing the degradation of 

tetracycline. The stability of tetracycline (TC) in aqueous solution has been examined in 

detail. The stability of TC in methanol has been examined less extensivelyHowever, 
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methanol is used in a majority of the tetracycline analytical work as a dissolving or 

extracting solvent due to its miscibility with both aqueous and organic solvents. 

Methanol is also an ingredient in some topical medicines containing tetracyclines. 

Therefore, the stability study of tetracycline in methanol solution is very important. 

The degradation of tetracycline can occur by numerous pathways/ '^"'^ the most 

common of which are shown in Scheme 5.1. In addition to these pathways, tetracycline 

also undergoes oxidation by reaction with atmospheric oxygen and photochemical 

reactions under UV light. Both of these result in several degradation products.^*'^"'® 

OH OH 

OH CH3 

Tetracycline (TC) 

H+ 

u 

OH 

Anhydro-tetracycline (ATC) 

OH 

OH 

OH tht = 
^"3 N(CH3)2 
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H+ 

u 

OH 

OH 

Epi - anhydro-tetracycline (EATC) 

Scheme 5.1 Major degradation pathways of tetracycline. 
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Although more complex degradation schemes have been suggested and some 

unknown degradation products have been observed/'" the only degradation products that 

have been thoroughly studied are the products in Scheme 1.'® No studies on the stability 

of tetracycline have been reported since the late I980's. 

In this paper the stability of tetracycline in methanol solution was investigated. 

The effects of light, oxygen and the silica gel surface on the degradation process were 

studied by UVA/^is spectrometry, thin-layer chromatography and high-performance liquid 

chromatography combined with UVfVis and mass spectrometry. 

5.3. Materials and Methods 

5.3.1. Standards, Solvents and Reagents. 

Tetracycline free base was obtained from Sigma Chemical Co. All of the other 

tetracyclines were obtained from Acros Organic. All of the standards came as a powder 

or as a crystalline solid. The chemical information provided by the manufacturers is 

given in Table 5.1. The samples were stored in a freezer (at - 11°C) inside a dark 

desiccator. 

All solutions were prepared with HPLC-grade methanol ( J. B. Baker Inc.). The 

stock solutions were prepared as 300 to 500 ppm of tetracycline free base, 

tetracycline«HCl, anhydrotetracycline»HCl (ATC), 4-epi-tetracycline«HCl (ETC), and 4-

epi-anhydrotetracycline»HCl (EATC) individually, and a mixture containing 100 ppm 

ATC , ETC, and EATC each. All of the stock solutions were stored at -11°C in plastic 

bottles wrapped in aluminum foil. Fresh stock solutions were prepared each month. 

Working standards were made daily by diluting the stock solutions to the desired 

concentration with methanol. All of the solutions were protected from light during use. 
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Table 5.1. Chemical information on tetracyclines. 

Name Lot # Puritv % H,0% 

Tetracycline free base 115H0560 99 7.9 

Tetracycline*HCI A0083794 98.80 0.700 

Anhydrotetracycline*HCl A0097378 99.1 3.1 

4-Epi-anhydrotetracycline*HCl A0095119 99.5 6.2 

4-Epi-tetracycline*HCl A0078456 99.9 3.4 

Chlorotetracycline*HCl A0082854 99.20 0.300 

Other solvents and chemicals used for this study were either HPLC-grade or 

analytical reagent grade. All of the organic solvents and ammonium hydroxide came 

from E. Merck. Saturated edetate disodium (NajEDTA; Mailinckrodt, Paris, KT) 

solution and oxalic acid (J. T. Baker, Philipsburg, NJ) solution were prepared with 

distilled water. The pH of the NajEDTA solution was adjusted to 9.0 with 42% NaOH. 

The pH's of oxalic and trifluoracetic acids were adjusted with ammonium hydroxide to 

desired values. All solutions used for HPLC analysis were filtered through a 0.45 jim FP 

Vericel membrane (Gelman Sciences, Inc., Ann Arbor, MI) before use. 

5.3.2. Degradation Products. 

5.3.2.1. Degradation Solution (1) {referred to as DegSl afterward). 

Tetracycline free base was dissolved in methanol (300 ppm). The solution was 

kept at room temperature and exposed to room light. The color of the solution changed 

from yellow to brown within a month. All analyses were performed after the solution 

was stored for six months. 
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5.3.2.2. Degradation Solution (2) (referred to as DegS2 afterward). 

Around 10 ml of 500 ppm tetracycline*HCl methanol solution was dispersed 

onto a TLC plate. After evaporation of methanol solvent, the plate was kept at room 

temperature and under room light for forty-eight hours. The color changed from yellow to 

brown within twenty-four hours and to dark brown after two days. The degradation 

products were extracted with 15 ml of methanol four times. After filtering through a 0.45 

^un filter, the solution was concentrated to about 15 ml with a rotary evaporator at room 

temperature. 

5.3.3. Methods and Equipment. 

5.3.3.1. UV/VIS Spectrometry. 

A Hitachi U-2000 UVA^is spectrophotometer was used with a scan rate of 200 

nm/min and spectral resolution of 1 nm from 200 to 1000 nm. The UVA/'is spectra of 

tetracyclines were measured in two different ways, in methanol solution and on TLC 

plates. 

5.3.3.2. HPTLC. 

Thin layer chromatographic analysis was performed using a scientifically 

operated charge-coupled device (CCD) detector.'^''® Fluorescence detection mode was 

used with a 360 nm excitation source and a 550 nm band-pass filter to remove any 

undesired radiation below 500 nm and beyond 600 nm. HPTLC Si-gel plate (E. Merck) 

was used as the stationary phase. With the untreated silica-gel plate, separation could not 

be achieved for the TC compounds and severe tailing occurred. To increase the 

separation efficiency and decrease the tailing problem, all of the plates were coated with 

saturated NazEDTA (pH 9.0) solution. Various methods have been used to pre-treat the 



127 

TLC plates before. Since silica-gei can be dissolved in water quite rapidly at pH > 

9," a chromatographic developing coating as suggested by Oka et al." could not be used. 

Coating with a spray gun has been used by most researchers.^"-^' However, the non-

uniformity of the coating generated by the solvent aerosol may cause severe cracking of 

the silica layer. The best way to coat the plates is to dip them in the NajEDTA solution 

for less then 2 sec. The plates were re-activated by heating at 105°C for two hours and 

were then stored in a desiccator before use. Methanol + dichloromethane + water (30 + 

64 + 6 v/v %) was used as the mobile phase. The developing chamber was pre-

equilibrated with the mobile phase for at least 15 min prior to the development of the 

plates. After sample application, the plate was developed in the saturated developing 

chamber until the migration distance reached 7.5 cm. After separation, the plates were 

dried in air for 5 min, then dipped in a 30% solution of paraffin in hexane for 1 sec. The 

plates were dried in air for another 10 min to make sure that hexane was totally 

evaporated. Any remaining hexane would increase the fluorescence background level. 

5.3.3.3. HPLC. 

A TSP P4000 LC-Spectra system combined with a UV 3000 Diode Array 

multichannel detector (Thermo Separation) was used for HPLC-UVA^is analysis. Dual 

charmel absorption detection mode at 360 and 425 nm was used to monitor the signals of 

tetracycline and its degradation products. UVA'^is wavelength scan detection mode was 

also used to obtain the UVA/^is spectra of each separated component. 

For HPLC-MS analysis, an HP 1050 automated HPLC (Palo Alto, CA) system 

with a variable wavelength detector was used to perform the separation. A Finnigan TSQ 

7000 triple quadrupole mass spectrometer (San Jose, CA), equipped with an electrospray 

(ESI) spray head, an atmospheric pressure ionization source and atmospheric pressure 
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chemical ionization (APCI) spray heads, was used for mass spectrometric analysis. 

Instrument control and data acquisition were accomplished using a DEC alpha 3000 

workstation. Both ESI and ACPI methods were used for sample ionization and to obtain 

molecular weight information. Molecular structures of the degradation compounds were 

derived from their fragment ion mass spectra, which were obtained by collision of the 

selected ions with argon gas (CID of 25 eV) in the tandem MS/MS detection mode. 

An Apex I ODS 5|i column, 4.6 mm x 10 cm (Johns Chromatography, Ltd, 

Littleton, CO), was used for the HPLC separation. Due to the chelating effects of TC 

with metalUc cations, the existence of even trace amounts of metals on the packing 

material will cause peak tailing and/or irreversible absorption effects. Therefore, the 

column had to be treated to remove all trace metals before use. NajEDTA aqueous 

solution (0.1 M) was flushed through the column with a flow rate of 2 ml/min for 1 hour 

before the first sample run. The column was then rinsed with water for 30 min to remove 

all of the NaiEDTA residues and was re-conditioned by running methanol through it for 

another 30 min. No further treatment was necessary during the experiments. 

Two different mobile phases were used for the HPLC analysis: 

A) Methanol + acetonitrile + 0.1 M oxalic acid (pH 2.0) with a gradient from 10 

+ 5 + 85 (v/v %) to 22.5 + 30 + 47.5 (v/v %) in 25 min. The solvent flow rate 

was 2 ml/min. 

B) Methanol + acetonitrile + 0.2 M CF3COONH4 (at pH 2.50) with a gradient 

from 10 + 5 + 85 (v/v %) to 30 + 45 +25 (v/v %) in 40 min. The solvent flow 

rate was 1 ml/min. 
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5.4. Results and Discussion 

5.4.1. UVA^isible. 

All of the previous studies concluded that the color change was due to the 

formation of ATC and EATC. The UVA/^is spectra of tetracycline and its known 

degradation products ATC, EATC and ETC have been measured^-^" and were confirmed 

by this work (Figure 4.1). According to previous work/ the UV absorption feature 

around 360 nm for TC & ETC, or 425 nm for ATC & EATC, is caused by the conjugated 

structures on rings A, B and C of the molecules (see TC in Scheme 5.1). Ring D is the 

source for the absorption feature around 254 nm. No absorption features should be seen 

beyond 500 nm. The UVA/^is spectrum of the TC standards mixture should display the 

simple addition of each component without extra features in the visible range. Figures 

5.1 and 5.2 show that all of the results agree with the above conclusion. Comparing the 

UVA^is spectra of the DegS 1 with the TC standards mixture (as in Figures 5.2 and 5.3), it 

is obvious that ATC, ETC, and EATC were not the only degradation products of 

tetracycline. The DegSl had strong absorptions around 303 and 338 nm and a broad 

absorption band between 400 and 650 nm, whereas the TCs mixture (Figures 5.2 and 5.3) 

had relatively low absorption at those wavelengths and did not show any absorption 

beyond 500 nm. Meanwhile, the TCs mixture was still yellow instead of brown of 

DegSl. The same behavior was observed previously by Domenech et al^ However, no 

explanation as to the nature of the degradation products was offered. The UVA/'is 

experimental results indicated that not EATC or ATC, but some unknown compounds 

which have an absorption in the visible range, were causing the brown color of the 

tetracycline solution or powder. 
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Figure 5.1. UVA^S spectra of tetracyclines in methanol solution (10 ppm each). 

TC( ), ETC( ), EATC(- - - -), and ATC(..-..-..-). 
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Figure 5.3. Partially expanded spectra of Figure 5.2. DegSl( ), TC( ) and 

tetracycline standards mixture (—). 
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Figure 5.4. UVA'^is spectra of DegSl ( ), TC ( ) and TC standards 

mixture ( ) on NajEDTA pre-modiiied HPTLC plates. 

This phenomenon can be seen more obviously from the UVA'^is spectra of the 

same samples on the TLC plates (Figure 5.4). Due to the UV absorption and the 

scattering loss of the silica gel particles, the background noise level is much higher for 

the spectrum taken from the sample prepared on a TLC plate than for those prepared from 

the solution. Therefore, the sensitivity of this method is not as good as in the solution 

measurement. About 1 ml of either pure TC stock solution (500 ppm), TC standards 

mixture (100 ppm for each component), or the DegSl was spotted onto different HPTLC 
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plates with the spot size larger than 2 cm in diameter. After evaporation of methanol for 

3 min under the fume hood, the UVA/^is spectra were taken. Because of the strong 

absorption of glass. Si-gel coating, and Na,EDTA on the plate, no absorption features for 

tetracyclines were distinguishable from the plate backgroimd below 300 nm. The 

difference in the spectra of the degradation solutions compared to that of the TC 

standards mixture was more obvious in the visible range. The TC and the TCs mixture 

did not show any absorption beyond 500 nm, while the DegSl showed strong absorption 

around 600 nm and spread toward 800 nm. The results show that the features of the 

spectra matched well with those of spectra obtained in methanol solutions and further 

confirmed that the degradation of tetracycline in methanol did not simply go through 

Scheme 1 and form ATC, EATC, and ETC. The evidence suggested that more complex 

degradation processes had occurred and some other compounds were formed at the same 

time. These results were further investigated using HPTLC and HPLC. 

5.4.2. HPTLC. 

Fluorometry experiments have shown that tetracyclines fluoresce in neutral and 

basic environments. When excited with 360 nm UV light, they emit light around 550 nm. 

In acid solution, no fluorescence was observed. Since the plates were coated with 

NajEDTA at pH 9, fluorescence detection mode was used for the HPTLC analysis with a 

360 nm UV transilluminater as excitation source. 

Figure 5.5 shows the HPTLC chromatograms for DegSl. Comparing with the 

chromatogram of TC standards mixture, the degradation products were much more 

complex. More than ten fluorescent compounds were detected from the DegSl. 

According to the TLC chromatograms a very small amount of tetracycline was left in the 

solution. An intense chromatographic peak was detected in the area of the epi-
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tetracycline. However, the identity of the chromatographic peaks could not be 

determined using TLC. 

During the performance of HPTLC analysis on tetracycline, it was found that after 

chromatographic separation, the fluorescence signal intensities were quenched with time 

(as in Figure 5.6). During the experiment, the UV light was on only during the 10 sec 

exposure time when the images were taken. The fluorescence intensity declined quickly 

within the first 15 min and took about 40 min to reach a steady state. When a steady state 

was reached, the signal intensity was relatively weak. The rate of decrease in the 

fluorescence signal could be slowed with paraffin coating of the plate, but could not be 

eliminated. This phenomenon indicated that oxygen or other gases present in the air were 

not the only reason for the fluorescence quenching of tetracyclines. A similar 

phenomenon has been observed by Hoogmartens et They observed that even 

storing in the dark, fluorescence intensities of TC decreased with the storage time. 

The effects of light, air and Si-gel toward the fluorescence quenching of 

tetracycline were investigated. Five aliquots of 10 ng of tetracycline were spotted onto 

the same HPTLC plates parallel to each other with a time interval of 10 min with the 

same developing and detection procedures. The sample application was performed under 

the following conditions: 

A) with room light on and in the air, which represented the normal environment for 

the routine tetracycline analysis. 

B) in the air with room light off, which eliminated the effect of light toward the 

fluorescence quenching of tetracyclines. 

C) in a Nj glove-bag with room light on. The effects of oxygen and other quenching 

gases were negligible. 
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D) in a N, glove-bag with room light off. The only quenching factor left was the 

silica gel surfaces. 
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Figure 5.5. HPTLC chromatograms of DegSl ( ) and the TC standards mixture 
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Figure 5.6. Change of the fluorescence intensity with time (without parafGn 

coating). 
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Figure 5.7. TC fluorescence intensities changed with time under different 

experimental conditions, a) light on & in the air; b) light off & in the air; 

c) Light on & in Nj; d) light off & in Nj. 
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Figure 5.7 shows the change of TC fluorescence intensity with time under 

different sample application conditions. The slope of each line indicates the quenching 

speed. More than half of the quenching is induced by light. This is reasonable since 

tetracycline is very light sensitive and various degradation reactions can be induced by 

light.As discussed before, some of the degradation compounds absorb between 500 

and 600 run (as shown in Figures 5.3 and 5.4), which would contribute to the decrease in 

fluorescence intensities. The fluorescence quenching can also be induced by Si-gel and 

air, but the effects were relatively small compared with that of light. The quenching 

effects of Si-gel may be due to the interactions of tetracycline molecules with the OH 

bonds on the silica-gel surface. Without light, the degradation processes slowed down 

significantly. 

The degradation processes of tetracycline can be accelerated by the silica-gel 

coating of the HPTLC plates. Under the same experimental conditions, the degradation 

process is much slower for the hydrochloride than for the free base. It took at least 6 

months for TC«HC1 methanol solution to change color from yellow to brown, instead of a 

month for TC free base. After exposing the TC»HCl powder to room light and room 

atmosphere for 3 months, no other degradation compounds formed, except a small 

amount of ETC. The TC*HC1 powder was still yellow. However, in only twenty-four 

hours the color of the sample changed from yellow to brown after dispersing TC«HC1 

methanol solution on the TLC plate. The increase in degradation rate may be caused by 

the wide distribution of tetracycline molecules over the entire TLC plate, which resulted 

in a large surface area, increasing the chance of the interaction of tetracycline molecules 

with light and/or oxygen. Furthermore, the interaction of TC«HC1 with the silica-gel 

surface, such as the OH bonds, must play an important role for those acceleration effects. 

Otherwise, TC»HCl on TLC plates would have a similar degradation rate compared to 
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TC*HC1 powder. 

5.4.3. HPLC. 

Two systems were used for the HPLC analysis. The first was an HPLC-UVA^is 

system with solvent A as mobile phase. Dual wavelength absorption detection mode was 

used at 360 and 425 nm in order to detect TC, ETC, EATC and ATC simultaneously with 

maximum sensitivity. Figure 5.8 shows the chromatograms of tetracyclines with the 

degradation solutions detected at 360 nm. The degradation products are dependent on 

degradation procedure. Two degradation procedures were used in this work (refer to 

Materials and Methods section). For DegSl, a significant amount of ETC was formed 

with tiny amounts of ATC and EATC after 10 days of storing in methanol. One month 

later, significant amounts of unknown components were formed with decreasing of the 

concentration of ETC and TC. No ATC or EATC was detectable at 425 mn. Meanwhile 

the relative peak area ratio of ETC to TC decreased fiom 33 to 27 %. After storing in 

methanol for six months, no TC, ATC, EATC or ETC could be detected. The same 

experiments were performed on a methanol solution of TC«HC1 as well. After two 

months of storage, about 50% of TC degraded onto ETC and a small amount of ATC. No 

other products were found by HPLC. 

DegS2 had a large amount of TC left with a complex degradation mixture. ETC 

was formed in DegS2 but no ATC or EATC was detected at 425 nm. The brown 

degradation products from DegS2 were unstable and precipitated out of the methanol 

solution after two days in room atmosphere. The precipitates were soluble in water but 

would not re-dissolve in methanol. No components could be detected from the re-

dissolved precipitates with the same HPLC system. All of the components eluted out of 

the column with the solvent front. No precipitation was observed for the DegSl solution 
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after a year of storage, only some changes in the relative concentration of each 

component, which indicated that the two processes may go through different sequences 

and generate different products. 

15 

5 

0 

0 10 15 

Migration Time (min) 
Figure 5.8. HPLC chromatogram of tetracyclines with their degradation solutions. 

Solvent system A is used as mobile phase with UVA^is absorption detection mode at 

350 nm. (a) DegSl, (b) DegS2 and (c) tetracycline standards mixture. 

HPLC-UVA/^is wavelength scan was used to study the UV absorption properties 

of the degradation products. However, due to the interference of the mobile phase, UV 

absorbance features below 300 nm could not be distinguished from the background. All 

of the chromatographic peaks occur between 300 and 400 nm with several of them 
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shifting toward shorter wavelength. The compounds eluted with the solvent front and in 

peaks A and B (Figure 5.8.a) had broad absorption bands extending into the visible range, 

which indicated that in the degradation products the conjugation structure of rings A, B 

and C of the tetracycline molecule was changed. In some cases, the degree of 

conjugation was decreased, and in others it was increased. 

The second method used was an HPLC-MS system with solvent B as mobile 

phase. Mass spectrometry is the preferred technique for obtaining the chemical structures 

of the degradation products. Tetracyclines are not suitable for GC-MS analysis due to 

their low volatilities and thermal instabilities. HPLC-MS is the best method to acquire 

the information on their molecular weights and chemical structures. However, the low 

volatility of oxalic acid could clog the interface between the HPLC column and the MS 

chamber,"^ complicating HPLC-MS analysis. Various buffer solutions have been used for 

HPLC analysis of TCs, such as phosphorate""^ and acetate.^"-^' However, none of them 

is volatile enough to be injected directly into the MS chamber without clogging the 

interface. A new mobile phase system was used in these studies: oxalic acid buffer 

solution was replaced with trifluoracetic acid (TFA) buffer solution. Testing with the 

tetracycline standards showed that the same separation efficiency was achieved as with 

mobile system A used before. After HPLC chromatographic separation, the samples 

were ionized by either ESI or APCI methods. Figure 5.9 shows the chromatograms of the 

DegSl measured with MS detector after (a) APCI and (b) ESI. The original DegSl 

sample was used for APCI analysis and the same sample was condensed for the ESI 

analysis. Molecular weight information was obtained from the MS spectrum 

corresponding to each chromatographic peak (Table 5.2). Under each chromatographic 

peak, when more than one M/Z peak was distinguished from background, the M/Z 

numbers are given according to their relative intensities. 
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Table 5.2 . Molecular weights of tetracycline degradation products. 

M/Z = fMass+W (% Relative Intensitv) 

Peak# ESI APCI 

Solvent none 435 (100), 418^ (98), 449 (96), 460^ (89), 

Front'' 426 (78), 479 (64), 477 (50) 

A 453^ (100), 422 (60), 477 (23), 428 (20) 418^(100), 435 (56), 453 (18) 

Bc 477 6 (100), 410 (86), 426 (68) 450 (100), 426 (72) , 477 (30) 

cc 450^(100) 450 (100), 382 (40) 

450 (100), 478 ̂  (76), 426(72), 525 (34) 450 (100), 478 (95), 426 (69), 460^^ (45) 

E 426 ^ (100), 462 (62), 482 (44) 426 (100), 450 (68), 482 (52) 

Ee none 433 (100), 493 (96), 460 (83), 449 (72), 

482 (68) 

pc 493^(100), 424 (93) 493 (100), 431 (58), 460 (56) 

460 ^ (100), 477 (58), 420 (34) 460 (100), 477 (30), 450(22) 

508^(100), 491 (12) 491 (100), 508 (40), 447 (40), 460^ (34) 

I 552 (100), 464^^(22) none 

jc 475 b (100), 685 (42), 411 (36), 458 (17) 458 (100), 414 (88), 447 (84), 475 (54) 

464^(100), 447(12) 447 (100), 464 (18) 

L 306 (100) none 

M 332 (100) none 

N 354 (100), 306 (22) none 

0 378^(100) 378(100), 361 (44) 

P 360^ (100), 378 (70), 343 (100), 360 (34) 

^ No M/Z peaks were analyzed. 

^ The M/Z peaks were chosen for further HPLC- MS/MS analysis. 

^ The molecular structures have been derived from their fragment ion mass spectra. 

Possible intermediate compounds for the degradation sequence. 
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Figure 5.9. Total ion chromatograms of DegSl ionized with (a) APCI and (b) ESI 

methods. 
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Figure 5.10. HPLC chromatograms of TC standards mixture with solvent system 

(b) as the mobile phase and mass detector using ESI mode. The numbers are 

given as M/Z = Mass + 1. 
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Table 53. Main M/Z signals for chromatographic peaks on TC standards mixture 

with ESI ionization method. 

Peak# MW M/Z (% Relative Intensity) 

XI Mixture 

X2 Mixture 

ETC 444 445(100), 486(18) 

TC 444 445(100), 486(16) 

Epi - CTC 478 479(100), 445(25) 

CTC 478 479(100) 

EATC 426 427(100), 468(47) 

ATC 426 427(100), 468(13) 

X3 378(100) 

None of the above molecular weights matched with any of the previously 

suggested degradation products of tetracycline, such as ATC, EATC or ETC. 

Tetracycline itself was not detected. During the chromatographic procedure, however, 

the possibility of the reactions between the above tetracyclines and the mobile phase may 

exist. Therefore, the tetracycline standards mixture was analyzed with the same system 

to determine the existence of any possible reactions and products. Figure 5.10 shows the 

chromatogram of the tetracycline standards measured with a mass detector after ESI 

ionization. The corresponding M/Z signals for individual peaks are given in Table 5.3. 

For all of the tetracycline standards, the [M+H]* peaks were dominant in the mass 

spectra. In addition, most of them have an extra peak for [M+H]* + 41. This is expected 

to be caused by the adsorption or addition of acetonitrile (MW = 41) to the TC molecules. 
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There was no evidence for the addition of methanol onto various tetracyclines during the 

chromatographic process. Three unknown peaks were observed in the chromatograms of 

the tetracycline standards. Peak XI was due to the solvent front. The mass spectrum of 

XI was composed of small molecules with M/Z less than 300. The mass spectrum of 

peak X2 had the same pattern as that of peak XI. No M/Z signals beyond 300 stood out 

of the background in the MS spectra of both chromatographic peaks. The compoimd in 

peak X3 was from an unknown compound with an M/Z of 378 which has the same 

migration time and mass spectra as peak O in the DegSl. The fragment ion mass 

spectrum of M/Z 378 showed repeat units of M/Z 72, which may be caused by some 

degree of polymerization of the impurities in the solvent system. However, none of the 

three peaks was detected with UV/Vis detection mode. The small molecules probably 

came from the mobile phase instead of a reaction of TCs with the mobile phase. Except 

for peak O at M/Z 378, no components observed in the DegSl mass spectrum were 

detected in the TC standards mixture sample. The results indicated that all of the 

degradation components were formed before chromatographic separation, instead of from 

the reaction of TC, ATC, EATC, or ETC with the mobile phase during the 

chromatographic processes. 

All of the above experimental results show that during long term storage in 

methanol solutions, some complex reactions occurred which produced compounds which 

have not been reported before. To find out the nature of the degradation reactions, the 

chemical structures of the products needed to be determined. The major one of the M/Z 

components from each chromatographic peak was further analyzed with HPLC-MS/MS 

to elucidate their chemical structures. These M/Z peaks (listed in Table 5.2) were chosen 

since they were detected with both ESI and APCI ionization methods and they were the 

most intense peaks in the ESI mass spectra, except for the M/Z peak from Peak D. Since 
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Peaks C and D overlapped and the intensity of Peak C is much stronger, the M/Z 450 on 

Peak D may come from Peak C. Meanwhile, the intensities of M/Z 478 and 450 are very 

close to each other. Therefore, the M/Z 478 peak was analyzed for Peak D. 

Since ESI is a much softer chemical ionization method than APCI, the ESI 

method was used to generate molecular ions, then the selected molecule ions were 

fragmented by collision with argon gas. Fragment ion mass spectra were obtained for 

each selected molecular ion (Figure 5.11 gives one of the fragment mass spectra for 

compound C as an example). By analyzing the fragment ion mass spectra, the eight 

molecular structures given in Figure 5.12 were postulated. The fragment mass spectra of 

each compounds and the elucidation procedures can be found in Appendix A and B. For 

each compound, stereoisomers are possible. From the information we have, however, it 

is impossible to determine for certain which stereoisomers are present. 

For compounds H, J and K, the M/Z were equal to [M+NHj+H]"^ instead of 

[M+H]". The evidence is the easy loss of a group with M/Z 17 from these components. 

(Figure 5.13 gives component K as an example.) With the two different ionization 

methods used, ESI and APCI, the predominant M/Z peaks had a mass difference of 17 

(Table 5.2), which indicated that there is either an active NH, fimctional group or an NHj 

adsorbed to the molecules during the chromatographic process. Since the degradation 

reactions occurred in methanol solution without NH3, the addition or substitution of any 

functional groups with NH, is impossible. Previous MS work on tetracyclines has shown 

that the NH, group is not easily lost from CONHj.^' Therefore, the most likely 

explanation for the NHj group was the addition of NH4^from the mobile phase. 
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Figure 5.11. (a) Mass spectrum of chromatographic peak C after ESI and (b) the 

fragment ion mass spectrum for compound C with M/Z 450. 
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Figure 5.13. MS/MS spectrum of component K. 
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Since Peak O has the same retention time and M/Z as peak X(3) in the standard 

sample, it may come from the solvent system. The chemical structures of the degradation 

products with low masses were not elucidated due to the multiple possibilities for the 

molecular structures. UV/Vis wavelength scan shows that the low M/S components have 

absorbance shifted toward shorter wavelengths, which indicates a decrease in conjugation 

in the molecules. No MS/MS analyses were performed on DegS2 due to the instability of 

the solution. 

Based on the proposed chemical structures of the degradation products, the 

possible degradation sequence in Scheme 5.2 was derived. The reactions start through 

the attack of methanol or oxygen on three or four reaction sites on TC, i.e. a, p, y, or 5 

(see TC on Scheme 5.2). These initial attack sites have similar activities, resulting in a 

complex mixture of degradation products. Since the isomerization of TC to ETC 

occurred early in the degradation process, some of the products may come from the 

reactions of ETC with methanol. The dehydration of TC was hindered by the low acidity 

of methanol. No MS/MS has been performed on the three intermediates depicted in 

Scheme 5.2. However, peaks at these M/Z values were observed which may be due to 

these species (see Table 5.2, d). 

The degradation of TC methanol solutions can be significantly decreased by 

keeping them in a freezer ( at -11°C) and unexposed to light. After two months in a 

freezer, only a slight amount of ETC formed without changes in the color of the solution. 

5.5. Conclusions 

The stability of tetracycline in methanol solution was studied with various 

techniques. More than fourteen new degradation products were formed after degradation 
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of tetracycline in methanol solution. Structures for eight of the degradation products 

were suggested from their mass spectra. A chemical reaction sequence was proposed for 

the degradation of tetracycline in methanol solution. Methanol plays a very important 

role for the degradation of tetracyclines through addition and substitution of the 

functional groups on TC. The degradation sequence for tetracycline on a silica gel 

surface was different from that for a methanol solution. The degradation speed can be 

accelerated by the silica gel coating of the HPTLC plates, which may due to the 

interaction of tetracycline molecules with the OH bonds on the silica gel surface. 

All methods indicated that the degradation is much more complex than suggested 

in previous work. Since the degradation of tetracycline is induced by light and/or 

methanol and enhanced by silica gel surfaces, TLC techniques on tetracycline analysis 

should be performed carefully. Both accuracy and precision could decrease if the 

samples are exposed to light and air for a long time after sample application. 

The structures of these degradation compounds could be confirmed using other 

methods, such as NMR and IR. However, these techniques require significant amounts of 

pure compounds, and it is very difficult to separate enough sample for these analyses. 

More work needs to be done to better understand the tetracycline degradation processes 

as well as the biological effects and other properties of the degradation products. 
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Appendix A: MS/MS Spectra of the Selected Ions from Each 

Chromatographic Peak 
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Figure A.5. MS/MS spectrum of component E. 
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Appendix B. Schematic Diagrams for Elucidating the Selected 

Molecular Structures and the Structures of the Possible 

Fragment Ions. 
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Figure B.l. MS diagram for deriving the molecular structure of component B. 
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Figure B.3. MS diagram for deriving the molecular structure of component C. 
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Figure B.7. MS diagram for deriving the molecular structure of component F. 
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Figure B.8. Ion fragment structures for component F. 
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Figure B.13. MS diagram for deriving the molecular structure of component J. 
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