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Abstract 

New methods of analyzing pharmaceuticals by high performance thin-layer 

chromatography and microplate imaging were investigated using array imaging 

technology. Both techniques provide high sample throughput over more traditional 

analytical techniques for the analysis of pharmaceuticals. 

HPTLC provides high sample throughput by performing separations in parallel 

using a planar stationary phase. Imaging the entire plate with a single exposure performs 

quantitation of the analytes in the chromatographic medium. Fluorescence and 

fluorescence quenching detection modes are presented by employing tetracyclines, 

famotidine, and several over the counter drugs as model compounds. Studies conducted 

include sensitivity, separation efficiency and reproducibility of the system. 

Microplate imaging allows for the quantitation of numerous analytes in parallel. 

In this technique, solutions containing the analyte of interest are deposited into numerous 

self-contained wells on microplates, also known as 96-wellplates or ELISA plates. Light 

is passed through the wells of the plate allowing for absorption, fluorescence, or 

fluorescence quenching. Imaging with an array detector enables the researcher to 

simultaneously quantitate each well in parallel. The reaction between primary amines, 

ampicillin and amoxicillin, and fluorescamine was investigated. Microplate imaging was 

also tested for quantitating analytes in the low UV region (254 nm). 
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Chapter 1 

High Performance Thin-Layer Chromatography and Microplate 

Imaging 

1.1. Introduction 

In the future, high sample throughput techniques will become common for routine 

analysis and for screening large numbers of samples in parallel. Researchers can save 

time and money if they are able to analyze multiple samples simultaneously. Many of 

these techniques will be based on imaging detection, allowing for the quantitation of 

multiple analytes that are spatially removed from one another or that have spectral 

differences. Two techniques available for analysis of multiple samples in parallel are high 

performance thin-layer chromatography (HPTLC) and microplate imaging. Coupled with 

imaging detection methods, both techniques offer significant advantages over their 

traditional analytical counterparts. 

HPTLC is a technique in which multiple samples can be separated in parallel. 

Separation is achieved by partitioning between a stationary phase (usually silica gel, 

although others are available), and a mobile phase, similar to that of other forms of 

chromatography. TLC differs from traditional forms of chromatography, however, by 

utilizing a stationary phase bound to a solid planar support which is exposed to an outer 

environment composed of saturated mobile phase. By employing this planar format, 

multiple samples can be separated. Image detection allows for simultaneous quantitation 
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of all compounds separated in the planar format, creating a true high-throughput 

technique. 

Microplate imaging allows for the rapid quantitation of compounds without a 

separation being performed. In this technique, solutions containing the analyte of interest 

are deposited into numerous self-contained wells on microplates, also known as 96-

wellplates or ELISA plates. By passing light through the wells, fluorescence or 

absorption can be detected to enable quantitation of the analyte. 

This dissertation will demonstrate the use of high performance thin-layer 

chromatography and microplate imaging with a scientifically operated charge-coupled 

device detector for the analysis of numerous compounds in parallel. The goal of this 

research is to explore new, high-throughput techniques for chemical analysis. 

Chapter 2 addresses the quantitative analysis of tetracycline and related 

compounds. Tetracyclines are antibiotics used as pharmaceuticals for humans and feed 

additives for livestock. This chapter explores the use of high performance thin-layer 

chromatography with fluorescence detection as an alternative method for quantitative 

analysis of tetracyclines. Areas investigated include the quantitation of tetracycline and 

its impurities in pharmaceutical tablets and the separation and detection of tetracycline, 

oxytetracycline, and chlortetracycline. 

Chapter 3 discusses fluorescence quenching HPTLC for the analysis of organic 

compounds, particularly pharmaceuticals, for quality control purposes. The quantitation, 

sensitivity, and reproducibility of fluorescence quenching HPTLC and its applicability 



18 

for chemical analysis are discussed. Famotidine, a common acid blocker, was used as a 

model compoimd to prove the quantitation abilities of fluorescence quenching HPTLC. 

Chapter 4 describes the investigation of microplate imaging utilizing fluorescence 

detection. Reproducibility, sensitivity, and quantitation of multiple samples in parallel 

are investigated with rhodamine B, ampicillin, and amoxicillin. The ability to monitor 

several reactions in parallel is also mvestigated. 

Chapter 5 discusses the use of UV absorption microplate imaging for the 

quantitation of pharmaceuticals. The linearity, reproducibility, and sensitivity of the 

system are discussed, as well as its limitations. 

1.2. History of TLC*'^ 

The creation of thin-layer chromatography as a separation technique has been 

credited to Nicolai Ismailov and Maria Shraiber, two Russian scientists, who described 

their work in a paper published in 1938, entitled "Analysis by Drop-chromatography and 

its Application in Pharmacy."^ By dropping plant extract solutions on an absorbant layer 

spread on a glass microscope slide, they were able to see concentric circles of colors 

which mirrored bands in a column chromatography experiment. In subsequent years, 

researchers experimented with similar surface chromatography techniques imtil 

Meinhard and Hall developed techniques for the separation of terpenes in oils with a 

bound stationary phase to a glass slide^. Kirchner, Miller, and others further developed 

the technique and demonstrated its applicability However, the technique suffered 
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because of problems with the chromatographic medium, which was not bound uniformly 

to the solid support. 

In 1958, Egon Stahl'' revolutionized thin-layer chromatography by outlining the 

important issues concerning this new type of separation: uniform layer thickness, 

universal absorbants, determination of standardized procedures, etc. Industrial 

laboratories in Westem Europe were extremely interested in this procedure which they 

believed would save more time than other available techniques. Shortly thereafter. 

Chemical Abstracts recognized this new technique as a legitimate separation method. By 

the end of 1965, over 4500 articles had been published on thin-layer chromatography. 

1.3. High Performance Thin-Layer Chromatography 

The mid-1970s saw the introduction of high performance TLC plates, which 

vastly improved on the original thin-layer chromatography separation methods. There 

are several differences between high performance TLC and conventional TLC, the most 

important being particle size (approx. 5 |im fixim 20 ^m), particle uniformity, and the 

layer thickness on the plate (typically 200 |im for HPTLC plates). These changes 

improve separation efficiency, decrease solvent consimiption, lower zone diftlision, and 

provide better overall sensitivity and reproducibility. 

1.4. HFTLC Theory" 

HPTLC separations are based on creating an interface between a stationary phase 

bound to a solid planar support and a mobile phase. The mobile phase migrates through 
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the stationary phase by capillary action while the analytes are partitioned between the two 

phases. Analytes that partition themselves more in the mobile phase move further along 

the plate while analytes that partition more in the stationary phase migrate less. Figure 

1.1 illustrates a separation performed on a TLC plate. The ratio of this partition of the 

analyte is described as the capacity factor k': 

retention time in the stationary phase 

retention time in the mobile phase 

The higher the retention for the stationary phase (larger capacity factor), the lower the 

migration of the compound on the TLC plate. The distance the analyte migrates on the 

plate is known as the Rf value: 

„ migration distance of analyte 
Rf = \2») 

migration distance of mobile phase 

The Rf value is a fractional value of the mobility of the analyte in the mobile phase; 

therefore, values are always between zero and one, with zero being no migration of the 

analyte and one being an analyte that moves as far as the mobile phase migrates. Ideally, 

the solute will partially migrate with the mobile phase but will have attraction to the 

stationary phase so that migration values are between 0.1 and 0.9. The capacity factor 

and the Rf value are related by Equation 3; 
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k'=— (3) 
Rf 

Occasionally, separation of samples in chromatography is incomplete. Resolution (Rs) is 

used to determine the amount of overlap between chromatographic peaks: 

R. = (4) 
0.5(wi + w i )  

Zi and Zi refer to the distance the middle of each peak has migrated from the initial 

spotting point, while wa and wj refer to the peak widths. The larger the Rs value, the 

better the separation between chromatographic peaks. Peaks with resolution values larger 

than 1 are considered well resolved. 

The efficiency of chromatographic separations can be modeled several ways. One 

of the most accepted models employs the use of theoretical plates.'^*''* In this model, the 

mobility of compounds is based on the theory of distillation. An equilibrium is 

established between the mobile and stationary phase at theoretical points (plates) over the 

entire distance of the chromatographic surface, which provides the fundamental basis for 

the separation. The height of a theoretical plate (N) can be calculated by the use of 

Equation 5: 



16*L»Z 

w 
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(5) 

L and Z are the migration distances of the mobile phase and the solute, respectively, and 

w is the width of the peak in the direction of separation. The more theoretical plates 

across the chromatographic surface, the better the separation efRciency. 

Another measiure of separation efficiency is the height equivalent of a theoretical 

plate (H or HETP). H is a measure of the chromatographic separation efficiency per unit 

length and can be calculated using Equation 6; 

Because of the inverse relationship between H and N, it is obvious that shorter theoretical 

plates indicate better chromatographic efficiency. 

1.5. Advantages and Disadvantages of HPTLC 

1.5.1. Advantages 

High performance TLC has many distinct advantages, which makes it an 

attractive analytical technique. The main advantage is the high-throughput that the planar 

separation provides. This advantage is important for industries such as food and 

pharmaceuticals that need to analyze mass amounts of samples for quality and safety 

control purposes. The ability to analyze several samples in the same amount of time 
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required to complete one separation from a serial technique (HPLC, capillary 

electrophoresis, gas chromatography, etc.) saves a substantial amount of time and money. 

A second advantage of an HPTLC system is the low amount of solvent consumed. 

HPLC and capillary electrophoretic separation instrumentation use a constant flow of 

mobile phase to elute the analytes off the stationary phase. Usual flow rates for these 

separations are between 1-5 ml per minute, causing an enormous amount of liquid waste. 

HPTLC uses a fraction of the mobile phase consumed by an HPLC or CE system to 

perform the high throughput separation, because detection is performed off-line. Low 

solvent consiunption is an advantage not only in and of itself but because there is far less 

waste requiring disposal than with other separation techniques, and therefore less 

environmental impact. Decreased solvent consumption also saves the analyst/company 

time and money. 

Another advantage of an HPTLC system is that it produces total sample 

accountability. The entire HPTLC stationary phase can be imaged or scanned, thus 

revealing all components present. If an unknown sample is injected onto an HPLC 

column, it is possible for components of the sample to irreversibly absorb to the column 

without eluting. Substantial problems may result if the sample is a true unknown or if 

there are impurities that the analyst has not accounted for. The ability to account for all 

analytes is extremely important for the pharmaceutical industry, because impurities can 

cause mild to severe side effects or can inhibit the activity of the pharmaceutical itself. 

HPTLC also allows for multiple detection modes without major modification to 

complex instrumentation. Several types of detectors can image or scan for fluorescence, 
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absorbance, reflectance or fluorescence quenching without requiring modification of an 

elaborate flow system. There is also a wide variety of detectors available from which to 

choose, including scanning densitometers, video imaging devices, scientifically operated 

charge-coupled devices or infrared imaging detectors. Each type of detector provides 

advantages and disadvantages, but all have detection schemes separate from the 

chromatographic media, unlike HFLC and CE, which are directly linked to the detector 

through a flow system. The use of a non-flow system like HPTLC also makes it possible 

to perform qualitative and quantitative analysis at a later time with another detection 

scheme, if it is necessary. Later detection by other methods is not an option for the 

online flow techniques, since the sample is discarded as waste. 

A final advantage for HPTLC lies in its ability to perform less complex 

extractions. Since HPLC and CE are column techniques, they use fairly sophisticated 

and expensive equipment. Therefore, samples must be fairly clean before they can be 

injected into the system, which requires elaborate extraction schemes to remove harmful 

components of the sample. Each HPTLC plate is used one time and is then either 

disposed of or filed after detection. Since no other separations occur on the 

chromatographic surface, components undesired in an HPLC or CE system can be 

present if they do not interfere with the detection of the analytes of interest. This 

advantage is important for the food industry, since extractions from animal products 

(poultry, meat, milk, etc.) are typically complex, due to the presence of proteins and other 

large biomolecules. 
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1.5.2. Disadvantages 

Although HPTLC has many advantages, it is not without faults. The separation 

efficiency of HPTLC is lower than that of its forced-flow competitors. Even with 

advances in HPTLC plate manufacturing, separation efficiency is not as high as with 

HPLC or CE. This decrease in efficiency is linked to eluting analytes using a single plate 

volume of mobile phase while LC and CE techniques use multiple colunm volumes for 

their separations. The use of only one plate volume necessitates lower capacity factors 

(Equation 2). The speed of certain separations can also be a disadvantage. Normal phase 

separations using silica gel are quick, with development times of 20 minutes or less. 

Reverse phase separations by HPTLC, however, may take significantly longer; plate 

development times for reverse phase analyses can be in excess of one hour. Therefore, 

normal phase separations are the usual method of development. The time problem 

encountered in reverse phase development can be overcome by using a forced-flow 

system, but it is not common practice at this time. 

Table 1.1. Advantages and Disadvantages of HPTLC 

Advantages Disadvantages 

High throughput Poor separation efficiency (compared to 
column techniques) 

Low solvent consumption 

Speed of reverse phase separations 
Total sample accountability 

Speed of reverse phase separations 

Multiple detection modes 

Speed of reverse phase separations 

Less complex extractions 

Speed of reverse phase separations 
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1.6. Microplate Analysis 

Microplate analysis is a form of spectrophotometric and fluorometric detection 

used for the assay of enzymes or for screening many samples.A plastic plate with 

numerous wells (usually 96, but larger plates are available) holds the solutions used for 

the analysis. Detection is performed by rastering a photodiode or other suitable detector 

over each microplate well under which are a light source and filtering optics. 

Absorbance and fluorescence from unknown samples are then compared to known 

calibration standards. Traditionally, this technique has been semi-quantitative with 

researchers looking for the absorbance or fluorescence being above or below a set 

threshold value for a positive or negative test for the analyte. 

1.7. Theory of Absorption, Fluorescence, Phosphorescence, and 

Quenching'" 

The monitoring of absorption, fluorescence, and phosphorescence has widespread 

applications for quantitative analysis. The fundamental properties of each are illustrated 

in Figure 1.2. 

1.7.1. Absorption of Light 

The absorption of radiation in the UVA^isible region usually occiu^ through n -> 

7C* and 7t -> electronic transitions, since their required energies fall into this 

wavelength region (200 to 700 nm). Absorption of light can be related to concentration 

by the use of the Beer-Lambert Law (commonly known as Beer's Law): 
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A = f be (8) 

where A = absorbance, E= molar absorptivity, b = path length, c = concentration. The 

importance of Beer's law is that absorbance is directly related to the concentration of the 

solution. This relationship is linear when the path length is constant, absorbances are 

low, and monochromatic light is used. 

The absorbance can be experimentally determined from the amount of light 

transmitted (T) through the sample as shown in Equation 9: 

The transmittance is the ratio of the light intensity passing through the sample (P) to the 

original light intensity (Po). 

1.7.2. Fluorescence and Phosphorescence 

Fluorescence and phosphorescence are common analytical techniques used for 

qualitative and quantitative analysis. Both are based on the emission of light after 

molecules absorb shorter wavelength radiation. Fluorescence HPTLC is explored in 

Chapter 2 through the analysis of tetracycline compounds. 

(9) 
o 
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Fluorescence involves the absorption of light followed by an emission at a longer 

wavelength (lower energy). The absorption occurs from a singlet ground state (So) to a 

singlet excited state (S2 or Si), as shown in Figure 1.2. A singlet state refers to an 

electronic state where all electron spins are paired (t^). After absorption of light, the 

molecule passes into a lower energy excited electronic state without emission of radiation 

in the visible region. This process is known as internal conversion and typically occurs 

when singlet excited states overlap vibrational energy levels. The final step in 

fluorescence is the emission of light where the molecule returns to the ground state 

energy level. 

Phosphorescence occurs in a similar manner except that before emission occurs, 

the molecule undergoes an intersystem crossing (shown in Figure 1.2). Intersystem 

crossing is the change from a singlet spin state to a triplet spin state, where the electrons 

are now parallel to each other (tt). This Uransition (known as the heavy atom effect) is 

more prevalent in molecules with heavy atoms. 

Fluorescence is typically found in molecules with fused aromatic ring structures 

with low energy tc -> 71* transitions. Structural rigidity is also important, as it decreases 

the likelihood of vibrational deactivation. 

Fluorescence and phosphorescence are highly useful for quantitative analysis. 

Both are extremely sensitive, because they are compared to a dark background. 

Fluorescence (and subsequently phosphorescence) is related to the excitation power (Po) 

and the quantum efficiency (related to K') by the Equation 10: 
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F = K'(P -P) (10) 

where P is the excitation power after passing through the medium being studied. 

Fluorescence is related to concentration by substituting Beer's Law into Equation 10 for 

P and Po, which yields the following: 

F = K'P„(1-10'^) (11) 

Equation 11 can be expanded as a Maclaurin series to yield the following equation: 

F = K'P 
2! 3! 

(12) 

When concentrations are low, all of the terms become small compared to the first 

(2.3038bc) and can subsequently be dropped from the equation to yield equation 13: 

F = K'P„ 2.303 £• be (13) 

which can be reduced to F = Kc. The result of the final equation is that fluorescence is 

directly related to concentration at low concentrations. 
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1.7.3. Fluorescence Quenching 

Fluorescence quenching is the loss of fluorescence intensity by radiation-less 

deactivation of molecules after the absorption process has occurred. Deactivation can be 

caused by numerous factors, including, but not limited to, temperature, oxygen, and 

collisional considerations. 

Fluorescence quenching HPTLC is a technique used for the qualitative or semi­

quantitative analysis of organic compounds. A fluorophor/phosphor is bound to the 

chromatographic surface, yielding a light-emitting surface when illuminated with UV 

light (254 nm, 365 nm, or a combination of both). Compounds on a specific region of the 

plate may absorb the excitation light, decreasing the light emitted &om the 

chromatographic surface, as illustrated in Figure 1.3. 

It is important to note that fluorescence quenching HPTLC is not a "quenching" 

effect but is rather absorption or shadowing of the excitation.'^*''"^® For a true quenching 

effect to be observed, the fluorophor/phosphor must absorb the excitation light and 

subsequently deactivate through a radiation-less process. In fluorescence quenching 

HPTLC, the fluorophor/phosphor in the chromatographic surface absorbs a lesser amount 

of excitation light, due to compounds on the surface of the plate. Chapter 3 of this 

dissertation explores the use fluorescence quenching HPTLC for the analysis of organic 

compounds, particularly pharmaceuticals, for quality control purposes. Questions 

addressed include the quantitation, sensitivity, and reproducibility of the "shadowing" 

effect. 
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1.8. Detector Technology 

1.8.1. Scanning Densitometers^' 

Scanning densitometry, the detection technique currently used for HPTLC 

analysis, involves rastering a detector (typically a photomultiplier tube), wavelength 

selector (monochromator or fiher system), and light source across a TLC plate, detecting 

the compounds of each chromatogram individually. Quantitation can be performed by 

several detection modes. Transmittance, reflectance, and fluorescence modes are 

illustrated in Figure 1.4. The main drawback to scanning densitometry is that sample 

throughput is decreased because the detector must scan each chromatographic lane of the 

TLC plate. Such scanning also contributes to problems associated with changes in the 

sample or the instrument through time. Because each sample is scanned at different 

times, degradation of sample and fluctuations of the light source may drastically affect 

the signal from individual scans. This problem can be corrected by imaging the entire 

surface of the plate at a single instance. 

1.8.2. Imaging Technology 

The use of imaging technology has benefited the study and advancement of high-

throughput techniques. Obtaining all the desired analytical information at one time can 

theoretically maximize throughput of a given spatial technique. Gathering information in 

this fashion also decreases the likelihood of changes in analytical signal due to 

degradation of sample, light intensity fluctuations, etc. In the past, photodiode arrays, 

vidicon camera tubes, and vacuum tube multi-channel detectors have been used for 
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imaging applications. However, their poor sensitivity and linear dynamic range limits 

their use today. Charge-coupled device (CCD) detectors have many advantages over 

these other imaging techniques.^ When treated scientifically (cooled with liquid 

nitrogen or thermoelectrically), CCDs are excellent imaging detectors with low read 

noise and dark current, excellent linearity through a large dynamic range, and superior 

sensitivity fi-om the x-ray to the near infrared region,^^ CCDs are silicon semiconductor 

devices with hundreds of thousands to millions of individual detector elements. When 

photons with sufficient energy (wavelengths lower than 1100 nm) strike the silicon 

device, an electron-hole pair is created. Electrons are used as the analytical signal and 

are held in a pixel (individual detector element) with a positively-biased electrode while 

the hole is dejected into the substrate. The positive bias of the electrode creates an area 

underneath where many other electrons may gather. The charge underneath each 

electrode must be read out to form a digital image. This process is performed by biasing 

the individual pixels differently to transfer the charge from one pixel to the next until all 

charge has been removed from the CCD detector. 

In this dissertation, the use of a scientifically operated charge-coupled device 

detector for high performance thin-layer chromatographic and microplate imaging 

techniques is discussed and demonstrated with several pharmaceutical compounds. The 

HPTLC system was explored to determine its usefulness for quality control purposes with 

fluorescence and fluorescence quenching detection modes to study new high throughput 

techniques for the quantitation of pharmaceutical compounds. Microplate imaging was 

investigated to determine its usefiilness for quantitative analysis and multiple reaction 
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monitoring. Both imaging techniques should prove superior to currently available 

detection techniques. 
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Chapter 2 

High Performance Thin Layer Chromatography of Tetracycline and Its 

Impurities with Fluorescence Detection Utilizing a Scientifically 

Operated Charge-Couple Device Detector. 

2.1. Summary 

A high performance thin-layer chromatography (HPTLC) method using a 

scientifically operated charge-coupled device (CCD) detector is described for the assay of 

tetracycline and its impurities in pharmaceutical products and for food safety analysis. 

Quantitative information can be obtained for all samples on a TLC plate within a few 

seconds. The dynamic range, sensitivity, accuracy and precision of the system were 

evaluated. The existence of the impurities in tetracycline capsules was analyzed using 

both HPLC and HPTLC techniques with a variation of less than 3.5%. All of the 

impurities observed in samples were below the regulation level. Separation efficiency 

and detection limits were also determined for tetracycline, chlortetracycline, and 

oxytetracycline, which are commonly used as feed additives in the agricultural industry. 

Detection limits were determined to be between 0.14 to 0.20 ng for tetracycline, 

chlortetracycline, and oxytetracycline. 
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2.2. Introduction 

Tetracycline (TC) antibiotics 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 (Figure 2.1) 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 

controlled.' The permitted concentration of EATC is fixed by the United States 

Pharmacopoeia^ to be less than 2% of total tetracycline. 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. It is also important to control 

the total concentration of active components to ensure that the required and adequate 

biomedical effects are obtained without causing undesired results due to underdose or 

overdose. 

Oxytetracycline, chlortetracycline, and tetracycline (Figure 2.2) are used as feed 

additives for the agricultural industry. After administration to animals such as cattle or 

poultry, the antibiotics and their impurities are passed along the food chain and consumed 

by humans. These antibiotics can be detrimental because of harmful degradation 

products or the build-up of immunities over long periods of exposure. The FDA has set 

regulatory limits on the amount of antibiotics allowed in agricultural products. 



40 

Tetracycline, oxytetracycline, and chlortetracycline tolerance limits range from 2 to 12 

ppm depending on the animal product.^ 

Various methods have been used to analyze tetracycline 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 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 interferences firom other materials cannot 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 for purity control testing of TC pharmaceutical products. Furthermore, GC 

methods require 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 samples be injected 

sequentially onto a chromatographic column. The expense of efficient HPLC columns 

and the ease with which they can be damaged suggest that it would be prudent to pre-treat 

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 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. 
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Mechanical scanning densitometry has been used in the impurity control of the TC 

dosages for obtaining quantitative TLC mformation.^''^^ However, due to the different 

UV absorption features for tetracycline and its impurities, each sample must be scanned 

twice to obtain quantitative information for all components, which severely limits the 

sample throughput and offers no advantage over HPLC techniques. Thus, a low-cost, 

reliable technique for fast and efficient analysis of large numbers of potentially 

contaminated samples is necessary for practical routine monitoring of the impurities in 

tetracycline formulations. This technique requires a high degree of sensitivity for the 

tetracyclines under investigation, in order to determine trace amounts 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, the early versions of photodiodes, vidicon cameras, and vacuum 

tube multichannel detectors lacked the sensitivity and dynamic range of discrete 

photomultipliers. Recent investigations have demonstrated the efficiency of charge-

coupled device (CCD) anay 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 firom soft X-

ray to near IR, excellent linearity, and a 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. The combination of a 
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charge-coupled device detector with HPTLC separation techniques has been successfully 

used in this lab to analyze aflatoxins,^° amino acids,^' etc. 

In this chapter, the separation and detection of tetracycline and its impurities will 

be discussed for quality control applications. The separation and detection of 

oxytetracycline, chlortetracycline, and tetracycline for food safety control will also be 

discussed. The HPTLC setup should adequately quantitate the tetracycline compounds 

studied and provide a new method for quality control of tetracyclines used as 

pharmaceuticals and feed additives. 

2.3. Materials and Methods 

2.3.1. Standards, Solvents and Reagents. 

Tetracycline standards (TC, ETC, EATC, and ATC) were obtained from Acros 

Organic (Pittsburgh, PA) for pharmaceutical analysis. Oxytetracycline (OTC), 

chlortetracycline(CTC), and tetracycline(TC) were obtained from the U. S. 

Pharmacopoeia for food safety analysis (Rockville, MD). All standards were either a 

powder or a crystalline solid. The chemical information provided by the manufacturers is 

given in Table 2.1. 
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Table 2.1. Chemical Information of Tetracycline Standards 

Name Lot# Purity % 

Tetracycline*HCl A0083794 98.80 

Anhydrotetracycline*HCl A0097378 99.1 

4-Epi-anhydrotetracycline*HCl A0095119 99.5 

4-Epi-tetracycline*HCl A0078456 99.9 

Chlorotetracycline*HCl A0082854 99.20 

Samples were stored in a freezer (at -11 °C) inside a dark desiccator. Tetracycline 

capsules bought from nearby pharmacy stores were tested. All stock solutions were 

prepared with HPLC-grade methanol from J. B. Baker Inc. (Phillipsburg, NJ) in the 

following concentrations: 300 to 500 ppm of tetracycline»HCl (TC), 

anhydrotetracycline'HCl (ATC), 4-epi-tetracycline*HCl (ETC), 4-epi-

anhydrotetracycline'HCl (EATC), chlorotetracycline*HCl (CTC) respectively; 100 ppm 

ATC, ETC, and EATC each; and 100 ppm of ATC, ETC, EATC and CTC each. 

Tetracycline capsules were dissolved in methanol as stock samples with 500 ppm of total 

TCs in weight percentage. OTC, CTC, and TC stock solutions were made separately in 

concentrations of 100 ppm. Docycline (DOC), minocycline (MTC), demeclocycline 

(DMC), and methacycline (METC) (structures shown in Figure 2.3) stock solutions for 

separation and fluorometric studies were made in a similar fashion. All 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 
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solutions to the desired concentration with methanol. All of the solutions were protected 

from light during use. 

Other solvents and chemicals used for this study were either HPLC-grade or 

analytical reagent grade. All of the organic solvents were from E. Merck. Saturated 

edetate disodium (NaaEDTA, Mallinckrodt, Paris, KT) solution and oxalic acid (J. T. 

Baker, Philipsburg, NJ) solution were prepared with distilled water. The pH of 

Na2EDTA solutions were adjusted to desired values and the pH of oxalic acid solutions 

were adjusted to 2.00. All solutions used for HPLC analysis were filtered through a 0.4S 

Hm FP Vericel membrane (Gelman Sciences, Inc., Ann Arbor, MI) before use. 

2.3.2. HPTLC 

Thin-layer chromatographic analysis was performed with a scientifically operated 

charge-coupled device array detector.The camera system was provided by 

Photometries, Ltd. (Tucson, AZ) and included a CC200 camera controller, a CE200 

camera electronics unit, and a PMS12 scientific grade CCD. A personal computer 

running National Instruments Lab VIEW 5.1 software was used to control the camera 

system. The CCD was mounted in a cryogenically evacuated dewar cooled to -100° C 

with liquid nitrogen to decrease dark current generation. The camera used an AF Nikkor 

35-70mm focal length zoom lens (f3.3-4.5). The lens was fitted to the camera system 

with an electro-mechanical shutter that controlled the exposure time. The shutter 

assembly also provided mounting for a CVI1" SSO bandpass filter (SO nm bandwidth) to 

reject any unwanted light from the UV source. The plates were illuminated with a 



48 

mercury lamp from Spectronics Corp. (Westbury, NY). The camera system is illustrated 

in Figure 2.4. 

2.3.3. 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 

chaimel absorption detection mode was used at 360 and 425 nm in order to detect 

tetracycline and its possible impurities, CTC, ETC, EATC and ATC, simultaneously with 

maximum sensitivity. The mobile phase used for this study was premixed 0.1 M oxalic 

acid (pH buffered to 2.0): methanol; acetonitrile (80:10:10). The solvent flow rate was 2 

ml/min. 

An Apex IODS 5|i column, 4.6 nrni x 10 cm (Johns Chromatography, Ltd, 

Littleton, CO), was used for the HPLC separation. Due to the chelating effects of TC 

with metallic 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. Na2EDTA aqueous 

solution (0. IM) was flushed through the column with a flow rate of 2 ml/min for 1 hour 

before the first sample run. The coliunn was then rinsed with water for 30 min to remove 

all NaaEDTA residues and was re-conditioned by flushing with water for another 30 min. 

No further treatment was necessary during the experiments. 
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2.3.4. Fluorimetry 

Fluorescence studies were carried out on various tetracyclines to verify which 

could be analyzed with the HPTLC system. A Spex Fluorolog spectrofluorimeter 

(Instruments, SA, Inc. Edison, NJ) with a 5 nm spectral bandwidth was used. A 1-cm 

quartz fluorescence cell from NSG Precision Cells, Inc. (Farmingdale, NY) was used 

inside the instrument. Excitation and emission studies were performed on 10 ppm 

samples. 

2.4. Results and Discussion 

2.4.1. Analysis of Tetracycline Capsules 

Both HPTLC and HPLC were used to analyze tetracycline capsules. Two 

different types of capsules from the same manufacturer were employed. Four trials using 

HPLC analysis were performed while several trials were performed on each of three 

plates analyzed by the HPTLC method. Figure 2.5 shows a sample HPTLC image, 

including a chromatogram in the vertical direction and a calibration curve in the 

horizontal direction. These plots are obtained by electronically integrating an area of the 

digital image from the CCD camera system. A peak is detected for 0 ng of ETC, since 

TC begins degrading to ETC immediately upon dissolution in methanol. 

A three-year-old pharmaceutical capsule was also tested with the HPTLC method, 

in which seven trials were performed on one HPTLC plate. The results are shown in 

Table 2.2. 
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Table 2.2. Results of Pharmaceutical Capsule Analysis of ETC 

Tetracycline HPTLC 

(% ± SD) 

HPLC 

(%±SD) 

% Difference 

Sample 1 2.15±0.04 2.08 ±0.08 3.41 

Sample2 2.24 ± 0.08 2.26 ± 0.07 0.89 

SampleS" 1.91 ±0.17 

' Three year old phannaceutical capsules. 
SD are pooled results from multiple trials. 

For ETC, the difTerence between HPTLC and HPLC results is within 3.4%. No CTC, 

ATC and EATC were detected by the HPLC method. The presence of ATC and EATC 

can be detected by HPTLC by using a highly concentrated pharmaceutical sample. 

However, this test cannot be performed by HPLC without damaging the detector. 

Meanwhile, an unknown component detected with the HPTLC technique did not appear 

on the HPLC chromatograms for the same solutions (HPTLC chromatogram in Figure 

2.6). 

The accuracy of the system was evaluated by spiking tetracycline impurity 

standards in the pharmaceutical sample. Recoveries were between 85 - 102% with ETC 

and EATC having just over 100% recovery. The results of this analysis are shown in 

Table 2.3. Results were obtained after rutming seven samples on one plate. ETC 

recovery data was also obtained from three plates to verify plate-to-plate precision, with a 

pooled relative standard deviation of 8.4% demonstrating good precision for plate-to-

plate analysis. 
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Table 2.3. Percent Recovery of Spiked Tetracycline Impurities 

Tetracycline Added Recovery RSD" 

Impurities (ng) (%) (%) 

ETC 2.4 102.1 ±7.5 

EATC 2.7 85 ±7.7 

ATC 2.6 100.3 ±4.6 

" Average of 7 tria s. 

2.4.2. Fluorometric Analysis of Additional Tetracycline Compounds 

The fluorescence properties of tetracycline and its pharmaceutical impurities were 

previously tested in our laboratory^^ and are summarized in Table 2.4. The remaining 

tetracyclines were tested by fluorimetry to determine whether their fluorescence 

properties were suitable for our experimental system. All of the evaluated tetracyclines 

showed fluorescence properties (Figure 2.7) with significantly overlapping spectra except 

MTC, which showed no fluorescence properties in the wavelength range of interest 

(above 400 nm). Excitation spectra of the tetracycline compounds, shown in Figiu'e 2.8, 

were examined to find the maximum wavelength required to induce fluorescence. Each 

compound has its major absorbance peak at around 400 nm. The HPTLC system utilizes 

a light source and filter system centered around 365 nm, not optimal for the analysis of 

tetracyclines because of the lower fluorescence excitation at 365 nm which decreases the 

overall sensitivity of the system. 
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Table 2.4. Maximum Absorption and Fluorescence Wavelengths of 

Tetracyclines 

Sample Name UV Absorbence 

^maXvAbs 
Emission" 

^iTiax,Em 
Excitation" 

Tetracycline 269,362 563 364 

Epi-tetracycline 263,364 565 374 

Anhydrotetracycline 269,428 542 280,424 

Epi-anhydrotetracycline 269,424 544 282,425 

Chlortetracycline 266,373 570 378 

" Excitation wavelength was set at 360 ran. 

'' Emission wavelength was set at A,max.Em for each compounds. 

2.4.3. Separation of Additional Tetracycline Compounds 

The separation of other tetracycline compounds was investigated by using the 

same mobile phase as for the pharmaceutical impurities analysis. Figure 2.9 shows a 

CCD camera image of the separation of TC, OTC, CTC, MTC, DOX, METC, and DMC, 

individually and mixed together in solution. All compounds are visible by the HPTLC 

method except MTC, which shows no fluorescence emission, as verified by fluorimetry 

analysis. The image shows all investigated compounds fall near the same portion of the 

plate. In Figure 2.10, a chromatogram of the mixed solution verifies similar retention of 

these compounds (10 ppm concentrations). The Rf values for these compounds are in 

Table 2.5. The resolution between each species is above 0.S0 except between OTC-DMC 
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Figure 2.10, HPTLC chromatogram of other tetracycline compounds 
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(0.12) and TC-DOX (0.06). For sufficient resolution (1.0), peak widths need to drop 

over 89% for the OTC-DMC mixture and 94% for TC-DOX. 

Table 2.5. Rr Values of Other Tetracyclines 

Tetracycline Rr 

TC 0.36(1.8) 

OTC 0.28 (2.6) 

CTC 0.34(1.94) 

MTC Not Detectable with System 

DOX 0.36(1.8) 

METC 0.30 (2.3) 

DMC 0.27 (2.7) 

It would be extremely difficult to separate all of these tetracyclines with a single mobile 

phase as they are all similar in molecular structure, particularly when coupled with 

known tetracycline pharmaceutical impurities (ETC, EATC, ATC). Resolving 

compounds spectrally is extremely difficult because of large overlapping of fluorescence 

emission and excitation for these compounds in the visible and ultraviolet region. 

Because of the problem with overlapping compounds, three major tetracyclines used as 

feed additives were chosen for further chromatographic studies; tetracycline, 

oxytetracycline, and chlortetracycline. 
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2.4.4. Analysis of Tetracycline, Oxytetracycline, and Chlortetracycline by HPTLC 

The separation efficiency and detection limits were determined for the 

simultaneous analysis of tetracycline, oxytetracycline, and chlortetracycline. The mobile 

phase used for the separation of tetracycline and its pharmaceutical impurities is not 

suitable for food safety analysis since it cannot resolve tetracycline from 

chlortetracycline, as shown in Figure 2.11. Adequate separation can be achieved by 

slightly modifying the mobile phase. By increasing the methanol concentration in the 

mobile phase, tetracycline and chlortetracycline resolution increases as shown in Table 

2.6. The overall retention of all three tetracyclines on the plate is increased, however, as 

shown in Figures 2.12-2.14, resulting in lower Rf values. Adding water to the mobile 

phase as the methanol concentration increases can increase Rr values as shown in Table 

2.7. A slight change in water concentration allows for a significant increase in Rf. Too 

much water, however, reduces the resolution of tetracycline, oxytetracycline, and 

chlortetracycline, because their solubilities in water are different. With a mobile phase 

consisting of methanol :dichloromethane: water (50:43:7), 5 ng samples of TC, CTC, and 

OTC are sufficiently resolved with resolution values (Rs) of 1.4 for both TC-CTC and 

CTC-OTC. The sensitivity of the system for tetracycline, oxytetracycline, and 

chlortetracycline was tested with the new separation system (Me0H:CH2Cl2:H20, 

50:43:7). The detection limits were determined at a signal-to-noise ratio of three by 

plotting the signal-to-noise ratio versus concentration with known standards (Figures 2.15 

and 2.16). Two times the standard deviation of the baseline was used to determine the 

noise on each plate. Results are summarized in Table 2.8. 
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Figure 2.12. HPTLC chromatogram of TC, CTC, and OTC with 54:40:6 
(dichloromethane:methanol:water) mobile phase 



64 

60000r OTC 

« u a 9i U 
S k e 

50000-

40000-

30000-

20000-

10000 

Cone. (10 ppm) 

60 80 100 120 140 160 180 

Development Distance 

Figure 2.13. HPTLC chromatogram of TC, CTC, and OTC with 44:50:6 
(dichloromethane:methanol;water) mobile phase 



65 

120000 

100000 

M a V 

« 80000 
w a V u 
10) V 
I 60000 

40000 -

CTC 

TC 

Cone. (10 ppm) 

50 100 150 200 250 

Development Distance 

Figure 2.14. HPTLC chromatogram of TC, CTC, and OTC with 43:50:7 
(dichloromethane:methanol:water) mobile phase 





12000 

•S 10000 
a 

u a V u s k e s 

8000 -

6000 

1.2 ng 

0.92 ng 

0.69 ng 

0.58 ng 

n/\ 

50 100 150 200 

Pixel Number 

250 

Figure 2.16. Plot of tetracycline fluorescence intensity for detection limit determination 



68 

Table 2.6. Rf Values for Tetracycline, Chlortetracycline, and Oxy tetracycline with 

Varying Methanol Concentration in the Mobile Phase 

Mobile Phase 

(MeOHiCHaCla.HzO) 

Tetracycline 

(Rf) 

Chlortetracycline 

(Rf) 

Oxytetracycline 

(Rf) 

30:64:6 0.40(1.5) 0.37(1.7) 0.29 (2.4) 

40:54:6 0.37(1.7) 0.33 (2.0) 0.24 (3.2) 

50:44:6 0.27 (2.7) 0.21 (3.8) 0.17(4.9) 

60:34:6 0.18(4.6) 0.13(6.7) O.ll (8.1) 

70:24:6 0.18(4.6) 0.13(6.7) 0.12(7.3) 

Capacity factors in parentheses 

Table 2.7 RrValues of Tetracycline, Chlortetracycline, and Oxytetracycline with 

Varying Water Concentration in the Mobile Phase 

Mobile Phase 

(Me0H:CH2Cl2:H20) 

Tetracycline 

(Rf) 

Chlortetracycline 

(Rf) 

Oxytetracycline 

(Rf) 

50:46:4 0.15(6.7) 0.10(9.0) 0.09 (10.0) 

50:45:5 0.21 (3.8) 0.16(5.3) 0.14(6.1) 

50:44:6 0.27 (2.7) 0.21 (3.8) 0.17(4.9) 

50:43:7 0.41 (1.4) 0.34(1.9) 0.27 (2.7) 

50:42:8 0.43(1.3) 0.38(1.6) 0.29 (2.4) 

Capacity factors in parentlieses 
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Table 2.8. Detection Limits of Tetracyclines Used as Feed Additives 

Compound Detection Limit (ng) 

Tetracycline 0.17(0.34) 

Oxytetracycline 0.15 (0.30) 

Chlortetracycline 0.17(0.34) 

Concentration ((ig/mL) in parentheses 

The system shows excellent sensitivity—the limits of detection are below the regulatory 

thresholds for agricultural analysis set by the FDA, which is important because less 

preconcentration is required for extracted samples. Even though the tetracyclines have 

fluorescence properties, their fluorescence output is significantly lower than that of most 

other fluorophors. Previously in our laboratory, aflotoxins^" and rhodamine 6G^'* were 

used to test the same camera system with significantly lower detection limits (4 and 0.11 

pg respectively) because of the higher quantum yield of these molecules. Sensitivity for 

the tetracyclines can be improved by using an optimized excitation source which would 

increase the absorption as discussed in Chapter 1 (Equation 13). The sensitivity could 

probably be increased an order of magnitude or less due to this change. Increasing the 

power output of the source (Po) would also improve the sensitivity. 

2.5. CONCLUSIONS 

High speed analysis, high precision, and good sensitivity for minor quantities of 

degradation compounds render the HPTLC method ideal for analysis of pharmaceuticals 



70 

containing tetracycline. Sufficient separation efficiency can be achieved in a short time 

with recovery percentages between 85-102%. Pharmaceutical capsules were analyzed 

with both HPLC and HPTLC techniques. The resulting difference was within 3.4 %. 

The system showed excellent sensitivity for tetracycline, oxytetracycline, and 

chlortetracycline used as feed additives. The separation can be achieved by increasing 

the methanol concentration of the mobile phase used for pharmaceutical impurity 

analysis. 

The HPTLC system can be improved. First, overpressured layer chromatography, 

which can be analogous to HPLC, could be used to increase separation efficiency. OPLC 

is analogous to HPLC because the mobile phase is forced through the stationary phase on 

the plate and multiple volumes of the mobile phase can be used to perform the separation 

as opposed to a single plate volume for traditional HPTLC. This would allow for 

complete separation of all tetracycline compounds. Second, changing the bandpass filter 

on the transilluminator can modify the excitation source. By moving the center of the 

excitation source to 400 nm, with a bandpass range of ± SO nm, all of the tetracyclines 

could have better absorption, resulting in enhanced fluorescence signals and lower 

detection limits. 
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Chapter 3 

Fluorescence Quenching High Performance Thin-Layer 

Chromatographic Analysis Utilizing a Scientifically Operated Charge-

Coupled Device Detector 

3.1. Summary 

A scientifically operated charge-coupled device detector combined with 

fluorescence quenching high performance thin-layer chromatographic plates was 

employed for the detection of organic compounds. The plates were excited with 254 nm 

light fi'om a mercury lamp, and quantitative information was obtained from organic 

compounds that absorbed the ultraviolet light, inhibiting fluorescence of the plate. Plates 

were tested to ascertain the optimum conditions for detection. The linear dynamic range, 

sensitivity, and reproducibility of the system were evaluated by quantitative analysis of 

famotidine, acetaminophen, caffeine, and acetylsalicylic acid. The detection limits of the 

system were found to be in the low nanogram region. 

3.2. Introduction 

Thin-layer chromatography (TLC) is a high throughput technique used for the 

separation of organic compounds. TLC has several desirable characteristics as a 

chromatographic technique, including parallel separation ability and low solvent 

consumption. Additionally, liquid chromatographic (LC) techniques often require 
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extensive sample clean-up and pretreatment, since the column is used repeatedly and may 

be damaged for future separations by irreversibly absorbed materials. TLC, however, 

allows for simplified extraction procedures, as the chromatographic surface is used only 

once, often rendering food or pharmaceutical extractions significantly easier. TLC also 

provides total sample accountability, since the analyte is bound to the chromatographic 

material during detection. In samples analyzed by LC methods, components may bind 

strongly to the stationary phase, thus avoiding detection by the on-line detector. 

In the past, however, TLC demonstrated limited sensitivity and reproducibility 

because of inadequate techniques for sample application and detection. High 

performance TLC employing slit scanning densitometers has proved to be a good 

quantitative method'; unfortunately, the necessity for sequential scanning of each lane of 

the TLC plate limits throughput. 

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

TLC analysis.^"^ Image detection allows for simultaneous quantitation of all components 

on the TLC plate, and therefore requires less analysis time than slit scanning 

densitometry. Although early versions of imaging detectors (photodiode, vidicon 

cameras, and vacuum tube multi-channel detectors) provided high throughput detection 

advantages, they lacked the sensitivity and dynamic range of discrete photomultipliers. 

Charge-coupled device detectors (CCD's) have recently proved to be excellent 

detectors for analytical imaging analysis.^ When used scientifically (cooled, slow-scan), 

CCD's have extremely low read noise and dark current, excellent sensitivity from the UV 

to the near IR, exceptional linearity, and a wide dynamic range. Coupling CCD detection 
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with high performance TLC allows for the entire TLC plate to be imaged in a single 

exposure and thus gives rapid quantitation along with excellent sensitivity. 

"Fluorescence Quenching" HPTLC utilizes a special chromatographic surface that 

fluoresces when illuminated with ultraviolet light. Maganese-activated zinc silicate is 

used as a short-wavelength (2S4 nm) UV indicator for silica gel phases.^ Although the 

technique is known as "fluorescence quenching", the actual process comprises the 

absorption of 254 nm light by the analyte, before it reaches the fluorescent 

/phosphorescent stationary phase material resulting in a decrease in light emitted from the 

TLC plate (note that this is not a true quenching effect but an absorption or "shadowing" 

of the excitation wavlength).'"'° The measurement is analogous to an absorption 

technique, since the signal quantitated is differentiated from a very bright background 

(the HPTLC plate). Fluorescence quenching detection is commonly used to qualitatively 

determine impurities in syntheses or extractions and can be applied to most organic 

molecules, since it detects molecules that absorb 254 nm light. Since it is widely 

applicable to most organic molecules (especially in the pharmaceutical industry), it would 

be advantageous to develop parallel, high throughput quantitative techniques for quality 

control purposes. 

This chapter will demonstrate the use of a scientifically operated CCD for 

fluorescence detection of HPTLC plates. The system was evaluated with several organic 

compoimds found in over-the-counter pharmaceuticals: famotidine, acetaminophen, 

acetylsalicylic acid, and caffeine. Famotidine, an H2 antagonist, is commonly used as an 

acid blocker in pharmaceutical formulations. Several methods of determination have 
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been employed for detection and quantitation of famotidine, including titrimetry,'' 

colorimetry,'^ and HPLC.'^"'^ None of these methods, however, allows for multiple 

detection and quantitation of the analyte which the HPTLC method explored should 

provide along with excellent sensitivity and flexibility over other analytical techniques. 

3.3. Materials and Methods 

3.3.1. Standards, Solvents, and Reagents 

The famotidine, acetaminophen, acetylsalicylic acid, and caffeine used for stock 

and standard solutions were obtained from Aldrich Chemical Company (Milwaukee, WI) 

(Structures shown in Figure 3.1). All stock and standard solutions were prepared in 

HPLC grade methanol from J. B. Baker tac. (Phillipsburg, NJ). Stock solutions were 

prepared weekly. Standard solutions were then prepared daily from the stock solutions. 

Famotidine tablets were obtained and analyzed to verify the quality control applicability 

of the system. 

3.3.2. Chromatographic Analysis 

Whatman (Clifton, NJ, 10cm X 10cm) HP-KF high performance TLC plates with 

a 254 nm fluorescent/phosphorescent coating were used for the chromatographic 

analysis. A solution of ethyl acetate, methanol, toluene and anmionium hydroxide 

(40:25:20:2) was used as the mobile phase, as prescribed by the U. S. Pharmacopoeia, for 

the qualitative analysis of famotidine. The mobile phase for the analysis of 

acetaminophen, caffeine, and acetylsalicylic acid consisted of ethyl acetate and acetic 
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acid (95:5), as demonstrated by Shema and Roff.'^ The developing tank was equilibrated 

with the mobile phase prior to each development. Samples were spotted 1 cm from the 

bottom of the plate and developed to a distance of 7.5 cm. The plates were then dried in 

a fume hood and analyzed by the HPTLC camera system. 

3.3.3. HPTLC Camera System 

The camera system employed was provided by Photometries, Ltd. (Tucson, AZ) 

and included a CC200 camera controller, a CE200 camera electronics unit and a PM512 

scientific grade CCD. A personal computer using National Instruments Lab VIEW 5.1 

software controlled the camera system. The CCD was mounted in a cryogenic evacuated 

dewar which was cooled to -100° C with liquid nitrogen to decrease dark current 

generation. The camera used an AF Nikkor 35-70 mm focal length zoom lens (D.3-4.5). 

The lens was fit to the camera system with an electro-mechanical shutter that controlled 

the exposure time. The shutter assembly also provided mounting for a CVI1" 550 

bandpass filter (50 mn bandwidth) to reject any unwanted light from the UV source. The 

plates were illuminated with a mercury lamp from Spectronics Corp. (Westbury, NY). 

The camera system and illumination components are illustrated in Figure 3.2. 

3.4. Results and Discussion 

3.4.1. Plate Analysis 

Fluorescence quenching HPTLC utilizes a fluorophor/phosphor in the 

chromatographic surface which emits in the visible wavelength region to indirectly detect 
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absorption of254 nm radiation by the analyte on the surface. Illumination of the plates 

must be made from above the chromatographic surface, since the glass support of the 

plate absorbs 254 nm light. Figures 3.3 and 3.4 illustrate the emission and excitation 

spectra of HPTLC fluorescence quenching plates used for this study. The emission 

spectrum shows a narrow band peak centered at 508 nm, with a broadband emission 

beyond 550 nm. The emission from the plate is the signal directly detected by the CCD 

camera system. The excitation spectrum shows a narrow peak centered at 254 nm, with 

two broadband peaks at higher wavelengths. The second broadband peak, centered at 

365 nm, is probably fluorescence from the glass support of the TLC plate. 

3.4.2. Flat-field Correction 

It is critical to have an even background signal for analysis, as changes or 

gradients across the plate surface will affect the signal of interest. The CCD camera 

system is sensitive enough to see small changes in the fluorescence/phosphorescence 

intensity due to illumination gradients from the UV light source. Therefore, a flat-field 

correction must be made to provide an even signal across the plate. The background can 

be corrected (or flat-flelded) by taking an image of the plate before sample spotting and 

separation and employing tlie following mathmatical calculation: 

Conected Image= Adjusted Raw Image ^ Average Value 
Adjusted Background Image 
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chromatographic development process. To avoid this gradient, each plate can be pre-

washed with methanol or other suitable solvents to force impurities to the top before 

development. A profile of a washed and developed plate after flat-field correction is 

shown in Figure 3.6b. Since the impurities were moved to the top of the plate prior to 

development, the background remained constant. 

3.4.4. Integration Time 

The effect of integration time was studied to obtain optimum conditions for 

fluorescence quenching HPTLC analysis. Figure 3.7 shows four different concentrations 

of famotidine on a fluorescence quenching HPTLC plate at different integration times. 

With a short integration time the ratio of analyte signal-to-background noise was low, as 

shown in Figure 3.7a. As the integration time increases so does the signal-to-noise ratio 

for the samples (Table 3.1), because more of the CCD's pixel well was being occupied 

(Figures 3.7b and 3.7c). When the CCD pixels attain fiill well capacity, the baseline goes 

flat, as the CCD detector has become saturated. Charge then overflows from full pixels 

into adjacent ones, which diminishes sensitivity since the extra charge must flow into 

pixels where reduced signals from the plate (dim spots) are found (Figure 3.7d). At this 

time the signal-to-noise ratio is decreased. Optimum signal-to-noise ratio can be 

achieved just before signal from the fluorescence quenching plate satiurates the CCD 

detector. Because of the dramatic effect on the baseline noise, it is critical to optimize the 

time conditions to make the system have maximum sensitivity. 
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Table 3.1. Time Dependence of Signal-to-Noise Ratio 

Time Signal-to-Noise 

0.1 3.6 

0.2 5.9 

0.3 7.2 

0.4 8.1 

0.5 8.9 

3.4.5. Quantitation 

Quantitation is achieved by detecting a reduced (negative) signal from the 

location of the analyte of interest on the fluorescence quenching plate by digitally 

summing the pixels. Unknown values can be determined by calibrating each plate with a 

standard curve. Two methods can be used for peak quantitation: summing pixels in the 

vertical direction to create a chromatogram, or summing pixels in the horizontal direction 

to create a plot of the same analytes in different lanes. The second alternative allows for 

the visualization of a calibration curve or compares the same analyte over different lanes 

(Figure 3.8). The number of summed pixels must be consistent across the plate, otherwise 

comparisons cannot be made. This is especially critical for fluorescence quenching 

analysis, since signal from spot-firee areas of the plate is high. The larger the area 

summed the lower the signal-to-noise ratio. Figure 3.9 shows the difference in signals 

when the number of pixels digitally summed is changed. Maximum signal-to-noise ratio 
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is achieved when the largest analyte spot is used to set the number of pixels being 

summed. For the second peak (98.5 ng), the signal to noise ratio decreases from 11.6 to 

4.9 as the pixel values changes from 40 to 200. Even though this is a drastic change in 

pixel value, it demonstrates the change in sensitivity. As the number of pixel values 

increases, the lowest concentration spot is lost in the noise. The analyst must not crop 

part of the analyte spot, as this would result in a decrease in the signal. To avoid this 

situation, the image must be linearly scaled to highlight the best digital dynamic range to 

use. By treating images in this manner the analyst is assured of optimal image viewing. 

3.4.6. Analysis of Pharmaceuticals 

Famotidine, acetaminophen, caffeine, and acetylsalicylic acid were used to test 

the sensitivity and reproducibility of the HPTLC system. Detection limits, linearity, and 

quantitation were all determined for famotidine with the HPTLC camera system. Two 

different spotting techniques were employed. In the first technique, a modified HPLC 

sample injector loop with a nebulizer head deposited the sample onto the 

chromatographic surface in semi-dry form.'^ Significant amounts of nebulized solvent 

evaporated before being deposited onto the plate (Figure 3.10). Famotidine is known to 

have several degradation products.^"'^^ Figure 3.11 shows famotidine standards spotted 

onto an HPTLC fluorescence quenching plate by nebulization. Each spot was applied 

singly over ten minutes with a total spotting time of 80 minutes. The spots applied first 

show significant amounts of degradation compared with the spots applied last. In the 

second spotting technique employed, micropipets (0.5 uL) were employed to deposit the 
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samples onto the plate. Although spots applied by micropipet are not as small as those 

applied by nebulization, the solvent used in the former technique does not evaporate 

while the spot is being applied, so the procedure is more rapid, eliminating the 

degradation problem associated with the nebulized samples. 

The linearity range was tested to locate useful regions in which to perform 

quantitative analysis. Detecting analytes on a fluorescence quenching plate is analogous 

to obtaining an absorption measurement, since the technique indirectly detects the 

absorption of 2S4 nm light. Figure 3.12 depicts a linear plot obtained on an HPTLC 

fluorescence quenching plate spotted and developed with famotidine. The linear region 

ranges from the detection limit to more than 400 ng (800 ppm), supplying over one order 

of magnitude linear range for famotidine. After 450 ng of sample, the plot begins a roll 

off similar to those found in other types of absorption analysis (Figiire 3.13). The roll off 

is due to the limitations of the absorption process at high concentrations as discussed in 

Chapter 1 (Equation 8). However, the roll off is not as drastic as in regular absorption 

analysis because the signal generated is the result of absorption of light and spot size. 

Even at very high concentrations, when the plate becomes saturated (no light emitted 

from the center of the chromatographic peak) from analyte absorption, peaks can be 

quantitated based on the size of the saturated peak which continues to get larger with 

increased amount of analyte on the plate. 

The limit of detection of famotidine was determined at a signal-to-noise ratio of 

three with the noise determined at two times the standard deviation of the baseline signal 

(Figures 3.14 and 3.15). The experiment was run multiple times with values averaging 
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36.0 ng. Devising a nebulizer system capable of spotting multiple samples to eliminate 

the degradation problem inherent in the single spotting technique could lower this limit 

with a significantly reduced spot size. 

3.4.7. Tablet Analysis 

Famotidine tablets were analyzed to test the reproducibility and quantitation 

ability of the system. Quantitation was achieved by plotting known calibration standards 

on a HPTLC plate with the extracted famotidine samples. Extraction of famotidine from 

excipients is usually accomplished using a phosphate buffer or glacial acetic acid. Due 

to the low volatility of aqueous solutions, it is imdesirable to use an aqueous phase for an 

extraction because larger spot sizes occur when samples are applied to the 

chromatographic surface. Therefore, several extraction schemes with a significant 

amount of organic character were attempted. Since famotidine is highly soluble in 

methanol, a pure methanol extraction was attempted. However, the extraction by 

methanol yielded a recovery of only 80.3%, probably because some of the excipients in 

the pharmaceuticals did not dissolve completely, binding or entrapping some of the 

famotidine. Water was then added to the extraction solution to give a slight aqueous 

character. An 80:20 methanohwater extraction yielded a recovery of 93.3%. The 

extraction efficiency was maximized by using an extraction solution of 80% methanol 

and 20% 0.2 M phosphate solution (pH = 4.5), yielding recoveries of 98.9%. 

Multiple plates containing 7-8 spots of the same sample with three calibration 

standards per plate were run to test the reproducibility of the system. The system was 
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found to have a pooled relative standard deviation (RSD) of 2.5%. The results are 

summarized in Table 3.2. 

3.4.8. Quality Control Applications 

Tests on multiple tablet samples were run to demonstrate quality control 

applications. Ten tablets were analyzed per run, five samples per plate. Each plate 

contained a three-point standard calibration curve, with points at 75,100, and 125% of 

total famotidine content per tablet (Table 3.3). With the methanol/phosphate extraction, a 

total percent recovery of the ten tablets was 98.9% with an RSD of 2.5%. 

Table 3.2. Reproducibility of Famotidine Analysis Using HPTLC (200 ng samples) 

Trial N RSD (%) 

1 7 1.37 

2 8 1.88 

3 7 2.87 

4 7 2.78 

5 7 2.27 

Pooled 36 2.50 
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Table 3.3. Extraction of Famotidine from Tablets 

Extraction Percent Recovery Percent RSD 

100% Methanol 80.5 2.0 

80%Methanol:20% Water 93.5 5.0 

80:20 Methanol :Phosphate 

(pH=4.5) 

98.9 2.5 

3.4.9. Sensitivity 

The sensitivity of the system was further evaluated by determining detection 

limits for acetaminophen, caffeine, and acetylsalicylic acid. Detection limits were 

determined at a signal-to-noise ratio of three as in the famotidine determination. Each 

compound was dissolved in methanol and spotted on the plates by the nebulizer spotting 

technique. Each sample was tested for limits of detection and the results were compared 

with those obtained by using a video framing CCD system (home video camera) with a 

frame grabber to obtain individual images.'^ This system differs from the scientific CCD 

system used in this study by only having 8-bit gray scale resolution (compared to 14) and 

not being cooled to decrease dark current generation The detection limits of the 

scientifically operated CCD system were in the low nanogram range, as shown in Table 

3.4, and the limits obtained for acetaminophen and caffeine were over one order of 

magnitude lower in mass than those obtained by the video framing system, which can 

also be used for HPTLC analysis. It should also be noted that the samples analyzed by 
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the video CCD system were separated on 5 X 5 HPTLC plates which shorten the 

chromatographic distance and decrease the peak width over the 10 X 10 HPTLC plates 

used with the current CCD system. 

Table 3.4. Detection Limits for Fluorescence Quenching HPTLC 

Compound Video Framing CCD'^ 

(ng) 
Scientific CCD 

(ng) 
Acetaminophen 50(100) 4.2 (8.4) 

Caffeine 200 (400) 12.5 (25.0) 

Acetylsalicylic Acid 300(600) 71.1 (142.2) 

Concentration (jag/mL) in parentheses 

Detection limits are based on the analyte's mobility on the plate and on the amount of 

light absorbed (molar absorbtivity at 254 nm and emitted light from the chromatographic 

surface). Figure 3.16 illustrates the UVA^is absorptions of famotidine, acetaminophen, 

caffeine, and acetylsalicylic acid. The spectra show that not all analytes have absorbance 

maxima at the wavelength of interest (254 nm). The limit of detection should be 

maximized when the molar absorbtivity of analytes at the wavelength of interest is 

maximized. Sensitivity of each compound could be increased by incorporating 

fluorophor and/or phosphors into the chromatographic medium which have the same 

absorbance maxima as the compounds being analyzed. 
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3.5. Conclusions 

Combining a scientifically operated charge-coupled device detector for the 

detection of fluorescence quenching high performance thin-layer chromatographic plates 

has proven to be useful for the analysis of pharmaceuticals. The detection limit of 

famotidine established by this system was 36.0 ng, with a reproducibility of 2.5% with 

200 ng samples. Detection limits were also determined for acetaminophen, caffeine, and 

acetylsalicylic acid, with values foimd in the low nanogram region. The use of a 

fluorescence quenching HPTLC system could save manufacturers time and money, as 

HPTLC coupled with CCD imaging detection provides the high throughput, sensitivity, 

and reproducibility required for routine quality control analysis and has the added 

benefits of reduced solvent consumption and total sample accountability, not supplied by 

other separation techniques. 
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Chapter 4 

Fluorescence Microplate Imaging Utilizing a Scientifically Operated 

Charge-Couple Device Detector 

4.1. Summary 

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

imaging of fluorescence in a microplate was investigated. The ability to analyze the 

entire microplate allows for simultaneous quantitation of each component fluorescing 

inside each well. This type of detection also enables monitoring multiple reactions that 

produce a change in fluorescence. The microplate imaging system was tested with 

rhodamine B to prove its applicability. The rhodamine B test demonstrated good 

linearity and reproducibility. The system was further evaluated with ampicillin and 

amoxicillin, two beta-lactam antibiotics which react with fluorescamine, a non-

fluorescent compound that fluoresces when reacted with primary amines. The reactions 

of fluorescamine with ampicillin and amoxicillin were optimized by imaging the reaction 

with the microplate imaging system. Detection limits for the penicillin reactions studied 

are found to be in the low ppb range. 

4.2. Introduction 

Fluorescence microplate analysis utilizes small plastic plates, known as ELIS A 

plates or 96-wellplates, with numerous wells, to analyze an array of similar compounds. 
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Analysis is typically performed in an ELISA reader that scans the plate one row at a time 

with fluorescence illumination from beneath and a photodiode array detector above the 

plastic microplate.'*^ This type of detection limits throughput of the technique. 

Charge-coupled device (CCD) detectors have been used in the past for low light 

level imaging and spectroscopic applications. When used scientifically (cooled 

thermoelectrically or with liquid nitrogen and slow-scanned), these detectors have 

tremendous sensitivity in the UV to the near-IR region, low dark current and read noise, 

exceptional linearity, and a wide dynamic range.^ Fluorescence microplate imaging 

could benefit from such an imaging detector because every well of the plate could be 

quantitated simultaneously, which would not only allow for rapid quantitation of 

samples, but could also allow researchers to monitor multiple reactions in parallel. 

Pharmaceutical companies and other industries that synthesize large numbers of samples 

simultaneously for combinatorial libraries would benefit firom this type of analysis, since 

the characterization of these libraries is extremely time-consuming and expensive by 

conventional analytical means.^ 

This chapter will demonstrate the use of a scientifically operated charge-coupled 

device detector for fluorescence imaging of microplates. The system should quantitate 

muhiple compounds in parallel and be sensitive for fluorescent compounds. Rhodamine 

B was selected as the first compound to test the system. The camera system was further 

evaluated by monitoring the reactions of ampicillin and amoxicillin with fluorescamine, 

an organic compound with no fluorescence properties unless reacted with a primary 
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amino group.^ After reaction, fluorescamine-tagged compounds show intense 

fluorescence properties in the visible region. 

Ampicillin and amoxicillin are beta-lactam penicillins commonly used as feed 

additives for livestock/'^ The FDA restricts the amount of ampicillin and amoxicillin 

allowed in milk, chicken, and beef products.''"* The penicillins are commonly 

quantitated using HPLC with UV,""''* fluorescence'^"'^ (by derivatization), or 

electrochemical detection.'^ However, LC separations are time and solvent consuming to 

run for analyzing large numbers of samples. The penicillins were chosen for study 

because they are difficult to quantitate by high performance thin-layer chromatography 

(HPTLC), since they have no inherent fluorescence properties and only absorb light in 

the low UV region (below 240 nm).'® Their reaction with fluorescamine was optimized 

to examine their future quantitative detection abilities by HPTLC. 

4.3. Materials and Methods 

4.3.1. UV Transparent Microplates 

UV transparent microplates manufactured by Costar (Acton, MA) were obtained 

through VWR Scientific. 

4.3.2. Solvents, Standards, and Reagents 

Rhodamine B was obtained from Eastman Kodak (Rochester, NY) and dissolved 

in distilled water filtered through a Millipore water filtration system (Bedford, MA). 

Fluorescamine was obtained from Aldrich Chemical Company (Milwaukee, WI). 
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Fluorescamine solutions of 0.05% were made biweekly in acetone and methanol for 

reaction with the ampicillin and amoxicillin reference standards. HPLC grade methanol 

was obtained from J. B. Baker (Phillipsburg, NJ), while acetone was obtained firom 

Mallinckrodt Baker (Paris, KY). Ampicillin and amoxicillin reference standards were 

purchased from the U. S. Pharmacopoeia (Rockville, MD). Sodium phosphate 

monobasic from Curtin Matheson Scientific, Inc. (Houston, TX) was used to create 0.2 M 

phosphate buffer solutions. Each solution was adjusted with 40% NaOH to the desired 

pH with a pH electrode and meter. 

The reactions of ampicillin and amoxicillin with fluorescamine were analyzed by 

combining 1 ml of buffer solution with 100 (iL of 0.05% fluorescamine solution and 100 

^L of penicillin solution. The same fractions were used for reactions in the microplate. 

4.3.3. CCD Camera System and Illumination Source 

The camera system was provided by Photometries, Ltd. (Tucson, AZ) and 

included a CC200 camera controller, a CE200 camera electronics unit and a PM512 

scientific grade CCD. A personal computer running National Instruments Lab VIEW 5.1 

software controlled the camera system. The CCD was mounted in a custom cryogenic 

evacuated dewar cooled to -100° C with liquid nitrogen to decrease dark current 

generation. An AF Nikkor 35-70 mm focal length zoom lens (f3.3-4.5) was fitted to the 

camera system with an electro-mechanical shutter that controlled exposure time. The 

camera system is illustrated in Figure 4.1. Samples in the microplate were illiuninated 

with a transilluminator using 365 nm UV bulbs from Spectronics Corp. (Westbury, NY). 
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4.3.4. Fluorimetry 

Ampicillin and amoxicillin fluorescence with fluorescamine was investigated with 

a fluorimeter for comparison with the microplate imaging results. A Spex Fluorolog 

spectrofluorimeter (Instruments SA, Inc. Edison, NJ) with a 1-nm spectral bandwidth was 

used. A 1-cm quartz fluorescence cell from NSG Precision Cells, Inc. (Farmingdale, 

NY) was used for the analysis. Excitation and emission studies were performed. 

Emission time dependence was also compared with microplate imaging results. 

4.4. Results and Discussion 

4.4.1. Rhodamine B Analysis 

The UV transparent microplate was first analyzed with rhodamine B to test 

linearity and reproducibility. Images need to be flat-field corrected to give an even signal 

across the plate (as in Chapter 3). For fluorescence microplate imaging this may be 

accomplished by taking a background image of the transilluminator or a fluorescent plate 

which will give the profile of the excitation light source. Figure 4.2 shows a flat-fielded 

image of a microplate with rhodamine B. The image has a range of one order of 

magnitude concentration in the vertical direction and has reproducibility data in the 

horizontal direction. The method is limited to one order of magnitude for each analysis 

(an analysis being a single image integration), because the highest concentration sample 

saturates the CCD detector when the lowest concentration sample barely has enough 

fluorescence to create a signal. The linear range can be easily extended by taking 

multiple images at different integration times. Figure 4.3 shows a profile (fluorescence 
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intensity vs. pixel value) for the fluorescence of a rhodamine B calibration curve in the 

microplate. The signal peaks are easily seen in this profile view, with the center of the 

microplate being at the peak (labeled with concentration). Outside each well in the 

profile spectrum, smaller intensity peaks can be seen, caused by fluorescence reflected 

from the wells nearest those containing rhodamine B fluorescence. The intensity of this 

reflected fluorescence is proportional to the amount of fluorescence from the rhodamine 

B in the microplate well where the signal originated. These reflections, though small in 

proportion to the amount of actual rhodamine B fluorescence signal, together with the 

shape of the well, can create resolution problems for signal integration in this format, 

since the rhodamine B signal and its reflection are not resolved at the baseline of the 

analysis. The best method for obtaining the amount of fluorescence intensity is to gather 

signal from the interior of the well and integrate it by adding the intensity of pixel values 

from the center of the microplate well. This method decreases the amount of reflected 

fluorescence from the desired fluorescence signal in the well of the microplate. Figure 

4.4 shows a one order of magnitude linearity for rhodamine B analysis. Over the range, 

the value is 0.999, with only a small percent error for each concentration. 

4.4.2. Analysis of Ampicillin and Amoxicillin 

Ampicillin and amoxicillin were studied to optimize their reaction with 

fluorescamine. Both penicillins (structures in Figure 4.5) absorb light in the low UV 

region and have no inherent fluorescence properties, making their analysis difficult by 

high performance thin-layer chromatography (HPTLC). Ampicillin and amoxicillin, both 
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having primaiy amine groups, will undergo reaction with fluorescamine, a non-

fluorescent compound which fluoresces upon reaction with primary amines. Figure 4.6 

shows the general reaction between fluorescamine and primary amines. 

Ampicillin and amoxicillin were first tested to ensure that their fluorescence could 

be determined with the microplate system. Acetone, the usual solvent of choice for 

fluorescamine, however, dissolves the polystyrene sidewalls of the microplate. Methanol 

was therefore substituted to eliminate microplate compatibility difficulties. Figure 4.7 

shows fluorescence of ampicillin in a microplate after reaction with fluorescamine. A 

very strong fluorescence signal, with different fluorescence intesitities for each 

concentration (lO-SO ppm), can be seen against the non-fluorescent background of the 

microplate. The image also shows a row of 30 ppm ampicillin samples in which the 

signal is consistent from one side of the microplate to the other. 

The fluorescence of fluorescamine-reacted compounds is known to be pH 

dependent." The fluorescence of ampicillin with fluorescamine is known to yield the 

strongest fluorescence signal at a pH between 6.5-7.5, after a short reaction time.^° The 

properties of amoxicillin with fluorescamine have never been studied. Both amoxicillin 

and ampicillin were tested to determine the optimum pH required for fluorescence 

analysis. The pH was controlled using a 0.2 M phosphate solution buffered to the desired 

pH. Each compound was reacted with fluorescamine for 20 minutes before solutions 

were transferred to the microplate. Figure 4.8 shows the intensity profile of ampicillin 

and amoxicillin at various pH's after a twenty minute reaction time. The intensity profile 

shows both ampicillin and amoxicillin to have a maximum intensity at a pH of 6.5, with a 
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significant reduction in intensity at slightly higher pH (7.0 and 7.5). Since these results 

differ fix)m pH profiles in the literature, more comprehensive studies of the penicillin 

reaction in the microplate and in a fluorimeter were undertaken. The fluorescence 

profiles of ampicillin and amoxicillin were studied with respect to time and pH to fully 

maximize the reaction conditions. Reactions were started in the microplate and allowed 

to proceed while images were taken at specific time intervals. The microplate results for 

ampicillin and amoxicillin are illustrated in Figures 4.9 and 4.10 respectively. The results 

show that the reactions are completed after thirty minutes, the maximum fluorescence 

signal being at a pH of 7.0 for both ampicillin and amoxicillin (intensity profile spectra of 

the reaction of ampicillin and fluorescamine at different time intervals are shown in 

Figures 4.11-4.13). Fluorescence intensity rises much faster at lower pH for both 

compounds, which indicates that reaction rates are affected by the change in pH. The 

reaction rate of each penicillin at pH = 7.5 differs dramatically firom the lower pH's 

tested, with an even further decrease in rate at pH = 8.1. 

The same reactions were tested with a fluorimeter to compare reaction rate 

resuhs. The reactions were monitored by the fluorimeter at a pH = 7.0. Results are 

shown in Figures 4.14 (ampicillin) and 4.15 (amoxicillin) for the reactions of these 

penicillins with fluorescamine in methanol solvent. The ampicillin reaction shows 

maximum fluorescence signal after 30 minutes, results similar to those found by 

microplate imaging. The amoxicillin reaction shows a slightly faster time than that of 

ampicillin with the reaction complete after 23 minutes, also similar to the microplate 

imaging findings. Both ampicillin and amoxicillin were reacted with fluorescamine in 
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acetone to compare speed of reaction with the different solvents. Figure 4.16 shows the 

fluorescence of ampicillin with fluorescamine in acetone. The reaction proceeds much 

faster with acetone being the solvent than with the methanol solvent, with a decrease in 

reaction time from 30 to 5 minutes. A similar result is shown in Figure 4.17 with the 

reaction of amoxicillin with fluorescamine in acetone. The amoxicillin reaction with 

acetone shows a significant increase in reaction speed. Optimum fluorescence signal is 

generated after only 3 minutes, compared to over 20 minutes for fluorescamine in 

methanol. The fluorescence data presented show that the reaction between primary 

amines and fluorescamine is more complex than originally proposed. The change in 

reaction rate using different solvents is most likely due to methanol solvating either the 

nucleophile group (primary amine of the penicillin) or fluorescamine, prohibiting the 

primary amine from attacking the fluorescamine molecule. It is common for protic polar 

solvents to hinder nucleophiles such as primary amines due to hydrogen bonding 

interactions which increase the energy needed for the reaction to proceed.^^ Figures 4.18 

and 4.19 diagram two mechanistic pathways for the reaction, but other pathways may be 

possible. Both pathways portray a Michael addition with a nucleophile (primary amine) 

attacking the beta position of an unsaturated ketone on the fluorescamine molecule. This 

reaction is then followed by beta elimination. The second mechanism (Figure 4.19) 

portrays the Michael reaction as intramolecular occurring after the primary amine adds to 

the fluorescamine, while the first pathway (Figure 4.18) has the Michael addition before 

the nucleophilic attack on the carbonyl carbon. As shown by Figures 4.9 and 4.10, 

lowering the pH of the reaction mixture catalyzes the reaction. A lower pH 
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medium creates a better leaving group (water instead of hydroxide) in the beta 

elimination step of mechanism two, which would speed up the overall reaction rate. In 

several steps, each reaction mechanism also presents the transfer of protons with 

hydrogens being moved from the amine. Lowering the pH gives the solution more 

proton-donating molecules which lowers the overall activation energy of the reaction and 

provides faster reaction rates. 

Linearity studies were performed to determine the linear range of each penicillin. 

As with the rhodamine B solutions, linearity for both ampicillin and amoxicillin is limited 

to approximately one order of magnitude as shown in Figures 4.20 and 4.21, again by the 

saturation of the CCD. As with the rhodamine B analysis, changing the integration time 

of the analysis can extend linearity. 

4.4.3. Sensitivity 

Detection limits were determined for ampicillin and amoxicillin in the microplate. 

As in the previous analysis, reactions were created by mixing the penicillin solutions with 

a large excess of fluorescamine in methanol and pH buffer solution. These solutions 

were allowed to react for 60 minutes to ensure maximum fluorescence intensity. 350 |il 

was added to each well of the microplate and six blank samples were added to 

determine the noise. The detection limit was determined by plotting signal-to-noise 

versus concentration (example shown in Figure 4.22). A new reaction and detection was 

performed several times. The detection limit of ampicillin was determined to be 15 ppb. 

Past researchers have tested ampicillin detection limits with a fluorimeter and found the 
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limit of detection to be 14 ppb;^* however, the method used for creating samples was not 

explained. Fluorescence intensities for the microplate method varied slightly from trial to 

trial as the low concentration samples sat through time. The linear plots of ampicillin to 

determine the limit of detection showed loss of linearity with decreasing values in the 

later trials. This same effect was found in the amoxicillin detection limit studies. The 

decrease in linearity is most likely the result of degradation of ampicillin and amoxicillin 

at low concentrations. Past researchers have shown that ampicillin is stable in pH = 7.0 

solutions for over 48 hours,but their studies were not performed at such low 

concentrations. The lowest attainable detection limit for amoxicillin was found to be 11 

ppb. The same linearity problems associated with ampicillin were observed with 

amoxicillin. 

The limit of detection was also dictated by a fluorescence signal from the blank 

samples. Figure 4.22 shows an image of a wellplate used for detection limit studies. The 

empty well and the well containing only buffer solution (no fluorescamine) have 

approximately the same fluorescence intensity, which is to be expected. However, the 

solution containing fluorescamine and buffer solution (no amoxicillin) has a definite 

fluorescence signal that is greater than that of the blank or plain buffer solution well. The 

signal may be attributed to the reaction of fluorescamine with a contaminant in the buffer 

solution, the most likely source being the distilled water. Improved detection limits may 

be possible if this contamination is removed. Sensitivity could also be improved by using 

a more powerful excitation source which will increase the number of emitted photons per 
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second and/or optimizing the wavelength of the excitation source for the absorption of 

the fluorescamine tagged compoimd investigated. 

4.5. Conclusions 

The use of a scientifically operated CCD detector has been shown to be useful for 

quantitative fluorescence applications in a 96-wellplate. An intriguing application for 

this system is the ability to monitor multiple reactions simultaneously. This application 

could save pharmaceutical and other synthetic companies time and money by providing 

higher sample throughput reaction-monitoring techniques. The reaction of ampicillin and 

amoxicillin with fluorescamine was studied to prove the applicability of the system and 

to determine the optimum conditions needed to analyze these penicillins by high 

performance thin-layer chromatography. The fluorescence detection scheme provided 

fluorescence intensity versus time and pH for several reactions simuUaneously. The 

reactions were also studied with a fluorimeter to compare the microplate with a more 

traditional type of fluorescence analysis. The system was shown to be sensitive, with 

detection limits for reactions in the low part per billion range, which can be lowered even 

further by removing the background fluorescence. 
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Chapter 5 

UV Microplate Analysis Utilizing a Scientifically Operated Charge-

Coupled Device Detector 

5.1. Summary 

The ability to simultaneously image every well of a microplate with a 

scientifically operated charge-coupled device (CCD) detector allows for the parallel 

quantitation of samples and provides the ability to monitor multiple reactions. 

Acetaminophen and tetracycline were chosen as model compounds to study at 2S4 and 

365 nm respectively. The quantitation abilities, detection limits, and limitations of plate 

imaging are discussed, as well as future directions for microplate analysis. 

5.2. Introduction 

In the past, microplate analysis has been considered a 

biochemical/microbiological technique for enzyme-linked immunosorbent assays 

(ELISA) or to screen samples. Quantitation is typically performed with ELISA readers, 

which pass light through the microplate.'"^ The analyte in the wells absorbs radiation, 

and the light throughput of individual wells is measiired sequentially across the plate as it 

is passed over the detector. This type of detection limits the throughput ability of the 

technique, since all wells are not read simultaneously. 
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Recently, charge-coupled devices (CCDs) have shown to be excellent analytical 

detectors for imaging spectroscopy/ When used scientifically (cooled, slow-scan), these 

detectors are sensitive from the UV to the near-IR, and have low dark current and read 

noise, exceptional linearity, and a wide dynamic range. A microplate imaging technique 

with a scientifically operated CCD provides for simultaneous detection of all wells in a 

microplate with excellent sensitivity. UV transparent microplates allow for imaging into 

the deep UV (220 nm), creating a versatile technique for many applications, including 

routine quantitative analysis and biological reaction monitoring without the addition of a 

chromophore to shift the observed absorption bands into a more suitable region for a 

conventional ELISA reader. 

This chapter will demonstrate the use of a scientifically operated CCD detector 

for UV microplate imaging analysis. The detection system should be sensitive for 

compounds having sufficient molar absorbtivities in the wavelength regions studied and 

have the ability to quantitate multiple samples with a single image. Acetaminophen and 

tetracycline were chosen as model compounds to study absorption at 2S4 and 365 nm. 

Linearity, reproducibility, and detection limits were determined, as well as limitations to 

the system. 

5.3. Materials and Methods 

5.3.1. Standards, Solvents, and Reagents 

Acetaminophen was obtained from Aldrich Chemical Company (St. Louis, MO). 

Stock solutions and standards were made biweekly in water purified by a Millipore 
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filtration unit (Bedford, MA). Acetaminophen solutions were also diluted in methanol 

solutions (J. B. Baker, HPLC grade). Tetracycline was obtained fi-om Acros Chemical 

Company (Pittsburgh, PA). Stock solutions and standards for tetracycline were made 

daily. UV transparent microplates manufactured by Costar (Acton, MA) were obtained 

through VWR Scientific. 

5.3.2. CCD Camera system 

The camera system employed was provided by Photometries, Ltd. (Tucson, AZ) 

and included a CC200 camera controller, a CE200 camera electronics unit and a PM512 

scientific grade CCD. A personal computer using National Instruments Lab VIEW S.l 

software controlled the camera system. The CCD was mounted in a cryogenic evacuated 

dewar cooled to -100° C with liquid nitrogen to decrease dark current generation. The 

lens was fitted to the camera system with an electro-mechanical shutter that controlled 

the exposure time. The basic instrumental setup is shown in Figure 5.1. 

5.3.2.1. Acetaminophen analysis 

The camera used an AF Nikkor 105-mm fixed focal length lens (C4.S) made of 

quartz for analysis at 254 nm. A CVI1" 254 nm bandpass filter (10 nm bandwidth) was 

placed inside the shutter assembly to block unwanted light firom the UV transilluminator. 

The plate was illuminated firom below with a germicidal UV lamp (Spectronics Corp. 

(Westbury, NY). 
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5.3.2.2. Tetracyline analysis 

The camera used an AF Nikkor 35-70mm focal length zoom lens (f3.3-4.5) for 

analysis at 365 nm. A CVI1" 365 nm bandpass interference filter (10 nm bandwidth) 

was placed inside the shutter assembly to block unwanted light from the transilluminator. 

The plate was illuminated from below with a mid-UV wavelength lamp from Spectronics 

Corp (Westbury, NY). 

5.4. Results and Discussion 

5.4.1. Microplate Analysis 

The microplate UV characteristics were evaluated to determine usable wavelength 

regions for absorption analysis. Figure 5.2 shows the transmission spectrum of the 

bottom of a UV transparent microplate. The spectrum shows remarkable UV 

transmission, from over 80% transmission down to approximately 240 nm and over 60% 

down to 220 nm. The response from 240 nm to over 600 nm is relatively flat, with no 

deviations, which makes the microplate exceptionally suited for UV absorption analysis 

over a large wavelength region. 

The plates were evaluated with the CCD system to test flat-field correction 

abilities and light power reproducibility. Each plate must be flat-field corrected to 

compensate for differences in light intensities in space. This can be accomplished by 

using the following equation to adjust the image: 
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Flat - fielded Image = Raw Image— ^ Average Value 
Background Image 

Figwe S.3a shows a plate before a flat-field correction at 254 nm. The wells of 

the plate are visible, since the bottom transmits UV light while the sides, which are made 

of polystyrene, absorb 254 nm light. Well-to-well, and even within-a-well, uniformity is 

poor, due to non-uniform lighting from the transilluminator source. After flat-field 

correction (Figure 5.3b), well-to-well uniformity and the uniformity inside each well is 

dramatically improved. An interference pattern can be seen in the wells of the 254 nm 

image. Figure 5.4a shows a raw image of a microplate at 365 nm. The wells of the plate 

are easily seen in the raw image, but are difficult to see in the flat-field image, as the 

polystyrene sidewalls do not absorb the higher wavelength light. The intensity 

differences between wells were determined at 254 and 365 nm and are listed in Tables 

5.1 and 5.2 respectively. Light throughput reproducibility was determined by adding 

pixel intensities inside wells of the microplate and pooling the relative standard 

deviations firom several trials. The camera lens used for imaging at 254 nm has a fixed 

focal length of 105 mm, which only allows for imaging of nine wells in a single 

exposure. The number of wells imaged could be increased to include the entire plate by 

the use of a more appropriate lens. The reproducibility of the well measurements is 

excellent, with percent error for both imaging techniques (254 and 365 nm) at 0.14%. 
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The individual trials show a fairly large difTerence, with the measurements at 254 nm 

ranging from 0.07 - 0.20%. The measiurements at 365 run show the same results with a 

Table 5.1. Reproducibility of Light Throughput at 254 nm 

Trial N % RSD 

1 9 0.15 

2 9 0.08 

3 9 0.20 

4 9 0.10 

5 9 0.07 

Pooled 45 0.14 

Table 5.2. Reprocucibility of Light Throughput at 365 nm 

Trial N %RSD 

1 32 0.05 

2 32 0.20 

3 32 0.19 

4 32 0.08 

5 32 0.11 

Pooled 160 0.14 
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range of 0.05 - 0.20%. This large difTerence among trials can be attributed to the 

reproducibility of replacing the microplate after the flat-field image has been taken. The 

more precisely the microplate is retiuned to its original position, the better the 

reproducibility of light throughput. Figure 5.5 shows three flat-fielded microplate images 

with different alignments. The best alignment is shown in (a), with the entire well 

showing uniform light throughput. Figure S.Sb shows a slightly different alignment 

between the before and after images, where the difference is seen in the small half moon 

dark areas (below the wells) and light areas (above the wells). These areas are 

exaggerated in (c), with very little overlap between the two images. In this situation, 

analytical data is significantly degraded. 

5.4.2. Quantitative Studies 

Acetaminophen and tetracycline were analyzed at 254 and 365 nm, respectively, 

in the microplate to determine reproducibility, linearity and sensitivity of the system. 

Absorption of light was quantitated by calculating the absorbance and plotting the data 

versus concentration. Each microplate was imaged with at least one well filled with a 

blank (water) solution. The absorbance was then calculated by the traditional A = -log 

(I/Io). 

A fiat-field image of an acetaminophen calibration ciurve is shown in Figure 5.6 

with a plot of the data in Figure 5.7. Linearity is excellent, with an value of 0.999 for 

over one order of magnitude. At higher absorbances, the data starts to roll up and away 

firom the linear trend established at lower concentrations (Figure 5.8). The reproducibility 











153 

measurements show that the roll-up is greater than the error in the measurement. Since 

surface mteractions may affect the measurement by changing the pathlength, a dilute 

solution of Triton X-100 surfactant was employed to minimize surface tension 

interactions of the solution with the sidewalls of the microplate wells. 

The results, however, showed the same roll-up effect. Tetracycline analysis at 365 nm 

demonstrates a similar roll-up trend at absorbances higher than 1.0 (Figure 5.9). 

5.4.3. Reproducibility and Sensitivity 

The reproducibility of the absorption from plate to plate was determined by 

analyzing a 10 ppm tetracycline solution in 10 wells of 6 plates (Table 5.3). Absorbances 

for all trials averaged 0.219, with a percent error of 1.66% between trials. The individual 

trials showed a higher error, with pooled relative standard deviation between the trials of 

3.41%. This large error is most likely attributable to the reproducibility of pipetting 

solutions into the microplate wells. 

Detection limits were determined for acetaminophen (254 nm) and tetracycline 

(365 nm) in water. Values were determined at a signal-to-noise ratio equal to three by 

analyzing known standards and plotting the S/N versus concentration (example shown in 

Figure 5.10. Four individual trials were averaged to obtain the limit. The detection limits 

were both in the ppb region, with acetaminophen at 92 ppb and tetracycline at 298 ppb. 

The system is sufficiently sensitive to compounds having molar absorptivities in the 

region of interest. 
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Table 5.3. Reproducibility of Absorption Measurements at 365 nm Using 

Tetracycline. 

Trial N Average Absorbance RSD (%) 

I 10 0.225 2.79 

2 10 0.219 3.76 

3 10 0.218 4.38 

4 10 0.216 2.78 

5 10 0.221 2.46 

6 10 0.215 3.85 

Average of Trials 60 0.219 

RSD 60 1.66% 3.41 

5.5. Conclusions 

A scientifically operated charge-coupled device detector was used for UV 

imaging of microplates for the parallel analysis of samples. The special microplates 

obtained for this study showed exceptional UV characteristics, with a working region 

from 220 to over 600 nm. The microplates were evaluated for flat-field abilities by 

measuring the light throughput of individual wells. At both 254 and 365 nm, the 

reproducibility of light throughput was 0.14%. Acetaminophen and tetracycline were 

used as model compounds to study UV absorption in microplates. At low absorbances, 

plots of concentration versus absorbance were linear; however, at higher absorbances. 
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plots showed a roll-up trend to higher-than-expected absorbance values. In the future, 

this technology could be used for UV imaging of large numbers of samples 

simultaneously and for monitoring multiple reactions in parallel. 
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Chapter 6 

Conclusions and Future Directions 

6.1. Conclusions 

6.1.1. High Performance Thin-Layer Chromatography 

The use of a scientifically operated charge-coupled device detector for 

fluorescence and fluorescence quenching high performance thin-layer chromatographic 

analysis was performed. The experimental results proved the fundamental importance 

and usefulness of the instrumental system for high throughput analysis using several 

detection modes. Fluorescence quenching HPTLC was studied as a quantitative method 

for quality control of numerous samples in parallel. Though not a true fluorescence 

quenching technique, its shadowing effect was demonstrated to be quantitative with 

famotidine, acetaminophen, caffeine, and acetylsalicylic acid. Fluorescence detection 

was used to analyze tetracyclines and study the separation efficiency of tetracycline, 

oxytetracycline, and chlortetracycline with several new mobile phases. Both 

fluorescence and fluorescence quenching methods showed good sensitivity, with 

detection limits in the sub-nanogram range for fluorescence analysis of tetracycline and 

the nanogram range for fluorescence quenching analysis of famotidine, acetaminophen, 

caffeine, and acetylsalicylic acid. Both techniques were reproducible. Fluorescence 

analysis of tetracycline impurities yielded less than 7.5% RSD and fluorescence 

quenching analysis of famotidine yielded less than 2.5%. 
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6.1.2. Microplate Imaging 

Microplate imaging employing a scientifically operated charge-coupled device 

detector allowed for the simultaneous detection of multiple samples with fluorescence 

and absorption analysis. Both methods were reproducible, with less than S% error 

between measurements. Imaging in the low UV range (254 nm) was demonstrated with 

the microplate imaging system, which showed excellent sensitivity and reproducibility 

while allowing for the simultaneous quantitation of compounds. This imaging 

technology is most intriguing when used to monitor multiple reactions in parallel. The 

ability to monitor and optimize reactions was demonstrated with fluorescamine, a non-

fluorescent organic molecule, reacting with primary amines (ampicillin and amoxicillin) 

to form fluorescent compounds. In the future, the ability to monitor multiple reactions in 

parallel will be extremely useful for pharmaceutical companies and combinatorial 

chemists who desire the high throughput screening of chemical reactions. 

6.2. Future Directions 

Even though substantial advances have been presented in this dissertation, many 

additional experiments can be performed with HPTLC and microplate imaging to 

optimize and explore other interests beneficial to the chemical commimity. Some of 

these experiments are highlighted in the following sections. 
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6.2.1. HPTLC 

6.2.1.1. Separation Efficiency and OPLC 

The major limitation to HPTLC as an analytical technique is the poor separation 

ability. Overall separation efficiency can be improved by using overpressured layer 

chromatography (OPLC) for development of TLC plates. OPLC uses a forced flow 

mobile phase similar to HPLC. Development occurs in a pressurized chamber where the 

TLC plate is sandwiched between two plates, creating a planar column. This technique 

allows for quick reverse phase separations with higher separation abilities tlian the 

traditional silica gel used for TLC. 

Decreasing the peak widths would increase the detection limits by concentrating 

the sample spot onto a smaller area of the plate. This means a higher signal output per 

pixel while not increasing the background signal. The optimum system would allow for 

narrow peak widths while concentrating the signal on the smallest number of pixels 

available. 

6.2.1.2. Post-Column Derivatizations 

Analysis of penicillins by HPTLC should be explored. Penicillins, particularly 

ampicillin and amoxicillin, are regularly used as livestock feed additives to improve 

livestock products (milk, eggs, beef, etc.). Ampicillin and amoxicillin cannot be directly 

detected by HPTLC, since they do not exhibit native fluorescence and they do not absorb 

low UV (254 nm) light needed for fluorescence-quenching detection. Detection must 

therefore be performed after reaction with a chromophore to move the fluorescence or 
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absorbance into a useable wavelength region. The microplate imaging research discussed 

in Chapter 4 explored the reaction of fluorescamine with ampicillin and amoxicillin. This 

reaction could be used to detect ampicillin and amoxicillin on HPTLC plates with a post-

column derivitization reaction. Post-column derivatizations are used to qualitatively 

determine organics not detectable on a TLC plate in the visible wavelength region and 

involve reaction of the analyte with a chromophore while the analyte is bound to the 

stationary phase. Since the reactions of ampicillin and amoxicillin with fluorescamme 

can be quantitated in a microplate, they should be able to be quantitated on a TLC plate, 

provided that the reaction is quantitative on the stationary phase. The reaction needs to 

be characterized on the TLC surface and optimized for the best limits of detection and 

reproducibility. 

6.2.1.3. True Fluorescence Quenching Analysis 

The quantitation of true fluorescence quenching needs to be investigated. Ma and 

Young' developed a true fluorescence quenching TLC method using plates impregnated 

with ethidium bromide for the qualitative and semi-quantitative determination of metal 

cations. Metals complexed with ethidium bromide decrease the plates' fluorescence. 

This fluorescence quenching technique should be explored quantitatively to explore the 

high throughput analysis of metals. 
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6.2.1.4. Extractions from Food Groups-Matrix Solid Phase Dispersion 

The extraction and quantitation of antibiotics from food groups needs to be 

explored. Extraction is a critical step in the detection process, since a poor extraction 

affects recovery and system sensitivity. Matrix solid phase dispersion (MSPD), a new 

type of solid phase extraction, employs an unbound stationary phase. A coarse powder is 

mixed with the solution or solid that holds the analyte of interest. The analyte then binds 

to the solid phase and can be removed with a liquid solvent system. This type of 

extraction removes unwanted liquid extractions that dilute the analyte. 

6.2.1.5. Isoquinoiine-Based Crown Etlier for Cation Detection 

An isoquinoline based crown ether (Figure 6.1) needs to be explored for cation 

chemical sensing. A dramatic increase in fluorescence should be observed when this 

molecule chelates to a metal cation (theory explained in Appendix A) which will provide 

excellent sensitivity for chemical sensing. Applications include the analysis of nuclear 

waste decay products and heavy metals in solution. After the synthesis has been 

completed, a thorough analysis of the molecule needs to be performed. Important 

information to be determined includes: 

1. Determination of pKa 

2. Absorbance spectra of complexed and uncomplexed ligands 

3. Emission and excitation spectra of complexed and uncomplexed ligands 

4. Determination of formation constants 

5. Determination of partition coefQcients 



Figure 6.1. Molecular structure of an isoquinoline-based crown ether 
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An isoquinoline-based sensor molecule could also be used for high performance thin-

layer chromatography to create a sensitive, high throughput method for heavy metals 

analysis. 

6.2.1.6. Near-Infrared HPTLC Camera System 

CCD camera technology has limited wavelength coverage and does not provide 

any quantum efficiency at wavelengths longer than 1100 nm. Camera systems with 

platinum silicide (PtSi) detectors cover wavelengths from 1 to 5 microns. In this region, 

absorption peaks are narrower than in the UVA^is region and molecular information can 

be elucidated. Utilizing an acousto-optic tunable filter (AOTF) as a wavelength selector, 

specific functional groups can be imaged separately on a TLC plate. This technology is 

important because it will allow for spectral resolution of peaks even if they are not 

chromatographically resolved on the TLC plate. 

6.2.2. Microplate Imaging 

The microplate imaging technique needs further exploration, especially in the 

field of reaction monitoring. Two types of reactions should be monitored: more complex 

reactions and reactions occurring with spectral changes in the low UV region (below 300 

nm). The reaction monitored in Chapter 4 was complex, with a change in fluorescence 

from the mitial to final product. This reaction was chosen for its dramatic change in 

fluorescence to prove the utility of the microplate imaging system. More complex 



reactions may involve not only the creation of fluorescence but the creation of multiple 

fluorescence species in solution which need to be resolved by wavelength. 

Reactions also need to be characterized in the low UV range. Important reactions 

occur in this region including several of biological and enzymatic nature (Table 6.1). 

Table 6.1. Biological and Enzymatic Reactions with UV-Absorbing Substrates^ 

Assay Absorbance 

Oxidation of NADH and NADPH 
(dehydrogenase) 

340 nm 

Acetyl Coenzyme A/Acetyltransferase 232 nm 

Fumarate/F umarase 240 nm 

Oxaloacetate/Oxaloacetate Decarboxylase 265 nm 

Uric Acid/Xanthine Oxidase 232 nm 

Inosine/Adenosine Deaminase 265 nm 

Researchers study these reactions by shifting the wavelengths being monitored to 

a more useable region for ELISA reader analysis (above 340 nm). These reactions can be 

monitored with the CCD camera system described in this dissertation directly and in a 

parallel format. This technology may be extremely important for pharmaceutical 

companies in the future, as it will enable them to rapidly screen combinatorial libraries 

for compounds with biological activity. In the future, near-infrared camera technology 

should be used to monitor multiple reactions in the near-IR region to provide molecular 

information. 



Appendix A 

Isoquinoline-Based Crown Ether for the Detection of Metal Ions 

Strontium-90 is a radioactive isotope and major by-product of nuclear reactors. 

During nuclear decay strontium-90 emits a high-energy beta particle which causes bone 

tumors, ulceration of the skin, and destruction of muscle tissues when introduced into the 

body. Because of these health concerns, strontium-90 detection has been an area of 

significant research. Prior methods of analysis separated strontium from other elements 

before quantitation could take place.These separations however are time consuming 

and hazardous. Crown ethers (macrocyclic polyethers, example in Figure A. 1) have 

recently been used to separate strontium-90 from other radioactive isotopes with great 

success.'"'^ An on-line method of detection has been developed using a special crown 

ether chromatographic coliunn in a sequential injection analysis (SIA) system.'^ 

Although the SIA system is superior to other analytical methods for strontium separation 

and detection, the columns have a limited lifetime (approx. IS separations) because of 

degradation. A method not requiring strontium-90 separation would be more practical. 

Metal ions chelating to crown ether ligands can be differentiated by fluorescence 

spectroscopy.*'*'^^ A crown ether is a collection of donor heteroatoms distributed 

strategically in a molecule which can chelate to charged species. Complexation follows 

hard and soft acid/base theory (hard acids will bind to hard bases and soft acids will bind 

to soft bases).^^ Ether oxygens are classified as hard bases while nitrogen and sulfur are 

soft bases. Alkaline and alkali earth metals effectively chelate to crown ethers due to 
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their hard base character. Because of their favorable binding properties, macrocyclic 

polyethers can be used for cation recognition if a fluorophor is attached to the crown 

ether. Several different concepts of recognition have been utilized including fluorescence 

quenching and shifts in fluorescence emission.^' However, these techniques are limited 

by a large background fluorescence which makes detection difficult. Metal ions can also 

be detected by extraction into an organic phase with a fluorescent counter-ion.^' In a 

complex mixture, multiple counter ions can be extracted into the organic phase, creating 

problems since the metal-to-fluorophor ratio is not known. The best sensor for metal 

detection would have little to no background fluorescence, be selective for the desired 

metal, and show a dramatic increase in fluorescence when the metal is present. 

Isoquinoline (Figure A.l) fluoresces strongly in polar, hydrogen-bonding solvents 

(quantum efficiency = 0.60 in ethanol) while losing fluorescence in hydrocarbon solvents 

(quantum efflciency = 0.01).^^ The change in fluorescence intensity is linked to the 

solvent hydrogen-bonding to the lone pair of electrons of the nitrogen found in 

isoquinoline.^^ Hydrogen-bonding affects the fluorescence by stabilizing the ti -> ti* 

transition (red shifted) and destabilizing the n -> n* transition (blue shifted). The n 

7C* transition falls below the n -> n* transition in energy as the bond length decreases, 

making the n -> ti* transition more favorable. The dramatic increase in fluorescence 

intensity is due to the inversion of these energy levels. An isoquinoline based crown 

ether may solve many problems currently associated with 

metal sensor detection by providing a dramatic increase in fluorescence when a cation is 

held by the crown ether. 



Crown ether IsoquinoHne 

Figure A.l. Molecular structures of crown ether and isoquinoline 
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