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CHAPTER 1
INTRODUCTION

The term chemiluminescence has generally referred to the luminescent

phenomena associated with a variety of chemical reactions. Chemiluminescence

can be more specifically described as the electromagnetic emission that arises

from the exothermic oxidation of an organic compound. Generally the exothermic

oxidation of the organic compound yields an energy rich product that is

luminescent because the molecule is either rigid or so small, that it is unable to

quickly dissipate internally the energy of the exothermic reaction.

Chemiluminescence is distinguished from the more efficient bioluminescence by

the fact that in bioluminescence visible light is produced from an enzymically

controlled reaction involving the chemical components of a living system. For a

molecule to exhibit chemiluminescence it must be able to form an electronically

excited species through a chemical reaction at ordinary temperatures. Other

conditions described by White and Roswell [1] are that the necessary energy must

be made available in a single reaction step and the molecule receiving this energy

must have a limited number of accessible vibrational energy states which would

otherwise act as an energy sink. If the excited state is emissive, it can

l
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chemiluminesce directly; however, it can also transfer the energy to another

molecule, which following excitation then emits the energy as light. The

luminescence exhibited by luminol was one of the earliest cases of

chemiluminescence to be studied. Luminol (5-amino-2,3-dihydrophthalazine-1,4-

dione) is an aminophthalic hydrazide (Fig 1) that is able to exist in several

tautomeric forms.

Figure 1: Luminol (3-aminophthalic acid hydrazide)

For luminol, the light emitting species is the excited 3-aminophthalate ion, which

emits a blue emission in water and a yellow green emission in dimethyl sulfoxide
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[2], This light emitting species is generated by an oxidative system that is usually

composed of either sodium or potassium hydroxide, hydrogen peroxide as the

oxidizing agent and an activator. The activator is commonly a transition metal ion,

metal-ion complex, hypochlorite, ferricyanide or perchlorate. The solvent system

has frequently been aqueous. However, lower alcohols as well as other water

miscible organic solvents such as dimethyl sulfoxide or dimethylformamide have

also been used in place of water [3]. The activating agent is not absolutely

necessary as in its place sonic waves have been used and in some aprotic media

no activating agent is necessary, only oxygen and a strong base.

In aprotic media the products from luminol oxidation have been isolated.

However, in aqueous systems the corresponding diacidic anion, despite being

quantitatively produced from the hydrazides in basic reaction media, has been

difficult to detect due to apparent further oxidation of the initially formed product.

Reaction mechanism

Basic solutions of hydrogen peroxide are common reagents in hydrazide

chemiluminescence. In these solutions the hydroperoxide ion which stems from the

initial reduction of oxygen is believed to be a critical reactant. The hydroperoxide

ion formed then reacts with the azaquinone form of luminol, by attacking one of

the carbonyl groups, leading to the formation of III. Compound III is then believed

to decompose by one of a variety of postulated routes to the phthaloyl peroxide
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derivative VI, which then undergoes ring opening to yield the excited 3-amino-

phthalate ion as illustrated in Fig 2. The mechanism of decomposition of the

azaquinone has been the subject of a number of postulations, which have been

reviewed by White and Roswell [1].

Application of Luminol Chemiluminescence to analysis in solution

The intensity of chemiluminescence arising from the chemiluminescent

reaction can be described by the following equation.

^CL=<bcL ■
dC
dt

where <*>CL is the efficiency of the chemiluminescence and dC/dt the rate of the

chemical reaction. The efficiency of chemiluminescence depends on how

efficiently excited states are generated from the molecular reaction and on how

efficiently the excited states luminesce; i.e.,

ICL ^ium

where 0exc is the excitation efficiency and 0|Um the luminescence efficiency. Both

the excitation and luminescence efficiencies can be influenced by a variety of

reaction conditions such as solvents employed, concentration, pH and purity of

reagents.



Figure 2: Schematic outline of chemiluminescent reaction pathway.
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The intensity of luminescence can be used as the basis for determination

of any species whose concentration influences the rate or efficiency of the

chemiluminescent reaction. In applying chemiluminescence to analysis of the

species the reaction conditions should be adjusted so that the analyte of interest

is the limiting reagent in the system and all other reactants are in excess. To obtain

precise measurements the chemiluminescence reaction should be initiated in a

controlled and reproducible manner, largely because the emission intensity varies

with time as the reactants are consumed. Chemiluminescent analyses are reported

to have several advantages which include good sensitivity, a wide linear dynamic

range, low detection limits (femtomole to attomole range) and the requirement for

simple instrumentation [4].

The chemiluminescent signal is transient; hence, the measurement of

emitted light intensity is time dependent. The signal is therefore either recorded at

a specific time after mixing, or by integrating the light emission plot during the

entire time period or during a specific fraction of time when light is emitted.

Commonly the reactants are rapidly mixed and the emission intensity measured

as a function of time after mixing. This yields the plot illustrated below (Fig 3). The

initial part of the curve is influenced by the method of mixing employed, while the

general shape of the curve depends upon the kinetics of the reaction as well as

upon any changes in quantum yield with time.

Most chemiluminescence reactions are reported to have low efficiencies, less

than 10% [5], which has restricted their usefulness to analyses. The duration of the
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reactions is influenced by the reaction conditions and may occur rapidly within one

sec, or last longer than 24 hours. In the development of chemiluminescent assay

methods the two basic factors that influence the intensity of chemiluminescence

(i.e. efficiency and rate) should be considered. The efficiency of the reaction

influences both analytical sensitivity and detection limits, while the reaction kinetics

determine both the precision and sample throughput.

Any substance able to quantitatively influence the light output can be

determined by chemiluminescence. In fact the luminol reaction has been used to

determine a number of compounds that are able to interact with the oxidant

initiating the chemiluminescent reaction. The substances so quantitated have not

necessarily been the analyte of interest but rather related to the analyte. These

substances have been divided into three categories by Grayeski [4].

Firstly those measured species that form one of the reagents that is consumed

in the course of the reaction. This case is exemplified by the determination of

hydrogen peroxide using the luminol system. This approach was applied to the

determination of hydrogen peroxide in irradiated water as early as 1955 [6].

The second category of reactions includes the analysis of compounds that are

able to generate one of the chemiluminescent reactants. An example here is the

indirect determination of glucose by treatment with the enzyme glucose oxidase.

The enzyme oxidizes the glucose to gluconic acid and hydrogen peroxide, the
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Figure 3: Typical luminescence profile
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hydrogen peroxide so formed then being assayed by the luminol reaction.

Glucose * Gluconic acid +

luminol + ► aminophthalate + hv

More recently Zhou et al [7] reported a method for the determination of Vitamin

B12 by means of the luminol-hydrogen peroxide system. In their experimental

setup the bound cobalt in vitamin B12 is released by acidification of the vitamin. The

cobalt so released is then permitted to quantitatively catalyze the oxidation of

luminol by hydrogen peroxide.

The coupling of reactions is not always possible as there is often the problem

of incompatibility of conditions for all the reactions. This has however not impeded

use of the technique for the analysis of a range of biochemicals.

The third category consists of those substances able to modify the primary

chemiluminescent reaction. The analysis of a wide range of substances falls into

this category. This includes the analyses of metal ions such as Arsenic(As3+),

Cobalt(Ccf+), and Nickel(N?+), nonmetallic inorganics such as the gases oxygen,

and nitrogen dioxide, the halide ions and a number of nitro-, amino-, or hydroxy-

group containing organics. These substances are reported to have either an

excitatory or inhibitory influence on the chemiluminescence exhibited by luminol.

More recently a number of drug substances have been reported to enhance a

variety of otherwise chemiluminescent reactions. For example a method has been
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reported for determining quinine from the ability of quinine to enhance the

chemiluminescence exhibited by the oxidation of sulphite by cerium(IV) [8].

Similarly the determination of acetaldehyde by monitoring the chemiluminescence

emission from the luminol hexacyanoferrate (III) reaction in the presence of

xanthine oxidase has been described [9]. The steroidal hormones hydrocortisone

and betamethasone as well as the antihistamine promethazine have also been

determined from their ability to enhance the chemiluminescence of the cerium (IV)-

sulphite system [10,11]. The chemiluminescent oxidation of the antimycobacterial

isoniazid by N-bromosuccinimide has also been applied to the determination of

isoniazid [12]. A number of penicillins and cephalosporins have also been reported

to enhance the chemiluminescence exhibited by luminol [13,14,15]. Schulman et

al [14] Chen etal [15] have reported the enhancement luminol chemiluminescence

exhibited by several penicillins, and the cephalosporin cephalothin.

The instrumentation employed for chemiluminescence measurements

basically consists of a mixing device and a detection system. Three approaches

have been used to measure the intensity of emitted light.

The first approach involves the use of a static measurement system in

which the mixing of reagents is performed in a vessel held in front of the detector.

The chemiluminescent reagent is added to the analyte in a cuvette held in a dark

enclosure, and the intensity of the light emitted is measured through an adjacent

photomultiplier tube. In this static system the mixing is induced by the force of the

injection. This simple reagent addition system without a mixing device is of limited



11

usefulness in measuring, with precision, fast chemiluminescent reactions. The

procedure is also rather cumbersome requiring separate cuvettes for each

measurement as well as repeated opening of the light tight apparatus, which

necessitates special precautions to protect the photomultiplier tube.

The second approach is the two phase measurement system. In this system

the chemiluminescent reagents are immobilized on a solid support such as filter

paper, and the analyte is permitted to interact with the immobilized reagent by

diffusion or convection. The light emitted is measured using a microliter plate

reader or by contact printing with photographic detection [4]. The

chemiluminescent intensity of these systems is influenced by both the kinetics of

the reaction and the efficiency of the mass transfer processes bringing the

reactants together. The principal advantages of this system lie in the conservation

of reagents and the convenience of measurement.

The third approach involves the use of flow measurement systems. The

flow injection approach has been described as the most successful of the methods

[5]. It involves injection of the analyte into a stream of appropriate pH, remote from

the detector, and the chemiluminescent reagent flows in another stream. The two

streams meet at a T junction inside a light tight enclosure, then flow through a flat

coil placed immediately in front of a photomultiplier tube. This compact assembly

provides more rapid and reproducible mixing resulting in reproducible emission

intensities and permitting rapid sample throughput. The design of the mixing device

and the means of retaining the emitting solution in view of the detector are
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important considerations. Mixing is reported as being most effective at a T piece

or Y junction; however, some workers have used the conventional FIA system in

which sample is injected into the surrounding flowing reagent to achieve mixing.

This approach is reproducible but reported as not producing rapid mixing [5]. In

flow measurement systems the chemiluminescent signal has to be measured

during the mixing, as a result only a section as opposed to the whole-intensity-time

curve is measured. An additional feature of these systems is that the shape of the

curve is now dependent on both the kinetics of the chemiluminescent reaction and

the parameters of the flow system. Chemical variables such as reagent

concentrations, pH, etc and physical parameters such as flow rate, reaction coil

length, sample size and the limitations of experimental apparatus all affect the

performance of flow injection procedures. The effects of these variables on the

observed analytical signal are not necessarily independent, as interactions can and

indeed do occur [16]. Most of the chemiluminescence determinations reported

have involved the determination of compounds able to quench the luminescence

of luminol or other chemiluminescent systems. A smaller number have been

reported for substances enhancing the chemiluminescent signal. A variety of

determinations fall into the latter group of compounds able to sensitize the

chemiluminescent reactions. The chemiluminescent systems have not necessarily

involved the luminol-peroxide system alone, but have included among others the

Cerium(IV)-sulfite system in which the luminescence arises from the oxidation of

sulphite by cerium(IV), hexacyanoferrate (III), the peroxodisulphate system and the
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bromine based oxidative systems [17]. Examples of these analyses and some of

the analytical parameters reported are listed in Table 1.

Table 1: Analyses in which luminescence has been applied.

Analyte Reagent linear range

(ug/ml)
Detection

limit (ug/ml)

Ref

Oxytetracycline hexacyanoferrate 1-10 0.5 17

Quinine Ce(IV) - sulfite 5-500 0.64 8

Penicillin G •lum-perox-Co(ll) 0.0001 -0.01 6 exp(-5) 14

Promethazine Ce(IV) - sulfite 10.3-51.3 - 11

Hydrocortisone Ce(IV) - sulfite 0.1 -1.0 0.016 10

Betamethasone Ce(IV) - sulfite O CJ1 CJ1b 0.3 10

Isoniazid bromosuxinimide 0.05 - 20.0 0.024 12

Acetaldehyde #lum-XO-Fe(CN) exp(-7) - exp(-3) 4 exp(-7) 9

Tetracycline hexacyanoferrate 0.1 -1.2 0.04 17

Doxycycline hexacyanoferrate 0.1 -10.0 0.2 17

Chlortetracycline hexacyanoferrate 1.0-10 0.1 17

* static measurement system
# lum-XO-Fe(CN) luminol-xanthine oxidase-hexacyanoferrate
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Optimization of the analytical response

Most workers have arrived at optimal experimental conditions by examining

a single factor at a time, determining the optimal value for that factor before

proceeding with the next which was then optimized at the optimal level of the

preceding factor(s).

Owing to the large number of variables (physical, chemical and

physicochemical) that are able to influence the signal obtained, there has been a

trend towards the application of optimization methods to analytical flow streams.

The application of chemometric principles to the determination of the optimal

combination of parameters that would afford the best analytical sensitivity,

precision and analytical robustness is relatively recent. Chemometric principles

have in the main been applied to optimizing chromatographic systems; however,

they can and have been applied to the optimization of analytical flow systems.

Iterative designs as opposed to grid search methods have proved to be the

more useful in optimizing analytical experimental conditions, the simplex approach

is the most commonly employed. The basic simplex approach as introduced by

Spendley ef al [18], however, has the disadvantage of taking a rather long time to

locate the maximum, and the attendant risk of determining a secondary as

opposed to the primary maximum. Hence a number of variations to the basic

approach, variously described as modified simplex designs, have been developed

to facilitate determination of the true as opposed to secondary maximum and to
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accelerate determination of the optimal conditions [19 - 23]. Indeed automated

approaches have been developed to reduce the search time involved and develop

more comprehensive response surfaces. In automated methods, pattern search

methods have been reported [24] as preferential, over simplex based procedures

where up to three experimental variables are being considered. In the literature a

number of applications of a modified simplex method to the optimization of

analytical flow streams have been described. Calatayud and Sancho [11] applied

a modified simplex optimization to the oxidative determination of promethazine by

flow injection analysis, similarly Chen [25] applied a more complex modified

simplex method to select the optimum reaction conditions for the 1,10-

phenanthroline / l-^02 /-cetyl-trimethylammonium bromide / Ci/+ system.

The choice of an appropriate response function is probably the most critical

step in optimization. The response function selected should ideally provide a

means of optimizing all the factors able to influence analytical characteristics as

sensitivity, selectivity, precision, etc. In most analyses the response function

selected is usually the peak height at the peak maximum, though other peak

characteristics such as peak area and peak width have been employed. Indeed a

number of response functions that may be useful have been described by

Betteridge et al [26].
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The Betalactam antibiotics

The penicillins and the cephalosporins are established groups of antibiotics

characterized by the presence of a substituted 0-lactam fused to a sulfur

containing ring. For the penicillins the S-containing ring is a thiazolidine ring

whereas for the cephalosporins it is a dihydothiazine ring.

The penicillin and cephalosporin antibiotics both exert their antibiotic activity

by inhibiting the synthesis of bacterial cell walls. The/9- lactam ring is reactive and

is believed to be inactivated following acylation by the transpeptidase enzyme

which normally crosslinks peptidoglycan strands during cell wall synthesis. The

four membered p- lactam ring is strained not only as a result of ring size but also

as a result of fusion to the second ring. The immediate consequence of this is non¬

planarity of the p-lactam ring compromising amide resonance within the p -lactam

ring. In the cephalosporins this ring fusion effect on electron delocalization is

amplified by the enamine resonance outside the lactam ring. Reports in the

literature have suggested that the mechanism of action is related to both the lability

of the p-lactam amide bond and conformation of the antibiotic in the region of the

p- lactam ring [27]. The effect of ring size on ring-fused 0-lactam reactivity as well

as substituent effects on base hydrolysis of the compounds has also been studied.

Generally the biological activity of the penicillins and cephalosporins has been

correlated to

- degree of non-planarity in the p- lactam nitrogen

- the lactam C=0 stretching frequency
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as well as to the ease with which they undergo base hydrolysis.

A wide range of techniques have been used to develop methods for the

analysis of penicillins and /or cephalosporins.

Microbiological methods have found limited usefulness in the quantitative

determination of penicillins. Their main use has been in qualitative determinations,

confirming microbial sensitivity to the compounds and in determining

therapeutically effective levels.

Titrimetric methods have been the mainstay of p- lactam analyses, these

have typically involved degrading the penicillin, by use of acid and/or base

solutions, to penicillamine or some sulfhydryl containing molecule which is then

analyzed by a mercurimetric or iodometric titration. The methods are limited by the

fact that they determine "total penicillins" necessitating a blank to correct for the

presence of degradation product(s) [28,29].

Colorimetric methods have similarly involved degrading the intact 0- lactam

to generate a chromophore with characterizable uv absorption spectrum. This has

formed the basis for the hydroxamate, methylene blue, dinitrobenzoic acid and the

more recent mercurimetric assay methods [30,31,32,33].

Optical rotatory dispersion (ORD) and circular dichroism (CD) techniques

have found limited application to the analysis of penicillins. They have been mainly

applied to kinetic determinations of the compounds.

Infrared techniques have not found use in the quantitative analysis of p-

lactams but rather have found use as diagnostic tools in qualitative determinations.
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Of interest here is the ^9- lactam carbonyl stretch frequency which has been useful

in providing information on the structural integrity of the rings, the state of oxidation

of sulfur and the relative conformations of the^- lactam protons. In this respect an

increase in the p- lactam stretching frequency has been associated with an

increase in biological activity, a decrease in the lactam N planarity and increasing

ease of lactam amide bond hydrolysis by base.

Of the chromatographic methods gas chromatography has found limited

utility in the analysis of penicillins largely as a result of the non-volatility of the

penicillins and cephalosporins. Liquid chromatography has been used extensively

in both the development and application of thep- lactam antibiotics. The antibiotics

have been separated on reverse phase columns typically octadecylsilane (ODS)

columns employingmethanol, acetonitrile, aqueous buffers or combinations thereof

as the mobile phase. The detection method has typically been by uv at 254 nm.

The penicillins have been reported to enhance the luminescence arising

from the oxidation of luminol in alkaline media [13,14,15]. This enhancement has

been shown to be quantitative for penicillin V, penicillin G and cephalothin. It is

hypothesized that this enhancement is characteristic of all p- lactam antibiotics.
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CHAPTER 2

OBJECTIVES

This studywas essentially an extension of the work carried out by Schulman

et al [14] and Chen et al [15] on the enhancement of luminol chemiluminescence

by selected beta lactam antibiotics. Chen and coworkers carried out their analyses

in a static system, reporting "good" reproducibility with benzyl penicillin, piperacillin

and phenoxymethyl penicillin (penicillin V) and the cephalosporin cephalothin.

In the current study an attempt is made to answer the following questions.1). Do all /?-lactam antibiotics whether penicillin or cephalosporin enhance the

chemiluminescence signal?2). To what extent do the compounds examined enhance the

chemiluminescence?3). What structural features are necessary for the enhancement to be

measurable?4). What is the mechanism of enhancement?5). Can the chemiluminescence be applied to post-column detection in HPLC?

If so, what set of conditions would achieve maximal sensitivity, the best limit

of quantitation and best precision?

Chen et al were able to demonstrate that penicillin G, penicillin V, piperacillin and

cephalothin enhanced the chemiluminescence to varying extents. Preliminary
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experiments since then have confirmed this, but have also demonstrated that a

number of penicillins do not enhance the chemiluminescence under the given

experimental conditions.

A systematic survey of the penicillins on the basis of chemical structure

should enable the prediction of which p-lactams enhance chemiluminescence. For

this purpose the penicillins can be divided into the following chemical groups, from

which an available antibiotic can be examined for the ability to enhance the

chemiluminescence.

penicillin G

phenoxyalkyl penicillins

isoxazolyl penicillins

ampicillins and related compounds

N-acylated ampicillins

cephalosporins

cephamycins

The extent(s) of enhancement will be compared in terms of the analytical

parameters such as the linear dynamic range, sensitivity, limit of quantitation,

precision, etc. Due to the poor reproducibility associated with variations in mixing

a flowing analytical stream was employed.

Finally an attempt is made to correlate the results obtained to the

reactivities/stability of the respective beta-lactam antibiotics and the application of

the method for determination of thep-lactam antibiotics in dosage forms, indicating
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accuracy, precision, repeatability and reproducibility of the method (s).



azetidinone

6- aminopcnicillanic
acid

sulhactam

thienamycin

clavulanic acid

X

Benzylpenicillin

ampicillin

amoxicillin

X=H , Y = H

X=NH;,V=H

X=NH,. v = oh

methicillin

Figure 4: Chemicals structures of compounds examined.
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Figure 4--continued.



CHAPTER 3
EXPERIMENTAL

Reagents

Fluorescein sodium and Rubrene were purchased from Fluka Chemical Co

(Buchs, Switzerland), Aminoacridine from Sigma Chemical Co (St Louis, MO), and

Rhodamine S from K & K Laboratories (Plainview, NY). All other reagents were

supplied by Fischer Scientific Co (Fairlawn, NJ) The antibiotics were obtained from

a variety of sources. Azetidinone from Aldrich Chemical Co (Milwaukee, Wl),

Ampicillin (ACS DOBFAR) from Interchem Corporation (Paramus, NJ), Hetacillin

was provided by Beecham Research Laboratories (Syracruse, NY), N- formimidoyl

thienamycin (Imipenem) was a gift from Merck & Co (Rahway, NJ), Methicillin and

Phenethicillin from Bristol Laboratories (Syracuse, NY), Lithium clavulinate a gift

from Smith Kline Beecham Pharmaceuticals (Philadelphia, PA), Sulbactam from

Pfizer Cephalothin from Eli Lilly Labs (Indianapolis, IN). The other antibiotics were

either purchased from Sigma Chemical Co (St Louis, MO) or Aldrich Chemical Co

(Milwaukee, Wl).

All chemicals and reagents were used as provided without further

purification.

24
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Preparation of Luminol solutions.

Solutions of 0.001 M luminol were prepared by dissolving 88.6 mg 3-

Aminophthalhydrazide into a mixture of about 25 ml water and 2 ml of 2M sodium

hydroxide with stirring, then adjusting to volume in a 500 ml volumetric flask. The

solutions were employed for 48 hours prior to discarding.

Preparation of Hvdrooen Peroxide solutions.

The hydrogen peroxide solutions were prepared by pipetting 2.0 mis of a

30% hydrogen peroxide solution into a 500 ml volumetric flask containing 2.0 ml

of 2M sodium hydroxide in about 25 ml water, then made to volume with water.

Preparation of Stock Sodium Dihvdroaen Phosphate solution.

A Stock solution of monobasic sodium phosphate (Nal-^P04) 0.01 M was

prepared by dissolving 690 mg of the anhydrous salt into 500 ml water. From the

stock solution 50 ml aliquots were diluted to 500 ml to obtain the 0.001 M

solutions.

Preparation of Mobile phase.

To 35.0 ml methanol in a measuring cylinder was added the 0.001 M

sodium dihydrogen phosphate solution to obtain a final volume of 100 ml. The

solution were filtered through a 0.45 /xm membrane filter and degassed by stirring

the mobile phase under vacuum/suction.
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Preparation of Calibration series.

Stock solutions of the p- lactam compounds were prepared in deionized

water prior to each analyses. Appropriate volumes of the solutions were then

diluted with water to obtain the desired concentration ranges. 20 /x I aliquots were

injected into the chromatographic system. Mobile phase methanol in 0.001 M

sodium phosphate (35 % MeOH) pH 6.3.

Ultraviolet Soectroohotometric studies

About 15 mg dicloxacillin was accurately weighed out into a 10 ml volumetric

flask and dissolved in a small quantity of 0.001 M sodium hydroxide before being

made to volume. A 2 ml aliquot of this stock solution was then diluted to 10 ml in

a volumetric flask to given the experimental solution. A 2.0 ml aliquot of the

experimental solution was transferred to a cuvette and used for the

spectrophotometric studies.

Employing a Shimadzu UV 160U instrument the ultraviolet spectrum in the

wavelength range 250 - 360 nm for the dicloxacillin sample was obtained against

0.001 M sodium hydroxide as reference and thereafter following addition of 10,50,

80 and 100 pI of a 30 % HgOj solution. A spectrum was also obtained for a 100 /¿I

aliquot of HjOj diluted in 2 ml of the 0.001 M sodium hydroxide solution.
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Static studies.

The experimental setup for the studies is schematically illustrated in Figure

5. The reagent solution was prepared by diluting a 10 pi aliquot of 30 % hydrogen

peroxide to 10 ml in a volumetric flask using a 1CT4 molar stock solution of 2-

aminophthalhydrazide in 0.001 M sodium hydroxide. For experimental runs, 20 n I

of the dicloxacillin was added to 2 ml of the reagent solution in the cuvette.

Earlier studies involved the use of cobalt and copper ion solutions at a

concentration 104 M. They were however found unnecessary in preliminary

investigations. The metal ions employed were cobalt (II) and copper (II).

An alternate procedure adopted was to inject a specified n I volume of 30%

H,02 into the cuvette containing the luminol solution, prior to injection of the

antibiotic solution. Following injection of the antibiotic solution, the Intensity-time

profiles obtained were recorded on a disk over a specified time period.

Conductivity measurements

To a beaker containing 25 ml of a 4 X 1Ü4 M stock solution of luminol. was

added 25 p I of the 30 % . The changes in conductivity with time were then

measured using a conductivity electrode (Markkson Instruments).
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Figure 5: Schematic diagram of setup for static chemiluminescent
measurements.
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Investigation of possible Peroxvlate Based Mechanism-

Protocol for comparing different fluorescers

Approximately 1G4 M solutions were prepared by dissolving the appropriate

quantity of fluorescer (Fluorescein, Rhodamine S, aminoacridine or Rubrene) into

a 1CT3 M sodium hydroxide solution. A 2 ml aliquot was then transferred into a 3

ml cuvette placed into the static setup illustrated in figure 4 and to this was added

a 100 ai I mixture of 1-1,0, (30%) and dicloxacillin (approx 1 mg/ml) (50:50). The

emission obtained was recorded on disk over a 1000 s time period using the A-D

board and Spectracalc software.

Protocol for comparing different antibiotics

Approximately 104 M solution of fluorescein was prepared by dissolving

about 38 mg of fluorescein sodium (anhydrous M.W 376.3) accurately weighed

into a 103 M sodium hydroxide solution. A 2 ml aliquot was then pipetted into a 3

ml cuvette, placed into the static setup (Figure 4) and a 100 mI mixture of H,02

(30%) and the appropriate p- lactam antibiotic (approx 1 mg/ml) (50:50) was

added.

The emission obtained was recorded on disk over a 1000 s time period using the

A-D board and Spectracalc software.
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Flow studies

Flow Injection Analyses.

The set up employed is illustrated in Figures 6 and 7. A similar set up was

employed for chromatographic studies. In the two channnel system the flowing

streams were alkaline peroxide into which the analyte was injected and alkaline

luminol.

For the three channel system flowing streams were alkaline peroxide, alkaline

luminol andwater/phosphate/water methanol mixture. In both cases samples were

injected through a Rheodyne loop (Cotati California) injector fixed with a 20/* I loop.

Chromatographic studies

The mobile phase primarily consisted of methanol-water mixtures of varying

proportions, with or without modifiers. The modifiers used were either phosphate

or imidazole solutions. In the screening experiments varying proportions of water

and other water miscible solvents e.g tetrahydrofuran, acetonitrile, were employed.

The flow rates were nominally 1 ml.min1, for the analytical stream and 0.5

ml.min1 for the reagent streams. When a flow rate change was necessary an effort

was made to retain this relative ratio to minimize band broadening arising from

post-column mixing.

A schematic representation of the setup is as illustrated in Figure 8.
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data acquisition
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mobile phase ; primarily water miscible mixtures

reagent streams ; an alkaline luminol stream and an alkaline peroxide stream

column; silica, octylsilane or octadecylsilane

Figure 8: Chromatographic setup employed.
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Chromatographic columns employed in the studies include

Exsil R ODS Keystone scientific Inc

Dimensions 150 X 4.6 mm

Particle size
Pore size

7nm
100 A

Nucleosil R C18 Keystone scientific Inc

Dimensions 150 X 4.6 mm

particle size
pore size

5/iin
100 A

Microsorb Si Rainin Instrumant Company Inc

Dimensions 250 X 4.6 mm

particle size
pore size

5 |im
100 A

For the most part the mobile phase consisted of

methanol: 0.001 M sodium/potassium phosphate NaH,P04 (35:65)
Flow rate 1.0 ml.min1.

Detection system

post-column chemiluminescence.
- 0.001 M luminol in 0.008 M NaOH 0.5 ml.min1
- HgOg in 0.008 M NaOH 0.5 ml.min1
ultraviolet at 254 nm

NB; All metal (stainless steel) tubing was of 0.010 inches internal diameter.
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Protocol for Calibration Curve determinations

A 1 X104 M solution of luminol made alkaline in 0.008 M sodium hydroxide

was employed as one of the reagent streams. The alkaline hydrogen peroxide

stream was prepared by diluting 1 ml of a 30% v/v stock solution to 500 ml in a

flask using 1 X 103 M sodium hydroxide. The two solutions were employed as

reagent streams in a two channel flow injection system as illustrated in Figure 6.

A 20 n I aliquot of the analyte solution in the respective calibration series was

injected into a stream of the mobile phase.

Equipment1). FL-750 HPLC plus spectrofluorescence detector

McPherson Instrument Acton, Massachusetts.2). Pharmacia LKB HPLC pump 2150

LKB-Produkter Bromma, Sweden.3). LDC Analytical Constametric metering pump

LDC Analytical Riviera beach, Florida.4). Servogor 120 recorder

Norma Goerz Instruments Osterreich, Austria5). IBM PC XT6). DT 2811 Analog and Digital Input/Output board

Data Translation Inc Malbora, Massachusetts.
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7). Selectro Mark Analyzer

Markson Science Inc DelMar, Colorado.

Software1). Spectracalc

Galáctica Industries Corporation Salem New Hampshire.2). Acuchem series 4.0

40 species version

NIST, Gaithersburg Maryland.

Source of Water

All water employed in the experiments was purified by filtration through a

millipore Milli-Q 50 water filtration apparatus Millipore Corporation (Bedford, MA)

prior to use.
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Table 2: Antibiotic compounds screened for enhancement

Compound Source

2- azetidinone
6- aminopeniciilanic acid
amoxicillin

ampicillin
benzylpenicillin
cefotaxine

cephalosporin C
cephalothin Na
clavulinic acid
d- benzylpenicillenic acid
d- penicillamine
dicloxacillin
hetacillin

imipenem
methicillin

phenethicillin
phenoxymethylpenicillin
piperacilin
sulbactam

imipenem

Aldrich
Sigma
Sigma
ACS Dobfar

Sigma
Sigma
Sigma
Eli Lilly Labs
Bristol

Sigma
Sigma
Sigma
Beecham Research Labs
Merck Sharp & Dohme
Bristol Labs

Sigma
Sigma
Pfizer
Fluka
Merck & Co



CHAPTER 4
RESULTS AND DISCUSSION

Mechanistic studies

Mechanistic studies were carried out with the objective of being able to

propose a reaction model that would satisfactorily simulate the light emission

profile obtained on addition of the p- lactams to the reagents. The simulations were

performed using the chemical kinetic software HICHEM [34] and the more recent

improvement ACUCHEM [34,35]. Much of the work in elucidating the mechanism

of luminol chemiluminescence was pioneered by White et al [36] and expanded

upon by Lind, Merényi and Eriksen [37,38,39]. In most of the reaction

mechanisms radicals, ions and radical ions are proposed as being the reactive

species in the various steps preceding formation of the luminescent species.

White et al [36] proposed two consecutive loses of protons to generate a

di-anion which is then able to undergo oxidative decomposition generating the

excited aminophthalate ion, which chemiluminesces as it returns to the ground

state (Figure 9). To this series of consecutive reactions, White et al applied the

steady state approximation. Making among others the assumption that k, (HgO)

> > kg (02) White et al derived the rate expression for photon emission.

38
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rate = k [III] [OH] [02] (1)

where III is the monoanionic luminol base and

Jc- klk2
k.x [H20}

A pseudo-first order rate constant of 2.5 X 10'3 s'1 at 35 °C was reported for the

monoanionic luminol base.

Merényi and coworkers [37,38,39] in a series of publications also outlined

a possible mechanism for the chemiluminescent reaction of luminol. In the earliest

of the three papers [37], they describe the hydroperoxide as being the first critical

intermediate in the chemiluminescent pathway of luminol and suggest that the

hydroperoxide decomposes to the chemiluminescent aminophthalate ion at pH

values above its pKj (pKg = 10.4 ±0.1), whereas at pH values below its pKa the

hydroperoxide decomposes back to oxygen and its parent hydrazide. The paper

did not propose a mechanism for the formation of the hydroperoxide or the nature

of the oxidation stage.

In a later publication Merényi et al [38] proposed a pathway for the

oxidation of the one-electron-oxidized luminol by molecular oxygen reporting a

one-electron reduction potential of 0.240 ±0.02 V vs NHE for 5-aminophthalazine-

1,4-dione. However little indication is provided as to how the one-electron-oxidized

luminol is generated as well as an indication of the levels of molecular oxygen

and/or 02~* in aqueous alkaline solutions.



o o o

Figure 9: Reaction scheme after White etal [36].
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More recently Sattar and Epstein [40] outlined an overall reaction scheme

for the reaction of luminol with basic hydrogen peroxide from pulse radiolysis

studies carried out by Merényi and coworkers [37,38,39] (Figure 10).

The precise role of a number of compounds that sensitize chemiluminescent

reactions has not been fully elucidated. Various suggestions as to the role of the

sensitizing agents have ranged from being direct catalytic activators to acting via

complexation with the catalytic metal ions (usually Co2*, Cu2+) or some reaction

intermediates [41]. Some workers in the field [15,41] have suggested that the

enhancement mechanism involves the formation of an enhancer-peroxide adduct

which is then able to more rapidly generate the endoperoxide from luminol. The

endoperoxide then decomposes into nitrogen and the excited aminopthalate ion

which then serves as the luminescent species.

The concept of enhanced oxidative capability has been cited in a more

recent study of the enhancement of luminol chemiluminescence by nitric oxide.

Kikuchi et al [42] report that enhancement is due to the formation of peroxynitrite

from NO and HgOj. They demonstrated the formation of the peroxynitrite (ONOO)

anion, a strong oxidizing species, by demonstrating the existence of its specific

maximum at 302 nm in the uv spectrum. As regards the possible role of the

betalactam antibiotics in enhancing the chemiluminescence, Chen et al [15]

proposed the formation of an adduct between penicillin and the superoxide anion.

Employing difference spectrophotometry, they demonstrated the existence of a

chromophore with a maximum between 250-260 nm. This adduct was presumed



Figure 10: Reaction scheme after Sattar and Epstein [40].

dark product
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to lengthen the lifetime of the oxidant. The penicillins however have been reported

by Martinez ef a/ [43] to form metal ion complexes with cobalt whose spectra may

differ under various conditions or circumstances. Furthermore given that the

luminescence is known to be enhanced without the metal ion the postulated

adduct is not necessarily responsible for the enhancement alone. The ultraviolet

visible spectrum obtained on addition of l-^02 to dicloxacillin solutions, in the

absence of a metal ion, did not demonstrate the existence of a unique

chromophore (Figure 11). The demonstrated existence of an adduct alone does

not suggest that the adduct is responsible for the enhancement, it is also important

to show that the adduct does indeed enhance the luminescence. In the case of

nitric oxide, the peroxynitrite anion is an established oxidant, and demonstrating

a stronger oxidative potential for the adduct would lend credence to the argument.

Furthermore, it was not possible to demonstrate the existence of a uv light

absorbing adduct on the addition of the oxidizing agent sodium hypochlorite.

The oxidant activity could be demonstrated by redox potential measurement(s),

possibly using a platinum electrode against a silver-silver chloride or other suitable

reference. Suitable equipment was not available to conduct the necessary

experiments.

A second possible mode of luminescence enhancement was that the

enhancer was simply able to donate the energy arising from its oxidation to 2-

aminophthalate which then re-emits the energy as light, similar to the

chemiluminescence exhibited by the peroxyoxalates. The possibility that the
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Figure 11: Ultraviolet spectrum of dicloxacillin on addition of varying concentrationsof HgOj.
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luminescence arose from a peroxyoxalate-like process associated with the opening

up of the p- lactam ring in the penicillin was also examined. The rationale being

that the opening up of the strained p- lactam ring is the primary energy releasing

reaction that simply requires an appropriate fluorescer, which is able to absorb the

energy and release it as light. The strained p- lactam ring would open subsequent

to nucleophilic attack of the electron deficient keto group by the peroxy anion. In

opening the^- lactam ring the energy released excites a receptor molecule which

then emits the energy as light. In the case of luminol the receptor molecule could

possibly be luminol per se or the aminophthalate ion. Several experiments were

carried out to determine whether this was indeed the case. Initial experiments

suggested that 3- aminophthalate and fluorescein were both able to support the

p- lactam enhanced chemiluminescence in the presence of hydrogen peroxide.

However the enhancement from mixtures of aminophthalate and hydrogen

peroxide, was found to diminish significantly with time on standing. This could have

been due to oxidation of the fluorescer. Mohan [44] has indicated the importance

of taking into account the fluorescer stability to hydrogen peroxide and photo¬

oxidation. A possible variation of the mechanism is that the observed emission

could arise from the excitation of the fluorescer by the light energy emitted by

luminol which was then reemitted at a longer wavelength, by a mechanism akin to

that of fluors in liquid scintillation counters. Several fluorescent compounds were

tested (Table 3) and where possible intensity-time profiles were obtained.

Comparison of the chemiluminescence spectrum of the reaction mixture to that
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of the pure luminol, fluorescein or any other fluorescent enhancer would help

ascertain this aspect of the mechanism. It was also shown that the more efficient

fluorescers rhodamine and fluorescein generated more intense light output profiles

than the aminophthalate ion (Figure 12). The intensity time emission profiles for the

oxidation of selected penicillins in the prescence of fluorescein were also obtained

(Figure 13).

These observations led to the development of a peroxylate type

chemiluminescence mechanism, in which the opening of the p- lactam ring is the

primary energy releasing reaction. Subsequent events are as outlined in Figure 14.

Though opening of the ^-lactam ring was the more obvious source of energy, it

is recognised that oxidation at other sites on the antibiotics molecules could serve

as energy sites. The suggested mechanism is supported in part by the recent

observations by Chen et al [46,47] that selected xanthone dyes exhibited

chemiluminescence on oxidation by hydrogen peroxide in alkaline conditions.

Trace Cobalt (II) is also reported to catalyse the chemiluminescent reaction in the

prescence of the cationic surfactant cetyl-trimethyl ammonium bromide. It should

be noted however, that attempts to consistently reproduce the emission were not

productive.
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Table 3: Fluorescent compounds examined for potential use as reagents

Compound Observations made

acridine
9- aminoacridine

2-aminophthalate
Fluorescein sodium
1- naphthalene carboxylic acid
Rhodamine S
Rubrene

no measurable signal
no measurable signal
signal obtained
signal obtained
no measurable signal
signal obtained
poorly soluble
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Figure 12: Intensity-time profiles for dicloxacillin in the prescence of selected
fluorescers.
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Figure 13: Intensity-time profiles for selected p lactam compounds in the prescence
of fluorescein.
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Figure 14: Postulated mechanism for scission of b-lactam ring.
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A kinetic examination of the p-lactam hydrolysis reaction in the presence

and absence of luminol could provide insight on whether the chemiluminescence

enhancement is associated with beta-lactam ring opening or some other event.

A recent report by Nakashima et al [45] suggests that the H,02 stream is not

necessary for the chemiluminescence. The implication being that the penicillin-

peroxide adduct was not essential to the chemiluminescence enhancement. In an

attempt to reproduce their conditions, it was not possible to obtain a

chemiluminescence signal in the absence of the hydrogen peroxide stream. It is

however, possible that the formation of a penicillin hydrogen peroxide adduct may

not necessarily be the species responsible for the enhancement.

Determining whether the penicillins are able to enhance the luminescence

in the presence of differing oxidants may afford insight as to the nature of the

enhancement step. The alternative oxidants in this case would be the non-peroxide

oxidants such as C^, Br2 or sources of the same, namely the chlorates, bromates

or iodates as well as N-chloro- and N-bromo- succinimides. In this respect the

oxidant sodium hypochlorite was employed as a non peroxide oxidant. It was

shown that dicloxacillin did not increase the maximum intensity of emission, but an

enhancement that develops at a kinetically slower pace that was associated with

greater light output (Figure 15). As mentioned earlier there was no

spectrophotometric evidence of the formation of an adduct between the oxidant

and dicloxacillin.
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Figure 15: Intensity-time profile for dicloxacillin-luminol on employing different
oxidants.
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An observation also made was that the mechanisms proposed by Mereinyi

and Sattar did not address themselves to the first of the two electron loss

proposed for luminol on oxidation. However Diaz and García [48] account for the

loss of the second hydrogen and its electron to a metal ion in a single electron

oxidation by the transition metal ion. In the absence of metal ion it is difficult to

account for single electron redox transfers to organic species. Arising from this

omission a reaction mechanism that accounts for the oxidative changes is

proposed (Figure 16). The mechanism proposes the transient formation of the

powerful reductant diimide. The diimide formed then undergoes either self

reduction or reduces the "enhancers". The generation of hydrazine may be

facilitated by the penicillins and other enhancers. The generation of hydrazine in

oxidative reactions been demonstrated by entrapping the hydrazine using stilbene,

or by use of anthracene [49].

Presumably the 0-lactam ring is reductively opened to yield a hypothetical

aldehyde and secondary amine. This mechanistic outline is developed from the

mechanism proposed by Corey et al for the thermal decomposition of sulfonyl

hydrazides [49,50,51].

The transient existence of diimide has been recognized in synthetic organic

chemistry where it is generated in situ. Diimide has been reported to reduce the

carbonyl function of aromatic aldehydes and ketones [51]. House [52] proposes

that the reduction occurs by a mechanism in which diimide serves as a nucleophile

that reversibly adds to the carbonyl group to form the hydroxy diazene.



O' O'

NH

I
NH

O

Figure 16: Reaction mechanism involving hydrazine generation.
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The diazene intermediate decomposes with loss of nitrogen to form the alcohol.

The mechanisms lack the equilibria that would account for the emission profile.

Furthermore there is the additional possible role for the mode of action of

enhancers which would possibly include their serving as substrate for diimide

reduction, and driving the reaction to completion by consumption of diimide. It is

assumed that light emission from the luminescent species occurs at a faster rate

than the chemical reactions generating the luminescent species.

The enhancement may also arise from an increase in the efficiency of

chemiluminescence from the excited species. Direct measurement of the efficiency

of chemiluminescence was not possible using available resources, as measured

chemiluminescence is determined by both the yield of the excited aminophthalate

species as well as the competing processes able to deactivate the excited

aminophthalate ion. However from examination of the emission profile and/or the

luminescent decay profile it would be possible to postulate whether the

luminescent species was the free aminophthalate ion per se or an adduct formed

between the penicillins and the anion. The decay profile should remain consistent

if the chemiluminescent species remains unaltered. Changes in total luminous flux

would reflect changes in the yield of the chemiluminescent aminophthalate ion. On

the other hand changes in the decay profile would suggest an altered luminescent

species. The nature of alterations would probably have to be characterized by

obtaining the absorption and/or the emission spectrum of the luminescing

species. The terminal phase of the decay profile obtained in a static system, was
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characterized in terms of the best exponential fit and compared to that obtained

in the presence of the other enhancers.

The assumption made here was that, the light emission rate is indicative of

a critical rate limiting step in the chemiluminescent reaction, the terminal phase of

the light emission profile was regressed by fitting a first order exponential decay

equation. It is assumed that the terminal decay profile is free from the modifications

arising from continuous mixing in the static system. The exponential fitting was

carried out on profiles obtained for amoxicillin, benzylpenicillin, dicloxacillin and

penicillin V and compared to a control (Fig 17 & Table 4).

The results obtained compare well with the overall rate constant determined

following application of the steady state approximation by White et al [36] of k‘=

2.4 X1CJ3 s'1 at 3^C. However a single sample t-test on the rate constants did not

reveal a significant difference between the rate constants, this would suggest a

similar if not identical final reaction step and would be consistent with the

observation made by other workers that the catalytic stage was not rate limiting

and not the terminal stage.

From examination of the various mechanistic possibilities a number of

reaction schemes were drawn up and tested for suitability. The object being to

develop a model able to at least qualitatively, simulate the chemiluminescent light

emission profile obtained in the presence and absence of the beta-lactam

antibiotics. For this purpose two related reaction simulation programs were

employed.
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Figure 17: Intensity-time luminescence profiles for selected compounds in luminol
solutions.
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Table 4: Kinetic data obtained from Intensity-time profiles

Compound k (Is) R squared

amoxicillin 1.1 exp (-3) 0.908
dicloxacillin 0.9 exp (-3) 0.989

benzylpenicillin 0.8 exp (-3) 0.980

phenoxymethyl penicilli 0.8 exp (-3) 0.980
control 0.4 exp (-3) 0.964

All readings were obtained at an ambient temperature of 24.5 C
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In the initial instance the reaction mechanism and associated rate constants,

described by Sattar and Epstein [40] (Fig 10) was applied to the HICHEM program

found to simulate at least qualitatively the observed results (Figures 18-21).

A major problem with the Sattar & Epstein outline is that the relatively high

rate constants preclude the possibility of simulating an enhancement that would

match the protracted chemiluminescence seen in vitro. It was concluded that the

relatively low rate constants were probably a result of the nature of the pulse

radiolytic techniques. The studies involved generating the radicals by in vitro pulse

radiolysis, where considerations of diffusion limited mixing processes do not apply.

Applying the inverse of the rate constants did permit simulation of light output

within a 3 microsecond time scale. The adjustment did however indicate a critical

feature necessary for any simulation. This is that the oxidation step be the slowest

step in any simulation. Secondly, their model reactions involve radicals, which is

not necessarily the case in the in vitro studies. Note the effect of adding radical

quenchers to the chemiluminescence reaction was not tested. A simpler reaction

mechanism model along the lines of the scheme proposed by White et al was also

drawn and tested on ACUCHEM software. The reaction model involved a divergent

reaction sequence (Fig 22), which was fitted into an ACUCHEM input file (Figure

23).

By varying the exponent term of the rate constant for the initial oxidation

reaction for luminol it was possible to demonstrate an enhancement of not only the

postulated light output but also to obtain profile similar to those seen in vitro.
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Figure 18 : Reaction model for HICHEM simulation
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RKB SIMUL OF LUMINOL RXN
1110

1, A+00 = B, 2.3E-08
2, B =E+OH, 2.5E-05
3, B+OH =D+N +HOH, 1.8E-05
4, E+OH = B, 1.0E-09
5, E = DP, 2.0E-03
END

A.1E-05
OO.1E-05
B,0
END
1.0E-30.1.0E-32,1,0.00567
I,2,3,4,5,6,10,
II,12,13,14,15,16,17,18,19,20,
21,22,23,24,25,26,27,28,29,30

INPUT 0.0001
MULTIPLIER 0

Figure 19: Input file for simulations on HICHEM.
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Figure 20: Concentration time profiles for reactants and intermediates
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Figure 21: Simulated light emission profile
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Figure 22 : Reaction model for ACUCHEM simulation
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¡INPUT FILE FOR LUMINOL SIMULATION
BASIC

1111

1, A+B=C, 5E+07
2, C =E+H, 1.8E+05
3, C = D, 2.0E+03
END

A, 1E-04
B.1E-04
END
0.001
3600

Figure 23: Input file for simulations on ACUCHEM.
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Changes in the rate constant for the second step in the reaction model did not

yield changes in the light emission profile consistent with that observed

experimentally.

It appears that the proposals put forward in the literature [15,41] justifiably

recognized the initial oxidative step as being critical to the chemiluminescent light

output. They suggest that the various enhancers of chemiluminescence facilitate

the oxidation of luminol via formation of enhancer peroxides. The peroxy species

generated in the alkaline medium presumably undergoes nucleophilic attack of the

carbonyl group opening up the strained beta-lactam ring to a highly reactive

peroxy intermediate which is then able to oxidatively transfer the peroxy species

to luminol.
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Figure 24: Simulated concentration-time profiles for 2-aminophthalate generation
for different values for the rate constant
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Figure 25: Simulated light emission profiles for different values of rate constant k,.
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Static Studies

The possibility of employing uv-visible spectrophotometry as an investigative

tool in the enhancement of luminol chemiluminescence was also examined. Except

for the appearance of a relatively weak shoulder in the region 400-460 nm, it was

not possible to demonstrate a significant change in the ultraviolet-visible spectrum

in the region 196-600 nm on addition of hydrogen peroxide to a luminol containing

solution (Fig 13). The presence of a chromophore perturbed by an asymmetric

center in the penicillins indicated the possibility of employing optical rotatory

dispersion or circular dichroic (ORD/CD) techniques as means of examining the

fate of the betalactam antibiotics during the reaction was also tried. This approach

has been applied by Rasmussen and Higuchi [53], Mitscher etal [54] and others,

in stability studies on the penicillins. However satisfactory experimental results were

difficult to obtain due to the very slow response of the variable wavelength

polarimeter employed. No available equipment is on hand for the current studies.

A problem that arose in applying the chiroptical method is the fact that in

addition to the optical activity exhibited by the penicillins, the hydroperoxide could

also be able to rotate plane-polarized light. This could complicate any interpretation

of optical activity vs time profiles.

From the static studies it was possible to demonstrate that the methanol

content of the analytical streams influences the extent of enhancement. Maximum

enhancement was found to lie between 10-20 % v/v methanol in water (Fig 26).
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Figure 26: Intensity-time
concentrations.

Profiles for luminol reaction ®* differin9 methanol
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The possibility that degradation products of penicillin hydrolysis could in fact

be responsible for the enhancement of chemiluminescence was also examined, to

this end both penicillamine and penicillenic acid were found not to enhance luminol

chemiluminescence.

Flow Studies

Flow injection analysis

Preliminary work had indicated that the enhancement has better analytical

potential when applied to flowing streams, because the more consistent mixing

outweighs any loss of chemiluminescence due to the time of transfer to the

measuring cell. Quantitative signals could be obtained using either luminol or

isoluminol solutions at concentrations as low as 1CT5 to 10"6 M, metal ion solutions

in the same concentration range and hydrogen peroxide solutions of concentration

9 X 1CJ3 M. The optimum pH was obtained using a 1CT4 M solution of sodium

hydroxide. This can be compared to the pH 11.7 employed by Yan [55]. However

due to convenience of preparation, a Id3 M sodium hydroxide solution was

employed as solvent for all the analytes (i.e. H^, luminol and cobalt/copper). The

choice of metal ion was noted to qualitatively influence the shape of the peak.

Copper ions were noted to give rise to less baseline noise than cobalt ions, at

concentrations in the region of 1Ü6 M. In the literature different concentrations of

copper (CU2+) ions have also been reported to yield differing intensity-time profiles

[6], Yan [55] selected copper as opposed to cobalt, citing as their grounds the

chromatographic characteristics obtained and the better signal to noise ratio as a
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result of the lower background noise. Where the FIA setup involved more than two

streams, the order of mixing was found to influence the quality of the signal

obtained, better results were obtained for streams mixed in the order alkaline

luminol solution with alkaline hydrogen peroxide prior to merging with the metal ion

stream (Fig 10). This order was consistent with the reasoning that the metal ion

simply catalyzes the emission arising from the reaction of luminol in alkaline

peroxide. The beta-lactam analyte was then injected into the luminol stream prior

to the stream merging with the metal ion stream. Optimal flow rates for the setup

were determined to be approximately 1.25 ml.min1 per channel, giving a total

output of 4.5 ml.min1 flowing through the detector. A 24 /¿I cell permitted

measurements in the millivolt range which was difficult to achieve with the 12 n\

cell. This was probably due to longer residence time of the chemiluminescent

stream within the larger volume detector.

It was also noted that the metal ion stream was not essential for

chemiluminescence enhancement, and could in fact be excluded altogether, the

effect of which was a reduction in the intensity of light emission associated with

removal of the catalytic influence of the metal ion. The reduction however does not

significantly compromise the enhancement brought about by the beta-lactams. As

a result all subsequent flow injection analyses excluded the metal ion stream. FIA

studies revealed that solvents such as acetonitrile, tetrahydrofuran and butanol

alone or in mixtures with water did not support the chemiluminescence. It was

observed that borate buffers did not support the chemiluminescence whereas
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phosphate bufferswere able to support post-column chemiluminescence detection.

This was found to be in agreement with reports by Nakashima et al [45] who

reported that borate as well as the imidazole buffer did support post-column

chemiluminescence detection. Attempts to employ the imidazole buffer pH 7.3 as

described in the BP 1988 [56] in the mobile phase did not yield a post column

detection system able to support chemiluminescence. However, it is perhaps worth

noting that Nakashima et al did not define the imidazole buffer employed in their

work.

Using a three channel setup consisting of a MeOH:0.001M Kl-^P04, a

luminol stream and an alkaline peroxide (h^02) stream (Figure 6) a number of

penicillins, cephalosporins and related compounds were examined. The

chromatogram and subsequent histogram (Figure 27, 28) indicate that on a molar

basis dicloxacillin exhibited the best enhancement of chemiluminescence within the

group examined, clavulanic acid also exhibited a comparable enhancement of

chemiluminescence, then to a lower extent benzylpenicillin, penicillin V,

phenethicillin, 6-aminopenicillanic acid, cephalothin, and piperacillin. A number of

compounds exhibited weak enhancement while others did not afford a measurable

enhancment of chemiluminescence. Of significance was the fact that penicillamine

and the p -lactam ring azetidinone did not enhance the chemiluminescence

signficantly.

Analytical parameters for selected penicillins were also obtained using the

flow injection analysis setup (Figure 29 and Table 5).



74

In an attempt to correlate the degree of enhancement to a measure of ring

strain, no correlation was found between the enhancement and the literature infra

red stretching frequencies for the beta-lactam carbonyl group (Figure 30).

The influence of selected dosage form excipients on the chemiluminescent siganal

was also examined. The sugars galactose and sorbitol, p hydroxy cyclodextrin and

sodium carboxymethyl cellulose all compromise the chemiluminescence

enhancement and would have to be removed from the analyte solutions for good

results (Table 6).
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Figure 27: FIA chromatogram for enhancement by selected compounds
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1 6 aminopenicillanic acid 7 clavulanic acid 14 penicillin V
2 ampicillin 8 dicloxacillin 15 phenethicillin
3 azetidinone 9 penicillamine 16 piperacillin
4 cefotaxine 10 hetacillin 17 sulbactam
5 cephalosporin C 11 imipenem
6 cephalothin 12 methicillin

13 penicillin G

Figure 28: Histogram for enhancement by selected compounds.
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Figure 29: FIA calibration plots for selected compounds.



Table 5: Analytical parameters for selected compounds from FIA analysis

compound sensitivity
(V.l/m)

L.O.Q
(m/I)

R squared Precision
(s.d)

benzylpenicillin 168.15 8.5E-06 0.986 11.61 (n=5)
piperacillin 15.582 7.6E-05 0.98 3.59 (n=5)
phenethicillin 14.479 8.8E-05 0.986 6.14 (n=5)
penicillin V 7.643 0.00011 0.998 4.96 (n=4)
ampicillin 7.098 0.00039 0.998 2.21 (n=4)
cephalolthin 4.725 0.00082 0.97 15.84 (n=4)
hetacillin ns - - -

cephalosporin C ns - - -

methicillin ns “ “ -
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Figure 30: Scatter diagram for Infrared stretch frequencies for selected compounds
versus relative enhancement of luminol reaction.



Table 6: Influence of selected excipients on chemiluminescent
signal enhancement by benzylpenicillin.

Excipient relative % blank
concentration signal

Galactose X 10 80.2
Sorbitol x 10 81.4
sodium carboxymethyl cellulose x 10 80
beta- hydroxy cyclodextrin x 20 0
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Liquid Chromatography

The experimental objective was to develop a chromatographic system that would

permit separation and quantitation of a mixture of at least two beta-lactam

antibiotics employing a post-column chemiluminescence detection system.

Mobile phase development was based on the results from both static studies and

the flow injection analyses. Possible application of the enhancement as a post¬

column detection technique in the chromatographic analysis of penicillins was also

examined. Chromatographic separation of penicillins is well documented [57,58]

in most cases uv detection has been employed for visualization of the column

eluate. Initial experiments indicated that separation with chemiluminescentdetection

is possible using silica columns. However more recently Nakashima et al [47]

applied reverse phase separation on octadecylsilane columns with post-column

chemiluminescence detection. From the separation systems reported in the

literature it was decided to confine the mobile phase choices to mainly aqueous

based mobile phases, simply to preclude compromising the chemiluminescent

reaction by nonaqueous media or heats of solution arising from the mixing of two

or more different streams. For example whereas acetonitrile and tetrahydrofuran

were found to quench the luminescence, methanol generated a significant heat of

solution on mixing with aqueous streams resulting in a significant baseline drift.

Employing a 0.001 M Kh^PO* mobile phase useful chromatograms had been

obtained from which analytical sensitivity was measured and determination of limits

of detection was made for a number of penicillins (Table 5). From the initial
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experiments silica column based separations with postcolumn chemiluminescence

detection, were found to be feasible, however emphasis was placed on developing

a reverse phase seperation system due to the attendant advantage of lower

operating costs. The criteria applied to selecting the appropriate starting mobile

phase were that, the phase be partly or entirely aqueous, permit reverse phase

separation, not contain known quenchers of the chemiluminescence and be easily

adjusted to pH 10 by mixing with post column alkaline streams. A number of the

chromatographic systems described in the literature for the separation of penicillins

were not likely to support chemiluminescence, largely due to the organic modifier

or buffer employed in the chromatographic mobile phase, presumably to ensure

that only one ionized form of the penicillin exists in the system.

Attempts to employ a methanol-water-acetonitrile combination without the modifier

failed to achieve separation of the penicillins with all eluting at the solvent front.

Subsequent experimental runs were based on the separation reported by White

and Zarembo [59] these were initially carried out on an octadecylsilane (ODS)

column using a methanol in 0.01 M sodium dihydrogen phosphate NaHgPQ,

(35:65) mobile phase with a uv detector set at 254 nm. This sytem was able to

seperate dicloxacillin from penicillin G but did not support post column

chemiluminescence detection. Lowering the buffer concentration to 0.001 M

permitted post-column chemiluminescence detection, but significantly reduced the

solute retention times. The reduced retention time(s) compromised the usefulness

of post-column chemiluminescence detection as reasonable difference in retention
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times is necessary to counter the effects of band broadening arising from the post¬

column detection method. The use of 0.001 M potassium dihydrogen phosphate

(KHgPQ,) alone as mobile phase for the elution of penicillin G gave rise to broad

peaks on a noisy baseline. The addition of 10% methanol to the 0.001 M Kf-^PC^

significantly reduced the noise, but did not yield useful peaks. The use of a 35 %

Methanol in 0.001 M Kh^P04 mobile phase eluted the penicillins but required the

introduction of a delay coil.The delay coil served to improve the extent of mixing

and allow the reaction to develop improving the signal to noise ratio. Using a 7.1

cm mixing loop the chemiluminescence enhancement was not detectable, whereas

lengthening the mixing loop to 47.0 cm afforded a measurable chemiluminescence

enhancement signal. Employing 35 % methanol in 0.001 M KI-^PQ, as mobile

phase on a reverse phase octadecylsilane (Exsil R ODS) column at 1.0 ml min1,
with reagent streams of alkaline luminol and alkaline hydrogen peroxide each at

0.5 ml.min1, the retention times for selected betalactam compounds were obtained

(Table 7) and calibration curves obtained for dicloxacillin, penicillin V and penicillin

G (Fig 31-34). Employing the three compounds the precision reported as a

standard deviation was determined (Table 8).

An estimate of the loss of resolution associated with the post-column

chemiluminescence detection was also detemined employing penicillin V and

dicloxacillin as model compounds (Table 9). The results exhibit a loss of resolution

of 19.3 % for the system employed.



Table 7: Chromatographic retention times for selected compound

Compound retention time
(min)

6-aminopenicillanic acid 1.35
amoxicillin ns

ampicillin ns

azetidinone ns

cefotaxine 1.8

cephalosporin C 1.2

cephalothin 1.9
clavulinic acid 1.2

d-penicillamine ns

dicloxacillin 4.9
hetacillin ns

imipenem 1.2
methicillin 2

penicillin G 3

penicillin V 3.1

phenethicillin 3.6

piperacillin 1.2
sulbactam ns

ns : no measurable signal obtained

Chromatographic system

Column Exsil R ODS
Mobile phase 0.001 M K H2P04 :MeOH (65:35)
Reagent streams alkaline luminol

alkaline hydrogen peroxide
Detection system Chemiluminescence

1.0 ml/min
0.5 ml/min
0.5 ml/min
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Figure 31: Calibration plot for dicloxacillin.
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Figure 32: Calibration plot for penicillin V.
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Figure 33: Calibration plot for penicillin G.
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Figure 34: Typical chromatogram obtained
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Table 8: Analytical parameters for selected compounds.

Compound X-coefficient R squared Precision replicates
mm.l/m

Penicillin G 4.3 exp(4) 0.99 5.11 6
Penicillin V 2.5 exp(4) 0.98 24.44 6
Dicloxacillin 4.9 exp(4) 0.98 7.6 6

\



Table 9: Results obtained from resolution measurements

uv spectrophotometric detection

Compound retention peak
time (min) width (min)

penicillin V 3 0.8

dicloxacillin 5.55 0.9

Calculated resolution Rs = 3.0

chemiluminescence detection

Compound retention peak width
time (min)min

penicillin V 3.1 1.15

dicloxacillin 5.7 1.0

Calculated resolution Rs = 2.4186



CHAPTER 5
CONCLUSIONS

In addition to the B-lactam antibiotics penicillin G, penicillin V, piperacillin and

cephalothin, a broader range of B- lactam ring containing compounds are able to

enhance the chemiluminescence exhibited by luminol. It appears that a "strained"

B-lactam ring is essential for the enhancement. However the presence of a p-

lactam ring alone does not insure enhancement of luminescence as other

structural features in the molecule appear to be able to modulate this enhancement

of luminol chemiluminescence.

The different penicillins enhance the chemiluminescence to varying degrees

exhibiting differing intensity profiles. Of the p- lactam compounds examined

dicloxacillin and clavulinate exhibit the most profound enhancement of

luminescence, more so than penicillin G and the phenoxyalkyl penicillins penicillin

V and phenethicillin. Cephalothin, methicillin, aminopenicillanic acid, piperacillin and

sulbactam exhibit much less enhancement. Ampicillin and its derivative hetacillin

on the other hand do not enhance the chemiluminescence as does the isolated p-

lactam ring azetidinone. These differences are presumed to arise from differences

in the accessibility of the nucleophilic oxidant to the electron deficient carbon of the

91
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p- lactam ring. No correlation was found between chemiluminescent enhancement

and ring strain as measured by the position of the p- lactam carbonyl IR stretching

frequency. The mechanism of enhancement does not necessarily involve formation

of a peroxy intermediate III, evidence for this obtained from the observation that

non- peroxide oxidant hypochlorite is also able to support the 6- lactam

enhancement of luminol chemiluminescence.

The enhancement may involve the oxidation of the 6-lactam ring, with

transfer of the energy generated by the hypothetical ring scission, to a suitable

receptor that is able to re-emit the energy as light. Under more drastic conditions

aweak emission is demonstrable from fluorescein. However there is need to obtain

emission spectra in order to characterize the emitting species.

It was also noted that the metal ion stream was not essential for

chemiluminescence enhancement, and could in fact could be excluded altogether.

The advantage of here being the potential reduction of analytical costs.

In application of the technique to LC analyses the mobile phase

combinations are limited to alcohol-water mixtures (primarilymethanol-water) of not

more than 50% alcohol. The enhancement is not supported by acetonitrile or

tetrahydrofuran and is compromised by high (>0.01 M) concentrations of

phosphate or borate buffer.

The loss in resolution associated with use of the technique as a post-column

detection technique is of the order of 20 %.
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The enhancement can be applied to the flow injection analyses of the 6-

lactam antibiotic or as a post column detection technique in liquid chromatographic

analyses of penicillin mixtures whose retention times differ by more than « 1 min.

Largely as a consequence of the cheaper and often more snesitive methods

available the technique has limited utility in the analysis of the compounds as raw

materials or in dosage forms. However, the technique has potential utility as a

means of directly quantitating the intact fused beta-lactam ring. This is particularly

so in the analysis of biological fluids where some of the other methods may be

compromised by the prescence of interferents such as amino acids that may

resemble some of the degradation products of ring opening.



APPENDIX

Derivation of rate equation for chemiluminescent light production

Reaction sequence

ki

fcl

(A)

fa

NH2 O

+

Assumptions made include, the reactions are first order or at least pseudo- first

order with respect to the primary reactants A and C.

5D.
51 ■■k?[C]

94
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Applying the steady state hypothesis to the intermediate C.

i.e. rate of formation of C equals rate of consumption, then the rate of formation

of C is given by the equation

hence

kx[A] =k'[C]

where k’ = (k2 + k3 + k_1)

and

[c] K
k2 +k3 +k_x

[A] [B]

therefore the rate of product formation is given by

5D
6 t

k2kl
k2 +k3 +k-l

[A] [.B]

It would therefore appear that enhancement of either the rate of peroxy species

formation or consumption would improve yields of product.
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Given that the concentration of A at any time t is given by the pseudo first order

relation

Assuming that at t=0, [C] = 0. Integrating with respect to time equation two would

yield the equation,

ic'-Jq

hence the rate of production of D which in turn reflects the light flux is given by

the equation

&D= le-k^-e-k't)
«t k'-k,

NB A quantum yield of unity is assumed.
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