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Abstract

Neostigmine (1�10ÿ7±1�10ÿ6 M) and galanthamine (5�10ÿ7±6�10ÿ6 M) are determined by measuring their inhibition of

acetylcholinesterase immobilised on controlled pore glass. The determination is carried out by a ¯ow injection procedure with

spectrophotometric detection. The 3� limits of detection were 0.5�10ÿ7 M neostigmine and 5�10ÿ7 M galanthamine. The

relative standard deviations were 1.3% for ®ve determinations of 5�10ÿ7 M neostigmine and 2.0% for six determinations of

2�10ÿ6 M galanthamine. Several reagents for achieving on-line reactivation of inhibited enzyme were studied. As a result,

2�10ÿ3 M NaF was recommended for reactivation after neostigmine inhibition, and 2�10ÿ4 M substrate solution for

reactivation after galanthamine inhibition. The ef®ciency of the reactivation process was interpreted in terms of the inhibitory

mechanisms relating to the above drugs. # 1998 Published by Elsevier Science B.V. All rights reserved.

Keywords: Flow injection; Spectrophotometry; Enzyme inhibition; Galanthamine; Neostigmine; Immobilised AchE

1. Introduction

Neostigmine (I), a carbamate derivative, is a potent

acetylcholinesterase inhibitor and is extensively used

for treatment of myasthenia gravis [1]. It reacts with

acetylcholinesterase (AChE) in much the same way as

do the substrate acetylcholine and inhibiting organo-

phosphorus compounds. The substrate and inhibitor

bind at both the anionic and esteric sites on AChE,

following which hydrolysis occurs in a similar manner

for substrate and inhibitor. In the case of neostigmine

quaternary ammonium phenol is split off by hydro-

lysis leaving the carbamylated enzyme. The latter is

hydrolysed to release a substituted carbamic acid and

regenerates the free enzyme [2]. The rate of hydrolysis

of the carbamylated enzyme is slower than that of the

acylated enzyme formed with the substrate, but the

regeneration of the enzyme activity occurs far more

readily than with an organophosphorus inhibitor.

Galanthamine (II) is a reversible inhibitor which

binds only to the anionic site of AChE [3]. The

compound has safely been used in humans for ca.
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30 years as an anticurare agent in the treatment of

various neurological disorders [4]. It is the only

member of the large group of amaryllidaecea alka-

loids that has gained widespread commercial applica-

tion. Clinically this alkaloid is important as a natural,

potent cholinergic substance, showing strong anti-

cholinesterase activity [5]. The alkaloid is extracted

from plants. Commercial synthesis of the compound is

too expensive and very low yielding. Therefore the

supply of the drug depends on natural plant resources

[6].

In the last few years this compound has also gained

popularity for the treatment of Alzheimer's disease.

As progressive memory dysfunction in Alzheimer's

disease is associated with a decreased rate of form-

ation of acetylcholine in the brain, it is useful to inhibit

acetylcholine hydrolysis to restore synaptic function

[7]. A reasonable therapeutic approach, therefore, is to

treat this disease with cholinesterase inhibitors. Dif-

ferent inhibitors have been tried. Few of them can pass

into the brain and remain effective without any severe

side effects. Physiostigmine is one of the most com-

monly used drugs for the treatment of Alzheimer's

disease. While this can produce memory improve-

ment, its clinical application is not without problems.

Another drug, tacrine (tetrahydroaminoaccaridine), is

less potent than physiostigmine, and is reported to be

more useful for the treatment of this disease, but it also

produces adverse effects [8,9]. The reason could be

that both physiostigmine and tacrine are not selective

for AChE and also inhibit butyl(Bu)ChE, which

causes adverse effects.

Galanthamine is highly selective for AChE and thus

is well tolerated, which might be related to lack of

BuChE inhibition. Owing to the high selectivity of this

drug for AChE it has achieved considerable super-

iority to physiostigmine and tacrine for the treatment

of Alzheimer's disease. Although neostigmine is also

selective for AChE it is inappropriate for Alzheimer's

disease because its quaternary structure makes it

dif®cult to cross the blood±brain barrier [10].

Liquid chromatographic methods [11±14] and an

enzyme immunoassay and radioimmunoassay [5,6]

have been developed for galanthamine. Radioimmuno-

assay is very sensitive, but has well-known disad-

vantages.

Neostigmine is most frequently determined by gas

chromatography (GC) [15±17] and a few spectropho-

tometric methods [18,19] and less frequently iodime-

trically [20] and potentiometrically [21]. An

amperometric enzyme immunoassay has also been

developed [22] for the determination of anticholin-

esterase drugs. The system is sensitive but the lifetime

of the enzyme biosensor is only 15 days.

Batch enzymatic inhibition (EI) methods have been

described for the determination of neostygmine

[23,24], but these methods have been proved to under-

estimate carbamates [25]. The sensitivity and relia-

bility of these methods could be improved by

converting them into ¯ow injection (FI) methods.

Such methods have been successfully adopted in this

laboratory for the determination of carbamate pesti-

cides [26,27]. No FI-enzyme inhibition (EI) method

has yet been described for the determination of rou-

tinely and effectively used medicinal carbamates. In a

previous paper [28] FI analysis for metrifonate, an

organophosphorus compound, based on the inhibition

of immobilised AchE, was successfully achieved. In

the present paper the same principle is adopted for the

determination of neostigmine and galanthamine,

which might prove useful for routine analysis for

the drugs and analogous compounds of medicinal

importance. It is particularly interesting to test such

a FI-immobilised AChE procedure on inhibitors that

bind to the anionic site, unlike metrifonate which

binds to the esteric site of AChE. Emphasis has also

been placed on the rapid regeneration of the enzyme

after its inhibition to enable the enzyme to be reused

ef®ciently.

2. Experimental

2.1. Reagents

All chemicals and reagents were the same as those

described previously [29], except for galanthamine±

HBr, which was generously provided by Shire Phar-

maceuticals, Foss House, Andover, Hants, and neo-

stigmine, which was purchased from Sigma (Poole,

UK). A galanthamine stock solution (3�10ÿ4 M) was

prepared by dissolving 0.01 g of drug in 100 ml of

water. Dilutions were made in sodium phosphate

buffer (pH 8.5, 0.1 M). A neostigmine stock solution

was prepared by dissolving exactly 0.06 g of drug

in 100 ml of water. The solution was stored in a
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refrigerator, and freshly diluted before use in the

sodium phosphate buffer. A new stock solution was

prepared each week. The immobilised acetylcholines-

terase was prepared as described previously [28] by

binding to 3-aminopropyl-triethoxysilanised con-

trolled pore glass (CPG) via glutaraldehyde linking.

The CPG-240 (Sigma) was 80±120 mesh, mean pore

diameter 22.6 nm.

2.2. Apparatus and procedure

The basic FI manifold equipped with ¯ow cell and

spectrophotometer was the same as that used for the

determination of metrifonate [28]. The inhibitor and

substrate (acetylthiocholine) zones were injected to

coincide in the buffer stream, which then passed

through the immobilised AChE column, 2.5 mm

long�2.5 mm i.d. The ef¯uent was mixed with chro-

mogen (5,5-dithiobis)(2-nitrobenzoic acid) solution,

and the absorbance measured at 405 nm. The enzyme

column was thermostated by a water jacked connected

to a thermostat bath. The spectrophotometric proce-

dure followed for inhibition studies of AChE with

neostigmine or galanthamine was the same as that

adopted for metrifonate determination [28]. The per-

centage enzyme inhibition (%I) was calculated by the

formula: %I�100 (A0ÿAi)/A0, where A0 is the peak

height absorbance in the absence of inhibitor and Ai is

that in the presence of inhibitor.

3. Results and discussion

3.1. Effect of reaction parameters

When working with enzymes, pH is an important

factor to be optimised. pH optimisation studies were

carried out for neostygmine by preparing sodium

phosphate buffers of a wide range of pH values

(6.0±10.0, 0.1 M). Each buffer was used as a

carrier solution and %I was calculated. As shown

in Fig. 1, inhibition increases with increase in pH

up to ca. pH 8.5. It can probably be concluded that

binding of neostigmine is greatest at this pH as the

mechanism is similar to that of ACh binding and

AChI hydrolysis is also maximal at this pH [28].

Neostigmine and galanthamine inhibition were sub-

sequently studied at pH 8.6, in 0.1 M sodium phos-

phate buffer.

Temperature was another factor to be optimised for

inhibition studies. When the temperature was

increased from 158C to 508C during studies of inhibi-

tion by neostigmine, %I continuously increased with

temperature (Fig. 2). At temperatures >458C [28] the

Fig. 1. Effect of pH on % inhibition; 6�10ÿ4 M substrate (70 ml) and 2�10ÿ7 M neostygmine (160 ml). Drug incubated enzyme for 3 min at

308C.
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enzyme eventually became denatured, so further work

was carried out at 308C in order to ensure a long active

lifetime for the enzyme column, and also to avoid the

problem of air bubbles in the ¯ow system which

increased with increase in temperature.

The effect of substrate (acetylthiocholine) concen-

tration on %I by neostigmine or galanthamine was

investigated by injecting different concentrations of

substrate with a ®xed concentration of inhibitor

(1�10ÿ7 or 2�10ÿ7 M neostigmine or 3�10ÿ6 M

galanthamine; 3 min incubation). The results showed

that over all concentrations of substrate studied

(2�10ÿ4±8�10ÿ4 M) there was no change in percen-

tage inhibition by either inhibitor with increasing

substrate concentration, i.e. the inhibition is non-

competitive. Unlike metrifonate, neostigmine and

galanthamine inhibit AChE at its anionic site. Thus

the inhibitors can bind with free enzyme and also with

the acyl±enzyme complex, as in this complex the

anionic site is free because choline has dissociated

from the anionic site and only the esteric site is

blocked. Hence the inhibition is non-competitive,

whereas for metrinfonate it is uncompetitive [29].

As a result a substrate concentration of 2�10ÿ4 M

was used for galanthamine and 4�10ÿ4 M for neos-

tigmine determination.

A small range of substrate solution volumes (30±

100 ml) was injected to investigate the effect of sub-

strate volume on %I. The results showed only a small

(ca. 30%) increase with increasing volume over this

range. In fact, 30 and 50 ml of substrate were injected

for further studies of neostigmine and galanthamine,

respectively, although somewhat greater sensitivity

would have been achieved with larger substrate

volumes.

The extent of inhibition increases with increasing

incubation time of enzyme with inhibitor, thus making

detection more sensitive. The incubation time for

neostigmine was optimised by injecting a de®nite

®xed volume of sample (inhibitor) solution into the

carrier stream of phosphate buffer and the ¯ow was

stopped after 15 s so that the inhibitor remained in the

enzyme column for a ®xed period of time (30 s±

5 min). After each experiment enzyme activity was

completely regenerated and the column reused (see

below). The results obtained are shown in Fig. 3,

which indicates that inhibition increases signi®cantly

with increase in incubation time up to ca. 3 min after

which only a modest increase is observed. Galanth-

amine, likewise, was incubated for 10±180 s in the

enzyme column. It was found that the inhibition

was very rapid and was not time dependent, so all

Fig. 2. Effect of temperature on % inhibition; pH 8.6 conditions otherwise as in Fig. 1.
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inhibition measurements were made without incuba-

tion, i.e. under continuous ¯ow conditions.

The effect of sample (inhibitor) volume was

investigated by increasing the volume from 50 to

200 ml for both inhibitors (Fig. 4). The %I increased

almost linearly with such an increase in sample

volume. For calibration a 180 ml sample volume

was used in order to achieve high sensitivity, as

there was little increase in sensitivity above this

volume.

3.2. Enzyme reactivation

In order to reuse the inhibited enzyme reactor, it is

necessary to reactivate the enzyme, preferably without

removing it from the ¯ow system. For metrifonate

inhibition, the inhibitor could be displaced from the

enzyme by passing pH 8.5 sodium phosphate buffer,

but the process took 15 min [28]. Displacement of

inhibitor by passing substrate gave faster displacement

(ca. 6 min), but the use of pyridine-2-aldoxime

Fig. 3. Effect of incubation time on % inhibition; 4�10ÿ4 M substrate (30 ml) and 2�10ÿ7 M neostygmine (160 ml), 308C, pH 8.6.

Fig. 4. Effect of sample (drug) volume for (a) neostygmine; (b) galanthamine on % inhibition. Conditions otherwise as in Table 2.
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methiodide (2-PAM), which binds preferentially with

the inhibitor, gave complete restoration of activity of

90% inhibited enzyme in 3 min. This was needed to

regenerate the enzyme so as to allow 30 determina-

tions of metrifonate per hour.

Reactivation of AChE inhibited by galanthamine

was found to be almost instantaneous at room tem-

perature (ca. 258C) in a stream of pH 8.6 buffer, but

when the experiment was repeated at 10±158C com-

plete reactivation took longer (5 min). Potential reac-

tivators such as NH2OH, (1�10ÿ3 M), NaF and

MgCl2 (both 2�10ÿ3 M) were injected, but they

had no effect on the rate of reactivation of the enzyme

at 10±158C. So reactivation by buffer at 258C was used

in further studies.

In contrast to galanthamine, removal of neostig-

mine inhibition was quite slow, as mentioned by

Goldstein and Hamlisch [29], probably because of

the additional esteric site binding. For neostygmine, as

with galanthamine, the ®rst target factor in order to

enhance the regeneration of the enzyme after inhibi-

tion was temperature. Regeneration at 208C was slow,

taking 10±15 min for 95±100% regeneration while

continuously passing buffer and ®nally injecting sub-

strate, or by continuously passing the substrate. How-

ever, when the inhibited enzyme column was washed

with buffer at 308C or 358C the enzyme activity

completely reappeared in 5±7 min. This shows that

temperature is again an important factor in the reversal

of inhibition. As there was no difference in the per-

centage reactivation at 308C or 358C, 308C was used

in all further work. No additional reactivating agent

was required.

The effect of higher concentrations of substrate than

are used in the analytical procedure may also have an

effect on the rate of regeneration of the enzyme. When

30 ml injections of 1�10ÿ3 M substrate were made

into the enzyme column after inhibition by neostyg-

mine, it was observed that there was a little or no

change in reversal of inhibition when the substrate was

incubated in the column for 30 s±4 min. However,

incubation of 2�10ÿ3 M substrate with the enzyme

for 90 s restored the enzyme to ca. 90% activity

(Table 1). None of the other compounds tested for

reactivation, as described below, gave signi®cantly

improved deactivation.

The regeneration effects of different reactivators on

neostygmine inhibition were studied at pH 8.6 and

308C. The results are summarised in Table 1. In this

set of experiments 30 ml of reactivator solution was

injected and passed through the enzyme column or

stopped in it for some time (30 s±3 min). Finally

buffer was passed as carrier and after 5 s substrate

was injected to investigate the change in enzyme

activity. MgCl2 (2�10ÿ3 M), molybdate or hydroxyl-

amine (both 1�10ÿ3 M) had no effect on regeneration

without incubation, but ca. 80% enzyme activity was

recovered after 2 min incubation.

The oxime (2-PAM) used for the reactivation of a

phosphorylated enzyme (e.g. with metrifonate) was

tested for reactivation of the carbamylated enzyme

(neostigmine inhibition). The reactivating action of 2-

PAM in the range 2�10ÿ5±2�10ÿ4 M was studied. It

was found that a concentration as high as 1�10ÿ4 M

did not reactivate the enzyme inhibited by neostig-

mine signi®cantly better than the buffer alone. It has

been reported by Naloff [30] that oximes differ in their

effectiveness against different carbamates. In addition,

it would not be expected that 2-PAM would reverse the

carbamylation of the enzyme.

It was also observed in this work that frequent

injections of 2-PAM even in the absence of inhibitor

decreased the enzyme activity, presumably via inter-

action with the anionic site. If the enzyme was then

washed with buffer, however, its normal activity was

restored. In addition, reactivation of the enzyme with

the oxime decreased the degree of subsequent inhibi-

tion by neostigmine even after complete reactivation

of the inhibited enzyme.

Atropine is well known as a compound that restricts

AChE inhibition, and has been reported to be a

reactivator of the enzyme inhibited by neostigmine.

Table 1

Reactivators used for the regeneration of the 70% neostigmine

inhibited enzyme

Reactivators Concentration

(M)

Stopped

time (min)

Activity

recovered (%)

MgCl2 2�10ÿ3 3 80

Molybdate 1�10ÿ3 3 82

Substrate 2�10ÿ3 1.5 90

2-PAM 1�10ÿ4 2 72

NH2OH 1�10ÿ3 2 83

Atropine�2-PAM 4�10ÿ5�2�10ÿ5 2 74

Atropine 4�10ÿ5 2 85

NaF 2�10ÿ3 1 92
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As shown in Table 1, when 4�10ÿ5 M atropine or a

mixture of atropine (4�10ÿ5 M) and 2-PAM

(2�10ÿ5 M) was injected it was found that atropine

alone was a better reactivator than 2-PAM alone or a

mixture of 2-PAM and atropine.

As can be seen from Table 1 NaF was found to be

the most effective reactivator for neostigmine-inhib-

ited AChE. Thus 2�10ÿ3 M NaF was selected for use,

but its performance was only marginally better than

the use of substrate. Indeed, NaF is unnecessary when

the enzyme is inhibited by <50%.

3.3. Analytical performance

On the basis of the optimisation experiments

described above, the conditions recommended for

the determination of neostigmine and galanthamine

are those given in Table 2. The use of stopped ¯ow

increased the sensitivity for neostigmine; however, a

1 min incubation time was selected for calibration as a

compromise between sample throughput rate and

sensitivity. The conditions recommended for reactiva-

tion after neostigmine inhibition are given in Table 3.

Under the recommended conditions, the relative

standard deviation was 1.3% for ®ve determinations

of 5�10ÿ7 M neostigmine. The linear response range

was 1�10ÿ7±1�10ÿ6 M. Below 1�10ÿ7 M the slope

changed markedly. Thus, the limit of detection,

de®ned as the concentration of analyte giving a signal

equal to the blank signal plus three standard deviations

of the blank, was 0.5�10ÿ7 M, which gave 8% inhibi-

tion. The least squares calibration equation was

%I�13�7.4�107 [neostigmine] (M) and the linear

correlation coef®cient was 0.999 (n�9). Each analysis

took 2±3 min, the sample throughput rate was 20

samples per hour, and the immobilised enzyme

remained useable for several months, if stored in a

refrigerator at 48C in contact with the buffer solution,

when not in use. Under the optimised conditions the

calibration graph for galanthamine was linear over the

range 5�10ÿ7±6�10ÿ6 M. The least squares linear

equation was %I�6.9�11.2�106 [galanthamine] (M)

and the correlation coef®cient was 0.998 (n�7). The

sampling rate was >40 samples per hour and the limit

of detection 5�10ÿ7 M (inhibition ca. 10%). The

relative standard deviation for measurements of six

replicate injections of 2�10ÿ6 M drug was 2.0%.

4. Conclusions

Drugs which inhibit actylcholinesterase at the anio-

nic site can be determined spectrophotometrically by

measuring the inhibition in a ¯ow system. The pro-

cedure is straightforward, with a sample throughput of

20 per hour. The reactivation of the enzyme is much

simpler than with metrifonate, which binds at the

esteric site. Passage of substrate solution generally

completely removes the inhibitor in 1 min for both

drugs studied, although 2�10ÿ3 M NaF was slightly

more effective for neostigmine.
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