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AchE 
ADP 
ATP 
BSA 
Ch 
ChO 
CK 
CPG 
ED 
FL 
GGPD 
HK 
HPLC 
HSD 
IMER 
NAD 
NADH 
NADP 
NADPH 
PMS 
PMSH 
POD 
uv 

Acetylcholme esterase 
Adenosme dlphosphate 
Adenosme trlphosphate 
Bovine serum albumm 
Cholme 
Choline oxidase 
Creatme kmase 
Controlled-pore glass 
Electrochemical detection 
Fluorlmetric (detection) 
Glucose-6-phosphate dehydrogenase 
Hexokmase 
High-performance liquid chromatography 
Hydroxysterold dehydrogenase 
Immoblhzed-enzyme reactor 
Nlcotmamlde adenme dmucleotlde, oxldlzed 
Nicotinamlde adenme dmucleotlde, reduced 
Nlcotmamlde adenme dmucleotlde phosphate, oxidized 
Nlcotmamlde ademne dmucleotlde phosphate, reduced 
Phenazme methosulphate, oxidized 
Phenazme methosulphate, reduced 
Peroxidase 
Ultraviolet 

1 INTRODUCTION 

Since the first success by Kirkland m 1969 [la], high-performance liquid 
chromatography (HPLC) has been extensively developed HPLC is a highly 
selective, rapid, reproducible, non-destructrve and automatable method An- 
other advantage is that it can be apphed to a variety of compounds lacking 
volatlhty and thermal stability However, the sensitivity of the detection sys- 
tem is not always satisfactory The common HPLC methods involve the use of 
refractive index, ultraviolet (UV), fluorimetrlc (FL) or electrochemical (ED ) 
detection The response of the refractive index detector is not satisfactory and 
the other detectors are applied to the compounds having a chromophore, fluo- 
rophore or electrophore, respectively 

In recent years, pre- and post-column labelhng methods have been devel- 
oped to extend the apphcabdlty of these detectors Among these methods, en- 
zyme reactors using immobihzed enzymes (IMERs) are noteworthy because 
of their high sensitivity, selectlvlty and simpllclty A compound that is unre- 
sponsive to the detector is enzymatically converted to a highly responsive com- 
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pound The high speclficlty of enzymes also gives high selectlvlty for the de- 
termination of trace components m complex matrices This review deals with 
the apphcatlon of IMERs to detectlon systems m HPLC. 

2 IMMOBILIZATION OF ENZYME 

Analytlcal methods using various enzymes have been summarized m books 
edited by Bergmeyer [ lb,21 The methods have been widely apphed to the 
determination of the substrate, product, activator, inhibitor or enzymlc actw- 
lty The enzymes most commonly used are oxldoreductases, whose actlvltles 
are easily detectable, and m combmatlon with these enzymes other enzymes 
are also used Enzymes are usually used m solutions and hence are unstable 
towards heat or organic solvents, and cannot be used repeatedly The purpose 
m lmmoblllzmg enzymes 1s to overcome these problems and to take advantage 
of the particular characterlstlcs 

A variety of support materials have been developed for enzyme lmmoblh- 
zatlon Among the factors to be considered are the capacity of the carrier to 
bind enzyme and the mechanical and chemical stablhty of the support In gen- 
eral, Sephadex, cellulose, polyacrylamlde, nylon, ceramics, glass beads and sll- 
lea gel are chemically modified and then used as a support Immoblhzatlon 
methods can be dlvlded mto two groups, that is, physical and chemical meth- 
ods The former method mvolves the physical entrapment of an enzyme m the 
spaces of a polymer matrix This lmmoblhzatlon method 1s easy but the dura- 
blhty of the lmmoblhzed enzyme 1s not satisfactory In contrast, the latter 
method mvolves the lmmoblhzatlon of enzyme by the formation of covalent 
bonds, which provides a stable lmmoblhzed enzyme Most of the IMERs used 
for HPLC detection systems are obtamed by this method. However, sometimes 
the enzymlc activity 1s depressed by the formation of covalent bonds, and 
therefore the method 1s not always satisfactory The details have been reviewed 
in several reports [ 3-71 

Immoblhzed enzymes are advantageous m the followmg respects repeated 
use of a single batch of enzyme, facile removal of the enzyme from the reaction 
mixture, and mcreased stability against heat, organic solvents and pH In HPLC 
the organic modifier m the mobile phase exerts a considerable mfluence on the 
activity and stability of the enzyme The flow-rate also affects the conversion 
efficiency for the substrate Band broadening due to non-specific binding to 
the enzyme has sometimes been observed These drawbacks often limit the 
apphcatlon of IMERs 

3 APPLICATION TO THE ANALYSIS OF VARIOUS COMPOUNDS 

3 1 Sterozds 

Since the late 197Os, IMERs have been applied to the analyses of steroids 
and many HPLC-IMER systems have been developed This section deals with 
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the apphcatlon of the system to the determmatlon of steroids m blologlcal 
flulds 

3 1 1 Sterols 
Cholesterol itself has an absorption maxlmum of moderate molar absorptlv- 

lty at 202 nm, but it 1s not convenient to select wavelengths lower than 210- 
212 nm because of low lamp mtenslty and solvent absorption Ogren et al [ 81 
developed a post-column reactor contammg lmmoblhzed cholesterol oxldase, 
which 1s capable of converting cholesterol to cholest-4-en-3-one, having an 
absorption maximum at 241 nm (Fig 1) The enzyme was lmmoblhzed on 
sllamzed porous glass with glutaraldehyde as the couplmg reagent Ethanol- 
water (4 1) was selected as the mobile phase Ethanol contents higher than 
30% depressed the actlvlty of the IMER rapldly and lrreverslbly and ddutlon 
with buffer was therefore necessary to bring the ethanol content below 20% 
prior to the enzymlc reaction The sensltlvlty was improved with IMER (de- 
tection UV, 241 nm) by 3 6-4 4 fold over that without the IMER at 211 nm 
The conversion efficiency was 72 and 60% for cholesterol and 7c+hydroxy- 
cholesterol, respectively If the amount of enzyme m the IMER was increased 
so that the conversion efficiency became close to lOO%, the sensltlvlty could 
be increased 6-7 5 fold, but the system would be much more complicated and 
the peak broadenmg m the IMER might not be neghglble 

3 1 2 BJe actds 
In recent years, considerable attention has been focused on the determma- 

tlon of bile acids m blologlcal fluids m connection with hepatoblhary diseases 
Five mam bile acids are present principally m free and glycme- and taurme- 
conjugated forms HPLC 1s a promlsmg method for the simultaneous deter- 
mmatlon of these fifteen polar compounds Bile acid has a chromophore m the 
17/Sside-chain which 1s detectable at 205 nm but not so responsive to a UV 
detector Therefore, pre- or post-column labellmg methods have been devel- 

Ho&jzg!?- 
Cholesterol 

Fig 1 Reaction scheme for cholesterol oxldase 
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oped [9] Enzymlc conversion followed by FL detection of reduced co-factor 
(NADH, excltatlon at 340 nm, emlsslon at 457 nm) has been widely used for 
the analysis of bile acids. 

Baba and co-workers [lo-121 proposed an HPLC method for the analysis 
of mdlvldual bile acids using 3cr-hydroxysterold dehydrogenase (3a-HSD) to- 
gether with NAD m the mobile phase However, this assay procedure consumes 
considerable amounts of expensive enzyme and NAD Okuyama et al [ 131 and 
Arlsue et al [ 141 applied lmmoblhzed Scu-HSD, covalently bound to ammo- 
propyl=CPG (controlled-pore glass), to an HPLC detection system A modl- 
fied system has been developed and 1s currently commercially available as a 
bile acid analyser, the detection limits of bile acids being lo-12 pmol [ 15,161 
Despite further improvements, satisfactory rehablhty and reproduclblhty are 
still serious unsolved problems with this techmque, because of the unstable 
enzyme activity. 

An HPLC method using an lmmoblhzed 3cr-HSD column and ED was de- 
veloped by Kamada et al [ 171 Bile acids m the eluate reacted with NAD m 
the IMER to yield NADH, which in turn was oxldlzed on a glassy carbon elec- 
trode after mlxlng with oxidized phenazme methosulphate (PMS) used as a 
mediator (applied potential +0 1 V) The sequential reactions took place as 
shown in Fig 2 NADH itself 1s responsive to ED usmg a glassy carbon working 
electrode, where a high apphed potential ( + 1 0 V) 1s necessary and unfavour- 
able for selective and sensitive detectlon A 20-pmol amount of each bile acid 
could be determmed at the highest sensltlvlty of the detector These methods 
have mevltable disadvantages depression of the enzymlc actlvlty of the IMER 
under the condltlons for the separation of the fifteen bile acids, durablhty of 
the IMER, and economic problems due to the constant flow of expensive NAD 
solution Another problem with these systems 1s the msufficlent sensltlvlty for 
the determination of bile acids m blood 

An attempt to overcome these problems was made by Kawasaki et al [ 181 
Employing an IMER, bile acids were converted mto 3-keto bile acids, which 
were extracted with a Sep-Pak Cl8 cartridge (Mllhpore, Waters, Mllford, MA, 
U S A ), labelled with dansylhydrazme and separated by HPLC The method 
1s highly sensitive (detection limit 0 5-1 0 pmol), but the system 1s off-lme and 

+ NAD + NADH + H+ 

HO- 36HSD 
H 

NADH + PMS’ e NAD’ + PMSH 

PMSH _ _ PMS’ + Ii+ + ze- 

Fig 2 Reactlon scheme for 3a-HSD oxldatlon and subsequent ED 
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Fig 3 SchematIc diagram of HPLC-IMER and off-hne FL detectlon la, b = Solvent reservoirs, 
2,3, 10 = pumps, 4 = gradlent elutlon controller, 5 = mixer, 6, 11 = pre-columns, 7 = mJector, 
8 = column, 9 = NAD reservoir, 12 = T-connector, 13 = IMER, 14 = FL detector, 15 = fraction 
collector, 16 = spectrofluorlmeter for off-lme detection 

i 4 I 

0 10 20 30 40 fn,” 

Fig 4 Chromatogram of bile acids m serum from a patient with hver clrrhosls GC = Glycochohc 
acid, GUDC = glycoursodeoxychohc acid, TC = taurochohc acid, TUDC = tauroursodeoxy- 
chohc acid, GCDC = glycochenodeoxychohc acid, GDC = glycodeoxychohc acid, TCDC = tau- 
rochenodeoxychohc acid, TDC = taurodeoxychohc acid 

derlvatlzatlon mto dansylhydrazone sometimes provides two peaks corre- 
sponding to E and Z isomers 

Recently, an HPLC assay system for glycme- and taurine-conJugated bile 
acids m serum has been developed, using a post-column reaction with lmmo- 
blhzed 3cr-HSD and off-line FL detectlon [ 191 (Fig 3) Fractions of the eluate 
contammg each bile acid conjugate were collected and quantified with an FL 
detector after renewed fluorescent labelhng with a commercially available en- 
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zyme kit (Sterognost-3cr Flu@, Nyegaard, Oslo, Norway), the detection limit 
bemg 0 2 pM with reliable reproduclblhty A typical chromatogram 1s shown 
m Fig 4 

A method with off-line FL determlnatlon for serum bile acid conjugates 1s 
too tedious for routme assays However, the separate determination of the gly- 
cme and taurme coqugates of maJor bile acids m serum offers the posslblhty 
of mvestlgatmg serum bile acid profiles for limited purposes, e g , momtormg 
during gallstone dlssolutlon therapy [ 191 

3 13 Androgens 
Wu et al [ 201 investigated the use of an lmmoblhzed enzyme, covalently 

bound to ammopropyl-CPG, for the analysis of A5-3/?-hydroxysterold sul- 
phates, which possess no significant chromophore A mlcrocolumn of lmmo- 
blhzed 3P,17ji’-HSD was prepared and used for detection m HPLC The NADH 
produced from A5-3/3_hydroxysterolds by this IMER was momtored fluon- 
metrically Androgen coqugates m serum were extracted with ethanol fol- 
lowed by enzymlc hydrolysis with sulphatase, which was then subjected to the 
HPLC-IMER system described above 5-Androstene-3P,17/?-dlol and dehy- 
droeplandrosterone sulphates were detected with a detection limit of 3-10 ng 
A cluucal trial demonstrated that this HPLC-IMER system 1s superior to the 
soluble-enzyme method, giving rehable and reproducible results at a low cost 
The stablhty of the lmmoblhzed enzyme was assessed by duplicated assays of 
a standard solution of dehydroeplandrosterone When the lmmoblhzed en- 
zyme column was washed with NAD solution for 20 mm before storing at 4”C, 
the IMER retained 80% or more of Its uutlal actlvlty for one month even when 
five serum samples were assayed every day If methanol 1s used as a polar com- 
ponent of the gradient mixture m this method, Its maximum concentration 
should be kept below 60% 

Recently, a slmllar post-column IMER contammg either 3a- or 3j?-HSD 
lmmoblllzed on glass beads was prepared by Lam et al [ 211 In the assay of 
eplmerlc hydroxysterolds (androstane or pregnane), 3a-hydroxysterolds were 
selectively detected with the 3cr-HSD whereas 3P-hydroxysterolds were not 
When the FL detector was used, plcomole amounts of steroids could easily be 
dlstmgulshed from noise 

3 1 4 Oestrogens 
Oestrogens are found In free, glucuromde and sulphate forms m blologlcal 

fluids It 1s generally accepted that the status of the foeto-placental unit 1s 
closely reflected by the amounts of oestrogens m blologlcal fluids HPLC with 
UV detection (280 nm) 1s widely used for the analysis of oestrogens, but 1s not 
satisfactory with respect to sensltlvlty (detection limit 0 1 nmol) and selectlv- 
lty Momtormg of the fluorescence inherent to oestrogens 1s a promlsmg 
method However, sufficient sensltlvlty cannot be obtained because of the 
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Fig 5 Schematic diagram of the combined IMER-HPLC system 1 = Pump, 2 = mJector, 3 = 
pre-column, 4 = IMER, 5 = swltchmg valve, 6 = analytical column, 7 = FL detector 

proximity of the excitation and emission wavelengths ED m HPLC is prom- 
ising for the trace analysis of electrochemlcally active compounds such as 
phenols, catechols and aromatic ammes (detection limit 1-5 pmol) Recently, 
we developed derlvatlzatlon reagents having ferrocene as an electrophore for 
the determination of such compounds by HPLC-ED [ 22,231 

Bowers and Johnson [ 24-261 proposed a new system m which urinary oes- 
trio1 coqugates were hydrolysed on-lure with /3-glucuromdase lmmobihzed on 
CPG and decoqugated oestrlol was separated and determined by HPLC with 
FL detection (Fig. 5 ) The chromatographic analysis was accomphshed by the 
use of column swltchmg, separating the analyte simultaneously from several 
samples Methanol was used for elutlon of the oestrlol from the IMER. The 
effect of methanol content on the enzyme activity has been shown to be neg- 
ligible at levels up to ca. 15% The method was applied to the determmatlon of 
oestriol glucuromdes m pregnancy urine and the result obtained was in good 
accord with that given by radioimmunoassay The method IS applicable to other 
oestrogen corqugates, although the information on the conjugated form is lost 
by enzymic hydrolysis prior to HPLC analysis. 

Dalgaard et al [ 271 used /3-glucuromdase (from bovine her) lmmobdlzed 
on agarose beads as a post-column IMER m HPLC to determine oestrone gluc- 
uromde Electrochemical oxidation on a glassy carbon electrode was used for 
detection and proved to be highly sensitive (detection limit 13 pmol at a signal- 
to-noise ratio of 3 ) Apphcation to other oestrogen glucuronides has not been 
reported, however, owmg to the non-specific bmdmg of oestrogens to the IMER 

3 2 Conjugates of varzous compounds 

The method developed by Dalgaard et al [ 271 was also applied to the deter- 
mination of o- and p-mtrophenyl glucuromde and phenolphthalem glucuro- 
rude The method proved to be useful for the identification and sensitive de- 
termmatlon of phenohc glycosides They also used the IMER as a post-column 
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reactor m the HPLC of cyanogen glycosldes [28,29] The addltlon of sodium 
hydroxide to the flow stream after the IMER provided cyamde Ion, which was 
detected at a silver electrode by amperometrlc measurement at 0 0 V vs 
Ag/AgCl, as shown below The selective detectlon of cyanide permits mea- 
surements m a complex matrix with detectlon hmlts m the low plcomole range 

R, Rz 

R1- ‘C- CN ’ R,-‘C-CNfGlyOH 

Rl 

I glycosldase I 
o-Gly OH 

Ri! 

C-CN + OH- d R,R,CO + CN - + Hz0 

‘OH 

Ag+BCN- - Ag(CN); +e- 

A slmllar system was applied to the determination of glucuromde coqugates 
of an antihypertensive agent, fenoldopam, havmg a catechol structure [30] 
These corqugates, which are electrochemlcally active at + 1 0 V but not at + 0 5 
V vs Ag/AgCl, were separated by HPLC and passed through the IMER The 
glucuromdes were enzymatically converted to the more electrochemlcally ac- 
tive aglycone, fenoldopam (Fig 6) 

Elchlsak [31] developed a post-column reactor which was Involved m hy- 
drolysls of catecholamme sulphates with perchlorlc acid followed by ED. How- 
ever, the system 1s very comphcated and not so useful Boppana et al [32] 
developed an HPLC-IMER system m which sulphatase and P-glucuromdase 
were lmmoblhzed They used the system for the determination of xenoblotlc 
conjugates (sulphates and glucuromdes) and obtained satisfactory results 

Fig 6 Schematic representation of reactions occurrmg m a post-column fi-glucuromdase reactor 
and at a thin-layer glassy carbon electrode m an electrochemxal detector 
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3 3 Acetylcholrne and choltne 

Acetylcholme ( Ach) 1s one of the neurotransmltters m the central nervous 
system and exists with chohne (Ch) m blologlcal flulds Numerous methods 
for the separation and determination of these two compounds have been de- 
veloped However, they are all unsatisfactory with respect to slmphclty. The 
use of HPLC has not hitherto been attempted for this purpose because Ach 
and Ch are unresponsive to the detectors Recently, a sensltlve and selective 
method for the simultaneous determination of Ach and Ch has been reported 
[33] The two were separated on a reversed-phase column, passed through a 
column of lmmoblhzed acetylcholme esterase (AchE) and choline oxldase 
(ChO ) on silica gel The resulting hydrogen peroxide was detected by ED using 
a platinum working electrode (apphed potential +O 5 V) A highly sensitive 
analysis was attained with a quantltatlon hmlt of 5 pmol within 7 mm Kaneda 
and co-workers [ 34,351 applied the method to the assay of enzymlc actlvltles 
of Ch/Ach transferase and AchE They also developed a simple method for the 
simultaneous determination of Ach, Ch, noradrenahne and serotonm m brain 
tissues by HPLC with ED The detection system consisted of two electrochem- 
ical cells ahgned m series a glassy carbon electrode for catecholammes and 
serotonm and a platinum electrode for Ach and Ch. A column of boromc acid 
gel was placedJust ahead of the IMER to remove catecholammes, which caused 
interfering responses on the platinum electrode [ 361. 

The HPLC-IMER-ED method was applied to the determmatlon of Ach and 
Ch m brain tissues by FuJimori and Yamamoto [37] Damsma and Flentge 
[38] also applied the method to the determination of Ach m plasma or blood 
cells, but were unsuccessful 

Yao et al [ 391 presented a method for the determination of Ach and Ch by 
HPLC using an enzyme electrode for ED The enzyme electrode was prepared 
by cross-lmkmg of AchE and ChO with bovine serum albumin (BSA) or AchE, 
ChO and peroxldase (POD) with BSA using glutaraldehyde on a platinum 
electrode The AchE-ChO and AchE-ChO-POD electrodes were based on the 

8 H 9 110 ] 

Fig 7 Schematic diagram of HPLC-IMER-chemllummescence detection 1 = Solvent, 2 - 
acetonltrlle contammg crown ether, 3 = pump, 4 = u-qector, 5 = cation exchanger, 6 = IMER, 
7 = vortex-type mixing tee, 8 = mixer, 9 = solid bls(2,4,6-tnchlorophenyl) oxalate, 10 = lm- 
moblhzed fluorophore, 11 = photomultlpher 



amperometrlc detection of hydrogen peroxide and hexacyanoferrate (III) 
formed from hexacyanoferrate (II) by the enzymlc reactions shown below 

Ach+H,O AchE Ch+CH,COOH 

Ch + 20, + H, 0 CT0 betame + 2H,O, 

Hz”,+05Vvs Ag/AgC1°2+2H++2e- 

[Fe(CN),13-+e- 0 0 v vs Ag/Agc‘i [Fe(CN)~14- 

The method was highly sensitive and specific to Ach and Ch The detectlon 
hmlt was 15 pmol for Ch and 2 9 pmol for Ach They also used the chemllu- 
mmescence reaction to detect hydrogen peroxide formed enzymatlcally [ 401 
Bls (2,4,6-tnchlorophenyl) oxalate was reacted with hydrogen peroxide to give 
dloxetane, which in turn served to excite perylene, exhlbltlng chemllummes- 
cence The detection limit (1 pmol) obtainable 1s higher than that by the en- 
zyme electrode Recently, Van Zoonen et al [41] improved the method, the 
hydrogen peroxide formed bemg quantified by means of a solid-state peroxa- 
late chemllummescence detector based on an lmmoblhzed fluorophore (3-aml- 
nofluoranthene) and addition of oxalate from a solid bed (Fig 7) The repro- 
duclblhty of the method was satisfactory with a relative standard deviation of 
3 4-3 7% The detectlon hmlts are at the sub-plcomole level and a hnear rela- 
tionship 1s observed over a range of at least three orders of magmtude No 
matrix effects were observed In measurements on urine and serum specimens 

3 4 Amuzo aczds 

Klba and Kaneko [42] prepared IMER m which L-ammo acid oxldase (I,- 

AAO)-POD was lmmoblhzed on amlnopropyl-CPG beads After the separa- 
tion of ammo acids by reversed-phase HPLC, each ammo acid was passed 
through the IMER and detected fluorlmetrlcally I~-AA0 catalyses the deaml- 
natlon of the L-ammo acid to give hydrogen peroxide, which 1s determined 
fluorlmetrlcally by the POD-homovanllhc acid system 

L-ammo acld+O, +H,O-2-keto acld+NH3 +HP02 

The method 1s less sensitive (detection limit 0 25-O 5 nmol) and less selective 
than previous derlvatlzatlon methods 

Conversion of L-amino acids by an IMER ( L-AA0 ) , which would cause a 
change in the ionic strength of an HPLC eluent, could be utlhzed for the con- 
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Fig 8 Schematic conflguratlon of the enzyme electrode as an HPLC detector 1 = Ag/AgCl 
reference electrode, 2 = auxiliary electrode, 3 = spacer, 4 = enzyme-modified platmum sheet, 5 
= slhcone rubber 

ductlmetrlc detection of L-ammo acids [43] The method was much less sen- 
sltlve but its prmclple indicated the possible use of other selective enzymes for 
the development of a conductlmetrlc HPLC detector 

Jansen et al [44] described a stereoselectlve HPLC-IMER (L-AAO) sys- 
tem for the detection of eight L-ammo acids (Cys, Met, Ile, Leu, His, Tyr, Phe 
and Trp) The combined use of the selectlvltles of the enzyme and peroxyox- 
alate chemllummescence detection provided an extremely selective detection 
system The detection system afforded linear responses over a range of two 
orders of magnitude and detection hmlts at the (0 35-3 0) - lo-' M level The 
method was used for the determmatlon of selected L-ammo acids m urme and 
beer 

Two enzyme electrodes based on lmmoblhzed L- and D-AAO, speclf’ically 
responsive to L- and D-ammo acids, respectively, have been developed (Fig 
8) They are used for ED m HPLC, by dlvldmg the effluent into two and de- 
tecting the D-ammo acid m one line and the L-enantlomer m the other The 
detection hmlt for some ammo acids (Met, Tyr, Leu and Phe) IS ca 2 pmol 
The procedure 1s useful for the specific detection of L- and D-ammo acids wlth- 
out a comphcated pretreatment The electrode retains almost the orlgmal ac- 
tlvlty even after repeated use for one month [45] 

3 5 Other compounds 

HPLC-IMER mvolvmg lmmoblhzed hexokmase (HK) and glucose-6-phos- 
phate dehydrogenase (GGPD ) has been used for the determination of creatme 
kmase (CK) lsoenzyme actlvlty The lsoenzymes m human serum were sepa- 
rated on an anion-exchange column by the gradient elutlon method and re- 
duced rucotmamlde adenme dmucleotlde phosphate (NADPH) formed m the 
reactor was monitored by FL detectlon [ 46-491 The reactor was found to have 
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high activity for adenosme trlphosphate (ATP) and the detection hmlt was 15 
pmol [ 48,491 The enzymlc reactions are as follows [ 501 

creatme phosphate + ADP CK creatme + ATP 

ATP + glucose HK ADP + glucose-6-phosphate 

glucose-6-phosphate+ NADP GGPD glucono-d-lactone 6-phosphate+NADPH 

The determination of urea m serum and urme 1s an important routme test 
m clmlcal laboratories These measurements are especially important for es- 
timating the nitrogen balance in hospltahzed patients who are malnourished 
The blood level value 1s used as an indicator of renal function Jansen and co- 
workers [51,52] developed a method for the determmatlon of urea and am- 
monia based on ion-pair HPLC with on-hne post-column derlvatlzatlon on an 
IMER In the IMER, urea was quantltatlvely converted into ammonia, which 
m turn was determined fluorlmetrlcally by reaction with o-phthalaldehyde 
The method was sensitive, highly specific and practicable, the detection limits 
being 0 4 and 0 3 ng for urea and ammonia, respectively 

Creatmme in urine was determined together with sodium, ammonmm and 
potassmm ions by ion chromatography with an lmmoblhzed creatmme delm- 
mase reactor [ 531 Hydrolysis of creatmme by the IMER gave ammomum ion, 
which was then separated and detected by ion chromatography. The analytical 
values of creatmme were obtained from the difference between the peak heights 
of ammonium ion with and without the IMER. The method proved to be very 
effective for the simultaneous determmatlon of creatlnme and morgaruc cat- 
ions m human urme 

Meek and Nlcolettl [ 541 reported an HPLC detection system based on mo- 
sltol bls- and trlsphosphates and other orgamc phosphates After separation 
of the compounds by amon-exchange chromatography, the column effluent 
was first passed through a column of lmmoblhzed alkalme phosphatase for 
hydrolysis of the phosphate bond, then the system was contmuously mixed 
with molybdate solution to allow the detection of the morganlc phosphate 
formed The enzyme was lmmoblhzed simply by adsorbing It on a moderately 
hydrophobic support The hmlt of detection 1s below 1 nmol 

4 SUMMARY 

The apphcatlons of lmmoblhzed-enzyme reactors (IMERs) to detection 
systems in high-performance liquid chromatography (HPLC) have been re- 
viewed A substrate unresponsive to the detector 1s enzymatlcally converted to 
a highly responsive product The mam analytes detected by this system are 
various steroids, conJugates of various compounds, acetycholme, choline and 
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ammo acids The repetitive use of a smgle batch of expensive enzyme has eco- 
nomlc advantages On the other hand, the organic modifier in the mobile phase 
exerts a considerable Influence on the actlvlty and stablhty of the IMER Usu- 
ally the actlvltles of the IMER decrease after two or three months of ordmary 
use These problems need to be overcome m the future 

HPLC-IMER systems are being used In the field of chnlcal chemistry, and 
further apphcatlons to other fields are expected to be developed 
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