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ABSTRACT

Fish muscle extracts (Scomberomorus-brasiliensis—carite) were ana-
lyzed for their hypoxanthine content using a flow injection system incor-
porating an immobilized xanthine oxidase bioreactor. The xanthine
oxidase was immobilized under mild conditions to a 2-fluoro-1-
methylpyridinium Fractogel support. The uric acid produced from the
oxidation of hypoxanthine by the immobilized xanthine oxidase at pH
7.0 and 35°C was monitored at 290 nm. Hypoxanthine concentrations as
low as 4.4 umol/L can be detected. Up to 30 samples per hour can be ana-
lyzed at a flow rate of 1 mL/min, using 150 pL sample volumes and a
bioreactor dimension of 1.0 cm x 2.0 mm id. Recovery yields were
between 92 and 99%. Both within day and between day precisions gave
CVs < 5.00% (n = 30). Good correlation (r = 0.998) is obtained when 78
fish samples were analyzed for their hypoxanthine content both by this
FI method and a reference HPLC method.

Index Entries: Immobilized xanthine oxidase; flow injection; hypox-
anthine; fish muscle tissue.
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INTRODUCTION

As the popularity and demand for fish grow, so will the need for
some functional indicator of this food’s freshness since fish is an
extremely perishable food source. As soon as a fish dies or is caught
spoilage begins to occur. In the high ambient temperatures of the trop-
ics, fish will spoil within 12-20 h depending on the species and method
of capture. In fish muscle nucleotide, degradation commences at death
and continues throughout storage. The major stages (breakdown prod-
ucts) in this autolytic process involve the conversion of ATP to inosine
monophosphate, inosine, hypoxanthine, xanthine, and eventually to
uric acid.

Inosine monophosphate is one of the major contributing factors to the
“pleasant” flavor of fresh fish whereas the accumulation of hypoxan-
thine/xanthine during storage contributes to the “off taste.” Hence the
concentrations of inosine and/or hypoxanthine can both be used as fish
freshness indicators (1-7).

Several methods have been reported for the quantitation of hypoxan-
thine in biological materials such as fish muscle tissue. These include pre-
cipitation (1), paper chromatography (2), ion exchange chromatography
(3) and HPLC (4,5). Hypoxanthine has also been quantified enzymatically
(3,6,7) using xanthine oxidase (Egs. 1 and 2).

hypoxanthine + O, %ﬁ;—:ﬁ xanthine + H,O, (1)
Xanthine + O, % uric acid + H,O, (2)

Either the uric acid (290 nm) or the H,O, can be monitored.

MATERIALS AND METHODS

Materials

Xanthine oxidase (EC 1.1.3.22), Grade II, from buttermilk, 2.1 U/mg
protein), hypoxanthine and uric acid were obtained from Sigma Chemical
Company (St. Louis, MO). The support material, a 2-fluoro-1-methylpyri-
dinium salt activated Fractogel (FMP-Fractogel) was purchased from
BioProbe International Inc. (Tustin, CA). FMP-Fractogel is now available
from UniSyn Technologies (Hopkinton, MA). Fish samples (Scomberomorus
brasiliensis-carite) were purchased from various supermarkets and high-
way fishmongers in Trinidad, West Indies. All other materials were of the
analytical reagent grade (BDH, Poole, UK) and were used without further
purification.
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Methods

Immobilization of Xanthine Oxidase on FMP-activated Fractogel

The FMP-Fractogel (2 mL) was washed first with cold, deionized dis-
tilled water (5 x 5 mL), followed by aqueous NaCl (0.10M, 5 x 5 mL), and
hydrochloric acid (0.10 mol/L, 5 x 5 mL) to ensure removal of any traces of
free, unreacted FMP that may be present in the commercial product. The
gel was further washed with aqueous NaHCOj; coupling buffer (0.06M, pH
8.0, 5 x 5 mL) and then immediately added to 10 mL of xanthine oxidase
previously dialyzed in the coupling buffer. This suspension was tumbled
end-over-end at 15°C for 24 h following which the gel was washed with 30
mL each of the coupling buffer and the working aqueous Na,HPO, buffer
(0.05M pH 8.0). When not in use, the gel was stored at 4°C in the working
phosphate buffer, containing sodium azide (0.01% w/v).

The amount of protein bound to the gel was determined (9) from the
differences in protein concentrations (at 280 nm) between the enzyme solu-
tions offered for coupling and the supernatant and wash enzyme solutions
after coupling. Bioreactors were prepared by packing small lengths of
Tygon tubing with the immobilized xanthine oxidase. Porex filters were
used to plug both ends of the bioreactor to prevent gel loss.

The Loading Capacity of Immobilized Xanthine Oxidase

In these studies varying concentrations of xanthine oxidase were
coupled to a fixed volume (1 mL) of FMP-Fractogel under identical con-
ditions to that outlined in above. In each case, both the amount of protein
bound under the coupling conditions as well as the activity of the immo-
bilized enzyme (35°C, pH 8.0) were determined. The activity was deter-
mined by allowing a fixed volume of the immobilized enzyme (0.1 mL)
to react for 3 min with a known volume (1.0 mL) of a hypoxanthine solu-
tion (110 umol/L) made up in the working buffer (pH 8.0). The reaction
mixture was then centrifuged (2976g) for exactly 1 min and the
absorbance of the uric acid in the supernatant measured at 290 nm. The
activity of the free enzyme was determined under similar conditions
using the free enzyme solution (0.1 mL, 1 mg/mL protein), instead of the
immobilized enzyme.

pH Profile of the Immobilized Xanthine Oxidase

To obtain the pH profile, a hypoxanthine solution (55.1 uM),
buffered at each of seven different pHs (Na,HPO,, 0.05M, pH 6-9) was
pumped at a fixed flow rate (0.7 mL/min) and temperature (35°C) through
an immobilized xanthine oxidase—Fractogel bioreactor. The absorbance of

the uric acid liberated at each of these pHs was monitored after steady
state conditions were obtained.
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Fig. 1. Flow injection manifold for the quantitation of hypoxanthine.

Temperature Profile

The temperature profile was obtained by pumping a hypoxanthine
solution (55.10 uM, pH 8.0) at each of nine fixed temperatures (in the range
10-50°C) through the bioreactor at a constant flow rate of 0.7 mL/min. The
quantity of uric acid produced was determined as outlined previously.

Storage Stability Studies

In this study, a bioreactor was stored at 4°C in working buffer over a
period of 9 mo. The activity of this bioreactor was periodically determined
by pumping a buffered hypoxanthine solution (pH 8.0, 55.10 uM) at a fixed
flow rate (0.7 mL/min) and temperature (35°C) through the system and
monitoring the absorbance of uric acid at 290 nm.

The Flow Injection Manifold

The basic configuration of the FI manifold incorporating an immobi-
lized xanthine oxidase-Fractogel bioreactor as well as a blank column with
only the support material is shown in Fig. 1. Samples of hypoxanthine
were injected into the thermostatted buffer stream via a pneumatically
activated port injection valve and allowed to pass alternately over the ana-
lyte and blank columns. Solutions were pumped through the manifold
using a four-channel peristaltic pump (Gilson Minipuls II). The uric acid
produced as a result of hypoxanthine oxidation by the immobilized xan-
thine oxidase-Fractogel bioreactor was monitored at 290 nm on a UV/VIS
spectrophotometer (PU 8625, Philips Scientific). The difference in
absorbances between the blank and analyte columns is related to the quan-
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tity of hypoxanthine present in the sample. To determine the optimum FI
operating conditions, experiments were carried out utilizing varying loop
sizes (90-500 pL), flow rates (0.5-1.9 mL/min), and bioreactor lengths
(0.5-2.0 cm).

Preparation of Fish Exiracts

Samples (10 g) of the fish muscle tissue (fillet) were removed and
homogenized at high speed (2000 rpm, MSE Homogenizer, equipped with
stainless steel blades) in perchloric acid (0.6M, 50 mL) for 1 min. The
homogenate was suction filtered through Whatman No. 1 filter paper. The
filtrate (25 mL) was diluted with distilled water (10 mL) and a solution (15
mL) consisting of KOH (3.0M, 6.3 mL) and KH,PO, (0.4M, 8.7 mL) added.
This diluted solution was then adjusted to pH 8.0 using HCl as required. It
was then allowed to stand for 30 min at —15°C to facilitate the crystalliza-
tion of KClO,, which was removed by suction filtration. This filtrate was
further filtered through Millipore filters (0.22 pm) just prior to analysis by
FI or HPLC.

Analysis of Fish Extracts by Flow Injection

Fish extracts were analyzed for their hypoxanthine content by the
standard addition technique. Aliquots (5 mL) of the extract, prepared as
outlined in the above section, were spiked with varying known concentra-
tions of hypoxanthine solution (11-55 uM) and the volumes adjusted to 10
mL with phosphate buffer (0.05 mM, pH 8.0). Aliquots (150 uL) of these
spiked samples were then injected into the carrier stream of the FI mani-
fold (Fig. 1). By means of a three-way valve, samples were channeled alter-
nately over the analyte and blank columns. The blank column consisted of
only the support material and as such would compensate for substances
(such as free uric acid and or other metabolites present in the fish matrix)
that may absorb at 290 nm.

The difference in the absorbances from the two columns was taken as
that as a result of the uric acid produced by the oxidation of hypoxanthine
by the immobilized xanthine oxidase-Fractogel bioreactor. The hypoxan-
thine content in the fish sample was obtained from standard addition plots
by extrapolation to the x-axis.

Determination of Hypoxanthine in Fish Muscle Tissue Extracts
by High Pressure Liquid Chromatography (HPLC)

The same fish extracts, spiked with hypoxanthine and used in the FI
analyses, were also used for the quantitation of hypoxanthine by the
HPLC method (4,5). The analyses were done using a Laboratory Data
Control Liquid Chromatograph (Milton Roy Company), fitted with a RP-
C18-reverse phase analytical column (18 cm x 4.6 mm id 10 um particle
size, Brownlee Labs. Inc.), coupled to a guard column (RP-C18, 3 cm x 4.6
mm id, 10 um particle size), a loop injector (50 uL loop, Model 7125,
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Table 1
Coupling Efficiency of Xanthine Oxidase Immobilized
on FMP-Activated Fractogel Support as a Function of Protein Offered

Specific
activity
of bound
Protein Protein Percentages  Activity  enzyme
offered, bound protein ofbound  U/mg
mg/mL gel mg/mL gel bound enzyme* bound Coupling
(A) (B) (B/Ax100) U/mLgel protein efficiency; %*
1.97 1.68 85 3.02 1.79 101
2.76 237 86 3.15 1.33 75
3.94 3.25 82 3.36 1.03 58
5.12 4.37 85 3.39 0.78 44
591 5.14 87 342 0.66 37
7.88 7.01 89 3.90 0.56 32

“Defined as the number of imoles of uric acid liberated per minute at 35°C and pH 8.0.

*Coupling efficiency = ([Specific acativity of bound enzyme]/[specific activity of native
enzyme {1.77}]) x 100.

Rheodyne Inc.), and a Kipp and Zonen dual pen strip chart recorder,
Model BD 41. The mobile phase (KH,PO,, 0.01 mM, pH 4.5) was pumped
through the system at 1.5 mL/min. The peak height at 254 nm was used in
the determination of the hypoxanthine concentration.

RESULTS AND DISCUSSION

Characteristics of the Inmobilized Enzyme System

Coupling Efficiency

The coupling efficiency of a protein to a water insoluble support is
highly variable and is a function of the nature of the protein, the support
and the actual coupling conditions. Coupling of proteins to FMP-activated
Fractogel support is known to proceed under very mild conditions and
usually results in relatively high loading capacities and coupling efficien-
cies (10-12). The results (Table 1) show that under the experimental condi-
tions employed (0.05M NaHCO;, pH 8.0; T = 15°C) the amount of xanthine
oxidase coupled is a function of the enzyme concentration initially present
in the coupling medium and increases with increasing enzyme concentra-
tion. The percentage protein bound is high and remains fairly constant
(between 85-89%). In contrast the coupling efficiency decreases with
increasing enzyme coupled decreasing to about 32% when the enzyme
concentration exceeded 8 mg/mL.
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pH and Temperature—Activity Profiles

The bound enzyme shows a relatively broad pH optimum in the
range 7.5-8.5. This is similar to the value reported for the native enzyme
(13) and for xanthine oxidase immobilized on gelatin (14) and on cellulose
triacetate (15). The optimal temperature for the free enzyme is reported to
be in the range 47-57°C (13). In contrast the immobilized enzyme shows a
temperature optimum between 35-40°C. Such lowering of the tempera-
ture optimum on immobilization of xanthine oxidase has also been
reported by other workers. Luong et al. (16) reported an optimum between
27-37°C when bound to preactivated nylon membrane whereas Karube et
al. (15) reported an optimum between 30-34°C when attached to a
poly(vinylbutyral) membrane. The lower temperature optimum for
immobilized xanthine oxidase systems may be because of a diffusional
limitation in the rate of substrate supply to the enzymes immobilized in the
inner sphere of the support that becomes more pronounced as the reaction
temperature increases.

Stability

Xanthine oxidase immobilized on to Fractogel is found to be very
stable when stored at low temperatures (4°C) in phosphate buffer (0.05M,
pH 8.0). Under such conditions, it retains up to 60% of its initial activity
after 9 mo.

The immobilized enzyme also shows excellent operational stabilities
at temperatures at or just below its optimum. For example, a bioreactor
maintained continuously at 35°C showed an activity loss of only 4% after
84 h. In contrast at 50°C, the immobilized enzyme lost 48% of its activity
after only 30 min.

Optimization of the Flow Injection Manifold

The flow injection manifold (Fig. 1) was optimized with respect to
sample loop size, flow rate, and bioreactor length at pH 8.0 and 35°C
(optimum pH and temperature of the immobilized enzyme) in an attempt
to obtain a compromise set of operating conditions that would provide
maximum conversion of reactant to product with minimal dispersion lead-
ing towards high sensitivity, low detection limits and at the same time a
reasonable sample throughput rate.

Under a fixed set of operating conditions (pH 8.0; T = 35°C), the
sample loop sizes (90-500 uL), bioreactor lengths (0.5-2.0 cm x 2 mm id),
and flow rates (0.5-1.9 mL/min) were varied. Under each set of condi-
tions, hypoxanthine standards were injected into the FI manifold (Fig. 1)
and the amount of uric acid produced monitored. Also the degree of dis-
persion was determined in each case. With the 500 uL sample volumes,
the peaks were broad with relatively rapid onset (1 min) but long decay
times (4 mins). In contrast, the 90-150 pL loop sizes yielded peaks with
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Table 2
Effect of Bioreactor Length, Sample Injection Volume, and
Flow Rate on the Dispersion Coefficient for the Oxidation of Hypoxanthine
by Xanthine Oxidase Immobilized on an Activated Fractogel Support

Dispersion coefficient at various
sample injection volumes

Flow rate (nL min™")  Bioreactor length (cm) 90 uL 150 uL 500 uL

0.5 4.38 3.70 295
0.5 1.0 6.85 491 3.65
2.0 8.21 791 6.70
0.5 4.08 2.21 2.72
1.0 1.0 6.43 3.25 2.31
2.0 8.18 727 5.58
0.5 3.75 2.08 2.00
19 1.0 6.09 3.02 215
20 8.07 711 521

both rapid onset and decay times (1 min) resulting in very little carry-
over between repeated sample injections. The reduced sample detection
time (approx 2 min) led to the compromise choice of 150 UL loop sizes
for analyses.

The results in Table 2 show that under the operating conditions
selected, the degree of dispersion decreases with both increasing flow rate
(only marginally) and increasing sample volumes, but increases with
increasing bioreactor lengths. From the results in Table 3, most of the
bioreactors of length 0.5 cm can be eliminated on the basis of poor sensi-
tivity (although there was low dispersion and high sample throughput).
Also with the 2 cm bioreactors there was relatively high dispersion and
low sample throughput rates. Bioreactors of 1.0 cm length, a flow rate of
1.0 mL/min and a loop size of 150 puL. were eventually chosen as the best
set of optimized conditions for analyzing the fish extracts. Standard
curves obtained under these compromise optimized conditions were lin-
ear (r = 0.999) up to 110 pmol/L. The following least squares regression
equation (Equation 3) was found to hold over this concentration range

Absorbance = 0.003 (hypoxanthine, pmol/L)+0.0004 (3)

Under these sets of conditions, the analytical system operates under con-
ditions of low dispersion (3.25), has a good manual throughput rate of 30
samples per hour, and gives a detection limit (the y intercept + 3 times the
value of the statistical standard deviation) of 4.4 pmol/L. This is within
the hypoxanthine concentration ranges usually found in the carite sam-
ples (6-100 pmol/L). This detection limit compares favorably with that of
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Table 4
Percentage Recoveries of Hypoxanthine Added
to a Fish Matrix (Scomberomorus brasiliensis)

[Hypoxanthine] [Hypoxanthine]
added (umol L) recovered (umo! L™) Percentage recovery
— 4.76 —
11.02 15.05 95.4
22.04 25.80 96.3
33.06 36.98 97.8
55.10 59.16 98.8
110.21 105.42 91.7

3.6 umol/L reported by Luong and coworkers (16) for a hypoxanthine
biosensor using xanthine oxidase immobilized on nylon.

Recovery Yields

Recovery studies were carried out under FI conditions (Fig. 1) by ana-
lyzing a fish muscle tissue matrix that was spiked with hypoxanthine stan-
dards in the range 5-114 pmol/L (Table 4). These recovery yields (92-99%)
compare quite favorably with those reported by Ke and Burns (5) in their
liquid chromatographic (93-98%) and xanthine oxidase methods (83-86%)
for the hypoxanthine content in the Atlantic cod (Gadus morhera).

Andlysis of Fish Samples

Samples of carite (Scomberomorus brasiliensis) used for the quantita-
tion of hypoxanthine were purchased from various supermarkets (chain
operators and single operators), highway fishmongers (purchased during
morning and evening periods), and directly from fishing boats. Some of
these fish samples were analyzed immediately upon purchase whereas
others were stored at various fixed temperatures (-15°, 4°C, and 29°C
[R.T.])) in order to mimic typical conditions under which fish may be kept
in our country. Each sample was analyzed by both the FI and reference
HPLC methods for their hypoxanthine content. Hypoxanthine values for
78 samples (Table 5) obtained from analyses by these two methods show a
linear relationship (r = 0.998) and has the regression equation (Eq. 4).

[HX, pmol/gly =0.94 [HX, umol/glypc —0.07 4)

A two-way ANOVA design was used to simultaneously test both the
location/storage effect and the HPLC/FI method on the hypoxanthine
concentration of the various samples analyzed. This interaction effect in
the two-way design yields information about whether the relationship
between the values measured for hypoxanthine concentration in fish from
the various locations is the same whether HPLC or FI is the analytical

Applied Biochemisiry and Biotechnology Vol. 62, 1997
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method of choice. The analysis shows there is no significant difference
between the HPLC and FIA values. Where a fish is purchased or how it is
stored however does affect the hypoxanthine concentration.

CONCLUSIONS

The proposed FI system utilizing xanthine oxidase immobilized on
EMP-activated synthetic gel (Fractogel) for the quantitation of hypoxan-
thine in fish muscle tissue appears to offer considerable advantages over
existing methods. With the HPLC method, for example, although it pro-
vides good precision and recovery yields, its high cost is normally
beyond the budget of most small laboratories especially those in develop-
ing countries. The high storage and operational stabilities of xanthine oxi-
dase immobilized on to Fractogel, coupled with low reagent consumption
(<2 mL), relatively high sample throughput rate (up to 30 samples/h can
be analyzed manually), low detection limits (4.4 pmol/L), good precision
(RSD < 5%) and robustness of the system make this method of analysis
economically very attractive and simple to operate.
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