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ABSTRACT 

Post-column enzyme reactors were used in series with an electrochemical detector for the selective 
high-performance liquid chromatographic (HPLC) determination of P-n-glucan oligo- and polysaccha- 
rides (degree of polymerization up to 30). Immobilized ccllulase converted the eluting oligomers to B-D- 
glucose, which was oxidized by immobilized glucose oxidase. The production of hydrogen peroxide was 
measured with an electrochemical detector. The functioning of this system was verified for a whole range of 
glucosaccharides varying in both structure (positional Isomers) and dcgrcc of polymerization. Fractional 
conversions and molar response factors were determined for all the compounds under study. Rate con- 
stants are discussed for the reactor system used applying a tirst-order kinetics model. Eflicient HPLC 
separations were obtained for these oligo- and polysaccharides on II reversed-phase column using gradient 
elution. Detection limits were of the order of a few nanograms. The reactors were stable for several months. 

INTRODUCTION 

Interest in complex carbohydrates is growing very rapidly, especially in the field 
of biotechnology. Specific oligosaccharides have been reported as biologically active 
molecules in plant biochemistry (the so-called “oligosaccharins” [l]). Some of these 
compounds have a /I-glucan structure [2]. fl-Glucans are small polysaccharides 
consisting of only P-D-glucose units in the six-membered pyranose ring form, and all 
are linked from the glycosidic carbon 1 of the first glucose unit to carbon 2,3,4 or 6 of 
the next glucose unit. Complex structures with branched arrangements and mixed 
glycosidic linkages can occur. /I-Glucan oligo- and polysaccharides also occur in food 
and beverage products. Their presence In biological samples is masked by the more 
abundant digestible x-glucans. In this laboratory. a method was needed for the 
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Enzyme reactors 
Glucose oxidase and cellulase were immobilized on aminopropyl-derivatized 

glass beads using glutaraldehyde as described by Weetall [15]. A lOO-mg mass of 
aminopropyl glass, 50 nm pore size, 200-400 mesh (Sigma, St. Louis, MO, USA) was 
first activated in 3 ml of a 2.5% (v/v) solution of glutaraldehyde (grade 1, Sigma) in 
0.1 M phosphate buffer (pH 7) for 90 min under vacuum. The derivatized glass beads 
were rinsed with water and added to a solution of either 5 mg of glucose oxidase 
[EC 1.1.3.4, from Aspergillus niger, 283 U mg- ’ (Serva, Heidelberg, Germany)] or 
50 mg of cellulase [EC 3.2.1.4, from Penicillium~funiculosum, 5.9 U rng-’ (Sigma)] in 
3 ml of 0.05 M acetate buffer (pH 5.0). Vacuum was applied for 15 min, after which the 
reaction proceeded for 3 h at 4°C with occasional shaking (vortex-mixing). After 
filtration, the glass beads with the immobilized enzyme were slurry-packed (10 MPa) 
into 2.1 mm I.D. stainless-steel columns of either 60 or 50 mm length. The reactors 
were stored at 4°C with buffer solution when not in use. All experiments with the 
reactors were run at ambient temperature at pH 5. This pH was found to be a good 
compromise for the optimum functioning of the enzyme reactors and the electro- 
chemical detector. 

Carbohydrates 

Glucose (Merck, Darmstadt, Germany), cellobiose (Nutritional Chemical, 
Cleveland, OH, USA), laminaribiose (Sigma), gentiobiose (Sigma), cellulose (micro- 
crystalline, Merck), curdlan (Serva) and laminarin (Sigma) were commercially 
available. Cellodextrins were obtained through the partial hydrolysis of cellulose by 
hydrochloric acid; 100 mg of cellulose were added to 2 ml of 37% hydrochloric acid 
(p.a., UCB, Leuven, Belgium). After 2 h of stirring, 6 ml of water were added. The acid 
was evaporated under reduced pressure and 6 ml of water were added to the residue. 
The remaining acid was neutralized with sodium carbonate. Insoluble material was 
removed by centrifugation at 10 000 g for 30 min. 

Laminaridextrins were prepared from curdlan [ 161. A 1 0-mg mass of curdlan was 
subjected to formolysis in 5 ml of 90% formic acid for 60 min at 100°C. The acid was 
removed under reduced pressure and 5 ml of a 0.1 M solution of trifluoroacetic acid 
were added to the residue. Hydrolysis occurred at 100°C for 60 min. The resulting 
hydrolysate was neutralized over Dowex MWA- I (OH - form. Serva) and centrifuged. 

A lo-mg mass of laminarin was hydrolysed as described for curdlan, except that 
formolysis was omitted and the hydrolysis time was reduced to 30 min. 

For the reduction of oligosaccharides with sodium borohydride (Sigma), lo-ml 
solutions of these hydrolysates were adjusted to pH 12 using concentrated sodium 
hydroxide, and 200 mg of sodium borohydride were added. After standing overnight 
at ambient temperature, the solutions were adjusted to pH 5 with acetic acid. These 
solutions were injected without further purification. 

Semi-preparative chromatography 
Cellodextrins (cellotriose to cellohesaose). A 10-g mass of cellulose was 

hydrolysed as described earlier and the volume was reduced to 40-50 ml. In a first 
chromatographic step, the higher oligomers of the hydrolysate were separated on 
a semi-preparative octylsilica column (RSiL Car 250 x 10 mm I.D., 10 pm particle size, 
Bio-Rad/RSL). Water was used as an eluent at a flow-rate of 5 ml min-’ (HP-1084A 
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analytical applications of enzyme reactors in general, first-order kinetics can be 
assumed (see also the discussion by Goldstein [21]) ( see eqn. 1). This is particularly true 
under these conditions of strict detector linearity. For applications of enzyme reactors 
in fields where high productivities are required, this is not so. and other descriptions of 
reactor behaviour need to be found. 

dS 
V = - = _Kgt'P)s 

dt (1) 

Here v is the rate of substrate conversion in the enzyme reactor, S is the substrate 
concentration, t is time and K,, (app) the apparent pseudo first-order rate constant, equal 

to J’max/K~$~~’ (J’m,, is the maximum rate of substrate conversion and Kfipp) is the 
apparent Michaelis constant) [22]. In enzyme reactors, the rate of substrate conversion 
is affected by mass transport limitation phenomena. Therefore, the Kgpp) values 
depend on the flow-rate, on the carrier particle characteristics (see Johansson et al. [22] 
for a detailed discussion) and on the reactor dimensions. This work was restricted to 
measuring KEpp) values at flow-rates of I ml min-‘, keeping the type of matrix 
particles and reactor dimensions constant. 

Integration of eqn. 1 yields eqn. 2, which can be rearranged to eqn. 3: 

wherein S,=, is the amount of substrate at the outlet of the enzyme reactor and StEO is 
the amount of substrate at the inlet of the enzyme reactor, T and Xare, respectively, the 
residence time of the substrate in the reactor and the fractional conversion of the 
substrate. 

The effectiveness of an enzyme reactor can be expressed quantitatively using 
Kcapp) values, fractional conversions (X), or rI,2 

PS 
values (the residence time required to 

convert 50% of the substrate). Still more practical than half-life values may be the use 
of a half-length Lli2, i.e., the reactor length required to convert 50% of the substrate: 
L l/2 = T1,2F-1 when no retention occurs during transit through the enzyme reactor 
(F being the linear velocity of the eluent in the reactor). As mentioned earlier, 
Kcapp) and therefore also rliz and L1,2 
mpaSss transport. 

are dependent on parameters which influence 

Characteristics of the celluluse reactor 
Tables I and I1 show the fractional conversions (X) and the molar response 

factors (MRFs) obtained with the cellulase reactor for fifteen different oligomers. 
These measurements were performed by injecting known concentrations of carbo- 
hydrates in an FIA set-up (no column) consisting of a pump. an injector, the cellulase 
and glucose oxidase reactor and the electrochemical detector. Fractional conversions 
were defined as the ratio of the amount of /%I,-glucose liberated by the enzyme reactor, 
divided by the maximum amount of fi-n-glucose that could theoretically be liberated 
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data are up to 10% (linear regression error variance analysis). The MRFs are defined 
as the response (peak area, or number of Coulombs for an amperometric detector) 
provoked by the fi-glucan, divided by the response provoked by an equimolar amount 
of P-D-glucose. 

The fractional conversions are highest, around 60%, for the cellodextrins 
[p-( I +4)-glucans] (Table I). There is little variation in the fractional conversion within 
the series for degrees of polymerization from 2 to 6. This may indicate that for these 
substances, the reactor works at its maximum conversion capacity. This is in 
accordance with the fact that doubling the reactor length has no effect on the fractional 
conversion. Table I also shows that MRFs increase with increasing DP. The ratio 
MRF/(DP - 0.35) (0.35 is a correction factor, taking into account the x//j 
anomerisation of the end-glucose) is reasonably constant within each series of 
experiments. For the sodium borohydride reduced cellodextrins, this constancy is 
found in the ratio MRF/(DP - 1) as one of the glucose units is chemically 
transformed, and therefore not available for oxidation by glucose oxidase. After 
reduction pretreatment, the MRFs and fractional conversion are smaller, especially 
for molecules with low DP values. However. reducing the end-glucose unit of 
a p-glucan chain does not drastically alter the detection capability of the system for 
these compounds. This can be ascribed to the reaction route of the fi-glucanases in 
which the terminal glucose units at the non-reducing end are hydrolysed first. The 
addition of 10% acetonitrile to the eluent also reduces the MRF and fractionation 
values, with 16 and 18%, respectively, as mean values for the five compounds. 

Table II shows the MRF and fractionation values. measured for three 
disaccharides, cellopentaose and for six linear /G( 1+3)-linked oligosaccharides at 
different flow-rates. It is clear from these data that the immobilized cellulase also 
catalyses the hydrolysis of [I-( 1+6)-linked compounds (gentiobiose) and /C( 1+3)- 
linked oligomers from DP2 (laminaribiose) up to DP30. There is a tendency of 
decreasing MRFs and fractional conversions towards p-( 1+3)-linked oligomers, as 
compard to the p-( l--+4)-linked cellodextrins (Table I). These results suggest a lower 
activity of the immbilized enzyme complex towards other than j&(1+4)-linked 
glucans. However, the compounds are still easily detectable with the described system, 
as the MRFs are comparable to that of P-n-glucose. There are no significant 
differences between the results for flow-rates from 0.5 to 4.5 ml. This suggests that the 
enzyme reactor works at its maximum fractional conversion, i.e., that the reactor 
length is much higher than L1/2 (this is confirmed by results discussed for Table ITT 
later). For p-(1+3) oligomers, the MRFs decrease with increasing degrees of 
polymerization. This trend is shown in Fig. 1. There is no straightforward explanation 
as to why higher oligomers of this type have lower fractional conversions while the 
reactor works at its maximum efficiency. Substrate hydrolysis of 100% does not seem 
to be realizable, no matter how long the reactor is. A better understanding of the way in 
which the enzymes catalyse complex /&glucans is needed to improve the reactor 
efficiency, which leads to higher MRFs and lower detection limits. Little quantitative 
data are known for the MRFs for saccharides in PED applications. However, it is clear 
that the latter technique can give drastically reduced MRFs for higher oligomers. as 
Larew and Johnson [24] used enzyme reactors to improve the PED molar responses for 
such compounds. 

Fig. 2 shows the fractional conversions as a function of the reactor length for 



I 

10 20 30 

DP 



HPLC OF B-D-GLUCAN OLIGOSACCHARIDES 351 

TABLE III 

APPARENT PSEUDO FIRST-ORDER RATE CONSTANT. KEpp’, MAXIMUM FRACTIONAL 
CONVERSION, X,,,, AND HALF-LENGTH, L,;,, OBTAINED FOR SOME CURDLAN 
OLIGOMERS WITH AN IMMOBILIZED CELLULASE REACTOR SYSTEM 

Column, 2.1 mm I.D.; flow-rate, I ml min I. Curdlan oligomers [I-( I -3) glucooligomers] with known DP 
value. The values were calculated from the experimental data in Fig. 2 (simplex iterative curve fitting) (see 
text). 

DP 

5 
10 
15 
20 
25 
30 

KEpp) (se-‘) X,,, (X) L,,, (mm) 

0.68 37 4.3 

0.60 37 4.9 

0.70 6.3 4. I 
0.55 4.3 5.2 
0.32 12 9.1 
_ _ _ 

maximum reactor efficiencies were obtained, as the LliZ values are about ten times 
smaller than the reactor length. 

The selectivity for fl-glucans was evaluated by injecting a mixture which 
contained a-glucans (starch hydrolysate) at a concentration 50 times higher than the 
working range for /Gglucans. Except for a large glucose peak, no major baseline 
disturbances could be detected at high sensitivity (10 nA). Some commercial glucose 
oxidase preparations were found to contain cx-glucan hydrolysing enzymes. This 
causes the immobilized glucose oxidase reactor to behave as an x-glucan detector. Such 
contaminations were absent in the glucose oxidase preparation used in this study. 

Characteristics of the glucose oxidase reactor 

The quantitative determination of the fractional conversions as a function of 
reactor length (residence time) for the immobilized glucose oxidase reactor was rather 
troublesome. Similar problems were experienced in evaluating the hydrogen peroxide 
concentrations as those discussed by Tyrefors and Carlsson [25]. In Fig. 3 the 
integrator counts are plotted against the glucose oxidase reactor length (I.D. 2.1 mm) 
for a flow-rate of 1 ml min ’ . The same curve-fitting algorithm as described earlier was 
applied to the data in Fig. 3. The Kgpp) value calculated from the resulting curve was 
0.76 s-l. From this value, LliZ was determined to be 3.8 mm and tli2 = 0.9 s. 
Therefore, an immobilized glucose oxidase reactor with an I.D. of 2.1 mm and a length 
of 60 mm has a fractional conversion :>99.99%. 

For both reactors, no major loss of activity could be detected for at least 
3 months. The detection system was linear for glucose in the range lO-6 (1.8 ng 
injected) to 5. 10e3 M(9 pg injected). Linear calibration graphs were also obtained for 
cellodextrins of DP2 and DP6, and for laminaridextrins of DP2, -6 and -28 in the range 
5 lo- “-5 lop4 M. Extra-column band broadening caused by the reactors was 
determined by a method described by Verzele and Dewaele [26]. A get value of 31 ~1 
was obtained for a reactor of 50 mm length and 2.1 mm I.D. 
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acetonitrile as the organic modifier. Peak broadening and splitting due to the 
separation of E/P anomers can be seen, but the overall separation efficiency is still 
sufficiently high. Laminaridextrins, obtained through the partial hydrolysis of curdlan 
[a mainly /I-( l--+3)-linked linear glucose chain], are also separated using the gradient 
system (Fig. 5). A simpler chromatographic pattern is obtained with sodium 
borohydride reduction pretreatment (Fig. 5b) than without this pretreatment (Fig. 5a). 
Sodium borohydride reduction is not strictly necessary for baseline separation of the 
oligosaccharides. More complex, branched oligosaccharides were obtained through 
the partial hydrolysis of laminarin. Water-soluble laminarin itself is a branched 
P-D-glucan containing about 30 glucopyranosyl units. The backbone is made up by 
(1’3) and (l-+6) bonds while branching points consist of (l-+6) bonds. The 
hydrolysate shows a complex chromatographic peak pattern (Fig. 6). Figs. 4-6 show 
that the immobilized cellulase can be used effectively for the detection of /I-glucans 
after RP separations, for DP values as high as 30. The retention of the gluco- 
saccharides increases with decreasing water solubility. Highly water-soluble carbo- 
hydrates such as the lower amylose [a-( l--+4) linked] oligomers up to DP.5 could not be 
retained on the C18 RP phases which were used in this study. A highly derivatized RP 
C18 phase, provided by Bio-Rad/RSL, could achieve this. Detection of the carbo- 
hydrates was very sensitive. For cellotetraose [capacity factor (k’) z lo] a detection 
limit was estimated to be 6 ng (lo- 1 ’ mol injected. peak height about lOUnoise). 

I. I. I. I. I. b I, 

0 10 minutes 

10 nA 

Fig. 5. (a) Chromatogram of partial hydrolysate of curdlan [laminaridextrins, linear fl-(I-+3)-linked 
glucooligomers], run under gradient conditions. Eluent: A = 0.05 M acetate (pH 5); B = acetonitrile. 
Gradientprogrammefromo to2.5% Bin3 min, 5% Bat 12min.6.7% Bat 30min. 8.3% Bat 60min, 10% B 
at 65 min. Other conditions as in Fig. 4a. (b) Chromatogram of sodium borohydride-reduced partial 
hydrolysate of curdlan, run under gradient conditions. Eluent and gradient pogramme as in (a). Other 
conditions as in Fig. 4a. 
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