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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 fi-p-glucan oligo- and polysaccha-
rides (degree of polymerization up to 30). Immobilized cellulase converted the eluting oligomers to f-b-
glucose, which was oxidized by immobilized glucose oxidase. The production of hydrogen peroxide was
measured with an clectrochemical detector. The functioning of this system was verified for a whole range of
glucosaccharides varying in both structure (positional isomers) and degree 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 first-order kinetics model. Efficient HPLC
separations were obtained for these oligo- and polysaccharides on a 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™ [1]). Some of these
compounds have a fS-glucan structure [2]. f-Glucans are small polysaccharides
consisting of only f-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. f-Glucan oligo- and polysaccharides also occur in food
and beverage products. Their presence in biological samples is masked by the more
abundant digestible a-glucans. In this laboratory. a method was needed for the
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quantitation of trace amounts of fi-glucans in the presence ot other types ol oligo- and
polysaccharides. A very selective and sensitive method was therefore required.
Enzyme reactors have been used successtully as post-column reactors in the
high-performance liquid chromatographic (HPLC) determination of several bio-
chemically interesting compounds [3] and in flow-injection umEv»si\‘ (FITAY. Inthe latter
field. selective enzymes arc used for the measurement of mono- and disaccharides [4]
and x-glucans [5.6]. For such measurements. oligomer hydrolvsimg reactors are used in
combimation with some system which detect the monosacchandes prodaced. Tmmo-
bilized cellulase has been used in the bioengineering scienues for the Lirge-scule
L/

~

saccharificauon of cellulose {71 As far as is known, this enyyime complex has not yet
been studicd for analyucal purposes. Litte is known abou s acton on compounds
other than fi-(1-»4)-linked glucans, This paper reports an investigation of the ability of
celulise-based post-column enzyme reactors for the selective and sensitive HPLO
determination of fl-glucan oligo- and polysacchurides in generad,

As enzyme reactors require water-rich cluents, reversed-phase (RP) columns
were chosen for the separation of the oligo- and pm_\mgwmmgx Separations of
carbohydrates on RP columns have been described previousty (see refs, 8 and 9 {or
recent reviews and rels. 10 12 especially for RP separations). {inul now the practical
use of RP columns for the separation of carbohydrates had mited success because no
sensitive and gradient-comyp ;mhk detectors were avatlable ‘kr:' this purpose. Recentiy,
the combination of novel column materials with pulbsed clect
(PED) highly improved the existing HPLC separation and detection capablities for
these compounds [13]. However, the non-selectivity of PED detectors v disadvania-
i1 the very complex

rocheneal Jdetection

geous when specific carbohvdraie molecules have to be determmed
carhbohydrate mixtures z‘mz are characteristic of Diojogical exiracts, Also. the
technique requires highly basic eluents, which restricts the choice of chromatographic
conditions and the recovery of separated compounds. The wide possibiliues of the
combiation RP columns and enzyvme reactors with clectrochemicat detecuon (ED i
carbohvdrate analysis are

ported here.

PXPERIMENTAL

HPLC determination

For gradient elutions, an SPR700 solvent delivery svstem (Spectra-Physics, San
Jose, CALUSA) was equipped with anextra b-mimixing chamber ( Ulrograd gradient
mixer, LKB. Bromma. Swedeny at the low pressure side 1o oliminate gradien
disturbances. Samples were mjected with a Valeo ECHIU imjecior {VICT Houston,
TX.USA)Y. Analvtical separations were performed on a RoSil O column (Bio-Rad
RSL. Fke, Belgium), 130 » 4.6 mm LD 5 am particle sive
a laboratory-made lurge-volume wall-jet electrochemical cell controtiod by three-
clectrode potentiostat (su: reb, 14 for a (lemd deseriptiony. The
was i 3 num diameter platinum dm_ operated ar 4+ 700 mV versee the saturated calomel
clectrode. The thmmilugmms were recorded \mh an %l‘i%im computing mtegrator
{Spectru-Physics). Enzyvme reactors were placed between the nnaby tical column and the
clectrochemical detector. The analvtical column was omitted i FEA mauswrements.
Since oxygen must be present for the regeneration of the fovin-adening dinucleotde
tFAD) co-enzyme (glucose oddased, the eluents should not be theroughhy degassed,

{he detector consisted of

coworking clectrode
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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 100-mg mass of
aminopropyl glass, 50 nm pore size, 200400 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 celiulase [EC 3.2.1.4, from Penicillium funiculosum, 5.9 U mg~! (Sigma)] in
3ml 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 L.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[16]. A 10-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-1 (OH ™ form, Serva) and centrifuged.

A 10-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), 10-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 cellohexaose). 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 Cg, 250 x 10 mm [.D., 10 ym 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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liquid chromatograph. Hewlett-Packard. Avondale, PA. USA). with refractive index
detection (R404, Waters. Milford. MA, USA). A first fraction contained ccliobi-. ~tn-
and -tetraose. Cellopentaose and cellohexaose were collected in a second and a third
fraction. Ninety 200-gl injections were p erformed. In a second step. the first fraction
O an dnm\uuu octadec ‘) silica column {RoSiL (‘H‘ colt
4.6 mm [.D., 5 um particle size. Bio-Rad RSL). cluted with water ut 0.3 ml min
Cellotri- and -tetraose were collected using fifty 200-10 inections. The amounts of
collected oligomers ranged from 23 to 90 mg with a purily =Y \”«; for eellotriose and
= 95%, for cellotetra-, -penta- and -hexaosc,

Oligosaccharides from curdlan hydrolysates were \me wd by gradient prepar-
ative-scale HPLC on an octylsilica column. Injections (6 miby coniaining 80 myg of
hydrolysed curdlan were pes ‘Rarmcd ona 230 x 10 mm LD RSt g column, T um
particle size {Bio-Rad ‘RS ). The column was eluted with a water (A) acctonitnle (B)
vradient (4 mi min " from 0% B to 3.5% Bin 35 miny. The column cluent was splu
into a detection and a collection line using & Jow sphitter (Valcor and a 'nm:‘ri"w valve
{Hoke. Creskill, NY, USA 1 to obtain a split-ratio of 7 collection ey over detecton
fine). The detection line was mixed with a (.05 A aectate bufter (pH 3 Ducmmw Wil
performed using the celiulase ghucose oxidase B system.

WS m| scted «

repetitive imjectons

vielded 27 oligomers in amounts ranging fvom 22.6 mg {degree of pehvmerization (D)
3o 1.2 mg {DP30).

RESULTS AND DISCUSSION

Detection principle

A-Glucans, eluting front the chromatographic column. are hvdrolysed to glucose
monomers through the action of immobilized cellulase in a first enzyme reactor. The
produced f-p-glucose is oxidized i a second enzyme reactor containig immobiiized
glucose oxidase. The oxidation of glucose 1s coupled 1o the reduction of o gen o

hydrogen peroxide. The hvdrogen pumulg pmdmui s detected electr
inu slucose oxidase reactor has been studied Tor many FIA wnd }H’i,( applications

{
7

(‘ommcrciul cettulase contains a mixture of enzymatic actihvies, Three magor
acuivities have been defined and can be found in all cellulase preparations [18)
ende-1.4-fi-p-glucanase. exo-1d-fi-p-glucanase and  fi-p-glucosaduse. Their action
converts fi-(T—=d)-linked p-glucosaccharides {(cellodestrinsy o fhp-glucose, The
cellulase under study H‘ro'n Poofunicalosuny is slso knowno tooaet on St 2ene
(laminarioligomers). fi-(1-»6p-{gentivoligomerst and
{sophorooligomers). Hwim!mx\ vields fi-p-glucose (sume conliguration of the anom-
eric carbony [19]. Michachs constants (A and iuuii"\\ vetocres can be found for the

¥

Feo D-p-ghucostdic bonds

hvdrolysis of DP2 1o DPO celiodextrins only [20] Information on the relauve rates of
oddeatoe oother than collo l“ FRSE /\3.;“\. VIV STUETUR VT SN g T
ll‘y'kilkll'\v\l‘t AR A 195} ll [ N L N o D R S R DA N 7S S S FAN N AW ) l’»\ (VLN RS S S P 1 'l\}‘&ll;l&i\:KlV i

\ 3
unfortunatety very scarce. The folfowing section therelore gives quaniitaive informa-
tion on the relative rates of hvdrotvsis of differcnt glucosacchuvides obtained with

immobilized cellulase reactors

Quantitative evaluation of the enzyme reactors. theor
Under the conditions used in this work Gow substrate concentrationsy and m
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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=g T — KPS (D

Here v is the rate of substrate conversion in the enzyme reactor, S'is the substrate
concentration, 7 is time and KPP the apparent pseudo first-order rate constant, equal
10 ¥ man/KEPP) (Vay is the maximum rate of substrate conversion and K$*” is the
apparent Michaelis constant) [22]. In enzyme reactors, the rate of substrate conversion
is affected by mass transport limitation phenomena. Therefore, the K@PP values
depend on the flow-rate, on the carrier particle characteristics (see Johansson et «/. [22]
for a detailed discussion) and on the reactor dimensions. This work was restricted to
measuring K@P values at flow-rates of | 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:

S,-
In <‘> =In(l - X) = — K@ (2
Sl=0

(app)
T

X=1—e¢% 3)

wherein S, —, is the amount of substrate at the outlet of the enzyme reactor and S;- is
the amount of substrate at the inlet of the enzyme reactor, T and X are, 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
K&PP values, fractional conversions (X), or 7y, 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 L5, i.c., the reactor length required to convert 50% of the substrate:
Ly = t1;2F ! when no retention occurs during transit through the enzyme reactor
(F being the linear velocity of the eluent in the reactor). As mentioned earlier,
K& and therefore also 1, and L,,, are dependent on parameters which influence
mass transport.

Characteristics of the cellulase reactor

Tables I and 11 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 f-nD-glucose liberated by the enzyme reactor,
divided by the maximum amount of f-D-glucose that could theoretically be liberated
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TABLE ]

MRIES AND FRACTIONAL CONVERSIONS (4 FOR CELLODEMTRINS [ i--d GLUCO
OLIGOMERS] FOR DIFFERENT DP VALUES

Obtained with a cellulase reacter operated ata ow-ratc of Tmlmim T usmg 003 3 aeetate buffer of pH 32
an cluent, Reactorfength = LE o as column heading, The thivd serios of vaiues was obtamaed with
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o
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{100%: hydrolysisi. Te determine the amount of glucose freed from
saccharides by the cellulase reactor. ]\nm\!monum: mo'xxnl feelucans (210 T moh

containing standard additions of glucose (4 oW Tund 1a

injected (o correction factor s applied to dm with the » 7 anem z
glucose oxadase reactor ondy detecis the fanomer, wineh s prosent ai o i

a4 alucose solution nequibibriom [23]) At feast three standard sddinions were made for
coch duta point and cach sumple was imjected three tmes., The solative ervors for these
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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 f-glucan, divided by the response provoked by an equimolar amount
of p-p-glucose.

The fractional conversions are highest, around 60%, for the cellodextrins
[B-(1—>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 1 also shows that MRFs increase with increasing DP. The ratio
MRF/(DP — 0.35) (0.35 is a correction factor, taking into account the o«/f
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 B-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 f-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 valucs, measured for three
disaccharides, cellopentaose and for six linear f-(1—3)-linked oligosaccharides at
different flow-rates. It is clear from these data that the immobilized cellulase also
catalyses the hydrolysis of p-(1—6)-linked compounds (gentiobiose) and f-(1—3)-
linked oligomers from DP2 (laminaribiose) up to DP30. There is a tendency of
decreasing MRFs and fractional conversions towards f8-(1 —3)-linked oligomers, as
compard to the -(1—4)-linked cellodextrins (Table I). These results suggest a lower
activity of the immbilized enzyme complex towards other than f-(1-—4)-linked
glucans. However, the compounds are still easily detectable with the described system,
as the MRFs are comparable to that of fS-pD-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 L, (this is confirmed by results discussed for Table 1T
later). For B-(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 f-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, itis 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
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TABLE III

APPARENT PSEUDO FIRST-ORDER RATE CONSTANT, K":p"', MAXIMUM FRACTIONAL
CONVERSION, Xn... AND HALF-LENGTH, L,,;, OBTAINED FOR SOME CURDLAN
OLIGOMERS WITH AN IMMOBILIZED CELLULASE REACTOR SYSTEM

Column, 2.1 mm L.D.; flow-rate, | ml min~!. Curdlan oligomers [$-(1 —3) glucooligomers] with known DP
value. The values were calculated from the experimental data in Fig. 2 (simplex iterative curve fitting) (see
text).

Dp K& (s71)  Xuax (%) Lyjz (mm)

5 0.68 37 43
10 0.60 37 4.9
15 0.70 6.3 4.1
20 0.55 4.3 5.2
25 0.32 12 9.1
30 - - -

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

The selectivity for B-glucans was evaluated by injecting a mixture which
contained a-glucans (starch hydrolysate) at a concentration 50 times higher than the
working range for B-glucans. 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 x-glucan hydrolysing enzymes. This
causes the immobilized glucose oxidase reactor to behave as an a-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 K&PP value calculated from the resulting curve was
0.76 s~'. From this value, Ly, was determined to be 3.8 mm and 7;,; = 0.9 s.
Therefore, an immobilized glucose oxidase reactor with an 1.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 107° (1.8 ng
injected) to 5- 107> 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
5-107%-5 - 10™* M. Extra-column band broadening caused by the reactors was
determined by a method described by Verzele and Dewaele [26]. A o, value of 31 ul
was obtained for a reactor of 50 mm length and 2.1 mm L.D.
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acetonitrile as the organic modifier. Peak broadening and splitting due to the
separation of «/ff anomers can be seen, but the overall separation efficiency is still
sufficiently high. Laminaridextrins, obtained through the partial hydrolysis of curdlan
[a mainly f-(1-3)-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 (1—6) bonds while branching points consist of (1—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 f-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 [¢-(1 —4) linked] oligomers up to DPS5 could not be
retained on the C,g RP phases which were used in this study. A highly derivatized RP
C,5 phase, provided by Bio-Rad/RSL, could achieve this. Detection of the carbo-
hydrates was very sensitive. For cellotetraose [capacity factor (k') &~ 10] a detection
limit was estimated to be 6 ng (10~ '! mol injected. peak height about 100,

5 10
5 nA
[ (o)
15
20
\ L L L Y
-
(l) 1I0 I ‘ I : mim;!es
10 nA[ 5
(b)
10
15
| W
v L 1 L 1 L 4
0 10 minutes

Fig. 5. (a) Chromatogram of partial hydrolysate of curdlan [laminaridextrins, linear f-(1-—3)-linked
glucooligomers], run under gradient conditions. Eluent: A = 0.05 M acetate (pH 5); B = acetonitrile.
Gradient programme from 0 t0 2.5% B in 3 min, 5% B at [2min, 6.7% B at 30 min, 8.3% B at 60 min, 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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