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1. Introduction

Enzyme-catalysed reactions provide a means to perform
many industrial processes because they enhance chemical
reactions specifically and avoid the formation of by-
products and the use of toxic organic solvents. Current
enzyme applications range from laundry detergent sup-
plements [1, 2] to the destruction of nerve gas agents [3,
4]. Although enzyme specificity is attractive, there are
also significant disadvantages to enzymatic catalysis.
One of the principal disadvantages being relatively short
lifetimes, ranging from a few hours to several days [5, 6].
However, literature has shown that by immobilizing an
enzyme on a support matrix, the lifetime of the enzyme is
increased since the rigidity of the support matrix helps
prevent unfolding [3, 4, 7]. Microfiltration membranes
are often a good choice for enzyme attachment. The high
surface area in the pores allows for enzyme attachment
[8, 9] and reduction of mass transfer limitations.

Ion exchange (IE) membranes, on the other hand, are
seldom thought of as good candidates for enzyme
attachment. Their dense structure prohibits pore attach-
ment, allowing only surface attachment, which typically
yields significantly lower attachment density. For in-
stance, if a membrane has 2 m* g~ ' internal surface area
(standard microfiltration membrane), a 100 um thick-
ness, and a density of approximately 1 gcm™, the
relative amount of enzyme that could be attached with a
monolayer in a pore compared to an IE membrane
surface (one side) is about 20. However, given this
limitation, IE immobilized-enzymes may be advanta-
geous in certain cases. These cases include enzymes
systems where charged ion products could be selectively
transported away, thus possibly increasing the reaction
efficiency (product-inhibited cases) as well as reducing
separation steps.

For these reasons, we have chosen to study a model
enzyme system on IE membranes. The enzyme, glucose
oxidase (GOd), converts glucose to gluconic acid and
hydrogen peroxide. If GOd is immobilized on an anion-
exchange membrane (AIE), a current across the mem-
brane can selectively remove gluconic acid from the
glucose/enzyme solution. Because this reaction is prod-

uct-inhibited [10], the removal of the gluconic acid
should increase the reaction rate. Thus, the purpose of
this study was (i) to achieve the attachment of GOd on
an AIE membrane, (ii) to test the stability of enzyme on
the AIE membrane compared to that of the solution
phase, and (iii)) to compare the overall effectiveness of
the enzyme immobilized AIE membranes to other
bioreactor configurations.

2. Experimental details

Commercially available AIE membranes from Toka-
yama were used for enzyme immobilization experiments.
These membranes included AFX, AMX, and AM-1,
which are all strongly charged, dense, anion exchange
electrodialysis membranes [11]. Membrane preparation
was conducted using gluteraldehyde-amine chemistry as
outlined in Table 1 footnotes. This treatment consists of
a 0.5% sodium alginate soak for 30 min, 1% PEI
(polyethylene imine) soak for 30 min, and a 2%
gluteraldehyde soak for 30 min. The membrane surface
is then placed in 20100 mg L™' GOd and 2-10 mg L'
catalase for 180 min. The testing was conducted in 1—
10 g L' glucose solutions. The results of these experi-
ments are measured using HPLC, an enzymatic-visible
method to determine GOd consumed, and ionic con-
ductivity measurements. The membrane testing takes
place in an electrically assisted H-cell. The cell consists
of a 150 mL feed side volume and a 100 mL diluent side
volume with a platinum coated titanium oxide cathode
and a ‘dimension stable electrode’ (chlorine resistance)
for the anode. The membrane area was 4 cm”.

Glucose and gluconic acid concentrations were deter-
mined with an HPLC column using a modified method
of one found in literature [12]. The gluconic acid
concentration was linear from 0.1-20 g L' with a
determined error of <4%. The glucose was linear from
0.5-50 g L™' with a determined error of <5%. The
enzymatic assay for GOd included additions of sodium
acetate buffer, o-dianisidine solution, and peroxidase
enzyme solution [13]. We found GOd concentration to be
linear in the range 10-100 mg L™" with an error of 11%.
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Table 1. Effect of membrane processing steps on electrical resistance and enzyme attachment

Resistance determined in 0.5 N gluconic acid

Membrane Initial resistance Resistance* Resistance’ Resistance Resistance® Enzyme attachment
type /Q cm? /Q cm? /Q cm? /Q cm? /Q cm? /mg cm ™2
AMX 58.1 £ 0.9 62.8 = 0.6 63.6 £ 1.2 632 £ 1.1 63.7 £ 04 4.1x107*
AMI1 494 + 1.0 53.6 £ 1.5 53.1 £ 0.8 539 £ 1.8 53.5 £ 0.8 6.1x 1074
AFX 44.5 £ 0.7 BVL BVL BVL 45.6 + 0.5 6.0x 1077

* Functionalization consists of 0.5% sodium alginate soak for 30 min.

"1% PEI soak for 30 min.

2% gluteraldehyde soak for 30 min.

$20 mg L™! enzyme soak for 2 h.

BVL Binding very low, so detailed resistance study not performed.

The ionic conductivity was measured (0.5 N gluconic
acid) using a Keithley Instruments LCZ meter equipped
with four-point measuring probes with <5% experimen-
tal error for three different membrane samples.

3. Results and discussion

Enzyme attachment requires a balance between attach-
ment density, stability and reactivity. Because IE mem-
branes are dense, we used a surface treatment technique.
Although overall attachment density is expected to be
low [14], we felt that the advantages of simultaneous
separation would make up for this drawback. Separa-
tion requires that functional AIE membranes still
maintain their ionic conductivity properties after en-
zyme attachment. For this reason, we performed a study
looking at the change in the ionic conductivity of the
membrane as a result of surface modification and
subsequent enzyme attachment. As shown in Table 1,
each of the immobilized-enzyme membranes showed
only slight changes in electric resistance upon enzyme
immobilization (~3-10%). It is interesting to note that
increase in membrane resistance, AFX<AM-1<AMX,
is similar to that seen for NaCl [11]. It should also be
noted that catalase attachment, which is present in the
mixture at a ratio of 1:10 that of GOd, was not
measured and, therefore, changes in enzyme attachment
reflect those of GOd only.

Studies performed with AMX and AM-1 membranes
(also shown in Table 1) show that most of the change in
electric resistance of these membranes takes place due to
the sodium alginate soak. This is because the sodium
alginate is negatively charged and serves as a neutral-
izing agent to surface charge on the positively charged
AIE membranes. However, we have used this step in the
functionalization because it makes it more likely that
we can get a PEI coating, a source of primary amines,
which is necessary for gluteraldehyde cross-linking of
the enzymes [14].

Finally, Table 1 shows an attached enzyme concen-
tration ranging from 0.6 x 10~ to 6.1 x 10~* mg cm .
Given that the molecular weight of this enzyme is about
63 000 Da (dalton) [15], this gives a maximum molar
attachment of about 1 x 10~ mmol cm™2. This activity

can be compared to some other enzyme results found in
literature. For instance, with BSA (67 500 Da), Ko-
guma et al. [16] found enzyme attachment to range from
9% 107% to 5x 107" mmol cm 2 which is consistent
with the attachment that we found. Further, Bourdillon
et al. [17] found that a single layer of GOd on the
membrane had an attachment density of about
2.65 x 107" mmol of active enzyme cm 2. Our results
differed from those of Bourdillon et al. because their
technique measured active enzyme while we measured
total enzyme attached. Given that we found the enzyme
to be 32% active on the surface, and the amount of
active enzyme attached is about 3.2 x 10~* mmol cm 2,
we surmise that the enzyme is probably forming multiple
layers on the membrane surface. The loss of activity is
attributed to nonspecific, random attachment [8].
Another factor key in the design of bioreactors is
enzyme stability. Since the lifetime of polymeric mem-
branes is significantly longer than an enzyme lifetime, it
is important to increase enzyme stability in order to
realize the full potential of the bioreactor. Figure 1
shows normalized enzyme activity against time for
immobilized GOd on AMX and AM-1 along with
solution-phase GOd. As shown, the AMX membrane
exhibits an enzyme stability of >80% of initial activity
for six days and >50% activity for 15 days with the
AM-1 membrane losing activity at a much more rapid
rate. The most probable cause for this difference is the

S O = = -
=)} o O NS} s
!

<
~

Relative Activity
(Activity/Activity on Day 0)

e e
o
.

(=)
W

10 15
Time/days

20

Fig. 1. Stability of membrane attached and solution phase glucose
oxidase enzymes. Key: (0) AM-1 immobilized; (O0) AMX immobi-
lized; (A) solution. Temperature for storage 4 °C and testing 23 °C.



difference in surface charge and attachment density.
Since the AMX membrane has less surface charge than
the AM-1 membrane, enzyme interactions (deactiva-
tion, unfolding) could be less [18]. Further, because of
this charge, localized aggregation of the enzyme could
take place resulting in the increased loss of activity.
However, both of the enzyme immobilized membranes
still showed an increase in stability over homogeneous
solution as expected. Given the significant increase in
stability of the AMX over the AM-1 membrane, the
AMX membrane was used for the remainder of the
enzyme studies.

We used the best results of enzyme attachment to
study the effects of simultancous separation on the rate
of reaction. Given the enzyme system in question, we
determined three likely processing scenarios (Figure 2).
The only difference in these three reactors (for the
purpose of this study) is the amount of product being
transported. In case A, there is no product transport
away and thus product inhibition is expected to be high.
In case B, the amount of gluconic acid transported to
the surface of the membrane is controlled by the
diffusion rate as opposed to the reaction rate as in
case C. Because the reaction rate is much higher than the
rate of diffusion to the surface, we expect the current
utilization for the electrically-assisted membrane would
be less than the membrane immobilized electrically-
assisted case. The results of experiments with these three
reactors can be seen in Figure 3. As shown, the amount
of gluconic acid formed increases in the order C>B> A
(note in the membrane functionalized-electrically assist-
ed case, only active enzyme was considered). At 150
minutes, we have shown a 4-fold increase in product
formation with membrane immobilized (C) as opposed
to the homogeneous solution (A). Both of the mem-
brane separation techniques (C and B) were expected to
have improved performance over the solution phase
bioreactor. However, at equal current density, the
functionalized membrane should have better transport
rates across the membrane. This is because the concen-
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Fig. 2. Possible bioreactor configurations including (a) solution phase,
(b) electrically assisted, and (c¢) membrane functionalized-electrically
assisted. Key: (@) enzyme; (@) product; (O) substrate.
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Fig. 3. Rate of gluconic acid production with different bioreactor
configurations. Parameters: 1 g L' glucose feed; current density
2 mA cm 2 pH 4.5-5.5. Key: (M) membrane immobilized, electrically
assisted; (O) solution phase, electrically assisted; (A) solution phase,
diffusion controlled.

tration of gluconate relative to hydroxide (competing
ions) at the membrane surface will be higher due to the
surface reaction (immobilized enzyme).

Considering the observed increase in gluconic acid
transport, we would expect the immobilized enzyme to
have a higher degree of separation at identical currents
due to the decrease in the transport boundary layer with
enzyme attachment. Thus, Figure 4 shows the relative
product (gluconic acid) concentration of both feed and
product sides with enzyme-attached and free-solution
electrically assisted enzymes. As shown, with the immo-
bilized enzyme (C), gluconic acid in the product com-
pared to the feed is 9:1 at 400 min compared to about
1.5:1 for the free solution enzyme (B). This is the
expected result since the enzyme at the surface should
have much better current utilization for separation
(decrease in diffusion boundary layer). Further, we have
shown that, at these rates of current utilization, there
was very little glucose transport.
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Fig. 4. Relative gluconic acid in feed and permeate with membrane
immobilized and solution phase glucose oxidase bioreactors. Param-
eters: 1 g L™! glucose feed; current density 2 mA cm™2; pH 4.5-5.5.
Key: (@) solution phase feed; (4) solution phase permeate; (A)
immobilized feed; ((0) immobilized permeate.
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