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ABSTRACT

Enzyme immobilized membranes combine catalysis and separation functions. Their application in large-scale
continuous processes requires knowing the behavior under pressure. Also, the effects of enzyme location on the mass
transfer limitation, membranes’ stability, and filtration performance should be investigated. In this study, urease (URE)
and trypsin (TRY) enzymes were physically immobilized in/on the surface of a polyacrylonitrile (AN69) membrane
through layer-by-layer (LbL) self-assembly method using polyethylenemine (PEI) and sodium-alginate (ALG) as cationic
and anionic polyelectrolytes respectively. URE, located on the membrane’s surface, degraded urea in a reaction-controlled
regime, and its immobilization did not significantly change the hydraulic permeability. On the other hand, the TRY
enzyme attached to the membrane’s pores reduced the permeability and degraded the BAPNA in a diffusion-controlled
region. In TRY immobilized membranes, the conversion increased linearly with the transmembrane pressure, while in
URE immobilized ones, conversion was maximum at 1 bar. Sandwiching the enzymes between two polyelectrolytes
resulted in the highest catalytic activities. This configuration maintained most of the URE activity in the long-term
filtration, but it did not help prevent TRY’s activity loss.
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limitations, enzymes in the membrane’s pores lower the flux and
encounter lower substrate concentrations than the enzymes located on
the membrane surface; hence their activity is lower. However, this
case, to some extent, may be helpful to specific reactions at which
substrate has a strong inhibition effect!*?, Although enzymes
immobilized on the membrane surface enable high conversion, back-
diffusion of products may adversely affect the reactor performance
through product inhibition. Generally, back diffusion can be neglected
at high transmembrane pressure (TMP) or fluxes. However, in this
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case, the rate at which fouling occurs on the surface may increase, or the rate of substrate conversion may
decrease (lower productivity). Furthermore, a higher pressure may lead to the detachment of the enzyme
molecules from the membrane surface due to the increased hydraulic shear force. The enzyme location also
influences the long-term stability of the membrane. The pore size of a porous membrane relative to the size of
an enzyme has a strong effect on the activity. While pore size ranging between 2-50 nm enables superior
conformational stability to the immobilized enzyme without restricting enzyme access, beyond this range, the
enzyme encounters either a physical restriction in accessing to the pores or coalesce in the pores due to protein-
protein interactions®l. If the enzyme is on the surface, the TMP becomes an essential factor in its
conformational stability. The choice for the enzyme location is then determined by the decision between the
long-term stability and the impact of mass transfer resistance on reaction rate. This study investigates the effect
of enzyme location on the catalytic activity (conversion), long-term stability (reusability), and the rate-limiting
step under dynamic conditions.

The immobilization method determines the bonding strength between enzyme molecules and functional
groups of the membrane and enzyme conformation stability. While the physical adsorption method cannot
prevent the enzyme’s leaching, the covalent bonding method causes the enzyme’s partial inactivation. The
layer-by-layer (LbL) self-assembly of polyelectrolytes meets the above requirements satisfactorily, providing
a one-step, defect-free, ultrathin and stable deposition of enzymes. The method can be applied on any curved
or flat, negatively or positively charged surfaces. Besides, it is an environmentally benign process involving
an aqueous solution as the media at moderate temperatures. Many studies utilized LBL assembly to develop,
for example, biosensors, biocatalysts*%!, and nanofiltration membranes® with enzyme immobilization. These
studies focus on optimizing biocatalytic activity under static conditions. However, in industry, enzymatic
membrane reactors are mainly operated under pressure-driven continuous flow mode; hence, the membranes’
activity and stability under dynamic conditions should be elaborated. This knowledge is necessary for an
accurate design or optimization of operating conditions of the enzymatic reactors. Only a few studies
investigated the behavior of LBL-enzyme assembly under dynamic conditionst . In these studies, the
enzymes were immobilized in the membrane’s pores, and the effects of permeate flux["-°! and the pore sizel®
on the catalytic activity were investigated. Although Kkinetic parameters were determined under dynamic
conditions; the enzyme’s long-term stabilities were evaluated with the static experimentst”l,

In our previous study, the LbL technique was employed for the immaobilization of urease (URE) and
trypsin (TRY) on the surface or within the pores of the AN69 ultrafiltration membrane using PEI and ALG as
cationic and anionic polyelectrolytes™. We have found that the long-term enzyme stability in a batch mode
can significantly improve when a thin polyelectrolyte layer covers the enzyme on the outermost layer. In this
study, we aimed to test the performance of the AN69 based membranes created with different LbL architectures
using the same polyelectrolytes and enzymes under dynamic conditions since most enzymatic membrane
bioreactors are operated continuously. We particularly focused on investigating the effect of enzyme location
and the different LbL architectures on enzyme activity, stability, and mass transfer limitations.

2. Materials and methods

2.1. Materials

Commercially available PAN-based flat sheet membranes, prepared by the copolymerization of
acrylonitrile and sodium methallyl sulfonate monomers, were supplied by Gambro, Hospal, France, and used
as support material. The commercial membrane, denoted as AN69, is negatively charged due to the ionized
sulfonate groups’ presence in its backbone and has a molecular weight cut-off of 30 kDa. The producer
modifies the surface of the AN69 membrane with PEI adsorption and denotes this membrane as AN69-PEI.
The wet thickness, pore radius, and porosity of the AN69 membrane are 25 mm, 20 =6 nm, and 0.8,
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respectively!®12l, Sigma supplied polyethyleneimine (PEI), sodium alginate (ALG) Jack bean urease type Ill
(EC 3.5.1.5 and U1500-20KU, 40 U/mg solid), Trypsin (23.8 kDa) from bovine pancreas type XII-S (EC
3.4.21.4 and > 9000 BAEE U/mg solid), N-benzoyldl- arginine-p-nitroanilide (BAPNA) and Bradford reagent
(B 6916). Urea, trizma hydrochloride, phosphate buffer, sodium nitroprusside dihydrate, and acetic acid were
purchased from Fluka. Phenol (Rectabur > 99%), sodium hydroxide anhydrous pellets (Carlo Erba > 97%),
sodium hypochlorite (Riedel, 6%-14% CI active), were obtained from different companies. All aqueous
solutions were prepared with Milli-Q water (> 18 MWcm). The trypsin purity was determined to be 90% using
chromatography on a Superose 12 column and that of urease to be 3.47% using the Bradford method?l,
According to the latter method, 1 mL of enzyme solution was mixed with 1 mL of Bradford reagent. Following
10 min of incubation, the concentration was determined at 595 nm using a UV/VIS spectrophotometer.

2.2. Methods
2.2.1. Fabrication of TRY and URE immobilized AN69-PEI membranes

The protocol for TRY and URE’s immobilization on the AN69-PEI membranes has been described in
detail in our previous study™®. Briefly, the reactive TRY membranes were fabricated by successive immersion
of (AN69-PEI) membrane in ALG and TRY giving the (AN69-PEI-ALG-TRY) membrane and in ALG, TRY
and ALG giving the (AN69-PEI-ALG-TRY-ALG) membrane. Similarly, reactive URE membranes (AN69-
PEI-URE and AN69-PEI-URE-PEI) were prepared using the same approach. Each stage of adsorption was
followed by rinsing the membrane in the corresponding buffer solution to remove excess polyelectrolyte.

2.2.2. Filtration studies

The membrane’s catalytic performances under dynamic conditions were characterized using a dead-end
stirred cell filtration system (Model 8010, Millipore Corp, Bedford, MA, internal volume: 10 mL, active
surface area: 4.1 cm?). The feed side pressure was maintained by nitrogen, and the feed solution was
continuously stirred (300 rpm) to avoid concentration polarization. Filtrate samples were collected at several
transmembrane pressures and measured using an analytical balance (Sartorius BP221S with an accuracy of 0.1
mg) (Figure 1). In all experiments, the temperature was maintained at 23 £2 <C. First, the AN69-PEI
membrane was placed into the cell and compacted with water twice up to 2 bars by a gradual increase in
pressure necessary to keep the membrane morphology stable. After reaching a steady-state, filtration of 22
mM phosphate buffer at pH 7 and 100 mM Trizma buffer at pH 8 through URE and TRY immobilized
membranes was carried out at three different levels of transmembrane pressures (0.5 bar, 1.0 bar, and 1.5 bar).
Finally, urea (0.5-50 mM) and BAPNA (0.05-2 mM) solutions were filtered for 10 minutes at each
transmembrane pressure, and samples were taken from permeate and retentate streams. TRY hydrolyzes
BAPNA into N-benzoyl arginine and the yellow-colored p-nitroaniline (p-NA) while URE catalyzes urea’s
hydrolysis into ammonium and carbon dioxide. The concentrations of BAPNA and p-NA (CBAPNA and Cp-
NA) in the samples were determined spectrophotometrically by reading their absorbances at 315 and 410 nm,
respectively. Ammonia concentration was determined by mixing 40 L of the sample with 20 mL of 10%
acetic acid solution. 20 mL from this mixture was poured into a tube which consisted of 5 mL of reagent-A (5
g of phenol with 25 mg of sodium nitroprusside diluted to 500 mL with water). After shaking gently, 5 mL of
reagent-B (2.5 g of sodium hydroxide and 4.2 mL of sodium hypochlorite diluted to 500 mL with water) was
added. The mixture was then incubated at 37 <C for 20 min. The color change during incubation related to the
liberated ammonium concentration (C1) was detected at a wavelength of 625 nm using a Perkin EImer UV/VIS
Spectrophotometer. The total amount of urea in the samples was determined through enzymatic decomposition.
For this purpose, 60 L of urea solution was reacted with 10 L of URE (0.347 mg urease/mL solution was
used in 22 mM buffer at pH 7) at 37 <C for 60 min. The reaction was stopped with 35 L of 10% acetic acid.
60 min was enough to convert all the urea to ammonia, and its concentration was determined following the
same procedure given above (C2). The unreacted urea concentration was calculated by subtracting C1 from
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C2 and then dividing it to 2. The following expression calculated the specific activities, Vi, (mmol/min.mg) for
both TRY and URE immobilized membranes,

_ AXV (1)

tXeXlxm

where, A represents absorbance value of the product, V is the volume of the sample (mL), t, e, I, and m stands
for the filtration time (min), extinction coefficient (Mlcm™), optical path length (cm), and amount of
immobilized enzyme, respectively. The membranes’ surface densities given in Table 1 were used to calculate
the amount of the immobilized enzyme for a given surface area of the membrane.
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Figure 1. Experimental protocol for the filtration of urea and BAPNA through URE and TRY immobilized membranes.

Table 1. Amount of enzymes immobilized on/in the membranes?,

Membranes I' (mg em™)
ANG69-TRY 0.21
ANG69-PEI-ALG 0.22
ANG69-PEI-ALG-TRY-ALG 0.15
ANG69-PEI-URE 0.01
ANG69-PEI-URE-PEI 0.01

The filtration data were used to calculate the solution flux, J, (L/m? h) by dividing the slope of the
volumetric flowrate, V, (L/h), through the membrane to the effective membrane area, A (m?),
v
Jo="r @)
The hydraulic permeability, L, (L/m? h bar), through the membrane was determined from the slope of the
solution flux’s plot as a function of transmembrane pressure.
Jv
L,="— 3
P AP )
The viscosity correction term in Equation (3) was neglected due to a slight temperature variation during

the experiments.

2.2.3. Determination of kinetic parameters

The kinetics of immobilized enzymes were determined by measuring the products’ concentration in the
retentate and permeate solution with increased substrate concentrations in the feed solution. The data were
then evaluated with the Michaelis-Menten equation, and the kinetic parameters, Vmax and Km, were obtained
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from the non-linear regression analysis based on the Michaelis-Menten expression.
Vinax[S
Vi — max[ ] (4)
Kin + [S]
where, Vimax (kmol/m? s) is the maximum reaction rate possible if every enzyme molecule is saturated with
substrate, and K (kmol/m?®) defines the substrate concentration at which the observed reaction rate is half of
Vmax-

2.2.4. Determination of retained activity at the end of the filtration

Before filtration, a small piece of enzyme immobilized membrane was immersed into substrate solution.
The product’s concentration liberated from the catalytic reaction was determined according to the protocol
described in section 2.2.2. This measurement was repeated at the end of the filtration with the membrane used
in the experiment. The percentage of retaining activity was calculated by dividing the observed activity after
filtration by the value obtained before filtration. The details for the measurement of TRY and URE’s
immobilized activities can be found in our previous work,

2.2.5. Effects of mass transfer resistance on the immobilized enzyme kinetics

Under dynamic conditions, mass transfer resistances present during substrate filtration are shown in
Figure 2. Previously, we have shown that URE is immobilized on the surface, whereas TRY inside the
membrane’s pores. In the case of URE immobilized membrane, urea first diffuses to the enzyme surface, and
then reaction occurs at the surface. The relative importance of the mass transfer compared to the enzymatic
degradation of urea can be determined by a dimensionless number called Damkc&hler. The Damkdhler number
can be interpreted as the maximum reaction rate ratio to the maximum mass transfer rate.

Vmax
Da - m (5)
where, So (kmol/m?®) is the initial substrate concentration. If D, < 1, the maximum mass-transfer rate is much
larger than the maximum rate of reaction, and the process is said to be in the reaction-limited regime. On the
other hand, when the mass-transfer resistance is large, mass transfer is the limiting process, and D, > 1 (m/s)
in Equation (5) corresponds to the overall mass transfer coefficient. It is obtained from the sum of all
resistances shown in Figure 2.

Feed Enzyme Membrane Enzyme Permeate
Side layer layer layer Side

So

S

Figure 2. The variation of substrate concentration through an enzymatic membrane under dynamic condition.
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In Equation (6), Lmem (M), Lenz (M), Dm (M?/s), and De (M?/s) are used to define membrane and enzyme
layer thicknesses and diffusion coefficients of the substrate in membrane and enzyme layer, respectively. The

mass transfer coefficient on the feed side (m/s) was determined from an empirical correlation developed by
Smith et al.[*4],




ke Xr

Dj o
where r (m) defines the radius of the stirred cell, D;, (m%s) is the free diffusivity of substrate, a is a
dimensionless constant and definitions of Reynolds and Schmidt numbers are given below.

— q Re%567 x §c033 @)

W X 12

Re = (8)
(%
Hw
Sc = 9
wai,oo ( )

where w, (rev/s) is the stirring speed, v, (m?/s), u,,, (kg/m s) and p,,, (kg/m3) are the kinematic viscosity,
dynamic viscosity, and density of water, respectively. The free diffusivities of substrates were obtained from
the empirical correlation of Wilke-Chang.
117.3 x 10718 (¢pM,,)V/2T
— 0(;1) w) (10)
HwVq'

where, in this equation, ¢, defines the association factor for water, and va, (m3/kmol) is the molar volume of
substrate. The resulting urea and BAPNA diffusivities in water at 25 <C were estimated as 1.48 < 107° and
3.85 x10°® cm?/s respectively.

i,00

The mass transfer coefficient of substrate on the permeate side, kp, (m/s), was calculated from the
thickness of the boundary layer, &,, (m), and free solution diffusivity as follows;
D;
=— (11)

p 5p

The solute diffusivities (effective diffusivity, D,sf;) in the enzyme layers and in the membrane were
calculated by multiplying the free solution diffusion coefficients with the partition coefficient, ®;, porosity, ¢,
and diffusive hindrance factor, K; p,.

k

Degri = €PiKipDiwo (12)
The solute diffusive hindrance factor, Kip, is a function of the ratio between the solute and the pore
diameters (1; = d; s /dp)[“"]. If parabolic fully developed solute flow within the pore is assumed, the diffusive
hindrance factor can be defined as*®:
K;p = 1.0 — 2.30A; + 1.1544;* + 0.2244;° (13)
The partition coefficient in Equation (12) was calculated by assuming spherical solutes in cylindrical
pores and the expression is given below.
®; = (1-4)* (14)
In the case of TRY immobilized membrane, the substrate, BAPNA, first diffuses to the external surface
of the membrane and then through the pores within the membrane where reaction takes place on the catalytic
surface of the pores. The relative importance of the internal mass transfer over the rate of the reaction can be
compared by the magnitude of Thiele modulus, «, with the expression given below.
Vmax

1
= (————)2L
K (Deff,mSo) mem (15)

3. Results and discussion

3.1. Permeability studies
3.1.1. Buffer permeability

A preliminary experiment based on a protein analysis from permeate demonstrated that the AN69-PEI
membrane completely rejects the urease so, surface immobilization without altering the membrane pores is
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assumed. Figure 3 shows the hydraulic permeabilities of buffer solutions normalized to the permeability in
the plain AN69-PEI membrane. URE immobilization on this support slightly reduced the permeability (6%).
The decrease might be attributed to the repulsion effect between mono and di-valent phosphate ions (H2PO4,
HPO,2) and the negatively charged groups available on the urease molecules. It is well known that species
with the same charges as the membrane are more rejected than those with the opposite charges, increasing the
formation of diffuse double layer and increasing the mass transfer resistance to buffer transport, resulting in a

lower flux™7-191,
l 4
" I I | I
0

AN69-PEI-URE ANG69-PEI-URE-PEI AN69-PEI-ALG-TRY ANG69-TRY

Figure 3. Normalized hydraulic permeabilities of buffer solution through URE and TRY immobilized membranes.

=l
e

Normalized L,
=
=)

=l
'S

The normalized buffer permeabilities decreased by 13% and by 12% upon TRY immobilization on AN69
and AN69-PEI-ALG membranes due to penetration of the TRY into the pores and reduction in pore sizes as
shown in our previous study with SEM picturest*l,

3.1.2. Substrate permeability

Figure 4 shows the influence of urea concentration on the normalized hydraulic permeabilities.
Immobilizing URE between two polyelectrolytes (AN69-PEI-URE-PEI membrane) enhanced the urea
permeabilities at all concentrations compared to the buffer permeability. Urea has a small dissociation constant
in water and does not ionically interact with the membrane surface or its pores. Besides, it freely permeates
through the membrane, with a pore diameter around 40 nm[® due to its small molecular size (3.75 A).
Although urea and phosphate anions have similar sizes, the charged molecules’ interactions in buffer solution
with the membrane surface/pores resulted in lower buffer flux than urea®l,
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Figure 4. Normalized hydraulic permeabilities of urea solution through URE immobilized membranes.



The hydraulic permeabilities in the AN69-PEI-URE membrane increased with the increased urea
concentration. Urease immobilized in this membrane directly contacts the feed solution, providing rapid
reaction product, mainly ammonium cations (NH4*). As the reaction proceeds, the increase in NHs*
concentration may alter the enzyme and polyelectrolyte conformations via protonating or de-protonating. The
attraction forces between mono/divalent phosphate ions and polyelectrolyte chains are reduced with the
introduction of ammonium ion with mobilities higher than phosphate anions, causing a chain shielding; the
chain may undergo a variation from the coil to extended conformation. When the AN69-PEI-URE membrane
was used, the retentates’ pH values were higher than the filtrated solution’s pH. This observation demonstrated
that some of the ammonium ions resulting from the biocatalytic reaction diffused back into feed solution.
However, the ammonium’s back-diffusion was restricted when URE was sandwiched between two
polyelectrolyte layers (AN69-PEI-URE-PEI).

The influence of BAPNA concentration on the TRY immobilized membranes’ hydraulic permeabilities
is presented in Figure 5. The most prominent reduction in the permeability upon immobilization was observed
for the ANG9-PEI-ALG-TRY-ALG membrane. Sandwiching the TRY between ALG layers hinders the
accessibility of BAPNA to the active site of TRY, hence decreases the activity of the membrane. The hydraulic
permeability is influenced by the catalytic activity of TRY since the product of the catalytic reaction, p-NA, is
much smaller than BAPNA and permeates faster compared to BAPNA in the solution. Another reason for the
decrease in hydraulic permeability might be the charge repulsion between the functional groups in ALG and
small species in the feed solution.

B ANGY-TRY BANGY-PEI-ALG-TRY mAN69-PEI-ALG-TRY-ALG

0.8
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&
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Concentration of BAPNA in Feed Solution

Figure 5. Normalized hydraulic permeabilities of BAPNA solution through TRY immobilized membranes.

3.2. Characterization of catalytic activity of the membranes

At the end of the filtration process, ammonia and p-NA concentrations in permeate and retentate sides
formed through the catalytic decomposition of urea and BAPNA were determined. According to Figure 6a,
ammonia formation increased with increasing its concentration in the feed solution up to urea concentration of
5 mM above which the catalytic membrane decomposed urea at the same rate. The result indicated that urea
molecules occupied all URE catalytic active sides; hence, further increase in urea concentration did not cause
any change in the conversion. At concentrations higher than 0.5 mM, increasing the volumetric flux shortened
the urea molecules’ residence time to contact URE; consequently, the ammonia formation rate decreased.

The p-NA formation in/on the AN69 membrane increased until one mM BAPNA concentration; then it
started to decrease, as illustrated in Figure 7a. Considering the microenvironment inside the membrane, the
local concentration of BAPNA is critical, entailing an inhibition effect and decrease in the enzymatic kinetics.
At each BAPNA concentration, first, p-NA concentration increased with flux then reached a plateau. The result
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demonstrated that the catalytic membrane works in a diffusion-controlled region; thus, TRY can degrade
BAPNA into p-NA without affected by shorter residence time. In Figure 7b, a similar trend was observed for
the ANG9-PEI-ALG membrane. At concentrations higher than 0.1 mM, the p-NA formation decreased at high
solution fluxes. Although the quantity of TRY adsorbed on AN69 and AN69-PEI-ALG membranes is almost
equivalent (Table 1), the catalytic conversion on the AN69 was found lower. The result demonstrated that the
ALG allows a more effective conformation of the TRY than that on the bare AN69 membrane.

36 36
(0.5 mM urea (.5 mM urea

=-5.0 mM urea ~-5.0 mM urea
3.0 1 i 3.0 -+10.0 mM urea
B rea

it urea --50.0 mM urea
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Cyry (Lmol/mL)
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%

0.6 : 0.6

0.0 t + + 0.0 + t +
0 3 6 9 12 15 0 4 8 12 16 20
J, (L/m%.h) J, (L/m.h)

(a (b)
Figure 6. Ammonia formation through catalytic decomposition of urea by (a) AN69-PEI-URE; and (b) AN69-PEI-URE-PEI
membrane.

molimLy

Cpafiin

(@) (b) (©)
Figure 7. p-NA formation through catalytic decomposition of BAPNA by (a) AN69-TRY:; (b) AN69-PEI-ALG-TRY; and (c) AN69-
PEI-ALG-TRY-ALG membrane.

To increase the stability of enzyme molecules under pressure, they were sandwiched between the
polyelectrolytes. As shown in Figure 6b, the AN69-PEI-URE-PEI’s catalytic behavior differed from that of
the AN69-PEI-URE membrane. The difference can be attributed to a change in the enzyme conformation,
affecting the enzyme kinetic parameters. When URE was sandwiched between the PEI layers, the ammonia
formation rate increased with the increased urea concentration from 0.5 to 50 mM, indicating that urease is not
fully saturated even at the highest substrate concentration. Also, the rate did not decrease at high fluxes.

Sandwiching the TRY enzyme between two ALG layers did not enhance the catalytic activity (Figure
7¢). The ALG cannot diffuse into pores due to its size larger than the pore size. Thus, most enzyme molecules
immobilized in the pores are not protected with the ALG layer.

(@) (b) (c)
Figure 8. The variation of p-NA formation rate with respect to solution flux through (a) AN69-TRY’; (b) AN69-PEI-ALG-TRY'; and
(c) AN69-PEI-ALG-TRY-ALG membranes.
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The reaction rates of TRY immobilized membranes as a function of flux have been illustrated in Figure
8. The rates change linearly with respect to the flux. The reaction rates for the two types of URE immobilized
membranes increased up to 0.85 bar, as shown in Figure 9a,b. The decrease in the rate above 0.85 bar could
be attributed to the loss of enzyme or conformational change under high pressure.

Vs (#mol/min.mg)
Vs (pmol/min.mg)

1
4
11/
*0.45 bar ! I 045 bar
®0.85 bar i =0.85 bar

1.30 bar / 1.30 bar

0 10 20 30 40 50 60 70 80 [ 10 20 30 40 50 60 70 80

Corea (pmol/mL) Cypa(pmol/mL)

(@) (b)
Figure 9. Reaction rate of (a) AN69-PEI-URE; and (b) AN69-PEI-URE-PEI membrane as a function of substrate concentration.
Points represent the experimental measurements and the lines are corresponding Michaelis-Menten fits.

Figure 10 demonstrates that all TRY architectures’ reaction rates increased with increasing pressure. The
highest activity was achieved when TRY was in sandwiched form, confirming the polyelectrolytes’ positive
effect on the enzyme conformation (Figure 10c).
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Figure 10. Reaction rate of (a) AN69-TRY:; (b) AN69-PEI-ALG-TRY:; and (c) AN69-PEI-ALG-TRY-ALG membrane as a function
of substrate concentration.

Points represent the experimental measurements and the lines are corresponding Michaelis-Menten fits.

The kinetic parameters of the membranes, Vmax and Kp, and turnover number, ke, as a function of
transmembrane pressure are summarized in Table 2. The AN69-PEI-URE exhibited higher activity at static
conditions (AP = 0) than its activities measured under dynamic conditions. Since URE in this architecture is
directly contacted with the feed solution, the pressure’s conformational change would be inevitable. In contrast,
when URE was in the sandwiched form, the membrane’s activity increased with the pressure. The sandwiched
architecture serves a better microenvironment for conformational stability. The convective force is then
utilized to compensate/eliminate the mass transfer resistance due to additional layer and product inhibition due
to back diffusion. TRY, which was immobilized primarily in the membrane pores, had lower activities under
pressure than the static condition. This result can be explained by the significant difference between the pore
size of the membrane (40 nm) and the size of TRY molecules (4.8 nm x<3.7 nm x3.2 nm)©Y, resulting in the
conformational change under pressure. Chen et al. investigated the influence of membrane pore diameter on
the lipase activity immobilized in the PSF MF hollow fiber membranef??. They observed the highest activity
with the largest pore-sized membrane at low transmembrane pressure while at high transmembrane pressure,
with the smallest pore size. This observation supports our hypothesis that the enzyme in the large pores is more
susceptible to conformational change at high pressures. The increase in TRY immobilized membranes’
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catalytic activity with pressure can be attributed to the shorter residence time and more negligible product
inhibition effect. The highest activity has been attained when TRY was in the sandwiched form which,
demonstrated the beneficial effect of polyelectrolytes on protecting the enzyme conformation. Not only the Keat
value but also the kea/Km ratio determines the catalytic efficiency of an enzyme. Compared to the static
conditions, the decrease in the kea/Knm values for the TRY under dynamic conditions implied that its
immobilization platform is not suitable.

Table 2. Kinetic parameters of the URE and TRY immobilized membranes.

AP Vmax Km Keat Keat/Km > 1073
Membrane (bar) (umol/min mg) (umol/mL) (min7Y) (min~Y/mM™1)
Free urease 0.00 949.5 104 1.7 <108 16,859
ANG69-PEI-URE 0.00 23.8 10.6 12,800 12

0.45 13.3 4.27 7248 1.7

0.85 14.8 1.31 8066 6.2

1.30 13.0 1.65 7085 4.3
ANG69-PEI-URE-PEI 0.00 5.4 2.00 3200 1.6

0.45 7.5 2.26 4087 18

0.85 185 3.50 10,082 2.9

1.28 13.9 2.42 7575 3.1
Free trypsin 0.00 1.8 %106 0.95 4.4 <107 4.6 <10
ANG9-TRY 0.00 7980 0.24 3.4 x10° 1416.7

0.50 127.1 0.06 3025 50.4

1.00 210.5 0.03 5010 167.0

1.50 288.9 0.04 6876 171.9
ANG9-PEI-ALG-TRY 0.00 11,830 0.47 5.4 x10° 1148.9

0.50 275.8 0.23 6564 285

1.00 363.6 0.08 8654 108.2

1.50 431.1 0.06 10,260 171.0
ANG69-PEI-ALG-TRY-ALG 0.00 9610 0.57 3.3 x10° 578.9

0.50 314.3 0.27 7480 21.7

1.00 410.8 0.14 9777 69.8

1.50 516.1 0.15 12,283 81.9

In enzymatic membrane bioreactors, mass transfer and reaction processes occur simultaneously.
Damkc¢hler number and Thiele modulus were calculated to determine the controlling step for the catalytic
degradation of urea and BAPNA. Except for the lowest urea concentration, Damkd&hler numbers at other
concentrations and all pressures were found less than one (Table 3). These values demonstrated urea
degradation occurs in the reaction-limited region. At the same urea concentration and transmembrane pressure,
Da was higher for the AN69-PEI-URE-PEI than for the AN69-PEI-URE indicating higher mass transfer
resistance in the sandwich configuration.

TRY immobilized membranes degraded BAPNA in the mass transfer-limited regime as confirmed by the
Thiele modulus values close to 1 or greater than 1 (Table 3). Another indication of mass transfer limitation for
the catalytic degradation of BAPNA is the linear increase in TRY activity with the solution flux, as shown in
Figure 8. According to Table 4, the highest diffusional limitation occurred when TRY was sandwiched
between ALG layers. The highest k. value determined for the AN69-PEI-ALG-TRY-ALG (Table 2) indicated
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the benefit of diffusional limitation in enhancing the degradation of BAPNA. The mass transfer resistance
decreased with the increased BAPNA concentration, but the reaction still took place in the mass transfer-
limited regime since BAPNA should first traverse the external film and diffuse through the membrane to reach
the TRY’s active sides. The external mass transfer resistance is easily eliminated by allowing a higher stirring
rate for the substrate solution. On the other hand, internal mass transfer resistance can be eliminated by
changing the membrane’s structural properties, such as its thickness, pore size, porosity, and tortuosity.

Table 3. The change in Damk&hler number with respect to urea concentration at three different pressures for the URE immobilized
membranes.

Membrane AP (bar)
Curea (MM) 0.45 0.85 1.30

ANG69-PEI-URE 0.5 7.51 9.54 8.82
5.0 0.75 0.95 0.88
10.0 0.38 0.48 0.44
50.0 0.08 0.10 0.09

ANG69-PEI-URE-PEI 0.5 8.26 10.29 11.45
5.0 0.83 1.03 1.15
10.0 0.41 0.51 0.57
50.0 0.08 0.10 0.11

Table 4. The change in Thiele modulus with respect to BAPNA concentration at three different pressures for the TRY immobilized
membranes.

Membrane AP (bar)
Casapna (MM) 0.5 1.0 15
AN69-TRY 0.05 6.91 7.63 8.73
0.10 4.89 5.40 6.18
1.00 1.55 1.71 1.95
2.00 1.09 1.21 1.38
ANG69-PEI-ALG-TRY 0.05 7.56 10.63 11.68
0.10 5.34 7.52 8.26
1.00 1.69 2.38 2.61
2.00 1.19 1.68 1.85
ANG69-PEI-ALG-TRY-ALG 0.05 16.80 10.07 11.92
0.10 11.88 7.12 8.43
1.00 3.76 2.25 2.67
2.00 2.66 1.59 1.89

The stabilities of enzyme activities were tested by measuring membranes’ catalytic activities at the end
of 450 min of filtration. According to the results shown in Figure 11, the AN69-PEI-URE-PEI and ANG9-
PEI-URE membranes lost 8% and 50% of their initial activities. The activity loss of all TRY immobilized
membranes was found similar. The results demonstrated that the URE in the sandwiched form maintained
most of its initial activity in the long-term filtration. In contrast, different LbL architectures did not help in
improving the activity loss of TRY under pressure.
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Figure 11. The retained activity of the catalytic membranes (%) at the end of 450 min of filtration process.

4. Conclusion

In this study, we studied the effects of enzyme location on the catalytic activity, long-term stability, and
mass transfer resistance of the AN69 membranes. The filtration and catalytic performances of the prepared
membranes were determined under dynamic conditions. Compared to the buffer permeability, urea solutions’
hydraulic permeabilities in various concentrations across the URE immobilized membranes did not change
significantly. Indeed, an enhanced permeability was observed at high urea concentrations. The permeability of
the TRY immobilized membranes did not vary with the concentration of the substrate solution. However, TRY
immobilization decreased the permeability due to its attachment to membrane pores.

The reaction rates increased with increasing transmembrane pressures for the TRY immobilized
membranes, but the maximum rate was achieved at 1 bar in the case of URE immobilized membranes. The
experimental data and calculated dimensionless numbers indicated that the degradation of urea occurs in the
reaction-limited region; on the contrary, the mass transfer is the rate-controlling step for converting BAPNA.
The highest catalytic activities for the URE and TRY immobilized membranes were observed when they were
both immobilized in sandwiched form between two polyelectrolytes. This configuration prevented
conformational variation of URE and product back-diffusion during filtration, hence provided long-term
stability. On the other hand, LbL architectures could not prevent the TRY activity loss in the long term under
pressure. The results suggested that when the enzyme is mostly immobilized in the pores, the polyelectrolytes’
molecular weight should be smaller than the MWCO of the membrane. In this case, the LbL assembly will
protect enzymes not only on the surface but also in the membrane’s pores.
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