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Introduction

Biocatalytic PEI-PSS membranes through aqueous
phase separation: influence of casting solution pH

and operational temperaturet
Lijie Li, ©22° Muhammad Irshad Baig, (2 ® Wiebe M. de Vos{2° and
Saskia Lindhoud (=) *@

Biocatalytic membranes combine the separation properties of membranes and the catalytic abilities
of enzymes, holding great promise for industries where both purification and conversion are required.
In this work, polyelectrolyte complex membranes incorporated with lysozyme were prepared using
polyethyleneimine (PEIl) and poly(sodium 4-styrenesulfonate) (PSS) through a one-step and mild pH shift
aqueous phase separation (APS) approach. The effects of lysozyme addition and casting solution pH on
the membrane properties were studied. All the membranes, both with and without added lysozyme,
exhibited asymmetric structures with relatively dense top surfaces and porous cross-sections with
finger-like macrovoids. The incorporation of lysozyme did not significantly influence the structure and
permeability of the formed membranes. The PEI-PSS biocatalytic membranes exhibited temperature
dependent enzymatic activity. The activity strongly increased with increased operational temperature,
with the highest activity of 4.30 + 0.15 U cm™2 at 45 °C. This indicates a responsive effect, where a
higher temperature leads to some swelling of the polyelectrolyte complex membrane, making the
enzyme more accessible to the used substrate. Moreover, the biocatalytic membranes demonstrate
desirable enzymatic stability, maintaining 60% activity even after 60 days of storage. This study validates
the potential of the water-based APS process as a straightforward approach for integrating enzymes into
responsive biocatalytic membranes.

functions of the membranes with the catalytic abilities of the

enzymes.'' ™ various approaches have been employed to prepare

Enzymes are biological catalysts that are capable of catalyzing
chemical reactions with high specificity and efficiency. Enzyme
technology is commonly used for applications in biology,
chemistry, and medicine, but can also be found in consumer
products such as laundry detergents.'” For these applications,
a certain stability, e.g., towards changes in temperature or
acidity, is desirable.*® One strategy to improve the stability of
enzymes is to immobilize them on suitable support materials,
like membranes.®” Membranes are widely used materials in
industrial, agricultural, and medical fields for their outstanding
separation and purification performance.®™°

Biocatalytic membrane reactors (BMRs) are membranes
with immobilized enzymes, which combine the separation
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BMRs, including covalent bonding, adsorption, or encapsula-
tion.'>'*'> These approaches often require complex activation or
modification steps to allow sufficient enzyme immobilization in
the membranes. Furthermore, harsh treatment processes may lead
to membrane damage or require the use of harmful organic
solvents. Therefore, more safe and sustainable approach to pre-
pare biocatalytic membranes is necessary. Water, the most abun-
dant solvent in nature, is an ideal green and environment-friendly
solvent. One way to utilize water as a solvent for membrane
preparation is using polyelectrolytes.'® Polyelectrolytes are poly-
mers with positively or negatively charged repeating units. It has
been shown that enzymes can be simply incorporated into poly-
electrolyte multilayers via alternating layer-by-layer coating of
polyelectrolytes and enzymes.'”*® Although this method can allow
the preparation of BMRs in water, the build-up of these layers is a
time-consuming process. Recently, a one-step aqueous phase
separation (APS) approach was proposed to prepare biocatalytic
membranes. "’

The APS approach is inspired by the traditional non-solvent
induced phase separation (NIPS) process, where the solvent
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and non-solvent exchange leads to the formation of pores and
usually shows asymmetric structure.>®>" NIPS is the dominant
approach for the preparation of commercial membranes, but
one major disadvantage of NIPS is the need for environmentally
harmful organic solvents.?® In an APS process, polyelectrolyte
membranes are obtained vie pH change®*>* or salinity
change®>*® induced complexation. Like NIPS, the APS process
contains two steps, the casting of a polyelectrolyte solution and
the subsequent phase inversion (through polyelectrolyte com-
plexation) in a coagulation bath. For pH-change induced com-
plexation, the casting solution is prepared at a pH where a weak
polyelectrolyte is uncharged, preventing complexation with the
other polyelectrolyte. Subsequent immersion in a coagulation
bath with another pH, leads to charging of the weak poly-
electrolyte and complexation between the oppositely charged
polyelectrolytes. For salinity-change induced complexation,
a homogenous polyelectrolyte casting solution is prepared at
high salt concentration, where the charges on both polyelec-
trolytes are screened by the excess salt ions and the complexa-
tion is prevented. After casting, the membrane is formed by
immersion in a low salinity coagulation bath where complexa-
tion is favored. The pore structure of the APS-produced mem-
branes can be tuned by the composition of the casting solution
and coagulation bath.>*?®

In APS, membranes are formed in water, which not only
makes the whole process safer and more sustainable, but also
allows for easy enzyme incorporation in the membranes.
Recently, van Lente et al. successfully prepared biocatalytic
poly(allylamine hydrochloride) (PAH) and poly(sodium
4-styrenesulfonate) (PSS) membranes via pH-change induced
phase separation. The obtained PAH-PSS membranes functio-
nalized with lysozyme showed effective enzymatic activity that
remained for at least one week.'® Restrepo et al. also confirmed
the possibility to prepare self-supporting biocatalytic hollow
fiber membranes from poly(diallyl dimethylammonium chloride)
(PDADMAC) and PSS via salt-induced APS.>”

A downside of the above approaches is that rather extreme
changes in water chemistry were required for phase inversion.
Production of PAH-PSS membranes via APS requires a pH
change from 14 to 1, while the PDADMAC-PSS membranes
required a shift in salinity from 2 mol L™" to 0 mol L™". These
extreme pH and salinity changes could affect the stability of
enzymes. It would thus be beneficial to explore APS approaches
where relatively mild conditions of pH or salinity are used. Here
we use polyethyleneimine (PEI) and PSS to prepare biocatalytic
membranes via APS. According to previous work, the pH shift
between the casting solution and coagulation bath for PEI-PSS
polyelectrolyte system is much narrower (pH ~12 to pH ~4)
compared to the PAH-PSS system.”®?° It has also been demon-
strated in other work that both PEI and PSS are very suitable
polyelectrolytes for enzyme incorporation.’®! In this work,
lysozyme is used as model enzyme since its properties are well
known and its enzymatic activity can be easily measured.
Lysozyme is an abundant enzyme that is found in hen egg
white, human saliva, and tears."” This enzyme is often used as
an antimicrobial agent in food industry and medicine
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application. It can kill bacteria, especially Gram-positive bac-
teria, via hydrolysis of specific peptidoglycan bonds in bacterial
cell walls.?>??

The aim of this work is to prepare biocatalytic PEI-PSS
complex membranes with incorporated lysozyme via a one-
step pH-change induced APS approach under a milder pH
condition. In this work, casting solutions with different pH
values (11.4, 10.9, and 10.5) were prepared by adding different
amount of HCI during casting solution preparation, to further
reduce the width of the required pH shift. The solutions were
cast and immersed in an acetate buffer bath (pH ~4) to induce
phase separation. We investigated the influence of casting
solution pH on the membrane structures and pure water
permeability. Besides, the enzymatic activities of the obtained
membranes were studied by measuring their activity to lyophi-
lized micrococcus lysodeikticus. The activity measurements
were performed at different temperatures (25, 35, and 45 °C)
to investigate the effects of temperature on the enzymatic
activities. The APS-produced biocatalytic PEI-PSS membranes
demonstrated the potential to be utilized as porous antibacter-
ial materials.

Experimental

Materials

Branched polyethyleneimine (PEI, M,, ~750 kDa, 50 wt%
aqueous solution), poly(sodium 4-styrene sulfonate) (PSS, M,,
~1000 kDa, powder), sodium acetate, acetic acid (glacial, ACS
reagent, >99%), hydrochloric acid (HCl, ACS reagent, 37%),
glycerol solution (86-89%), lyophilized hen-egg lysozyme (pro-
duct number L6876), and lyophilized micrococcus lysodeik-
ticus (product number M3770) were all purchased from
Sigma-Aldrich, The Netherlands. Ultrapure deionized water
was obtained from the Advantage A10 purification system
(Millipore). All the chemicals were used as received.

Preparation of casting solutions

To prepare the casting solutions, single polyelectrolyte solu-
tions were prepared first. PSS powder was dissolved in deio-
nized water to prepare a 30 wt% stock solution, and the PEI
solution from Sigma (50 wt%) was diluted with water to obtain
a 35 wt% stock solution. A lysozyme solution (3 g L™') was
prepared by directly dissolving the powder in deionized water.
The 37% HCI solution was diluted with water to obtain a 10%
solution. Then, the PEI, PSS solutions and water were mixed to
obtain a 24 wt% polyelectrolyte casting solution. The monomer
ratio between PEI and PSS was 1.7 to 1, calculated by the
molecular weights of their monomers, i.e. PSS ~206.21 g mol
and PEI ~43.04 g mol ", based on previous work.>®
Meanwhile, casting solutions with lysozyme were prepared
via direct mixing of the polyelectrolyte solutions and the
lysozyme solution. The added amount of lysozyme was fixed
at 0.024 wt% in the casting solution, this is comparable
with the reported biocatalytic PAH-PSS membranes.” In a
previous study, the PEI-PSS polyelectrolyte casting solution

This journal is © The Royal Society of Chemistry 2024
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Table 1 The calculated composition of polyelectrolyte casting solutions of different membranes and the measured pH of the casting solutions

Composition PEI (Wt%) PSS (Wt%) HCI (wt%) Lysozyme (Wt%) Water (wt%) Final pH of solutions
M-pHi14 6.3 17.7 0 0 76.00 11.40 + 0.05
M-pH, .6 6.3 17.7 0.31 0 75.69 10.85 + 0.11
M-pH;05 6.3 17.7 0.63 0 75.37 10.47 + 0.10
M-L-pH,; 4 6.3 17.7 0 0.024 75.98 11.42 + 0.05
M-L-pH; . 6.3 17.7 0.31 0.024 75.66 10.88 =+ 0.04
M-L-pH, .5 6.3 17.7 0.63 0.024 75.35 10.52 + 0.04

Notes: the solutions of PEI, PSS, and HCI were weighed by an analytical balance with an accuracy of 0.1 mg; the lysozyme solution and water were
added using pipette (volume of 100-1000 pL) with an accuracy about 0.5%.

was prepared at a pH of around 12.>® However, as lysozyme is a
biological catalyst, starting from an even milder pH before
adding lysozyme would be more beneficial. Therefore, to create
a milder condition, we first added different amounts of HCI to
the PEI solutions to decrease the pH. Adding HC], also brings
the polyelectrolyte solution closer to the pH where it would
form a solid precipitate (onset of phase separation) and would
thus also be expected to influence the membrane structure. The
weight ratio of HCI to PEI were set as 0, 0.05, and 0.1, and the
obtained casting solutions showed pHs around 11.4, 10.9, and
10.5 respectively (measured by pH meter), as shown in Table 1.
For all the casting solutions, the final polyelectrolyte concen-
tration was kept at 24 wt%. All the mixtures were stirred until
homogeneous solutions were obtained.

Preparation of biocatalytic complex membranes

The casting solutions were cast on glass plates using a casting
bar (gap ~0.5 mm). The glass plates were then immediately
immersed in an acetic acid-sodium acetate buffer (pH ~4,
0.5 mol L") bath to induce phase separation. After 1 hour, the
resultant membranes were taken out, washed thoroughly, and
stored in water for further characterization. The composition of
all the casting solutions and the name of the final membranes
are shown in Table 1.

Characterization

Viscosity measurements of casting solutions. The viscosity
of the casting solutions was measured using a HAAKE™
Viscotester™ 550 Rotational Viscometer (ThermoFisher Scien-
tific, USA). For each measurement, 15 mL solution was first
poured into a spindle cylinder (SV-DIN) and then mounted on
the viscometer. The dynamic viscosity was measured as a
function of the shear rate at 25 °C.

Characterization of membrane structure. The membrane
morphologies were characterized by scanning electron micro-
scopy (SEM, JSM6010LA, JEOL, Japan). The membranes were
first placed in a 20 wt% glycerol solution for 4 hours, then taken
out and placed in a fume hood to get rid of the excess glycerol.
This protocol was followed to retain the pores of the mem-
branes. To measure the cross-section images, the membranes
were fractured using liquid nitrogen. The obtained samples
were placed in vacuum oven at 30 °C for 24 hours. Before
measurement, the samples were coated with 5 nm Pt/Pd layer
using a Quorum Q150T ES sputter coater. The porosity of the
membrane was also calculated using eqn (S1) (ESIf).

This journal is © The Royal Society of Chemistry 2024

Pure water permeability test. The membranes were first cut
into circles with a diameter of ~2.5 cm, then the circular
samples were mounted on a dead-end filtration setup. Nitrogen
gas (pressure ~1 bar) was used to pressurize the feed water
through the membranes. The permeate was automatically
collected and the mass was measured as a function of time to
give a water flux (/). At least three samples were measured for
each membrane. The pure water permeability (P) was calculated
using eqn (1):

Jw
P=3" 1)
where P is the pure water permeability (L m~> h™" bar™"),
Jw is the water flux (L m~> h™"), and AP is the transmembrane
pressure (bar).

Enzymatic activity measurement of the membranes. The
enzymatic activity of the membranes was measured using a
similar lysozyme activity protocol as reported previously.'® The
prepared membranes were taken out from the water and
cut into 1 ecm x 1 cm squares. A 0.15 mg mL " suspension of
lyophilized micrococcus lysodeikticus was prepared in sodium
phosphate buffer (50 mM, pH 6.2) and used as the substrate for
lysozyme activity characterization. Then 1 ¢cm® membrane
samples were incubated in 2.5 mL substrate at different tem-
peratures (25, 35, and 45 °C). The change in absorbance at
450 nm was measured every hour for 5 hours using UV-vis
spectroscopy (PerkinElmer Lambda 850). For each membrane,
at least three samples were measured to get an average data
point and to calculate a standard deviation. The enzymatic
activity of the membranes was calculated using eqn (2):

. _, A(T)— A(B)

Unitscm = 000I xS (2)
where A(T) and A(B) are the changes of absorbance of the
substrate suspension at 450 nm per minute of the membrane
with lysozyme and without lysozyme. The factor 0.001 is the
unit definition, and S is the surface area of each measured
membrane (1 cm?).

Stability measurement. For lysozyme stability tests, the
membranes were cut into 1 em? squares, and then each sample
was put in 2 mL water and stored at 4 °C for 7 days. Afterward,
absorbance of the supernatant solution at 281.5 nm was
measured using UV-vis spectroscopy to detect the lysozyme
concentration (lysozyme release). Meanwhile, we studied the
7 days and 60 days stability of the enzymatic activity. Before the
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measurement, the freshly prepared biocatalytic membranes
were stored in water at 4 °C. Afterwards, the membranes were
taken out from the stored water, and then the enzymatic activity
was measured using the same method described above.

Results and discussion

Biocatalytic membranes possess not only the separation abil-
ities of membranes but also the catalytic activity of the
embedded enzymes.***> Here, we study a sustainable, mild,
one-step approach to prepare biocatalytic membranes with
lysozyme. PEI-PSS membranes with and without lysozyme were
prepared via aqueous phase separation. Fig. 1 shows the
preparation process of the biocatalytic membranes. Homoge-
neous casting solutions were prepared via the direct mixing of
PEI solution (with different amount HCI) and PSS solutions
with the lysozyme solution. Then the obtained solution was cast
on a glass plate, and then put in an acetate buffer bath to
induce phase separation. In the bath, PEI became positively
charged and therefore formed polyelectrolyte complexes with
the negatively charged PSS. After removing the complex
membrane from the glass plate, a free-standing and mechani-
cally stable membrane was obtained. In this work, the influ-
ences of lysozyme addition and casting solution pH on the
membrane structure and permeability were first investigated.
In the second section, we investigated the enzymatic activities
of the biocatalytic membranes at different temperatures, where
the influence of operational temperature will be discussed.
Finally, the stability of the enzymatic activity was evaluated by
measuring the activity after 7 and 60 days of storage. This work
thus intends to demonstrate the possibility of utilizing the APS
approach for preparing biocatalytic PEI-PSS membranes under
a mild pH condition, while revealing the potential application
of the biocatalytic membranes as antibacterial materials with
temperature controlled enzymatic activity.

Structure and permeability of the biocatalytic membranes

To obtain the biocatalytic PEI-PSS membranes via the APS
approach, homogenous casting solutions need to be prepared
first. Previous results showed that homogenous solutions could
be obtained with monomer mixing ratios of PEI to PSS from

Poly(sodium 4-styrene sulfonate (PSS)

/O\%/ Polyethyleneimine (PEI)

£ D

Casting solution

Lysozyme

Casting

E——)

Aqueous phase
separation

%%%
$°%
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1.6:1 to 2:1.7%°% In this work, homogenous casting solutions
were prepared using a monomer ratio of 1.7:1. The aim of
this work is to prepare membranes with biocatalytic abilities.
Therefore, we need to create a more mild environment for
the lysozyme incorporation, for example, suitable pH and
temperature.®’

Different amounts of HCI were added to adjust the pH of
casting solutions (see Table 1). The pH of the casting solution
without added lysozyme and HCl was 11.40 £+ 0.05, which
decreased to 10.85 £ 0.11 and 10.47 + 0.10 upon addition of
HCIl. For comparison, the pH of the casting solution with
lysozyme demonstrated the same pH decrease with the addi-
tion of HCI. Lysozyme was thus not found to have a significant
effect on the casting solution pH. Similarly, the addition of
lysozyme did not significantly influence the viscosity of the
casting solutions. On the other hand, the relatively small pH
changes demonstrated a significant influence on the viscosity
of casting solutions.

As shown in Fig. 2, the original casting solutions with and
without lysozyme (pH ~11.4) showed almost similar dynamic
viscosities of 1533 + 21 and 1527 + 85 mPa s. However, the
addition of small amounts of HCl (weight ratio of HCI/PEI
~0.05) increased the viscosity of the casting solution by more
than twice to 3783 4 32 and 3793 + 85 mPa s. Further
increasing the HCI ratio to 0.1 resulted in casting solutions
with viscosities of 8597 £+ 273 and 9017 + 119 mPa s. This
significant influence of pH on the casting solution viscosity
likely stems from its effects on PEI. PEI consists of three kinds
of amines, ie primary, secondary, and tertiary, which have
different pK, values of 4.5, 6.7, and 11.6 respectively.***° In the
original casting solution (without HCI) with a pH of 11.4,
the pH was close to the pK, of tertiary amines, which meant
the tertiary amines in the PEI were only partly charged.
When more HCl was added to the casting solution, the pH
decreased to values that were lower than the pK, of tertiary
amines, leading to charging up of PEL Increased charges on PEI
can result in some ionic interactions between PEI and PSS, and
thus casting solution with higher dynamic viscosity. We stress
that no real polyelectrolyte complexes are formed as PEI is far
from fully charged, the secondary and primary amines have
much lower pK, values and will thus be uncharged at these
pH values. As such, the obtained casting solutions remained

Bacteria

Acetate buffer bath Biocatalytic membranes

Fig. 1 Schematic illustration of the preparation process of biocatalytic PEI-PSS membranes through the APS method.
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Fig. 2 Effect of casting solution pH and lysozyme on the dynamic
viscosity of the polyelectrolyte casting solutions.

transparent and homogeneous, and could be used for mem-
brane preparation.

The PEI-PSS membranes were prepared in acetate buffer
coagulation bath (see Fig. S1, ESIf). When the casting film
(pH ~11.4 to 10.5) was immersed in the acetate buffer bath
(pH ~4), the low pH buffer bath acted as non-solvent. Due to
the change of pH, the uncharged PEI immediately became
positively charged, therefore the phase separation/polyelectro-
lyte complexation started at the surface of the film and moved
towards the bottom. The SEM images presented in Fig. 3 and
Fig. 4 show asymmetric membranes with relatively dense top
surfaces and porous cross-sections with finger-like macrovoids.

5 ym
]

5 um

Fig. 3 Top surface SEM images of the PEI-PSS membranes prepared
with different casting solutions pHs without lysozyme (a) M-pHy 4,
(b) M-pHigg, (€) M-pHigs, and with lysozyme (d) M-L-pHyi4, (€) M-L-
PH10.0. (f) M-L-pHi0ss.
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Fig. 4 Cross-section SEM images of the PEI-PSS membranes prepared
with different casting solutions pH without lysozyme (a) M-pHjj4,
(b) M-pHig, () M-pHigs, and with lysozyme (d) M-L-pHi1.4, (€) M-L-pHigo,
(f) M-L-pHyos.

Similar structures were observed in the previous APS-produced
PEI-PSS membranes.”*?°

Fig. 3a-c are the top-surfaces of membranes prepared with
different casting solution pHs without lysozyme. M-pHj; 4
showed a rather inhomogeneous top-surface with some pat-
terns. When the casting solution pH decreased, the top-
surfaces of M-pH;09 and M-pH;,5 became smoother. This
was most likely due to the faster precipitation of M-pHjj 4,
connected to the lower viscosity of the cast solution, something
also observed on PEI-PSS membranes prepared in different pH
coagulation baths.?® The large pH difference between the
casting solution and coagulation bath causes fast complexa-
tion, but too fast complexation could lead to inadequate time
for polyelectrolyte chains to rearrange, leading to the inhomo-
geneity in M-pH;, 4. Decreasing the casting solution pH slowed
down the complexation rate, due to the higher viscosity, reducing
the inhomogeneity. Moreover, decreasing the pH would also
increase the onset of phase separation and in that way allow for
more porous and smooth surfaces of M-pH;go and M-pHjgs.*
Fig. 3d-f shows the surface SEM images of the membranes prepared
with incorporated lysozyme. Although there was slight difference
between M-pH;, 4 and M-L-pH; 4, the addition of lysozyme did not
have a significant influence on the surface morphology. This is
expected because the casting solution pH and viscosity, which
determine the rate of phase separation, were not influenced by
lysozyme (see Table 1 and Fig. 1), thus the membranes with and
without lysozyme showed similar structure.®** We do expect that at
higher lysozyme concentrations this could change. But in this work,
enzymes can be added to the PEI/PSS system without influencing
the membrane surface structures.

Soft Matter, 2024, 20, 5425-5434 | 5429
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The influence of casting solution pH and lysozyme addition
on the cross-section structures are shown in Fig. 4 and Fig. S2
(ESIt). Asymmetric structures were observed in all the mem-
branes with dense top-layers and porous cross-sections with
finger-like structures. The finger-like structure indicated the
phase separation of all the membranes was instantaneous
demixing.”>*" The membranes prepared with pHy;, and
PHi0.o casting solutions without and with lysozyme showed
similar size macrovoids. However, when the solution pH was
decreased to 10.5, less finger-like macrovoids and thicker top-
layers formed, as observed in Fig. 4c and f. We also observed M-
pHios and M-L-pH;, 5 exhibited lower porosity (67.1% and
66.0%) while membranes prepared with higher casting solution
pH showed a porosity over 80% (Table S1, ESIT). We expect that
this is the result of the decrease of precipitation rate and
increase of viscosity of casting solution, leading to less effect
of macrovoids formation in M-pH;q 5 and M-L-pH, 5.*>*>*

The pure water permeability of the prepared membrane was
measured using a dead-end filtration set-up and the results are
shown in Fig. 5. All the measurements were performed under
1 bar of applied pressure. The membranes prepared using pH
~11.4 casting solutions without and with lysozyme had a low
pure water permeability around 5.9 + 4.6 and 3.6 + 0.2 L m~>
h™" bar™'. When the casting solution pHs decreased to 10.9,
M-pH;09 and M-L-pH;4 9 showed increased pure water perme-
ability of 50 + 12 and 50 + 16 L m > h™" bar . Here the
very low permeabilities at higher pH values indicate dense
membranes, in line with expected values for nanofiltration.
However, membranes prepared with pH ~10.5 casting solu-
tions without and with lysozyme showed significantly increased
water permeability to 375 + 92 and 452 + 83 L m > h ! bar "
respectively, indicating a membrane in the ultrafiltration range.
For membranes with asymmetric structures consisting of dense
top layer (skin layer) and porous substructure (support layer),
the skin layer would determine the permeability. Although
M-pH;05 and M-L-pH;o5s showed lower porosity and less

600

5004 []without lysozyme .[
= w00] [Jwith lysozyme I l
Z = a0 |
A 300
g 2 200
I
‘3 o 60 ‘l' I
3 E 50 -
2= W l 1
g .
a

30
20

10 {
0

M-pHq1 4 M-pH10.9 M-pH1g.5

Fig. 5 Pure water permeability of the PEI-PSS membranes showing the
effect of casting solution pH and lysozyme. All values are shown as
averages of five samples, and the error bar represents the standard
deviation.
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finger-like structures, the more porous and smooth surfaces
led to the higher permeability.*>**

Clearly, the incorporation of lysozyme did not significantly
influence the membrane structures and permeability. This was
also shown in the biocatalytic PAH-PSS membranes incorpo-
rated with lysozyme prepared via APS.'> Membranes can be
prepared through APS of PEI and PSS using only a very mild
pH shift, and lysozyme could be added without affecting the
membrane structure, showing that the phase inversion of PEI/
PSS remains dominant. But for biocatalytic membranes, it then
becomes important to study the resulting enzymatic activity.

Enzymatic activity of the biocatalytic membranes

The biocatalytic PEI-PSS membranes were prepared via the
one-step incorporation of lysozyme. According to the lysozyme
concentration in the casting solutions and the mass of the
dried membranes, the maximal lysozyme loading of the pre-
pared PEI-PSS biocatalytic membranes was 7.5 ug cm™ >, Lyso-
zyme is an antibacterial enzyme that can Kkill bacteria via the
hydrolysis of the B-1,4-glycosidic bonds in the polysaccharide
backbone of their cell walls.*” In this work, to evaluate the
enzymatic activity of the biocatalytic PEI-PSS membranes, we
used lyophilized micrococcus lysodeikticus, a typical substrate
for the assay of lysozyme.*®*” Lysozyme can hydrolyse the cell
walls of micrococcus lysodeikticus, which causes a decrease in
the turbidity of the substrate suspension. The prepared mem-
branes with and without lysozyme were cut into 1 cm” squares
and put in the substrate suspension to incubation, the absor-
bance at 450 nm was measured to evaluate the enzymatic
activity.

Fig. 6 shows the enzymatic activity of all the prepared
membranes at different temperatures. Membranes without
lysozyme did not demonstrate any catalytic activity, while the
membranes with lysozyme showed increased enzymatic activity
with the increase of temperature. In Fig. 6a, the turbidity of the
substrate containing membranes with lysozyme showed a
slight decrease after 5 hours, indicating a low enzymatic activity
of the obtained biocatalytic membranes at room temperature.
When the temperature increased to 35 °C, the biocatalytic
membranes showed much increased enzymatic activity. The
absorbance at 450 nm exhibited a nearly linear decrease during
the studied 5 hours, resulting in enzymatic activities of 1.50 £
0.18, 1.53 + 0.78 and 1.25 + 0.22 U cm™” respectively towards
the micrococcus lysodeikticus suspension. In addition, when
the temperature increased to 45 °C, the enzymatic activity of all
the biocatalytic membranes further improved, as shown in
Fig. 6c. In the first 2 hours, the enzymatic process was almost
completed. The calculated highest activities of M-L-pH;4 4, M-L-
PHioo, and M-L-pH;05s were 4.29 + 0.15, 3.80 + 0.17, and
2.35 & 0.30 U cm ™2 respectively. The enzymatic activity of the
free lysozyme at different temperatures is shown in Fig. S4
(ESIt). Lysozyme showed a bit higher activity at 35 and 45 °C,
but this could not explain the increased activity of the biocata-
Iytic membranes. The increase of activity might come from a
structural change of the membranes. It has been shown that
polymer membranes can exhibit a thermal expansion and

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Enzymatic activity of the PEI-PSS membranes prepared with different casting solution pHs with and without lysozyme. The activity was measured
at different temperature (a) 25 °C, (b) 35 °C, and (c) 45 °C. All values are shown as averages of three samples, and the error bar represents the standard

deviation.

improved water flux at higher temperatures.*®*® More specifi-

cally for polyelectrolyte complexes, a higher temperature has
been associated with a larger degree of swelling.’>>" That could
make the lysozyme more accessible to the substrate, leading to
a more increased activity. Alternatively, some lysozyme trapped
in the membranes could become free lysozyme and diffuse into
the substrate suspension. Here, we also observed that M-L-
PHi0.5 showed a slightly lower enzymatic activity compared to
M-L-pH;, 4 and M-L-pH; . In this work, HCI was added to the
casting solutions to decrease the solution pH, as a milder pH
would be more suitable for lysozyme. However, membranes
prepared from the casting solutions with decreased pH showed
a relatively low enzymatic activity. The slightly decreased enzy-
matic activity of M-L-pH;, 5, might due to the fewer macrovoids
in the cross-section structure, which could lead to less contact
between the lysozyme and the rather large substrate. As the
decrease of pH from 11.4 to 10.5 did not improve the activity of
lysozyme, it demonstrates that lysozyme could well maintain its
activity at pH ~ 11.4 casting solution.'® While the lower pH was
thus needed for a stable enzyme like lysozyme, we are con-
vinced that the ability to form membranes with a mild pH shift,
as shown here, will be essential for the incorporation of less
stable enzymes.

To investigate the reason for the increased enzymatic acti-
vity at higher temperatures, we performed a lysozyme release

This journal is © The Royal Society of Chemistry 2024

measurement at different temperatures. Membranes with lyso-
zyme were cut into 1 cm”® squares and put in the micrococcus
lysodeikticus suspension. The membrane samples were incu-
bated at 25, 35, and 45 °C respectively. After 1 hour, the samples
were taken out, and the change of absorbance at 450 nm of the
remaining substrate suspension was detected at room tempera-
ture. As shown in Fig. S5 (ESIT), the absorbance of the remain-
ing suspension from the membranes incubated at 25 and 35 °C
did not show obvious decrease, while the remaining suspen-
sion from 45 °C treated membranes exhibited a decreased
absorbance at 450 nm. This indicated that there was more
lysozyme released from the membranes at 45 °C, but certainly
not enough to explain the observed increase in enzymatic
activity. To evaluate if the incubated membranes still retained
their enzymatic activity, the samples taken out from the sub-
strate suspension after 1-hour treatment at different tempera-
tures were placed into new micrococcus lysodeikticus substrate
suspension, and the absorbance at 450 nm was measured. The
results in Fig. S6 (ESIf) showed that the treated biocatalytic
membranes still maintained their enzymatic activities. This
also indicated limited release of lysozyme at high temperatures.
These interesting effects of temperature could be beneficial
for certain applications. Indeed, the biocatalytic membranes
prepared in this work could be potentially used as antibacterial
materials for wound dressing. When there is inflammation,

Soft Matter, 2024, 20, 5425-5434 | 5431
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the increased body temperature could stimulate an increased
lysozyme activity, or even some release at even higher tempera-
tures to kill any adhered bacteria. Also, for separation mem-
branes in complex waste waters, where adhered bacteria could
be killed by a small increase in temperature could be very
relevant.

To study the stability of the lysozyme inside the biocatalytic
membranes, the prepared PEI-PSS membranes were cut into
1 ecm? squares, and each piece of membrane was stored in 2 mL
water at 4 °C for 1 week. Then the membranes were taken out
from the water, and the absorbance of the supernatant water at
281.5 nm was measured to detect the release of lysozyme.
However, both the membranes without and with lysozyme
demonstrated absorbance at 281.5 nm (Fig. S7, ESI{). It has
been shown that soluble polyelectrolyte complexes showed
absorbance at 281.5 nm.'® Besides, the immobilized amount
of lysozyme inside the membranes was very low (maximal
7.5 ug cm %), therefore we could not detect any released
lysozyme in the supernatant. Then, the enzymatic activity at
45 °C of the biocatalytic membranes were measured after 7 days
and 60 days storage.

As shown in Fig. 7, M-L-pH;0 o and M-L-pH,, 5 demonstrated
activities of 4.31 4 0.03 and 2.64 4 0.09 U cm ™ respectively on
day 7. We believe that over time two kinetic processes take
place, possibly also leading to the larger error bars on day 0,
rearrangement of the polyelectrolyte complexes and denaturing
of the lysozyme. The slight increase of activity on day 7
compared to the freshly prepared biocatalytic membranes
may relate to chain rearrangement of the polyelectrolyte com-
plexes, which could allow some lysozyme to be better accessible
to the substrate during activity measurement.”* After 60 days,
the enzymatic process slowed down. The enzymatic activities o
of M-L-pH;; 4, M-L-pH;09, and M-L-pH;, 5 were 1.85 + 0.07,
2.67 + 0.07, and 1.57 £ 0.04 U cm ™ respectively. This meant
that M-L-pH;09 and M-L-pH;, 5 could maintain 62% and 59%

5432 | Soft Matter, 2024, 20, 5425-5434

of the enzymatic activity, which were higher than M-L-pH;; 4
(43%). Therefore, the decrease of casting solution pH increased
the enzymatic stability of the biocatalytic membranes. The
stable enzymatic activity again makes the biocatalytic PEI-PSS
membranes interesting candidates for antibacterial porous
materials.

Compared with the APS-produced biocatalytic PAH-PSS
membranes incorporated with lysozyme,'® our PEI-PSS mem-
branes were prepared via a less extreme pH change process,
and demonstrated a temperature-dependent activity, with a
highest activity of 4.29 & 0.15 U cm > The membranes also
showed a higher stability of activity with the same level of
incorporated lysozyme. The detailed comparison was shown in
Table S2 (ESIT). This work confirmed the versatility of the APS
method on the functional membrane preparation. In the
future, we can further study the influence other parameters,
for example, lysozyme concentration, to improve the enzymatic
activity of the PEI-PSS membranes.

Conclusions

In this work, biocatalytic PEI-PSS polyelectrolyte membranes
were successfully prepared through a one-step APS approach.
The membranes were obtained under mild pH change and
completely aqueous conditions, which allowed easy incorpora-
tion of lysozyme. We first investigated the influences of lyso-
zyme addition and casting solution pH on the membrane
structure and water permeability. The results showed that with
a decrease of casting solution pH, the solution viscosity
increased significantly, stemming from a small amount of
charge interactions between PSS and PEI. The SEM images
demonstrated all the membranes had asymmetric structures
with relatively dense top surfaces and porous cross-sections
with finger-like structures. However, with the decrease of

This journal is © The Royal Society of Chemistry 2024
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casting solution pH, the membranes with and without lysozyme
showed more homogenous and smooth surfaces and less
finger-like structures. Besides, the pure water permeability
increased from 3.6 = 0.2 Lm > h ' bar " (M-L-pHy, 4) to 452 =+
83 L m > h " bar™ " (M-L-pH,o 5), also in line with an expected
more porous top layer at lower pH. Meanwhile, the incorpora-
tion of lysozyme did not show distinct effects on the final
membrane structure and permeability. The membrane struc-
ture is thus still dominated by the phase inversion of PEI-PSS,
and lysozyme can be added without altering the structure.

The enzymatic activities of the prepared biocatalytic mem-
branes exhibited responsiveness to the operational tempera-
ture. The membranes showed low enzymatic activity at room
temperature, and much improved activity when the tempera-
ture increased. The activity of M-L-pH;, ¢ increased from 1.53 +
0.78 to 3.80 + 0.17 U cm™ > when the operational temperature
increased from 35 °C to 45 °C, with a lysozyme loading of
7.5 ug cm > Besides, the biocatalytic membranes demon-
strated stable enzymatic activities. M-L-pH;4.o showed compar-
able activity at day 0 and day 7, and could maintain 62% of its
activity after 60 days. The response of enzymatic activity
towards operational temperature and the stability of the PEI-
PSS biocatalytic membranes makes them capable of being used
as porous antibacterial materials. What’s more, the here devel-
oped water-based mild pH shift APS process is expected to work
for a large range of enzymes and could allow the preparation of
many functional biocatalytic membranes.
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