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 A B S T R A C T

This study presents a novel and straightforward method for fabricating low-fouling hollow fiber membranes 
by immobilizing amine-functionalized microgels on the membrane surface. Poly(N -isopropylacrylamide)-
based microgels incorporating 2-aminoethyl methacrylate hydrochloride were synthesized to introduce amine 
functionality. The hollow fiber membrane support was fabricated from a blend of polyethersulfone (PES) 
and styrene–maleic anhydride (SMA), enabling covalent microgel attachment via imide bond formation under 
mild alkaline conditions, or through the electrostatic interaction between carboxylic acid groups in SMA and 
amine groups in the microgels. Membranes were characterized by scanning electron microscopy, zeta potential 
measurements, and pure water permeability, confirming successful microgel immobilization. Antifouling 
properties were assessed using static protein adsorption and cyclic constant-flux filtration experiments with 
bovine serum albumin and gelatin. Microgel-coated membranes exhibited markedly improved resistance to 
both reversible and irreversible fouling compared to unmodified membranes. While enhanced surface charge 
contributed to electrostatic repulsion in PES-SMA membranes, the superior performance of microgel-coated 
membranes under near-isoelectric and high-salinity conditions suggests that steric and hydration-layer-based 
barriers play a dominant role in fouling resistance. These findings underscore the effectiveness of microgel 
coatings and the versatility of SMA as a functional additive for scalable fabrication of antifouling membranes.
. Introduction

Fouling is ubiquitous in membrane processes. It occurs when re-
ained solutes accumulate on the membrane surface, leading to a de-
line in membrane performance over time. Regular mechanical clean-
ng methods, such as bubble scoring or backwashing, can effectively 
ddress reversible fouling [1]. However, irreversible fouling requires 
xtensive chemical cleaning for its removal [2]. Although necessary, 
leaning leads to prolonged downtime, increased maintenance labor, 
dditional chemical costs, and a shortened membrane lifespan [1–
]. This has led to significant efforts to improve materials and pro-
ess design to minimize fouling, particularly in water treatment, food, 
nd pharmaceutical applications [4–6]. A major cause of irreversible 
ouling is the interaction between hydrophobic compounds - such as 
roteins, lipids, and natural organic matter- and hydrophobic poly-
ers commonly used in membranes, such as polyethersulfone (PES) 

∗ Correspondence to: Forckenbeckstraße 51, 52074 Aachen, Germany.
E-mail address: manuscripts.cvt@avt.rwth-aachen.de (M. Wessling).

and polyvinylidene fluoride (PVDF) [7–10]. Enhancing membrane hy-
drophilicity is recognized as an effective strategy for improving fouling 
resistance [4,11].

Hydrophilicity can be enhanced by coating membranes with hy-
drophilic additives such as polyelectrolytes, polydopamine, nanopar-
ticles, and zwitterionic polymers [4,12,13]. More recently, microgels 
have attracted attention as promising antifouling agents [14–18]. Mi-
crogels are three-dimensional, cross-linked hydrophilic polymer net-
works of colloidal size that can absorb large volumes of water, sub-
stantially increasing their mass and volume [19]. Beyond their in-
herent hydrophilicity, microgels offer a level of structural and func-
tional tunability that sets them apart from other type of coatings: 
by adjusting monomer composition, cross-linker content and reaction 
conditions, one can precisely control particle size and mesh density; co-
polymerization even allows the formation of core–shell architectures 
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Fig. 1. Chemical structure of the p(NIPAM-co-AEMA) microgels and the schematic representation of the microgel immobilization process.
 

with distinct chemistries in the inside versus the outside layers [20]. 
For example, p(N-isopropylacrylamide) (pNIPAM)-based microgel swell 
below and collapse above their lower critical solution temperature, a 
feature already used to tune membrane permeability and molecular 
weight cut-off in real time [21,22]. Their three-dimensional hydrogel 
network also provides a convenient reservoir for enzymes, catalysts 
or affinity ligands [20,23], opening the door to truly multifunctional 
membranes [24–26].

However, lab-scale microgel synthesis by precipitation polymeriza-
tion typically requires time-consuming dialysis and freeze-drying to re-
move unreacted monomers and surfactants. Nevertheless, continuous-
flow polymerization methods coupled with membrane-based purifi-
cation (e.g. ultrafiltration) are emerging as scalable routes to large-
quantity, high-purity microgels [27–29].

To ensure the long-term stability of a microgel coating, the layer 
should ideally be covalently attached or strongy adsorbed (e.g. via 
electrostatic interactions) to the membrane surface, as like other hy-
drophilic additives, microgels are susceptible to detachment during 
membrane operation [30–32]. This can be accomplished by cross-
linking functional groups between the microgels and the membrane 
surface [24], or by creating a strong electrostatic bond between the 
membrane support and the functional coating [31]. However, polymers 
commonly used in membrane fabrication, such as PES or PVDF, often 
lack the necessary functional groups. Therefore, the membrane surface 
still requires pre-treatment, which typically involves the use of harmful 
chemicals or time-consuming processes [4,13].

An alternative to membrane pre-treatment involves blending suit-
able copolymers directly into the membrane matrix, thereby facilitat-
ing subsequent surface functionalization. For instance, the copolymer 
styrene–maleic anhydride (SMA) blends readily with polymers such 
as PES or PVDF to form porous membranes [33,34]. SMA contains a 
hydrophobic styrene moiety, which anchors the copolymer within the 
hydrophobic membrane matrix [35], and a maleic anhydride moiety, 
which is highly reactive toward nucleophiles, enabling straightfor-
ward post-functionalization [36]. Notably, SMA has been employed 
2 
to immobilize polyelectrolytes and zwitterionic polymers, enabling the 
fabrication of nanofiltration and low-fouling membranes [35,37–40].

In this study, we introduce a novel method for fabricating low-
fouling hollow fiber membranes by coating amine-functionalized mi-
crogels to the membrane surface. Fig.  1 conceptualizes the microgel-
immobilization process explored in this work. pNIPAM-based microgels 
were synthesized using the co-monomer 2-aminoethyl methacrylate 
hydrochloride (AEMA), which introduces amine functionality. A blend 
of PES and SMA was used to fabricate the hollow fiber support. After 
membrane fabrication, the membranes are immersed in a solution 
containing the microgels. In weak alkaline environments, the anhydride 
groups in the SMA react with the amine groups to form an imide 
bond. Alternatively, the maleic anhydride group can also undergo 
ring opening in alkaline environments, leading to the formation of 
negatively charged carboxylic acid groups [41]. The positively charged 
amine groups in the microgels can then interact with the negatively 
charged carboxylic acid groups, forming strong electrostatic bonds. To 
demonstrate the antifouling properties of the modified membranes, 
we test the membranes in extensive fouling experiments ranging from 
static protein adsorption to cyclic constant flux filtration with different 
types of proteins.

2. Experimental

2.1. Materials

For the microgel synthesis, the monomer N -isopropylacrylamide 
(NIPAM) (>98%) and the initiator 2,2-Azobis(2-methylpropionamidine)
dihydrochloride (AMPA) were purchased from TCI. The cross-linker
N,N ′-methylenebis(acrylamide) (BIS) and the surfactanct cetyltrimethy-
lammonium bromide (CTAB) were obtained from Sigma-Aldrich. The 
co-monomer AEMA was supplied from Polyscience. Before use, NIPAM 
was recrystallized in hexane (99%, VWR) and dryed under vacuum. 
To purify the microgel solutions, 14 kDa dialysis membranes were 
purchased from Carl Roth.
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Table 1
Composition of polymer and bore solutions used for membrane fabrication.
 Solution PES SMA PVP K17 PVP K30 PEG 400 NMP DI water 
 wt.% wt.% wt.% wt.% wt.% wt.% wt.%  
 PES-SMA 17.5 2 16 4 4 56.5 –  
 PES 17.5 – 16 4 4 58.5 –  
 Bore – – – – 10 60 30  

Table 2
Spinning parameters used for membrane fabrication.
 Parameter Unit Value 
 Temperature bore ◦C RT  
 Temperature polymer ◦C 30  
 Temperature coagulation bath ◦C 40  
 Temperature spinneret ◦C RT  
 Flow rate polymer mLmin−1 3.6  
 Flow rate bore mLmin−1 0.8  
 Air gap height cm 16.5  
 Pulling wheel speed mmin−1 6.8  

For hollow fiber fabrication, PES (Ultrason E6020 P) and
polyvinylpyrrolidone K17 (PVP K17) (MW∼10 kDa) were supplied by 
BASF. The SMA-copolymer XIRAN®SZ30010 (MW∼10 kDa), was kindly 
provided by Aurorium. Polyvinylpyrrolidone K30 (MW∼40 kDa) and 
polyethylenglycol (MW∼400Da) were purchased from Carl Roth. The 
solvent N -methyl-2-pyrrolidone (NMP) (99%) was obtained from Fisher 
Scientific.

For the fouling experiments, the proteins bovine serum albumin 
(BSA) (heat shocked fractioned, >98%), albumin–fluorescein isothio-
cyanate conjugate (f-BSA), and gelatin from porcine skin (gel strength 
300, type A) were purchased from Sigma-Aldrich. Phosphate buffered 
saline (PBS) was obtained from TH Geyer.

2.2. Hollow fiber spinning and module construction

All components required for the preparation of the polymer and 
bore solutions, as well as the composition of the solutions, are listed 
in Table  1. The polymer solution was prepared by combining all listed 
components in a heated glass reactor at 60 ◦C and mixing with a 
mechanical stirrer until fully dissolved. After preparation, the solution 
is transferred to the spinning set-up to allow it to degas overnight. The 
bore solution was prepared by mixing all listed components in a glass 
bottle with a magnetic stirrer.

Hollow fiber membranes were fabricated via a dry-jet wet phase 
inversion spinning technique. In this process, the polymer solution 
is extruded through a spinneret alongside the bore solution. Phase 
inversion begins upon contact with the bore solution, with partial co-
agulation occurring in the air gap. The hollow fibers then pass through 
a coagulation bath, where they solidify completely. Finally, the fibers 
pass through a first rinsing bath and are collected on a second rinsing 
bath. More detailed spinning parameters are listed in Table  2. After 
spinning, the fibers were immersed in DI water for 48 h to remove the 
remaining NMP, with an exchange of water conducted after 24 h. Then, 
the membranes are immersed in a 60 ◦C water bath for 6 h to wash out 
PVP from the membranes. Finally, the membranes are then placed in a 
bath of 50w% glycerol/water overnight and are subsequently dried.

4-end outside-in hollow fiber modules with 58 fibers and an ac-
tive length of 10 cm were manufactured using a potting centrifuge 
(RotaMini, Me-Sep, Poland). The resulting active membrane area was 
approximately 195 cm2. Before use, the modules were flushed with DI 
water and filled from the inside with water using a syringe. If not in 
use, the modules were stored wet at room temperature.

2.3. Microgel synthesis

p(NIPAM-co-AEMA) microgels were synthesized via precipitation 
polymerization, following the method previously described [29]. In 
3 
Table 3
Recipe for the p(NIPAM-co-AEMA) microgel synthesis.
 Vial Component Amount Volume 
 mg ml  
 1 NIPAM 220.8 –  
 BIS 13.5 –  
 CTAB 5.8 –  
 DI-water – 24  
 2 AMPA 10.6 –  
 DI-water – 3.3  
 3 AEMA 321.2 –  
 AMPA 26.5 –  
 DI-water – 2.7  

Table 4
Overview of membranes characterized in this study.
 Membrane Base polymer Modification  
 P-0 PES –  
 PS-0 PES-SMA –  
 MG-60C PES-SMA 0.5mgmL−1 microgel at 60 ◦C 
 MG-80C PES-SMA 0.5mgmL−1 microgel at 80 ◦C 

short, the reaction was carried out in a round-bottom flask at 80 ◦C
under stirring at 300 rpm in a nitrogen atmosphere. The specific com-
ponents were dissolved in a given volume of DI water in three separate 
vials. A detailed composition is listed in Table  3. The reaction starts by 
adding the initiator AMPA (vial 2) to a mixture of NIPAM, BIS, and the 
surfactant CTAB (vial 1). Two minutes into the reaction, AEMA and 
additional AMPA are injected (vial 3). After a total reaction time of 
25min, the polymerization is stopped by cooling the flask in ice water 
in the presence of oxygen. Finally, the microgels were purified using a 
dialysis tube.

2.4. Membrane modification

For membrane modification, a microgel solution with a concen-
tration of 0.5mg∕mL and a pH of 11 is obtained by diluting it with 
sodium hydroxide (NaOH). The concentration of the initial microgel 
solution was previously determined by freeze-drying a defined volume 
of the solution and weighing the amount of dried microgels. For the 
coating, the shell side of the hollow fiber modules is flushed and filled 
with the microgel solution. The filled modules are then submerged in 
a temperature-controlled water bath for 5min at 60 or 80 ◦C. After the 
coating process, the modules are thoroughly rinsed and stored in DI-
water. An overview of all types of membranes with their respective 
modification are listed in Table  4.

2.5. Membrane characterization

2.5.1. Pure water permeability
The pure water permeability (PWP) of the modules is measured 

before and after coating, and in between fouling experiments. First, 
water is permeated in dead-end from the shell to the lumen of the 
fiber at 1 bar transmembrane pressure (TMP) for at least 20min. A scale 
continuously records the weight of the permeate produced. To ensure 
the validity of the results, the PWP is measured twice for each module.

2.5.2. Field emission scanning electron microscopy
Scanning electron microscopy (SEM) imaging was used to analyze 

the morphology of the membranes. Samples were fractured in liquid 
nitrogen to obtain cross-sectional images. Surface images were obtained 
by cutting the membrane samples lengthwise. A Hitachi SU5000 was 
used to obtain the images.
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Fig. 2. (a) Flux stepping filtration method, (b) cyclic filtration at constant flux with 
backwashing method, and (c) cyclic filtration at constant flux with relaxation method.

2.5.3. Zeta potential
The surface zeta potential of flat sheet membranes was determined 

by a SurPASS analyzer (Anton Paar, Graz Austria) in a pH range of 2–9 
with a 1mM KCl electrolyte solution. The pH is automatically adjusted 
by two solutions of 0.1M HCl and 0.1M NaOH.

2.6. Fouling analysis

Three types of fouling experiments were conducted to investigate 
the antifouling properties of different membranes: Flux stepping, cyclic 
fouling at constant flux, and static fouling experiments. An automatized 
filtration set-up was used for the flux stepping and the cyclic fouling 
experiments (OSMO Poseidon, Demcon convergence, The Netherlands). 
A qualitative representation of the sequence of the dynamic filtration 
experiments is showcased in Fig.  2.

2.6.1. Flux stepping fouling
To characterize the antifouling behavior of the membranes, it is 

essential to examine their performance at permeate fluxes where severe 
fouling occurs. Such conditions arise when the permeate flux exceeds 
the threshold flux (𝐽𝑡ℎ). Accordingly, 𝐽𝑡ℎ was determined for all mod-
ified and unmodified membranes through flux stepping experiments. 
Prior to filtration, the membranes were flushed with deionized (DI) 
water for 5min to eliminate air bubbles from the module.

Subsequently, nine constant-flux filtration cycles were carried out 
using a model fouling solution (BSA, 0.5 g L−1 in PBS, pH 7.4). The 
initial flux was set at 10LMH and increased in 5LMH increments with 
each step. Each cycle began with a 4min flushing step using the feed 
solution to fully saturate the module and tubing. This was followed by 
a 25min constant-flux filtration step at the target value, and finally a 
10min backwashing step at 50LMH using DI water. All modules were 
operated in an outside-in configuration under cross-flow mode, with 
the feed flow rate maintained at 4 kg h−1.
4 
2.6.2. Cyclic fouling at 1.2 ⋅ 𝐽𝑡ℎ with backwashing
The sequence begins by flushing with DI-water for 5min. Each 

filtration step commenced with a 4min flush using the model fouling 
solution (BSA, 0.5 g L−1 in PBS, pH 7.4), after which the permeate flux 
was set to 1.2 ⋅ 𝐽𝑡ℎ for the respective membrane. The total permeate 
collected per cycle was 180 g, resulting in cycle durations that varied 
according to each membrane’s threshold flux.

Following each permeation step, a backwashing step was performed 
using DI water at a flux of 1.2 ⋅ 𝐽𝑡ℎ. During each backwash, 90 g of DI 
water was passed through the membrane. A total of 18 filtration cycles 
were performed per membrane. All modules operated in an outside-in 
configuration under cross-flow mode, with a consistent feed flow rate 
of 4 kg h−1.

2.6.3. Cyclic fouling at constant flux with relaxation
These experiments were conducted in a manner similar to that 

previously described. However, the backwashing steps in the sequence 
are replaced by relaxation steps. The model fouling solution consists 
of either dissolved BSA or gelatin type A (0.5 g L−1 in PBS pH 7.4). 
Filtration steps are conducted at 45LMH and 20LMH for BSA and 
gelatin, respectively. The duration of the permeation is set to produce 
180 g of permeate. The relaxation steps are equivalent to flushing the 
module with DI water at a feed flux of 4 kg h−1 for 10min. When BSA is 
used as the foulant, 18 filtration cycles are conducted. When gelatin is 
used, only 8 cycles are conducted. The modules are operated outside-
in in cross-flow mode. The feed flow rate during permeation is set at 
4 kg h−1.

2.6.4. Evaluation of static protein adsorption via fluorescence microscopy
Static fouling measurements were conducted to qualitatively evalu-

ate the antifouling properties of microgel-coated membranes. Fluores-
cein isothiocyanate-labeled bovine serum albumin (f-BSA) served as the 
reference foulant and was adsorbed onto the membranes.

Flat sheet membranes with a diameter of 15mm were placed in a 
24-well plate. Before the adsorption, the membranes were thoroughly 
rinsed with 2 mL PBS buffer (pH 7.4). Then, 2mL f-BSA solution with a 
concentration of 50mgmL−1 in PBS buffer were added to each well. The 
adsorption took place for 3 h. The well plate was wrapped in aluminum 
foil to protect the fluorescein marker from bleaching. Subsequently, 
the membranes were again rinsed with 2mL PBS buffer as previously 
described. The membranes were placed between two microscope slides, 
and any air bubbles were removed. The samples were wrapped once 
more in aluminum foil and stored at 5 ◦C until further analysis. The 
fluorescein marker on the BSA enables the evaluation with a fluores-
cence microscope (BZ-X810, Keyence Deutschland GmbH, Germany). 
All images were taken with the same exposure settings.

3. Results and discussion

3.1. Membrane fabrication and modification

Hollow fiber membrane fabrication was carried out using a dry–
wet jet spinning process. A polymer solution comprising PES, SMA, and 
various pore-forming additives was extruded into a water coagulation 
bath. To achieve an outside-in fiber morphology, a bore solution pri-
marily composed of NMP was employed. The detailed compositions of 
the polymer and bore solutions, along with the spinning parameters, 
are provided in Section 2.2. A baseline modification temperature of 
60 ◦C was selected, as this is a typical temperature range in which 
SMA–amine cross-linking is performed in similar works [37,40]. To 
investigate whether a higher temperature would further enhance mi-
crogel attachment, we carried out parallel coatings at 80 ◦C. It is 
expected that with increasing temperature, the reaction rate between 
primary amines and SMA will increase [42]. Following fabrication, 
the membranes were modified according to the conditions described 
in Section 2.4. SEM images illustrating the hollow fiber morphology 
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Fig. 3. Cross-sectional SEM images of the PS-0 hollow fiber membranes, and images of the shell surface before and after microgel immobilization.
and the effect of microgel modification on the membrane surface are 
presented in Fig.  3.

Cross-sectional SEM images of the membranes (a–c) reveal an asym-
metric structure, consisting of a dense layer on the shell side, an 
open-porous region on the lumen side, and finger-like macrovoids in 
the fiber’s midsection. The surface of the selective shell layer in the un-
modified PS-0 membrane (d) displays small surface pores. In contrast, 
the MG-60C and MG-80C membranes show deposition of spherical 
aggregates with diameters ranging between 80 to 200 nm, which fully 
cover the surface pores. Prior characterization of the microgels revealed 
an average hydrodynamic radius of 160 nm, with a broad size distri-
bution (PDI = 0.47) (see Supplementary Information). The wide size 
range observed in SEM is consistent with the large PDI. Note that the 
hydrodynamic radii measured are larger than the dry-state sizes seen 
in SEM, as microgels swell significantly in aqueous environments. This 
observation indicates successful microgel immobilization. No signifi-
cant morphological differences were observed between the two coating 
temperatures (see Fig.  3(e) and (f)).

3.2. Surface properties of microgel coated membranes

As discussed in Section 3.1, an apparent deposition of a microgel 
layer is observed following the coating process. To elucidate the impact 
of this microgel layer on membrane surface properties, zeta potential 
and PWP measurements were conducted on unmodified PES-SMA mem-
branes (PS-0) and microgel-modified PES-SMA membranes (MG-60C 
and MG-80C). For comparison, unmodified PES membranes (P-0) were 
also evaluated.

Fig.  4(a) shows the zeta potential of flat-sheet membranes as a 
function of pH. P-0 membranes exhibit a negative surface potential, as 
expected for unmodified PES [35]. Incorporating SMA as a copolymer 
(PS-0) results in a further decrease in zeta potential, particularly above 
pH 4, due to deprotonation of carboxylic acid groups in SMA, which 
typically occurs around pH 4–5. In contrast, microgel-modified mem-
branes (MG-60C and MG-80C) display a positive shift in zeta potential, 
with distinctly positive values observed at pH < 5. This shift reflects the 
protonation of primary amines in the p(NIPAM-co-AEMA) microgels. 
Notably, MG-80C exhibits a more pronounced positive zeta potential 
than MG-60C, suggesting a higher density of immobilized microgels on 
its surface.

PWP measurements (Fig.  4(b)) further support the successful deposi-
tion of microgels. The PS-0 membrane exhibits a PWP of approximately 
5 
100LMH∕bar. Following microgel coating, PWP decreases by roughly 
60% and 80% for MG-60C and MG-80C, respectively. The larger re-
duction observed for MG-80C aligns with its higher zeta potential, 
indicating a greater microgel loading. The P-0 membrane shows a PWP 
comparable to that of PS-0, consistent with the similar polymer solution 
compositions used in their fabrication.

Our results demonstrate the clear deposition of a microgel layer. 
However, it is not yet clear which mechanism leads to the attachment 
of the microgels to the membrane support. As presented in Fig.  1, we 
theorize microgels are immobilized either by the covalent attachment 
of primary amine groups to the SMA via imide bond formation, or 
by the electrostatic interaction between hydrolyzed SMA and the posi-
tively charged microgels. Regardless of the mechanism, we expect the 
interaction between SMA and the microgels to be strong enough to 
sustain demanding filtration cycles.

3.3. Threshold flux determination

Fouling and fouling rate are directly dependent on the applied 
permeate flux. This relationship is commonly described using two key 
parameters: the critical flux (𝐽𝑐𝑟𝑖𝑡) and the threshold flux (𝐽𝑡ℎ). The 
critical flux is defined as the permeate flux below which no fouling 
occurs [43], while the threshold flux denotes the flux below which 
the fouling rate remains constant; above this threshold, the rate of 
fouling increases significantly [44,45]. Both 𝐽𝑐𝑟𝑖𝑡 and 𝐽𝑡ℎ are influenced 
by membrane properties, hydrodynamic conditions, and other process 
variables [44].

Flux stepping experiments are widely used to determine both 𝐽𝑐𝑟𝑖𝑡
and 𝐽𝑡ℎ [46,47]. In these experiments, the flux is incrementally in-
creased and held constant for a fixed duration at each step. Key 
experimental parameters (including step length, step height, feed com-
position, and flow conditions) significantly affect fouling behavior and, 
consequently, the flux thresholds observed [48]. To minimize carry-
over effects from previous steps, intermediate cleaning protocols can 
be implemented between filtration cycles [47,49]. However, due to the 
extended durations required to accurately determine 𝐽𝑐𝑟𝑖𝑡 [44,47], flux 
stepping is more commonly employed for identifying 𝐽𝑡ℎ [45,47].

The membranes examined in this study differ substantially in in-
trinsic filtration resistance and surface charge, which are expected 
to influence their fouling behavior under comparable filtration con-
ditions. To evaluate the antifouling performance of microgel-coated 
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Fig. 4. Effect of microgel immobilization on (a) the zeta potential of the membranes, and (b) on the pure water permeability (PWP). As reference, a membrane fabricated without 
SMA as additive (P-0) is included.
Table 5
Resulting 𝐽𝑡ℎ of the different membranes evaluated.
 Membrane 𝐽𝑡ℎ,𝑎 𝐽𝑡ℎ,𝑏 𝐽𝑡ℎ,𝑐 1.2 ⋅ 𝐽𝑡ℎ,𝑎 
 LMH LMH LMH LMH  
 P-0 33 25 20 40  
 PS-0 28.3 25 25 34  
 MG-60C 22.1 20 20 27  
 MG-80C 16.6 15 15 20  

membranes, all samples were tested at fluxes exceeding their respective 
𝐽𝑡ℎ, ensuring that fouling effects were sufficiently pronounced.

Flux stepping experiments were conducted to determine 𝐽𝑡ℎ for each 
membrane type. The applied flux was increased in 5LMH increments 
from 10LMH to 50LMH, BSA as the model foulant. Each filtration step 
was followed by a backwashing cycle with deionized water. During 
each step, the evolution of TMP was recorded over time. Three TMP-
based metrics were extracted to determine 𝐽𝑡ℎ: the average TMP per 
step (TMP𝑎𝑣𝑔), the stepwise change in TMP (𝛥TMP), and the TMP gra-
dient over time (𝑑(TMP)∕𝑑(𝑡)). These values were plotted as a function 
of flux, and 𝐽𝑡ℎ was estimated according to the methodology described 
by Miller et al. [45].

The results of these experiments are presented in Fig.  5. Three 
distinct fouling regimes were observed for the P-0, PS-0, and MG-
60C membranes: (1) a regime with negligible TMP increase (10LMH–
20LMH); (2) a plateau region in TMP (25LMH–35LMH); and (3) 
a regime characterized by a sharp increase in TMP with each step 
(40LMH–50LMH). For MG-60C, domains 2 and 3 appear to shift 
slightly to lower flux values. However, the presence of domain 1 in 
all three membrane types confirms that their 𝐽𝑡ℎ values lie within the 
tested flux range. In contrast, for the MG-80C membrane, only domains 
2 and 3 were observed, suggesting a lower 𝐽𝑡ℎ, though its precise value 
could not be determined due to the system’s minimum flux setting of 
10LMH.

Table  5 lists the resulting 𝐽𝑡ℎ for the methods using (a) TMP𝑎𝑣𝑔 , 
(b) 𝛥TMP, (c) 𝑑(TMP)∕𝑑(𝑡). Only the values of 𝐽𝑡ℎ determined by 
TMP𝑎𝑣𝑔 are considered, as this method gives the highest value of 𝐽𝑡ℎ. 
Subsequent experiments use the rounded values of 1.2 ⋅ 𝐽𝑡ℎ calculated 
using 𝐽 .
𝑡ℎ,𝑎
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Fig. 5. Flux stepping experiments with unmodified PES and PES-SMA hollow fiber 
membranes, and modified PES-SMA hollow fiber membranes with 0.5 g L−1 BSA as the 
model foulant. The flux was increased from 10LMH to 50LMH in 5LMH steps. Each 
step had a duration of 25min and was followed by a 10min backwashing step.

3.4. Cyclic fouling at constant flux with BSA

To evaluate the impact of membrane modification on antifouling 
performance, constant-flux filtration experiments were conducted at 
1.2 ⋅ 𝐽𝑡ℎ for each membrane (see Table  5), and at a fixed flux of 
45LMH∕bar. Each experiment comprised 18 filtration cycles. For tests 
at 1.2 ⋅𝐽𝑡ℎ, a backwashing step at the same flux was performed between 
cycles. In contrast, for the 45LMH experiments, only relaxation steps 
were applied between cycles. A detailed description of the methodology 
can be found in Section 2.6.



M.A. Restrepo et al. Journal of Membrane Science 737 (2026) 124493 
Fig. 6. Fouling behavior of unmodified and modified hollow fiber membranes after 18 cycles of 0.5 g L−1 BSA filtration at constant flux. Reversible fouling was measured as a 
function of the decline of permeability over the produced permeate. Irreversible fouling was characterized by the change in the pure water permeability of the membranes in 
between 6 cycles. (a) Fouling experiments conducted at 1.2 ⋅𝐽𝑡ℎ with backwashing, and (b) the corresponding pure water permeability of membranes in-between cycles. (c) Fouling 
experiments conducted at 45LMH with relaxation steps in-between cycles, and (d) the corresponding pure water permeability.
Before each filtration cycle, the modules were rinsed with the BSA 
solution to ensure complete saturation of the internal volume. Due 
to initial pressure losses in the module, a low TMP is temporarily 
established, resulting in an unregulated permeation phase during which 
fouling may occur. Consequently, the permeability measured at the be-
ginning of each step may not accurately represent the true post-cleaning 
permeability of the membrane. To quantify irreversible fouling, the 
relative loss of PWP was assessed every six cycles. The results of 
these experiments are presented in Fig.  6, with subfigures (a) and (b) 
corresponding to 1.2 ⋅ 𝐽𝑡ℎ, and (c) and (d) corresponding to a constant 
flux of 45LMH.

The cyclic fouling experiments conducted at 1.2 ⋅ 𝐽𝑡ℎ revealed pre-
dominantly reversible fouling behavior in each filtration cycle for the 
PS-0, MG-60C, and MG-80C membranes. Notably, PS-0 and MG-60C 
exhibited a gradual increase in final permeability across cycles, whereas 
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the P-0 membrane showed a continuous decline in final permeability, 
consistent with trends observed in the PWP measurements. In contrast, 
PS-0, MG-60C, and MG-80C did not display a significant reduction in 
PWP over the 18 cycles, indicating minimal to no irreversible fouling.

The progressive increase in final permeability observed for PS-0 and 
MG-60C may suggest a reduced adsorption of BSA on the membrane 
surface over time, as indicated by the stable PWP. This effect could 
be attributed to enhanced electrostatic repulsion between the nega-
tively charged BSA molecules and the increasingly negative membrane 
surface [10,50,51]. SMA may undergo further ring-opening hydrolysis 
under physiological pH conditions [52], which increases surface charge 
density. Although SMA in MG-60C membranes was initially activated 
via immersion in diluted NaOH at 60 ◦C, further hydrolysis may have 
occurred in the PBS buffer during filtration. For MG-80C, this effect 
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Fig. 7. Static BSA adsorption on unmodified and modified PES-SMA flat sheet membranes. An unmodified PES membrane is used as a reference. Two light exposure times (1∕20 s
and 1∕2 s) are used to demonstrate the significantly lower adsorption of all PES-SMA membranes compared with membranes prepared only with PES. At a longer exposure time, 
slightly higher protein adsorption can be observed for the PS-0 membrane compared to other PES-SMA membranes.
may be suppressed by the presence of a thicker microgel layer, which 
likely shields the membrane surface (see Section 3.2).

At the higher flux of 45LMH, the observed fouling behavior fol-
lowed similar trends. The P-0 membrane exhibited a progressive de-
cline in final permeability, indicative of irreversible fouling, which 
was further confirmed by decreasing PWP values across cycles. In 
contrast, both PS-0 and MG-60C showed increasing final permeability 
over time, with the effect being more pronounced for PS-0. The MG-80C 
membrane demonstrated a stable permeability profile throughout the 
18 cycles, although it produced less permeate overall due to difficulty 
in maintaining the set flux. Due to the high TMP required for MG-80C, 
the system was unable to rapidly reach the target flux, which reduced 
the effective filtration time at the set flux. Post-experimental PWP 
measurements confirmed the absence of irreversible fouling for MG-
60C and MG-80C, while PS-0 exhibited a reduction in PWP, suggesting 
partial accumulation of BSA.

Concluding, the cyclic-flux experiments with BSA not only demon-
strate the antifouling function of the microgel coating but also its 
mechanical robustness. Even after 18 consecutive cycles (11.4 h of 
continuous protein filtration and cleaning) at 1.2 ⋅ 𝐽𝑡ℎ with backwash-
ing or at 45 LMH—both well above the 𝐽𝑡ℎ of the microgel-coated 
membranes—the PWP recovers fully after the cleaning steps. Such 
reproducible recovery provides direct evidence that the microgel layer 
remains stable and active throughout extended operation. Although this 
testing duration is on par with published studies of other SMA-based 
antifouling membranes [37–39], future work will focus on testing the 
functionality and stability of microgel-coated membranes under more 
industry-relevant conditions. For example, during multi-day operation 
and using fluxes below the membranes’ 𝐽𝑡ℎ.

3.5. Evaluation of static BSA adsorption

Static adsorption experiments using f-BSA were conducted on flat-
sheet membranes to corroborate the cyclic fouling experiments. Static 
adsorption was achieved by immersing membrane samples in a f-
BSA solution under continuous shaking. Afterward, the membranes 
were washed with a buffer solution, and the degree of adsorption was 
qualitatively evaluated based on the intensity of the fluorescent signal 
captured by a fluorescence microscope. A higher fluorescent signal 
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indicates more significant BSA adsorption. The results are presented in 
Fig.  7.

All PES-SMA membranes exhibited no visible coloration at short 
exposure times (1∕20 s), in stark contrast to the bright green appear-
ance of the unmodified PES membrane. At a longer exposure time 
(1∕2 s), a slightly more intense coloration was observed for the PS-
0 membrane compared to MG-60C and MG-80C. This may indicate 
a higher fouling tendency for the unmodified PES-SMA membrane. 
However, based on the full set of experimental results, it can only be 
concluded with certainty that all PES-SMA membranes—irrespective 
of modification—exhibit low affinity for BSA. This observation is con-
sistent with previous reports on the low BSA affinity of PES-SMA 
blended membranes [35]. These findings are further supported by the 
dynamic fouling experiments. For PS-0, the low fouling behavior can 
be attributed to electrostatic repulsion between the negatively charged 
membrane surface and BSA, which has an isoelectric point (IEP) be-
tween 4.1 and 4.7 [53]. In the case of MG-60C and MG-80C, it remains 
unclear whether the immobilized microgel layer further enhances this 
effect through the formation of a hydration barrier on the membrane 
surface.

3.6. Cyclic fouling at constant flux with gelatin

Cyclic filtration experiments with BSA demonstrated that microgel-
modified membranes exhibit enhanced antifouling properties, particu-
larly under high-flux conditions. However, it remains unclear whether 
this low affinity for BSA is primarily due to electrostatic repulsion 
between the protein and the membrane surface, or to the formation of 
a robust hydration layer provided by the microgel coating. To further 
investigate this, additional experiments were conducted using gelatin 
type A. Gelatin type A has an IEP between pH 7 and 8 [54], and is 
therefore expected to be neutral or slightly positively charged under 
the experimental conditions (PBS buffer, pH 7.4).

The fouling experiments followed the same protocol as previously 
described, employing six cyclic filtration cycles at constant flux using 
a gelatin solution (0.5 g L−1 in PBS buffer). Relaxation steps with water 
were applied between cycles. An initial flux of 45LMH was tested, but 
resulted in complete permeability loss for the PS-0 membrane during 
the first cycle. Consequently, a reduced flux of 20LMH was used for the 
remainder of the experiments. The results are presented in Fig.  8.
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Fig. 8. Fouling behavior of unmodified and modified hollow fiber membranes after 6 cycles of 0.5 g L−1 Gelatin filtration at 20LMH. (a) Permeability decline as a function of the 
produced permeate. (b) Relative pure weater permeability before and after the fouling experiments.
In general, more pronounced fouling was observed with gelatin 
compared to BSA, which is consistent with literature findings that 
protein fouling is most severe near the protein’s IEP [55–57]. Pro-
teins exhibit increased hydrophobicity at their IEP, promoting stronger 
adsorption to membrane surfaces via hydrophobic interactions [11]. 
Moreover, after the formation of a protein monolayer, the absence of 
electrostatic repulsion between protein molecules can further exacer-
bate fouling [55]. This tendency is further amplified by gelatin’s own 
structure. The gelatine used (gel strength 300) consist of a mixture 
of collagen fragments ranging between 50–100 kDa in size [58] that 
adopt a random-coil conformation with exposed hydrophobic domains 
near its IEP [51]. The combination of chain flexibility and increased 
hydrophobicity drives the rapid formation of a cohesive gel layer [59]. 
Under the high TMPs used here (up to 5 bar), this film compacts into 
a dense network that may resists detachment, even in the presence of 
a robust hydration barrier.

Distinct fouling behaviors were observed among the membranes. 
Both microgel-coated membranes experienced fouling, but exhibited 
less severe permeability loss than the unmodified membranes (P-0 and 
PS-0). MG-60C completed all six filtration cycles before reaching the 
TMP limit of 5 bar, whereas experiments with P-0, PS-0, and MG-80C 
were terminated early due to excessive TMP. After the first cycle and 
subsequent relaxation, MG-60C and MG-80C retained approximately 
two-thirds of their initial permeability. In contrast, PS-0 lost roughly 
90% of its initial permeability during the first cycle, with minimal 
recovery after relaxation. In subsequent cycles, MG-60C and MG-80C 
showed improved stability, as demonstrated by noticeable permeability 
recovery following each relaxation step.

No clear correlation was found between surface charge and fouling 
severity. This is illustrated by the similar fouling behavior of P-0 
and PS-0, despite the more negative zeta potential of PS-0 (see Fig. 
4(a)). Additionally, MG-60C outperformed MG-80C even though MG-
80C exhibited a more positive zeta potential. This discrepancy may be 
attributed to the lower initial permeability of MG-80C. In the case of P-
0 and PS-0, the substantial loss in permeability likely results from their 
more hydrophobic nature. Indeed, Huisman et al. [11] demonstrated 
that stronger hydrophobic interactions between membrane surfaces 
and proteins lead to more significant initial permeability losses during 
constant-pressure filtration. In contrast, electrostatic interactions did 
not correlate with the decline in permeability at any stage.
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Thus, our results suggest that the improved antifouling performance 
of microgel-coated membranes is driven by to two complementary 
mechanisms: electrostatic repulsion and hydration layer formation. 
While PS-0 membranes benefited primarily from increased negative 
surface charge introduced by SMA, which electrostatically repels neg-
atively charged proteins like BSA, the microgel-coated membranes 
(MG-60C and MG-80C) appear to leverage an additional, dominant ef-
fect: the formation of a robust hydration barrier. Hydration layers act as 
a physical and energetic barrier to protein adsorption by creating a shell 
of tightly bound water molecules around the membrane surface, which 
proteins must displace to adhere. This mechanism is less sensitive to 
pH and ionic strength than electrostatic repulsion and is therefore espe-
cially effective under near-isoelectric or high-salinity conditions [60], 
such as those present in the gelatin fouling tests. Our results support 
this interpretation: despite the reduced surface charge of MG-80C and 
MG-60C, their fouling resistance under gelatin filtration conditions re-
mained superior to that of PS-0, suggesting that hydration-layer-based 
steric hindrance played a dominant role. These findings are consistent 
with previous research, which highlights hydration-layer formation—
especially via hydrophilic and zwitterionic coatings—as one of the most 
effective and universal strategies for long-term antifouling performance 
in protein-rich and variable-salinity environments [60].

Moreover, while the significant increase in hydraulic resistance 
imposed by the microgel layer may be seen as a significant drawback 
of the microgel coating, this effect must be weighed against gains in 
long-term stability under heavy protein fouling. In highly demanding 
processes—such as in the biotech dairy industry, where feeds contain 
complex, high-concentration protein mixtures—a slightly reduced ini-
tial flux can be compensated by dramatically extended run times, far 
fewer cleaning cycles, and longer membrane lifetimes. In such settings, 
a robust hydration layer barrier that trades some permeability for 
sustained performance may yield higher net throughput and lower total 
life-cycle cost than a pristine but rapidly fouling membrane.

Finally, it is worth noting that the gelatin fouling protocol is not 
as well optimized as the BSA tests. As shown in Fig.  8(a), fouling 
proceeds so quickly at 20 LMH that this flux clearly exceeds the 𝐽𝑡ℎ
of all membrane types, as the fouling rate is also dependent on the 
type of protein used [7,50,51]. In future work, we will refine the 
gelatin protocol by first performing flux-stepping to determine each 
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membrane’s 𝐽𝑡ℎ, then running cyclic fouling at more moderate fluxes. 
Even under these harsh conditions, however, our results highlight how 
critical foulant choice is when evaluating the hydrophilic properties of 
modified membranes.

4. Conclusion

This study presents a straightforward method for fabricating low-
fouling hollow fiber membranes by coating amine-functionalized
p(NIPAM-co-AEMA) microgels to the membrane surface. A membrane 
support composed of a blend of PES and SMA enables the subsequent 
immobilization of microgels without the use of harsh chemicals or com-
plex procedures. PES-SMA membranes were coated at 60 ◦C and 80 ◦C, 
referred to as MG-60C and MG-80C, respectively. For comparison, 
unmodified PES and PES-SMA membranes (P-0 and PS-0, respectively) 
were also evaluated.

SEM images confirmed the formation of a uniform microgel layer 
on the membrane surface, while zeta potential measurements showed 
a positive shift consistent with the introduction of amine groups from 
the microgels. A decrease in PWP was observed for the microgel-coated 
membranes, consistent with the presence of a hydrophilic microgel 
layer. Flux stepping experiments were used to determine the threshold 
flux of the different membranes. In cyclic filtration tests using BSA 
as the model foulant, the microgel-modified membranes maintained 
higher permeability over multiple cycles compared to the unmodified 
membranes. The unmodified PS-0 membrane also outperformed the 
P-0 membrane, which was attributed to enhanced electrostatic repul-
sion between the negatively charged BSA and the more negatively 
charged PS-0 surface. These findings were supported by static protein 
adsorption experiments using fluorescently labeled BSA, which showed 
substantially lower protein adsorption on both unmodified PES-SMA 
and microgel-coated membranes.

Additional cyclic fouling experiments with gelatin type A—a protein 
with an isoelectric point near the experimental pH—further confirmed 
the superior antifouling performance of the microgel-coated mem-
branes. Under these conditions, the unmodified membranes rapidly 
lost permeability and were unable to complete the filtration cycles, 
whereas the microgel-modified membranes retained functionality and 
completed the test protocol. These results highlight the effectiveness 
of microgel coatings in improving membrane fouling resistance, even 
under challenging conditions where electrostatic effects are minimized.

Overall, our approach offers a practical and scalable strategy for 
enhancing the antifouling performance of hollow fiber membranes. The 
covalent attachment or strong adsorption of functionalized microgels 
ensures a stable surface modification capable of withstanding opera-
tional conditions without significant loss of the coating. Nonetheless, 
solutions to the current limitations regarding the increase in hydraulic 
resistance by the addition of the microgel layer should be explored in 
the future. For instance, fabricating a support with a higher initial PWP 
may counteract the permeability loss from the microgel layer. Addition-
ally, fine-tuning the coating conditions (for example, by lowering the 
reaction temperature or using more dilute microgel dispersions) can 
limit excess deposition while maintaining full coverage. Furthermore, 
the microgel structure can also be tuned in terms of particle size, cross-
link density, or amine content to achieve a balance between transport 
and fouling resistance. Finally, future work could also explore the 
multifunctional character of microgels, for example, by incorporating 
bioactive molecules—such as proteins or enzymes—into the microgels 
or utilizing their stimuli-responsive properties, enabling the devel-
opment of antifouling and biofunctional membranes for specialized 
applications in the biomedical, food, and beverage industries
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