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Abstract 

Hybrid polyethersulfone-based ultrafiltration membranes were prepared by incorporating metal (Ag and Cu) and/or 
amine-functionalized mesostructured SBA-15 silica particles. The doping particles were included into the casting 
solution to obtain a total solids load of 3.6 wt% in the final membranes. The physicochemical characterization of 
particles and membranes showed a good dispersion of metals inside the mesoporous structure of silica as well as a 
reduced skin layer, higher pore interconnectivity, and a larger amount of pores in membranes doped with the 
hydrophilic fillers. Membrane surface was also slightly less hydrophobic in hybrid membranes. Membrane 
performance was significantly improved as result of considerable increase of water permeation without affect 
negatively the membrane selectivity. The organic antifouling properties were enhanced with significant permeability 
improvement without compromising membrane rejection performance. In addition to it, metal-loaded silica allowed 
preparing membranes with high antibacterial activity. The removal of colonies of Escherichia coli and Staphylococcus 
aureus was complete either on membrane surface or in the liquid in contact with membranes when exposed to a 1/500 
nutrient broth medium for 20 h at 36 °C. The rate of metal release depended on metal speciation and represented a 
0.1–0.6% of the total metal content of membranes. 

Keywords: hybrid membranes; ultrafiltration; polyethersulfone; organic fouling; biofouling; antimicrobial materials. 

1. Introduction 

Ultrafiltration (UF) is a pressure-driven membrane 
process widely used for the removal of 
colloidal/particulate matter, pathogenic 
microorganisms, and oil-water emulsions [1] and [2]. 
Polyethersulfone (PES) is a thermoplastic polymer 
extensively used for the fabrication of UF membranes 
due to its high mechanical strength besides chemical 
and thermal stabilities [3]. It is well dissolvable in many 
aprotic polar solvents, as N-Methyl-2-pyrrolidone, and 
can properly be processed into a porous membrane 
through the non-solvent induced phase method. Despite 
these advantages, PES material is not enough 
hydrophilic and water permeability of PES membranes 
can become insufficient. In addition, the adsorption and 
deposition of hydrophobic nonpolar solutes on neat 
PES membranes surface and inside membrane pores 
leads to serious decrease in permeation flux and the 
change in separation characteristic during filtration 
operation that limits the practical application of PES UF 
membranes [4]. The adsorption of unwanted materials 
onto membrane surface results in a higher energy 
demand, shorter membrane lifetime and poorer 
separation performance [5]. Since membrane fouling is 
a consequence of the interaction between membrane 
surfaces and solutes by different mechanisms and 

hydrophobic interaction is usually accepted as 
predominant for PES membranes, the dispersion 
component of surface tension could be a good fouling 
predictor [6] and [7]. Many attempts have been 
performed to improve the fouling resistance of PES 
membranes by surface modifications, which include 
grafting, coating or different surface functionalization 
treatments with the aim of obtaining enhanced 
hydrophilicity or biocompatibility [8]. The use of 
blending additives following surface functionalization 
has also been successfully explored [9]. 

Biofouling is another major problem for the application 
of PES UF membranes. The biofouling is due to cells 
with altered phenotype that attach and grow on 
membrane surface forming complex biological 
communities [10]. Biofilms create their own 
environment and, once formed, are very difficult to 
remove often causing permanent permeability loss and 
irreversible membrane damage [11]. The enhancement 
of surface hydrophilicity has been extensively explored 
for preparing low biofouling PES membranes. Blends 
with hydrophilic polymers and the inclusion of different 
nanoparticles have been proposed for biofouling 
prevention [12] and [13]. Also, the use of metal 
nanoparticles has been frequently reported in view of 
the toxicity of certain metals against a variety of 



Journal of Membrane Science, 526, 252–263, 2017 

microorganisms including bacteria and fungi. Metals 
can cause oxidative stress, directly of by inactivating 
the cellular mechanisms normally involved in 
quenching reactive oxygen species [14]. It has been 
shown that silver, copper and other metals induce 
oxidative stress followed by membrane disruption, 
interference in enzymatic functions, among others [15]. 
Thanks to it, silver and copper as salts or nanoparticles 
have been proposed for a number of antimicrobial 
materials [16] and [17]. 

The incorporation of many diverse types of 
nanomaterials within the polymer matrix have been 
proposed for preparing hybrid UF membranes, which 
include silica, free metals and metal oxides, among 
others [18] and [19]. Particularly, mesoporous silica has 
been investigated for the preparation of mixed matrix 
ultrafiltration membranes, which benefit from its 
hydrophilic and porous nature to improve membrane 
performance. Mesoporous silica has been shown to 
enlarge pore size, improve pore interconnectivity and 
increase hydrophilicity and thermal stability with 
respect to neat PES, thus providing higher flux and 
better antifouling performance [20]. Mesoporous silica 
particles functionalized with amino and carboxylic 
groups have been studied for enhancing antifouling 
performance with significant improvements in water 
permeability, surface porosity, hydrophilicity, and 
stability [21]. Otherwise, nanometals, particularly 
silver, have been extensively studied for membrane 
nanocomposites [22]. Apart from production costs, the 
incorporation of nanoparticles into polymeric 
membranes has two important drawbacks. One is the 
difficulty of getting a good dispersion of nanoparticles 
within the polymeric matrix. The other is the possibility 
of releasing engineered nanomaterials into the 
environment. Nanometals supported on silica particles 
or silicates have been proposed to overcome these 
limitations by preparing stable materials that avoid the 
dispersion of nanoparticles into the environment [23]. 

In this work, we prepared new composite polymeric 
PES ultrafiltration membranes with amino and metal-
loaded mesoporous silica as modifying additive 
incorporated at low weight proportion (less than 4%). 
The purpose was to obtain UF membranes with 
mechanical properties similar to those of neat PES, but 
higher flux, lower organic fouling, and an improved 
resistance to microbial growth. To prove the latter, 
several bioassays have been performed using the 
bacteria Escherichia coli and Staphylococcus aureus as 
model microorganisms. 

The inclusion of metals in fillers, rather than their direct 
dispersion into the polymeric solution or their 
attachment to membrane was intended to avoid the 
dispersion of nanoforms into the environment. The 
purpose was to obtain membranes with higher flux and 
lower fouling, in which metal-loaded mesoporous silica 
could act as a vehicle for introducing nanometals 
without the problems derived from particle aggregation, 

chemical incompatibility with casting solvents and 
unintended nanoparticle release. The antimicrobial 
behavior was tested using the bacteria Escherichia 
coli and Staphylococcus aureus as model 
microorganisms. To the best of our knowledge, this 
combination of doping mesoporous silica nanoparticles 
(amino and metal-loaded) planned to enhance water 
permeability and mitigate both organic fouling and 
biofouling of PES membranes has not been previously 
reported. 

2. Experimental 

2.1. Materials 

Polyethersulfone (PES, 58 kDa) was provided by 
Solvay Chemicals International (Belgium), and N-
Methyl-2-pyrrolidone (NMP) was supplied by Scharlau 
(Barcelona, Spain). Pluronic P123 (Sigma-Aldrich 
EO20PO70EO20, EO ethylene oxide, PO propylene 
oxide, MW = 5800), tetraethylorthosilicate (TEOS 98% 
Sigma-Aldrich), N-(3-trimethoxysilylpropyl) 
diethylenetriamine (97% Sigma-Aldrich), cupric nitrate 
trihydrate (Fluka) and silver nitrate (Sigma-Aldrich) 
were used as received. Bovine Serum Albumin (BSA) 
was purchased from Sigma-Aldrich. The components of 
culture media were biological grade acquired from 
Conda-Pronadisa (Spain). Ultrapure water was 
generated from a Direct-Q™ 5 Ultrapure Water 
Systems from Millipore (Bedford, MA, USA) with a 
specific resistance of 18.2 MΩ cm. 

Pure SBA-15 sample was synthesized according to a 
procedure based on triblock copolymer Pluronic P123 
as template and TEOS as a source of silica [24]. During 
a typical synthesis, 4 g of Pluronic were dissolved in 
125 mL aqueous HCl 1.9 M at room temperature. After 
complete dissolution, TEOS was added and the mixture 
stirred 20 h at 40 °C. The suspension was then 
transferred to a tightly closed vessel and kept for 24 h at 
110 °C without stirring. The obtained white solid was 
filtered and washed repeatedly with deionized water. 
The air-dry white powder was next calcined at 550 °C 
for 5 h (heating rate 1.8 °C min-1). Amine-
functionalized SBA-15 was prepared by co-
condensation method using the same procedure except 
for the addition of 1.8 g of N-(3-trimethoxysilylpropyl) 
diethylenetriamine 1 h after adding the silica source 
(TEOS). In this case, the surfactant template was 
removed by refluxing with ethanol (1 g of sample in 
100 mL of ethanol) for 24 h. Amine-functionalized 
SBA-15 material was referred to as Triamine/SBA-15 
in what follows. 

The metallic impregnation of SBA-15 was carried out 
by the minimum volume method. Copper or silver 
nitrate were dissolved in 30 mL of water. The solution 
was slowly poured over calcined SBA-15 while stirring. 
The solid was dried at 50 °C overnight and calcined 
under airflow for 8 h at 500 °C with the same heating 
ramp of 1 °C min-1. Metal-loaded mesoporous 
materials, CuO/SBA-15 and Ag/SBA-15, had a content 
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of 8.9 wt% copper (11.2 wt% as CuO) and 3.5 wt% 
silver (as Ag). The particle size of SBA-15 and metal-
loaded SBA-15 was measured by DLS in polymer 
solvent medium. The results are shown in Table S1 (in 
Supplementary Material, SM). 

Nitrogen adsorption and desorption isotherms at 77 K 
were measured using a Micromeritics TRISTAR 3000 
system. The data were analysed using the BJH and BET 
models and the pore total volume (Vt) was assigned 
at P/Po = 0.975 as single point. X-ray powder 
diffraction (XRD) patterns were acquired on a PHILIPS 
X’PERT diffractometer using Cu Kα radiation. The 
data were recorded from 0.5 to 5 ° (2θ). Transmission 
electron microscopy (TEM) microphotographs were 
carried out on a PHILIPS TECNAI-20 electronic 
microscope operating at 200 kV. 

2.2. Membrane preparation and characterization 

Membranes were prepared using non-solvent induced 
phase inversion by means of immersion/precipitation 
with PES cast from a solution containing 16 wt% of 
polymer in NMP. Hybrid membranes were prepared by 
incorporating SBA-15 (pure, amine-functionalized, or 
metal-loaded) to NMP with the help of ultrasonic 
dispersion for 45 min at 40 °C. Subsequently, the 
polymer was added to the suspension and stirred for at 
least 24 h at room temperature and allowed aging for at 
least 24 h. The amount of incorporated particles was 
that required to obtain 0.6% wt% in the polymer 
synthesis mixture. After forming a homogenous 
solution, the films were casted with 200 μm thickness 
using a filmograph on nonwoven polyester as support 
layer. The prepared films were immersed in a non-
solvent bath (distilled water at 25 °C) for precipitation. 
The membranes were then transferred into another 
container with fresh ultrapure water and soaked for 24 h 
before testing. For each polymer solution composition, 
several identical membrane sheets were made in order 
to repeatedly test the water flux and solute 
rejection. Table 1 summarizes the composition and 
particle concentration of casting solutions used in this 
study along with the nomenclature proposed to 
differentiate the tested membranes.  

The morphology of membrane cross-section was 
observed under Scanning Electron Microscopy (SEM, 
XL-30 Philips). Due to the image magnification 
required to observe the membrane surface porosity, a 
Field Emission Gun Scanning Electron Microscope 
(FEG-SEM, FEI Co.) was used. 

Surface ζ-potential was measured by electrophoretic 
light scattering using the Surface Zeta Potential Cell 
(ZEN 1020) with a Zeta Sizer (DLS, Malvern Zetasizer 
Nano ZS). A rectangular section of the membranes was 
inserted in a dispensable plastic cuvette containing 10 
mM KCl aqueous solution with 0.5% (w/w) polyacrylic 
acid (450 kDa) as negative-tracer, pH was adjusted at 
7.0. Measurements were conducted at 25 °C at six 
different displacements from the sample surface to 

calculate the surface ζ-potential. The experimental data 
are shown in Table S2 (SM). 

Table 1. Membranes prepared in this investigation 

Membrane Filler content (wt%) Nomenclature 

PES  PES 

PES/SBA-15 SBA-15 (0.6) SBA@PES 

PES/(Triamine/SBA-15) Triamine/SBA-15 (0.6) TriSBA@PES 

PES/(Ag/SBA-15) Ag/SBA-15 (0.6) AgSBA@PES 

PES/(Cu/SBA-15) Cu/SBA-15 (0.6) CuSBA@PES 

PES/(Triamine/SBA-
15+Ag/ SBA-15) 

Triamine/SBA-
15(0.3)+Ag/SBA-15(0.3) 

AgTriSBA@PES 

PES/(Triamine/SBA-
15+Cu/SBA-15) 

Triamine/SBA-
15(0.3)+Cu/SBA-15(0.3) 

CuTriSBA@PES 

 

The Surface free energy was determined by measuring 
contact angles (CA) with water (Milli-Q), glycerol, and 
diiodomethane using an optical contact angle meter 
(Krüss DSA25 Drop Shape Analysis System) operating 
at room temperature. The components of the surface 
tension were estimated according to the procedure 
described in Supplementary Material expression [25] 
and [26]. The procedure allowed obtaining the free 
energy of interaction between two identical surfaces 
immersed in a liquid, ∆GSLS, which gives a measure of 
the hydrophobicity or hydrophilicity of the surface. If 
∆GSLS > 0, the surface is hydrophilic, and if ∆GSLS < 0, 
it is hydrophobic. The results of this calculation are 
shown in Table S2 (SM). Prior to contact angle 
measurements, membranes specimens were vacuum-
dried at 90 °C for 2 hours. In the case of bacterial 
contact angles, measurements were performed on 
bacterial lawns deposited on cellulose acetate filters an 
initial concentration of 108 cells/mL. Each 
measurement was performed in triplicate using the 
sessile drop technique. 

ICP-MS analyses of metal released from membranes 
were performed on an ICP-MS model X Serie 2 system 
apparatus from Thermo Scientific. Membranes were 
submerged in 15 mL of ultrapure water in glass bottles 
for 24 h in static runs performed at 25 °C. In order to 
assess the unintended release of nanometals, 
representative samples of the filtrate recovered after 
prescribed cumulative times (30, 60, 90 and 120 min) 
were further ultrafiltrated using Vivaspin 20, 5 kDa, 
PES centrifuge tubes. The samples were analysed for 
metals using ICP-MS. In case of nanoparticle release, 
the amount of metals detected by ICP-MS in the 5 kDa 
ultrafiltrates would be significantly lower than that of 
membrane permeate as 5 kDa filters retain particles 
larger than 2 nm. TMP was set at 2 bar and three 
replicates of all assays were performed. 

2.3. Filtration studies 

Filtration experiments were carried out by using a 
crossflow cell module with an effective membrane area 
of 50 cm2 connected to a 2 L volume tank. The 
membrane permeation flux for pure water was 
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determined in a filtration recycle mode at 2 bar, and 
0.65 m s−1 crossflow velocity. Previously, the linear 
behavior of water flux against transmembrane pressure 
(TMP) was confirmed in the 1–4 bar range. Fresh 
prepared membranes were initially compacted for 2 h at 
4 bar and 25 °C. 

Membrane fouling was studied by using BSA as 
organic foulant following the protocol reported 
elsewhere with BSA solution (1 g L−1, pH 7.2) in 0.1 M 
phosphate-buffered physiological saline (PBS) [27]. To 
explore the effect of fouling on the membrane 
permeation performance, pure water and BSA solution 
filtration experiments were successively performed at 2 
bar TMP and fouling was evaluated through pure water 
flux ratio as expressed by Eq. (1): 
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where pure water flux was measured before filtration of 
the BSA solution (𝐽௪

 ) and after stabilization of the BSA 
solution flow (𝐽௪

 ), being the membrane repeatedly 
washed with distilled water preceding the pure water 
flux measurement. 

Solute rejection, R(%), was evaluated from aqueous 
solutions of BSA (1 g L-1).  The permeate (Cp) and feed 
(Cf) concentrations of BSA were measured by using a 
Cary 5000 UV–Vis–NIR Spectrophotometer and 
compared to determine rejection as follows: 

  1001% 









f

p

C

C
R    (2) 

For each polymer solution composition, not less than 
five filtration essays with different membrane samples 
were made until obtaining reproducible values of flux 
and solute rejection. 

 

2.4. Microbiological assays 

The microorganisms used in these studies were 
Escherichia coli (CETC 516) and Staphylococcus 
aureus (CETC 240). E. coli and S. aureus are gram-
negative and gram-positive strains, respectively, 
recommended as testing microorganism in the ISO 
22196 in order to measure the antibacterial activity on 
plastic surfaces [28]. The bacteria were maintained at -
80 °C in glycerol (20% v/v) until use. Reactivation was 
performed using NB nutrient broth culture medium 
(peptone 10 g L-1, sodium chloride 5 g L-1, meat extract 
5 g L-1 and, in for solid medium, powder agar 15 g L-1) 
at 36 °C. The pH was adjusted to 7.0 ± 0.1. The 
stationary phase was reached and the optimal density 
optical (OD) were measured at 600 nm. 

The antimicrobial behavior of membranes was tested by 
counting the CFU (Colonies Forming Units) of E. coli 
and S. aureus under the standardized conditions of the 

ISO 22196 test, followed with minor modifications. 
The initial bacterial concentration was set as 106 
cells/mL inoculated into sterile 24-well microplates. 
The volume of inoculum was established at 0.15 
mL/mg of membrane. Culture time was 20 h ± 1 h at 36 
°C, which was enough to form biofilms on non-
modified membranes. The culture conditions ensured 
that bacteria were cultured in their exponential growth 
phase without nutrient limitation. After incubation, 
bacterial suspensions and cells detached from 
membranes were serially diluted to perform CFU 
counting. For liquid cultures, 10-fold serial dilutions 
were performed in PBS following which 10 µL were 
spot-plated on solid agar. In accordance to the ISO 
22196 protocol bacteria were recovered from 
membrane surface by using 2 mL soybean-casein-
digest-lecithin-polyoxyethylene sorbitan monooleate 
(SCDLP broth). Previously membranes were rinsed 
with PBS for 30 min in an orbital shaker. SCDLP liquid 
was serially diluted in PBS and spot-plated. The 
counting was performed in triplicate in three 
independent runs. Routine analyses were performed to 
ensure all microbial load was recovered from exposed 
membranes. 

SEM and confocal micrographs of membranes 
colonized by E. coli and S. aureus were taken after 
inoculation with 106 cells/mL, 0.15 mL/mg membrane, 
and incubation in NB medium at 36 °C for 20 ± 1 h. 
For SEM images, membranes were cleaned with 
distilled water, fixed, and dehydrated with ethanol and 
acetone. SEM micrographs were obtained in a ZEISS 
DSM-950 instrument operating at 25 kV. Live/Dead 
BacLight Bacterial Viability kit (Molecular Probes, 
Invitrogen Detection Technologies, Carlsbad, CA, 
USA) was used to evaluate bacterial viability. This 
method differentiates viable and no-viability cells using 
Syto9, a fluorescent nucleic acid stain capable to 
penetrate cell membrane and bind DNA, and propidium 
iodide (PI), which is a fluorescent stain marking only 
membrane-damaged non-viable cells. The 
excitation/emission maxima were 480/500 nm for Syto9 
and 490/635 nm for PI. The micrographs were obtained 
in a Leica Microsystems Confocal SP5 fluorescence 
microscope. 

3. Results and discussion 

3.1. Particle characterization 

Small angle X-ray diffraction patterns of pure, metal-
loaded, and amine-functionalized SBA-15 samples are 
shown in Figure S1 (SM). All diffractograms evidence 
the presence of mesophases with hexagonal p6mm 
symmetry, since the characteristic (1 0 0) diffraction 
peak is clearly distinguished in all the materials [24]. 
The diffractograms corresponding to pure SBA-15 and 
the samples in which the functionality was incorporated 
by post-synthetic procedure (Ag/SBA-15 and Cu/SBA-
15) clearly present two additional peaks of plane 
families (1 1 0) and (2 0 0). The sample synthesized by 



Journal of Membrane Science, 526, 252–263, 2017 

co-condensation method, Triamine/SBA-15, also 
exhibits the same secondary peaks, but very weakly. 
This fact reflects a reduction of the mesoscopic order 
due to the structural-distorting phenomena typically 
observed when the precursors of both mesostructured 
silica and functionalities are incorporated 
simultaneously [29]. 

Nitrogen adsorption-desorption isotherms of the same 
materials are shown in Figure S2 (SM). All the samples 
displayed type IV isotherms according to the IUPAC 
classification, with H1 hysteresis loops characteristic of 
SBA-15-type mesoporous materials [30]. The sharp 
change in the adsorbed volume around P/Po = 0.6–0.8 
in the H1-type hysteresis loop is characteristic of 
uniform mesopores with open cylindrical 
geometry [31]. The narrow H1-type hysteresis loop is 
maintained after the metal incorporation. Consequently, 
CuO and Ag could penetrate into the porous framework 
being homogeneously deposited along the cylindrical 
mesoporous channels. If loaded metal had been placed 
within the mesoporous structure forming aggregates, it 
would have provided different wall thicknesses with 
broader hysteresis loop in the N2 isotherm [32]. In the 
case of Triamine/SBA-15 sample, a significant 
deformation of the hysteresis loop can be appreciated, 
which could be attributed to the perturbation promoted 
by amine-organosilane molecules during the silicate 
condensation process [29]. Table S1 (SM) summarizes 
the textural properties of the synthesized materials. A 
decrease in BET surface area, SBET, and total pore 
volume, Vt, is observed for the functionalized samples 
in comparison with pure SBA-15. The highest reduction 
was observed for Triamine/SBA-15 where the total 
pore volume decreased about 35%. This is a common 
fact when large functionality amount is incorporated by 
co-condensation route [33]. It should be noted that 
Cu/SBA-15 and Ag/SBA-15 exhibit pore size values 
like pure SBA-15 corroborating homogeneous metal 
deposition into the Mesoporous SBA-15 channels. 

Figure S3 (SM) shows TEM images of synthesized 
samples. SBA-15 internal structure was not modified by 
the incorporation of functionalities and all the 
synthesized materials exhibited similar mesoporous 
ordered patterns in accordance with the XRD results 
(Figure S1). The pore diameter was graphically 
estimated around 8 nm for SBA-15, Cu/SBA-15, and 
Ag/SBA-15 and around 7 nm for Triamine/SBA-15 in 
fair agreement with values calculated from nitrogen 
isotherms (Figure S2). Since silver density is much 
higher than that of SiO2, Ag was visible in TEM 
micrographs as black dots embedded inside the 
mesoporous channels (Figure S3-C). 

3.2. Membrane characterization 

Cross-sectional images of membranes structure are 
shown in Fig. 1. PES and modified membranes 
displayed asymmetric structure with relatively dense 
skin layer below which finger-like sublayer and porous 

substrate were fully developed. However, SBA-15 
loaded specimens exhibited morphological changes in 
both skin layer and finger-like structure sublayer. 

Comparing images of neat PES with modified 
membranes, the presence of enlarged macrovoids is 
apparent in hybrid membranes. In addition, the skin 
layer thickness decreased with the presence of particles. 
Both effects could be explained in terms of faster 
interdiffusion process (exchange between solvent and 
non-solvent) during membrane formation as a result of 
the addition of hydrophilic particles to the ternary 
thermodynamic system [34]. These morphological 
changes promote a better pore connectivity throughout 
the membrane cross-section, which is crucial to the 
membrane permeation performance. In addition, metal-
loaded particles were visible on membrane surface, as 
shown in AgTriSBA@PES membrane image, which 
could be act as biofouling inhibitors. 

 

 
Figure 1. Cross-sectional SEM micrographs of membranes 
manufactured in this investigation. 

Comparing images of neat PES with modified 
membranes, the presence of enlarged macrovoids is 
apparent in hybrid membranes. In addition, the skin 
layer thickness decreased with the presence of particles. 
Both effects could be explained in terms of faster 
interdiffusion process (exchange between solvent and 
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non-solvent) during membrane formation because of 
the addition of hydrophilic particles to the ternary 
thermodynamic system [34]. These morphological 
changes promote a better pore connectivity throughout 
the membrane cross-section, which is crucial to the 
membrane permeation performance. In addition, metal-
loaded particles were visible on membrane surface, as 
shown in AgTriSBA@PES membrane image, which 
could be act as biofouling inhibitors. 

 

 

Figure 2. FEG-SEM images of manufactured membranes 
surfaces. Yellow circles have been drawn around pores to 
facilitate visual interpretation. 

The effect of fillers addition on the membrane 
morphology was also investigated in terms of surface 
porosity (Fig. 2). The number of pores formed and their 
spatial distribution onto membrane surface significantly 
changed because of membrane doping. First, it is 
apparent that the presence of proposed fillers into the 
polymeric solution promoted an abrupt formation of 
new pores: it has been stated that hydrophilic fillers can 

act as pore formation agents during the inversion-
precipitation process [18]. Second, the pore spatial 
distribution for neat PES membrane appeared more 
uniform than that of the doped membrane. Before 
membrane formation, the dispersion power of solvent 
determined the spatial configuration of polymer chains 
inside the polymeric solution. Filler addition reduced 
the number of polymer chain configurations, promoting 
the formation of more polymer-lean zones that resulted 
in nucleation points for pore formation. Besides, the 
distribution of polymer chains was also affected by the 
hindrance effect of particles leading to a non-uniform 
distribution of new pores, because polymer chains can 
become disrupted in different ways depending on the 
physicochemical properties of polymer-particle 
interface [35]. To visualize the enhanced pore 
formation for modified membranes in comparison with 
neat PES specimen, yellow circles have been drawn 
around pores in Fig. 2 for PES and TriSBA@PES 
samples so remarking the number of formed pores and 
its spreading on the membrane surface. 

The values of the CA for water, glycerol and 
diiodomethane are shown in Table S2 together with the 
surface free energy components and the values 
of ∆GSLS. Neat PES membrane was hydrophobic 
with ∆GSLS ~ -40 mJ/m2, which slightly decreased with 
the introduction of metal-loaded SBA-15 and, to a 
higher extent, with amine-functionalized SBA-15. For 
lawns of E. coli and S. aureus cells, the surface 
appeared clearly hydrophilic. 

Surface charge measured as surface zeta potential is 
also shown in Table S2. All membrane surfaces were 
negatively charged with a zeta potential near -40 mV, 
except for specimens containing triamine moieties, for 
which the charge was less negative because of the 
positive charge imparted by amine moieties at pH 7. 
The surface ζ-potential of prepared membranes was in 
the -28.3-(-47.6) mV range (in water at pH 7.0), the 
lowest values corresponding to triamine functionalized 
membranes. 

3.3. Filtration performance 

The water permeability of neat and modified PES 
membranes was determined within 1–4 bar TMP range, 
where flux and pressure displayed a linear relationship 
demonstrated by exploring the pure water flux over the 
mentioned range. Permeability was calculated from the 
slope of the linear correlation between pure water flow 
and TMP. The results are shown in in Fig. 3 from 
which the enhancement of water permeability against 
neat PES membrane is apparent for all hybrid 
membranes. The addition of 0.6 wt. % doping particles 
resulted in over 30% permeability increase in all cases, 
which should be explained by the three morphological 
changes observed in membrane structure because of 
particle incorporation: enhanced porosity, thinner skin 
layer, and better pore interconnectivity (Fig. 1). No 
significant differences between the diverse hybrid 
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membranes were found, although permeability of 
SBA@PES sample was systematically lower than 
membranes containing functionalized SBA-15 
nanoparticles. In comparison with previously reported 
hybrid PES membranes exclusively prepared with 
amine-functionalized SBA-15 nanoparticles, these new 
membranes also containing metal-doped mesoporous 
silica exhibited rather similar permeability values that 
largely improved the corresponding to neat PES 
sample. Thus, the expected antimicrobial ability due to 
silver and copper content was not threatened by water 
permeability reduction [21]. 

Since fouling properties of UF membranes were studied 
by filtering 1 g/L BSA aqueous solutions, rejection 
experiments were also conducted at 2 bar TMP. Figure 
S4 (SM) shows the rejection performance found for all 
the PES prepared membranes, neat and hybrid, 
calculated from Eq. (2). As observed, the rejection was 
thoroughly high, above 94%. The incorporation of 
SBA-15 based materials to polymer matrix barely 
affected protein retention that even slightly improved 
for four of the new hybrid membranes. 

 
Figure 3. Pure water permeability for neat PES and hybrid 
membranes. 

3.4. Organic antifouling 

The antifouling capacity of membranes was evaluated 
through pure water flux decline determined before and 
after filtration of BSA solution. Experiments were 
initially carried out with perfectly clean specimens; 
then, the permeate flux of 1 g/L BSA solution at 2 bar 
was monitored until stabilization; after washing, pure 
water flux was subsequently obtained. Flux ratios 
calculated with Eq. (1) are displayed in Fig. 4 that 
shows how the addition of a small amount (0.6 wt%) of 
SBA-15 particles to PES membrane reduced fouling 
between 14 and 29%. Considering that the polymer 
type and concentration were the same for all 
membranes, the flux ratio improvement observed for all 
doped membranes should be exclusively associated to 
the incorporation of fillers. 

 
Figure 4. Evaluation of irreversible fouling of membranes in 
terms of pure water flux decline after filtration of 1 g/L BSA 
solution. 

It is expected that protein adsorption on the skin 
membrane layer and pore plugging could be prevent by 
increasing surface hydrophilicity due to a high affinity 
for water as compared to BSA [36]. The addition of 
hydrophilic fillers should fulfil this goal besides the 
above mentioned enhancing of macrovoids and pore 
interconnectivity, which would result in a superior 
permeability for similar retention 
properties [22] and [37]. Nevertheless, no strict 
correlation was found between flux ratio decline and 
the hydrophilicity (evidences are summarized in Table 
S2). Water contact angles exhibited no significant 
differences between the prepared membranes, as 
expected due to the low nanoparticles content; however, 
the hydrophilicity estimation from surface free energy 
(less negative value of ∆GSLS refers to more 
hydrophilic character) revealed an acceptable 
correspondence to specimens displaying higher flux 
ratio (e.g., TriSBA@PES and AgTriSBA@PES in Fig. 
4). 

 
Figure 5. Membrane fouling resistances determined from 
filtration experiments. 
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To quantitatively describe the fouling resistance for 
neat and hybrid membranes, the intrinsic, reversible, 
and irreversible resistances were considered [27]. As 
observed in Fig. 5, all the calculated resistances for 
doped membranes were lower than the value 
corresponding to the neat PES sample. The intrinsic 
membrane resistance exhibited the dominant 
contribution to the total membrane resistance in all of 
tested specimens, suggesting that the membrane 
permeation is mainly limited by the inherent 
morphological characteristics of membranes and less 
influenced by fouling-induced flux restrictions. 
Reversible resistances were low in all cases and no 
important difference between neat PES and doped 
membranes was found.  

Conversely, the contribution of irreversible fouling of 
PES membrane was significantly higher than for hybrid 
ones. The irreversible adhesion of foulants on 
membrane surface is recognized as the cause for 
permanent permeation loss due to the forming of 
patches around the pores that eventually expand to form 
a continuous gel layer [38] and [39]. The modification 
of membranes by embedding metal-doped SBA-15 
nanoparticles mitigated the severity of organic fouling 
over 60% in all tested specimens, as previously found 
for PES UF hybrid membranes exclusively charged 
with amine-functionalized mesoporous silica [21]. 

3.5. Antimicrobial behavior 

Fig. 6 shows the results of microbial growth tests 
performed on different membrane specimens exposed 
to E. coli or S. aureus. Fig. 6-A refers to colony 
counting of microorganisms in the 1/500 NB liquid 
culture in contact with membranes after 20 h of 
incubation at 36 °C. The growth of E. coli and S. 
aureus was not significantly different on SBA@PES, 
TriSBA@PES and the copper-containing materials 
CuSBA@PES and CuTriSBA@PES from the control 
PES membranes. The introduction of silver, either in 
AgSBA@PES (0.3 wt.% Ag/SBA-15) or in 
AgTriSBA@PES (0.6 wt.% Ag/SBA-15) resulted in a 
decrease in the number of viable colonies below the 
quantification limit of 10 CFU/mL.  

The results for microorganisms detached from 
membrane surface using PBS-SCDLP after removing 
the culture liquid in contact with them are shown in Fig. 
6-B expressed as CFU/cm2. There is a higher tendency 
of E. coli to colonize PES membranes with respect to S. 
aureus. E. coli and S. aureus, being gram-negative and 
gram-positive bacteria respectively, have quite different 
bacterial envelopes. Gram-negative bacteria possess an 
outer membrane and a thin layer of peptidoglycan 
between this and the cytoplasmic membrane, whereas 
gram-positive species have a much thicker layer of 
peptidoglycan [40]. The thick peptidoglycan layer 
protects bacteria against external stresses including the 
exposure to toxic metal ions while the outer membrane 
of gram-negative bacteria possesses porins, which 

allow the internalization of ions and low molecular 
weight substances [41]. The data obtained in this work 
can be rationalized considering the higher growth rate 
of E. coli respect to S. aureus [42]. The number of 
viable cells recovered from surface decreased for 
SBA@PES and for TriSBA. In close contact with 
surface, the copper loaded membranes, CuSBA@PES 
and CuTriSBA@PES displayed a statistically 
significant antibacterial action for both bacterial strains 
with > 50% reduction for TriSBA@PES materials and 
over 1 log reduction for CuSBA@PES (with double 
amount of copper). AgSBA@PES and 
AgTriSBA@PES membrane surfaces were essentially 
free of bacteria capable of forming new colonies 
microorganisms, with colony counting below the 
quantification limit of 1 CFU/cm2. 

 

Figure 6. Microbial growth for bacterial cultures exposed to 
membranes (A) and culturable bacteria detached from 
membranes after incubation (B) at 36 °C, 20 h. 

Fig. 7 and S5-S6 (SM) show SEM micrographs of the 
surface of membranes kept in contact with E. coli (Fig. 
7) or S. aureus (Figure S5) for 20 h at 36 °C following 
an inoculation of 106 cells/mL in NB and the 
corresponding washing, fixing and drying procedures 
before imaging. The surface of AgSBA@PES and 
AgTriSBA@PES membranes appeared almost free of 
bacteria, only displaying a few cells and scattered 
objects, probably cell debris. However, PES 
membranes (Fig. 7 and S5) appeared almost entirely 
covered by bacteria with already formed biofilm matrix 
clearly observed. The other non-silver loaded 
membranes (from which TriSBA@PES is shown in 
Fig. 7 and S5-S6) displayed certain parts of their 
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surface relatively clean, while others exhibit a bacterial 
lawn and evidence of biofilm formation. It must be 
pointed out that the cultures for Fig. 7 and S5-S6 were 
obtained after incubation in full NB medium, which is 
much more favorable for bacterial attachment and 
colonization than the ISO 22196 1/500 NB used in 
colony counting experiments. 

Figures S7 and S8 (SM) show the results of live/dead 
bacterial viability staining. The images correspond to 
representative confocal micrographs of membrane 
surfaces exposed to E. coli (Figure S7) or S. 
aureus (Figure S8) cultures for 20 h at 36 °C in contact 
with complete NB medium for all membranes but 
SBA@PES, excluded for simplicity because the 
micrographs were not significantly different from those 
of TriSBA@PES. The presence of membrane-damaged 
bacteria is apparent in all metal loaded specimens 
(Figures S7 B-C-E-F for E coli and the corresponding 
images in Figure S8 for S aureus), but also in 
TriSBA@PES (Figures S7/S8-D) in a slightly higher 
proportion with respect to control. Figures S7 and 
S8 show silver-loaded membranes essentially free of 
viable bacteria, a result in agreement with colony 
counted performed for membranes in contact with 
1/500 NB medium. The presence of red-marked 
damaged cells was also apparent for CuSBA@PES and 
CuTriSBA@PES specimens in agreement with the 
SEM results shown before. 

 
Figure 7. Microbial colonization of membranes exposed to 
E. coli cultures (20 h, 36 °C). PES (A), AgSBA@PES (B), 
TriSBA@PES (C) and AgTriSBA@PES (D). 

Hydrophilic bacteria tend to adhere on hydrophilic 
surfaces but this simple thermodynamic approach 
assumes direct contact between bacteria and surface 
and ignores the presence of cell appendages, such as 
pili and flagella, which makes direct contact a quite 
unrealistic scenario [43]. The other physicochemical 

factor affecting bacterial adhesion is surface charge, 
which we measured as surface zeta potential (Table 
S2). All the surfaces of tested membranes were 
negatively charged and, therefore, electrostatic 
repulsion is expected to limit bacterial adhesion 
because of the negative surface charge of bacterial outer 
membranes. The ζ-potential of E. coli and S. aureus is 
approximately -40 mV at pH 7 [44]. All the membranes 
tested in this work displayed similar surface charge, 
with ζ-potential mostly in the -30-(-40) mV range. 
Consequently, surface charge is not expected to play 
any significant role in explaining the differential effect 
observed in this work except for membranes containing 
triamine-functionalized SBA-15. The data showed a 
slightly lower tendency to favor the microbial 
attachment of E. coli on membranes containing 
triamine/SBA-15 in comparison with other metal-free 
specimens even considering they are more hydrophilic 
than PES of SBA@PES materials. The reason could be 
the presence of positively charged domains associated 
to protonated amines, but the effect is weak. It has been 
shown that hydrophobicity and charge, while 
theoretically related to the attachment of different 
strains, are not good biofouling predictors for most 
practical situations [45]. Moreover, the surfaces 
exposed to microbial culture media exhibit complex 
interfaces with organic and inorganic compounds 
adsorbed, which modify the way in which 
microorganisms adhere. More specifically, the free 
energy of adhesion calculated from surface energy 
components is strongly affected by the growth medium 
used for culturing microorganisms, which has a 
significant impact on bacterial adhesion [46]. 

Fig. 8 shows the amount of copper and silver released 
by metal-containing membranes (Cu/AgSBA@PES and 
Cu/AgTriSBA@PES) after 24 h in water at pH 7 and 
20 °C and in 1/500 NB medium. The total amount of 
silver was 1.26 mg/g of AgSBA@PES membranes 
(0.63 for AgTriSBA@PES) and that of copper 3.2 mg/g 
of CuSBA@PES membranes (1.6 for 
CuTriSBA@PES). This represented 0.1% in water and 
0.2% in 1/500 NB medium of the total amount of silver 
loaded in AgSBA@PES membranes. For copper 
materials the figures were 0.6% and 0.3% respectively. 
The amount of silver released was substantially lower 
in 1/500 NB medium with respect to pure water, with 
the opposite behavior found for copper materials. The 
reason for the difference was, most probably, the 
different speciation of metals, which migrate to the bulk 
in the form of solvated cations (Ag+, Cu2+) or as 
hydroxylated species. Visual MINTEQ (version 3.1, 
KTH, Stockholm, Sweden) allowed determining that 
the dominating speciation of copper were CuOH+, 
Cu2(OH)2

2+ and Cu3(OH)4
2+. In the presence of 

chloride, the amount of silver released was considerably 
lower due to the formation of insoluble AgCl. The 
higher amount of copper detected in solution could be 
attributed to the interaction with the organic 
constituents of the culture medium. 
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The absence of nanoparticle release with membrane 
filtrate is shown in the results represented in Fig. S9. 
The content of metals in membrane filtrate and 5 kDa 
subsequent ultrafiltrate were quantified using the same 
membranes by ICP-MS. The samples correspond to 
filtrates recovered during four periods of 30 min 
following each other. The results show no significant 
differences between silver and copper concentration 
before and after 5 kDa filtration, meaning that no 
nanoparticles higher than 5 k Da membrane pore size 
(about 2 nm) were present in the filtrate of 
AgSBA@PES and CuSBA@PES membranes. 

 

Figure 8. Metal released per unit mass of membrane after 20 
h in contact with water (empty bars) or NB 1/500 culture 
medium (grey bars). 

The antibacterial effect of silver materials in cases in 
which silver nanoparticles are not released to the 
medium in contact with microorganisms is the release 
of silver ions [47] and [48]. Moreover, it has been 
proposed that silver release due to the reaction with 
dissolved oxygen is the only mechanism explaining the 
antimicrobial activity of silver materials, either or not in 
nanoforms [49]. Copper and copper oxide materials 
also display considerable antimicrobial activity [50]. In 
the metal-containing particles used in this work, silver 
(Ag°) and copper (CuO) were essentially included 
inside the mesoporous structure of SBA-15, which is in 
turn embedded in the polymer structure of the hybrid 
membranes. Therefore, the possibility of particle 
detaching and migration to the membrane surface was 
not realistic. Moreover, no silicon was found in ICP 
analyses of water and culture medium in contact with 
membranes. The damage produced by silver and copper 
ions to living cells has been shown to be primarily due 
oxidative stress followed by several associated 
impairments such as membrane damage or enzymatic 
dysfunction [15]. 

Many membrane modifications pursuing antibiofouling 
behavior have been proposed up to date. Most deal with 
surface modification with antimicrobials, mostly silver 
compounded or nanoparticles [51]. Park et al. 

covalently immobilized silver nanoparticles after 
surface functionalization and found reduced irreversible 
biofouling and significant inhibition of bacterial growth 
[52]. However, and even if nanoparticles were not 
released from membrane surface due to their covalent 
attachment the loss of active metal was intense and 
almost 50% was loss during the initial filtration stages. 
Kim et al. attached silver containing macromolecules 
and showed that silver concentrations at membrane 
surface resulted in 85% reduction of the specific growth 
rate of E. coli [53]. Also, in this case a considerable 
amount of silver detached from membrane surface. In 
general, the issue of silver leaching during membrane 
fabrication and application has been recognized as 
critical. Moreover, in case of using metal salts, the 
leaching is highly dependent on the ion exchange with 
dissolved salts [54]. In contrast with surface-
functionalization approaches, we used metal loaded 
particles with the active substances in reduced form as a 
way of reducing the rate of metal passing to the 
solution. We demonstrated that no nanoparticle 
leaching occurred and that a sustained release of metal 
ions is possible from their reduced forms, which can be 
easily dispersed in casting solutions without using 
complex functionalization procedures. 

4. Conclusions 

Hybrid PES ultrafiltration membranes were prepared by 
incorporating mesostructured silica particles 
functionalized with silver, copper, and amine moieties. 
Composite membranes displayed asymmetric structure 
with relatively dense skin layer and a porous finger-like 
sublayer. The amount of surface pores significantly 
increased in doped membranes. All membranes were 
negatively charged and slightly hydrophobic with free 
energy of interaction slightly decreasing with the 
introduction of fillers. 

The addition of particles increased permeability > 30% 
in all cases, without reduction of membrane 
performance expressed as BSA rejection. The addition 
of mesoporous silica particles, functionalized or not, 
allowed fouling reduction up to 29% during protein 
filtration. All flow resistances were lower for composite 
membranes with respect to neat PES. The intrinsic 
membrane resistance was dominant suggesting that 
membrane permeation was limited by the inherent 
morphological characteristics of membranes. 

Silver-loaded composites exhibited high antimicrobial 
activity, with complete removal of bacterial colonies 
either on membrane surface (< 1 CFU/cm2) and in the 
liquid culture in contact with them (< 10 CFU/mL). The 
effect was lower, but also significant for copper-loaded 
materials. The antimicrobial action could be attributed 
to the release of metals, which diffused from loaded 
mesoporous silica and PES matrix to the bulk. The 
release of dissolved metals represented a 0.1–0.6% of 
the total content of metal of the tested membranes. 
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Figure S7. Live/dead confocal micrographs of E. coli cultured on (A) PES, (B) CuSBA@PES, (C) AgSBA@PES, (D) 
TriSBA@PES, (E) CuTriSBA@PES and (F) AgTriSBA@PES. 

Figure S8. Live/dead confocal micrographs of S. aureus cultured on (A) PES, (B) CuSBA@PES, (C) AgSBA@PES, 
(D) TriSBA@PES, (E) CuTriSBA@PES and (F) AgTriSBA@PES. 

Figure S9. ICP-MS analyses of permeate from AgSBA@PES and CuSBA@PES before (solid lines) and after (dashed 
lines) 5 kDa ultrafiltration of membrane permeate. Error bars show no significant differences for silver (in grey) and 
copper (in blue). 
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Table S1. Textural properties of particles. 

Sample  SBET (m2/g) Vt
a (cm3/g) Dp

a(nm) Particle sizeb (m) 

SBA-15 675 1.06 8.0 1.4  0.2 
Cu/SBA-15 589 1.00 8.0 1.5  0.4 
Ag/SBA-15 549 0.95 7.9 1.5  0.2 
Triamine/SBA-15 481 0.68 7.0 2.2  1.0 

a Total pore volume and pore size calculated by BJH method from the adsorption branch of the N2 isotherm. 
b Measured in NMP (polymer solvent). 
 
 
Table S2. Membrane surface -potential, contact angle measurements and surface free energy components. 

 
 

 

 

 

 

 
 
Experimental. Derivation of surface hydrophobicity from contact angle values. 
 
The Lifshitz–van der Waals (LW), electron donor (−) and electron acceptor (+) components of the surface tension 
were estimated from CA values for water, glycerol and diiodomethane according to the following expression in which 
 are the pure liquid contact angles [1]:  
 

    1 cos 2 LW LW
L S L S L S L                       (1) 

 
In this approach, the total surface free energy ( S ) is the sum of the non-polar London-van der Waals component  

( LW
S ) and the acid-base component ( AB

S ), which in turn comprises two non-additive parameters: the electron-

acceptor ( S
 ) and the electron-donor ( S

 ) surface tension parameters: 

 

2LW AB LW
S S S S S S                    (2) 

 
The three components of the solid free surface energy, LW

S , S
  and S

 are unknowns that can be solved by 

measuring the CA with three liquids taking into account that the components of the liquid free surface energy, LW
L , 

L
  and L

  for the probe liquids are available in the literature for a number of pure substances [2]. According to Van 

Oss, the total interfacial tension between the solid film and water, S, can be expressed as follows [3]: 
 

   2

2LW LW
SL S L S S L L S L L S                            (3) 

The free energy of interaction between two identical condensed phases immersed gives a direct measure of their 
hydrophobicity and can be derived from SL: 
 

2SLS SLG                (4) 

Material 
-potential Contact angle (°) Surface free energy components (mJ/m2) 

 (mV) Water  Glycerol Diiodomethane LW
S  

S
  

S
  AB

S  S  
SLSG  

PES -42.6 ± 4.0 65.2 ± 0.4 58.5 ± 2.2 20.8 ± 0.5 47.5 0.04 12.3 1.5 49.0 -39.8 
SBA@PES -36.6 ± 6.1 64.8 ± 0.6 61.8 ± 3.2 36.4 ± 2.8 41.4 0.06 15.6 1.9 43.2 -27.3 
TriSBA@PES -31.9 ± 1.2 64.1 ± 1.8 62.7 ± 1.5 42.8 ± 0.4 38.2 0.10 17.6 2.6 40.8 -20.8 
AgSBA@PES -47.6 ± 5.7 64.2 ± 0.7 61.9 ± 1.2 31.0 ± 0.8 43.8 0.05 16.1 0.6 44.3 -28.2 
CuSBA@PES -43.7 ± 0.1 65.1 ± 1.7 62.2 ± 0.3 38.6 ± 2.7 40.3 0.07 15.7 2.1 42.5 -26.5 
AgTriSBA@PES -32.5 ± 4.8 64.3 ± 1.0 62.3 ± 0.7 36.2 ± 2.3 41.5 0.03 16.6 1.4 42.8 -25.4 
CuTriSBA@PES -28.3 ± 2.7 66.3 ± 1.6 62.5 ± 1.8 33.7 ± 0.3 42.6 0.03 14.2 1.2 43.9 -32.0 
E.coli - 16.7 ± 1.3 44.0 ± 3.5 58.7 ± 0.5 29.3 1.1 62.0 16.3 45.6 +44.2 
S.aureus - 25.8 ± 3.1 38.3 ± 2.8 56.7 ± 2.6 40.4 0.8 45.6 11.9 52.3 +22.6 
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∆GSLS gives a measure of the hydrophobicity or hydrophilicity of the surface. If ∆GSLS > 0, the surface is hydrophilic, 
and if ∆GSLS < 0, it is hydrophobic.  
 
[1] C.J. Van Oss, M.K. Chaudhury, R.J. Good, Interfacial Lifshitz-van der Waals and polar interactions in 
macroscopic systems, Chem. Rev., 88 (1988) 927-941. 

[2] A. Holländer, On the selection of test liquids for the evaluation of acid-base properties of solid surfaces by contact 
angle goniometry. J. Colloid Interface Sci., 169 (1995) 493-496. 

[3] C.J. van Oss, Development and applications of the interfacial tension between water and organic or biological 
surfaces, Colloids Surf B: Biointerfaces, 54 (2007) 2-9. 

 
 

 

Fig. S1. Low angle XRD patterns of pure SBA-15 and functionalized materials. 
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Fig. S2. Nitrogen adsorption-desorption isotherms of SBA-15 and functionalized materials. 
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Fig. S3. TEM micrographs of (a) SBA-15, (b) Cu/SBA-15, (c) Ag/SBA-15 and (d) Triamine/SBA-15. 

 
 

 

 
Fig. S4. BSA rejection of manufactured membranes for 1 g/L BSA aqueous solutions at 2 bar TMP. 
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Fig. S5. Microbial colonization of membranes exposed to S. aureus cultures (20 h, 36 °C).  
PES (A), AgSBA@PES (B), TriSBA@PES (C) and AgTriSBA@PES (D). 

 

   

   

Fig. S6. Microbial colonization of TriSBA@PES membranes exposed to E. coli (A-B-C) and S. aureus (D-E-F)  
for 20 h at 36 °C. The different magnifications show irregular colonization patterns and biofilm formation. 
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Fig. S7. Live/dead confocal micrographs of E. coli cultured on (A) PES, (B) CuSBA@PES, (C) AgSBA@PES, (D) 
TriSBA@PES, (E) CuTriSBA@PES and (F) AgTriSBA@PES. 

   

   

Fig. S8. Live/dead confocal micrographs of S. aureus cultured on (A) PES, (B) CuSBA@PES, (C) 
AgSBA@PES, (D) TriSBA@PES, (E) CuTriSBA@PES and (F) AgTriSBA@PES. 
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Figure S9. ICP-MS analyses of permeate from AgSBA@PES and CuSBA@PES before (solid lines) and 
after (dashed lines) 5 kDa ultrafiltration of membrane permeate. Error bars show no significant differences 
for silver (in grey) and copper (in blue). 
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