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A B S T R A C T

In this work, a new approach towards virus reduction is taken, where modified membranes with large pore sizes
(> 450 nm) can reach high log10-unit virus reductions. Polyelectrolyte coatings were used to modify micro-
filtration (MF) membranes to impart antiviral properties. A stable covalent layer-by-layer (LBL) approach was
used to create multilayers from a single polyelectrolyte, polyethyleneimine (PEI). Here terephthalaldehyde (TA)
crosslinking was used to create crosslinked multilayers, both on model surfaces and on commercial polyether
sulfone, (PES) MF membranes. The substrates were further coated with antiviral silver, and copper nanoparticles
(Ag and CuNPs) stabilised with PEI. The specific fabrication during the LBL assembly was stepwise characterised
using multi-surface analysis including Fourier transform infrared spectroscopy (FTIR), Atomic Force Microscope
(AFM), ellipsometry, zeta potential and contact angle measurements. Model surfaces demonstrated a 4 log10-
units reduction of MS2 viral titre, independent of the crosslinked PEI layer thickness. The crosslinked PEI and
Ag/CuNPs-modified membranes efficiently reduced 4.5–5 log10-units of infectious MS2 bacteriophages by both
adsorption and inactivation of viral particles. This was confirmed by quantitative real-time polymerase chain
reaction (qRT-PCR), which showed a stable performance over time. Pure water flux measurements on modified-
membranes showed good long-term stability. Thus, 5000 L/m2 of virus-free water was produced in approxi-
mately 2 h, using gravity-based filtration. Furthermore, there was no observable leaching of nanoparticles from
the membranes during filtration.

1. Introduction

Approximately 20% of the global mortality rate can be attributed to
infectious diseases, where one of the leading causes of such diseases are
viruses such as adenovirus and norovirus, they accounting for about
one-third of these deaths [1]. The growing demand for safe drinking
water is of paramount concern, and therefore investigating alternate
approaches for the production of high-quality water is of great im-
portance. Here, especially waterborne viruses are difficult to remove
due to their small size (20–100 nm) nm and stable nature [2]. Many
approaches are used for the disinfection of contaminated water, each
method having its own difficulties and drawbacks [3,4]. Membrane
technology, for instance, can remove viruses almost completely (using
ultrafiltration (UF)) or significantly (using microfiltration (MF)) under

appropriate conditions. For the removal of polioviruses suspensions
from contaminated sources of water using hydrophobic MF membrane,
retentions of greater than 2 log10-units reduction (≥99%) were
achieved [5,6]. Moreover, membranes with large pores (MF) facilitate
high fluxes at low pressures, and therefore, could be utilized in gravity-
driven household water treatment and safe storage (HWTS) systems.
Simple and reliable HWTS systems will be essential in the coming
decades to produce safe drinking water in remote and low-income
settings.

The removal of viruses depends on membrane characteristics in-
cluding surface properties [7] and long and short-range interactions
with viral particles [8]. An appropriate membrane structure that is
thick with a complex porous structure can improve the capacity of the
membrane to trap viruses [9]. Interactions between viruses and the
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membrane surfaces can improve the removal efficiency, these interac-
tions include electrostatic repulsion [10] and hydrophobic interactions
[11]. Higher virus retentions were, for example, observed with a hy-
drophobic membrane in comparison to a hydrophilic one [11]. Pre-
conditioning of the viral suspension, for example by inducing ag-
gregation, can further improve the virus removal. Such aggregation can
be induced by changing the pH to a value around the isoelectric point of
a virus or by adding salt [11].

Manipulating the operating condition like flow [12], or the mem-
brane structure, by for example introducing metallic nanoparticles
(NPs) [13], enhances viral removal and reduction from contaminated
water sources. Antimicrobial NPs of silver and copper have been used
for centuries taking advantage of their antimicrobial properties espe-
cially for water storage and purification [14]. For example, silver-im-
pregnated polysulfone membranes showed a significant improvement
in viral removal. Additionally, this type of modification leads to re-
duced biofouling [15]. Also copper nanoparticles (CuNPs), can be in-
corporated into or on substrates to act as long lasting reservoirs for
copper ions for enhanced antimicrobial activity [16,17]. Though me-
tallic NPs can be incorporated in many applications, they have received
only little attention for their use in the removal of waterborne viruses
from drinking water. It is important to mention that there are ethical
issues concerning the use of silver nanoparticles (AgNPs), as their
toxicity to human cells is not completely known or fully understood
[13].

MF membranes may be combined with other processes to improve
viral removal to the same extent as UF membranes [18]. It has also been
hypothesised that virus removal by membrane filtration can be im-
proved by inducing repulsive virus-membranes forces to prevent the
viruses from approaching the membrane surface using zwitterionic
hydrogels [19]. Though this may be true, the authors of this work are
convinced that larger pore sizes are essential to reduce energy depen-
dence and to allow gravity-driven HWTS systems. Therefore, an alter-
native approach is proposed, in this study, to utilise electrostatic at-
traction between the membrane and viruses, to improve the reduction
of pathogenic viral contaminants in drinking water by an initial me-
chanism of adsorption followed by inactivation.

Cationic polymers have in the past demonstrated antiviral activity
against a number of viruses and model viruses and are well suited for
the modification of porous polymeric membranes [20,21]. Amid nu-
merous antimicrobial agents, polyethyleneimine (PEI) comprising of
polycationic moieties has been widely used to modify various substrates
due to (1) long-term antimicrobial activity with no resistance devel-
opment, (2) the possibility for regeneration upon loss of activity, (3)
minimal cytotoxicity to mammalian cells and (4) biocidal and virucidal
activity against a broad variety of pathogens in short contact times
[22,23]. Cationic polymers could provide a simple electrostatic ad-
sorption mechanism that would remove negatively charged viruses
from any permeating water. Such an approach has in the past been used
for virus concentration [24,25], but could also potentially lead to MF
membranes with the ability to remove waterborne viruses from
drinking water.

For HWTS systems, it would be a real breakthrough if MF mem-
branes could be used to remove both bacteria and viruses. It would
allow the removal of pathogens from surface water at substantial water
production using just gravity as a driving force. Without the need for an
additional driving force, the HWTS systems could be produced very
cheaply. Still, there are also downsides to expect from these systems if
based purely on cationically modified membranes. The membranes
could foul more quickly due to adsorption of negatively charged moi-
eties in the water. Moreover the cationic layer might not be stable and
lose its function over time.

In our previous work [26], it was demonstrated that the adsorption
of a cationic polymer, PEI could increase the viral reduction of MF
membrane filtration systems. PEI exerts an attractive electrostatic in-
teraction towards the negatively charged virus and over time also

inactivates the virus by causing damage to the virion [27]. Un-
fortunately, the applied PEI coating was not sufficiently stable, as PEI
leached from the membrane. Moreover, while a promising ≥3 log10-
units removal was observed, this is not seen as sufficient to produce
drinking water free from health risks. Coatings that capture PEI by air
drying or electrostatic attraction, easily lose their antiviral ability when
the virucidal substance gets released into the surrounding solution or
environment [28,29]. In contrast, surfaces with covalently attached PEI
can retain virucidal activity through a contact mechanism [30,31]. As
the functional groups are covalently attached, the surface retains its
antiviral properties even after multiple uses.

In this work, we adopt a chemical-crosslinking methodology to
fabricate ultrathin PEI multilayers, first on model surfaces (glass slides)
and then on MF membranes. This approach was further optimised by
incorporating antiviral metallic silver (Ag) and CuNPs. A detailed study
was carried out, both on model surfaces and membranes, to determine
the viral reduction (removal and/or inactivation) of MS2 bacter-
iophages. MS2 is a commonly used surrogate for human pathogenic
viruses such as hepatitis E. The study futher establishes whether the
removal/reduction of the phages is due to adsorption or a combination
of adsorption and inactivation (facilitated by the presence of metallic
NPs). This was achieved by using quantitative real-time polymerase
chain reaction (qRT-PCR). This work was designed to contribute to the
development of new membranes targeting enhanced virus reduction for
the production of safer drinking water, at low costs, and under simple
operating conditions. Indeed, the study will show here that simple
modifications of MF membranes can offer high viral reductions under
simple gravity-driven filtration conditions.

2. Materials and methods

2.1. Materials

Branched Polyethyleneimine (Mw ~25 kDa), sulphuric acid (H2SO4,
ACS reagent, 95–98%), hydrogen peroxide (H2O2, contains inhibitor,
30 wt% in water ACS reagent) and terephthalaldehyde (TA), sodium
borohydride (NaBH4) and silver nitrate (AgNO3) were all obtained from
Sigma-Aldrich (The Netherlands). All chemicals were used without any
purification, and unless specified, all solutions were prepared in Milli-Q
water (Milli-Q, Millipore Billerica, MA).

2.2. Model surface modification

Microscope slides (75× 25×1mm, Sigma-Aldrich) were cleaned
with a piranha solution (H2SO4: H2O2, 3:1), and after copious rinsing
with deionised (DI) water submerged in a PEI solution (1.3 wt% in
Milli-Q water) for 15min (Step 1 in Fig. 1). The slides were subse-
quently rinsed three times with Milli-Q water to remove any loosely
bound polymer chains and were then dried under a stream of nitrogen.
The amino-modified slides were then immersed in TA solution (10mg/
mL in ethanol) for 15min (Step 2 in Fig. 1), and then rinsed thoroughly
with pure ethanol followed by drying under a stream of nitrogen. The
samples were further incubated in a PEI solution (1.3 wt%, pH 9.6) for
30min at room temperature (RT~20–22 °C, Step 3 in Fig. 1). After
covalent depositions of PEI by crosslinking with TA, one layer of the PEI
film was built. This process was repeated to construct 1, 2 and 5 layers
as desired.

2.3. Membrane modification

Commercial EXPRESS® Plus polyethersulfone (PES) MF membranes
(pore size: 0.45 µm and diameter 90mm) from Merck Millipore were
wetted overnight by immersion in Milli-Q water. The wetted membrane
was back-flushed three times with ultra-pure water before modification.
Then 500mL of 1.3 wt% PEI at pH 9.6 was filtered through the mem-
brane using an AMICON cell-based dead-end filtration set up at 0.2
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bars. After 10min the membrane was dipped in 1 wt% TA solution for
15min, followed by rinsing three times with ethanol and drying by a
stream of air. The process as mentioned was repeated for the fabrication
of the number of desired PEI layers (2 and 5). All modified membranes
were rinsed with 500mL of Milli-Q water at 0.2 bars before use in all
experiments.

2.3.1. Loaded TA/PEI multilayers with metallic nanoparticles
The PEI multilayers supported on commercial PES membranes were

loaded with metallic nanoparticles of AgNPs, and CuNPs stabilised with
branched PEI by immersion at RT. Modified membranes were immersed
in the nanoparticle solution under constant agitation by an orbital
shaker for 30min (500mL of 0.2 µg/mL AgNPs and 1.3 wt% PEI, 160
rpms). The hybrid membranes were synthesised using an equal con-
centration and volumes of each metallic nanoparticle. Membranes were
then rinsed three times with Milli-Q water via a sterilised glass dead-
end filtration AMICON cell set up (see Supplementary information, Fig.
A1). The nanoparticle loaded PEI multilayer was then dried under a
stream of air and stored for later use. Bare nanoparticles (for compar-
ison) were loaded using an adaptation of the method described by He
et al. [32]. In summary, the modified membranes were immersed first
in 25mM NaBH4 in Milli-Q water for 30min under constant agitation
by an orbital shaker (160 rpms) and rinsed three times before drying
under a stream of nitrogen. Later the NaBH4 loaded PEI multilayer
membranes were dipped in 10mM AgNO3 solution for another 30min,

and then washed with Milli-Q three times followed by drying with a
stream of air.

2.4. Membrane characterisation

2.4.1. Surface characterisation
The surface morphology and cross-section of the membrane were

observed using a scanning electron microscopes (SEM), JEOL JSM-
6010LA and JSM-6480LV. The samples were vacuum dried and sput-
tered with gold before introduction to the microscope. For cross-section
samples, the membranes were broken with the assistance of liquid ni-
trogen.

2.4.2. Zeta potential
The zeta potential of the modified membranes was obtained using

an electrokinetic analyser SURPASS (Anton Paar, Graz Austria), was
used. The zeta potential is calculated by measuring the streaming cur-
rent versus the pressure four times in a 5mM KCL solution at RT, em-
ploying the following equation:

=

⋅

ζ dI
dP

η
ε ε

k RB
0 (1)

where ζ is the potential (V), I is the streaming current (A), P is the
pressure (Pa), η is the dynamic viscosity of the electrolyte solution
(Pa.s), ε is the dielectric constant of the electrolyte (-), ε0 is the vacuum

Fig. 1. The Schematic diagram for the covalent LBL assembly of PEI on model (glass) surfaces by chemical crosslinking with TA.
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permittivity (F.m-1), kB is the bulk electrolyte conductivity (S.m-1), and
R is the electrical resistance (Ω) inside the streaming potential.

2.4.3. Chemical analysis
To identify the amino groups present in PEI on the modified

membrane, Fourier transform infrared spectroscopy (FTIR) was applied
using an ALPHA FTIR spectrometer, having a resolution between 4000
and 2000 cm-1.

2.4.4. Membrane property evaluation: filtration and stability tests
An AMICON cell-based dead-end filtration setup was used to test the

performance and the stability of the modified membranes. Pure water
filtration tests were conducted to study the effect of the modification on
the overall permeability of the membrane. Stability tests were also
performed using Milli-Q water at pH 7. The stability of the membranes
was tested under constant filtration for 24 h after layer deposition. The
pure water flux was calculated using the following equation.

=

⋅

J V
A Δtw (2)

where Jw (L/ (m2 h)) is the pure water flux, V (L) is the permeate vo-
lume, A (m2) is the effective membrane area and Δt (h) is the per-
meation time.

2.4.5. Contact angles
Static contact angles of water on different PEI/TA crosslinked slides

were measured by the sessile drop method at RT (23–25 °C). A 3 µL
water droplet was loaded onto the surface of the slide, and after 5 s a
measurement was taken using a Dataphysics OCA 35. At least 5 mea-
surements from different regions of each sample were taken. The con-
tact angle measurements on membranes were performed using the
captive bubble mode, where a bubble of air is captured under the
modified membrane in the aqueous phase. Image analysis for both
contact angle measurements was performed using software provided
with the measuring instrument.

2.5. Antiviral properties of modified membranes and model surfaces

The F-specific bacteriophage MS2 bacteriophage (GAP Enviro-mi-
crobial services Ltd.) was enumerated by the double agar overlay
method [33], using as a host strain Salmonella typhimurium, WG49
(Culture collections of public health England). The titre of the MS2
stock solution was 4×1011 plaque forming units (PFU)/mL and it was
stored at 4 °C. Before each experiment, a fresh MS2 working stock was
generated by diluting the stock in 1x phosphate buffered saline (PBS) or
Milli-Q water.

2.5.1. PEI-coated glass slides
PEI-coated glass slides were exposed to MS2 as described by Haldar

et al. [34]. In short 10 µL 4 ± 0.9×108 PFU/mL MS2 was applied to
the coated slide and covered by a second plain (uncoated), piranha
cleaned slide. Gentle manual pressure was applied to spread the dro-
plet. As a control two uncoated, piranha cleaned slides were used in the
same manner. After 30min incubation at RT (22 °C), the top slide was
lifted, and the virus exposed sides of both slides rinsed with 1xPBS. The
collected rinse was used to prepare the 10-fold dilution range in 1xPBS,
which was then used for enumeration of MS2 by the double overlay
method. All experiments were performed in triplicate. Error bars re-
present the standard deviation.

2.5.2. PEI/TA crosslinked membranes
The reduction of MS2 by PEI/TA-crosslinked membranes was per-

formed in a gravity-driven filtration with using a sterilised glass dead
end, AMICON filtration system. As a control, an identical but uncoated
membrane was used. Sterile Milli-Q spiked with MS2 to a final con-
centration of (4 ± 0.9×108 PFU/mL) was used as feed at pH 7 ± 0.2.

The permeate was collected in a receiving vessel and sampled after 1 L
5 L, 10 L, 20 L and 30 L were filtered. The membrane was also collected
(after 30 L) and was placed in a sterile tube of 50mL Milli-Q and so-
nicated using an ultrasonication bath to study the removal of viruses
adsorbed to the membrane. The permeate and membrane rinse were
used to prepare a 10-fold dilution series for enumeration by the double
agar overlay plaque assay. The plaques were counted after 24 h in-
cubation at 37 °C. The reductions were calculated as the logarithm of
the ratios of the PFUs in the permeate and those in the influent.

2.6. The effect of modified membranes on virus structure

2.6.1. MS2 RNA extraction
MS2 RNA was extracted with Purelink RNA/DNA mini extraction kit

(Thermofisher) according to the accompanying protocol. Next, quanti-
fication of the extracted RNA was measured by a Qubit Fluorometer
using a Quant-iT RNA Assay Kit (Invitrogen).

2.6.2. Genome quantification with quantitative real-time polymerase chain
reaction (qRT-PCR)

The region between nucleotide 657–959 of MS2 genome was used
for quantification of genome copies (GC). First, copy DNA (cDNA) of the
target sequence of MS2 was generated with the synthetic reverse primer
5´-CGACAACCATGCCAAAC-3´ [35] using Superscript III reverse tran-
scriptase (Invitrogen). For qRT-PCR, iQ SYBR green supermix, from Bio-
RAD was used using synthetic primers forward 5´-CCGCTACCTTGCCC
TAAAC-3´ and reverse 5´-CGACAACCATGCCAAAC-3´ [35]. In brief, the
qRT-PCR reaction mixture contained 2 µL extracted RNA, 5 µM forward
and reverse primer, 2.5 µL bovine serum albumin (concentration 4mg/
mL from ROCHE bought through Sigma Aldrich) (BSA), 12.5 µL of 50 x
SYBR Green solution 7 µL nuclease-free water. MS2 cDNA was ampli-
fied by the following thermocycling conditions 94 °C for 3min, fol-
lowed by 30 cycles 94 °C for 45 s and 55 °C for 30 s and 72 °C for 1min.
Finally, the reaction was incubated for an additional 10min at 72 °C.
The qRT-PCR assay was performed on Bio-Rad CFX96 touch thermo-
cycler. All the samples were run in duplicate. For the standard curve, a
commercial MS2 RNA (Roche) was used. A relative difference of 3 for
the Ct values or less in 10-fold serial dilutions was used as qRT–PCR
inhibition.

3. Results and discussion

3.1. Model surface characterisation

3.1.1. Covalent layer-by-layer (LBL) assembly of PEI layers on model
surfaces

The full modification route to obtain TA crosslinked PEI multilayers
on model surfaces is depicted in Fig. 1. Step 1 shows PEI being attached
to the model surface through electrostatic attraction between the po-
sitively charged polycation and the negatively charged glass surface.
Next a TA crosslinking step is performed, after which a second layer of
PEI is added. As described in detail in the materials and methods sec-
tion, aldehydes are suitable crosslinkers for amine groups by Schiff base
reaction. Although glutaraldehyde is one of the most popular bifunc-
tional crosslinkers with amines, TA was chosen for its lower toxicity and
higher degree of hydrophobicity [36,37]. The amino (NH2) groups of
the branched polyethyleneimine (BPEI), are converted to aldehyde
(-CHO) groups via the formation of imine (C˭N) bonds. The covalent
LBL process was repeated to grow the desired number of PEI layers. In
standard LBL depositions, oppositely charged polyelectrolytes are used
in an alternating sequence to make multilayers. However, in this as-
sembly, only a single polycation is used in combination with a cross-
linker.

Ellipsometry was used to measure the dry layer thickness of the
newly formed PEI layers. Fig. 2(a) shows the thickness after applying
1–5 layers comparing the differences between multiple PEI coatings and
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multiple PEI coating including based TA crosslinking. As expected,
without crosslinking the PEI layer thickness is, within the margin of
error, independent of the number of coating steps. Once PEI chains
saturate the silica surface, no further adsorption can take place, while
thorough rinsing after each adsorption steps removes any unbound
chains. However, with crosslinking, it can be seen that the layer be-
comes thicker with every additional layer. This, confirms that the
covalent LBL approach used here allows for the successful formation of
thicker PEI (and TA) layers.

During the crosslinking of PEI, TA is dissolved in ethanol, a rela-
tively poor solvent for PEI. As a result, the PEI chains will tend to
collapse and self-entangle during the crosslinking reaction with TA. The
crosslinked PEI will also contain non-reacted aldehyde groups that
allow the binding of the next layer, to create multiple layers. Atomic
force microscopic (AFM) analysis, supported the ellipsometry data and
also confirmed that the layers were successfully formed, leading to an
increase in the roughness of the surface. Details can be found in
Supplementary information, Fig. A2.

Since PEI is a weak polyelectrolyte, the coating was expected to be
pH dependent. In Fig. 2(b), the effect of coating pH on the formed
layer's thickness is shown. PEI, a positively charged cationic polymer
has protonated amines over a wide range of pH values (pH≈ 3–10)
[38,39] Evaluations of the growth was analysed under acidic, neutral
and basic conditions on silicon wafers. The point of zero charge (PZC)
of SiO2 is between pH 2–4 [40], thus the surface was negatively charged
under all conditions studied. The polycation covers the negatively
charged SiO2 surface, and the growth is relatively constant for all pH
values. Still, the increase in thickness per layer depends on the pH, with
low pH values leading to very thin layers, while at high pH much

thicker layers are formed. This effect of pH can be understood from the
charge of PEI. At low pH, the amine groups that make up the PEI chains
will be charged, and PEI chains will repel each other, preventing the
chains from coming together to form a thick layer. By increasing the
pH, the charge of the PEI chain decreases, facilitating the formation of
thicker and more homogeneous layers [36,41]. Therefore, the pH can
be a useful parameter to tune the exact nature of the formed coating.
For all further coatings in this manuscript, we selected a pH of 9.6,
although thicker layers can be achieved with pH 11.2, such a high pH
could cause damage to the substrate.

3.1.2. Surface chemistry characterisation of the model surfaces
Contact angle measurements were used to monitor the covalent

coupling of the PEI layer and the TA crosslinker (Fig. 3). The un-
modified hydrophilic glass surface showed a contact angle of 15°, and
after cleaning with piranha solution the surface became even more
hydrophilic with the contact angle decreasing to 4°. The addition of PEI
to anchor NH2 groups caused a slight increase to 9°, while after sub-
sequent addition of TA, the contact angle increased substantially to 70°,
which indicates that the crosslinking with TA leads to a more hydro-
phobic surface.

The contact angle of the outermost layer increased and decreased
after subsequent TA and PEI depositions respectively. The difference in
hydrophobicity between plain PEI and TA crosslinked PEI causes this
switching. TA modified PEI was, as expected, considerably more hy-
drophobic than plain PEI as TA is a hydrophobic molecule that is in-
soluble in water. The change in the contact angle also acts as a con-
firmation of the change in surface chemistry during the LBL deposition
and successful assembly of PEI multilayers. Previous studies have linked
an increase in antimicrobial and antiviral activity of PEI with its degree
of hydrophobicity. For example, Klibanov et al. repeatedly demon-
strated that hydrophobic PEI is more potent than plain PEI for virus
reduction. Hence the increase in hydrophobicity could be beneficial to
achieve improved virus reductions [42,43].

3.2. Antiviral properties of modified surfaces

Modified PEI/TA coated glass slides were tested against MS2 bac-
teriophages to determine their antiviral capabilities. The covalent PEI
layers have a net positive charge since PEI is positively charged and TA
is uncharged. This net positive charge attracts the net negative MS2
viruses, which have an isoelectric point of approximately 3.9 [44].

The log10-unit reductions of MS2 against PEI, crosslinked (CL) PEI
and CL PEI with NPs are shown in Fig. 4, and are compared to uncoated

Fig. 2. (a) Layer thickness of PEI layers during LBL assembly using pH 9.6 and a
PEI concentration of 1.3 wt% (b) the effect of pH during coating. Experiments
were performed by measuring 3 different points on the model surfaces, and
error bars represent standard deviations.

Fig. 3. The water contact angle during the LBL assembly of PEI multilayers (0–5
layers, which is representative of the successful addition of each PEI layer). The
points in between PEI layers represent PEI layers after TA treatment (grey
dotted line). At least 3 different points were analysed, and the error bars re-
present standard deviations.
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slides.
From Fig. 4, it can be observed that plain uncoated glass slides, used

as the control (uncoated), showed MS2 reductions of just 0.5 log10-units
while both PEI and CL PEI substantially reduce the viral titre of the MS2
bacteriophages. The effect is much stronger for the CL PEI. By cross-
linking PEI with TA, there was a 4 log10-units reduction of MS2 com-
pared to a 2 log10-units reduction with PEI only. The reductions further
increased to 4.5 log10-units with the addition of AgNPs. The crosslinked
PEI possesses higher (tertiary or quaternary) amine groups which are
known to provide improved disinfection activity against microorgan-
isms and viruses [45,46]. Moreover, a more hydrophobic PEI layer, as
discussed in the previous Section 3.1, is expected to contribute to in-
creased viral reductions. Finally, the AgNPs add an additional reduction
mechanism to the coating, leading to a greater viral reduction.

The antiviral mechanism of cationic polymers such as PEI is not
fully understood. It is possible that PEI acts as merely an adsorbent by
attracting negative molecules like viruses and other organic substances
to its highly positive surface [47]. However, it could also cause struc-
tural and or genomic damage to viruses. [21]. These reductions by both
the uncoated and (un-crosslinked) PEI-coated slides were also reported
by Hsu et al. [42]. They attribute the mechanism of PEI-modified sur-
faces to a combination of the two previously mentioned mechanisms,
inactivation and adhesion, which were demonstrated by SEM images.

3.3. Membrane characterisation

Similar to model surfaces, the building of covalent PEI multilayers
on MF membranes is possible through a Schiff base reaction between
amines and aldehydes. Membranes were coated using similar con-
centrations and conditions as those used for the glass slide modifica-
tions. The significant difference is that the PEI solutions were actively
permeated through the membrane, while TA crosslinking was done
under simple stirring conditions. To confirm the successful crosslinking
of PEI on commercial PES membranes, FTIR measurements were per-
formed on dried membranes, and the results are presented in Fig. 5(a).
The obtained FTIR spectra show an emerging peak between 3200 and
3600 cm-1 when PEI is electrostatically adsorbed to the outer and inner
surfaces of the membrane. This peak is characteristic of the amine (N-
H) stretch of primary, secondary and aliphatic amines [48,49]. How-
ever, it is also indicative of hydroxyl (OH) stretch. This peak appears for
both PEI modified membranes. Further confirmation of successful
modification was demonstrated by the appearance of peaks in the range
of 2800–2950 cm-1 indicative of an aliphatic (C-H) stretch. The TA is
chemically coupled with PEI through an imine bond, between the pri-
mary amines and aldehyde groups of TA. As a result, free aldehyde
groups of the TA molecules can be seen in this C-H stretch. Reacted

aldehyde group also appears in an adsorption peak around 1750 cm-1

indicative of an oxyl (C˭O) group. Both peaks confirm the modification
after TA based crosslinking of PEI on the pristine membrane [50].

Zeta potential measurements were used to provide insight about the
resulting membrane surface properties. A shown in Fig. 5(b) the un-
coated, or pristine, negatively charged commercial PES membrane with
a zeta potential of approximately −40mV at pH 4, and increasingly
negative values (-100mV) at higher pH (pH 10–11). PEI coating leads
to charge reversal and brings the zeta potential to +75mV at pH 4,
which also decreases with increasing pH. The crosslinked PEI is overall
more positively charged than the just plain PEI-coated membranes.
Crosslinking of amine groups changes their pKa value. During cross-
linking with TA, a primary amine becomes a secondary amine, a sec-
ondary amine becomes a tertiary amine, and a tertiary amine becomes a
quaternary amine. Higher amines are stronger bases and retain their
charge for longer when moving to a higher pH as clearly observed in
Fig. 5(b).

Moreover, the crosslinked PEI membranes were further modified
with Ag and CuNPs. The NPs were also stabilised with PEI, making their
incorporation in the membranes relatively easy. Membranes were ac-
tively coated with a PEI solution containing PEI stabilised nanoparticles
of Ag and Cu followed by crosslinking as described in the materials and
methods section. From scanning electron microscopy (SEM) images and
electron diffraction and energy dispersive spectroscopy (EDS) analysis
(see Supplementary information, Fig. A3 and Table A3), it is possible to
see the successful distribution of the nanoparticles throughout the
matrix and on the surface of the modified membranes.

Fig. 4. MS2 bacteriophage reduction by normal PEI and crosslinked PEI (CL) -
coated glass slides with 1, 2 and 5 layers. These experiments were performed in
triplicate, and the error bars represent the standard deviations. The control
represents stock MS2 viral solution which was diluted to the same degree as the
slide experiments.

Fig. 5. (a) FTIR spectra of modified membranes with 1) crosslinked PEI, 2)
plain hyper-branched PEI and 3) pristine or uncoated membrane, (b) Zeta po-
tential of membranes coated with PEI and crosslinked PEI (PEI+TA). Error bars
represent the standard deviation from three measurements; some error bars are
too small to be seen.
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3.4. Stability tests of PEI/TA ultrathin layers

Our subsequent experiments were intended to examine the stability
of the chemically crosslinked PEI multilayers. The membranes were
analysed before and after a 24 h pressurised filtration experiment, with
the results given in Table 1.

From the table, the initial permeability of the uncoated PES mem-
brane was in the region of 27×103 L/m2/h/bar For PEI coated
membranes, this decreased by 43%, while for membranes modified
with chemically crosslinked PEI a smaller decrease of 22% was ob-
served. It can seen that after 24 h of filtration, the permeability of the
un-crosslinked PEI membranes increases, which is attributed to the
removal of loosely bound polymer. However, the crosslinked PEI coated
membranes maintained similar permeability before and after con-
tinuous filtration. This indicates that the crosslinked membrane was
more stable than its un-crosslinked counterpart. Though crosslinking
initially led to some permeability loss of the membrane, it also endowed
the membrane with a lower permeability decline. These results show

that crosslinking can lead to more stable membranes with enhanced
membrane performance.

Stability tests were also performed on crosslinked membranes con-
taining bare and PEI coated Ag NPs (SI Figs A4 and A8). Where the bare
Ag NPs leach out of the membrane, the PEI decorated NPs showed very
high stability (no leaching). The PEI coated NP's can be crosslinked to
the other PEI chains allowing this high stability.

3.4.1. Antiviral properties of modified membranes
The membranes were then tested for their capacity to reduce the

viral titre through filtration. Here results from the plaque assay ex-
periments are also immediately compared to the reduction in GC of the
MS2 in the permeate by quantitative polymerase chain reaction (qRT-
PCR), to help understand the reduction mechanism.

Fig. 6(a) shows that crosslinked PEI modified membranes have an
improved anti-viral activity in comparison to the (uncoated) control
membrane, with a reduction of at least 3–3.5 log10-units for MS2. The
reduction was found to be nearly identical for either 1 or 2 layers of

Table 1
Stability of crosslinked and un-crosslinked membrane (Assembly conditions: PEI concentration 1.3 wt%, TA concentration 1wt% (in ethanol) PEI pH=9.6, TA
pH=11.2, 2 layers. All numbers are averages based on results from at least 3 separately prepared membranes, errors provide the standard deviation, rounded up to a
minimum of least 1×103 L/m2/h/bar.

Coating Permeability (L/m2/h/bar) Permeability after 24 h of continuous permeation (L/m2/h/bar)

Uncoated 27×103± 1×103

PEI coated 16×103± 1×103 24×103± 1×103

Crosslinked PEI (1 layer) 23× 103± 1×103 22×103± 1×103

Crosslinked PEI (2 layers) 22× 103± 1×103 22×103± 1×103

Fig. 6. Viral reduction by membrane filtration, with (a) membranes modified with different forms of PEI, (b) membranes modified with 2 Layers of crosslinked PEI
and metallic nanoparticles, Plaques were counted at before filtration (influent/spike) and filtrates, after each test volume, through the modified membrane. qRT-PCR
was used to determine the viral reductions regarding genome copies with (c) membranes modified with different forms of PEI and (d) membranes modified with 2
Layers of crosslinked PEI and metallic nanoparticles. The values are expressed as averages and errors represented as standard deviations.
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crosslinked PEI, in agreement with the results found in on glass slides
(Fig. 4). The crosslinked PEI membranes also performed better than the
un-crosslinked PEI membranes.

The enhanced viral reduction is attributed to various mechanisms
including a change in permeability, and electrostatic adsorption. It is
clear that the negatively charged viruses will be electrostatically at-
tracted to the positive surface of the membranes. Hence adsorption is
expected to be the dominant process. MF membranes are also able to
retain large aggregates, as viral aggregation is possible during the fil-
tration with MS2 spiked feed water (See supplementary information,
Fig. A6 for the stability of MS2 in feed water), but this would also have
appeared for the uncoated membrane [11]. Interestingly, qRT-PCR data
showed (Fig. 6(c) and (d)), a lower reduction, meaning that viral RNA is
present in the permeate. However, this assay does not discriminate
between RNA in active or in inactive virus particles. There is an ap-
proximate 1.5 log10-units higher reduction in infectious particles
(plaque forming unit (PFU)) as seen in Fig. 6(a) and (b) compared to the
reduction in GC. This indicates that the MS2 infectious titre reduction
can be attributed not just to removal by adsorption, but also to true
inactivation of the viruses. It is theorised that there is damage of the
viral capsid resulting in RNA being released into the permeate. If not,
the damaged capsid (non-infectious particle) still containing RNA
which could also be present in the permeate after filtration. Only a short
segment of the RNA-genome was analysed by qRT-PCR, no data about
damage to the genome was observed. These results show why PEI is
such a promising antiviral agent as it serves as an adsorption agent as
well as an actual inactivation agent, which causes damage to the cap-
sids of the viruses.

It took an average of 2 h to filter 5000 L/m2 of MS2 contaminated
water operating under dead end gravity filtration. The flux remained
relatively constant after an initial drop in both coated and uncoated
membranes. However, over time the high flux and virucidal activity
remain relatively stable (Supplementary information, Fig. A5). The
concentration of viruses used for these experiments was excessive
(4×108 PFU/mL) in comparison to the concentration found in nature
(103 PFU/mL) [51–53]. Therefore, it is expected that at lower con-
centrations of viruses, these membranes could effectively and effi-
ciently treat much more than the 5000 L/m2 of contaminated water
described here.

Further optimisation of modified membranes using PEI-capped Ag
and CuNPs was done to increase their overall antiviral activity.
Similarly, membrane optimisation using bare nanoparticles (without
PEI stabiliser) was done for comparison, and the results are presented in
Fig. 6(b). From the figure, there are notably higher log10-unit reduc-
tions achieved with the NP containing membranes, the best being those
containing a combination of PEI-coated CuNPs and AgNPs.

Inactivation of MS2 by silver ions (Ag+) and copper ions (Cu2+) has
been previously reported by several publications and was validated by
batch tests with suspensions of MS2 (108 PFU/mL) (Supplementary
information, Fig. A7) [54,55]. These experiments suggest that nano-
particles work both by contact as well as diffusion which may have also
influenced the resulting enhanced reductions. Membranes coated with
nanoparticles showed a 2–2.5 log10-units increase in reduction of MS2
in comparison to membranes modified only with either form of PEI,
reaching ≥ 5 log10-units reductions. This implies a synergistic effect of
PEI and NPs which results in increased virucidal activity of the mem-
brane. Most likely, viruses initially adsorb to the PEI-coated membrane
surface and later, gets inactivated due to the presence Ag+ and Cu2+

ions. The membranes with PEI-coated NPs exhibited higher reductions
in comparison to membranes modified with bare nanoparticles. This
could be due in part to bare nanoparticles tending to aggregate af-
fecting the virucidal activity, as their antiviral activity is inversely
proportional to the size of the particle [56]. Moreover, the bare nano-
particles were also found to leach from the membranes (Supplementary
information Fig. A8).

3.5. Challenges and future perspectives

Although bacteriophages have been used as the standard for testing
membranes in drinking water purification processes, parallel studies
with actual pathogenic viruses are needed to confirm the validity of
these claims to real situations. However, the current crosslinked PEI
modified membrane meets the WHO standards for virus reduction by
HWTS systems. The WHO has established criteria for HWTS systems
effectiveness to remove microbial contaminants in water. Based on the
requirements, the highest rank is 3 stars which should effectively re-
move at least 5 log10-units of the virus, followed by 2 stars capable of
removing at least 3 log10-units of the virus. And lastly, 1 star is given to
systems which can meet performance targets for at least 2 stars for any
two classes of pathogens (bacteria, virus or protozoa) [57,58]. Mem-
brane-based technologies rank very highly as HWTS technology. From
this work it has been demonstrated that crosslinked PEI modified
membrane coupled with Ag and CuNPs has a synergistic effect which
could potentially be beneficial for use as membranes in multi-barrier
HWTS systems. These findings complement our previous results that
plain PEI has promising potential to be a potent antiviral agent.

A technological challenge that persists is the silver and copper re-
lease from commercial products which contain metallic nanoparticles
[59,60]. Future research is needed on the slow release of nanoparticles
to reduce the loss of antiviral activity due to depletion of metallic na-
noparticles from the membrane. Additionally, regeneration is essential
to potentially improve the lifespan of the membrane with sustained and
stable virus reduction. Moreover, other challenges could affect the
performance of the membrane such as the loss of Ag and CuNPs from
the membrane during water disinfection as well as, viruses and other
microorganisms may develop resistance to the metals and also affect
the water chemistry.

4. Conclusions

In this work, a general strategy was developed to fabricate antiviral
MF membranes with coatings from chemically–crosslinked PEI multi-
layers which used a crosslinker terepthalaldehyde to improve their
overall performance and stability thus giving them the ability to be used
in gravity-driven filtration. These coatings were first studied on model
surfaces where the pH controlled growth was monitored by ellipso-
metry. Surface characterisation techniques, AFM, FTIR, zeta potential
and contact angle measurements were also used to monitor the suc-
cessful growth of crosslinked PEI layers. Similarly, commercial PES flat
sheet MF membranes were successfully modified via an LBL process
with a single polyelectrolyte. The main conclusions and observations of
this work are summarised in the following points.

• Crosslinked PEI layers can be successfully assembled on both model
surfaces and MF membranes. Where pH can be used as a control or
tune the thickness of the assembled layer(s). The layers assembled
on MF membranes were found to be stable, even after prolonged
filtration where only 22% reduction in flux was observed compared
to the pristine membrane.

• Both on model surfaces and membranes, high log10-unit reductions
(3–4 log10-units) were demonstrated against the bacteriophage MS2,
a common surrogate for water borne viruses.

• The anti-viral properties of the PEI coated model surfaces and
membranes could be further improved by the incorporation of PEI
stabilized Ag and CuNPs. For model surfaces and membranes with
both Ag and CuNPs, the virus reduction increased to 4.5 log10-units
and 4.5–5 log10-units, respectively.

• The PEI-modified membranes could treat approximately 5000 L/m2

of MS2 contaminated water in 2 h via gravity-based filtration.
Something that is simply not possibly with UF membranes that are
commonly used to remove viruses on the basis of size exclusion.

• Viruses are not only removed by adsorption to the coated
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membrane, but qRT-PCR also revealed that viruses are removed by
true inactivation.

• These membranes thus offer a unique combination of virus removal
and inactivation. They can serve as promising candidates for HWTS
systems, as they already meet WHO standards (5 log10-units) for
viral reduction. Still, more research is needed to assess the full po-
tential of these membranes utilising real surface water and patho-
genic viruses.
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