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Summary

(Samenvatting)

"When the wells dry, we know the worth of  water."

Benjamin Franklin

Ideas can become reality



 



 

 

 

 

  



 

 

 



 

 

 

 

 

  



 

 

 



Ultrafiltration (UF) membranes display excellent performance when used for 

pathogen removal, including ease of maintenance and cost-effectiveness. However, UF 

membranes require higher pressures to operate and thus utilise pumps and electricity. 

This makes it impossible for UF membranes to be incorporated in the most simple 

and cheapest point of use systems, for the poorest and most remote areas. Of the 

pathogens to remove, bacteria are much larger (microns) than viruses (nanometers) 

and are readily stopped by most porous membranes by the principle of size exclusion. 

Contrarily, viruses are much smaller, more robust and very persistent in the aquatic 

environment, making them a serious problem. In this project, I have investigated how 

microfiltration (MF) membranes could be modified and utilised in a gravity-driven 

process, with a focus on the removal of viral pathogens. Such membranes could 

provide an easy to operate and cheap alternative to UF while attaining the same 

quality of drinking water with high fluxes. 

Undeniably, there is an alarming problem that will persist if nothing is done to 

reduce the burdens associated with waterborne diseases. Technologies are available 

that can solve this problem. However, they require substantial investments, 

maintenance and specialised knowledge. Hence, there is a pressing need to develop 

alternative approaches, such as Point-of-Use (POU) devices that are inexpensive, 

require no energy and are easy to use. Additionally, these POU devices should also 

lead to safe, virus free drinking water, the focus of this thesis. 

In this thesis, the modification of MF membranes for enhanced pathogen removal for 

drinking water treatment is covered. By using these modified membranes, drinking 

water purification processes can be simplified compared to UF based treatment 

systems, a significant advantage for decentralised water treatment systems. 

To choose the most appropriate method to modify MF membranes, which would lead 

to antiviral activity, an extensive review of the literature was systematically 

performed (Chapter 2). From this systematic review, the modification with a cationic 

polymer, polyethyleneimine (PEI), was chosen as it has previously demonstrated 

antimicrobial activity against a range of pathogens when used to modify surfaces. 

Using the information from Chapter 2, the antiviral properties of open MF 

membranes were improved by coating a thin active PEI layer on the membranes 

outer and inner surfaces using a simple coating procedure (Chapter 3). Here we used 

readily available commercial flat sheet MF membranes (0.45 micron) as a substrate. 

Various techniques, such as ellipsometry, zeta potential and Fourier transform 

infrared spectroscopy (FTIR), were used to monitor the PEI based coating first on 

model (glass and silicon) surfaces and subsequently on the MF membranes. Layer 

properties were then correlated to changes in the performance of the membrane, 

before and after coating. 



With these positively charged MF membranes (pore size 0.45 µm) the antiviral effects 

on a surrogate virus (bacteriophage), MS2 (Chapter 3) were investigated. With most 

viruses being net negatively charged, the positively charged active antiviral layer 

acted as adsorbent and reduced the viral titer, while maintaining relatively high 

fluxes in a gravity driven process. Our first generation of modified membranes was 

able to produce 5000 L/m2 with a  3 log10-unit virus reduction. However, some 

leaching of PEI from the membrane was also observed, leading to doubts on the long-

term stability of these membranes. 

While a significant reduction in the viral titre was observed with the first generation 

of modified membranes, there was still a public health risk, based on WHO 

standards. Hence we focused on finding suitable antiviral moieties to further enhance 

the reduction capability of our optimised membranes (Chapter 4). Silver and silver-

based nanoparticles (AgNPs) have been used previously in several drinking water 

applications and are considered as a potent antimicrobial agent. Therefore, we 

investigated the antiviral effects of AgNPs, with five capping or stabilising polymers, 

on MS2 bacteriophages. The chosen capping agents polyvinylpyrrolidone (PVP), 

mercaptoacetic acid (MAA), polyethlene glycol (PEG), citrate and branched 

polyethyleneimine (PEI), had different surfaces charges at neutral pH. This allowed 

us to see the effect of charge on the antiviral activity of the different AgNPs. 

Interestingly there was a substantial synergistic antiviral effect when using the 

AgNPs in combination with the previously chosen polymer (PEI), in comparison to 

the other stabilisers (  6 log10-unit reduction of MS2). Similar to Chapter 3, PEI acts 

as an adsorbent, which brings the negative viruses near the AgNPs. We also 

investigated copper nanoparticles (CuNPs) as an economical alternative to silver. For 

better comparison, we also stabilised the CuNPs PEI based on the results with 

AgNPs. 

In Chapter 4 we clearly demonstrated the capping to be an essential factor in 

determining the antiviral activity of AgNPs. The lower (less negative) the zeta 

potential, the more efficient the AgNP, with negative or slightly negative zeta 

potentials showing  3-5 log10-units reductions in time concentration and size 

dependent studies. However, the Ag/BPEI nanoparticle with a positive zeta potential 

had a  6 log10-units reduction regardless of the test conditions. Moreover, TEM 

studies indicate that the Ag/BPEI nanoparticles were able to form aggregates and 

possibly damage the capsid of the MS2 bacteriophages irreversibly. The synergistic 

effect between PEI and AgNPs was also deemed promising for membrane 

modification. 

In the final experimental Chapter of this thesis (Chapter 5), we improved on the 

promising results regarding virus reduction discussed in Chapter 3. This was achieved 

by adding the PEI capped/stabilized AgNP studied in Chapter 4 to the MF 



membrane coating approach developed in Chapter 3. The modification process was 

further enhanced using simple covalent layer-by-layer (LBL) deposition technique. 

Here one polyelectrolyte, PEI, was used to construct multiple layers by using the 

chemical crosslinker terepthalaldehyde (TA). Since AgNPs and CuNPs were 

stabilised with PEI, they too could be covalently coupled during the LBL deposition 

using TA. The newly designed membranes demonstrated  4-5 log10-unit reduction of 

MS2 bacteriophages over a flux of 5000 L/m2 in approximately 2 hours. The presence 

of the antiviral nanoparticles combined with crosslinked PEI, improved the stability 

and viral reduction of the coated membrane to meet WHO standards for HWTS 

systems. 

This thesis highlights the possibilities of PEI modified MF membranes for drinking 

water purification, by being able to tune the final membrane!s antiviral properties not 

only by changing the coating methodology but also by incorporating antiviral 

metallic nanoparticles. With an improved understanding of the nature and assembly 

of the ultrathin layer, the combination of different coating techniques with 

commercial flat sheet MF membranes can be the starting point in ensuring that there 

is a reduction in waterborne diseases caused by viral contamination of water. POU 

systems, based on these membranes, can be developed to produce clean and safe 

drinking water, to meet the WHO standards for HWTS systems for viral 

contaminants. This project aimed to contribute to the 2030 agenda for sustainable 

development: to enable everyone to have universal and equitable access to clean and 

safe drinking water. 
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Toegang tot schoon drinkwater is en zal altijd essentieel blijven voor de 

levenskwaliteit van ieder mens. Helaas is de beschikbaarheid tot schoon en veilig 

drinkwater nog steeds een voorrecht en geen universeel recht. 2,9 miljard 

mensen, goed voor 39% van de wereldbevolking, hebben geen toegang tot 

fatsoenlijke sanitaire voorzieningen, terwijl meer dan 1,2 miljard mensen met 

fysieke waterschaarste te maken hebben en nog eens 1,6 miljard mensen in 

gebieden met economische waterschaarste leven [1]. Een verbazingwekkende 25% 

van de wereldbevolking drinkt uit waterbronnen die verontreinigd zijn met 

ontlasting [2]. Afhankelijk van het te behandelen water zijn er, voor wie het zich 

kan veroorloven, technieken beschikbaar om schadelijke bacteriën en virussen of 

andere verontreinigingen te verwijderen. Het gebrek aan adequate 

waterzuiveringsinfrastructuur in combinatie met armoede heeft echter tot 

beperkte toegang tot schoon en veilig drinkwater geleidt in regio's die onderaan 

de sociale en economische ladder staan. 

  



 



Ultrafiltratie(UF)-membranen presteren uitstekend wanneer ze worden gebruikt 

voor de verwijdering van pathogenen, zijn onderhoudsvriendelijk en 

kosteneffectief. Omdat UF-membranen onder hoge druk werken, hebben ze 

pompen en elektriciteit nodig. Dit maakt het onmogelijk om UF-membranen te 

gebruiken in de meest eenvoudige en goedkoopste Point-of-Use systemen voor 

de armste en meest afgelegen gebieden. Van de te verwijderen pathogenen zijn 

bacteriën veel groter (micrometers) dan virussen (nanometers) en worden ze op 

basis van hun grootte door de meeste poreuze membranen tegengehouden. 

Virussen zijn daarentegen veel kleiner, robuuster en zeer hardnekkig in waterige 

milieus, waardoor ze een serieus probleem vormen. In dit project heb ik 

onderzocht hoe microfiltratie(MF)-membranen kunnen worden gemodificeerd en 

in een zwaartekrachtgestuurd proces kunnen worden gebruikt, met de focus op 

de verwijdering van virale pathogenen. Dergelijke membranen zouden een 

eenvoudig te bedienen en goedkoop alternatief voor UF kunnen vormen terwijl 

dezelfde kwaliteit van drinkwater met hoge fluxen wordt bereikt. 

Het staat buiten kijf dat dit alarmerende probleem aanhoudt indien er niets 

gedaan wordt aan het verminderen van de lasten die gepaard gaan met 

watergedragen ziekten. Er zijn technologieën beschikbaar die dit probleem 

kunnen oplossen. Deze vereisen echter aanzienlijke investeringen, onderhoud en 

gespecialiseerde kennis. Daarom is er een dringende behoefte aan het ontwikkelen 

van alternatieve benaderingen, zoals Point-of-Use(POU)-apparaten die niet duur 

zijn, geen energie vereisen en gemakkelijk in gebruik zijn. Ook moeten deze POU-

apparaten leiden tot veilig, virusvrij drinkwater, de focus van dit proefschrift. 

In dit proefschrift wordt de modificatie van MF-membranen voor verbeterde 

pathogeenverwijdering uit drinkwater behandeld. Door deze aangepaste 

membranen te gebruiken, kunnen drinkwaterzuiveringsprocessen worden 

vereenvoudigd ten opzichte van op UF-gebaseerde behandelingssystemen, een 

belangrijk voordeel voor gedecentraliseerde waterbehandelingssystemen. 

Om de meest geschikte methode te kunnen kiezen voor het modificeren van MF-

membranen dat tot antivirale activiteit zou leiden, werd een uitgebreide 

systematische literatuurstudie uitgevoerd (ho o f ds tu k  2). Als resultaat van dit 

systematische onderzoek werd de modificatie met het kationische polymeer 

polyethyleenimine (PEI) gekozen, omdat het eerder antimicrobiële activiteit 

tegen een reeks van pathogenen heeft laten zien toen het gebruikt werd bij 

oppervlaktemodificatie. 

Naar aanleiding van de informatie uit hoofdstuk 2 werden de antivirale 

eigenschappen van open MF-membranen verbeterd door een dunne actieve PEI-

laag op de buiten- en binnenoppervlakken van de membranen aan te brengen 



door middel van een eenvoudige coatingprocedure (ho o f ds tu k  3). In dit geval 

hebben we commercieel verkrijgbare vlakke plaat-MF-membranen (0,45 micron) 

als een substraat gebruikt. Verschillende technieken, zoals ellipsometrie, zeta-

potentiaal en Fourier-transform infrarood spectroscopie (FTIR), werden 

gebruikt om de PEI-coating eerst te onderzoeken op modeloppervlakken (glas en 

silicium) , en vervolgens op de MF membranen. De laageigenschappen werden 

vervolgens gecorreleerd met veranderingen in de prestatie van het membraan, 

voor en na het coaten. 

Met deze positief geladen MF-membranen (poriegrootte 0,45  m) werden de 

antivirale effecten op surrogaatvirus MS2 (bacteriofaag) (ho o f ds tu k  3) 

onderzocht. Omdat de meeste virussen netto negatief geladen zijn, werkte de 

positief geladen actieve antivirale laag als adsorbens en verminderde de virale 

titer, terwijl relatief hoge fluxen in een door zwaartekracht aangedreven proces 

gehandhaafd bleven. Onze eerste generatie gemodificeerde membranen was in 

staat om 5000 L/m2 te produceren met een  3 logreductie van het virus. Er werd 

echter ook enige mate van uitlogen van PEI door het membraan waargenomen, 

hetgeen leidde tot twijfels over de stabiliteit van deze membranen op de lange 

termijn. 

Hoewel een significante vermindering van de virale titer werd waargenomen bij 

de eerste generatie gemodificeerde membranen, was er, gebaseerd op WHO-

normen, nog steeds een risico voor de volksgezondheid. Daarom hebben we ons 

gericht op het vinden van geschikte antivirale deeltjes om het reductievermogen 

van onze geoptimaliseerde membranen verder te verbeteren (ho o f ds tu k  4). Zilver 

en zilveren nanodeeltjes (AgNP's) zijn eerder in verschillende 

drinkwatertoepassingen gebruikt en worden beschouwd als een krachtig 

antimicrobieel middel. Daarom onderzochten we de antivirale effecten van 

AgNP's op MS2-bacteriofagen, met vijf verschillende capping- of stabiliserende 

polymeren. De gekozen cappingpolymeren polyvinylpyrrolidon (PVP), 

mercaptoazijnzuur (MAA), polyetheenglycol (PEG), citraat en vertakt 

polyethyleenimine (PEI) hadden verschillende oppervlakkenladingen bij een 

neutrale pH. Hierdoor konden we het effect van lading op de antivirale activiteit 

van de verschillende AgNP's zien. Er was een substantieel synergistisch 

antiviraal effect bij gebruik van de AgNP's in combinatie met het eerder gekozen 

polymeer (PEI) in vergelijking met de andere stabilisatoren ( 6 logreductie van 

MS2). Net als in hoofdstuk 3 fungeert PEI als een adsorbens, dat de negatieve 

virussen in de buurt van de AgNP's brengt. We hebben ook koperen nanodeeltjes 

(CuNP's) als een goedkoper alternatief voor zilver onderzocht. Voor een betere 

vergelijking hebben we ook de CuNP's met PEI gestabiliseerd, op basis van de 

resultaten met de AgNP's. 



In ho o f ds tu k  4 hebben we duidelijk aangetoond dat de capping een essentiële 

factor is bij het bepalen van de antivirale activiteit van AgNP's. Hoe lager 

(minder negatief) de zeta-potentiaal, hoe efficiënter de AgNP, waarbij negatieve 

of enigszins negatieve zeta-potentialen  3-5 logreducties in tijdconcentratie- en 

in grootteafhankelijke studies toonden. Het Ag/BPEI-nanodeeltje met een 

positieve zeta-potentiaal had echter een  6 logreductie, ongeacht de 

testomstandigheden. Bovendien geven TEM-onderzoeken aan dat de Ag/BPEI-

nanodeeltjes in staat waren om aggregaten te vormen en mogelijkerwijs de 

capside van de MS2-bacteriofagen onomkeerbaar te beschadigen. Het 

synergistische effect tussen PEI en AgNP's werd ook als veelbelovend beschouwd 

voor membraanmodificatie. 

In het laatste experimentele hoofdstuk van dit proefschrift (ho o f ds tu k  5) 

verbeterden we de veelbelovende resultaten met betrekking tot virusreductie 

besproken in hoofdstuk 3. Dit werd bereikt door de in hoofdstuk 4 bestudeerde 

PEI-capped AgNP s toe te voegen aan de MF-membraancoatingprodecure 

ontwikkeld in hoofdstuk 3. Het modificatieproces werd verder verbeterd met 

behulp van de eenvoudige covalente laag-voor-laag(LVL)-depositietechniek. Hier 

werd één polyelektrolyt, PEI, gebruikt om meerdere lagen te coaten met behulp 

van de chemische crosslinker terepthalaldehyde (TA). Omdat de AgNP's en de 

CuNP's gestabiliseerd waren met PEI, konden ook zij tijdens de LVL-depositie 

covalent worden gekoppeld met behulp van TA. De nieuw ontworpen 

membranen vertoonden een  4-5 logreductie van MS2-bacteriofagen bij een flux 

van 5000 L/m2 in ongeveer 2 uur. De aanwezigheid van de antivirale nanodeeltjes 

in combinatie met gecrosslinkte PEI verbeterde de stabiliteit en virale reductie 

van het gecoate membraan dermate dat aan de WHO-normen voor HWTS-

systemen werd voldaan. 

Dit proefschrift belicht de mogelijkheden van PEI-gemodificeerde MF-

membranen voor drinkwaterzuivering. Het laat zien dat de antivirale 

eigenschappen van het uiteindelijke membraan niet alleen aan te passen zijn 

door de coatingmethodologie te veranderen, maar ook door antivirale metalen 

nanodeeltjes te incorporeren. Met een beter begrip van de aard en samenstelling 

van de ultradunne laag, kan de combinatie van verschillende coatingtechnieken 

met commerciële vlakke plaat MF-membranen het uitgangspunt zijn om ervoor 

te zorgen dat er een vermindering is van door water overgedragen ziekten 

veroorzaakt door virale verontreiniging van water. POU-systemen, gebaseerd op 

deze membranen, kunnen worden ontwikkeld om schoon en veilig drinkwater te 

produceren, om te voldoen aan de WHO-normen voor HWTS-systemen voor 

virale verontreinigingen. Dit project had als doel een bijdrage te leveren aan de 

2030-agenda voor duurzame ontwikkeling: iedereen over de hele wereld in staat 

stellen eerlijke toegang te verkrijgen tot schoon en veilig drinkwater. 
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J. Water Health. 4 (2006) 41!58. doi:10.2166/wh.2005.039. 

[2] WHO/UNICEF, Progress on Sanitation and Drinking Water: 2015 Update and 

MDG Assessment, 2015. doi:10.1007/s13398-014-0173-7.2. 

 



General 

Introduction

"The earth has enough water to provide for 

every man's need, but not every man's greed."

Mahatma Gandhi

Even the simpliest things 

have complex roots



 

 



 

 



 

 



 

 

A lack of clean water is the cause of many problems existing in the world today 
[1]. These issues are not limited to, but include, international disputes over water 
contamination, unsustainable use of groundwater, water scarcity, and ecological 
degradation [2]. The impending threat of global warming and climate change 
has the potential to worsen these problems substantially [3]. The core of the 
global water problems, however, is the failure to provide the most basic water 
services for billions of individuals and the overwhelming human health burdens 
associated with that failure [4]. 

While water is an abundant natural resource, only 2.5% of water is fresh, and of 
that 2.5%, less than 1% is available for humans, while the remaining 97.5% are 
constituents in saline surface water bodies [5]. Moreover, much of the fresh water 
is locked away in glaciers. The freshwater distribution is shown in Figure 1.1, 
which indicates that there are limited quantities of fresh water available for 
human consumption. 

 
Figure 1.1: Distribution of global freshwater resources, adapted from WWAP, 2017 [6]. 

Over 1 billion people lack access to improved water supplies, and almost 2.9 
billion do not have adequate sanitation. The amount of fresh water used for 
human consumption has increased 40-fold in the past 300 years, and more than 
half of the increase has happened over the last 60 years [7]. This rapid growth is 



mainly due to two reasons i) a substantial rise in the population and ii) increased 
standards of living. 

There is two forms of water scarcity, physical and economic scarcity; one is much 
easier to solve than the other. Just as the name suggests, physical scarcity is 
just that, limited physical access to water, with a higher demand for water than 
the land and nature, can provide. Physical scarcity can only really be solved by 
bringing in water from other sources, for example, the desalination of seawater 
and even changing the course of whole rivers. Economic scarcity, on the other 
hand, is the most disturbing form of water scarcity as it arises from the lack of 
compassion and good governance which allows this problem to continue. The 
projected scarcity as depicted in Figure 1.2(a) shows that extensive areas will be 
affected if nothing is done to combat this problem [8]. An economic shortage 
occurs when nations do not have the monetary means to utilise a water source 
adequately. There is usually an association with unequal distribution of the 
countries resources, for several reasons such as political or ethnic conflicts. Most 
of sub-Saharan Africa still suffers from this type of water scarcity. Despite water 
being locally available to meet the demands of the people, there is limited 
human, institutional and financial capital to access this water [9]. Restricted 
access to clean water shortens the lifespan of the affected people and increases 
their disability-adjusted life years (DALY s).!DALY s!are defined as "the sum 
of years of potential life lost due to premature mortality and the years of 
productive life lost due to disability#![10]. As can be seen in Figure 1.2(b and c) 
the highest death and DALY rates occur in countries affected predominantly by 
the economic scarcity of water. 

While progress has been made to improve and provide water to specific regions 
and areas, there are still limitations. Inadequate resources and the rapidly 
growing population coupled with global warming have made it difficult to 
provide comprehensive and complete coverage for all. Rijsberman et al. predicted 
a real water crisis by 2025 as far back as 2005 [8]. 

  



 

 

 

 

Figure 1.2: (a) Map of Projected Physical and Economic Water Scarcity in 2025 [8], 
Maps!showing!(b)!Deaths!and!(c)!DALY s!attributed!to!unsafe!water,!sanitation!and!
hygiene, [11]. 

(a) 

(b) 

(c) 



Addressing economic water scarcity is an issue that could without a doubt be 
possible. Water is a renewable resource when used correctly or adequately 
managed, but this will only be realised once there is an investment by 
governments in sustainable projects and local developments while their 
populations and industries grow. 

The United Nations (UN), in collaboration with individual nations, regularly 
monitors access to water and sanitation through the Global Analysis and 
assessment of sanitation and drinking water (GLAAS) and the joint monitoring 
programme (JMP). JMP is designed by the WHO and UNICEF and is 
responsible for reporting on, Sustainable Development Goals (SDGs) targets as 
well as indications related to drinking-water, sanitation and hygiene (WaSH). 
While GLAAS is a UN initiative by the WHO which provides policy and allows 
decisions makers at all levels to have easy, secure and reliable access to 
comprehensive and global analysis of investments and to enable an environment 
to make informed decisions for sanitation, hygiene and drinking water. Moreover, 
in 2000 the UN adopted the Millennium Development Goals (MDGs), one of 
which aimed to half the population that is without sustainable access to clean 
and safe drinking water and basic sanitation by the year 2015 [12]. While 
progress has been made, far too many people still use water sources 
contaminated with human and animal faeces [13]. The concern of utmost 
importance from the lack of available safe drinking water is the widespread 
water-related diseases and deaths. Although water-related illnesses have mostly 
been reduced or eliminated in wealthier and more high-income nations, they 
remain a primary concern in most low- and middle-income countries. In 2000 
the World Health Organization (WHO), published a complete assessment of 
water access and sanitation of 89% of the world s!population.!The!assessment!

estimated that over 4 billion cases of diarrhoea each year, are associated with 
the lack of access to clean water. Due to the many undiagnosed as well as 
unreported cases, the actual extents of these diseases are unknown [14].

The lack of water treatment infrastructure and distribution networks increase 
the waterborne disease burden and mortality rates associated with unsafe 
drinking water, sanitation and hygiene. This strain prompted the UN to adopt 
a new set of goals in 2015, which aims to end poverty and protect the planet. 
SDG 6 out of 17 SDGs regards clean water and sanitation [4]. It seeks to attain 
universal and equitable access to safe and affordable drinking water for everyone. 
To alleviate the problems associated with unsafe drinking and sanitation the 
WHO has established the International Network to Promote Household Water 
Treatment and Safe Storage (HWTS) in 2003 [15]. However, before discussing 



 

such technologies, it is essential to understand how close we are to having safe 
drinking water accessible to all, making it a right and not a privilege. 

 

It was not until 2010 that the human right to safe drinking water was recognised 
by!the!UN s!general!assembly!and!human!rights!council!in!the!form!of binding 
international law [16]. Moreover, it was just in 2015 that the right to sanitation 
was explicitly recognised as a distinct right by The General Assembly of the 
United Nations [17]. The right to water entitles everyone to have access to 
sufficient, safe, acceptable, physically accessible and affordable water for both 
domestic and personal use as defined by the United Nations has only been 
deemed so in the last seven years. 

Based on the United Nations (UN) findings by 2015, 154 countries had achieved 
over 75% coverage with basic sanitation services. While 181 countries had 
reached over 75% coverage with at least basic drinking water services, in most 
African countries, there was less than 50% coverage with basic hand washing 
services [18]. In Asia and Africa, the poorest 20% of the population is spending 
between 3-11% of their already low income on water. This approximation is 
without taking into account the cost of time that especially women are spending 
to collect water and managing water and sanitation facilities [19]. 

Currently, 2/3!of!the!world s!population!already!live!in!areas!experiencing!water!

shortages for at least one month per year [9]. People in over 43 countries (700 
million) suffer from water scarcity [20], and as predicted by 2025 1.8 billion 
people are projected to be living in countries and areas with absolute water 
scarcity[21]. 

There are several direct implications which result from these unfortunate 
situations especially for those affected by economic scarcity, which includes 
inadequate water infrastructure, high vulnerability to short and long-term 
droughts, and challenging access to reliable and safe sources of clean water. 
Universal access to adequate and safe drinking water, proper sanitation and 
hygiene would reduce the global disease burden by approximately 10% saving 
many millions of lives [22].



 

The WHO has evaluated and highlighted the challenge of delivering safe 
drinking water treatment options to both communities and individuals. 
Developing these forms of water treatment infrastructure are not only labour 
and capital intensive but require long-term planning. With statistics showing 
water-related diseases and mortality on the rise, it is imperative that nations 
have rapid but well-organised solutions to deliver safe and clean drinking water 
to the affected. HWTS technologies or Point-of-Use (POU), as they are more 
popularly known, can treat water at the point of consumption either for common 
use or individual households. HWTS technologies are essential and of utmost 
importance during emergency situations, like natural disasters. As a short-term 
sustainable solution for supplying treated water, on-site water treatment has 
greater potential over centralised facilities in rural areas. This is primarily due 
to the high investments which are needed to achieve adequate water 
infrastructure. This is based on the fact that responsibility for maintenance of 
the treatment system is the onus of either the individual or the community itself. 

When there is less reliance on external sources, people are more inclined to be 
responsible and forward thinking for their safety, health, and peace of mind. 
Therefore, it would in turn considerably reduce health-related risks which are 
associated with waterborne diseases. With the intention of lowering the 
impendent dangers related to waterborne diseases, it is unmistakable that 
HWTS systems are needed, and if used correctly and consistently can drastically 
mitigate related burdens. A group effort is therefore required and should involve 
stakeholders like the end-users, governments, scientific and technological 
experts, research and educational institutions, and global organisations such as 
the UN and WHO. This will ensure that all stakeholders work effectively and 
efficiently in a network with a common goal of providing clean and safe drinking 
water. 

HWTS systems are advantageous in that they are compact, require little 
maintenance, and have limited to zero use of external energy and chemicals. 
Such treatment technology should be a flexible concept that can be adapted to 
specific regions and numerous water pollutants present in a host of water sources. 
The flexibility should also be extended to meet the needs of users from different 
socio-economic conditions, and hence application type and design may vary. 
HWTS options include membrane filtration, chemical disinfection, and solar or 
UV disinfection, shown in Table 1.1. 



The WHO has recognised that there is a significant increase in the drinking 
water purification market in Asia, the projected trajectory predicting billions of 
dollars in revenue in the coming years [23]. The awareness of the end-users on 
the benefits of safe drinking water coupled with the ability to afford the 
technologies has brought an exponential increase and growth in the HWTS 
system options in the last decade. However, despite the growth in Asian 
countries, only 20% of the population in sub-Saharan Africa use HWTS systems. 
HWTS systems are mostly utilised for emergency relief efforts and situations 
such as natural disasters and disease outbreaks [24]. 

The increase in commercialisation and market expansion of HWTS systems has 
prompted evaluation criteria to be established, the main criteria being their 
effectiveness to remove microbial contaminants from water. Other measures 
include the cost of the HWTS systems concerning their production capacity and 
their environmental impact. There is an International scheme to evaluate HWTS 
technologies by the WHO to obtain health gains and to ensure effective and 
efficient pathogen removal is achieved by the treatment technology [24]. The 
performance classification of a small selection of available products found to 
meet the WHO performance criteria shown in Table 1.1 below (adapted from 
Curtis et al., 2012 [24]). 

Table 1.1: Performance and pathogen removal assessment of commercial HWTS 
systems for decentralised drinking water adapted from Curtis et al., 2012 [24]. 
Performance 
target met Product Manufacturer Technology  Performance 

classification
(A) Life straw 

Family 1.0 
and 
community  

Life straw SA  Membrane 
ultrafiltration  

Comprehensive 
protection: very high 
removal of bacteria, 
viruses, and protozoa 

     
(B) Life straw 

Family 2.0 
Life straw SA  Membrane 

ultrafiltration 
Comprehensive 
protection: high 
removal of bacteria, 
viruses, and protozoa Pureit water 

filter 
Unilever Membrane  

Reverse 
osmosis and 
UV 

P&G 
Purifier of 
water 

The Procter & 
Gamble 
Company 

Flocculation-
disinfection 

Waterlogic 
Hybrid/Edge 
Purifier 

Qingdao 
Waterlogic 
Manufacturing 
Company 

UV 
disinfection  

 

  



Table 1.1 (cont.): Performance and pathogen removal assessment of commercial HWTS 
systems for decentralised drinking water adapted from Curtis et al., 2012 [24]. 
Performance 
target met Product Manufacturer Technology  Performance 

classification 
(C) Aquatabs Medentech 

Limited 
Chemical 
disinfection 

Targeted protection: 
high removal of 
bacteria, viruses; 
no/limited removal of 
protozoa 

H2g 
Purifier 

Aqua 
Research LLC 

Chemical 
disinfection 

Tulip 
water 
filters 

Basic water 
needs 

Diatomaceous 
earth and nano-
silver 

Targeted protection: 
high removal of 
bacteria, and 
protozoa; some 
removal of viruses 

WADI Helioz GmbH Solar disinfection  

(A) *** Removes at least 4 log10 -units of bacteria, at least 5 log10 -units of viruses and at least 
4 log10- units of protozoa. 

(B) ** Removes at least 2 log10- units of bacteria, at least 3 log10 -units of viruses and at least 
2 log10- units of protozoa. 

(C) * Meets the performance targets for at least 2-star (**) for only two classes of pathogens.

From Table 1.1, it is evident that membrane filtration meets the performance 
targets required for an HWTS technology. This ranking is primarily due to its 
effective, efficient and robust removal of waterborne pathogens. In this thesis, 
we evaluate the removal of viruses, including inactivation, by enhanced physical 
separation by open microfiltration (MF) membranes. The performances of the 
MF membranes are assessed as the basis for the development of an HWTS or 
POU system for the production of virus-free drinking water. The operational 
parameters such as flux, feed water quality, gravity filtration, and membrane 
surface modifications are all discussed further. 

 

It is a well-known fact that bacteria play a significant role in disease transmitted 
through unsafe drinking water. However, what is less acknowledged are the 
viruses present in the same sources of drinking water and their resulting impact 
on human health. Enteric viruses are the most common cause of gastroenteritis, 
inflammation of the stomach and intestines or stomach flu, worldwide. They are 
the smallest of the enteric pathogens, and the infective dose can be quite low, 
yet they are also robust, difficult to detect and hard to inactivate [25]. 
Waterborne viral pathogens which have been classified as having a high or 
moderate health significance by the WHO include viruses such as adenovirus, 
rotavirus, hepatitis A and E viruses, norovirus and other caliciviruses and 
enteroviruses like coxsackievirus and polioviruses [26]. Also, viruses such as those 
excreted from urine, for example, polyomavirus [26] and cytomegalovirus [27] 
can potentially spread through water [26], [27]. Other viruses such as the 



waterborne influenza virus and coronaviruses have also been suggested to be 
transmitted through drinking water, although the presence in water supplies is 
unlikely [26]. However, these claims are only based on empirical evidence [26], 
[28]. Table 1.2 shows typical enteric viruses that can be detected in water, their 
size and isoelectric point and the diseases they cause [8]. The isoelectric point of 
a colloid is when, at a particular pH, the net charge is equal to zero. The term 
isoelectric point can also be determined for bio-colloids such as bacteria, proteins, 
and viruses. Viruses, as well as other bio-colloids, have a pH-dependent surface 
charge in polar media such as water [29]. The surface charge of the virus plays 
a significant role in many sorption processes. For water treatment, the surface 
charge of the virus is utilised in several processes for example in flocculation [30] 
or in filter technology relying on electrostatic adsorption to obtain clean drinking 
water [31], [32]. 

 

There are different methods proposed to reduce or eliminate the burden caused 
by waterborne viruses and their ever-increasing threat of transmission [33]$[36]. 
Vaccination is one such way recommended by the WHO, of lowering the chances 
of infection from preventable diseases it allows individuals to have a defence 
mechanism against particular pathogens. [37], [38]. Vaccinations could better 
control viruses such as rotavirus, which is the leading cause of severe diarrhoea 
in young children under the age of five, responsible for more than half a million 
deaths. Worldwide use of the new rotavirus vaccine and better coverage with 
vaccines for hepatitis A virus and would also greatly aid in decreasing the risks 
associated with these viruses in drinking water. This is not the case when 
countries are faced with conflicts which lead to restricted access to areas where 
unvaccinated populations are living and risks to nurses to administer vaccines 
for preventable diseases. Many countries simply cannot afford routine 
vaccination schemes and have insufficient public health infrastructure to support 
vaccinations. Since no vaccines exist for all waterborne viruses, other methods 
for controlling the spread of waterborne viral diseases need to be developed and 
implemented. 

The lack of access to safe drinking water disproportionally affects those living in 
poverty-stricken, rural, conflicted and developing regions. However, even in more 
developed areas with state of the art water and wastewater treatment facilities, 
there are occurrences of waterborne disease outbreaks [39], [40]. Irrespective of 
the socioeconomic status of a country, diseases caused by contaminated drinking 
water are significantly under-reported as many times people do not seek help or 
medical care for self-limiting infections as well as there are limitations currently 



in clinical detection of virus infections [39]. There are over 100 virus species 
which cause a wide variety of diseases in man and are present in contaminated 
water [41]. However, only a limited number of these viral pathogens have been 
shown epidemiologically to be transmitted by water [26], [42]. 

Projects such as the one that will be described in this thesis, which offers 
solutions, like HWTS have potential to provide a short-term alternative for 
producing safe drinking water. This alternative is temporary until government-
run or private sector drinking water systems are in place or have recovered from 
disasters or conflicts. As over 50% of countries suggest that the household tariffs 
are still insufficient to improve operations and cover maintenance costs, which 
leads to an increase in disrepair and service failure [43]. This is an opportunity 
to help the people of the most affected countries cope until their countries 
become more developed and the necessary infrastructure is implemented. 
Moreover, these systems will continue to be relevant in emergency situations. 
About 80% of countries report insufficient financing to meet national WaSH 
targets. How do we then move forward, and contribute to transforming our 
world: the 2030 agenda for sustainable development? 

Table 1.2: Common enteric viruses detected in water [41], their approximate size [44], their 
isoelectric points [29] and diseases caused [45]. 

Virus Family  Genome  Genera 
Size 
(nm) 

Isoelectric 
points Disease caused  

      
Picornaviridae ssRNA 

(nonsegmented) 
Poliovirus 32 6.5 and 

4.5, 4.1-
8.3 

Paralysis, 
meningitis, fever 

    
Enterovirus 28-30 4.75 $ 

6.75 
Paralysis, 
meningitis, fever 

    
Hepatitis A virus 27 2.8 Hepatitis  
    
Echovirus 32 4-6.4 Meningitis, 

fever, 
respiratory 
disease, rash, 
gastroenteritis 

    
Coxsackievirus A 33 6.1 and 

4.8 
Herpangina, 
meningitis, fever, 
respiratory disease, 
hand-foot-and-
mouth disease, 
myocarditis, heart 
anomalies, rash, 
pleurodynia  

Coxsackievirus B 33 4.75 and 
6.75 



Table 1.2 (cont.): Common enteric viruses detected in water [41], their approximate size [44], 
their isoelectric points [29] and diseases caused [45]. 

Virus Family  Genome  Genera Size 
(nm) 

Isoelectric 
points 

Disease caused  

Adenoviridae dsDNA 
(linear) 

Adenovirus  94 4.5 Gastroenteritis, 
respiratory 
disease, 
conjunctivitis 

      
Caliciviridae ssRNA  

(non-
segmented) 

Norovirus 40 5.5-6.0 Gastroenteritis, 
fever 

    
Calicivirus 41 -- Gastroenteritis  
    
Astrovirus 27-30 -- Gastroenteritis  
    
Hepatitis E virus 27-30 -- Hepatitis  

      
Reoviridae dsRNA 

(segmented) 
Reovirus 75 3.8-3.9 Unknown 
    
Rotavirus 50 nm 

core 
with an 
80 nm 
envelope  

8.0 Gastroenteritis  

ssRNA $ Single stranded Ribonucleic acid, dsRNA- double-stranded Ribonucleic acid, dsDNA- double-
stranded Deoxyribonucleic acid. 

Pathogenic viruses can cause diseases such as gastroenteritis, which can lead to 
diarrhoea and other symptoms like abdominal cramping, vomiting, and fever. 
Moreover, these same viruses can cause more severe diseases such as encephalitis, 
meningitis, myocarditis (enteroviruses), hepatitis (A and E viruses) and cancer 
(polyomavirus) [26], [45]. Viral infections such as the ones associated with 
contaminated drinking water are self-limiting in individuals who are otherwise 
healthy. Viruses can cause more significant morbidity in young children, 
especially those under the age of five years old. Diarrhoea is the second leading 
cause of death for infants and young children under the age of five globally, 
accounting for over one million deaths annually [46]. There is also a higher risk 
imposed on the elderly, immuno-compromised individuals and pregnant women. 
Hepatitis E virus infections, for instance, can lead to a mortality rate of up to 
25% in pregnant women in low-income settings where type 1 and 2 circulate [26]. 
Additionally, waterborne diseases tend to be higher in developing regions, where 
there is a high occurrence of malnutrition and individuals with compromised 
immune systems. Nevertheless, there are very few broad-spectrum antiviral 
medications available for treating these diseases. 



To develop these water treatment methods, however, it is essential to 
understand the characteristics of viruses that are to be treated. Waterborne 
viruses differ in not only their genomic makeup but also their capsid proteins. 
Waterborne viruses may contain deoxyribonucleic acid (DNA) or ribonucleic 
acid (RNA) which may be segmented or linear. Viruses can be either enveloped 
or non-enveloped these characteristics can significantly influence their 
persistence in aquatic environments [35]. The viruses also share several 
characteristic properties which make them of particular concern concerning the 
risks associated with disease outbreaks from contaminated drinking water [47], 
[48]. Non-enveloped viruses have shown greater persistence than enveloped 
viruses under comparable conditions [49], [50] as well as DNA viruses are more 
stable than their RNA equivalent [51]. 

 

Enteric viruses are among the most common types of waterborne pathogens and 
are most often found in surface waters due to contamination by sewage. The 
viruses enter the water environment through discharge of sewage-contaminated 
water, into which the viruses were shed in extremely high numbers from faeces 
of infected individuals. Patients suffering from gastroenteritis may excrete 105 to 
1011 virus particles per gram of stool [52]. Theoretically, one virus particle is 
enough to cause infection [53], and therefore exposure to low concentrations of 
viruses constitutes a health risk. Enteric viruses can survive for extended times 
in the environment under a wide range of pH and temperatures [54]. However, 
they only multiply inside their host cells, be it human or animal cells. Some 
viruses are shed by animals and can cause disease in humans, the so-called 
zoonotic viruses, for example, some types of hepatitis E viruses. The fate of 
microbial enteric pathogens may take many potential routes in the water 
environment as depicted in Figure 1.3. The figure illustrates the many possible 
routes of transmission of enteric viruses. Humans are exposed to enteric viruses 
through various ways: shellfish grown in contaminated waters crops grown on 
land irrigated with wastewater and or fertilised with sewage and human and 
animal faeces, through open defecation, sewage polluted recreational waters and 
contaminated drinking water sources. 



 
Figure 1.3: Routes for enteric virus transmission adapted from Bosch, 1998 [45]. 

Additionally, the routes of exposure to sources of water contaminated by either 
human or animal excreta are also or major significance to public health. 
Although consumption of contaminated water by ingestion represents the 
highest risk, other routes of exposure can also lead to diseases. There is evidence 
of outbreaks as well as non-outbreak cases of the disease being caused by 
inhalation of water droplets or dermal contact with drinking water. There are 
even some pathogens like adenovirus which can be transmitted via several 
routes. From Figure 1.4, the transmission pathways or exposure routes with 
examples of water-related pathogens are shown. 
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Figure 1.4: The transmission pathways or exposure routes with examples of water-
related pathogens adapted from Exner, 2005 [55]. 

For pathogens, such as enteric viruses which are transmitted via the faecal-oral 
route, drinking water is not the only source of transmission and or exposure. 
Contaminated food, hands, utensils as well as clothing can also play critical roles. 
This is predominantly evident when hygiene and sanitation are poor or below 
adequate standards. It will, therefore, require a collaborative effort to overcome 
these burdens. It will require improvements in the availability and quality of 
drinking water as well as excreta disposal and general hygiene, to reduce the 
transmission of disease via the faecal-oral pathway. 

Enteric viruses can be detected in water when there are drinking water system 
deficiencies which can be categorised as untreated or contaminated surface and 
ground waters, by continuous or inadequate treatment, the distribution having 
network problems and various reasons. It is, however, not limited to drinking 
water systems and their issues, as enteric viruses are also transmitted by 
recreational activities conducted in polluted waters [56], [57]. 

 

It is customary for water treatment utilities to assay for faecal coliform or other 
indicator bacteria present in water supplies routinely, but they do not test for 
the presence of viruses. There is a difficulty in assaying for viruses since these 
require higher levels of expertise and protection. Moreover, to acquire 
information on infectivity of viruses and human pathogenic viruses it is either 
impossible or not feasible to detect or transmit infectious virus particles in a 
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timely and cost-effective manner and for some enteric viruses, e.g. norovirus, 
such culture methods do not exist. Global recommendations by WHO on safe 
drinking water includes virus control by promoting so-called water safety plans, 
an integrated risk assessment and management framework from source to tap 
[58]$[60]. Current US regulations require viral removal or inactivation of 4 log10-
units or 99.99% of enteric viruses by accepted techniques. Specific virus families 
are, however, not individually regulated. The proven treatment methods are 
primarily based on bench scale studies where a particular virus is exposed to 
treatment, e.g., disinfectant, at numerous environmental conditions until it 
reaches the required 4 log10-units inactivation. Despite barriers, the United 
States Environmental Protection Agency (USEPA) evaluates adenovirus, 
calicivirus, enterovirus, and hepatitis A viruses as a form of regulatory action 
[61], [62]. While, the European Union Drinking Water Directive has no specific 
mention of a standard for viruses except a general statement on hazards, which 
can be found in the footnote [63]. If we focus on the Netherlands for instance, 
the legislation about viruses in drinking water is unique. Health-based targets 
for microbially safe water are set at less than one infection from consumption of 
unboiled tap water in every 10,000 persons per year [64]. The drinking water 
providers in the Netherlands are required to conduct a Quantitative Microbial 
Risk Assessments (QMRA) every three years for index pathogens like 
enteroviruses representative for most waterborne pathogenic viruses. When 
targeting pathogens such as viruses, it is not practical nor desirable to make 
performance targets which are representative of all potential waterborne 
pathogens. This is primarily due to the complexity of the analyses required and 
the lack of available data. Thus, index pathogens are used to represent the 
different classes of pathogens. The WHO, when evaluating household water 
treatment options selected rotavirus for virus evaluation. As these viruses are 
relatively well characterised and are of high importance to health and are 
conservative to dose-response and infectivity and thus, can be used as a 
representative [65]. For health based HWTS systems, if no credible local water 
quality data are available default assumptions for the source water quality and 
QMRA calculations from the WHO are used to derive default performance 
targets. 

The WHO used a tiered approach to define the targets, where three levels of 
performance for the reduction of pathogens (bacteria, viruses, and protozoa) 
were described.!Top! tier! standard!"highly!protective#! represents! technologies!

that if used correctly and consistently over the period of one-year limits drinking 
water disease burden to 106 DALY/person.!For!viruses,!if!the!target!is!"highly!

protective#!a!log10-unit reduction of  5 log10-units is required. The second tier 



"protective#!target!defines!pathogen!removals!that!achieve!a!health-based target 
of 104 DALY/year.!Moreover,! if! the!target! is!"protective#!only! 3 log10-units 
reduction!is!required.!Realizing!that!"highly!protective#!and!"protective#!targets!

are conservative and in some situations may not be the most cost-effective or 
achievable! an! "interim#! or! bottom! tier! target! has! been! established.! The!

"interim#! target! is recommended only when there is credible epidemiological 
evidence indicates that by using HWTS options results in the reduction of 
waterborne diseases. This target can be defined as technologies which achieve 
the!"protective#!removal!target! for!at! least!two!classes!of!pathogens!and!has!

proven impact in reducing diarrheal and waterborne infection [65]. 

Worldwide, standard water treatment techniques include the physical removal 
of pathogens like viruses, through conventional treatments and inactivating 
pathogens using ultraviolet light or chemical oxidants such as chlorine, 
chloramines, and ozone. Traditional treatments, such as filtration are not in all 
cases sufficiently effective at physically removing viruses, mainly due to the small 
size of viruses. The use of disinfectants depends highly on the chemistry of water 
coupled with local water regulations. As early as the 1900s, free chlorine has 
been the most commonly used chemical disinfectant worldwide. Free chlorine is 
the addition of hypochlorous acid and hypochlorite ion, formed by the 
dissolution and hydrolysis of chlorine gas in water [66]. In general, most viruses 
are inactivated by this powerful oxidant. However, chemical disinfectants 
produce potentially toxic disinfection byproducts (DBPs), such as bromate and 
chlorite which can pose significant health risks as well as the associated problems 
with the resulting taste and odour [67], [68]. Some drinking water treatment 
facilities are moving towards the use of mono-chloramine, which is formed by 
mixing excess ammonia and chlorine and UV light (either monochromatic, 254 
nm or polychromatic, 200-300 nm). This to control the formation of regulated 
toxic DBPs better. However, making these changes with disinfection comes at a 
cost for virus removal, inactivation, and monitoring. Viruses such as adenovirus 
though susceptible to free chlorine, remain highly resistant to inactivation by 
both mono-chloramine and UV light irradiation [69]. Like free chlorine, chlorine 
dioxide and ozone, are also regarded as effective chemical disinfectants. Both are 
effective in controlling viruses. However, they too produce DBPs including the 
previously mentioned chlorite and bromate [66]. Additionally, they have 
operational challenges, such as the need to be generated on site.

Given that there are such sophisticated systems present in the centralised 
treatment of drinking water from distribution channels to tap, cross-
contamination can occur along the length of the distribution infrastructure due 



to various reasons like cavitation or accidental depressurisation. The use of 
strong oxidants as a precaution is utilised throughout the world to maintain the 
integrity of the water in the distribution networks. 

A popular alternative to chemical disinfection is membrane technology, which 
can remove enteric pathogens, even the small, viruses as well as other 
contaminants depending on the pore size by size-exclusion. Membrane processes 
can be operated with reduced or without chemical disinfection [70]. The use of 
membranes avoids the formation of DBPs and can reduce concentrations of other 
undesirable water constituents such as particles and biopolymers. Small-scale 
membrane filtration is widely used and has been proven to be a very robust 
system as well as pretreatment. The challenge with membrane filtration is that 
it may not be the ideal approach to handle the total flow at large scale treatment 
plants. However, they exist in the Netherlands [71]. This might be solved by 
applying partial treatments, depending on the pressure, time and cost. 
Furthermore, membrane filtration is a good solution for salts; however, for 
dealing with viruses, it may be insufficient. 

 

The primary objective of drinking water treatment is to provide microbially and 
chemically safe water for consumption. Membrane-based filtration can provide 
high-quality drinking water. 

Membrane filtration is a simple technique that has over the years proven to be 
successful and innovative in a host of separation processes. Membranes by 
general! definition! are! "selective! barriers! that! separate! and! or! contact! two!

adjacent phases and allows or promotes the exchange of matter between two 
phases as shown in Figure 1.5 [72]. 



 

 
Figure 1.5: Schematic representation of two-phase system separated by a membrane 
adapted from Mulder, 1998 [72]. 

The sophistication of membrane technology ranges from using a sand-filled cloth 
fed by gravity to highly advanced technology with pressurised systems relying 
on nanotechnology to actively screen microbes [73]. Membranes can, therefore, 
be viewed as absolute barriers to different types of pollutants such as colloids, 
biological agents, organics, particles and in recent times, even pharmaceuticals 
and micro-pollutants using modified membranes [74]. Membranes are becoming 
a more critical technology for drinking water treatment replacing or optimising 
more conventional treatment systems. This is due to several recent advances in 
the membrane industry coupled with the rapid growth in membrane 
manufacturing as well as knowledge about their characteristics and performance. 

Based on the rejection characteristics of membranes they can be divided into 
categories such as those shown in Figure 1.6. Both ultrafiltration (UF) and 
microfiltration (MF) are categorised as low-pressure and porous membranes 
while reverse osmosis (RO), and nanofiltration (NF) are classified as high-
pressure and non-porous membranes. High-pressure membranes can reject 
monovalent, multivalent ions, all forms of pathogens and suspended solids by 
solution diffusion. In comparison, low-pressure membranes are capable of 
removing most waterborne pathogens (e.g. bacteria and some viruses) as well as 
colloidal matter or suspended solids to produce safe drinking water using the 
principle of sieving [75]$[77]. Moreover, they also minimise the footprint in 
comparison to conventional filtration/separation processes [78]. Though all types 
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driving force 

DC, DP, DT, DE



of membranes have been used in HWTS systems, UF and MF are the most 
frequently employed membranes worldwide. The membranes meet the minimum 
requirements for pathogen removal of at least 4 log10-units. Importantly it should 
be noted that the removal efficiency is dependent on the influent quality of the 
water and the operating parameters or conditions. Pathogen removal by UF and 
MF membranes is in the range of 4-7 log10-units for most key pathogens [79] 
while ensuring low pressure and little or no energy requirements for producing 
drinking water per capita. The use of membrane technology encourages a high 
drinking water quality and reduces the dependence on chemicals in water 
treatment processes. However, their operation and maintenance and associated 
costs are the principal limiting factors in membrane technology. Although in 
recent times they have become a more viable form of treatment with reduced 
costs and less demanding operations and maintenance [80]. 

 
Figure 1.6: Pore rating of different membranes and the various contaminants they 
reject reproduced and adapted with permission from Dickhout et al., 2017 [81]. 

UF and MF membranes utilised in the drinking water industry are commonly 
made of polymeric materials. These polymers include polysulfone (PS), 
polyethersulfone (PES), polyacrylonitrile (PAN), polyamide (PA), and 
polyvinylidene fluoride (PVDF). Though these polymeric materials are 



 

thermally stable and have low biodegradability, they all have their pros and cons 
[82]. 

Membranes are classified based on the size of the molecules that they can filter 
this is known as their nominal molecular weight cut off (MWCO). Microfiltration 
has the highest MWCO, which means these have the largest pores. They have 
pore sizes in the range 0.1 to 1 mm and MWCO sizes of 100,000 Daltons or more. 
MF membranes are frequently used to remove sand, silt, clay, algae, bacteria 
and Giardia, Cryptosporidium and can also remove some viruses [83]. Due to the 
low-pressure operation and efficient pathogen removal of  6 log10-units of 
bacteria and  4 log10-units of viruses, UF membranes are an ideal choice for 
HWTS systems [84]. However, although UF membranes require low pressure, 
approximately 0.5-4 bars [84], and can reduce pumping and energy requirements, 
they cannot be operated under gravity only. MF membranes can be used in 
gravity fed systems, with costs so low that they are rarely recorded. Therefore, 
MF membranes can provide the cheapest options and in some instances the best 
option for drinking water purification [85]. These membranes, however, will need 
additional optimisations. For example in combination with disinfectants or 
chemical modifications to reach the required and standards for the reduction of 
pathogens from drinking water[86], [87]. 

 

Polymeric membranes have proven to be an efficient means of purifying drinking 
water, but though they can remove pathogens physically, they are not able to 
inactivate them. There is also another significant drawback as they also suffer 
fouling during the filtration process. Modification of the surface of the membrane 
is one route to not only mitigate the fouling but also give the membranes the 
ability to inactivate pathogens such as viruses while maintaining high levels of 
drinking water productivity. The modification of membranes have been 
performed!since!the!1800 s!and!continued!into!the!20th century as described in 
several articles!published!in!the!1900 s![88], [89]. There are many different ways 
to modify membranes such as additive blending during membrane fabrication, 
or surface coating on commercial membranes, some examples are shown in Table 
1.3 below. By 1996 approximately 50% of all MF on the market were surface-
modified [77]. Surface modification of membranes have been practised for more 
than 100 years, and a few dominant techniques like those presented have gained 
extensive interest. The surface modifications change or alter the properties of 
the membrane without having severe impacts on the water transport. 

  



Table 1.3: Summary of surface modification techniques adapted from Miller et al., 2017 
[90]. 
Modification 
Technique  

Membrane 
types 

Advantage(s) Disadvantage(s) 

Additive blending  MF, UF Modification 
throughout internal 
pore channels, low 
rates of leaching of 
surface modifying 
macromolecule, little 
effect on 
porosity/pure water 
performance 

Surface modifying 
macromolecule must 
be miscible in casting 
membrane solution 

    
Adsorbed coatings: 
uncured 

MF, UF, 
NF, RO 

Simple modification 
may increase rejection 

Prone to leaching 
from the surface, may 
decrease pure water 
permeance 

    
Adsorbed coating: 
cured 

MF, UF, 
NF, RO 

Reduced leaching 
relative to uncured 
adsorbed coatings 
may increase rejection  

May decrease pure 
water permeance 

    
Chemically induced 
small molecule 
coupling  

MF, UF, 
NF, RO 

Permanent 
modification of 
membrane surface 

May require several 
synthetic steps 

    
Chemically induced 
grafting  

MF, UF, 
NF, RO 

Permanent 
modification of 
membrane surface 
may increase 
rejection.  

May decrease pure 
water permeance 

UF- ultra-filtration, MF-microfiltration, NF- nano-filtration, RO- reverse osmosis. 

 

To improve the robustness and durability of the membrane surface modifying 
agents can be coupled to the membrane through covalent attachment. These 
agents may consist of small molecules, or particles like nanoparticles and in 
many instances can also be polymers [90]. There are various ways through which 
different moieties can be introduced onto a membrane surface. 

The use of nanoparticles is gaining momentum in the present century as they 
possess defined intrinsic chemical, optical and mechanical properties. Metallic 
nanoparticles are amongst the most promising as they show excellent 
antibacterial properties. This is due in large part to their large surface area to 
volume ratio, which is attractive for scientists and researchers as there is a 
growing microbial resistance against metal ions, antibiotics and the development 
of resistant strains [91]. Different types of nanomaterials like copper [92], zinc, 



 

titanium [93], magnesium [94], gold [95], [96], alginate [97] and silver [98], [99] 
are amongst the most widely researched and used. Metal nanoparticles have 
been proven antibacterial agents against both Gram-negative and Gram-positive 
bacteria [100]$[104]. Theoretically, the antiviral activity can be assessed using 
any metal; interestingly, however, not much effort has been placed on 
determining their interactions with viruses. Some recent studies have emerged 
demonstrating that metal nanoparticles are in fact effective antivirals against a 
host of viruses such as HIV-1 [105], hepatitis B virus [106], influenza virus [107], 
and adenovirus [108], amongst other waterborne viruses [109] and other 
eukaryotic microorganisms [91]. Furthermore, the use of moieties such as 
metallic nanoparticles can be extended to the development of antiviral 
membranes that act by interfering with a viral infection, particularly during 
attachment and entry [100]. 

Nanoparticles have been described in the literature as possessing antiviral 
activity against both enveloped and non-enveloped viruses both with DNA and 
RNA genomes. This being one of the most prominent arguments towards the 
efficacy of the analysed nanoparticle is due to their size and shape which makes 
them prime candidates for the modification and optimisation of membranes for 
drinking water purification. Additional research is therefore needed to determine 
how to use, design, and dispose of products that have nanoparticles incorporated, 
without generating new risks to the environment and most importantly humans. 

 

Nowadays, purifying drinking water might appear to be standardised and well 
established. However, there are barriers associated with efficiently completing 
this task. The major obstacle is the detection as there are several barriers related 
to the detection of viruses in drinking water. This premise, from a technological 
view, in comparison to the detection of bacteria, enteric virus propagation 
requires the use of tissue culture. Not only is it labour intensive, but it is also 
quite costly and requires specific technical expertise and equipment [110]. The 
complexity is heightened as several common viruses cannot be grown easily for 
example adenovirus serotypes 40 and 41 or at all like human norovirus and 
hepatitis A viruses in cell cultures. As a consequence traditional viral growth 
assays namely plaque assays, are either unavailable or require too much time to 
be practical for drinking water treatment facilities. It is evident that no singular 
approach or methodology provides extensive evidence. While other methods like 
polymerase chain reaction (PCR) and quantitative PCR (qPCR) or microarray-
based tools such as ELISA can be used to detect viral genomes and proteins 
rapidly, respectively, they are limited in that they are not able to distinguish 



between infectious versus non-infectious viral particles [111]. Other alternatives 
do exist such as integrated cell culture-PCR (ICC-PCR) which also reduces time 
in comparison to the traditional plaque assay. As well as it allows for infectious 
viruses to replicate in its host cells. However, the technology uses cell culture, 
which as previously stated it is just unfeasible in drinking water treatment 
facilities [41]. Furthermore, it is hard to adopt culture methods as routine 
laboratory procedures since it requires enhanced laboratory safety and expertise. 
Though there have been numerous advances in recent times to the advancement 
of the concentration of viruses from large volumes of contaminated water [112], 
a rapid detection method for viable viruses has not yet been established. So the 
development of new approaches and efficient methodologies with increased 
sensitivity and specificity are needed. 

Additionally, no one standard drinking water treatment will inactivate all types 
of viruses independently of the quality of the drinking water. Some viruses are 
just more robust and resistant than others to specific treatments [113]. For rapid 
detection and monitoring, bacteriophages are often used as model viruses 
(indicators) to study enteric viruses [114]. Different strains of bacteriophages 
most often used as model indicators for enteric viruses can be seen in Table 1.4. 
However, there has been no bacteriophage that has been studied thus far which 
accurately represents the behaviour of all enteric viruses for all disinfectants. 
Although the pathways accountable for the inactivation of bacteria by various 
biocides are relatively well understood, viral inactivation mechanisms are on the 
other hand contradictory or ambiguous. Nevertheless, from a regulatory point 
of view, a significant barrier exists, as there is no one disinfectant method which 
is effective against all viruses and can be utilised or applied to all water quality 
conditions. 

Table 1.4: Different strains of bacteriophages frequently used as enteric virus 
surrogates, adapted from [115]. 

Bacteriophage 
Strain 

Shape 
Size (diameter) 

(nm) 
Isoelectric 

point 

MS2 Icosahedral capsid (T*=3) 27 3.9 
!X174  Icosahedral capsid (T=1) 27 6.6 
Q" Icosahedral capsid (T=3) 24-26 5.3 
PM2 Icosahedral capsid (T=12) 60 7.3 
PRD1 Psuedo lattice (T=25) 63 3-4 
*T is the triangulation number of the protein capsid, which is equal to the number of 
protein subunits in the unit of symmetry of the protein capsid.  

  



 

Moreover, waterborne enteric viruses have different genome types (e.g., DNA, 
RNA, linear, segmented) and capsid protein structures which add to their 
vulnerability and resistance to specific treatments and disinfectants. Due to the 
intricate nature of viral structures and outer capsids as well as secondary 
reactions, it is difficult to predict their behaviour adequately or to understand 
mechanisms of all pathogenic viruses inactivation. Although, there are studies 
with model viruses and some pathogens [51], [116]. An in-depth understanding 
of the mechanisms which are involved in virus inactivation is still needed if the 
scientific community wants to be able to predict the susceptibility of non-
culturable virus strains to different disinfectants. This will foster the 
development of improved disinfection methods. By determining precisely how 
particular viruses respond to a range of treatments or disinfectants, either by 
damage or inactivation. Furthermore, this knowledge will allow not only the 
physical but also a chemical description of virus inactivation. By understanding 
viral disinfection at the most basic mechanistic level coupled with recent 
advances in virological research provides a wealth of knowledge which can be 
exploited to develop new treatment methods. As it is essential to develop 
appropriate processes to combat the spread of waterborne disease outbreaks and 
water-related diseases. Some treatments cause site-specific capsid protein 
backbone cleavage thus inhibiting viral genome injection into the host cell [117], 
[118]. However, this may not take place in all viruses, and inactivation can be 
due to genome or capsid protein damage which may result in binding or injection 
inhibition by disinfectants.[119]$[124].

 

With promising properties of MF membranes in the reduction of pathogenic 
viruses from drinking water, we were inspired to investigate the possibility 
further. Membranes for virus free drinking water are typically UF membranes 
operating on the working principle of size exclusion. The primary aim of this 
research was, however, to study modification with polymers or nanoparticles of 
more open MF membranes which are less prone to fouling to achieve effective 
virus reduction [125]$[127]. These membranes have pore sizes (0.45 µm) much 
larger than that of representative waterborne pathogenic viruses. By 
optimisation with the use of nanotechnology and polymer chemistry, the 
antiviral (inactivation) capabilities of the membrane may be enhanced. 
Additionally, a larger pore size enhances fluxes and allows gravity filtration to 
be exploited, thus reducing the dependence on external energy sources. Unlike 
pressure-driven UF membrane-based systems, the proposed MF membrane-
based gravity-driven POU-like systems should remove and inactivate viruses. 



Both surrogate and pathogenic waterborne viruses were used to challenge our 
membranes with comparable efficiencies to POU systems meeting WHO 
standards. It was also essential to ensure that the system would be easy to use 
and required minimal maintenance at a reasonably lower cost. 

To fill the scientific knowledge gaps and to foster the development of more 
robust, efficient, cost, and self-contained gravity fed point of use device, with no 
need for chemical or physical cleaning. The current research in this thesis 
evaluated the performance of modified PES MF based membranes simulating a 
gravity-driven POU treatment system. The system specifically focused on the 
reduction (inactivation and removal) of pathogenic waterborne viruses from 
drinking water. 

 

v To elucidate the separation mechanism of human pathogenic viruses using 
porous MF polymeric membranes. 

v To elucidate the inactivation mechanism of pathogenic viruses against 
disinfectants such as cationic polymers and metallic nanoparticles. 

 

· Development of a novel, practical water treatment concept to improve 
and protect drinking water from enteric pathogens combining virology 
and membrane technology. 

v The modified polymer membrane based concept should both remove and 
inactivate viruses. 

v Safe drinking water must be produced using a so-called POU concept 
(gravity feed). 

v The idea must typically be used in developing, resource-limiting 
countries; it should, therefore, be affordable, and robust in utilisation and 
maintenance. 

 

In this thesis, we studied gravity-fed modified MF membrane-based systems for 
the removal of viruses in drinking water provision. 

A systematic analysis of literature was conducted to list suitable polymers that 
can reduce pathogenic viruses and mechanisms identified for virus removal and 
inactivation. The! polymer s! ability! to! be used as modifiers for porous 
microfiltration membranes was also assessed. The results are presented in 



 

Chapter 2 as Virus reduction by positively-charged polymers: A systematic 

review. From this study, a suitable positive polymer, Polyethyleneimine (PEI) 
was chosen to modify commercial polyethersulfone (PES) flat sheet membranes. 
The chapter is entitled Virus reduction through MF membranes modified with 

cationic polymers for drinking water applications. Chapter 3 is the first 
experimental chapter where the antiviral efficiency and performance of a gravity-
fed, PEI modified MF membrane was investigated. Though we had made 
significant improvements to the abilities of the pristine membrane, there was 
still!room!for!improvement.!As!the!membrane s!stability!was!not!optimal!and!

the antiviral activity was not at its highest, though, notable for a gravity-fed 
MF filtration system. 

Improvements needed to be made, and hence, Chapter 4 allowed us to explore 
the antiviral possibilities that nanotechnology had to offer. The influence of 

capping agents on the antiviral activity of silver nanoparticles was the title of 
this chapter. In this part of the research, we explored the effects of different 
stabilising/capping agents on the antiviral activity of metallic nanoparticles of 
silver. The best performing capping agent was then used to stabilise copper 
nanoparticles, and comparative study was undertaken to determine if copper 
was a suitable alternative to the more expensive silver. With the information 
gathered from chapter 4 and need to rectify the shortcomings of Chapter 3, gave 
rise to the optimisations in Chapter 5. To have better antiviral results as well 
as improve the stability of the modified membranes. The Chapter was entitled 
Cationically modified membranes using covalent layer-by-layer assembly for 

antiviral applications in drinking water. It describes the fabrication of a 
membrane coated with polyethyleneimine which is cross-linked by 
terephthalaldehyde (TA). The coating was done using the layer-by-layer (LBL) 
technique, to improve the stability of the layer previously described in chapter 
3. The membrane was further optimised with metallic nanoparticles chosen in 
Chapter 4 and its antiviral efficiency and performance evaluated. 

With the experimental work completed a discussion of all the relevant results 
and conclusions from the findings of the research chapters of this thesis was 
compiled as the General Discussion/Outlook in Chapter 6. In research, the work 
is never complete, and though this thesis is, there are still future works that 
should be carried out. This will facilitate taking the textbook knowledge 
gathered to an application. The Outlook and suggestions towards future 
scientific studies based on these findings are presented in this chapter. The final 
Chapter or Summary is an extensive overview which highlights the most 
significant core scientific findings of this thesis (Chapter 7). 
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Nowadays there is a broad range of water-related problems facing nations and 

their people globally. The problems are not limited to but include international 

disputes over water, contamination, unsustainable use of groundwater, water 

scarcity, ecological degradation, and the impending threat of global warming 

and climate change. The core of the world!s water problems, however, is the 

failure to provide the most basic water services for billions of individuals and 

the overwhelming human health burdens associated with that failure. 

As an abundant natural resource, 2.5% of water is fresh while the remaining 

97.5% are constituents in saline surface water bodies making the possible source 

for drinking water production scarce [1]. According to the world health 

organisation (WHO) over one billion people do not have access to clean drinking 

water and or lack adequate sanitation and hygiene [2]. Thus propagating 

waterborne diseases and continuous increase of morbidity and mortality rates 

associated with diseases which arise from enteric pathogens. 

Enteric pathogens are related to high health burdens throughout the world. The 

most common representatives include waterborne viruses such as hepatitis E 

viruses [3]"[6], noroviruses [6]"[8], and rotaviruses [8], [9] [10] causing large 

outbreaks [11]. Acute viral gastroenteritis (AGE) for example is a significant 

health concern which is associated with high annual mortality rates, particularly 

in young children [12]. Rotavirus happens to be one of the leading causes, though 

new vaccines have significantly reduced the disease, it still possesses a threat 

worldwide. Over 1.4 billion episodes of AGE worldwide affect children under the 

age of five (5) years old [13]. The associated annual mortality of 1.3 million 

children is the third cause of death after death during the neonatal period and 

death caused by pneumonia [14]. Of these deaths, approximately one-third, or 

450,000 are due to rotavirus (RV)-associated disease. Besides rotavirus, other 

frequent viral causes of AGE as previously mentioned are norovirus, enteric 

adenoviruses, enteroviruses, astroviruses, and coronaviruses which detected more 

rarely [15]. 

Efforts to alleviate some of the burdens caused by these waterborne pathogens 

should include treatment processes capable of handling a broad array of 

pathogens. Conventional methods of water treatment consist of the following 

unit processes: coagulation, flocculation, clarification, and filtration, and is 

usually followed by disinfection at full-scale [16]. Pre-oxidation or concurrent 

oxidation precede conventional treatment in most instances. Oxidants common 

to traditional treatment are chlorine, chloramine, chlorine dioxide or 



 

permanganate. There is a high dependence on chemical disinfectants worldwide 

as these powerful chemical oxidants inactivate most viruses. However chemical 

disinfectants produce potentially regulated toxic disinfectant by-products 

(DBP!s), like bromate, trihalomethanes, and chlorite. These by-products can 

pose significant health risks, as well as there are associated problems with the 

resulting taste and odour of the treated water [17], [18]. In an attempt to control 

the formation DBPs, some facilities are moving towards mono-chloramine, which 

are formed by the combination of excess ammonia, chlorine, and UV radiation. 

However, this mode of action is not without consequences as some viruses such 

as adenoviruses though susceptible to free chlorine, remain highly resistant to 

both mono-chloramine and UV irradiation [19]. Like free chlorine, chlorine, 

chlorine dioxide, and ozone are all regarded as effective chemical disinfectants 

and suitable alternatives as they too are strong oxidants, which are capable of 

controlling viruses. However, they also produce DBP!s, as well as they, have 

operational challenges and need to be generated on site [16]. Occasionally 

membrane processes, either membrane filtration or ultrafiltration, accompany 

conventional treatment [20]. Polymers due to their non-toxic and non-irritant 

properties, with improved and prolonged antimicrobial action [21] could be 

considered as possible alternatives to conventional disinfectants or could be used 

to optimise systems. 

Each disinfectant has their mode of operation, and although the pathways 

accountable for bacterial inactivation and many biocides are relatively well 

understood, the viral inactivation mechanisms are different from that of bacteria 

and at times can be controversial or ambiguous [22]. The inactivation of bacteria 

is due to the attacking of bacterial cell walls and membranes versus viruses it is 

the attacking of capsid proteins and nucleic acids [23]. Each pathogenic virus is 

affected by disinfectants differently, and as such model viruses or surrogates are 

often first used to understand and study viral reductions. The surrogates are 

valuable because they share many fundamental properties and features with 

pathogenic viruses. These features include structure, composition, morphology, 

size, and site of replication [24]. A significant advantage of surrogates in 

comparison to pathogenic viruses is the fact that they are detectable by simple, 

fast and inexpensive techniques [22], [24], [25]. When used to conduct parallel 

and reproducible studies combined results of surrogates, and pathogenic viruses 

can efficiently be used to develop improved methods for combating waterborne 

pathogens [22]. 

The use of new and innovative potent and specific antiviral systems will 

potentially further aid in the mitigation or combat of waterborne infectious 



 

diseases. An alternative to conventional chemical treatment is the use of 

membrane technology. Membrane technology can remove even small enteric 

pathogens. Viruses, as well as other harmful contaminants, can be removed by 

a size exclusion process. Membrane processes can be operated with reduced or 

no chemical disinfection [26]. 

Ultrafiltration and reverse osmosis membranes are currently applied in industry 

and use size exclusion to remove viruses from drinking water [27]"[29]. Another 

exciting potential for the development of new antiviral systems and also 

modifiers to membranes processes are polymers. Due to the intrinsic properties 

of polymers, they have been employed extensively in many fields such as water 

treatment [30], biomedical application [31], or pharmaceutical application [32] 

to name a few. Therefore, using polymeric materials with antimicrobial 

properties (e.g., polymer/antimicrobial inorganic agents, organic agents, 

antimicrobial polymers, antimicrobial chemically modified polymers) has gained 

increasing interest from both academia and industry [21] since their discovery in 

1965 [33]. Antimicrobial polymers, therefore offer a promising antimicrobial 

strategy for combatting pathogens. Compared to smaller molecular counterparts, 

polymers with antimicrobial capabilities have demonstrated superior efficacy, 

with reduced toxicity, as well as minimised potential environmental problems 

and with higher resistance [30]. 

Antimicrobial polymers can be used to help and improve the quality of life of 

millions of people in both developed and developing countries especially those 

with limited resources. Antimicrobial polymers present a broad range of 

possibilities in several areas of application like water purification amongst others. 

These polymers can treat a wide range microorganisms and viruses which makes 

them ideal for improving water purification systems and sanitation. Bridging the 

gap between laboratory science and real-life situations, as using antimicrobial 

polymeric multi-barrier combination systems are more than just innovative 

treatment ideas. Though most of the research has been intrinsically focused on 

cationic polymers, which are straightforward and synthetically flexible, progress 

can be concentrated on how to utilise them to benefit people that are exposed 

to unsafe and contaminated water. This innovative idea could be of paramount 

importance for next-generation treatment development by the scientific 

community. Developing different forms of water treatment technologies that are 

easy to use anytime, anywhere, and having low cost while delivering safe 

drinking water should be the long-term goal. Using household water treatment 

and safe storage (HWTS) technologies or Point-of-use (POU) systems, as they 

are more commonly called, will help to treat contaminated water at the point of 



 

consumption. The use of polymers to optimise or modify these systems could 

potentially effect improvements in the overall well-being of humans not only 

during emergency situations, like natural disasters but also for everyday use. 

Recently, an increasing number of studies, not on polymers have been published 

on virus reduction. This systematic review was conducted to assess and extract 

the reported virus reduction values from well-designed studies on the 

inactivation and removal of enteric viruses from 1960 to 2016 by cationic 

polymers. Furthermore, possible mechanisms and potential applications were 

identified as well as knowledge gaps, and future perspectives provided.

 

 

The following questions guide this review: 

1. What are the published reports antimicrobial polymers capable of 

inactivating or reducing enteric waterborne viruses and their surrogates? 

2. What are the key characteristics and mechanisms by which these 

antimicrobial polymers work as antiviral agents? 

3. How useful are these antimicrobial polymers against waterborne viruses 

and their surrogates (regarding log reduction)? 

4. What are the other terminologies used to describe antimicrobial polymers? 

5. Can these antimicrobial polymers be coupled with other conventional 

water disinfection systems? 

A review protocol was made a priori outlining search strategy selection criteria 

and screening and data extraction forms. A team of six people with expertise in 

drinking water safety, membrane science and nanotechnology, polymer 

chemistry, virology, public health, risk assessment, knowledge guided the 

analysis, synthesis and systematic review methodology. 

 

A comprehensive search algorithm was created. Key search terms were obtained 

from titles and abstracts of publications which addressed antimicrobial polymers 

(Tiller et al., Haldar and Klibanov). Terms were combined into relevant 

categories (viruses, polymers, and water treatment processes) using Boolean 

logic operators. The search algorithm was tested first in science direct, and later 



 

SCOPUS and a final algorithm were selected, that retrieved the highest quantity 

of all known relevant publications. 

The search algorithm was implemented into the bibliographic database on 

October 08 and 14, 2016, and November 4, 2016, with an updated search on 

December 16, 2016: SCOPUS. By way of example the final algorithm as 

implemented only in SCOPUS was as follows: 

(((TITLE-ABS-KEY(enterovir* OR entero-vir* OR rotavir* OR rota-vir* OR 

adenovir* OR adeno-vir* OR norovir* OR noro-vir* OR norwalk-vir* OR 

poliomeyelitis* OR poliovir* OR polio-vir* OR calicivir* OR calici-vir* OR 

hepatitis-a-vir* OR hepatitis-e-vir* OR astrovir* OR astro-vir* OR 

coxsackievir* OR coxsackie-vir* OR echovir* OR echo-vir* OR reovir* OR reo-

vir* OR parvovir* OR parvo-vir* OR coronavir* OR corona-vir* OR influenza)) 

OR (TITLE-ABS-KEY(ms2 OR ms-2 OR qbeta OR q-beta OR phix174 OR phi-

x174 OR bacteriophage OR phage))) AND (TITLE-ABS-KEY(*cation*-coating 

OR *cation*-polymer OR polymeric-biocid* OR *cation*-biocid* OR positive-

polymer OR positively-charged-polymer OR hydrophobic-polymer OR 

hydrophobic-*cation* OR polycation*))) AND NOT (TITLE-ABS-KEY (gene-

therapy OR vector OR tumor OR oncolytic OR transfection OR transduction 

OR vaccine)); other database-specific algorithms are reported in the Appendix 

A, Ref A.1. To not miss relevant publications, additional searches of different 

forms of polymers and known specific polymers were conducted on October 14, 

2016. A grey literature source was also searched using a combination of key 

search terms: Google September to December of 2016. These searches had no 

restrictions on dates, and for practical reasons, the Google search was limited to 

the first 50 hits. All grey literature searches were updated December 16, 2016. 

For search verification, the reference list of key publications [21], [33]"[35] was 

also searched to identify further reports. 

 

Screening of publication titles and abstracts performed by two independent 

reviewers using a form that was developed a priori (Appendix A, Table A.2) and 

created on detailed inclusion/exclusion criteria (Table 2.1). The form was 

pretested by both reviewers on a sample of 10 abstracts before use in full 

screening. Screening proceeded when the kappa measure of agreement between 

reviewers was >0.9. Any reviewer disagreements were resolved by discussion until 

a consensus was achieved. The screening form was used to evaluate the relevance 

of first titles and later abstracts of all identified publications according to one 

fundamental question: #What are the published reports of antimicrobial 



 

polymers capable of inactivating or reducing pathogenic microorganisms between 

1960 and 2016?$ 

 

One reviewer conducted data extraction independently of full publications. Both 

reviewers tested the extraction form (Appendix A, Table A.2) before use of the 

initial relevant publications and reviewers disagreements were resolved by 

discussion until a consensus was achieved. The form contained several questions 

about the polymers, type of polymer (cationic, zwitterionic, or other.), 

terminologies used to describe the polymer (the different names used to describe 

the polymer or polymer-like materials with antimicrobial activity). As well as, 

the type of microorganism or virus it had antimicrobial activity on (viruses, 

bacteria, protozoa or fungi), the degree of activity which the polymer possessed 

(log reductions). Other organisms are included in some publications compared 

viral reduction to microorganism reductions. Publications were excluded if 

insufficient information was provided to identify antimicrobial polymers based 

on supplementary Table A.1 in the Appendix A. Other data that was captured 

from the publications included if the polymers were used alone or with another 

element and if they could be coupled with other disinfection treatments. The 

antimicrobial polymers were also classified based on the microorganism they had 

activity against (virus-antiviral, bacteria-antibacterial, fungi-antifungal) this 

was also scrutinised to compile the list of those which were not explicitly tested 

against viruses but were said or showed the potential of being deemed an 

antiviral as well.

Table 2.1: Exclusion and inclusion criteria used to select relevant polymers that 
are capable of reducing pathogenic microorganisms between 1960 and 2016. 

 Inclusion criteria Exclusion criteria  

Language: English  Any other languages 

disinfection type: Pathogenic 

microorganisms  

Viruses that are not enteric or 

waterborne 

Polymer type: Polymers which 

demonstrated 

antimicrobial activity or 

potential.  

Polymers without antimicrobial 

activity or potential  

Period  1960-Present Pre -1960 



 

 

Publications identified using the search were introduced into a web-based 

reference management program, Mendeley (Mendeley: Free reference manager 

and Portable document reader (PDF) organiser), duplicates were removed. 

Citations were then exported to an Excel spreadsheet for review (Microsoft 

Excel, 2010).The data were summarised using descriptive tables, bar and pie 

charts. These charts were used to represent cross-tabulation data graphically. 

Pie charts were created for organisms used to assess the antimicrobial efficiencies 

of the various polymers as well as the distribution of polymers evaluated for 

their antimicrobial activity. These variables were chosen to explore the 

relationship based on the findings of previous research the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for 

systematic reviews guidelines were followed in reporting the methods and results 

of this review [36]. 

 

 

A total of 96 publications were identified by searching the SCOPUS scientific 

database, and 70 were excluded after screening the titles and the abstracts 

(Figure 2.1). From the remaining 26 publications, 16 were discarded after 

assessing the full text. Ten publications met the inclusion criteria; the papers 

were published between the years 2004-2016. Appendix A Ref A.1 shows the 

search strategy for all publications and potential publications of polymers that 

possess antimicrobial activities. A few papers have been published on the topic, 

but the topic seems to be trending since publications were relatively recent and 

none were found before 2004. In Figure 2.2, the frequency distribution of the 

microorganisms and viruses that have been used to evaluate the antimicrobial 

activity of polymer is shown. All publications were assessed and are presented 

in  

Table 2.2 and Table 2.3. The extracted data were analysed as shown in Figure 

2.3, Figure 2.4, and Figure 2.5. See also Appendix A in its entirety. 



 

 
Figure 2.1: PRISMA flowchart " overview of the systematic search and selection of publications. 
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bacteriophage reductions (2/10, 9%) and all ten assessed bacterial reductions 

(10/10, 48%). 

 
Figure 2.2: Frequency distribution of pathogens studied in included publications. 

A further breakdown of the pathogens that were analysed (Figure 2.2) showed 

three human pathogenic viruses with Influenza virus is the most common (7/10), 

while rotavirus (1/10) and poliovirus (1/10) were investigated in one study. 

There were two faecal bacteria studied, i.e., Escherichia coli (E. coli) (6/10) and 

Staphylococcus aureus (S. Aureus) (4/10). Furthermore, a limited number of 

bacteriophages have been investigated, MS2 (1/10) and PRD1 (1/10) were 

studied as surrogates for their enteric counterparts. 

Three publications were selected on various non-enveloped viruses or their viral 

surrogates (poliovirus, rotavirus, MS2, and PRDI). Influenza virus was the only 

enveloped virus. No publications were comparing the effects of positively charged 

polymers on both enveloped and non-enveloped viruses; there were comparisons 



 

however of viruses with both gram-negative and gram-positive bacteria and (E. 

coli and S. Aureus respectively). 

Single strains were studied on the non-enveloped viruses (poliovirus, (ATCC 

VR-1562) and rotavirus, (ATCC VR-2018)) and bacteriophage (MS2, (ATCC 

15597-B1)), while the PRD1 strain was not specified. Whilst five different 

enveloped influenza virus strains both avian wild-types and human types 

(influenza virus, (A/WSN/33 (H1N1), A/Victoria/3/75 (H3N2), A/PR8/34 

(H1N1), A/Turkey/MN/833/70 (H4N2), A/Wuhan/359/95 (H3N2)) were 

studied, two of the five strains had modifications to incur resistance to specific 

antivirals. 

In two publications, next to the A/Turkey/MN833/80 (H4N2) wild-type and 

the A/Wuhan/359/95 (H3N2) like wild-type, neuraminidase inhibitor-resistant 

variants where used. These variants carried mutations in the neuraminidase; 

three variants of the A/Turkey/MN833/80 (H4N2) containing the following 

mutations Glu119Asp, Glu119Gly, and Arg292Lys and one variant of 

A/Wuhan/359/95 (H3N2) carrying the following mutation Glu119Val [37], [38]. 

 

 
Figure 2.3: Frequency distribution of polymers used as potential antimicrobial agents 
in included publications. 
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Limited studies have been performed to estimate the viral reduction capabilities 

of positive polymers. The ten publications yielded three main polymers as shown 

in Figure 2.3 above, the first polyhexmethylene guanidine hydrochloride 

(PHMG) both high and low molecular weights (1/10). The second, water-soluble 

pyridinium polyvinylpyrrolidones (P4VP) (1/10). Lastly, the majority of the 

publications for this review were different forms of one particular positively 

charged polymer, polyethyleneimine (PEI) (8/10). There were three distinct 

variations of the polymer studied, of the eight publications, (5/8) were on N-N 

dodecyl methyl PEI, (2/8) N-N-hexyl, methyl PEI and the final (1/8) N, N-

dimethylhexdecylamine PEI and dendrimer being the third and last form 

analysed. 

 

The publications outlined several approaches evaluating the antimicrobial 

capability of the studied polymer and its derivatives. From the ten publications, 

there were several ways of attaching these polymers to different surfaces, e.g., 

silicon, glass, to evaluate their antiviral activity or polymers were studied in 

suspension. One study describes the use of the polymer in a cylinder unit of a 

water purification system (1/10) [39]. Contaminated test water was allowed to 

pass through the system and samples collected for estimating its reducing 

efficiency. In two publications, polymers were used only in solution (2/10) [35], 

[40], by incorporating or mixing the virus directly with the polymer under 

specific conditions and after specified times the viruses were enumerated. In one 

publication a more sophisticated technique was used, i.e., layer-by-layer (LBL) 

assembled on silicon substrates (1/10) [41]. A total of seven publications (7/10) 

however, painted or coated the different surface materials with the polymers, 

this was the most common mode of employment. Various methods were 

described, the polymer was painted, dip-coated or mechanically sprayed onto 

the glass, polypropylene, polyethylene, polystyrene surfaces or other substrates 

like silicon. Attachment to the glass slide was also achieved by atmospheric-

pressure plasma liquid deposition [35]. Two (2/10) publications outlined multiple 

ways of attachment, not only was the polymer used to coat substrates, but it 

was also grafted onto the surfaces of dendrimers [42], or used in solution [40], 

[41] for comparison. 

 

The primary method of virus detection was by plaque assay, quantifying the 

infectious particles. Variations in the plaque assay technique were observed 

between the publications. In seven (7/10) publications the initial volume of virus 



 

tested and later diluted with various buffers and media, to make the dilutions 

series was 10 µL [37], [38], [40], [41], [43]"[45]. From these seven publications 

(6/7) studied influenza virus while in the other (1/7) rotavirus and poliovirus 

were studied. 

Different virus stock volumes were used to spike. One (1/10 ) publication applied 

1 mL of MS2 to spike the feed water for use in a purifier [39]. While in a second 

publication, (1/10) which treated PRD1 1 mL of the virus was then directly was 

mixed with glass powder [42]. In the second experiment from the same 

publication, a volume of 20 mL of the virus was used as a reservoir in which 

coated slides were submerged. A third publication did not describe the initial 

volume or titer of the virus used in their experiments [34]. Moreover, in that 

publication, it was said that 2 mL media containing influenza virus was directly 

incubated with the polymer in solution, the quantity was not specified explicitly 

[34]. 

The concentrations of the influenza viruses in the feed waters ranged from 105 

to 108 plaque forming units (PFU)/mL except for one publication where the 

starting concentration was not specified [35]. MS2 had a starting concentration 

of 104 PFU/mL similar to poliovirus whereas rotavirus had a starting 

concentration of 103 PFU/mL. 

 

It is, difficult to assess comparatively the antimicrobial activity of the polymers 

from the selected publications. Since there are several differences in the 

parameters/ 

conditions such as volumes, times and temperatures at which the experiments 

were carried out, for instance, there was no clear proportionality of the change 

in parameters to the reductions. Interestingly, there was no consideration of the 

difference in the time allocated for resistant strains of viruses as the experiments 

were the same regardless of the virus strains used. It is also not clear if the 

volumes of viruses used had any implication on the activity of the polymer over 

a particular time. 

For each publication, there were specific requirements for the individual 

experiments, such as temperature and pH, which can majorly influence virus 

reduction. However, there was a general lack of data for experimental conditions 

or parameters, making it impossible to make a general statement about it. For 

instance, although the temperature was noted in all ten included publications, 

only one (1/10) publication stated the temperature explicitly during conduction 

of the experiment (37°C) [35]. The remaining nine publications reported that 



 

the experiments were carried out at room temperature. Interestingly, there was 

neither reference temperature noted nor definition for room temperature 

described in these publications. Furthermore, none of the studies investigated 

the effect of temperature on virus reduction, while the temperature is an essential 

parameter for inactivation of viruses [46]. Moreover, none of the studies discussed 

the pH during the experiments or whether it has any impact on their findings. 

A parameter that was examined however was contact, exposure or retention 

time of the polymer with the viruses; this can be seen in Figure 2.4 and Figure 

2.5. The contact times ranged from as little as one minute to as high as 24 hours 

and detailed in  

Table 2.2. Four (4/10) publications assessed the polymers over 30 minutes [40], 

[41], [44], [45], two (2/10) publications did so for 5 minutes [37], [38], and an 

individual (1/10) publications used 10 minutes [43], 2 hours [35] and 24 [42]. 

Despite, no clear correlation between the contact time and virus reduction 

emerged comparing the studies. However, one (1/10) publication demonstrated 

that there is a proportional and direct relationship between parameters and the 

titer reduction [42]. With the increase in time, surface area and concentration of 

the polymer, there was also an increase in titer reduction. Another(1/10), 

publication investigated several contact times 1, 5, 10 and 30 minutes [39]. 

Remarkably there was no noticeable effect of time on the activity of the polymer 

investigated. 

Gelman et al. analysed a range of time in their publication, going into detail 

about the 24-hour incubation. There was an incubation for various time periods 

(1, 5 and 24 hours) also a different experiment in which the slide was removed 

after the 5-hour incubation, and replaced with a fresh slide, and another 5-hour 

incubation, so 10 hours in total. There was also 1-hour incubation with slides of 

different sizes and different concentrations of PEI-glass powder. The 

experimental procedure was consistent with the one outlined in the publication, 

except the volume of the solution used, which was reduced to 1 mL. 

 



 

Table 2.2: Overview of experimental conditions (e.g. virus, polymer, volume, temperature, exposure time) and log10 titre reductions described in 
the ten included publications. 

 Microbial treated Strain Polymer 
Initial volume 

tested 
Procedure Temperature 

Contact 

time 

Titre (log
10
) 

reduction 
Reference 

1 MS2 ATCC 15597-B1 Polyhexamethylene guanidine 

hydrochloride (PHMG) 

1 mL Membrane 

filtration -grab 

samples assayed 

by double 

overlay method 

of Adams 

Unknown 1 min 1.7, 2.0 Aviv et al. 

2016 
5 min 1.6, 2.5 

10 min 1.7, 2.8 

30 min 1.9, 2.7 

2 Poliovirus 

Rotavirus 

ATCC VR-1562 

ATCC VR-2018 

N,N-hexyl,methyl-PEI and 

N,N-dodecyl,methyl-PEI 

10 µL Glass slide 

plaque assay 

Room 

temperature 

30 min >0.25 Larson et al. 

2011 

3 Influenza virus 

Influenza virus (human path.) 

Influenza virus (avian/wild type) 

Influenza virus (mutant 

zanamivir resist.) 

WSN A/WSN/33 (H1N1) 

PR8/8/34 (H1N1) 

Turkey/MN/833/80 

(H4N2, TurkWt) 

Turkey/MN/833/80 

(H4N2, TurkMu) 

N,N-dodecyl,methyl PEI 10 µL Glass slide 

plaque assay 

Room 

temperature 

5 min 4 Hsu et al., 

2011 6 

<4 

4 

 



Table 2.2 (cont.): Overview of experimental conditions (e.g. virus, polymer, volume, temperature, exposure time) and log10 titre reductions described 
in the ten included publications. 

 Microbial treated Strain Polymer 
Initial volume 

tested 
Procedure Temperature 

Contact 

time 

Titre 

(log10) 

reduction 

Reference 

4 waterborne influenza A viruses A/Wuhan/359/95 (H3N2) 

A/Turkey/MN/833/80 

(H4N2) 

A/Turkey/MN/833/80 

(Glu1 19Asp) 

A/Turkey/MN/833/80 

(Glu1 19Gly) 

A/Wuhan/359/95 (Glu1 

19Val) 

N,N-dodecyl,methyl PEI 10 µL Glass slide 

plaque assay 

Room 

temperature 

5 min >3.5 Haldar et al., 

2008 >4.5 

>5.1 

>4.0 

>3.9 

A/Turkey/MN/833/80 

(Arg292Lys) 

>4.2 

5 Influenza virus WSN A/WSN/33 (H1N1) N,N-dodecyl,methyl PEI 10 µL Glass slide 

plaque assay 

Room 

temperature 

30 min >2.8-4.6 Haldar et. al., 

2007 Victoria A/Victoria/3/75 

(H3N2) 

>3.2 



 

Table 2.2 (cont.): Overview of experimental conditions (e.g. virus, polymer, volume, temperature, exposure time) and log10 titre reductions described 
in the ten included publications. 

 Microbial treated Strain Polymer 
Initial volume 

tested 
Procedure Temperature 

Contact 

time 

Titre 

(log10) 

reduction 

Reference 

6 PRD1 (model adenovirus) Unknown N, N-dimethyl hexadecyl 

amine PEI and dendrimer 

20 mL Immersion of 

slide in virus 

solution while 

shaking followed 

by plaque assay 

Room 

temperature 

24 h <0.6 (PEI) Gelman et al., 

2004 

    1 mL Virus incubated 

with glass 

powder while 

shaking followed 

by plaque assay 

  <1.2 

(dendrimer) 

 

7 Human Influenza virus A/PR/8/34 (H1N1) N, N-hexyl,methyl-PEI 

(HMPEI) 

10 µL Glass slide 

plaque assay 

Room 

temperature 

10 min 4.3-4.5 Liu et al., 

2014 

8 Influenza virus A/PR8/8/34 P4VP, poly(4VP-co-NVP) 

and Poly(BVPC-co-NVP) 

2 mL Virus incubated 

with the polymer 

in PBS buffer 

followed by 

agarose overlay 

plaque assay. 

37 °C 2 h <2 Xue et al., 

2015 



 

 

Table 2.2 (cont.): Overview of experimental conditions (e.g. virus, polymer, volume, temperature, exposure time) and log10 titre reductions described 
in the ten included publications. 

 Microbial treated Strain Polymer 
Initial volume 

tested 
Procedure Temperature 

Contact 

time 

Titre 

(log10) 

reduction 

Reference 

9 Influenza virus 

 

A/WSN/33 (H1N1) 

 

N, N-dodecyl, methyl PEI 

(DMLPEI) 

10 µL Glass slide 

plaque assay 

Room 

temperature 

30 min 0.4-3.2 Wong et al., 

2010 

10 Influenza virus A/WSN/33 (H1N1) 

 

N, N dodecyl, methyl PEI 10 µL Glass slide 

plaque assay 

Room 

temperature 

30 min > 4 Haldar et al., 

2006 

A/Victoria/3/75 (H3N2) 



 

 

Virus reductions are determined by the persistence of the viruses when subjected 

to different conditions and stimulus. The structure of the virus also depicts how 

persistent the virus is to different stimuli. Some viruses having an envelope 

include influenza viruses; other viruses without envelope include poliovirus, 

rotavirus, MS2 and PRD1 viruses. Table 2.3 represents log10-units reductions of 

enveloped and non-enveloped viruses, respectively. 

Eight (8/10) publications assessed the antimicrobial activity of several forms of 

PEI against both enveloped and non-enveloped viruses [37], [38], [40]"[45]. In six 

publications, higher than 4 log10-units (99.99%) or complete reduction of the 

viruses treated was reported. While one publication reported over 1 log10-units 

(98%) reduction of one type of influenza virus tested [44], another reported less 

than 1 log10-units (72-77%) when immobilised and (82-93%) when attached to 

the surface of a dendrimer [42]. Lastly, Wong et al. [41] reported 62-100% 

efficiency in reduction starting from a concentration 5 log10-units. These 

reductions were dependent on the number of layers of the polymer, which was 

used during the experiment. 

One (1/10) publication evaluated the effect PHMG had on MS2, a non-

enveloped virus surrogate [39]. The authors of the publication reported an 

average 3-4 log10-units reduction of the virus that was achieved by the 

polyethylene glycol (PEG) and PHMG. PEG/PHMG cylinder units that were 

placed in purifiers without the cylinder units. 

Another (1/10) publication investigated the activity of P4VPs on influenza 

virus, an enveloped virus [35]. There were two forms of the polymer employed 

poly (BVPC-co-NVP) and poly (BVPB-co-NVP) which yielded 93.3% and 

95.6% virucidal efficiencies respectively starting from an unknown titre 

according to the authors. 

Feasibly, there was no one-way to report the virus reductions by the polymers; 

either in percentages or log reductions and some instances both. However, the 

use of #complete reduction$ or #100% reduction$ seemed to exaggerate the 

potency of the polymers. Even when the feed waters start at viral concentrations 

as low as 1 log10, the reduction is quantified as log10 reduction where no viruses 

are detected in the filtrate. In some publications, an ideal view of the results was 

presented, due to not having a relative standard or control or not mentioning 

the titer in the feed. Nevertheless, on closer inspection, several discrepancies 

were identified. 



 

In some instances, publications which reported 100% or complete reduction were 

describing a 1 log10-units reduction or less [41], [45]. Several recalculations had 

to be performed and presented in the Tables and Figures below; the original 

data are in the Appendix A Table A.4. The results were shown, in limited cases 

were based on overall reductions and not the reduction in comparison to the 

control samples (uncoated slides, purifier without cylinder or solution without 

virus). A total of four publications did not do the calculations on the control 

[38]"[40], [42], and hence, the reported reduction in the absolute value is not 

comparable to a reference. On the other hand, five publications made the 

comparison to the control and hence the authors reported relative reductions to 

the control or initial spike. Three of these publications showed the relative 

reduction [37], [41], [43], [44], however the fourth [40], though there was a 

comparison to the controls, there were discrepancies between the control data. 

The fifth publication claimed higher log10-units reduction than what was 

reported in percentage reduction [44]. 

The two publications [40], [44], seemed to have used the same strain of influenza 

virus with exact concentration though having a one-year difference in 

publication. The results reported had some discrepancies in that they both 

neglected the titer reduction by the control and hence reported higher 

reductions, even though they stated that it was in comparison to control 

experiments. 

The final publication [35], there was no initial titer of the virus that was given, 

and hence there was only a comparison of the virucidal activity of the two forms 

of the polymer, without any mention of the starting concentration or control. 

Therefore it is difficult to make a definite conclusion about the values reported 

in this publication. 

 



 

 

Figure 2.4: Log10 reductions of non-enveloped viruses by polyhexamethylene guanidine or polyethyleneimine in respect of time. For 
better visuals, when multiple or a range reductions by the same polymer on a specific strain of virus are reported, it is shown as 
stacked bars. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Dendrimer

Contact time 1 minute 5 minutes 10 minutes 30 minutes 30 minutes 24 hours

Virus MS2 Poliovirus Rotavirus PRD1 (model adenovirus)

Polymer Polyhexamethylene guanidine hydrocloride (PHMG) N,N-hexyl,methyl-PEI and N,N-

dodecyl,methyl-PEI

N,N dimethylhexadecylamine

PEI and dendrimer

L
o

g
1

0
R

e
d

u
c

ti
o

n



 

Figure 2.5: Log10 reductions of enveloped (influenza) viruses by polyethyleneimine or pyridinium-type 
polyvinylpyrrolidones in respect of time. For better visuals, when multiple or a range reductions by the same polymer 
on a specific strain of virus are reported, it is shown as stacked bars. 
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Table 2.3: Overview of extracted data (e.g. polymer and mode of employment, virus) and reductions (percentage and log10 reductions) 
described in the ten included publications. 

No. Polymer Mode of employment Virus Strain 

Initial stock 

concentration 
Reduction Reference 

(PFU/mL) Percentage (%) 
Log10 

reductions 

(logs10) 

 

1 Polyhexamethylene 

guanidine hydrochloride 

(PHMG) (low and high 

molecular weight) 

immobilized unit 

(immobilized initiator in 

membrane unit) 

MS2 ATCC 15597-B1 1x104 90-99 1.6- 2.7 (based 

on Mw) 

Aviv et 

al. 2016 

2 N,N-hexyl,methyl-PEI and 

N,N-dodecyl,methyl-PEI 

immobilized on glass 

slides (hyper branched 

polymer, 

painting/coating)  

Poliovirus ATCC VR-1562 2.2±0.9x104 

1.0±0.5x103 

100 (complete 

reduction) 

1 Larson 

et. al. 

2011 

Rotavirus ATCC VR-2018 5.1±0.8x103 >0.25 

3 N,N-dodecyl,methyl PEI immobilized on glass 

slides (hyper branched 

polymer, 

painting/coating)  

Influenza virus WSN 4.5±0.6x106 complete 

reduction 

4 Hsu et. 

al, 2011 

Influenza virus 

(human path.) 

PR8 1.3±0.5x108 6 

Influenza virus 

(avian/wild type) 

TurkWt 1.0±0.1x106 <4 

Influenza virus 

(mutant zanamivir 

resist.) 

TurkMu 4.3±0.6x106 4 



 

Table 2.3 (cont.): Overview of extracted data (e.g. polymer and mode of employment, virus) and reductions (percentage and log10 reductions) 
described in the ten included publications. 

No. Polymer Mode of employment Virus Strain 

Initial stock 

concentration 
Reduction Reference 

(PFU/mL) 
Percentage 

(%) 

Log10 

reductions 

(logs10) 

 

4 N,N-dodecyl,methyl PEI immobilized on glass 

slides (hyper branched 

polymer, 

painting/coating) 

waterborne 

influenza A virus 

A/Wuhan/359/95 (H3N2) 4.8±0.5x105 100 (complete 

reduction) 

>3.5  Haldar 

et. al., 

2008  

A/Turkey/MN/833/80 

(H4N2) 

6.1±1.1x106 100 (complete 

reduction) 

>4.5  

A/Turkey/MN/833/80 

(Glu1 19Asp) 

2.7±0.6x107 100 (complete 

reduction) 

>5.1  

A/Turkey/MN/833/80 

(Glu1 19Gly) 

1.7±0.6x106 100 (complete 

reduction) 

>4.0 

A/Wuhan/359/95 (Glu1 

19Val) 

1.2±0.6x106 100 (complete 

reduction) 

>3.9 

A/Turkey/MN/833/80 

(Arg292Lys) 

2.9±0.3x106 100 (complete 

reduction) 

>4.2 

 



 

Table 2.3 (cont.): Overview of extracted data (e.g. polymer and mode of employment, virus) and reductions (percentage and log10 reductions) 
described in the ten included publications. 

No. Polymer Mode of employment Virus Strain 

Initial stock 

concentration 
Reduction Reference 

(PFU/mL) 
Percentage 

(%) 

Log10 

reductions 

(logs10) 

 

5 N,N-dodecyl,methyl PEI immobilized on glass 

slides (hyper branched 

polymer, 

painting/coating) 

Influenza virus WSN 1.6±0.3x105 

6.6±1x106 

100 >2.8-4.6  Haldar 

et. al., 

2007 Victoria 1.2±0.4x 106 

6 N, N dimethylhexadecylamine 

PEI and dendrimer  

immobilized on a glass 

slide and glass powder 

(particles grafted with 

polymer) 

PRD1  

(model adenovirus) 

Unknown 2.0x106 72- 77 (PEI) 

82-

93(dendrimer) 

<0.6 

(PEI)<1.2 

(dendrimer) 

Gelman 

et. al., 

2004 

7 N,N-hexyl,methyl-PEI 

(HMPEI) 

immobilized on soda 

lime glass slides (plasma 

polymerization)  

Human Influenza 

virus 

A/PR/8/34 (H1N1) 1x108 >99.99 4.3-4.5 Liu et. 

al., 2014 

 



Table 2.3 (cont.): Overview of extracted data (e.g. polymer and mode of employment, virus) and reductions (percentage and log10 reductions) 
described in the ten included publications. 

No. Polymer Mode of employment Virus Strain 

Initial stock 

concentration 
Reduction Reference 

(PFU/mL) Percentage (%) 

Log10 

reductions 

(logs10) 

 

8 P4VP, poly(4VP-co-NVP) 

and Poly(BVPC-co-NVP) 

In solution  Influenza virus A/PR8/8/34 Unknown 93.3 - 95.6 <2  Xue et. 

al., 2015  

9 N,N-dodecyl, methyl PEI 

(DMLPEI) 

solution, layer-by-layer  Influenza virus A/WSN/33 (H1N1) 1.6x105 62-100 0.4-3.2  Wong et. 

al., 2010 

10 N, N dodecyl, methyl PEI immobilized (hyper 

branched polymer, 

painting/coating) and in 

solution  

Influenza virus A/WSN/33 (H1N1) 1.6±0.3 x105 100 efficiency > 4  Haldar 

et. al., 

2006 

A/Victoria/3/75 (H3N2) 1.2±0.4x106 

 



 

Furthermore, looking at each polymer individually, PHMG was used with both 

high and low molecular weights [39]. It was used against MS2 bacteriophages in 

one publication and had 2-2.8 log10-units reductions with high molecular weight 

and 1.6-1.9 log10-units reduction with low molecular weight. These reductions 

were achieved over a range of exposure times 1, 5, 10 and 30 minutes. 

Interestingly there was a linear increase in reduction with time for the high 

molecular weight, however, between 1 and 5 minutes for the low molecular 

weight, there was a 0.1 log10-units decrease. There was then a linear increase 

after that for 5, 10 and 30 minutes. Additionally, there was a slight difference 

between the high and low molecular weights over the time range. Though, only 

small deviations in the removal efficiencies were observed over the time range 

for either molecular weight. PHMG was not used against any other viruses, so 

there is no data on different virus types. The authors, however, reported a 3-4 

log10-units reduction or higher in several instances throughout the publication, 

but with no reference to time. 

Pyridinium-type copolymers poly (4VP-co-NVP) and poly (BVPC-co-NVP), 

was the second of three polymers that were used in one of the ten final 

publications [35], it was used to treat influenza virus. There was less than a 2 

log10-units (99%) reduction of influenza after a 2 hour exposure time. The 

authors state that poly (4VP-co-NVP) gave a 93.3 % virucidal efficiency while 

Poly (BVPC-co-NVP) delivered a 95.6% virucidal efficiency relative to an 

unknown initial titre. The publication also demonstrated that there was a linear 

increase in reduction when the concentration of the polymer was increased over 

the range 5, 25, and 50 ppm. There was a slight but insignificant difference 

between the virucidal efficiency of the different form of the polymer. Since the 

polymer was only used to treat influenza virus, there is no indication what it 

can do to other virus types. There was also no time dependence study carried 

out with this polymer. 

PEI was the only polymer that has been investigated both against enveloped 

and non-enveloped viruses. PEI was examined against influenza virus of different 

strains over a range of times, which can be seen in  

Table 2.2 and Table 2.3 as well as Figure 2.4 and Figure 2.5. These studies were 

demonstrated in several publications as mentioned above; there was a maximum 

of 6 log10 after 5 minutes achieved when this polymer was employed to treat the 

virus. As it relates to time, in 5 minutes, PEI was able to reach anywhere from 

a 3.9-6 log10-units reduction in influenza virus. There was, however, no increase 

in reduction but a slight decrease, when there was an increase in the time, like 

10 minutes afforded approximately 4-4.5 log10-units reduction, while 30 minutes 



 

demonstrated as low as 0.4 log10 reductions and a high of 4.6 log10-units 

reductions. It was also used to treat the adenovirus indicator bacteriophage 

PRD1 as well as enteric viruses! poliovirus and rotavirus. The reductions were 

less for the more stable non-enveloped viruses. After 30 minutes of contact, less 

than 1 log10-units reduction was achieved against rotavirus (0.25 log10-units) and 

approximately 1 log10-units against poliovirus. These values were calculated 

based on relative reductions to the control experiment, contrary to that reported 

by the authors of the publication. Both of the non-enveloped enteric viruses were 

treated with PEI in the same publication. The authors described these reductions 

as #quick and efficient disinfection of aqueous solutions of (non-enveloped) 

poliovirus and rotavirus.$ The publication further went on to say that there was 

a 100% virucidal activity exhibited by the polymer against poliovirus on all the 

surfaces it was used to coat. The 100% would indicate that there was a complete 

reduction of the starting concentrations (see Table 2.3) which were 4 and 3 log10-

units respectively which was not accurate. They compared these results to 

controls, where there were no surfaces #no slide!! as well as uncoated surfaces # 

bare slide.$ What the authors did not do, however, was take the activity as a 

function of the efficiency of the bare slides as they also exhibited activity against 

the viruses. The benchmark was taken as #no slide$ which showed 0% or no 

log10-units reduction in virucidal activity. In the experiments for poliovirus, they 

compared the surfaces which were used as substrates for the polymer coating, 

after a 30 minute incubation time. However, yet the benchmark in this 

experiment was incubation of the poliovirus at room temperature (not explicitly 

stated) in aqueous solutions. The virucidal activity of the PEI against rotavirus 

in the same publication was examined similarly to poliovirus on different 

surfaces. Again using the same benchmark which results in a 100% (4 log10-units) 

virucidal activity of the polymer, however, from calculations this value was an 

exaggeration of the actual reduction. 

The polymer was also used to treat PRD1 and demonstrated less than 1 log10 

(0.6 log10-units) when immobilised or free and twice as much (1.2 log10-units) 

reduction when used in the dendrimer form both immobilised and free. Though 

analysed earlier in more detail about the contact times and experimental 

conditions, the authors of this publication reported up to a 4 log10-units reduction 

in the titer of the bacteriophage for both forms of the polycations used over a 

24 hour period. The 4 log10 reduction was observed when PRD1 was in a buffered 

aqueous solution of either PEI-glass or hexadecylated dendrimer-glass, in 

comparison to no powder controls. However, the titer reductions of the PRD1 

caused by a 24-hour exposure to free or glass-slide immobilised PEI and 

dendrimer in a buffered aqueous solution was  1 log10-unit (72-77%) and 0.5-1.5 



 

log10-units (82-93%) respectively. The title of the publication #drastically 

lowering the titer of waterborne bacteriophage PRD1 by exposure to 

immobilised hydrophobic polycations$, it is difficult to determine which titer 

reduction should be primarily reported. However, the authors did state #up to$ 

a 4 log10, therefore accounting for all reported titer reductions.Moreover, there 

was an apparent linear increase in reduction with an increase in the time and 

surface area of the test material as well as an increase in the concentration of 

the powder (dendrimer base). 

 

The scope of this systematic review was to determine to which extent 

antimicrobial polymers reduce enteric viruses in water and which parameters 

influence this process. 

Data presented in our review were resulting from well-designed research studies 

as determined by application of our quality assessment tools. Our analysis 

suggests that the conditions and procedures associated with the persistence of 

enteric viruses and bacteriophages are similar to bacteria. As bacteria was often 

tested in parallel to the enteric viruses or their surrogates. Additionally, the 

mode of employment and contact time of the polymers contribute to the 

reduction of enteric viruses. Furthermore, there were enteric viruses with 

resistance to a variety of antivirals that are otherwise efficacious against other 

viruses [47]. Other published reviews reported survival of different 

microorganisms and persistence of viruses on surfaces such as coatings [33], [48], 

[49]. However, no other reviews were found describing the effect of antimicrobial 

polymers on waterborne viruses to improve disinfection methods for drinking 

water provision. Nor reviews which address waterborne enteric virus reduction 

after being treated with antimicrobial polymers. Often new or combined water 

treatment processes are evaluated for their antimicrobial potential with bacteria 

only [50]"[57]. 

 

From the publications, it was clear that there were two methods of employment 

of the polymers: in solution or adsorbed on a surface. Mixing viruses with 

solutions containing organic matter, such as antimicrobial polymers are often 

used to mimic the aqueous environments to make preliminary evaluations of the 

efficacy of the polymer. Therefore it can be assumed that surfaces contaminated 

with enteric viruses will also be coated with organic matter. The polymers and 

other organic matter, in this case, would provide a protective matrix for viral 



 

pathogens and other microorganisms, thus making it difficult to eliminate them 

[58], [59]. The varied effects of the polymer content in solution presented in this 

review are, however, unknown. Though, assumptions point to the adsorption 

state of the virus on a particular surface. As when viruses are deposited on 

surfaces, they will be subjected to a vast array of factors, such as the adsorption 

ability of the material, electrostatic interactions and the characteristics of the 

solution; e.g., ionic strength [60], [61]. When a virus is outside of its host, 

adsorbed enteric viruses are more stable under environmental condition than 

unbound viruses [62]. Organic matter such as those found in the environment, 

like polymers can, therefore, compete with viruses for available adsorption sites 

due to their low isoelectric points. As a result, the adsorption ability of a 

particular virus can help in predicting its inactivation [62]. Organic material 

solutions can provide a protective environment for enteric viruses, and therefore 

it warrants further investigations. For the removal of waterborne enteric viruses, 

materials with higher adsorption capacity were demonstrated to positively 

influence virus survival compared to surfaces with lower adsorption capacity [9], 

[59]. Viruses are more likely to remain infectious if adsorbed; this is due to 

viruses being immobile and protected from environmental factors such as 

temperatures and solution characteristics like the pH or ionic strength, which 

usually would inactivate the virus [63]. 

The use of different elution buffers in the inactivation assays may also affect the 

survival rates for various surface types [64]. Recovery efficiencies may decrease 

depending on the characteristics of the eluent (e.g., pH). Though not observed 

from the publications in this review the buffer type and method of viral recovery 

used could produce different elution efficiencies [59]. 

 

Understanding the fundamental principles of the mode of action of the polymers 

plays an essential role in the elucidation of the inactivation mechanism of the 

viruses. From the publications, there were three hypothetical scenarios which 

might have occurred. 

There were difficulties, however, discriminating between the possible modes of 

action, there were as follows [35], [38], [41], [42]: 

1. The viruses collide with the polymer modified surface, where it undergoes 

an irreversible inactivation and is then returned to the bulk solution. 

2. The viruses collide with polymer modified surfaces and irreversibly adhere 

to the surface in either an infectious or non-infectious form. 



 

3. A combination of the previously described possible modes of action. 

Due to the low value of the isoelectric point and consequently negative charge 

of the viruses, they can adhere to the positively charged polymer through 

hydrophobic and electrostatic interactions. As a result of these interactions, loss 

of infectivity may occur. It should be noted that the mode of action of these 

polymers is not yet fully understood and therefore more research is needed. A 

better understanding of these inactivation mechanisms could subsequently be 

used to develop effective inactivation treatments for waterborne pathogens and 

thus reduce the burdens they cause. 

In this review influenza virus was the most investigated human pathogenic virus. 

The influenza virus is enveloped and in some instances resistant to some forms 

of conventional chemistry used for inactivation (e.g., chlorination or UV-

radiation) [65]"[68] as well to neuraminidase-inhibitors. The selected studies, 

however, showed that regardless of their resistance to neuraminidase inhibitors, 

all types of influenza virus (avian or human, water or airborne) were reduced or 

inactivated with similar efficiencies with all three polymers investigated. The 

most efficient polymer in the studies against influenza viruses was 

polyethylenimine; the mechanism of the polymer was not explicitly stated in 

any of the studies. There were two prevailing theories for the mode of action of 

the polymer; either the polymer is capable of damaging the integrity of the viral 

envelope and or the genome as well as the virus could be adsorbed to the 

polymer or a combination of both. 

The same explanations were given for virus reduction in selected publications. 

The enveloped viruses studied proved to be less resistant to cationic polymers, 

hinting at a role for the envelope making the virus more vulnerable to 

inactivation. Influenza virus, which is enveloped while other enteric viruses 

tested like rotavirus and poliovirus, are non-enveloped. In general non-enveloped 

viruses have shown greater persistence than enveloped viruses under similar 

conditions [69]"[72]. From the publications, it was demonstrated that the 

enveloped influenza virus had greater log10-units of reductions (2-6 or more log10-

units), whereas the non-enveloped viruses had lower reductions (0.25-2.8 log10-

units) treated with the same polymer. This demonstrated the difference in 

stability as well as persistence of the enveloped and non-enveloped viruses, 

against antimicrobial polymers under similar conditions. Additionally, 

enveloped are more persistent to changes in temperature and pH. Such 

experimental conditions should, therefore, be stated in technical publications 

since virus reduction is primarily determined by, e.g., temperature [46]. 



 

The genomic makeup of waterborne viruses contains deoxyribonucleic acid 

(DNA) or ribonucleic acid (RNA) which may be segmented or linear. The 

genomic composition not only co-determines its persistence with having an 

envelope or not as explained above, but it also defines efficiencies of virus 

reduction depending on the detection method used. As shown previously by 

Lodder et al. 2013 efficiencies of treatment processes with different modes of 

inactivation or removal can be determined by either culture, molecular or visual 

detection [73]. 

Since the viruses were not assessed based on either their inner or outer 

properties, it is not clear if this played a role in the inactivation capability of 

the polymer. When PEI was used to treat poliovirus and rotavirus, there was 1 

log10 or less reduction. Interestingly, though both are non-enveloped viruses, 

there is a difference in size as well as the nucleic core. The larger more robust 

70 nm double-stranded rotavirus was more resilient to the polymer than the 

smaller 30 nm single-stranded RNA poliovirus. DNA viruses are more stable 

than their RNA counters parts [22], which was demonstrated in the publications. 

Comparative analysis of the activity of the polymers against the viruses would 

have been more straightforward or more forthcoming had the viruses been 

researched based on their inner or outer properties. Assessing the antimicrobial 

activity of the polymers as was done in the publications was not incorrect as it 

was merely heuristic. However, it was challenging to analyse the actual potential 

of the polymers as it was often assessed against different classes, groups and 

types of viruses and few studies with human pathogenic viruses were found. 

Therefore, it is difficult to outline a comprehensive conclusion about the activity 

of the antimicrobial polymers used against waterborne enteric viruses in a broad 

or general manner. Simply put, there is insufficient information available to 

substantiate concrete conclusion. 

 

Routine monitoring for the detection of pathogens often are very costly and 

unrealistic, using surrogates parameters like viral indicators to predict the 

presence of pathogens in water and model their behaviour has long been 

examined. Bacteriophages are perceived to be useful surrogates for the study of 

viruses because they are safe to use, and some of them display characteristics, 

which are similar to those of pathogenic human viruses. Phages, therefore, have 

notably been used as models or surrogates for human viruses, for not only basic 

genetic research but also for water quality assessment [24]. 



 

Multifunctionality of bacteriophages, advantages and disadvantages adapted 

from Havelaar et al., 1993, Ashbolt et al., 2001 and Mesquita and Emelko, 

2012[74]"[76]. 

Advantages  

v Phages have no impact on the environment, and are nontoxic and non-

pathogenic for humans, animals or plants. 

v Phages have specific affinity to their bacterial hosts 

v Phages are reasonably similar to mammalian viral pathogens with regard 

to their size, shape morphology, modes of replication, surface properties, 

and persistence in natural environments. 

v Phages are colloidal in nature allowing them to be more adequate virus 

models than dissolved tracers. 

v Phages are relatively stable over periods of a number of months (under 

laboratory conditions). 

v The detection and enumeration of phages is rapid and inexpensive with 

low detection limits (1-2 phage per mL). 

v Phages can be prepared at high concentration and large quantities. 

v Specific phage groups bear a resemblance to specific pathogenic viral 

groups which permits the use of phage cocktails to simultaneously target 

numerous groups of concern. 

Disadvantages 

v There is no direct correlation between the number of phages and the 

viruses excreted by humans.  

v During water filtration through porous media or engineered filtration 

processes phages are able to attach, detach and reattach by physio-

chemical filtration mechanisms. 

Phages are essentially quite valuable as research tools on viruses because 

compared with human, animal, plant and even insect viruses, phages are easy 

to produce in large quantities and used in laboratories. They rapidly cultivate 

not demanding specialised equipment, space or facilities [77]. Some enteroviruses 

have in the past been evaluated for monitoring environmental waters and also 

for tracking sources of water pollution [75], [78]. However, there are several 

limitations which are apparent from these evaluations, the laboratory methods 



 

used for their detection and quantification are very time-consuming and 

expensive, require high expertise and are restricted to some enteroviruses 

subgroups. Moreover, they are not constant inhabitants of the intestinal tract, 

and are only excreted by infected individuals and minor children. Lastly, the 

virion size, surface characteristics and their resistance to external agents such 

as disinfectants vary to different degrees among subgroups [75].The fundamental 

properties of phages such as their structure and morphology consist of a nucleic 

acid molecule (genome) surrounded by a protein coat (capsid). Furthermore, 

some phages also contain lipid and other additional structures such as tails or 

spikes. These intrinsic features regarding composition, structure, and 

morphology, therefore, implies that phages share many fundamental properties 

of human pathogenic viruses [24], [25]. Bacteriophages are also estimated to be 

the most widely distributed and diverse entities in the biosphere, bacterial 

viruses can be found in all environments which are populated by bacterial hosts, 

like soil, water and the intestines of animals [75]. 

Hence, there is an apparent reason why they were also investigated in the studies 

reviewed. MS2 and PRD1 were the model viruses used in two separate 

publications against two different polymers, so it is hard to compare the activity 

of the polymer to the structure or characteristics of the surrogate virus. Previous 

studies have demonstrated that environmental conditions and sampling 

conditions affect viral infectivity. Moreover, viral infectivity is virus-specific [79]. 

Although, quick and easier to handle bacteriophages or surrogate viruses 

themselves need to be further investigated. Several different types of surrogate 

viruses are likely required to study general behaviour about the activity of 

antimicrobial polymers.

There are three primary bacteriophage groups used for environmental 

studies,somatic coliphages, male-specific F-RNA phages and Bacteroides fragilis 

phages. These phages have been proposed and are frequently used as surrogates 

for pathogenic viruses in environmental studies [80], [81]. F-RNA bacteriophages 

have been the most widely used and investigated due to their similarity to 

pathogenic viruses like enteroviruses, caliciviruses, astroviruses, and Hepatitis 

A and E viruses [75]. F or male specific RNA bacteriophages are a homogenous 

group of phages that attach to the fertility fimbriae (F-pili or sex-pili) which is 

produced by male bacterial cells (having an F-plasmid) in particular stages of 

their growth cycle. Subsequently the F-plasmid is transferable to a wide range 

of Gram-negative bacteria, thus F-specific bacteriophages have numerous hosts 

[82]. Table 2.4 below shows the bacteriophages which are typically used as virus 

surrogates in environmental studies as adapted from Mesquita et al., 2010 [83]. 

  



 

Table 2.4: Characteristics of bacteriophages commonly used as pathogenic virus surrogates 
in environmental studies  adapted from Mesquita et al., 2010 [83]. 

Phage Family name Type Hosts 

T2,T4,T6 Myoviridae 
Somatic Linear ds-

DNA 

E. coli and other 

Enterobateriaceae 

T5,   Siphoviridae 
Somatic Linear ds-

DNA 

E. coli and other 

Enterobateriaceae 

T3, T7 Podoviridae 
Somatic Linear ds-

DNA 

E. coli and other 

Enterobateriaceae 

PM2 Corticoviridae 
Somatic Linear ds-

DNA 

Psuedomonas sp., 

Psuedoalteromona 

s sp. 

PRD-1 Tectiviridae 
Somatic Circular ds-

DNA 

S. typhimurium 

and other 

Enterobateriaceae 

PR772 Tectiviridae 
F-specific Linear ds-

DNA 

E. coli and other 

Enterobateriaceae 

MS2, Q! Leviviridae 
F-specific Linear ss-

RNA 

E. coli and 

Samonella sp. 

"X174 Microviridae 
Somatic Circular ds-

DNA 

Psuedomonas sp., 

Psuedoalteromona 

s sp. 

SJ2, fd, M13 Inoviridae 
F-specific Linear ss-

RNA 

E. coli and 

Samonella sp. 

Bacteroides 

fragillis phages 
Siphoviridae Linear ds-DNA 

Bacteroides 

fragillis HSP40 

F-RNA bacteriophages like MS2 are morphologically similar to enteroviruses 

and is often used to study viral resistance to environmental stressors such as 

disinfection and other treatment processes like polymers [76], [82], [84], [85]. The 

enumeration of phages may be a suitable and good alternative for the 

determination of viral contaminatio0n in poorly contaminated waters such as 

ground water and drinking [80]. However, with some waterborne pathogenic 

viruses although it is necessary, detection is not always possible. In some 



 

instances, the assays &for cultivable viruses are time-consuming and labour 

intensive experimental procedure. While some enteric viruses such as 

noroviruses and hepatitis A virus cannot be cultured others such as rotavirus 

which was used in a study for this review are very difficult to cultivate in cell 

culture systems [86]. However, there have been recent advances scientists! ability 

to culture norovirus and hepatitis E virus on cells elucidating their infectivity 

status in human cells. These advancements could provide tools to better 

evaluate water treatment processes concerning norovirus and hepatitis E virus 

reduction potential [87]"[91]. 

In literature, many references have been made to extensive studies which 

support the value of surrogate viruses. As not only practical but also economical 

tools for monitoring the safety of water supplies [22], [24], [25], [92], [93]. 

Additionally, there have been studies of water treatment disinfectants for 

waterborne viruses including investigations with polymers have been evaluated. 

The data gathered from bacteriophages will not only give an indication but also 

aid in explaining viral reduction mechanism. These studies though useful are 

limited to the capabilities and properties of the surrogates.

Many years of continuous research gradually elucidated the multiple variations 

in pathogen input, dilution, retention and die-off in aquatic environments result 

in conditions in which the relationships between any pathogen and any indicator 

may be random, site-specific or time-specific or both [74], [93]. As a result, the 

current general scientific consensus is that there is no universal indicator of 

microbial water quality [75]. Therefore, while bacteriophages are often used as 

model indicators to study pathogenic viruses; no bacteriophage studied until 

now accurately represents enteric virus behaviour for all disinfectants. Each 

specific situation, having their own set of conditions, and objectives of study 

require and enormous amount of judgement to select the best group(s) of 

indicator(s) and/or surrogate(s) to be used efficiently. In general researchers 

and the scientific community as a whole do not yet, fully understand why viruses 

have unique profiles of persistence to different disinfectants. Therefore from a 

regulatory perspective, a major hindrance is that there is no one reduction or 

disinfection method effective against all viruses that can be applied for quality 

control [94]. As tools for pathogen disinfection different processes, e.g., oxidative 

processes are harnessed, pathways responsible for bacterial inactivation with 

many biocides are relatively well understood, virus inactivation mechanisms, 

however, are often contradictory or ambiguous [22]. Good parallel studies are 

therefore needed to analyse behaviour, but should always be verified. When 

combined, results of these studies will aid in the development of improved 

methods for combating waterborne viruses and further the understanding of the 



 

adaptive changes and responses to environmental and anthropogenic stressors 

viruses undergo [22]. To further assist in process evaluations, there have been 

efforts made to reduce or eliminate ambiguities in the term #microbial 

indicator$. Based on their functions several subgroups have been recognized and 

are now in use in literature, for example: process indicators (useful for showing 

efficiency of a process), index or virus models (indicative of pathogen presence 

and behaviour respectively) [74]. Use of these terminologies will in the future 

aid in the evaluation of different processes and materials. 

 

Conventional antimicrobial agents, based on low molecular weight compounds, 

are prone to resistance and can also result in environmental contamination as 

well as have toxic effects on the human body, mainly because of biocidal 

diffusion [49]. In this sense, it is, therefore, interesting to examine polymers due 

to their intrinsic properties and the fact that they are used extensively in many 

fields with high efficiencies. From both an academic and industrial point of view 

polymers with antimicrobial activity would, therefore, be interesting. An 

antimicrobial polymer provides a valid approach to promoting antimicrobial 

efficacy and reduces residual toxicity [95]. 

Different characteristics of polymers such as their molecular weight or 

hydrophilicity can have a significant influence on their final antimicrobial 

activity [34]. Also, antimicrobial polymers are chemically stable, non-volatile 

and present long-term activity [96]. Moreover, the development of polymers with 

antimicrobial activity is of high importance in research focused on finding long-

term solutions for problems involving contamination by pathogens in an 

environmentally friendly way. 

 

Due to limited experimental evidence regarding the inactivation or reduction of 

viruses by antimicrobial polymers, this review suggests the need for additional 

more focused studies to be undertaken. Additional research efforts are warranted 

in the following areas: 

v The use of more reliable and sensitive methodologies and experimental 

designs (i.e., standardised cultural procedures, molecular and other 

techniques) which would minimize the inconsistency between the actual 

and reported numbers of viruses or bacteriophages in studies. This would 

aid in the development of more complete and reliable databases. 



 

 

v Using more consistent experimental procedures would reduce the 

variability among the findings of scientists and researchers (both are 

hereafter referred to as investigators), given that they also review their 

work to avoid mistakes. 

v Investigators should pay keen attention when calculating the reductions 

caused as a result of treatment or exposure to polymers. The right 

formulas and units of measurement should be used to evaluate the 

presented results. Moreover, investigators should always take into 

account the reduction that occurs in the controlled samples and use it as 

a point of reference for the calculation of their overall reductions. 

v Standardised protocols should be a requirement for the preparation 

(concentration, propagation, and purification) of viruses and 

bacteriophages which are used in laboratory studies. 

v Bacteriophages from well-known sources such as the American Type 

Culture Collection (ATCC) to reduce or avoid differences in the viruses 

themselves. 

v Evaluation of complex interactions between environment and viruses or 

bacteriophages and the environmental factors such as temperature, pH, 

salts, and others which influence them should be explicitly stated to 

ensure reproducibility of experimental designs. 

v Limits of detection, lower limits of quantification and limitations of assays 

should also be taken into account prior to experimentation. 

v The viruses should be evaluated based on their outer (enveloped/non-

enveloped, size, or isoelectric point,) or their intrinsic (RNA/DNA, single 

stranded or double stranded) characteristic properties. 

v The impact of viral structure, surface properties on attachment/detachm-

ent and inactivation of virus particles in various environments should be 

evaluated. Moreover, it would be interesting if more studies are carried 

out on enteric viruses, under environmentally relevant conditions with 

polymers that are easy to characterise and procured. 

v Improved understanding is needed on the persistence and survival of both 

bacteriophages and pathogenic enteric viruses in actual surface waters. 

Not only at lab-scale to clarify the mechanisms involved but also in the 

field or natural environments with specific environmental conditions. 

These studies would aid in the clarification of conflicting evidence 



 

previously reported on the degree of inactivation and immobilization of 

viruses by either biological or physio-chemical factors. 

v What would be even more interesting is carrying out investigations with 

two or more viruses for comparison and should be investigated with 

polymers whose chemistry is known and efficacious.

v It would also be interesting to take into account the surfaces the polymers 

are applied to as there might be limitations to the efficacy of the polymers 

due to their interactions with the surfaces. Moreover, due to variations in 

the surfaces and polymers, their relationships are not universally defined. 

There are currently no standardised methods for assessing the virucidal 

activity of antimicrobial polymers which are free or immobilised. 

v Standard protocols would aid in having more comparable assessments of 

various polymers geared towards designing products that can inactivate 

waterborne enteric viruses. However, this might not be possible, and 

hence a precise and reproducible elution protocol adapted for the 

detection of viruses might be of interest to investigators. 

v The development of a sound and comprehensive database showing the 

occurrence and persistence of target waterborne viruses in natural 

environments and water treatment processes and systems can be used to 

improve existing mathematical prediction models. As well as provide more 

significant insights into the future direction of laboratory studies, with 

new materials or polymers. 

In the future, the progress of such applications will reveal the real potential of 

polymers as appropriate disinfecting agents which could be used as alternatives 

or in combination with traditional methods to reduce waterborne viruses and 

their associated health risks. 

 

This review utilised a systematic and transparent approach to identify and 

characterise published polymers that have potential to inactivate waterborne 

viruses between 1960 and 2016. There has been very little progress in the 

understanding of the reduction of waterborne viruses and bacteriophages by 

cationic polymers. The use of bacteriophages as surrogates to enteric viruses 

was also very evident and demonstrates that they are valuable tools in research 

in a range of applications. We found variability in the terminology used to 

describe antimicrobial polymers and a lack of reporting of essential details about 

polymers and their abilities to inactivate viruses and viral indicators 



 

(bacteriophages). As well as, there were several variables in the methodologies 

and experimental procedures used to assess the antimicrobial polymers utilised 

in the publications studied. A more consistent form of reporting and description 

for the assessment of antimicrobial polymers with the potential to inactivate 

waterborne viruses is therefore needed. In the future, this would aid in 

identifying more suitable and novel approaches to combat the spread of water-

related diseases and lower the mortality rates associated with these diseases. 

The review found a limited number of studies done on the topic and a lack of 

polymers used to target waterborne viruses. The antimicrobial polymers were 

commonly used to treat influenza virus and bacteria. Moreover, therefore there 

is still not enough known about the potency of antimicrobial polymers on actual 

pathogenic waterborne viruses. Additional research on pathogenic viruses would 

be meaningful for the future development of disinfection systems and approaches 

to produce clean and safe drinking water. 
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Ref A.1: The search strategy used to identify reported antimicrobial polymers 

capable of inactivating or reducing pathogenic microorganisms (1960-2016). 

Scopus 

Date of search: October 08, 2016  

Hits: 288,551 

Search Terms  

(enterovir* OR entero-vir* OR rotavir* OR rota-vir* OR adenovir* OR 

adeno-vir* OR norovir* OR noro-vir* OR norwalk-vir* OR poliomeyelitis* 

OR poliovir* OR polio-vir* OR calicivir* OR calici-vir* OR hepatitis-a-vir* 

OR hepatitis-e-vir* OR astrovir* OR astro-vir* OR coxsackievir* OR 

coxsackie-vir* OR echovir* OR echo-vir* OR reovir* OR reo-vir* OR 

parvovir* OR parvo-vir* OR coronavir* OR corona-vir* OR influenza) 

1960-2016 

Search title-abstract-keyword 

 

Date of search: December 16, 2016 

Hits: 291,035 

Search Terms  

(enterovir* OR entero-vir* OR rotavir* OR rota-vir* OR adenovir* OR 

adeno-vir* OR norovir* OR noro-vir* OR norwalk-vir* OR poliomeyelitis* 

OR poliovir* OR polio-vir* OR calicivir* OR calici-vir* OR hepatitis-a-vir* 

OR hepatitis-e-vir* OR astrovir* OR astro-vir* OR coxsackievir* OR 

coxsackie-vir* OR echovir* OR echo-vir* OR reovir* OR reo-vir* OR 

parvovir* OR parvo-vir* OR coronavir* OR corona-vir* OR influenza) 

No restrictions  

Search title-abstract-keyword 

  



 

Date of search: October 14, 2016  

Hits: 104,334 

Search Terms  

(ms2 OR ms-2 OR qbeta OR q-beta OR phix174 OR phi-x174 OR 

bacteriophage OR phage) 

No restrictions  

Search title-abstract-keyword 

 

Date of search: December 16, 2016  

Hits: 105,028 

Search Terms  

(ms2 OR ms-2 OR qbeta OR q-beta OR phix174 OR phi-x174 OR 

bacteriophage OR phage) 

No restrictions  

Search title-abstract-keyword 

 

Date of search: October 14, 2016  

Hits: 8,856 

Search Terms  

(*cation*-coating OR *cation*-polymer OR polymeric-biocid* OR *cation*-

biocid* OR positive-polymer OR positively-charged-polymer OR hydrophobic-

polymer OR hydrophobic-*cation* ) 

No restrictions  

Search title-abstract-keyword 

 

  



 

Date of search: December 16, 2016  

Hits: 17,726 

Search Terms  

(*cation*-coating OR *cation*-polymer OR polymeric-biocid* OR *cation*-

biocid* OR positive-polymer OR positively-charged-polymer OR hydrophobic-

polymer OR hydrophobic-*cation* OR polycation*) 

No restrictions  

Search title-abstract-keyword 

 

Date of search: October 14, 2016  

Hits: 4,218,578 

Search Terms  

(gene-therapy OR vector OR tumour OR oncolytic OR transfection OR 

transduction OR vaccine) 

No restrictions  

Search title-abstract-keyword 

 

Date of search: December 16, 2016  

Hits: 4,344,753 

Search Terms  

(gene-therapy OR vector OR tumour OR oncolytic OR transfection OR 

transduction OR vaccine) 

No restrictions  

Search title-abstract-keyword 

 

  



 

Final Search algorithm  

Date of search: October 14, 2016  

Hits: 31 

Search Term  

(enterovir* OR entero-vir* OR rotavir* OR rota-vir* OR adenovir* OR 

adeno-vir* OR norovir* OR noro-vir* OR norwalk-vir* OR poliomeyelitis* 

OR poliovir* OR polio-vir* OR calicivir* OR calici-vir* OR hepatitis-a-vir* 

OR hepatitis-e-vir* OR astrovir* OR astro-vir* OR coxsackievir* OR 

coxsackie-vir* OR echovir* OR echo-vir* OR reovir* OR reo-vir* OR 

parvovir* OR parvo-vir* OR coronavir* OR corona-vir* OR influenza)) OR 

(TITLE-ABS-KEY(ms2 OR ms-2 OR qbeta OR q-beta OR phix174 OR phi-

x174 OR bacteriophage OR phage))) AND (TITLE-ABS-KEY(*cation*-

coating OR *cation*-polymer OR polymeric-biocid* OR *cation*-biocid* OR 

positive-polymer OR positively-charged-polymer OR hydrophobic-polymer 

OR hydrophobic-*cation*))) AND NOT (TITLE-ABS-KEY(gene-therapy OR 

vector OR tumor OR oncolytic OR transfection OR transduction OR vaccine)) 

No restrictions  

Search title-abstract-keyword 

 

Date of search December 16, 2016 

Hits: 96 

Search Terms  

(enterovir* OR entero-vir* OR rotavir* OR rota-vir* OR adenovir* OR 

adeno-vir* OR norovir* OR noro-vir* OR norwalk-vir* OR poliomeyelitis* 

OR poliovir* OR polio-vir* OR calicivir* OR calici-vir* OR hepatitis-a-vir* 

OR hepatitis-e-vir* OR astrovir* OR astro-vir* OR coxsackievir* OR 

coxsackie-vir* OR echovir* OR echo-vir* OR reovir* OR reo-vir* OR 

parvovir* OR parvo-vir* OR coronavir* OR corona-vir* OR influenza)) OR 

(TITLE-ABS-KEY(ms2 OR ms-2 OR qbeta OR q-beta OR phix174 OR phi-

x174 OR bacteriophage OR phage))) AND (TITLE-ABS-KEY(*cation*-

coating OR *cation*-polymer OR polymeric-biocid* OR *cation*-biocid* OR 

positive-polymer OR positively-charged-polymer OR hydrophobic-polymer 

OR hydrophobic-*cation* OR polycation*))) AND NOT (TITLE-ABS-

KEY(gene-therapy OR vector OR tumor OR oncolytic OR transfection OR 

transduction OR vaccine)) 



 

No restrictions  

Search title-abstract-keyword 

 

Google 

Date of search: October 14, 2016 

Hits: 1,059,864 and 38,726 

Search Terms  

Antimicrobial polymers and viral inactivation or reduction 

Polymeric materials with antimicrobial activity 

 

Date of search: December 16, 2016  

Hits: 1,060,000 and 381,000 

Search Terms  

Antimicrobial polymers and viral inactivation or reduction 

Polymeric materials with antimicrobial activity 

 

  



 

Table A.1: Relevance screening used to identify reported antimicrobial polymers capable 

of inactivating or reducing pathogenic microorganisms (1960-2016) (DOC). 

 

  

Question 
Options Definitions/additional notes 

Ref ID  

1. Does the abstract 

investigate or discuss the 

antimicrobial polymers 

capable of inactivating or 

reducing pathogenic 

microorganisms between 1960 

and 2016? 

 

 

 

 

 

 

 

 

 

 

 

 

 

1) Yes, within the context 

of primary research, title 

and or abstract. 

2) Unsure, that the polymer 

is antimicrobial or type of 

data available cannot be 

determined from the 

abstract alone 

3) No, none of the above.  

Reviewer Decision: 

If the reviewer selects 

option 1) or 2) the article 

will advance to data 

extraction.  

If option 3) is selected, the 

abstract will be 

EXCLUDED. 

Antimicrobial is an agent that kills 

microorganisms or inhibits their growth. 

Antimicrobial agents can be grouped 

according to the microorganisms they act 

primarily against, e.g. antivirals are used 

against viruses.  

Polymer -a substance which has a 

molecular structure built up chiefly or 

completely from a large number of 

similar units bonded together, e.g. many 

synthetic organic materials used as 

plastics and resins. 

Waterborne outbreak- is defined as cases 

of a suspected orConfirmed acute illness 

related to exposure to biological agents 

from drinking water that involve two or 

more individuals. 

Water disinfection -means the removal, 

deactivation/inactivation or killing of 

pathogenic microorganisms. 

Microorganisms are destroyed or 

deactivated, resulting in termination of 

growth and reproduction. When 

microorganisms are not removed from 

drinking water, drinking waterusage will 

cause people to fall ill. 



 

Table A.2: Form used to extract the data from articles reporting antimicrobial polymers 
capable of inactivating or reducing pathogenic microorganisms between 1960 and 2016. 
Article-level data characterisation and utility form (applicable to all relevance-confirmed 
articles). 

Question 
Options Comments 

Ref ID 

1) Is this research article 

or case report on 

antimicrobial polymers 

capable of inactivating or 

reducing pathogenic 

microorganisms between 

1960 and 2016 published 

in English? 

1) Yes, primary research article/ 

report 

2) None of the above, specify the 

reason for exclusion 

Not relevant:_______ 

Language: _________ 

Other:____________ 

 

If 2) #none of the above$ is 

selected, the article will be 

EXCLUDED. Please specify the 

reason for exclusion and submit 

the form without completing the 

remaining questions. 

 

2) Publication Year 

(YYYY) 

__________  

3) Do the author's present 

findings of more than one 

polymer in this report? 

1) Yes 

2) No 

 

4) Do the author's present 

findings of the 

antimicrobial activity or 

promise of the polymer 

1) Yes 

2) No 

 

5) Do the author's present 

findings of more than one 

microorganism in this 

report? 

1) Yes 

2) No 

 

 

  



 

Table A.2 (cont.): Form used to extract the data from articles reporting antimicrobial 
polymers capable of inactivating or reducing pathogenic microorganisms between 1960 and 
2016. Article-level data characterisation and utility form (applicable to all relevance-confirmed 
articles). 

Question 
Options Comments 

Ref ID 

6) Microorganism 

involved: 

E. Coli 

Rotavirus 

Norwalk/Norovirus 

Hepatitis A or E virus 

MS2 

Other:____________ 

Unknown 

Multiple choices are permitted 

7) Is there mention of 

incorporation or possible 

incorporation in water 

treatment or surface 

modifications?  

Disinfection, 

specify:___________ 

Filtration, 

specify:___________ 

Other: ____________ 

None 

Unknown 

Multiple choices are permitted  

8) What definitions are 

explicitly provided by the 

authors to describe the 

type of polymer in this 

article? (Check all that 

apply) 

1) Provided by authors: 

Term used to describe the 

polymer, specify: 

_______________ 

2) No definitions provided other 

than the polymer or antimicrobial 

polymer. 

Provided by authors: 

Please type or copy and paste 

sentences used to describe these 

terms. 

 

  



 

Table A.2 (cont.): Form used to extract the data from articles reporting antimicrobial 
polymers capable of inactivating or reducing pathogenic microorganisms between 1960 and 
2016. Article-level data characterisation and utility form (applicable to all relevance-confirmed 
articles). 

Question 
Options Comments 

Ref ID 

9) Log reduction of 

inactivated microorganism 

by polymer: 

1) Percentage or log reduction  

_______________ 

2) Virus 

_______________  

3) Bacteria 

_______________  

4)Other: 

_______________ 

 

Please provide the name of 

microorganism.  

10) Other  Add any comments you think 

might be useful 



 

 

Table A.3: Descriptive Summary of antimicrobial polymers capable of inactivating or reducing microorganisms included in the systematic review. 

No. Polymer Mode of employment Virus Strain 

Reduction 

Reference Percentage 

(%) 

Log10 units 

reductions 

(logs) 

1 

Polyhexamethylene 

guanidine hydrochloride 

(PHMG) (low and high 

molecular weight) 

immobilised unit (immobilised 

initiator in membrane unit) 
MS2 ATCC 15597-B1 90-99 

1.6- 2.7 

(based on 

Mw) 

Aviv et al. 2016 

2 

N,N-hexyl,methyl-PEI 

and N,N-

dodecyl,methyl-PEI 

immobilized on glass and 

polyethylene slides (hyper branched 

polymer, painting/coating) 

Poliovirus ATCC VR-1562 
100 

(complete 

reduction) 
>1 

Larson et. al. 2011 

immobilised on polyethylene slides Rotavirus ATCC VR-2018 >0.25 

3 
N,N-dodecyl,methyl 

PEI 

immobilised on glass slides 

(hyperbranched polymer, 

painting/coating) 

Influenza virus WSN 

complete 

reduction 

4 

Hsu et al., 2011 

Influenza virus (human 

path.) 
PR8 6 

Influenza virus (avian/wild 

type) 
TurkWt <4 

Influenza virus (mutant 

zanamivir resist.) 
TurkMu 4 

 

  



 

 

Table A.3 (cont.): Descriptive Summary of antimicrobial polymers capable of inactivating or reducing microorganisms included in the systematic review. 

No. Polymer Mode of employment Virus Strain 

Reduction 

Reference Percentage 

(%) 

Log10 units 

reductions 

(logs) 

4 
N,N-dodecyl,methyl 

PEI 

immobilised on glass slides 

(hyperbranched polymer, 

painting/coating ) 

waterborne influenza A 

viruses 

A/Wuhan/359/95 

(H3N2) 

100 (complete 

reduction) 
>3.5 

Haldar et al., 2008 

A/Turkey/MN/833/80 

(H4N2) 

100 (complete 

reduction) 
>4.5 

A/Turkey/MN/833/80 

(Glu1 19Asp) 

100 (complete 

reduction) 
>5.1 

A/Turkey/MN/833/80 

(Glu1 19Gly) 

100 (complete 

reduction) 
>4.0 

A/Wuhan/359/95 

(Glu1 19Val) 

100 (complete 

reduction) 
>3.9 

A/Turkey/MN/833/80 

(Arg292Lys) 

100 (complete 

reduction) 
>4.2 

   

5 
N,N-dodecyl,methyl 

PEI 

immobilized on glass slides (hyper 

branched polymer, painting/coating) 
Influenza virus 

WSN 100 >2.8-4.6 

Haldar et. al., 2007 Victoria 98 >3.2 

   

 

 

 



 

 

Table A.3 (cont.): Descriptive Summary of antimicrobial polymers capable of inactivating or reducing microorganisms included in the systematic review. 

No. Polymer Mode of employment Virus Strain 

Reduction 

Reference Percentage 

(%) 

Log10 units 

reductions 

(logs) 

6 

N,N 

dimethylhexadecylamine 

PEI and dendrimer 

immobilized on glass slide and glass 

powder (particles grafted with 

polymer) 

PRD1 (model adenovirus) Unknown 

72- 77 (PEI) 

82-

93(dendrimer) 

<0.6 

(PEI),<1.2 

(dendrimer) 

Gelman et. al., 2004 

7 
N, N-hexyl,methyl-PEI 

(HMPEI) 

immobilised on soda lime glass slides 

( plasma polymerisation) 
Human Influenza virus A/PR/8/34 (H1N1) >99.99 4.3-4.5 Liu et al., 2014 

8 

P4VP, poly(4VP-co-

NVP) and Poly(BVPC-

co-NVP) 

Immobilized on glass ( hyper 

branched polymer, painting/coating, 

immobilized monomer) 

Influenza virus A/PR8/8/34 93.3 - 95.6 <2 Xue et. al., 2015 

9 
N,N-dodecyl, methyl 

PEI (DMLPEI) 
solution, layer-by-layer Influenza virus A/WSN/33 (H1N1) 62-100 0.4-3.2 Wong et. al., 2010 

10 
N, N dodecyl, methyl 

PEI 

immobilised ( hyperbranched 

polymer, painting/coating)and in 

solution 

Influenza virus 

A/WSN/33 (H1N1) 

 > 4 Haldar et al., 2006 A/Victoria/3/75 

(H3N2) 

 



 

 

Table A.4: All recalculation of log reductions performed.

N° Polymer Virus Strain 

Reduction 
Initial 

concentrations 

(PFU/mL) 

Reduction by Control 

(Log10) 

Recalculations Reference 
Percentage 

(%) 

Log10-units 

reductions (logs) 

recalculated 

Percentage 

(%) 
Log10 

1 

Polyhexamethylene 
guanidine hydrocloride 
(PHMG) (low and high 
molecular weight) 

MS2 ATCC 15597-B1 90-99 
1.6- 2.7  
(based on Mw) 

1x10E4 
No control explicitly 
stated 

N/A 
Aviv et 
al. 2016 

2 
N,N-hexyl,methyl-PEI 
and N,N-
dodecyl,methyl-PEI 

Poliovirus ATCC VR-1562 

100 (complete 
reduction) 

>2.3 2.2±0.9x10E4 9.3 0.04 

conc to slides after 
dilutions=2./mL 
(polyethylene 
slides) 

Larson et. 
al. 2011 

1 1.0±0.5x10E3 45.3 >0.25 

conc to slides after 
dilutions=1E1 
PFU/mL (glass 
slides) 

Rotavirus ATCC VR-2018 >1.7 5.1±0.8x10E3 

15 (15mins 
incubation) 

0.07 
conc to slides after 
dilutions=50 PFU 45.3 (30 mins 

incubation) 
>0.25 

 

  



 

 

Table A.4 (cont.): All recalculation of log reductions performed. 

N° Polymer Virus Strain 

Reduction 
Initial 
concentrations 
(PFU/mL) 

Reduction by Control 
(Log10) 

Recalculations Reference 
Percentage 
(%) 

Log10-units 
reductions (logs) 
recalculated 

Percentage 
(%) 

Log10 

3 N,N-dodecyl,methyl PEI 
Influenza 
virus 

WSN 
complete 
reduction 

>4 
4.5 ± 0.6 x 
10E6 

22 0.1 
conc to 
slides=4.5E4 

Hsu et. 
al, 2011 

4  

Influenza 
virus 
(human 
path.) 

PR8 

 

>6 1.3±0.5x10E8 22 0.1 
conc to slide after 
dilution=1.3E6 

 

Influenza 
virus 
(avian/wild 
type) 

TurkWt >4 1.0±0.1x10E6 14 0.05 
conc to slide after 
dilution=1.0E4 

influenza 
virus 
(mutant 
zanamivir 
resist.) 

TurkMu >4 4.3±0.6x10E6 
No control explicitly 
stated 

conc to slide after 
dilution=4.3E4 

 

  



 

 

Table A.4 (cont.): All recalculation of log reductions performed.

N° Polymer Virus Strain 

Reduction 
Initial 
concentrations 
(PFU/mL) 

Reduction by Control 
(Log10) 

Recalculations Reference 
Percentage 
(%) 

Log10-units 
reductions (logs) 
recalculated 

Percentage 
(%) 

Log10 

5 N,N-dodecyl,methyl PEI 
waterborne 
influenza A 
virues 

A/Wuhan/359/95 
(H3N2) 

100 (complete 
reduction) 

>3.5 4.8±0.5x10E5 

Actual reductions with 
comparison to 
uncoated control 

N/A 
Haldar et. 
al., 2008 

A/Turkey/MN/833/80 
(H4N2) 

>4.5 6.1±1.1x10E6 

A/Turkey/MN/833/80 
(Glu1 19Asp) 

>5.1 2.7±0.6x10E7 

A/Turkey/MN/833/80 
(Glu1 19Gly) 

>4.0 1.7±0.6x10E6 

A/Wuhan/359/95 
(Glu1 19Val) 

>3.9 1.2±0.6x10E6 

A/Turkey/MN/833/80 
(Arg292Lys) 

>4.2 2.9±0.3x10E6 

6 N,N-dodecyl,methyl PEI 
Influenza 
virus 

WSN 100 >2.8-4.6 
1.6±0.3x10E5 
&  
6.6±1x10E6 

Actual reductions with 
a comparison to 
uncoated control 

N/A 
Haldar et 
al., 2007 

Victoria 98 1.7 1.2±0.4x10E6 98 1.7 
The article stated 
98% =3.2 Logs 

7 
N, N 
dimethylhexadecylamine 
PEI and dendrimer 

PRD1 
(model 
adenovirus) 

Unknown 
72- 77 (PEI) 
82-93 
(dendrimer) 

<0.6 (PEI),<1.2 
(dendrimer) 

2x10E6 
No control explicitly 
stated 

The percentage of 
the Log was taken 
in to account for 
calculations of the 
reductions 

Gelman 
et al., 
2004 

 

 

 



 

Table A.4 (cont.): All recalculation of log reductions performed. 

N° Polymer Virus Strain 

Reduction 
Initial 
concentrations 
(PFU/mL) 

Reduction by Control 
(Log10) 

Recalculations Reference 
Percentage 
(%) 

Log10-units 
reductions (logs) 
recalculated 

Percentage 
(%) 

Log10 

8 
N,N-hexyl,methyl-PEI 
(HMPEI) 

Human 
Influenza 
virus 

A/PR/8/34 (H1N1) >99.99 >4.3-4.5 1x10E8 
Actual reductions with 
comparison to 
uncoated control 

N/A 
Liu et. 
al., 2014 

9 
P4VP, poly(4VP-co-
NVP) and Poly(BVPC-
co-NVP) 

Influenza 
virus 

A/PR8/8/34 93.3 - 95.6 <2 Unknown 
No control explicitly 
stated 

 Xue et 
al., 2015 

10 
N,N-dodecyl, methyl 
PEI (DMLPEI) 

Influenza 
virus 

A/WSN/33 (H1N1) 62-100 0.4-3.2 1.6x10E5 
Actual reductions with 
comparison to 
uncoated control 

 Wong et 
al., 2010 

11 
N, N dodecyl, methyl 
PEI 

Influenza 
virus 

A/WSN/33 (H1N1) 

 > 4 

1.6±0.3x10E5 
Conc deposited on 
slide 1.6E3 

 

Haldar et 
al., 2006 A/Victoria/3/75 

(H3N2) 
1.2±0.4x10E6 

Conc deposited on 
slide 1.2E4 

For overall 
reduction control 
was not taken into 
account hence 4 logs 
are reported 

 

  



 

 

Table A.5: All recalculation of log reductions performed.

Section/topic No Checklist item 
Reported on 

page No. 

TITLE 

Title 1 Identify the report as a systematic review, meta-analysis, or both. 35 

ABSTRACT 

Structured 

summary 

2 Provide a structured summary including, as applicable: background; objectives; data sources; study 

eligibility criteria, participants, and interventions; study appraisal and synthesis methods; results; 

limitations; conclusions and implications of key findings; systematic review registration number. 

37 

INTRODUCTION 39-41 

Rationale  3 Describe the rationale for the review in the context of what is already known. 2-4 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, interventions, 

comparisons, outcomes, and study design (PICOS). 

41 

METHODS 

Protocol and 

registration  

5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, 

provide registration information including registration number. 

41-42 

 

  



 

Table A.5 (cont.): All recalculation of log reductions performed. 

Section/topic No Checklist item 
Reported on 

page No. 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years 

considered, language, publication status) used as criteria for eligibility, giving rationale. 

43 

Information 

sources  

7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to 

identify additional studies) in the search and date last searched. 

42 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it 

could be repeated. 

42 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if 

applicable, included in the meta-analysis). 

44 

Data collection 

pocess  

10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and 

any processes for obtaining and confirming data from investigators. 

43 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any 

assumptions and simplifications made. 

43 

Risk of bias in 

individual studies 

12 Describe methods used for assessing risk of bias of individual studies (including specification of whether 

this was done at the study or outcome level), and how this information is to be used in any data synthesis. 

N/A 

Summary 

measures 

13 State the principal summary measures (e.g., risk ratio, difference in means). N/A 

 

  



 

 

Table A.5 (cont.): All recalculation of log reductions performed. 

Section/topic No Checklist item 
Reported on 

page No. 

Synthesis of 

results 

14 Describe the methods of handling data and combining results of studies, if done, including measures of 

consistency (e.g., I2) for each meta-analysis. 

44 

Risk of bias 

across studies  

15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, 

selective reporting within studies). 

N/A 

Additional 

analyses 

16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, 

indicating which were pre-specified. 

N/A 

RESULTS 

Study selection 17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for 

exclusions at each stage, ideally with a flow diagram. 

45 

Study 

characteristics  

18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up 

period) and provide the citations. 

Appendix 

Risk of bias 

within studies  

19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). N/A 

 

  



 

Table A.5 (cont.): All recalculation of log reductions performed. 

Section/topic No Checklist item 
Reported on 

page No. 

Results of 

indivuduals 

studies 

20 For all outcomes considered (benefits or arms), present, for each study: (a) simple summary data for 

each intervention group (b) effect estimates and confidence intervals, ideally with forest plot. 

 

Synthesis of 

results

21 Present results of each meta-analysis done, including confidence intervals and measures of 

consistency. 

N/A 

Risk of bias 

across studies 

22 Present results of any assessment of risk of bias across studies (see Item 15). N/A 

Additional 

analysis 

23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression 

[see Item 16]). 

N/A 

DISCUSSION 62-71 

Summary of 

evidence  

24 Summarize the main findings including the strength of evidence for each main outcome; consider 

their relevance to key groups (e.g., healthcare providers, users, and policy makers). 

21-26 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., 

incomplete retrieval of identified research, reporting bias). 

71 

 

  



 

 

Table A.5 (cont.): All recalculation of log reductions performed. 

Section/topic No Checklist item 
Reported on 

page No. 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications 

for future research. 

73 

FUNDING 

Funding 27 Describe sources of funding for the systematic review and other support (e.g., supply of data); 

role of funders for the systematic review. 

73 

From: Moher D., Liberati A., Tetzlaff J., Altman D. G., The PRISMA Group (2009). Preferred Reporting Items for systematic Reviews and Meta-Analyses: The PRISMA 
Statement: PLoS Med 6(6): e1000097. 
doi: 10.1371/journal.pmed1000097 

 

For more information, visit: www.prisma-statement.org.
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Over 780 million individuals worldwide lack access to clean drinking water and 

2.5 billion lack access to adequate sanitation [1]. Consumption of unsafe drinking 

water, e.g., contaminated with enteric viruses such as gastroenteritis and 

hepatitis cause a significant global disease burden [2]. Large waterborne 

outbreaks with enteric viruses include hepatitis E virus [3], rotaviruses [4], [5], 

noroviruses [6] [8], amongst others [9] [11]. 

Since very low doses (one infectious viral particle) may be sufficient to cause 

infection and illness, low concentrations (1 log10-units) of viruses in drinking 

water constitute a health risk [7], [12] [14]. Moreover, due to their small size and 

stable nature, waterborne viruses are among the most difficult enteric pathogens 

to remove from drinking water sources, such as surface or (vulnerable) 

groundwater [15]. 

The use of microfiltration membranes (MF) to remove viruses from water is 

limited by the small size of viruses and the relatively large pore size of the 

membranes[16]. These membranes can also have surface imperfections which 

increase the possibility of virus penetration during filtration [17]. MF membranes 

are therefore, rarely effective for virus removal without pre-treatment or post 

treatment procedures. Although, the reliability and ease of operation of 

membrane-based water filtration systems led to their increasing use in water 

treatment conventional treatments are usually also employed [18] 

Current water disinfection processes use chemicals such as chlorine and have 

successfully protected public health against waterborne diseases [19]. However, 

chemical disinfectants produce potentially toxic disinfectant by-products 

(DBPs), like bromate and chlorite which can also pose significant health risks 

and cause problems like bad taste and odour [20]. Additionally, the emergence 

of waterborne pathogens which are resistant to chemical disinfection has led to 

the reappraisal of traditional disinfection practices. Alternatively, bottled water 

is available but only for those who can afford it [21]. UV irradiation and 

ozonation are potentially suitable alternatives to chemical disinfection, both 

inactivate enteric pathogens including viruses [22], [23]. Nonetheless, they are 

not without imperfections, such as their overall cost, which is more expensive 

than traditional treatments, and their far more significant energy consumptions. 

Also, they too form DBPs, and the most resistant microorganisms to these types 

of treatments are viruses [24] [26]. 

Another highly relevant alternative to chemical disinfection is membrane 

filtration, which can remove enteric pathogens as well as other particle-like 



 

contaminants by size-exclusion. These processes operate with reduced or no 

chemical disinfection [27]. Moreover, membrane-based processes driven by 

gravity would reduce the reliance on energy and the overall cost of operation. 

The use of membranes avoids the formation of DBPs and can reduce 

concentrations of other undesirable water constituents such as particles and 

biopolymers in the drinking water. An added advantage of utilising membranes 

is the ease with which their surfaces can be functionalized. Membrane 

modification can endow membranes with additional functionalities and 

transform them into more valuable final products. Functionalization can 

improve the overall performance of existing polymeric membranes either by 

minimising undesired interactions that reduce the performance (antifouling) or 

by introducing specific interactions [28]. 

Membrane modifications may provide a means of preparing membranes with 

enhanced antiviral properties. As most viruses have a negative charge in neutral 

solutions [29], adsorption, when exposed to positive surfaces, could promote their 

removal. However, most membranes are negatively charged and need to be 

functionalized with various substances to render them positive [30] [32]. Here 

positively charged (cationic) polymers are especially interesting as some have 

demonstrated antiviral properties [33] [35] and are also well suited for the 

functionalization of polymeric membranes [36], [37]. The polycationic chains can 

damage lipid membranes of enveloped viruses such as influenza virus 

[38].Furthermore, they can also damage the capsids of the more resistant non-

enveloped waterborne viruses which we aim to treat. Specific polymers like 

polyethyleneimine (PEI) have been found to be valid candidates for imparting 

antibacterial [39] and antiviral properties onto surfaces [35], [40]. Hence they are 

prime candidates for the functionalization of membranes to improve their viral 

inactivation capabilities. There have been previous studies of the virucidal 

activities of similar poly-cations painted or coated onto glass slides but not 

applied to membranes for drinking water [38], [41]. 

Based on the hypothesis mentioned above, we theorise that cationic modification 

of membranes with PEI can enhance virus reduction during filtration. Several 

studies have been carried out using PEI to concentrate [42] [44] or adsorb viruses 

and bacteriophages [45], [46] as well as for antifouling purposes [47], [48] and 

antiviral surface creation [40]. But the effects of PEI on the virus removal via 

gravity-based membrane filtration for drinking water production have not been 

studied [49]. 

In this Chapter, PEI was actively coated onto commercially available 

polyethersulfone (PES) microfiltration (MF) membranes with large pore sizes 



(0.45 µm) to introduce antiviral properties. The polymer coating induced 

significant viral reductions without sacrificing the permeability of the 

membranes. To investigate their ability to reduce waterborne viruses the 

membranes were challenged with MS2 bacteriophages (30 nm) [50]. MS2 

bacteriophages are surrogates for pathogenic viruses such as norovirus due to 

their similarities in size and structure [51]. This Chapter was, therefore, designed 

to illustrate the potential of modified MF membranes to reduce virus 

concentrations, thereby allowing gravity based filtration. This is expected to 

lead to alternatives in membrane development and application yielding better 

virus control for resource-limited settings and emergency situations to produce 

safe drinking water. 

 

 

Branched Polyethyleneimine (Mw ~750 kDa 50 wt.% in water and Mw ~ 25 kDa 

1 wt.% in water), sulphuric acid (H2SO4, ACS reagent, 95-98%), hydrogen 

peroxide solution (H2O2, contains inhibitor, 30 wt.% in water ACS reagent) and 

Ponceau S red were obtained from Sigma-Aldrich (The Netherlands). All 

chemicals purchased were used without any purification. Before use, the stock 

PEI solutions were diluted in demineralised water to obtain the desired 

concentrations. 

 

Microscope slides (75x25x1 mm, Sigma-Aldrich) cleaned with piranha solution 

(H2SO4: H2O2, 3:1), for 1 hour and rinsed (3 times) in Milli-Q water. The slides 

were then dip-coated in a bath of either, 1.3 wt.%, branched PEI (Mw ~ 750 kDa 

and 25 kDa) for 15 minutes, rinsed with mili-q water and subsequently dried by 

air. 

 

The thickness of the PEI layer coated onto the model surface was measured 

using ellipsometry. Dry PEI film thickness measurements were performed using 

spectroscopic ellipsometry (M2000, J.A. Woollam Co., Inc.). 

Ellipsometry data was determined upon reflection of white light (370-900 nm) 

on the polymer-coated silicon wafers in the dry state, resulting in both a relative 

phase shift,  , and a relative amplitude ratio, tan !. Dry film measurements 

were performed at angles of incidence of 65, 70, and 75°, while a three-layer 



 

model consisting of a silicon substrate, a silicon oxide layer, and a polymer layer 

was used to simulate experimental data. 

 

PEI, a cationic polymer was adsorbed onto a negatively charged commercial flat 

sheet EXPRESS® Plus polyethersulfone (PES) microfiltration (MF) membranes 

(pore size: 0.45 µm) from Merck Millipore (Diameter 90 mm). 

The concentration of the polycationic polymer used varied over a range of 0.3-

1.3 wt.%, with increments of 0.3% wt. for both molecular weights (Mw~25 kDa 

and 750 kDa) of PEI. 

Coating of the membranes was as follows: 

Firstly using an active coating method, by an AMICON cell-based dead-end 

filtration set up see Appendix B.2. 500 mL of PEI solution was flushed through 

the membrane at a pressure of 0.2 bars. The membranes were later removed and 

thoroughly rinsed with 500 mL of Milli-Q water using a sterilised AMICON cell 

at 0.02 bars to remove the excess (bulk) or unbound polymer prior to all 

experiments This process of coating the membrane was also sub-divided as the 

membrane was either coated on the active surface, the back or both using the 

AMICON cell. Secondly, a passive coating method or immersion was utilised, 

where the membranes were immersed in a solution of PEI overnight under 

agitation. 

The surface morphology, membrane asymmetry and cross-section of the 

membrane were observed using a scanning electron microscope (SEM), JSM-

6010LA. The samples were vacuum dried and sputtered with gold before 

introduction to the microscope. For cross-section samples, the membranes were 

broken with the assistance of liquid nitrogen. 

For the determination of the zeta potential of the modified membranes, an 

electrokinetic analyser SURPASS (Anton Paar, Graz Austria), was used. The 

zeta potential is calculated by measuring the streaming current versus the 

pressure four times in a 5 mM KCL solution at room temperature (RT, 

approximately 20-22°C unless otherwise stated) which employed the following 

equation: 

0

B

dI
k R

dP

h
z

e e
=

×
 (3.1) 



Where z is the potential (V), I is the streaming current (A), P is the pressure 

(Pa), h is the dynamic viscosity of the electrolyte solution (Pa.s), e is the 

dielectric constant of the electrolyte (-), e0 is the vacuum permittivity (F.m-1), 

 ! is the bulk electrolyte conductivity (S.m-1), and R is the electrical resistance 

(W) inside the streaming potential. 

 

To observe the distribution of positive charges a fast non-quantitative 

characterisation method was used in the form of an anionic dye staining test, 

Ponceau S red. The anionic dye stains positively charged surfaces resulting in a 

rapid colour change. 

 

To identify the amino groups present in PEI on the modified membrane, Fourier 

transform infrared spectroscopy (FTIR) was applied using ALPHA FTIR 

spectrometer, having a resolution between 4000-2000 cm-1 each spectrum was 

collected in mode 40 scans and 4 cm-1 resolution. 

 

An AMICON cell-based dead-end filtration setup schematically shown in Figure 

3.1 was used to test the performance and the stability of the modified membranes 

[18], [52]. Pure water filtration tests were conducted to study the effect of the 

modification on the overall permeability of the membrane. Experiments were 

performed at RT and a pressure of 0.2 bars. Stability tests were also performed 

using Milli-Q water at normal pH (5.5); pH 4 and pH 3. Lowering of the pH 

ensured an increase in charge density of the PEI, and thus increased the 

repulsion between polymer chains. 



 

 
Figure 3.1: The schematic diagram of the bench scale filtration unit for virus reduction 
by flat sheet microfiltration membranes. 

 

The F-specific bacteriophage MS2 (GAP Enviro-microbial services Ltd.) was 

enumerated by plaque assay [53], using as a host strain Salmonella typhimurium 

WG49 (Culture collections of public health England). The titre of the stock 

solution MS2 was 1011 plaque forming units PFU/mL and stored at 4°C. Before 

each experiment, a fresh MS2 working stock was generated by diluting the stock 

in 1x phosphate buffered saline (PBS, pH 7.2±1) or Milli-Q water. 

 

PEI-modified (coated) and piranha cleaned (uncoated) glass slides were exposed 

to MS2 as described by Haldar et al. [38], [54]. In short 10 µL of a 4±0.9x109 

PFU/mL MS2 stock was applied to the coated slide and covered by an uncoated 

slide. Then gentle manual pressure was applied to spread the droplet. As a 

control, two uncoated slides were used in the same manner. The slides were 

placed in a petri dish and after 30 minutes of incubation with 10 µL MS2 at RT. 

The top slide was lifted, and the virus exposed sides of both top and bottom 

slides rinsed thoroughly with 1.99 mL PBS (pH 7.2±1). The collected rinse was 

used to prepare the 10-fold dilution range in 1xPBS, which was then used for 

enumeration of MS2 by plaque assay. All experiments were performed in 

triplicate. Error bars represent the standard deviation.

 

The test was also carried out using 200 µL of bulk PEI solution and 10 µL of a 

4±0.9x109 PFU/mL MS2 stock in a 96 well plate under agitation using an orbital 

Influent

Pump

Permeate

Balance

MF membrane



shaker at 160 rpm for 30 minutes at RT. Following which, a plaque assay was 

performed similarly to the slides. 

A 1 mL sample (900 µL of PBS with 100 µL of the virus) at RT was vortexed 

and diluted 10 folds, then overlaid with 2.5 mL of semi-solid agar (ssTYGA) and 

1 mL of Salmonella in tryptone-gisextract glucose agar plates (Tritium 

microbiologie). After 24 h incubation at 37°C, the agar plates were removed and 

plaques counted, and results noted. 

 

To determine MS2 reduction by PEI-coated membranes gravity filtration with 

a sterilised glass dead-end filtration system was performed. As a control, an 

identical but uncoated membrane was used. Sterile Milli-Q spiked with MS2 to 

a final concentration of (4±0.9x109 PFU/mL) was used as feed. The permeate 

was collected in a designated tube and sampled after 1, 5, 10, 20 and 30 L was 

filtered. The membrane was also collected and was placed in a sterile tube 

containing 50 mL Milli-Q and sonicated using an ultrasonication bath. The 

permeate and membrane rinse were used to prepare 10-fold dilution series for 

enumeration by plaque assay.

 

Different experimental setups were applied to evaluate virus removal and 

inactivation herafter described as reduction. Initially, we studied the antiviral 

properties of PEI, both in bulk solution and as a coating on model surfaces (glass 

slides). Subsequently, we investigated the coating of membranes, studying the 

resulting membrane properties and the stability of the coating. Finally, the 

reduction MS2 bacteriophages in a gravity-driven membrane process are 

described. 

 

To demonstrate the principle of viral reduction by cationic polymers and to find 

suitable conditions to modify membranes for water purification we have used 

model slides. The cationic polymer, PEI was adsorbed to the negatively charged 

glass surface through a quick and simple dip-coating procedure [55]. The 

concentration of PEI varied between 0.3-1.3 wt.% as well as the molecular weight 

25 and 750 kDa. The thickness of the adsorbed layer was measured using 

ellipsometry, while the homogeneity of the PEI layer was assessed using Ponceau 

S staining and the charge was quantified using zeta potential. A layer of 



 

approximately 4±1 nm thick was deposited on the glass slides for all types of 

PEI and concentrations. Ponceau S staining demonstrated that the surface was 

positively charged as there was a colour change from colourless to reddish/pink 

when in contact with coated slides and proved an even distribution of the 

polymer on the surface (Appendix B, Figure B.4). Finally, zeta potential 

measurements showed an overall positive charge of 60 mV. 
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Figure 3.2: MS2 bacteriophage reduction by PEI-coated glass slides and PEI in bulk 
solution. The experiment was performed in triplicate and error bars represent the 
standard deviation. The control of the surface and bulk experiments represent stock 
MS2 viral solution which was diluted 10 folds (6 times), and plaque assayed. 

In Figure 3.2 the reduction of MS2 by PEI-coated glass slides and by PEI in 

bulk solution are shown. The uncoated slides showed a reduction between 0.5-1 

log10-units, while the modified glass slides showed reductions greater than 3 log10-

units. The presence of PEI in bulk solution also leads to high reductions,  4 

log10-units compared to stock MS2 in Milli-Q water. Based on these results we 

concluded that PEI would be a suitable modifier for membranes to give higher 

viral reductions. 

 

Membranes were subsequently coated by PEI, by actively flushing a PEI solution 

through the PES-based MF membrane (pore size 0.45 µm). FTIR measurements 

were taken of the modified and unmodified membranes to validate successful 

modification. Compared to the uncoated membranes there was an additional 



peak between 3200 and 3600 cm-1 this range is indicative of the amine (N-H) 

stretch of primary and secondary aliphatic amines. Moreover, this peak is also 

characteristic of a hydroxyl (OH) group stretch. However, tertiary amines do 

not show within this range [56], [57]. FTIR was used to analyse the effect of 

varying the concentration of the coating solution on the resulting membrane 

(Figure 3.3). After 2000 cm-1 no significant peaks were detected. 

 
Figure 3.3: (a) FTIR spectra of the pristine uncoated membrane (black) and PES MF 
membranes coated with various concentrations (wt. %) as indicated (other colours) 
and (b) Zeta potential of the membranes coated with different molecular weights of 
PEI as indicated. Error bars represent the standard deviation from three separate 
measurements; some error bars are too small to be seen. 
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While FTIR does not yield qualitative information, one can observe that as the 

PEI coating concentration increases, so does the absorbance This result was 

unexpected, as on model surfaces we did not observe an effect of the 

concentration on the thickness of the adsorbed PEI layer. Most likely, at higher 

concentration, more PEI gets trapped in the membrane structure, leading to the 

observed increase in absorbance. Scanning electron microscope (SEM) pictures 

of the modified membranes were taken to ensure that the integrity of the 

membranes was not compromised after coating (Appendix B, Figure B.3). The 

pore size distribution was also evaluated by SEM to observe the effects of coating 

on the pore size distribution. The average distribution was estimated by 

measuring 30 pores chosen at random using the software image J. Details of the 

SEM images and average pore size distribution can be seen in Figure B.3 and 

Figure B.5 of the Appendix respectively. There was no significant difference 

observed by both characterisation techniques. 

The zeta potential of the membrane characterised its surface charge.  After PEI-

coating, the negatively charged PES membrane reversed from -40 mV to values 

as high as +70 mV at pH 5 (Figure 3.3(b)). This change demonstrates that the 

polyelectrolyte overcompensates the surface charge, which indicates favourable 

polycation adsorption onto the membrane [58]. It was observed that as the 

molecular weight decreased the zeta potential increased due to the surface 

structure and degree of branching. It should be noted that the zeta potential 

was measured using streaming potential. The zeta potential represents the 

potential of the shear plane, where fluid shears over the (polymer coated) surface. 

These results show a successful modification of the membrane by a simple 

coating method. The presence of the additional peak around 3400 cm-1, as well 

as the change from a negative to a positive zeta-potential, was clear confirmation 

of successful modification of the membrane. Based on these results we found the 

optimal conditions for modification to be 1.3 wt.% of 25 kDa PEI, and all further 

experiments were conducted using these conditions. 

 

Membrane clean water permeation tests were performed to determine the 

performance of the newly coated membrane. Permeability before and after the 

modification are shown in Table 3.1 below. The PEI adsorbed on the membrane 

reduces its permeability, by narrowing the pore size. At the same time, the 

permeability remains high enough to be useful in gravity-driven membrane 

setups, an explicit goal of this investigation. 



Table 3.1: Membrane permeability before and after PEI coating using AMICON dead-
end filtration set up at 0.2 bars. 

Coating 

Permeability 

before coating 

(L/hm2bar) 

Permeability after 

coating (L/hm2bar) 
Reduction (%)

Uncoated  21x103 - - 

25 kDa 1.3 wt.% PEI  20x103 16x103 22 

Several filtration experiments were conducted using Milli-Q water at pH values 

between 3 and 5.5. The more acidic pH was used to induce a higher charge in 

the polymer chains, and membranes stability tests were conducted by assessing 

FTIR spectra and the membranes zeta-potential. These measurements were 

carried out before and after long-term filtrations (Figure 3.4). 



 

 
Figure 3.4: (a) FTIR absorbance and (b) Zeta potential of the membranes coated with 
25 kDa, 1.3 wt.% PEI treated with different volumes of water at pH 5.5; some error 
bars are too small to be seen. 

The FTIR absorbance and the zeta potential of the membranes treated at pH 

5.5 are shown in Figure 3.4(a) and (b) respectively. Based on the FTIR data, 

the concentration of the PEI in the membrane decreased as the volume of filtrate 
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increased, until eventually, the characteristic amine peak (around 3400 cm-1) is 

no longer visible when the volume of filtrate is substantial (12000 L/m2). The 

zeta potential, however, behaved very differently as there was no observed 

decline; the zeta potential remained stable between 50-60 mV at pH 5.5. The 

same effects were observed for filtrations at pH 3 and 4; there was only one 

difference, the PEI content as estimated from FTIR diminished at a much faster 

rate. But again, the zeta potential remained stable at the tested pH values. 

Clearly, some PEI is washed out of the membrane over time, but a single 

adsorbed PEI layer remained, meaning that the membrane surface remains 

positively charged. 

 

The reductions of MS2 by the modified and the unmodified membranes as a 

function of filtration time are shown in Figure 3.5.

 

  



 

 
Figure 3.5: (a) Virus reduction and (b) The permeate flux were plotted as a function 
of filtration time for both the modified (grey lines and scatters) and unmodified (black 
lines, scatters) membranes. The experiments were performed in triplicate, and error 
bars represent the standard deviation. 

With the unmodified membrane, the reduction was on average 1 log10-unit. 

However, from the effluent samples collected with the modified membrane, the 

MS2 removal was greater than 3 log10-units. The modified membrane reduction 
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was, as expected, much higher than that of the unmodified membranes. At the 

beginning of the filtration, the permeate flux of the modified membrane was 25% 

lower than the unmodified membrane. This was expected as the pure water 

permeability of the modified membrane was 22±5% lower than the unmodified 

membrane (see Table 3.1). Over time, the fluxes for the modified and unmodified 

membranes remained rather stable. The  3 log10-units viral reduction remained 

stable for over an hour, allowing at least a production of 1700 L/m2 of drinking 

water with a strongly reduced viral content. After the first hour, a more stable 

2 log10-units reduction was still present for an additional 3300 L/m2. Before each 

virus filtration experiment, the permeate flux of the membrane had been 

determined with DI water to ensure the consistency in permeate flux between 

different membranes. 

 

The simplest design of a membrane-based technology for drinking water 

production is based on gravity filtration. These systems are cheap to produce, 

do not rely on the use of energy, and are easy to operate. But to achieve gravity 

filtration, large pores are required that cannot remove waterborne viruses based 

on size exclusion. Here we propose the use of PEI-modified MF membranes, 

which would remove viruses by adsorption of the negatively charged viruses to 

the positively charged PEI. Such membrane would still operate under gravity 

filtration and would reduce particles, bacteria and viruses to produce clean 

drinking water. Indeed, experiments on model surfaces (glass slides) 

demonstrated how easy it is to coat a negatively charged surface with a thin 

PEI coating. Moreover, MS2 reduction by these PEI-coated glass slides further 

indicates the suitability of PEI for the modification of membranes for the 

reduction of viruses from contaminated water. Synthetic polymers such as PEI 

are not costly, while there are also reputable and well-established methods in 

polymer chemistry which enable further modification of their chemical and 

physical properties, making PEI a very versatile polymer. Here we focus on how 

PEI in its purest form performs when used to modify commercially available MF 

membranes. 

The zeta potential data are shown in Figure 3.3(b) illustrates that while all 

polymers lead to a positive membrane zeta-potential, the exact zeta potential 

does depend on the type of PEI used. For polyelectrolyte coatings, a more 

swollen confirmation would lead to a lower zeta or more negative zeta potential 

as the cationic groups are less accessible for the measurements [59]. This explains 

the difference in zeta potential due to molecular weight and branching of the 

polymer. The smaller complexity of the polymer (lower molecular weight and 



 

less branching), gives a flatter layer with less swelling and hence a higher zeta 

potential. Longer and more branched polymers will adsorb as a more swollen 

layer, which in turn leads to a lower zeta potential [60]. 

In Table 3.1, a 22% decrease in the permeability of the membrane after PEI 

coating was reported. The adsorbed layer causes the pores to become slightly 

narrower and hence, there is a reduction in permeability compared to the pristine 

membrane. While the permeability reduction is of some concern, as a high flux 

is vital in membrane processes for drinking water, this is the logical consequence 

of this type of coating procedure. The molecular weight of the polymer could 

even be used to tune the pore size of the membrane after adsorption. Moreover, 

the permeability of these modified membranes is still much higher than that of 

ultrafiltration membranes typically used for virus reduction [61], and will still 

allow for a gravity-driven membrane process. FTIR and zeta potential 

measurements performed before and after coating shown in Figure 3.4(a) and 

(b), showed that even after prolonged filtration. There was still an active PEI 

layer adsorbed to the PES membrane surface which was validated by stable 

positive zeta potential. Based on the FTIR data, the concentration of the PEI 

in the membrane decreases as the volume of filtrate increases, until eventually, 

the characteristic amine peak (3354 cm-1) is no longer visible when the volume 

of filtrate is substantial (12000 L/m2). It is likely that PEI becomes trapped in 

the inner porous structure of the membrane and with prolonged filtration, there 

is the removal of this excess of PEI. However, the active layer; that is 

electrostatically adsorbed to the PES membrane surface, remained and is so thin 

that it is not detectable with FTIR. The concentration of PEI in the permeate 

was too low to be measurable, even after concentration by evaporation. Loss of 

PEI is also possible due to adsorption on glassware (or polymer tubing). 

Therefore we estimate that the PEI concentration in the permeate is lower than 

10 nanograms per litre. However, at high pH (>9.5) the zeta potential decreases 

due to the deprotonation of PEI which indicates the decrease in stability of the 

adsorbed layer [62]. 

At pH 3 and 4 a similar effect is observed with FTIR, but the concentration of 

PEI diminished at a faster rate. The zeta potential also remained unchanged for 

all measurements at the tested pH. This result shows that rinsing with a low pH 

solution is an easy method to remove the excess of PEI and as a post-treatment 

before use, and in that way it is easy to prevent PEI leakage during drinking 

water production. 

It is likely that viruses can accumulate on the surface of unmodified membranes. 

Therefore we theorise that virus accumulation on the membrane surface is the 



dominant factor which results in the 1 log10-unit reduction observed for the 

unmodified membrane. The significant increase in virus reduction by the PEI 

modified membranes shown in Figure 3.5 can be attributed to the adsorption of 

the negatively charged virus to the cationic PEI, or to a combination of 

inactivation and adsorption. Due to the small size of the MS2 (30 nm) in 

comparison to the pore size of the membrane (0.45 µm) [50], [63], [64]. The 

influence of membrane pore size (size based exclusion) was not significant. The 

PEI-modified membrane was able to reduce at  3 log10-units MS2, under gravity 

filtration. Quantitative analysis using quantitative Polymerase Chain Reaction 

(qPCR) did not yield precise results, as it appears that PEI leached from the 

membrane affecting the results.

Characterization of these surrogate viruses and waterborne pathogenic viruses 

has shown several similarities concerning size and isoelectric point [29], [65], [66]. 

MS2 is an icosahedral, positive-sense single-stranded RNA virus resembling 

common waterborne pathogenic virus such as hepatitis E viruses [67] [71]. Other 

pathogenic waterborne viruses contain double-stranded RNA such as rotavirus 

or DNA such as adenovirus; the latter is larger as well in comparison to most 

surrogates. Influenza viruses often used in polymer inactivation studies contain 

double-stranded RNA which is segmented and enveloped, which makes these 

viruses less stable and therefore are not appropriate as surrogates for most of 

the very persistent waterborne viruses. Though MS2 bacteriophages offer a faster 

and more straightforward method for testing the efficacy of the PEI modified 

membranes, there is no one surrogate virus representative of all waterborne 

viruses [72]. Therefore, further parallel studies should be undertaken to prove 

whether modified membrane filtration effectively reduces human pathogenic 

viruses such as noroviruses, rotaviruses and hepatitis E viruses. Using enhanced 

MF membranes could be one of the significant technological trends that need to 

be adopted [73]. Especially since solutions such as modified membranes can avert 

large waterborne outbreaks caused not only from viruses but also from bacteria 

such as Vibrio cholera and parasites such as Cryptosporidium [74], [75]. 

It should be noted that while far exceeding the expectations for such a simple 

modification, there is a need to optimise and to improve the robustness of the 

applied membrane coating. Although having  3 log10-units reduction is highly 

beneficial, when treating waterborne pathogens, however, there could be adverse 

helath risks despite this reduction in viral titre. Nevertheless, we demonstrate 

the critical role played by the immobilised PEI in reducing the titre of the MS2 

bacteriophages. It is also advantageous to note additional contaminants in the 

water, such as bacteria and particles will simultaneously be removed, thus saving 



 

time, energy, effort and resources. The observed leaching of PEI is a problem 

that can be avoided, for example by crosslinking (e.g. by following a method 

described by He et al. [76]) or as was previously mentioned in section 3.2.7, by 

filtering at a low pH before use. To further improve the antiviral activity of MF 

membranes moieties such as metallic nanoparticles could be incorporated to 

improve the overall performance of the surfaces [18]. 

 

We have successfully modified MF membranes for the reduction of waterborne 

viruses using the cationic polymer PEI. Membrane coating was confirmed by 

FTIR and zeta potential measurements. Although, FTIR showed some leaching 

of excess polymer, zeta potential measurements, demonstrated that a single 

active PEI layer remains adsorbed to the membrane even after prolonged 

filtration (12000 L/m2). The main conclusions of this work demonstrate that 

modified MF membranes and model surfaces were able to reduce the viral titre 

of MS2 by  3 log10-units or 99.9%. No other membrane technology reaches these 

high levels of viral log reductions and can at the same time be operated under 

gravity filtration. This unique characteristic enables them to be used in the 

simplest and cheapest point-of-use (POU) systems to create a good quality 

drinking. Furthermore, although there is only a 22% reduction in the 

membrane!s" permeability" after"modification," 5000"L/m2 could be successfully 

treated in ~2.5 hours. These modified MF membranes not only save time, but 

also reduces cost as they do not require any external driving force. Thus, these 

membranes provide a unique combination of filtration and disinfection, making 

them promising candidates for gravity-driven POU systems to create safe 

drinking water. More research, utilising actual surface water and pathogenic 

viruses, will be needed to establish the full potential of this approach.
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Figure B.1: AMICON cell setup used for coating commercial PES membranes, filtration 
and stability tests. 
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Figure B.2: SEM images showing morphology of the membrane b Figure A2. filter modification 



 

Ponceau S red staining demonstrated the homogeneity of the coating the 

uncoated membrane (a) remains beige after immersion in the staining solution, 

while the negatively charged dye homogeneously stains the positively charged, 

coated membranes (b, c). There was no significant quantitative difference in the 

intensity of the stain observed between the different PEIs. 

 
Figure B.3: Ponceau S stained membranes: a) non-coated PES membrane, b) 
membrane coated with 25 kDa PEI, c) membrane coated with 750 kDa branched PEI. 

 
Figure B.4: Pore size distribution of membrane after coating and filtration compared 
to the uncoated membrane.(1-25 kDa PEI, 2-750 kDa PEI and 3- 25 kDa PEI coated 
backwards). 
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The removal of enteric viruses from drinking water poses a significant challenge 

in the prevention of waterborne diseases. Besides being well-known for their 

antimicrobial activity, silver and silver-based nanoparticles (AgNPs) are also 

deemed promising as antiviral agents due to their high stability and good 

performance in antiviral applications. The toxicity (towards virusses) of AgNPs 

was reported to be dependent on several factors such as particle concentration, 

size and shape. Although these factors may indeed contribute to the toxicity of 

AgNPs, the results presented in this article demonstrate that surface chemistry 

and especially surface charge is a key factor governing the toxicity of AgNPs. In 

this article, the influence of capping agents representing various surface charges 

ranging from negative to positive was investigated. These AgNPs were capped 

with citrate, polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) 

mercaptoacetic acid (MAA) and (branched Polyethyleneimine (BPEI). We show 

that AgNPs exhibited surface charge-dependent toxicity towards MS2 

bacteriophages. Among the capping agents under investigation, BPEI capped 

AgNPs (Ag/BPEI) exhibited the highest reduction of MS2 resulting in  6 log10-

units, followed by 4-5 log10-units reduction with PVP and PEG cappings and 3-

4 log10-units with MAA and citrate cappings. Bare nanoparticles reported a mere 

1-2 log10-units reduction. Electrostatic interaction between the positive BPEI 

and the negative virus played a major role in bringing the MS2 in proximity to 

toxic silver ions (Ag+). Further results obtained from TEM showed that 

Ag/BPEI nanoparticles could directly damage the structure of the MS2 

bacteriophages. The observed synergy between AgNPs and their cationic 

capping agents can lead to much lower and much more efficient dosings of 

AgNP s!for!anti-viral applications.



 

 

 



 

Infectious diseases are responsible for more than 20% of global mortality, and 

one of the leading causes of such diseases are viruses, accounting for about one-

third of these deaths [1]. Unsafe drinking water, inadequate availability of water 

for hygiene, and lack of access to sanitation contribute to almost 90% of deaths 

from diarrheal diseases [2]. Furthermore, nearly half of all emerging pathogens 

are viruses or prions [3]. One approach to prevent viral disease is vaccination. 

However, only a limited amount of vaccines exist. Moreover, of the vaccinations 

against viruses which exists, there is no complete distribution and availability 

in all parts of the world [4]. After infection, an important treatment option is 

antiviral drugs, but just like vaccines only a limited amount of approved 

antivirals are available and they are virus specific. Therefore, to prevent 

emerging infectious diseases including those from viral infections, improved 

access to safe water, sanitation and hygiene remains of utmost importance. 

Metallic nanoparticles are considered innovative antiviral agents [5] that could 

be used in conjunction with other methods of disinfection. Recently, metal 

nanoparticles were developed, because of their unique physical and chemical 

properties[6]. Silver nanoparticles (AgNPs) are known to be broad-spectrum 

antimicrobial agents and are currently the most widely commercialised 

nanomaterials [7], [8]. Silver ions have long been known to exert potent 

antimicrobial activity on many species of bacteria [9]"[12] and various viruses 

[5], [13]"[15]. For these reasons, silver and silver-based compounds have been 

extensively applied in multiple consumer products, as antimicrobial coatings and 

surfaces [16]"[19]. However, due to the decrease in size compared to bulk 

materials, nanoparticles tend to have higher surface energy, which may lead to 

instability [20]. Hence nanoparticles often require capping or stabilisation agents 

to aid their stability and to prevent coagulation. Capping agents work through 

various mechanisms, commonly categorised in five types: steric stabilisation, 

electrostatic stabilisation, depletion stabilisation, stabilisation by hydration 

forces and stabilisation by Van de Waals forces [21]. Occasionally, multiple 

mechanisms can occur with some capping agents, for instance in the case of 

branched Polyethyleneimine (BPEI), where it stabilises AgNPs both 

electrostatically and sterically due to its charge and its branched and flexible 

structure [22]. 

Besides the stabilisation effect provided by capping agents, they are further 

beneficial for the controlled synthesis of nanoparticles and to give the 

nanoparticles with specific properties such as monodispersity. Furthermore, 

capping agents have substantial effects on properties such as size, shape and 

solvent interaction [23]. Therefore, the choice of capping agent can be crucial 



 

when designing nanoparticles for a particular application. For example, having 

capping agents on AgNPs surfaces in antimicrobial studies, resulted in the 

enhanced antimicrobial activity of those nanoparticles [24]. The conventional 

capping agents used in bottom-up approaches for metallic nanoparticle synthesis 

(Au, Pt and Ag) are polymers and surfactants [25]. There are many other 

stabilisers such as natural polysaccharides, chitosan, alginate as well as cellulose 

and its derivatives, all of which can be used to stabilise metallic nanoparticles. 

Studies have shown that the antimicrobial activity of AgNPs capped with 

branched polyethyleneimine (BPEI) had higher activity when compared to that 

of nanoparticles capped with PVP and citrate [26]. The mechanism of silver 

nanoparticle s! toxicity! could! involve! a! combination! of! both physical and 

chemical interactions. Badawy et al. also suggested that there is a direct 

correlation between the toxicity and the surface charge of the silver nanoparticle 

[22]. The more positive the zeta potential, the more toxic the particle, therefore 

the stabilisers for AgNPs affect more than the stability, they also influence the 

antimicrobial activity of the nanoparticle [22], [25], [26]. 

With over 2.4 billion people lacking access to improved sanitation, the spread of 

viruses and other microorganisms continues, thus finding solutions to avoid or 

reduce this problem has been of keen interest in recent times [27], [28]. Given 

the significant effect of capping agents on the toxicity towards bacteria and the 

other properties of nanoparticles, it becomes vital to understand the effect of a 

capping agent on the anti-viral activity of metallic nanoparticles. Interestingly 

such nanoparticles could act as broad-spectrum antivirals while still being non-

toxic to humans. 

In this Chapter, the antiviral activity of AgNPs capped with several capping 

agents namely, branched polyethylenimine (Ag/BPEI), mercaptoacetic acid 

(Ag/MAA), citrate (Ag/Citrate), polyethylene glycol (Ag/PEG) and 

polyvinylpyrroli done (Ag/PVP) against MS2 bacteriophages are investigated. 

While the focus is on the effect as a stabiliser, the additional effects of the change 

in nanoparticle stock concentration, exposure time and NP size on the ability to 

reduce the viral titre of MS2 were also investigated. Following the assessment of 

the antiviral activity of the AgNPs, the most effective stabiliser was used to cap 

copper (Cu) nanoparticles as a cheaper alternative to silver, and thus evaluating 

the synergistic effects between the chemistry of the nanoparticle and the chosen 

capping agent. 



 

 

All used chemicals were of reagent grade and were used without further 

purification unless otherwise specified. A silver neutraliser solution was prepared 

based on a technique described by Butkus et al. [29] and contained 11.5 g of 0.93 

M sodium thiosulfate and 0.88 M sodium thioglycolate both purchased from 

Sigma Aldrich, The Netherlands. The stock solution was filter sterilised and 

stored in an acid-washed, sterile glass bottle. Fresh silver neutraliser was 

prepared on the day of the experiment. A copper neutraliser solution was 

prepared by adapting the protocol reported by Nguyen et al. [30], which 

contained 2 mM ethylenediaminetetraacetic acid (EDTA) and sodium sulphite 

from Sigma Aldrich, The Netherlands. All solutions were prepared using 

deionised water (18 M , Milli-Q water) from a Millipore system. 

Five samples of AgNPs with different capping agents (Figure 4.1) were received 

from Nanocomposix, Prague, Czech Republic. The five samples used for these 

experiments were Ag/BPEI, Ag/citrate, Ag/PEG, Ag/PVP and Ag/MAA. Bare 

AgNPs were synthesised by the reduction of silver nitrate (AgNO3), by sodium 

borohydride (NaBH4) bought from Sigma Aldrich, The Netherlands. Copper 

sulphate pentahydrate (CuSO4.5H2O), sodium borohydride (NaBH4), branched 

Polyethyleneimine (BPEI, Mw ~ 25 kDa), were also bought for Sigma Aldrich 

(The Netherlands) to synthesise bare and BPEI-capped copper nanoparticles 

(CuNPs). 

The F-specific bacteriophage MS2 bacteriophage was obtained from GAP 

Enviro-microbial services Ltd. and enumerated by the double agar overlay 

method [31], [32], using as a host strain Salmonella typhimurium, WG49 

(Culture collections of public health England). The titre of the stock solution 

MS2 was 4x1011 plaque forming units (PFU)/mL and was stored at 4°C. Before 

each experiment, a fresh MS2 working stock was generated by diluting the stock 

in 1xPBS (phosphate buffered saline) or Milli-Q water. 

 

Bare AgNPs were synthesised by a simple wet chemical reduction of silver 

nitrate salts using sodium borohydride as a reducing agent using an adopted 

methodology from Noordeen et al.[33]. In short 30 mL of 0.002 M NaBH4 was 

added to an Erlenmeyer flask while stirring in an ice bath for 20 minutes. 2 mL 



 

of 0.001 M AgNO3 was added dropwise to the reducing agent, as soon as all the 

AgNO3 was added stirring was stopped and the nanoparticles stored in brown 

bottles at 2-4°C. 

BPEI capped CuNPs were prepared by a method reported by Sasson et al. [34]. 

In short, 30 mL of 0.066 mM PEI solution was added to 10 mL of 50 mM Cu2SO4 

solution while stirring for 5 minutes at room temperature (RT ~20-22°C) and 

200 rpm. The formation of the CuNPs was then initiated by adding 10 mL of 

100 mM NaBH4 to the suspension while stirring for 25 minutes at RT and 200 

rpm. To remove the remaining dissolved salts, the CuNPs were dialysed 

(MCWO~ 3500 Da, Spectra/Por dialysis, G2 Float-a-Lyzer, Spectrum 

Laboratories, Inc.) for 20 hours in deionised (DI) water. The bare CuNPs were 

synthesised using similar conditions without the addition of the PEI. 

 

Size characterisation measurements were carried out using a JEOL JEM 1400 

transmission electron microscope (TEM). The TEM samples were prepared by 

depositing a 100 µm drop of nanoparticle suspension received on a standard 

carbon-coated copper TEM grid and dried at room temperature for at least an 

hour before examination in TEM. The particle size distributions were measured 

using the Malvern zetasizer Nano ZS. All samples were suspended in Milli-Q 

water to give them appropriate structural and thermodynamic wetting 

properties. 

 

Figure 4.1: Chemical structures of the capping agents studied. 
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All glassware was washed with deionised water and sterilised by autoclaving at 

121°C for 15 minutes before use. Inactivation experiments were performed at 

RT in Pyrex borosilicate glass Petri dishes. MS2 bacteriophages with an initial 

concentration of 4x109 PFU/mL were suspended in Milli-Q water (pH 7.0) by a 

100-fold dilution of the stock (4x1011 PFU/mL). The experiment was initiated 

by adding an equal volume of a nanoparticle solution to the virus suspension. 

The suspension was shaken with an orbital shaker at 160 rpm during the entire 

reaction. Samples of 1 mL were taken at predetermined time intervals and 

immediately quenched with their respective neutralising agents. Neutralizing 

agents prevent the continuation of antiviral effects after samples were taken, 

and they also prevent the bacteria used for virus enumeration (host) from being 

affected by the metallic nanoparticles. Samples containing silver were neutralised 

by adding approximately 20 µL or 1 mL of the stock neutraliser solution for 20 

mg/L or 1g/L concentrations of AgNPs respectively, which was determined to 

be sufficient for neutralising the maximum silver concentration. Copper-

containing samples were neutralised with 2 mM EDTA and sodium sulphite 

(equivalent to the initial concentration of the nanoparticles). After neutralising, 

0.5 mL of each sample and the MS2 titre quantified by plaque assay and the 

viral titre determined after 24 hours of incubation at 37°C. Plaque counts 

between 30-300 PFU/mL were taken into account for the calculations. All 

experiments were repeated at least three times, and the averages and standard 

deviations were reported. All glassware used to handle MS2 and metallic 

nanoparticles was soaked in 10% HNO3 overnight and rinsed with deionised 

water to remove adsorbed silver or copper and any other contaminants. 

 

 

Waterborne viruses are of significant concern, especially in resource-limited 

settings. New and more efficient antiviral agents are needed that can specifically 

prevent viruses from spreading through drinking water. AgNPs are promising 

antiviral agents that can be used to optimise existing water treatment 

approaches to prevent the transmission of waterborne diseases. This was 

previously shown for enveloped viruses, and here we show this for MS2, a well-

known indicator for enteric, non-enveloped viruses [5]. Silver has been used in 

compounds of silver nitrate, silver sulfadiazine and metallic silver for the 

treatments of wounds, burns and a host of bacterial infections for centuries [35]. 

Recently, nanotechnology provided new insights and opportunities to aid in the 

treatment and prevention of diseases. By manipulating silver-based compounds, 

and reducing their size to optimise their biological and chemical properties[36], 



 

[37]. Studies have demonstrated that the antiviral effects of AgNPs are more 

long lasting, as the nanoparticles act as reservoirs for toxic metallic ions [38]. 

Size!and!surface!area!are!two!of!the!primary!determinants!of!a!nanoparticle s!
toxicity. Thus the smaller the particle, the larger the surface area-to-volume 

ratio available for oxidation and consequently the number of silver ions (Ag+) 

that is released [39]. 

 

Figure 4.2: TEM images of (a) BPEI stabilised silver nanoparticle (Ag/BPEI), (b) Bare 
AgNPs (without capping agent), (c) UV-vis spectra of capped and naked nanoparticles 
and (d) Particle size distribution of bare nanoparticles. 

From Table 4.1 the characterisation of the properties of the AgNPs commercially 

bought and capped with PVP, BPEI, citrate, PEG, and MAA as well the 

synthesised bare AgNPs. 
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Table 4.1: Overview of AgNPs stock solutions. 

Particle 
surface 

Solvent 
Diameter 

(nm) 
Molarity 
(mmol/L) 

Number conc. 
(particles/mL) 

Mass 
conc. 

(mg/mL) 

Zeta 
potential 

(mV) 

Dissolved 
Ag+ 

(mg/L) 

Ag/PVP, 
Milli-Q 
water 

9.4±2.0 0.185 3.8x1012 0.02 -27 10 

Ag/BPEI 

Milli-Q 
water 

9.0±1.9 0.185 5.2 x1012 0.02 +13.8 14 

Ag/citrate 
Aqueous 

2mM 
citrate 

9.6±1.9 0.185 3.6x1012 0.02 -33 9.4 

Ag/PEG 

Milli-Q 
water 

10.2±2.4 0.185 3.3x1012 0.02 -22.6 10 

Ag/MAA 

Milli-Q 
water 

8.2±1.9 0.185 3.1x1012 0.02 -34.3 9.8 

Ag/bare 
Milli-Q 
water  

10±1.6 
20±5.1 

0.185 
10 5x1012 
2.6x1011 

0.02 -35±2.3 11 

The commercial and chemical synthesized AgNP particles were characterised 

using TEM, UV-VIS spectroscopy, and zeta potential measurements. The 

commercial AgNPs were characterised by the supplier and the information 

provided. For all stabilised nanoparticles we found that these were indeed highly 

stable with little, or no agglomeration found when storing between 2-4 °C for 

periods up to three months. 

The successful production of AgNPs and CuNPs was confirmed and 

characterised using TEM. Figure 4.2 shows the spherical morphologies and 

particle size distribution of the synthesised particles. Table 4.1 gives an overview 

of the nanoparticles used in this Chapter; characterisation of the commercial 

nanoparticles with a higher concentration (1 mg/mL) can be in Appendix C 

Table C.1, and Figure C.1. TEM images revealed quasi-spherical particles with 

a narrow size distribution for nanoparticles stabilised with BPEI in Figure 4.2(a) 

and confirmed by Malvern partice-sizer in 4.2(d). All capped AgNPs were 

extremely small, with d50=10±2.2 nm and were found to be virtually free of 

agglomerates. In the absence of capping agent, however, the produced bare 

nanoparticles agglomerate with a mean size diameter of d50=200±8 nm (Figure 

4.2(b)). Next, the dissolved silver ions (Ag+) measured using Induced Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES). In Figure 4.2 shows sample 

results for the AgNPs. It is also clear from UV-vis spectra that the synthesised 

nanoparticles exhibited the characteristic surface Plasmon resonance SPR band, 

expected for AgNPs. The maximum absorption peaks were between 415-420 nm 

for silver and can be seen in Figure 4.2(c). The Mie Theory calculations of the 



 

extinction spectra of silver nano-spheres show localised SPR peaks at around 

410 nm [40]. 

 

The dynamics of the viral reduction after long (24hours) and short (30 minutes) 

exposure times for MS2 bacteriophages when exposed to different AgNPs are 

shown in Figure 4.3. Five different types of AgNPs each having a different 

capping agent (i.e., BPEI, citrate, PEG, MAA and PVP) were studied for their 

ability to reduce the viral titre of MS2. Antiviral activities of these five AgNPs 

were compared to bare nanoparticles (no capping), and dissolved silver nitrate 

salts (AgNO3) were used as ion control (Ag-ion (Ag+)). In all AgNP containing 

samples, the AgNPs caused a reduction in the viral titre of the MS2 over both 

exposure times. 

  



 

Figure 4.3: (a) Antiviral activity of 10 nm, 0.01 mg/mL AgNPs with different capping 
agents on MS2 bacteriophages measured as a function of time (30 minutes and 24 
hours). The reductions were calculated relative to the control samples which were 
exposed to only Milli-Q water. (b) The log10-unit reductions as a function of the zeta 
potential. Each experiment was done in triplicate, and the error bars represent the 
standard deviations. 

The ensure consistency, the control sample is stock virus in a 1:1 ratio with 

Milli-Q water instead of nanoparticles which resulted in a 1 log10-unit reduction 

in the viral titre due to the dilution. This reduction in titre for the control sample 
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was also seen in all subsequent experiments. The bare AgNPs without stabilisers 

showed 1 log10-unit reduction after 30 minutes and 2 log10-units after 24 hours. 

While at short exposure time, the ions, Ag+ showed a 3 log10-units reduction and 

a 4 log10-units reduction after prolonged exposure. Notably, citrate-stabilised 

particles are stabilised in a different manner, they are bare particles dispersed in 

2 mM sodium citrate which are also stable in water. The citrate is not covalently 

attached to the surface of the nanoparticles as is the case with the other 

stabilisers investigated. Citrate and MAA AgNPs had a similar reduction (3 

log10-units) to the Ag+ after a 30-minute incubation. However, after 24 hours, 

MAA had a 4 log10-units reduction while citrate had a higher reduction of 5 log10-

units. PEG and PVP capped nanoparticles exhibited a 4 log10-units reduction 

over 30 minutes which then increased by 1 log10-units to give an overall reduction 

of 5 log10-units after 24 hours. Moreover, the Ag/BPEI resulted in the highest 

decrease in viral titre with no detectable infectious particles found after both 

incubation times. Therefore, exposure of MS2 to Ag/BPEI resulted at least in 

 6 log10-units reduction, however, because of the small volumes used during the 

exposure-experiment the limit of quantification (LOQ) is 6 log10-units. For 

Ag/BPEI we did not find any detectable plaques and based on the limitations 

in the detection and quantification limits the log reductions could possibly be 

higher than the 6 log10-units recorded. This limitation in quantification is 

depicted in the results by the arrows on the graphs, meaning that the results 

could be higher than what is shown in all experiments. These results indicate 

that the antiviral activity of the different capped AgNP is due to the different 

capping agents as all nanoparticles had the same concentration of 0.01 mg/mL, 

and size (~10 nm). Since Ag/MAA nanoparticles showed the lowest reduction, 

they were no longer included in the subsequent experiments. 

Clearly, the used capping agents determine to a large extend the antiviral 

activity of AgNPs, at least in range of concentrations and exposure times 

studied. For bare nanoparticles, the reduced stability also lead to a meagre 

reduction (1-2 log10-units). These results confirmed that better dispersion 

equates to the better antiviral activity which leads to greater reductions. 

Capping agents for this study were chosen based on their different charges, with 

BPEI being positive, PVP- slightly negative, PEG-neutral, and MAA and citrate 

negative at pH 7. From Figure 4.3, combined with Table 4.1, it could be 

concluded that the more negative the zeta potential value was, the less toxic the 

AgNPs is to MS2. The zeta potential of Ag/MAA was -39 mV whereas the zeta 

potential of Ag/citrate, Ag/PVP, Ag/PEG and Ag/BPEI were -33 mV, -27.4 

mV, -22.6 mV and +13.8 mV respectively. The cationic Ag/BPEI showed a high 

reduction of MS2 bacteriophages ( 6 log10-units), with the more negative NPs 

showing lower but significant reductions of 3-5 log10-units over 30 minutes and 



 

24!hours !time!periods!(Figure 4.3(b)). Here it is important to mention that at 

pH used, the virus was negatively charged [41], it is possible that in natural 

waters at low pH lower than the isoelectric point of the virus, they can become 

positive and an opposite phenomena would be expected [42]. From this 

knowledge it is assumed that there was a high degree of repulsion between the 

negatively charged citrate and MAA AgNPs and MS2 bacteriophages, thus 

forming an electrostatic barrier which limits the virus-particle interaction 

thereby leading to a lower toxicity. As the zeta potential gradually becomes less 

negative, the electrostatic barrier is therefore reduced which increases the 

probability of virus-particle interaction with PEG, PVP AgNPs which resulted 

in higher toxicity leading to 1 log10-unit higher reduction. The repulsion then 

turned into to attraction when the bacteriophages were exposed to the positively 

charged Ag/BPEI NPs. This allowed a higher degree of interaction, causing 

higher toxicity leading to an extreme increase in reduction, above 6 log10-units 

reduction. 

These results suggest that the mechanism of the toxicity of the AgNPs involves 

a combination of both physical and chemical interactions, where the physical 

interaction is the limiting one. The Ag+ are only working by chemical interaction 

and thus a minimal reduction in the MS2 viral titre is seen as compared to the 

AgNPs. Once the electrostatic barrier is passed, the NPs can interact with the 

virus and cause aggregation and possibly physical damage leading to 

inactivation. Furthermore, the significantly higher toxicity exhibited by the 

Ag/BPEI NPs when compared to the Ag+ supports the theory of physical 

interaction being the primary mechanism for AgNPs toxicity when compared to 

only chemical effects caused by Ag+ alone [44]. These findings may be limited to 

the MS2 bacteriophages investigated in this study, as other viruses namely 

waterborne viruses may be more resistant to physical interactions similar to the 

ones performed in this study. Further studies are warranted to show if this effect 

is also seen for waterborne viruses.  

 

Further examination of the toxicity of the AgNPs was done by analysing the 

antiviral activity of the AgNPs with two different concentrations 0.01 mg/mL 

and 0.05 mg/mL after incubation a short incubation (30 minutes) shown in 

Figure 4.4. 
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Figure 4.4: Antiviral activity of AgNPs bare or with different capping agents and 
concentrations of 0.01 and 0.05 mg/mL on MS2 bacteriophages measured after 30 
minutes. The reductions were calculated relative to the control samples which were 
exposed to Milli-Q water. Each experiment was done in triplicate, and the error bars 
represent the standard deviations. 

The time was kept constant to assess the effect of concentration of the AgNPs 

antiviral activity against MS2. Principally, for all AgNPs, except Ag/BPEI 

coated, a noticeable increase in log10-unit reduction of MS2 was seen when 

exposed to the higher concentration. The increased concentration of Ag+, bare 

AgNPs, Ag/PVP and Ag/PEG resulted in a 1 log10-unit higher reduction. 

Ag/citrate, however, had a 2 log10-units difference in reduction between the high 

and low concentrations, with 3 and 5 log10-units reductions respectively. 

However, in the case of Ag/BPEI for both concentrations no infectious particles 

could were detected after exposure, and therefore, the effect of concentration 

could not be elucidated.  

Due to advantageous results of #total$ inactivation of MS2 after exposure to the 

used concentrations Ag/BPEI NPs, additional experiments were performed with 

a dilution range Ag/BPEI NPs Figure 4.5. 
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Figure 4.5: shows the antiviral activity of Ag/BPEI NPs on MS2 bacteriophages at 
different concentrations, measured after 30 minutes. The reductions were calculated 
about the control samples, which were treated with only Milli-Q water. Each 
experiment was carried out in triplicate, and the error bars represent the standard 
deviation. 

It can be observed from the figure that, for Ag/BPEI at lower concentrations 

there is a decrease in the reduction of the viral titre. However, even at low 

concentrations of 0.005 and 0.0025 mg/mL, the nanoparticles were able to 

demonstrate significant reductions of 4.8 and 3 log10 "units, respectively. 

Additionally, when the concentration was further lowered to 0.001 mg/mL, the 

reductions were substantially minimal, at approximately 1 log10-unit or less. 

With thr high log10-unit reductions observed for Ag/BPEI, it becomes important 

to demonstrate that this is as a result of a synergy between AgNPs and their 

BPEI capping rather than just an effect of the added BPEI. For this the log10-

unit reduction of Ag/BPEI and free BPEI chains are compared in Figure 4.5. 

BPEI in very low concentration (0.003 mg/mL) had no effect on the virus but 

at higher concentration (3 mg/mL) achieved reductions of approximately 3 log10-

units. When BPEI is combined with AgNPs, reductions are reached with a 

minimum of at least 6 log10-units reduction depending on the concentration used. 

Evidently, BPEI capped NPs perform much better than bare AgNPS or BPEI 

polymer chains. The cationic BPEI allows the AgNP to approach or even bind 

to the anionic MS2 bacteriophage, thus allowing direct contact which leads to a 

more efficient reduction.  
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Figure 4.6 shows the antiviral activity of bare AgNPs in comparison to the PEI in 
solution on MS2 bacteriophages, measured after 30 minutes. The reductions were 
calculated with respect to the control samples, which were treated with only Milli-Q 
water. Each experiment was done in triplicate, and the error bars represent the 
standard deviation. 

The positively charged capping also induces the tendency to aggregate, which 

can be observed in the TEM images from Figure 4.8. This facilitates physical 

contact between virus and particle leading to higher reductions of the viral titer. 

On the other hand, the negatively charged cappings resulted in repulsion which 

shows the action mode of the nanoparticles was predominantly ion diffusion 

whereas, the dual action of contact, as well as diffusion on account of synergy, 

contributed to higher reductions in case of Ag/BPEI NPs. 

 

Particle properties that affect toxicity include shape, surface coating, surface 

charge and size [16]. Therefore an additional investigation was carried out to 

determine the effect of size on the antiviral activity of the AgNPs stabilised with 

different capping agents (Figure 4.7). 
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Figure 4.7: Antiviral activity of AgNPs with different capping agents and size (10, 20, 
40 nm) on MS2 bacteriophages measured after 30 minutes. The reductions were 
calculated relative to the control samples which exposed to Milli-Q water. Each 
experiment was done in triplicate, and the error bars represent the standard deviations. 

The concentration (0.01 mg/mL) and time (30 minutes) were held constant, and 

the size was varied. Due to the limited commercial availability of a wide range 

of sizes, and for consistency, 10, 20 and 40 nm was chosen for this size-dependent 

experiment. Bare AgNPs were synthesised having 10 and 20 nm diameters, 40 

nm, however, proved to be a challenge to reproduce, and as such there are no 

results available for the larger size. The bare AgNPs synthesised, however, had 

similar reductions as those observed in the time and concentration-dependent 

experiments. For the smallest size, there was a 2 log10-units reduction which 

decreased to 1 log10-unit reduction for the 20 nm particles. The control Ag+ again 

had a 3 log10-units reduction. While, Ag/citrate nanoparticles regardless of size 

had a 3 log10-units reduction, whereas Ag/PVP had a 4 log10-units reduction for 

10 and 20 nm but later decreased to 3 log10-units reductions for 40 nm AgNPs. 

Furthermore, Ag/PEG had similar behaviour as the citrate with a constant 4 

log10-units decrease for all sizes. These results suggest that the increase in particle 

size can cause a reduction in the antiviral effects of AgNPs irrespective of 

stabilising agent used. Equally, Ag/BPEI nanoparticles regardless of 

concentration, time and size had the highest reduction, with  6 log10-unit 

decrease of the MS2 viral titre. 

Mainly, our results in Figure 4.7 shows that the smaller (10 nm) nanoparticles 

showed higher log10-unit reductions compared to the larger (20 and 40 nm) 

particles. This is in accordance with previous studies where AgNPs with sizes 



 

ranging from 1-10 nm could interact with viruses such as HIV to inhibit viral 

attachment to the host cell [13] and that AgNPs with diameter around 10 nm 

were the most effective at blocking the monkeypox virus-host binding and 

penetration [45]. Moreover, Chen et al. also found these results to be consistent 

with adenovirus type 3 [46]. In contrast to HIV and monkeypox viruses, other 

studies have also demonstrated effective antiviral activity of silver against feline 

calicivirus [47], human norovirus-like particles [48], poliovirus [49], and murine 

norovirus [50]. These viruses are more representative viruses for waterborne 

pathogens and are also similar in structure (non-enveloped) and size. 

Sondi and Salopek-Sondi and Tiwari et al. also reported that the concentration 

of AgNPs determines the extent of their antimicrobial effect along with 

treatment time [51] [52]. The results in Figure 4.3 and Figure 4.4 showed that 

increasing both time and concentration increased the antiviral effects of the 

nanoparticles towards viruses. So far, the effect of parameters that one would 

typically expect to have a significant impact have been discussed. Moreover, 

indeed, the size and concentration of the nanoparticle and the exposure time all 

have a definite effect on the observed log10-unit reduction, with a marked change 

typically in the order of 1 log10-unit. However, the results demonstrate for the 

first time that not only size, concentration and exposure time [13], [53]"[55] but 

also the used capping agents determine the antiviral effects metallic 

nanoparticles. Additionally, the impact of capping agent appears to be the 

dominating effect, with a difference in log10-unit reduction of 5-6 log10-units, 

between bare and Ag/BPEI (Figure 4.2). Capping agents play a crucial role not 

only in the production and the stabilisation of nanoparticles but also on the 

antiviral activity of the nanoparticle. 

 

A high reduction of MS2 phages by the BPEI capped AgNPs was observed. To 

better understand the mechanism of virus reduction, TEM studies were 

undertaken. 



 

 
Figure 4.8: TEM images of the effect of AgNPs on MS2 bacteriophages in different 
time points. (a) Control sample where no AgNPs were used; (b), (c) and (d) samples 
which were previously incubated with 0.01 mg/mL of BPEI-capped AgNPs for 30, 90 
and 120 minutes. White arrow refers to MS2 and yellow arrow refers to BPEI/AgNP 
Noticeable damage to the entire bacteriophage particle is seen when compared with the 
control sample. 

The MS2 bacteriophage presented an icosahedral shape that was approximately 

27-30 nm (Figure 4.8(a)). After incubation with 0.01 mg/mL AgNPs for 30 

minutes, the nanoparticles start to form local clusters surrounding the viruses 

(Figure 4.8(b)). As the time progresses, more particles are attracted to the 

viruses forming larger particle clusters and making difficult to identify individual 

virus particles after incubation for 90 minutes (Figure 4.8(c)). After 120 minutes 

a zoomed in section of the clusters in (c) reveals that virus is possibly broken 

and forms large clusters with the nanoparticles which can be identified by their 

crystal lattice (Figure 4.8(d)). These results suggest that AgNPs exhibit 

damaging effects on MS2 bacteriophages and that they can induce clustering of 

viral particles. 

Moreover, the change in the morphology of the MS2 phages as studied by TEM 

(Figure 4.8) suggests an additional possibility that the Ag/BPEI nanoparticles 

damage the capsid proteins. This causes the virus to be unable to continue the 

(c)

(a)

(d)

(b)



 

initial phase of its replication cycle and the other subsequent events. 

Furthermore, the addition of Ag/BPEI leads to aggregation of the virus particles 

[56], another mechanism that might lead to the very high observed log10-unit 

reductions. This idea is supported by the findings of the plaque assay of the 

Ag/BPEI, as the number infectious particles after treatment were below the 

detection limit of the method. Sondi and Salopek-Sondi et al. also stated that 

AgNPs also!possess!other!characteristics!of! intervention!on!a!virus ! life!cycle,!
other than attachment and entry [51]. Previous findings reported that Ag+ could 

affect!the!genomic!material!(RNA!or!DNA)!and!therefore!the!virus !replication!
ability[9], [57]"[60]. Furthermore, AgNPs have also been proven to interact with 

the genome of hepatitis B virus [61], adenovirus [62] and HIV [38]. Based on this 

it is, therefore, reasonable to say that AgNPs could not only directly bind to the 

capsid proteins of the MS2 bacteriophages but also interact with RNA. However, 

more studies such as quantitative real-time polymerase chain reaction (qRT-

PCR) are needed to confirm this. Also, AgNPs have higher affinity to interact 

with phosphorus and sulphur containing compounds which could cause the 

nanoparticles to adsorb to the host cells during the plaque assay [63]. This 

adsorption of the nanoparticle could induce conformational changes of the 

receptor on the host cell which would then inhibit the infection of the MS2. 

Concerning the environmental impact of AgNPs when used for various 

applications, it is important to note that AgNPs when in wastewater in most 

cases transform to silver sulphide (Ag2S). The Ag2S has very low solubility and 

therefore, exhibits much lower toxicity than other forms of silver 56,57 and is 

considered to have no profound environmental impact. 

 

Though silver is one of the most researched antimicrobials and has been found 

to be highly efficient, it is relatively expensive [64], [65]. For this reason, copper 

was investigated as an alternative, as it costs approximately 1% the price of 

silver. Figure 4.9 evaluates the cytotoxicity of synthesised Cu/BPEI 

(characterisation can be found in Appendix C, Figure C.3) and commercially 

bought Ag/BPEI. 
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Figure 4.9: Antiviral activity of Ag/BPEI nanoparticles compared to Cu/BPEI 
nanoparticles with different concentrations on MS2 bacteriophages measured after 30 
minutes. The reductions were calculated relative to the control samples which were 
exposed to Milli-Q water. Each experiment was done in triplicate, and the error bars 
represent the standard deviations. 

Ag/BPEI with size ~10 nm and at a concentration of 0.02 mg/mL (stock) were 

analysed after incubation for 30 minutes. Cu/BPEI stabilised with BPEI at the 

same stock concentration (0.02 mg/mL), but having larger sized particles (~160 

nm) were synthesised and used for evaluation. Time and metal-dependent 

studies confirmed that the smaller Ag/BPEI was superior as expected in its 

antiviral activity when compared to Cu/BPEI nanoparticles for a short 

incubation time. A concentration-dependent study revealed that as the 

concentration of AgNPs decreased so did the antiviral activity of the Ag/BPEI 

nanoparticles. Moreover, after a 10-fold dilution Ag/BPEI nanoparticles still had 

a 1 log10-unit greater reduction than the Cu/BPEI nanoparticles. Further 

dilutions revealed that the efficiencies of the antiviral activity of both Ag/BPEI 

and Cu/BPEI were comparable with minor differences in reductions at a lower 

concentration. Cu/BPEI nanoparticles could be of interest to replace or used in 

combination with Ag/BPEI nanoparticles, even though their antiviral effects are 

substantially lower. 

 

Many factors impact the overall toxicity of AgNPs towards viruses. In this 

chapter, and in accordance with literature, it was demonstrate that smaller 



 

nanoparticles, higher concentrations and longer exposure times lead to higher 

log10-unit reductions. However, these effects are small compared to the effect of 

the!chemistry!of!the!AgNP s!capping!agent.!The efficiencies of six AgNPs with 

different five capping agents (Bare, BPEI, PVP, PEG, MAA and citrate) for 

AgNPs were compared for their antiviral effects on MS2 bacteriophages. Poorly 

dispersed bare AgNPs provided only relatively low reductions of just 1-2 log10-

units which increased to 3-4 log10-unit reduction for the better stabilized but 

strongly negative Ag/MAA and Ag/citrate. For the weakly negative Ag/PVP 

and Ag/PEG nanoparticles a 4-5 log10-unit reduction was found, while the 

cationic Ag/BPEI exhibited the highest antiviral activity of at least  6 log10-

units reduction. Clearly the surface charge plays a large role the NPs toxicity, 

the most negative NPs repel the negative viruses avoiding contact, while for less 

negative NPs this effect disappears. For the positive Ag/BPEI there seems to be 

a real synergetic effect between the polymer and particle, with the cationic 

polymer binding to the negative virus to bring the AgNPs in direct contact with 

the virus. These encouraging results provide a basis for further research on 

metallic nanoparticles as potential antivirals for combating waterborne diseases. 

Thus, Ag/BPEI is a highly promising candidate as an antiviral agent or to be 

used in combination with other disinfection methods to reduce contamination of 

water with pathogenic viruses and thus the waterborne disease burden. 

Moreover, different cationic polymers might be even more successful as capping 

agents of AgNPs for high viral reductions.  

With the cost of silver being relatively high an alternative, copper was 

investigated. Tests revealed that Cu/BPEI with the right concentration could 

decrease the amount of Ag/BPEI nanoparticles used by synergistically combine 

the two. Additionally, we expect that the influence of the NPs capping-

dependent behaviour could be used as a tool for the prediction of the 

toxicological behaviour of various types of antiviral NPs against waterborne 

viruses. 
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Commercial AgNPs were received from NanoComposix, Prague, Czech Republic. 

The five samples were, branched polyethylenimine (Ag/BPEI), mercaptoace-tic 

acid (Ag/MAA), citrate (Ag/Citrate), polyethylene glycol (Ag/PEG) and 

polyvinyl-pyrrolidone (Ag/PVP). 

The BPEI, citrate, PEG PVP and MAA AgNPs were sized and the average 

radius of 50 particles each presented in Table C.1. 

Table C.1: Characterization of AgNPs stock solutions. 

Capping  Size 1 (nm)  Size 2 (nm) Size 3 (nm)

BPEI 8.3±2.2 19.7±1.3 39.7±3.6 

Citrate 9.6±2.2 21.2±1.8 40.4±2.1 

PEG 10±1.3 21.2±2.8 41.0±4 

PVP 9.8±1.8  20±1.8 41.2±1.9 

MAA 8.2±1.9 21.4±3.2 40.8±2.7 

Particle 

surface 
Solvent 

Diameter 

(nm) 

Molarity 

(mmol/L) 

Number conc. 

(particles/mL) 

Mass 

conc. 

(mg/mL) 

Zeta 

potential 

(mV) 

Ag/PVP, Milli-Q water 9.4±2.0 9.27 3.3x10 14 1 -27 

Ag/BPEI Milli-Q water 9.0±1.9 9.27 3.3x10 14 1 +13.8 

Ag/citrate 
Aqueous 2mM 

citrate 
9.6±1.9 9.87 2.9x1014 1 -33 

Ag/PEG Milli-Q water 10.2±2.4 9.27 3.6x10 14 1 -22.6 

Ag/MAA Milli-Q water 8.2±1.9 9.27 3.1x10 14 1 -34.3 

Ag/bare Milli-Q water  
10±1.6 

20±5.1 
9.27 1.9x10 14 1 -35±2.3 

Figure C.1 (cont.): TEM images of spherical nanoparticles with different 

capping s! (scale! bars! vary! in! each! picture).! (PEG)-capped AgNPs, (j)-(l) 



 

Polyvinylpyrrolidone (PVP)-capped AgNPs and (m)-(o) Mercaptoacetic acid 

(MAA)-capped AgNPs of 10, 20 and 40 nm respectively. 

 

 
Figure C.1: TEM!images!of!spherical!nanoparticles!with!different!capping s!(scale!bars!
vary in each picture). (a)-(c) Branched polyethylenimine (BPEI)-capped AgNPs, (d)-
(f) Citrate stabilized AgNPs, (g)-(i) Polyethylene glycol)-capped AgNPs of 10, 20 and 
40 nm respectively. 
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Figure C.1 (cont.): TEM! images! of! spherical! nanoparticles! with! different! capping s!
(scale bars vary in each picture). (PEG)-capped AgNPs, (j)-(l) Polyvinylpyrrolidone 
(PVP)-capped AgNPs and (m)-(o) Mercaptoacetic acid (MAA)-capped AgNPs of 10, 
20 and 40 nm respectively. 

Size characterization experiments were carried out using a JEOL JEM 1400 

TEM. 

The Ag/BPEI nanoparticles were compared to BPEI capped CuNPs 

(Cu/BPEI). The Cu/BPEI were prepared by method reported by Sasson et 

al.[1]. Figure C.2 shows the schematic representation of the synthesis at room 

temperature (20-22°C). 

(j) (k) (l)

(m) (n) (o)



 

 
Figure C.2: Schematic diagram of the PEI-capped CuNPs synthesis with NaBH4. 

The Cu/BPEI synthesis is initiated with an aqueous CuSO4 solution (light blue, 

Figure C.2). The addition of the BPEI caused complexation of the amine groups 

in PEI with the cupric ions [2] which lead to a subsequent change in the colour 

of the solution to dark blue. The addition of the reducing agent NaBH4 led to 

the immediate reduction of the cupric ions to form metallic CuNPs. The 

formation of these nanoparticles was also accompanied by a change in colour of 

the dark blue solution to brown. Photosynthesis dialysis was carried out to purify 

the nanoparticles, thus removing the unreacted species from the Cu/BPEI 

suspension. During the dialysis, a slow transformation of the colour of the 

solution to green was observed after several hours. The change of the solution 

from brown to green during the dialysis we theorize is attributed to oxidation of 

the metallic Cu/BPEI nanoparticles to copper oxide [3]"[6]. There is uncertainty 

about the speciation of the copper oxide, it is unknown whether the Cu/BPEI 

nanoparticles were oxidized to cuprite (Cu2O) [5], [7] or tenorite (CuO) [8] or a 

combination of both or other oxides, such as Patina [9]. This was outside of the 

scope of this thesis and therefore no further investigations were carried out. 

The characterization of the nanoparticles can be seem below in in Figure C.3. 
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Figure C.3: TEM images of (a) BPEI stabilised copper nanoparticle (Cu/BPEI), (b) 
Copper nanoparticle without the use of capping agent, (c) UV-vis spectra of BPEI-
capped CuNPs and (d) Particle size distribution of Cu/BPEI nanoparticles. 
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As the world!s population is continuously growing, there is an increasing 

demand for clean and safe water resources. This also leads to an increased 

reliance on purification processes to provide clean and safe drinking water. 

Moreover, the microbial safety of drinking water, particularly regarding 

pathogenic viruses, is, therefore, a primary concern for the global population. 

To address this growing issue, the membrane filtration methods are currently 

preferred to sufficiently remove waterborne pathogenic viruses without the use 

of chemical disinfectants like chlorine, which can, in turn, contaminate the 

water with disinfection by products (DBPs). However, the membranes with 

the required small pore size (10-20 nm) to remove viruses, can only be 

operated within pressure driven processes, requiring proper infrastructure and 

energy. Using membranes with more open pores, like microfiltration (MF) 

membranes, leads to higher fluxes, and reduction in the energy dependence 

which could lead to gravity driven household water treatment and storage 

(HWTS) systems. MF membranes can reduce or remove bacteria from 

contaminated water sources, but are limited by the small sizes of viruses and 

therefore cannot remove them by size exclusion [1]. Thus MF membranes are 

rarely capable of virus removal and reduction without pre or post-treatment 

procedures [2]. Membrane modifications could, however, improve the overall 

performance. 

Recent studies have suggested that there is an increase in virus removal by 

both decreasing pore size and increasing repulsive forces [3]. Other mechanistic 

studies have proposed that virus-membrane interaction forces of repulsion are 

essential in determining the virus removal effectiveness in membrane filtration 

[4]. It has also been hypothesised that virus removal by membrane filtration 

can be improved by inducing repulsive virus-membranes forces to prevent the 

viruses from approaching the membrane surface using zwitterionic hydrogels 

[5]. Though this may be true, we are convinced that larger pore sizes are 

essential to reduce the energy dependence and to allow gravity-driven systems. 

Therefore, an alternative approach is proposed, in this chapter utilising forces 

of attraction, and improve the reduction of pathogenic viral contaminants in 

drinking water using cationic polymers. 

From literature, it is well-known that an efficient way to reduce biofouling of 

membranes is by ionic modification [6], including membrane modification by 

polycation based antimicrobial agents, that contain tertiary amine groups as 

well as pyridine and guanidine groups [7]"[10]. These cationic groups are also 

able to impart antimicrobial effects towards a host of dangerous waterborne 



 

pathogens. Cationic polymers have in the past demonstrated antiviral activity 

on a number viruses and model viruses and are well suited for the modification 

of porous polymeric membranes [7], [11]"[14],[15], [16]. Amid numerous 

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 development, (2) the possibility 

for regeneration upon loss of activity, (3) minimal cytotoxicity to mammalian 

cells and (4) biocidal and virucidal activity against a broad spectrum of 

pathogenic microorganisms in short contact times[8], [14], [17]"[22]. Cationic 

polymers could provide a simple electrostatic adsorption mechanism that 

would remove negatively charged viruses from any permeating water. Such an 

approach has in the past been used for virus concentration [23],[24]"[27], but 

could also potentially lead to MF membranes with the ability to remove 

waterborne viruses from drinking water. 

Apart from pore size, and electrostatic interactions, the incorporation of 

metallic nanoparticles with antimicrobial activity into membranes offers an 

innovative solution, not only by reducing biofouling but also by increasing 

viral reductions [2], [28]"[30]. Antimicrobial nanoparticles of silver and copper 

have been used for centuries taking advantage of their antimicrobial properties 

especially for water storage and purification [31]. The antiviral mechanism of 

silver ascribed by the formation of silver ions and their ability to interact with 

viral DNA and RNA, especially with thiol groups (S-H), [31], [32]. As metallic 

nanoparticles attack a broad range of targets in the virus, there is a lower 

possibility to develop resistance as compared to conventional antivirals [33]. 

Silver nanoparticles (AgNPs) have been widely explored as antiviral agents 

[34]"[37], but they have been less often incorporated into membranes for the 

removal of waterborne viruses from drinking water. Due to moral and ethical 

issues concerning the use of nanoparticles, as their toxicity to human cells is 

not completely known or understood [33]. Additionally, copper nanoparticles 

(CuNPs) can be used as a cheaper alternative to silver or possibly even in 

combination with silver to provide a synergistic effect. Both CuNPs and 

copper ions have demonstrated antimicrobial activity and hence are seen as 

potential agents to reduce or eliminate viruses from drinking water [38], [39]. 

CuNPs can be incorporated into or on substrates to act as long lasting 

reservoirs for copper ions for enhancing antimicrobial activity [30], [40]. 

However, just like silver, little information is available about the exact 

mechanisms of toxic actions of copper compounds in their metallic forms 

against enveloped and non-enveloped viruses. 



Previously in Chapter 3, it was demonstrated that the adsorption of a cationic 

polymer, polyethyleneimine (PEI) could increase the viral reduction of MF 

membrane filtration systems. The cationic polymer PEI exerts an attractive 

electrostatic interaction towards the negatively charged virus and in turn with 

time also inactivates the virus by causing damage to the virion [41]. 

Unfortunately, the applied PEI coating was not sufficiently stable, and PEI 

was found to leak from the membrane. Although a promising  3 log10-units 

removal was observed, this is not seen as sufficient to produce drinking water 

without causing health risks. 

Coatings that capture PEI by air drying [42] or electrostatic attraction [43], 

easily lose their antiviral ability when the virucidal substance gets released into 

the surrounding solution or environment. In contrast, surfaces with covalently 

attached PEI can retain virucidal activity through a contact mechanism [8], 

[15], [20], [22], [44], [45]. As the functional groups are covalently attached, the 

surface, therefore, retains its antiviral properties even after multiple uses. 

In this Chapter, we adopted a chemical-crosslinking methodology to fabricate 

ultrathin PEI multilayers, first on model surfaces (glass slides) and then on 

MF membranes. Theses coatings where carefully characterised by ellipsometry, 

FTIR, AFM, zeta potential and contact angle measurements. We further 

optimised the antiviral activity by incorporating antiviral metallic 

nanoparticles of silver and copper. Subsequently, the antiviral activity of the 

covalent PEI multilayer coating is investigated with MS2 bacteriophages, a 

commonly used surrogate for human pathogenic viruses like the hepatitis E 

viruses, which indicated very promising long-term and strong antiviral 

abilities. Antiviral studies were performed on contact-killing model surfaces 

and modified-membranes by filtration experiments. This Chapter was thus 

designed to contribute to the development of new membranes targeting 

enhanced virus reduction for the production of safer drinking water, at low 

costs, while being operating solely by a gravity-driven process. 

 

 

Branched Polyethyleneimine (Mw ~750 kDa 50 wt.% in water and Mw ~25 kDa 

1.3 wt.% in water), sulphuric acid (H2SO4, ACS reagent, 95-98%), hydrogen 

peroxide (H2O2, contains inhibitor, 30 wt% in water ACS reagent) and 

terephthalaldehyde (TA) were all obtained from Sigma-Aldrich (The 

Netherlands). All chemicals purchased were used without any purification, and 

unless specified, all solutions were prepared in Milli-Q water (Milli-Q, Millipore 

Billerica, MA). 



 

 

Microscope slides (75x25x1 mm, Sigma-Aldrich) were cleaned with a piranha 

solution (H2SO4:H2O2, 3:1), and after copious rinsing with demi water 

submerged in a PEI solution (1.3 wt.% in Milli-Q water) for 15 minutes (Step 

1 in Figure 5.1). The slides were subsequently rinsed three times with Milli-Q 

water to remove any free polymer chains and were then dried under a stream 

of nitrogen. The amino-modified slides were then immersed in TA solution (10 

mg/mL in ethanol) for 15 minutes (Step 2 in Figure 5.1), and then rinsed 

thoroughly with pure ethanol followed by drying under a stream of nitrogen. 

The samples were further incubated in PEI solution (1.3 wt.%, pH 9.6) for 30 

minutes at room temperature (RT~20-22°C, Step 3 in Figure 5.1). 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. 

 

Commercial EXPRESS® Plus polyethersulfone (PES) MF membranes (pore 

size: 0.45 µm and diameter 90 mm) 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 500 mL of 

1.3 wt.% PEI, pH 9.6 was filtered through the membrane in an AMICON cell-

based dead-end filtration set up at 0.02 bars. After 10 minutes the membrane 

was dipped in 1 wt.% TA solution for 15 minutes 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 (1, 2 and 

5). All modified membranes were rinsed with Milli-Q water before use. 

The PEI multilayers supported on commercial PES membranes were loaded 

with metallic nanoparticles of silver (AgNPs), and copper (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 

30 minutes (5 mL of NP: 495 mL 1.3wt.% PEI, 160rpms). Moreover, 

membranes were then rinsed (x3) with Milli-Q water via a sterilised glass 

dead-end filtration AMICON cell set up (see Appendix D, Figure D.1). The 

nanoparticle loaded PEI multilayer was then dried under a stream of air and 

stored for later use. Bare nanoparticles (for comparison) were loaded in an 

adaptation of the method described by He et al. [46]. In summary, the modified 

membranes were immersed first in 25 mM NaBH4 in Milli-Q water for 30 

minutes 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 10 mM AgNO3 solution for another 

30 minutes, and then washed with Milli-Q (x3) followed by drying with a 

stream of air. 

 

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 sputtered with gold before 

introduction to the microscope. For cross-section samples, the membranes were 

broken with the assistance of liquid nitrogen. 

For the determination of the zeta potential of the modified membranes, an 

electrokinetic analyser SURPASS (Anton Paar, Graz Austria), was used. The 

zeta potential is calculated by measuring the streaming current versus the 

pressure four times in a 5 mM KCL solution at room temperature, which 

employed the following equation: 

0
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dI
k R

dP

h
z

e e
=

×
 (5.1) 

Where z is the potential (V), I is the streaming current (A), P is the pressure 

(Pa), h is the dynamic viscosity of the electrolyte solution (Pa.s), e is the 

dielectric constant of the electrolyte (-), e0 is the vacuum permittivity (F.m-1), 

 ! is the bulk electrolyte conductivity (S.m-1), and R is the electrical 

resistance (W) inside the streaming potential. 

To identify the amino groups present in PEI on the modified membrane, 

Fourier transform infrared spectroscopy (FTIR) was applied using ALPHA 

FTIR spectrometer, having a resolution between 4000-2000 cm-1. 

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 hours after layer deposition. The pure water flux was 

calculated using the following equation. 

=
×D

w

V
J

A t  (5.2) 

Where Jw (L/ (m2
·h)) is the pure water flux, V (L) is the permeate volume, A 

(m2) is the effective membrane area and Dt (h) is the permeation time. 

Static contact angles of water on different PEI/TA crosslinked slides were 

measured by the sessile drop method at room temperature (23-25°C). A 3 µL 

water droplet was loaded onto the surface of the slide, and after 5 seconds a 

measurement was taken using a Dataphysics OCA 35. At least 5 

measurements from different regions of each sample were taken. The contact 

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. 

 

The F-specific bacteriophage MS2 bacteriophage (GAP Enviro-microbial 

services Ltd.) was enumerated by the double agar overlay method [47], using 

as a host strain Salmonella typhimurium, WG49 (Culture collections of public 

health England). The titre of the stock solution MS2 was 1011 plaque forming 

units (PFU)/mL and 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. 

PEI-coated glass slides were exposed to MS2 as described by Haldar et al. [19]. 

In short 10 µL 4±0.9x 108 PFU/mL MS2 was applied to the coated slide and 

covered by a second plain, piranha cleaned slide. Gentle manual pressure was 

applied to spread the droplet. As a control two plain, piranha cleaned slides 

were used in the same manner. After 30 minutes incubation at room 

temperature (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 represent the standard deviation. 

The reduction of MS2 by PEI/TA-crosslinked membranes was performed 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 concentration of (4±0.9x108 

PFU/mL) was used as feed at pH 7±0.2. The permeate was collected in a 

receiving vessel and sampled after 1, 5, 10, 20, and 30 L were filtered. The 

membrane was also collected (after 30 L) and was placed in a sterile tube of 50 

mL Milli-Q and sonicated 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 hours incubation at 

37°C. The reductions were calculated as the logarithm of the ratios of the 

PFUs in the permeate and those in the influent. 

  
Figure 5.1: The Schematic diagram for the covalent LBL assembly of PEI on amino-
modified (NH2)-glass by chemical crosslinking with TA. 
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MS2 RNA was extracted with Purelink RNA/DNA mini extraction kit 

(Thermofisher) according to the protocol. Next, quantification of the extracted 

RNA was measured by Qubit Fluorometer using Quant-iT RNA Assay Kit 

(Invitrogen). 

The region between nucleotide 657-959 of MS2 genome was used for 

quantification of genome copies. First copy DNA (cDNA) synthesis of target 

sequence MS2 was generated with synthetic primer reverse 5´ -

CGACAACCATGCCAAAC-3´  [48] using Superscript III reverse transcriptase 

(Invitrogen). For qRT-PCR (iQ SYBR green supermix, from Bio-RAD) was 

used using synthetic primers forward 5´ -CCGCTACCTTGCCCTAAAC-3´  

and reverse 5´ -CGACAACCATGCCAAAC-3´  [48]. In brief, the qRT-PCR 

reaction mixture contained 2µL extracted RNA, 5 µM forward and reverse 

primer, 2.5 µL bovine serum albumin (concentration 4 mg/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 amplified by the following 

thermocycling conditions 94°C for 3 minutes, followed by 30 cycles 94°C for 45 

seconds and 55°C for 30 seconds and 72°C for 1 minute. Finally, the reaction 

was incubated for an additional 10 minutes at 72°C. The qRT-PCR assay was 

performed on Bio-Rad CFX96 touch thermocycler. All the samples were run in 

duplicate. For the standard curve, 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. 

 

Different experimental set-ups were applied to evaluate virus reductions. 

Initially, we characterised the covalent PEI LBL deposition on model surfaces, 

and subsequently study its antiviral properties. Next, Commercial PES 

membranes were modified similarly and characterised. Finally, challenged for 

their virus reduction capabilities via a gravity-driven membrane filtration 

process. 



 

The full modification route to obtain TA crosslinked PEI multilayers on model 

surfaces are depicted in Figure 5.1. Aldehydes are suitable crosslinkers for 

amine groups by Schiff base reaction [49], [50]. Cationic PEI was crosslinked 

by TA on model glass slides as described in detail above. The amino (NH2) 

groups of the BPEI are converted to aldehyde (-CHO) groups via the 

formation of imine (C= N) bonds. The 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 assembly, only a single polycation is used in combination with 

a crosslinker. 

Ellipsometry was used to monitor the covalent coupling of the PEI layers, and 

the dry layer thickness was characterised. Figure 5.2(a) shows the thickness 

after applying 1-5 layers comparing the differences between multiple PEI 

coatings and 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, we saw that the layer become thicker with each additional layer. 

This, confirmed that the covalent LbL approach used here allowed for the 

successful formation of thicker PEI (and TA) layers. 



 

 
Figure 5.2: (a) Layer thickness of PEI layers during LBL assembly (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. 

When TA crosslinks PEI, TA is dissolved in ethanol, which is a poor solvent 

for PEI compared to water. As a result, the PEI chains will tend to collapse 

and self-entangle during the 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 elliposometric data confirming that the layers were successfully formed, 
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leading to an increase in the roughness of the surface. Details can be found in 

Appendix D, Figure D.2. 

Since PEI is a weak polyelectrolyte, thus the coating was expected to be pH 

dependent. In Figure 5.2(b), the effect of pH during the coating procedure was 

studied. PEI, a positively charged cationic polymer has protonated amines over 

a wide range of pH values (pH 3-10) [51], [52] Evaluations of the growth was 

analysed under acidic, neutral and basic conditions on silicon wafers. The point 

of zero charges (PZC) of the SiO2 is between pH 2-4 [53], [54]. Thus the 

surface was negatively charged under all conditions used here. 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 layers. Clearly, the 

pH can be a useful parameter to tune the exact nature of the formed coating. 

For all future coatings, a pH of 9.6 was used, to obtain thicker layers on the 

modified membranes. 

Contact angle measurements were used to monitor the covalent coupling of the 

PEI layer and the TA crosslinker. The unmodified hydrophilic glass surface 

showed a contact angle of 15°, and after cleaning with piranha solution became 

even more hydrophilic with the contact angle decreasing to 4°, while the 

addition of PEI to anchor NH2 groups caused a slight increase to 9°. After the 

addition of TA, the contact angle increased substantially to 70°, which 

indicates that the crosslinking with TA leads to a more hydrophobic surface 

(layer # 0.5) as shown in Figure 5.3. 

  



 

 
Figure 5.3: 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) points in 
between PEI layers represents PEI layers after TA treatment. At least 3 different 
points were analysed, and the error bars represent standard deviations. 

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 was the main 

reason for this switching. TA modified PEI was, as expected, considerably 

more hydrophobic than the plain PEI. TA is quite a hydrophobic molecule and 

is insoluble in water. The change in the contact angle also acts as a 

confirmation of the change in surface chemistry during the LBL deposition and 

assembly of PEI multilayers. Previous studies have linked the increase in 

antimicrobial and antiviral activity of PEI with the degree of hydrophobicity. 

For example, Klibanov et al. repeatedly demonstrated 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 [12], 

[17], [18], [55], [56]. 

 

Glass slides coated by covalent LBL with a different number of layers were 

tested for their antiviral effects using MS2 bacteriophages. The covalent PEI 

layers have a net positive charge as they are composed of a cationic polymer 
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and the uncharged TA. This net positive charge attracts the net negative MS2 

viruses, which have an isoelectric point of approximately 3.9 [57]. 

The log10-unit reduction MS2 with PEI, crosslinked (CL) PEI and CL PEI 

with nanoparticles (NPs) compared to uncoated slides are shown in Figure 5.4. 
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Figure 5.4: MS2 bacteriophage reduction by PEI and crosslinked (CL) PEI- 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. 

From Figure 5.4 it is observed that both PEI and crosslinked PEI substantially 

reduce the MS2 virus titre. Still, the effect is much stronger for the crosslinked 

PEI. By crosslinking PEI with TA, there was a 4 log10-units reduction of MS2 

compared to a 2 log10-units reduction with PEI only. Plain unmodified glass 

slides, used as the control (uncoated), showed reductions of just 0.5-1 log10-

units of MS2. 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 well known to augment antiviral activity 

against microorganisms and viruses [18], [58]"[60]. Moreover, the more 

hydrophobic the layer, as found in the previous section, it is expected to 

contribute to the increased viral reductions. Finally, the Ag nanoparticles add 



 

an alternative reduction mechanism to the coating, leading to a further viral 

reduction. 

The antiviral mechanism of positive 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 [17]. However, it could also cause structural and or genomic 

damage to viruses. [20]. These reductions by both the uncoated and (un-

crosslinked) PEI-coated slides were also reported by Hsu et al. [55]. The 

authours attribute the mechanism of PEI-modified surfaces to a combination 

of the two previously mentioned mechanisms, such as inactivation and 

adhesion, demonstrated using SEM images. 

 

Similar to model surfaces, the building of covalent PEI multilayers could focus 

on MF membranes is possible through a Schiff base reaction between amines 

and aldehydes. Membranes were coated using mostly identical concentrations 

and conditions as for the glass slides. 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 performed on dried membranes, and results are presented 

in Figure 5.5(a). The obtained FTIR spectra shows an emerging peak between 

3200-3600 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 [61], [62]. However, 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 primary 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 showed an intense 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 

[63]. 



 
Figure 5.5: (a) FTIR spectra of modified membranes with 1) crosslinked PEI, 2) plain 
hyper-branched PEI and 3) pristine or uncoated membrane, (b) Zeta potential 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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Zeta potential measurements were used to provide insight into the resulting 

membrane surface properties. A shown in Figure 5.5(b) the uncoated, or 

pristine, negatively charged commercial PES membrane with a zeta potential 

of approximately -40 mV at pH 4, and very negative values (-100 mV) at pH 

10-11. PEI coating leads to charge reversal and brings the zeta potential to 

+75 mV 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 

crosslinking with TA, a primary amine becomes a secondary amine, a 

secondary 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 Figure 5.5(b). 

Moreover, the crosslinked PEI modified membranes were further optimised 

with Ag and CuNPs.The nanoparticles were also stabilised with PEI, making 

the incorporation in the membranes relatively easy. Membranes were actively 

coated with PEI solution containing 1.3 wt.% of PEI stabilised nanoparticles of 

Ag and Cu followed by crosslinking as described in the materials and methods 

section. From scanning electron microscopy (SEM) images (see Appendix D, 

Figure D.3), it is possible to see the successful distribution of the nanoparticles 

throughout the matrix and on the surface of the modified membranes. 

 

Our subsequent experiments were intended to examine the stability of the 

chemically crosslinked PEI multilayers. The membranes were analysed before 

and after a 24 hours pressurised filtration experiment, with the results given in 

Table 5.1. 

Table 5.1: Stability of crosslinked and un-crosslinked membrane (Assembly 
conditions: PEI concentration 1.3 wt.%, TA concentration 1 wt. % (in 
ethanol) PEI pH= 9.6, TA pH= 11.2, 2 layers. 

Coating 
Permeability after 

coating (Lmhb) 

Permeability after 24 h 

of coating (Lmhb) 

Uncoated -- 27x103 

PEI coated 16x103 24x103 

Crosslinked PEI (1 layer) 23x103 22x103 

Crosslinked PEI (2 layers) 22x103 22x103 



From the table, the initial permeance of the uncoated PES membrane was 

approximately 28x103 LMHB. For PEI coated membranes, this decreased by 

43%, while for membranes modified with chemically crosslinked PEI a smaller 

decrease of 22% was observed. We can see that after 24 hours of filtration, the 

permeance of the un-crosslinked PEI membranes increased, which we attribute 

to the removal of the poorly bound polymer. This loss is because PEI is highly 

soluble in water. However, the crosslinked PEI coated membranes maintained 

similar permeance before and after continuous filtration. This indicated that 

the crosslinked membrane was much more stable than the un-crosslinked one. 

Though crosslinking led to some permeance loss of the membrane at first, it 

also endowed the membrane with less permeance decline or fluctuations. These 

results show that crosslinking can lead to stable membranes and membrane 

performance. 

Also, UV-vis was used to monitor the release of nanoparticles from the 

modified membranes as additional proof of stability after addition of 

nanoparticles. The crosslinked or un-crosslinked nanoparticle-loaded 

membranes were immersed in different pH environments using an ultrasonic 

bath for 25 minutes (5 cycles of 5 minutes each). Sonic waves are responsible 

for numerous chemical and physical effects since they transfer energy. 

Cavitation effects, as well as the presence of hot spots, are commonly 

indicative of the high energy applied when using sonication [64]. Under 

different pH conditions, the leaching of the Ag and Cu from the modified 

membranes was reduced to nearly nothing by crosslinking (Figure 5.6). 

Nanoparticle-loaded un-crosslinked membranes showed a significant particle 

release. Ag plasmon peak at approximately 415 nm and Cu at 623 nm, were 

visible but with a very low absorbance (maximum 0.4 and 0.2 a.u., 

respectively). No noticeable Cu detection was observed when the membranes 

were exposed to neutral conditions. Figure D.4 of the Appendix shows UV-vis 

results from all other membranes. 



 

 
Figure 5.6: UV-Vis spectra of the supernatants collected after immersing modified 
membranes with nanoparticles in an ultrasonic bath (a) un-crosslinked Ag/Cu 
modified membranes (b) crosslinked Ag/Cu modified membranes. 

Filtration experiments were carried out with water spiked with MS2 

bacteriophages to assess the virucidal reduction of the crosslinked PEI-coated 

membrane and were performed using a dead end gravity filtration system. 

Membranes with a surface area of 0.006 m2 were tested over a set volume. 
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Confirmation of the antiviral properties of the membranes was done by the 

double overlay plaque assay method. This method determines the reductions in 

infectious viral particles following filtrations experiments. The results were 

compared to the reduction in MS2 genome copies in the permeate by 

quantitative polymerase chain reaction (qRT-PCR). 

 
Figure 5.7: 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. Graphs are 
simplified for visual. 

Figure 5.7(a) shows that crosslinked PEI modified membranes showed 

improved anti-viral activity in comparison to the control (uncoated) 

membrane, with a reduction of at least 3 to 3.5 log10-units for MS2. The 

reduction was found to be nearly identical for either 1 or 2 layers of crosslinked 

PEI, in agreement with the results found in on glass slides (Figure 5.4). The 
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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, or electrostatic adsorption. It is clear that the 

negatively charged viruses will be electrostatically attracted 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 filtration with MS2 spiked feedwater, but 

this would also have appeared for the uncoated membrane [65]. Interestingly, 

qRT-PCR data showed (Figure 5.7(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 

approximate 1.5 log10-units higher reduction in infectious particles (plaque 

forming unit (PFU)) as seen in Figure 5.7(a) and (b) compared to the 

reduction in genome copies (GC). This indicates that the MS2 infectious titre 

reduction can be attributed not just to removal by adsorption, but also to 

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, 

while serving both as an adsorption agentas well as an actual inactivation 

agent, which causes damage to the capsids of the viruses. 

It took an average of 2 hours 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 

(Appendix D, Figure D.5). The concentration of viruses used for these 

experiments was also excessive (4x108 PFU/mL) in comparison to the 

concentration found in nature (103 PFU/mL) [66]"[68]. It is expected that at 

lower concentrations of viruses, these membranes could effectively and 

efficiently treat much more than the 5000 L/m2 of contaminated water. 

Further optimisation of modified membranes with BPEI-capped Ag and 

CuNPs was done to increase their antiviral activity. Similarly, membranes 

optimisation using bare nanoparticles (without stabiliser) was done for 

comparison, and the results presented Figure 5.7(b). From the figure, there are 

notably higher log10-unit reductions achieved with the optimised membrane, 



the best being those optimised with the synergistic combination of 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) (Appendix D, Figure D.6) [2], [32], 

[69]"[71]. These experiments suggest that nanoparticles work both by contact 

as well as diffusion which may have also resulted in influencing the enhanced 

reductions which resulted. 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, coming to higher than 5 log10-units 

reductions. This implies a synergistic effect which increases the virucidal 

activity of the membrane. Most likely viruses adsorb to the PEI, but then get 

inactivated because of the presence Ag+ and Cu2+ ions. The membranes 

exhibited higher reductions in comparison to membranes modified with bare 

nanoparticles. Bare nanoparticles tend to aggregate affecting the virucidal 

activity, as their antimicrobial activity is inversely proportional to the size of 

the particle [72]. Moreover, the bare nanoparticles were also found to be 

leaching from the membranes (Figure 5.6(a)). 

 

Although bacteriophages have been used as the standard for testing 

membranes for drinking water purification, parallel studies with actual 

pathogenic viruses are needed to confirm the validity of these claims to actual 

situations. However, the current crosslinked PEI modified membrane meets the 

WHO standards for virus reduction by household treatment and safe storage 

(HWTS) systems. The WHO has established criteria for HWTS systems 

effectiveness to remove microbial contaminants in water. Based on the criteria, 

the highest rank is 3 stars which should effectively remove 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) [73]. Membrane-based technologies rank very highly as HWTS 

technology. And with our crosslinked PEI modified membrane coupled with 

the synergistic effect of Ag and CuNPs demonstrates that there is potential for 

these membranes to be used 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 release from 

commercial products which contain metallic nanoparticles, as it is an ever 

growing concern [74]"[76]. Future research is needed on the slow release of 

nanoparticles to reduce the loss of antiviral activity due to depletion of 

metallic nanoparticles from the membrane. Additionally, regeneration is 

essential to potentially improve the lifespan of the membrane with sustained 

and stable virus reduction. Furthermore, the loss of silver and copper from 

these optimised modified membranes, for their future use in drinking water 

disinfection, two more challenges could affect the performance of the 

membrane. The problems include virus and other microorganism!s developing 

resistance to metals and water chemistry. 

 

In this Chapter, a general strategy was developed to fabricate membrane 

coatings from chemically"crosslinked PEI multilayers using Terepthalaldehyde 

to improve the antiviral properties of MF membranes. As a proof of principle, 

we first modified model surfaces where the pH controlled growth was 

monitored by ellipsometry. Surface characterisation techniques, AFM, FTIR, 

zeta potential and contact angle measurements were also used to monitor the 

successful addition of crosslinked PEI layers. Similarly, commercial PES flat 

sheet MF membranes were successfully modified via an LBL process with a 

single polyelectrolyte. The comprehensive inferences of this Chapter are 

summarized in the following points. 

v There was a 22% flux decline in comparison to the pristine membrane 

after coating. 

v  The fabrication of the membranes was optimised by incorporating Ag 

and CuNPs demonstrating a significant improvement in virus removal. 

The modification also showed significant results for the long-term 

performance of the membranes, as the customary rapid depletion of 

metals was addressed in this work. 

v The LBL assembly allowed fixation of the metal NPs near the surface of 

the membrane (where it is most effective) and the metallic nanoparticles 

were stabilized with PEI, which allowed the slower release of the metals, 

lowering the unavoidable metal depletion rate as compared to results 

found in literature. 

v The antiviral contact killing investigations of model surfaces yielded a 4 

log10-units reduction of MS2 and 3-4 log10-units via dead-end gravity 

filtration for the modified membranes. 



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

MS2 contaminated water in 2 hours via gravity-based filtration, which is 

far superior to that of typical virus removal UF membranes. 

Optimization of the model surfaces and membranes with metallic 

antiviral nanoparticles further increased the antiviral activity to 4.5 

log10-units and 4.5-5 log10-units, respectively.  

v Not only are the negative viral particles adsorbed to the positive 

membrane, but qRT-PCR also revealed that there is a second mode of 

action of the membranes as they are also able to damage the viruses, 

causing inactivation.  

v While these modified membranes would not guarantee protection against 

viruses with resistance to silver and copper, they will ensure antiviral 

activity against a wide variety of viruses and provide long term 

protection against viral penetration during membrane water filtration.  

v More research is needed to assess the full potential of these membranes 

utilising actual surface water and pathogenic viruses. As they 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. 
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Dead-end filtration set up (90 mm) used for the modification of commercial 

PES microfiltration membranes, stability and antiviral testing. 

 
Figure D.1: Glass AMICON dead-end filtration set up used for membrane 
modification and filtration experiments. 

The cells can be used with pressure or gravity; pumps are used to ensure 

continues filtration of the predetermined volume. 

  



 

The quality of the resulting multilayers after LBL assembly was characterised 

using Bruker Dimension icon with a scanAsyst-air tip Atomic force microscope 

(AFM). The samples were first sputtered with approximately 10 nm of gold 

using JEOL JFC-1200 fine coater. Topographic images were taken and shown 

in the figure below. Figure D.2, a) shows an unmodified glass slide, b) 

1crosslinked PEI layer c) 2 crosslinked PEI layers and d) 5 crosslinked PEI 

layers. 

 
Figure D.2: AFM topographic images of (a) unmodified glass, (b) one PEI layer, (c) 
two PEI layers and (d) five PEI layers during the assembly of PEI multilayers. 

Before deposition, the root-mean-square (RMS) roughness of the plain slide 

was determined to be 0.3 nm. After the deposition of PEI layer on the 

(a) (b)

(c) (d)



unmodified glass, the RMS roughness increased to approximately 2.5 nm. 

Following the addition of a second layer via crosslinking with TA, there was 

an increase in the RMS roughness from 2.5 nm to 5.5 nm; this was primarily 

due to the formation of particles with diameters averaging 70 nm. With a 

further increase of the number of layers from 2-5 PEI layers there was a 

further increase in the RMS roughness as well as particulate diameter from 5.5 

nm to 8 nm and 70 nm to 130 nm respectively. 

In conventional LBL assemblies composed of oppositely charged 

polyelectrolytes, it is customary that the RMS roughness is reduced when there 

is an increase in the number of layers [77], [78]. However, in this system, a 

dissimilar trend is observed due to only a single polycation being used. TA 

crosslinked the PEI molecules to form small particulates and, as a result of the 

change in the reaction conditions during the LBL assembly causes an increase 

in both the particle size as well as the RMS roughness of the multilayer when 

there is an increase in the layer number. 

Images in Figure D.3(a) and (b) were taken using JEOL JSM-6480LV while 

figures (c)-(f) were made using a JEOL JSM-6010LA scanning electron 

microscope (SEM). AgNPs and CuNPs were incorporated into the PEI coated 

membrane and characterisation of the modified membranes by SEM revealed 

that the nanoparticles were well dispersed on the surface and in the pores of 

the modified membranes. 

  



 

 
Figure D.3: SEM images (a) Clusters or agglomeration of nanoparticles (copper and 
silver) can be seen (b), (c), and (d) shows that the nanoparticles are well distributed 
throughout the network of the membrane and (e) and (f) are zoomed in images 
showing attachment of nanoparticles to the membrane. 

(c) (d)

(e) (f)

(a) (b)



UV-vis spectrum was used to monitor the release of nanoparticles from the 

modified membranes as additional proof of the stability; results of the release 

testing are given in Figure D.4. 

 
Figure D.4: UV-Vis spectra of the supernatants collected after immersing modified 
membranes with nanoparticles in an ultrasonic bath (a) Ag unmodified membranes 
(b) Ag modified membranes (c) Cu unmodified membranes (d) Cu modified 
membranes. 
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The permeability of the membranes was monitored as a function of time using 

a gravity-based dead-end filtration set up Figure D.1: and the results given in 

Figure D.5 

 
Figure D.5: Flux as a function of filtration time for both the modified (dashed line) 
and unmodified (solid line) membranes. 

It took an average of two (2) hours to filter 30 L of MS2 contaminated water 

operating under dead end gravity filtration. In Figure D.5: Flux as a function 

of filtration time for both the modified (dashed line) and unmodified (solid 

line) membranes. 

 It can be seen that the flux remained relatively constant after the initial drop 

in both membranes, thus over time the high flux and virucidal activity were 

stable. The initial decline in flux could be linked to the reduction in virucidal 

activity confirming that there was a decrease in the available active surface 

area due to adsorption organic matter on the membrane. 

To validate the optimised antiviral activity when the membranes are optimised 

with nanoparticles a batch experiment with the chosen nanoparticles in 

solution. The results presented in Figure D.6 shows, the antiviral activity of 

PEI coated nanoparticles of silver (Ag/BPEI) and copper (Cu/BPEI) against 

the model virus MS2 bacteriophage. 
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Figure D.6: Antimicrobial activity of Ag/BPEI nanoparticles compared to Cu/BPEI 
nanoparticles (different concentrations) on MS2 bacteriophages measured after 30 
mins. The reductions were calculated relative to the control samples which were 
either untreated (virus only) or treated with just Milli-Q water. Each experiment was 
done in triplicate, and the error bars represent the standard deviations. The arrow 
indicates that the reductions can be higher due to the limitations in the detection and 
quantification of the plaque assay method. 

From these results, it can be seen that Ag/BPEI nanoparticles were able to 

reduce (a minimum of 6 log10-units) the starting MS2 viral titre of 4x108 

PFU/mL. This was achieved using a stock concentration of 0.02 mg/mL and 

compared to the same concentration of Cu/BPEI which reduced the infectious 

MS2 particles by 3 log10-units. However, from Figure D.6, when a lower 

concentration of silver is used, the activity is also lowered and the reduction of 

infectious MS2 particles are more comparable to that of copper. However, the 

membranes were modified with nanoparticles having a concentration of 0.02 

mg/mL, which was found to be the optimal starting concentration to be used 

for the membrane optimization. 
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The lack of universal availability of clean drinking water is an enormous 

challenge that needs to be addressed to achieve an equal growth of the rights 

and the quality of life of all human beings. The development of education and 

awareness of those living in emerging countries will have to play a significant 

role in this. Still, advanced drinking water purification technologies are another 

essential part of the puzzle to overcome the massive burdens associated with a 

global water crisis. Not only are new purification technologies needed, but other 

factors such as implementation of the technology, proper and hygienic storage 

of the treated water and adequate maintenance of the treatment systems are 

also equally important. These are all essential factors to ensure that individuals 

and communities in both developing and developed countries have access to 

clean and safe drinking water. 

It will take a considerable effort to realise all the goals of the sustainable and 

millennium development goals (SDGs and MDGs ) from the United Nations. 

Although they are not unreachable as the conceptual ideas of many new and 

existing research projects such as the one described in this thesis can be realised. 

We move one small step further in the mission of achieving the projected vision 

for 2030. 

Membrane technology has enormous potential for drinking water treatment and 

provides excellent scope for future research in the design, development and 

application of various treatment systems. Depending on the application area, 

the most critical objectives of membrane technology development are defined as 

in Lee et al. 2016 [1]. 

i. High productivity or permeate flux 

ii. Mechanical, chemical, thermal and temporal stability 

iii. Low-fouling 

iv. The ability to be produced and used at large scale  

v. Cost-effectiveness.

In this thesis, the antiviral interaction between modified membranes and 

waterborne viruses facilitated by filtration has been investigated and discussed. 

The overall theme of this thesis was thus !virus removal by enhanced physical 

separation". Removal hereafter also refers to the reduction and inactivation of 

viruses. The antiviral properties of the membranes are therefore determined by 



 

the synergistic interactions between positive polymers and other antiviral 

moieties. This synergy is intended to optimise the overall antiviral activity and 

performance of the membrane. First, a careful literature review leads to the 

selection of a polycation that could lead to the development of an antiviral 

membrane and substantiating literature. Then the thesis showed that by a 

simple coating procedure on open microfiltration (MF) membranes, antiviral 

membranes could be prepared to require only gravity for their operation. Finally, 

it was demonstrated that by adding antiviral metallic nanoparticles and 

cationically grafting the polycation to the membranes. A more significant virus 

reduction, at improved stabilities, while maintaining acceptable fluxes under 

gravity filtration was obtained. Thus, making the membranes ideal for use in 

many regions regardless of countries socioeconomic background and location or 

for use in emergency situations. These overall results highlight the potential of 

cationically modified microfiltration membranes for the reduction of waterborne 

viruses in drinking water production in resource limited settings. 

There are, however, significant knowledge gaps that still need to be addressed 

to find and reduce the full potential of the system proposed based on the findings 

of the present work. Therefore, the question must be asked, which research 

questions need to be answered and which should be first? 

In this chapter, the challenges, knowledge gaps and multiple aspects essential 

for the successful valorisation of cationically modified membranes for drinking 

water treatment are discussed. Then the foreseen future developments are 

covered, and finally, the primary incentive of the thesis will be revisited. 

 

 

Limitations in detection technology are one of the major issues when conducting 

virus studies. From a regulatory standpoint, the primary problem is that not 

one disinfection method is completely effective against all pathogens including 

viruses. Nor can it be applied for all water quality conditions. It is for this reason 

that faster detection methods have become essential in the development and 

design of membranes (and other technologies) for drinking water purification. It 

now takes days and in some cases weeks to appropriately detect viruses after 

filtration. Moreover, it is time, labour and expertise intensive and requires 

expensive equipment. So, developing a protocol for faster, more straightforward 

and more cost-effective methods to evaluate effectiveness would be tremendously 

helpful in the speedier interpretation of the results and adopting treatment 

strategies. 



In addition to detecting viruses, it is pertinent that the membranes be tested 

other than in the laboratory settings. Ideally, there should be tests conducted 

for priority pathogen viruses during the developmental phase of the membrane. 

If effective, different indicators/surrogates can then be used to verify parameters 

for the final membrane production phase. An in-depth understanding of the 

mechanisms involved in the inactivation of various viruses would aid in the 

prediction of the susceptibility of non-culturable virus strains to different 

treatment processes. This knowledge would foster the development of improved 

disinfection methodologies. Not only should these tests be conducted in more 

advanced labs equipped to handle enteric pathogens, but they also need to be 

field tested. The knowledge will also allow physical and chemical descriptions of 

the inactivation of a range of viruses which would aid in further understanding 

of virus disinfection on the most fundamental mechanistic level [2]. 

Here we have been able to do first experiments, where the polyethyleneimine 

(PEI)-modified membranes from Chapter 3 were tested against actual enteric 

viruses, Adenovirus 41 (AdV41) and hepatitis A virus (HAV). Virus reduction 

by PEI-modified membranes was determined, by determining the viral titre after 

filtration with spiked/feed water containing HAV or AdV41 using a dead-end 

filtration system. The permeate was collected, and virus titres analysed. These 

experiments were performed in parallel to filtration with an uncoated (control) 

membrane. Moreover, the viral load of the feed water was analysed and shown 

in Figure 6.1. The PEI-modified membrane was able to reduce at least 4.3 log10-

units HAV, and 3.9 log10-units AdV41while, the uncoated (control) membranes 

did not reduce the viral titre of the feed water/spike. 



 

 
Figure 6.1: Graph represents HAV (left) and AdV41 (right) titre (log10/mL) 
determined by TCID50 assay; feed water (black), virus titre after filtration over the 
uncoated membrane (dark grey); virus titre after filtration over the PEI-coated 
membrane (light grey). Error bars represent SEM (HAV (n-3) and AdV41 (N-4)). 

Many questions still need to be answered about the interactions between viruses 

and disinfectants. Some of these questions include what the specific chemical 

modifications are that take place in the viral structure and genome during 

disinfection? Moreover, how do these modifications affect the viral structure and 

function? Bridging the gap between laboratory science and the real world is 

essential as it will aid in the development of not only virus predictive tools but 

also the design of highly efficient water treatment processes. Leading to the 

improvement and development of membrane technologies and applications like 

point-of-use (POU) systems directed towards water purification. 

 

Another barrier for membrane filtration besides the lack of rapid detection 

techniques for the evaluation of virus reduction effectiveness is the occurrence of 

fouling and biofouling during filtration processes. MF membranes retain 

microbes and particles etc. as do all membranes used for drinking water 

purification [3]#[5]. With retention comes fouling, and different fouling 

mitigation strategies have to be developed. Strategies for improving membrane 

resistance to fouling include grafting polymers[6]#[8] or by use of nanoparticles 
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(NPs) [9]#[12] that can break down retained contaminants and form aggregates. 

Due to their small size NPs, as shown in Chapter 4, are attractive as biocides 

and can bind to the membrane surface with minimal effects on the membranes 

hydrodynamics. Modifying the surface properties of the membrane can make it 

more resistant to adhesion or natural organic matter (NOM), proteins and 

bacteria [13]. Another strategy which can be used to control biofouling involves 

the anchoring of biocidal polymers [14]#[18] similar to what is investigated in 

Chapter 3 of this thesis. These biocidal polymers can be combined with biocidal 

and virucidal NPs [13], [19]#[21] at the surface of the membranes, similar to 

Chapter 5 of this thesis. This particular strategy uses contact killing for bacteria 

that could cause fouling, while the viruses in contaminated water are also 

removed or inactivated upon contact with the polymers or NPs on the membrane 

surface. Though these strategies lessen fouling, on a short-term basis, they do 

not eliminate fouling in the long run [22]. Cleaning strategies will therefore also 

need to be employed, depending on the exact feed waters and process conditions 

used. 

In several studies, antibacterial properties have been imparted to MF 

membranes by binding biocide sources, such as silver NPs [23]. However, the 

biocides pass through the very open pores of the MF membranes, releasing the 

biocidal species into the permeate. This leaves a limited or low concentration of 

the biocide available on the surface of the membrane. Chapter 5 addressed this 

issue by selecting the appropriate capping agent (Chapter 4). This selection not 

only had the highest antiviral activity but also allowed easy covalent 

incorporation of the NPs as biocides in the membrane. Therefore lengthening 

the effect and increasing the concentration of biocide available on the surface of 

the membrane. 

Regarding the incorporation of metallic nanoparticles, one key point is to test 

the system over a more extended period, greater than one year to assess the 

leaching, their lifespan and potential environmental impact of these particles. 

This ensures the avoidance of any possible threats from the nanoparticles being 

released into the water streams. The depletion of the NPs as the biocide source 

on the membrane will at some point require recharging during long-term 

operation. Therefore, it is not only sufficient to load the biocide source on the 

membrane; it is vital to demonstrate the rechargeability of the source after 

depletion. Thus further investigations are needed taking into consideration the 

end users of these types of membranes and the situations in which they will be 

used. As well as the cost and consequences of the biocide$s presence in the 

permeate and in the environment. 



 

 

In existing surfaces waters, virus reduction can become much more complicated 

as compared with controlled laboratory conditions. In short, the varying pH in 

such waters, as well as the presence of ions can influence the interaction between 

the cationic PEI and the negatively charged viruses. Moreover, small organics 

such as humic acids could act as a competitor towards the viruses for adsorption 

to the PEI decorated interface. Finally, the much lower concentration of viruses 

in surface waters for example 1 PFU/L [24], that were used in our studies will 

prevent quick saturation of the membranes. 

 

To understand the pathogenic virus behaviour in the environment, as well as 

their resistance to treatment we must consider their response to external stimuli. 

The viral behaviour in real surface water is likely controlled by the properties of 

viruses [25]#[28], the properties of the membrane [29]#[31] and the water which 

is transporting the viruses[29], [32]#[34]. Electrostatic attractions and repulsion, 

hydrophobic effects and van der Waals forces are major forces responsible for 

interaction between the viruses and membranes [35]. Viral attachment, in 

particular, has been observed to be a function of pH [32], [33], the isoelectric 

point of the membrane [29] and the isoelectric point of the virus [25], [27], [28]. 

Therefore, suggesting that electrostatic interactions are an import factor which 

controls the attachment and detachment of viruses [36]. The pH of the water 

will affect the charge density and can also alter the charge of the virus. This 

change in pH can also alter the surface charge of the PEI-membranes based on 

the relationship between the isoelectric points of water and the pH. The virus 

particle (virion), when suspended in water, is negatively charged if the pH is 

above its isoelectric point and vice versa [36]. Therefore, particles with different 

isoelectric points exhibit a change of attachment behaviour when the water pH 

causes them to become positively charged. At low pH the viruses are positive, 

but at high pH the positive PEI membranes become uncharged. Therefore, as 

the pH of the water increases there will be a decrease in the virus adsorption 

thus removal due to both membrane and virus having negative or weakly 

opposite charges. Therefore the approach suggested in Chapters 3 and 5, will 

only work at pH range from 4-8, which is the relevant pH range for most sources 

of water [37]. Therefore the removal of viruses from surface water will depend 

on the conditions of the water especially its pH and the isoelectric points of the 

virus and the membrane. 



 

The effect of salts is a first crucial aspect that needs to be examined for the 

development of effective membrane filtration against viruses, and would also 

allow us to understand the interactions between the polymer and viruses better. 

At acidic or low pH, PEI chains are relatively highly charged. However, these 

positive charges interact with each other causing high intra-chain repulsion, 

which means that at lower pH only 20-30% can be charged [38]. Increasing the 

salt concentration reduces charge repulsion due to a screening of the electrostatic 

interactions [39] and the PEI chains become more charged. This will also lead 

to an increase in the swelling of the polymer [40], [41]. With a more swollen and 

charged PEI layer, more viruses might be removed from the contaminated water. 

However, with a further increase in the salt concentration, the charges will 

become even more screened, and the swelling reduces [39]. Moreover, the 

electrostatic attraction between the cationic PEI and the negative virus will be 

severely reduced at higher salt concentrations. At too high salt concentrations 

this approach might thus become less successful. Therefore, a maximum swelling 

at low ionic strengths (1-5 mM) is expected. However, this is not expected to 

affect the stability of the polymer. 

Salt could also affect the PEI coating$s stability, except in the case of the 

crosslinked layer in Chapter 5. While, in the coatings analysed in Chapter 3, it 

is expected that salt could have some influence on the non-crosslinked PEI layer. 

High salt concentration most probably can lead to (un-crosslinked) PEI being 

desorbed from the surface of the membrane. Nonetheless, at low concentrations, 

it is not expected to harm the layer, but slight swelling of the layer could occur. 

Further investigations are needed as we do not know how the salts or ions found 

in natural waters can affect the interaction between PEI and viruses. Though 

the salinity of natural waters can range from very low levels rainwater to less 

than 100 mg/L in several freshwater sources, there are sources with a much 

higher salinity [42]. Thus it is to monitor the salinity of the water source to 

achieve sufficient virus removal by use of membrane filtration of natural waters 

for consumption. 

 

With different sources of water, there are variabilities in the contaminants 

present in the water, these contaminants vary in type and quantity, also if the 

water is from a single source [43]. Chemical components which are dissolved in 

these natural waters can lead to the reduced removal of viruses by membrane 

technology [44]. Soluble organic materials found in natural water have been 



 

implicated as major components which are responsible for the interference with 

virus adsorption to positively charged membranes [45]. The soluble organic 

matter in natural waters interferes with the viral adsorption by accumulating 

on the membrane surface and competing with viruses for adsorption sites. These 

interferences have been attributed to humic and fulvic acids due to their 

abundance in natural waters [45]. Humic and fulvic acids are complex, 

amorphous, highly coloured hydrophilic acids [46]. Humic acids are partially 

soluble in water and larger than fulvic acids and which are soluble over all pH 

ranges [45]. A possibility exists that at low pH (less than the isoelectric point of 

the virus) that there could be strong interactions between positively charged 

viruses and the insoluble layer of negatively charged humic acids that 

accumulate on the membrane surface. The resulting competition between the 

organic matter present in natural waters and viruses, could, therefore, lead to 

the reduced removal of the viruses by the membranes in chapters 3 and 5. 

However, it has also been found that even at high humic acid concentration 

positive filters could still adsorb large amounts of viruses [43]. However, viruses 

are generally present in low concentrations in natural waters [47], [48]. Therefore, 

with more realistic concentrations of viruses (less than that used in this thesis), 

it is possible that virus removal efficiency of membranes would still be 

acceptable.

 

It should also be noted that viral aggregation may have significant implications 

for the efficiency of virus removal by membranes filtration. Aggregation is 

dependent on a large number of environmental parameters. These include the 

natural organic matter [49], [50], polyelectrolytes [51] changes in the salinity of 

water [52], [53] and when the pH of the solution approaches the isoelectric point 

of the virion [54]. Viral aggregation is a complex process, which is difficult to 

predict without experimental data, it is virus-specific, thus making 

generalisations difficult [55]. This difficulty is due to the difference in the 

chemical and physical structures of different virus types and strains. In natural 

waters, the viral aggregation is likely different to those observed under 

experimental conditions in the laboratory-induced by manipulation of pH and 

salt concentrations. Taking into the account that membrane filtration in this 

thesis was evaluated at high viral concentration, could lead to an overestimation 

of virus removal in the environment. However large pore sized membranes like 

MF membranes are capable of retaining large aggregates [56]. More basic 

research is still needed on viral aggregation which can help to optimise drinking 

water disinfection. 



In general, the inactivation of viruses in different environments is multifactorial. 

Variations of factors like pH, salts and presence of solid organic matter may 

change the response of the virus to the other factors. This could lead to adverse 

effects on virus removal. Thus further investigations need to be done to ensure 

optimal results. This thesis shows how crucial it is that modified membranes or 

materials for drinking water treatment be tested under realistic conditions. By 

being exposed to a natural consortium of microorganisms and viruses in actual 

surface waters. 

 

New membranes technologies are without a doubt useful for the production of 

safe drinking water. However, such membranes also need to offer a highly stable 

system, so they should not age or degrade during operation in challenging 

chemical, thermal and biological environments. Therefore new materials should 

improve the molecular stability of materials as well as their permeance. 

Membrane and module engineering is another key challenge, to improve the fluid 

mechanics and mass transport around and in membranes. This also helps in the 

understanding of how new membranes will fit into modules and how to then fit 

them into larger-scale systems. 

Most academic research is focused on the development of new materials, but 

finding an interesting material is only the first step on the long path to 

developing a useful process. Real challenges, where the most significant problems 

exist, such as figuring out how to make the membranes stable in the environment 

in which they will be used. Furthermore, they should have very thin (<0.2 µm-

thick) active separation layers that need to be defect-free on a larger scale. 

Finally, they need to be prepared and used in working modules suitable for the 

application. 

In this thesis, the primary focus was to develop technology to help bring safe 

drinking water to millions affected by the global water crisis. The aim is to 

provide a temporary decentralised household water treatment storage (HWTS) 

system as part of a short-term solution. A clear statement we tried to make in 

this thesis is that this technology needs to be cheap, easy to use and readily 

accessible to those affected. Thus it is essential to achieve a straightforward 

system design with little or no energy requirements. 

That is why the next appropriate step for this work is to change the geometry 

of the membranes from the flat sheet to the hollow fibre geometry. For research 



 

purposes, flat sheet membranes are ideal and relatively simple to use. However, 

for industrial applications, hollow fibre membranes are more appropriate, 

efficient and cheaper than flat sheet membranes. This is because hollow fibre 

membranes have relatively higher (surface/volume) ratio compared to that of 

flat sheet membranes. Thus hollow fibres can have a higher resistance to 

pressure. Additionally, very a small number of manufacturers supply flat sheet 

membranes [57]. 

The hollow fibres can be made by spinning which is a technique used to prepare 

these membranes, schematically shown in Figure 6.2. 

 
Figure 6.2: (a) Hollow fibre spinning apparatus Adapted from Machado, 1998 and 
Mulder 1998 [58], [59]. 

Moreover, the lack of spacers in hollow fibres also prevents clogging and thus 

lowers the fouling rate of the membrane. Therefore, there is less downtime for 

the process as the cleaning in place is not needed as often due to decreased 

fouling. 



We successfully produced hollow fibres using a polymer solution containing PEI 

and metallic nanoparticles (Figure 6.3). A homogenous dope solution was 

prepared by first dissolving, specific amounts of sulfonated polyethersulfone 

(sPES) with the aid of a speed mixer, into n-methyl-2-pyrrolidone (NMP), and 

polyethylelne glycol 400 (PEG 400) mixtures. Followed by the addition of the 

desired amounts of 25 wt% of PEI and nanoparticles into the NMP solution. 

The dope solution was stored and degassed for about 30 h before spinning, where 

the dope was extruded into the nonsolvent bath (water), this is where demixing 

occurs due to the exchange between solvent and nonsolvent. This demonstrates 

that hollow fibre membranes with the same promising chemistry as described in 

Chapter 5 can be prepared within a one-step process. 

 
Figure 6.3: Hollow fibre membranes fabricated by spinning. 

Further studies need to be carried out to optimise the fabrication of the hollow 

fibres. The main tuning parameters within the spinning technique as defined by 

Guttman-Bass and J Catalano-Sherman (1986) [59] are: 

i. The extrusion rate of the polymer solution, 

ii. The bore liquid rate, 

iii. The tearing rate, 

iv. The residence time in the air gap (between the spinneret and coagulation 

bath), 



 

v. The dimensions of the spinneret. 

These parameters all strongly interact with the membrane forming parameters 

such as the composition of the polymer solution, the composition of the 

coagulation bath and its temperature. 

The zeta potential of the produced hollow fibre was measured using a Malvern 

zetasizer ZS (Figure 6.4). The results show that the one-step membranes are 

positively charged with a zeta potential of +30 mV.

 
Figure 6.4: (a) Zeta potential of the fabricated hollow fibre membrane and (b) SEM 
image showing the morphology of the fabricated membrane. 
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New studies will, therefore, optimise the membranes to achieve better antiviral 

activity to foster more significant virus reductions.

We have seen in this thesis that the modification of commercially available 

membranes, using the cationic polymer polyethyleneimine (PEI) and metallic 

nanoparticles of silver (Ag) and copper (Cu), can lead to antiviral membranes. 

However, with the geometric change from flat sheet to hollow fibres, and by 

producing these membranes in a one-step process, these membranes could make 

progress towards the commercial market. 

 

Other than the membrane geometry, the surface chemistry of the membrane also 

contributes to the reduction of its operational costs. The lifetime of the 

separation layer is essential to the overall performance of the membrane and its 

overhead costs. When the membrane rapidly ages or loses its antiviral properties, 

it will result in high replacement costs. Chapters 3 and 5 showed that adequate 

lifetimes for cationic (PEI) modified membranes can be expected but can be 

improved or lengthened if the correct form of the polycation is chosen and 

employed correctly. Using a crosslinker to stabilise the ultra-thin active layer 

improved the longevity and stability of the membrane and thus its lifetime 

(Chapter 5). However, depending on the requirements of the membrane a 

problematic tradeoff is encountered. PEI has a high charge density, but it$s 

primary, secondary and tertiary amines are readily degraded by hypochlorite 

and would need to be changed more often. It is possible to use more hydrophobic 

forms of the polycation which contain quaternary amines and have lower charge 

densities. The decision has to be made, to either use a more stable and more 

expensive membrane that does not need cleaning as often or to use a cheaper 

one that needs to be replaced more often. 

It could be interesting to use polyzwitterions, as polyzwitterionic membranes 

can reduce the number of chemical cleaning steps. These types of membranes 

are known for their antifouling behaviour and in recent times has been used for 

virus reduction. The exact mechanism behind the behaviour of polyzwitterions 

is not fully understood though several theories exist [60]#[63]. Never the less it 

could be interesting to investigate the combined anti-fouling and antiviral action 

of zwitterionic modified membranes [60], [61], [64]#[68].

 

The lack of safe water creates an enormous burden of disease and other 

debilitating, life-threatening illnesses for people in the developing world and 



 

during emergency situations. This is a message that has echoed throughout this 

thesis. Moreover, the global POU water treatment systems market was 

estimated to value USD 16.8 billion or 13.6 billion Euros in 2016. These systems 

are projected to grow at a compound annual growth rate (CAGR) of 8.1% by 

2025 [69]. Clearly, there is an increase in demand for these types of technologies. 

POU water treatment technologies have emerged as a suitable approach that 

empowers individuals and communities without access to safe sources of drinking 

water. These POU systems improve water quality by treating, as the name 

suggests, at the point of use and in most instances in the home. Several POU 

technologies already exist available, such as ceramic and bio-sand household 

water filters. However, except for boiling, none have achieved continued, large-

scale use. Sustained use is essential if household water treatment technology 

(HWT) is to provide continued protection, but it is difficult to achieve. Here we 

want to demonstrate, the potential ease with which a POU could be designed 

based on the membranes designed in, for example, Chapter 5. Therefore, we 

present a possible design of a multibarrier POU system for short-term usage 

incorporating our membranes in Figure 6.5. 

 
Figure 6.5: Schematic drawings of proposed simple countertop POU water treatment 
systems using either flat sheet or hollow fibre membranes, which would allow removal 
of bacteria and viruses. 

If applied, these new POU treatment systems with our membranes could be part 

of a short-term solution to reduce the massive burden caused by the lack of safe 

water. They would improve household water quality by reducing waterborne 

pathogens such as bacteria and viruses in resource-limited settings, or during 

emergency situations. 
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This work is undoubtedly not finished, and a few more chapters could be added, 

by continuing to study the interactions between viruses and PEI modified MF 

membranes. For example in natural waters evaluating different pathogenic 

viruses or using different membrane geometries. 

As a first step in preventing waterborne disease outbreaks caused by viruses, a 

multibarrier approach needs to be instituted, of which the first component is the 

establishment of a sound water management plan that prevents contamination 

as best as possible for all drinking water sources. This concept of a risk 

assessment and risk management framework was developed by the WHO and is 

called Water Safety Plan [70]. The second phase of the multi-barrier approach 

is a clear understanding of drinking water treatment technologies with particular 

focus on reducing pathogen concentrations. 

Looking from a technological perspective, we can choose from many different 

and unique methods to treat drinking water. But should we move away from 

the centralised system to decentralised systems? Are membrane based barrier 

systems the better approach to producing safe drinking water? While I certainly 

believe so, I hope that soon researchers will have even better and more innovative 

answers ideas and solutions to combat the global water crisis. 

A strong motivation for doing this research was having seen first hand what it 

is like to not have safe drinking water. So from a sociological perspective, many 

important issues need to be addressed, especially in developing countries. Why 

should people not have safe water due to politically motivated or economic 

reasons? Water is a fundamental human right and necessity. Furthermore, 

should water merely be !safe enough" or can we do more to have not just limited 

but the complete removal of harmful contaminants from drinking water? What 

price should be put on this basic need? What are the acceptable costs to make 

our drinking water safe? Is the global access to safe drinking water given as 

much priority as is it needs? This thesis and research have raised several 

questions and has attempted to provide possible solutions to such questions. 

Unfortunately, there is no complete answer and solution for these questions and 

issues. A dedicated and enormous effort from the scientific community, industry, 

global organisations and governments will have to come together to get closer 

to the answers needed. 

Personally, I hope there will come a time when access to safe drinking water is 

a right and a reality for all, and we will be able to have the purest and safest 

options that are available.  



 

Marcus Samuelsson said in the Huffington Post (2010), 

 

!For many of us, clean water is so plentiful and readily available, that we rarely, 

if ever pause to consider what life would be like without it." 

 

 

I have wondered%%%Have you ever wondered? 
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