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ABSTRACT

VIRUS ATTACHMENT TO SURFACES: ASSESSING RELATIVE
CONTRIBUTIONS OF ELECTROSTATIC, VAN DER WAALS, AND ACID-BASE
INTERACTIONS

By

Hien Thi Thu Dang
Adhesion to surfaces plays an important role in determining pathogen transport
and fate in the environment. Countertops, hospital walls, hair and skin are
examples of surfaces of particular interest. While bacterial adhesion is relatively
well understood, less is known about interactions of viruses with surfaces of
different charges, hydrophobicities and morphologies. In this study, the
attachment of bacteriophage MS2 and human adenovirus 40 (HAdV40) onto
polyelectrolyte- and paint-coated surfaces has been investigated using an
approach that combines experimental studies and theoretical modeling. The
extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) model was used to
calculate the energy of virus-surface interaction. The theoretical predictions were
validated in experiments that used quartz crystal microbalance with dissipation
(QCM-D) to measure the mass of deposited viruses. The polyelectrolyte-coated
surfaces were designed by assembling a polyelectrolyte multilayer (PEM) via
alternate deposition of the negatively-charged poly(styrene-4-sulfonate) (PSS)

and positively-charged poly(dimethyl diallyl ammonium chloride) (PDAD). The



paint-coated surfaces were prepared by spin-coating three household paints
(water-based acrylic latex, water-based alkyd, and oil-based alkyd), which
differed in terms of their chemical composition, surface charge and
hydrophobicity. Experimentally observed trends in experiments MS2 deposition
onto the polyelectrolyte —coated surfaces were consistent with XDLVO
predictions: a) deposition onto the positively-charged surface was significantly (~
5 to 6 times) higher than on a negatively charged one and b) deposition was
enhanced at higher ionic strengths of the background electrolyte. The kinetics of
deposition depended on the salinity: lower salinity led to faster deposition and a
shorter time to steady-state. The data on kinetics of HAdV40 adhesion to the
household paints was also in a qualitative agreement with predictions by the
XDLVO theory. The quantitative discrepancies between QCM-D experiments and
XDLVO theory were attributed to details of the surface morphology and the
chemical heterogeneity of the deposited paint layer. For both viruses and all
surfaces studied, the electrostatic and hydrophobic interactions were found to
govern virus deposition behavior with van der Waals interactions playing a
comparatively small role. The approach demonstrated in this study can guide the
design of surfaces that resist virus adhesion. Polymeric coatings and paints so

formulated should help reduce human exposure to viruses
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CHAPTER 1: OUTLINE

This dissertation is structured as a collection of several chapters. The present
chapter (Chapter 1) outlines this structure and the contents of each chapter.
Chapter 2 is the Introduction that describes the motivation for the present work,
the overarching hypothesis, and the background information on research
methods employed throughout this work. Chapters 3, and 4 are detailed
accounts of two different projects that form the core of the dissertation. Each of
these two chapters is a manuscript that, at the time of this writing, has been

submitted to a journal. Chapter 5 offers suggestions for possible future research.

Chapter 2 provides an overview of viruses (e.g., norovirus (NoVs) and human
adenoviruses (HAdVSs)) as a threat to human health and focuses on virus
adsorption to different surfaces as a possible route for transmitting viral
infections. The Chapter describes the XDLVO theory as a predictive tool for
understanding virus attachment to surfaces and provides background information
on quartz crystal microbalance with dissipation (QCM-D) as the experimental

technique for probing virus-surface interactions.

Chapter 3 describes a study on HAdV40 and bacteriophage MS2 attachment
onto household paints. In this study, we employed QCM-D to study virus
adsorption experimentally. Effects of virus properties (hydrophobicity, surface
charge, and hydrodynamic size), solution chemistry (ionic strength and pH), and

paint surface properties (hydrophobicity, surface charge, roughness) were



investigated. The XDLVO virus-surface interaction energies were used to predict
virus adsorption and compare the predictions with experimental results obtained
in QCM-D studies. The calculations accounted for the paint surface roughness
using the modified Derjaguin technique. The work has established an approach
to quantifying virus adhesion onto paints and can be helpful for formulating paints

resistant to virus adhesion.

Chapter 4 presents a study on MS2 attachment to polyelectrolyte multilayer
(PEM)-coated surfaces. As in Chapter 3, the approach combines numerical
(XDLVO) modelling and experimental (QCM-D) studies. MS2 was either used
directly from the stock for deposition experiment or further purified using
precipitation with 6 KDa polyethylene glycol prior to the experiment. PEMs were
in situ assembled on the QCM-D sensor surface. Effects of PEM properties
(surface charge, hydrophobicity, roughness), PEM deposition conditions (ionic
strength of the PEM deposition solution) and solution chemistry (ionic strength) of

the MS2 suspension were investigated.

Chapter 5 is structured as an outline of a research proposal. Motivation for the
proposed research is provided along with specific objectives and related
hypotheses. The proposal relies on the use of QCM-D technique to explore virus
deposition from air onto surfaces of practical importance (e.g., human skin,
coating formed from lipstick and other personal care products, human and animal
hair) as a function of environmental parameters (e.g. humidity) and virus

properties.



CHAPTER 2: INTRODUCTION

Pathogens have been reported to account for approximately 38.6 million food-
related illnesses per year in the U.S., of which 30.9 million ilinesses (~80%) are
caused by viruses. Noroviruses (NoVs) alone are responsible for approximately
23 million ilinesses each year [1]. NoVs are also believed to be the top cause of
waterborne diseases contributing to 45% outbreaks, followed by adenoviruses
(24% outbreaks) in the U.S. [2]. Non-enveloped, single-strand RNA viruses,
NoVs are among the smallest pathogens (27 to 32 nm in size). They infect
humans of all ages [3], are extremely contagious and spread most commonly
through the fecal-oral route [4]. They are the most common agent of

gastroenteritis [1] and cause post-infectious irritable bower syndrome [4].

HAdVs have the diameter in the 70 to 100 nm range and are non-enveloped
double-strand DNA viruses. They have been associated with respiratory
infections, gastroenteritis, pneumonia, ocular and genitourinary infections; their
most common transmission pathways are with respiratory droplets, via
contaminated food and water or through the fecal-oral route [2]. HAdV 40 and 41
have been reported to be among the most common causes for respiratory
infections and gastroenteritis in children. As a part of the Seattle Virus Watch
program, an early (1965 — 1969) study by Fox et al. [5] determined that HAdV
caused 5% and 3% of infectious illnesses in infants and 4 years old children,

respectively.



To understand virus transport and fate and thus reduce human exposure to
viruses, numerous studies have been conducted on virus adsorption to different
surfaces such as soils [6-8], organic matter [9, 10], membrane filters [11-14] and
activated carbon [15, 16]. Thanks to the similarity between NoVs and the
bacteriophage MS2, the latter is often used as a NoV surrogate in adsorption
studies [7-9, 12]. Studies on HAdV adsorption are few and are mostly limited to
the context of the virus adsorption and elution (VIRADEL) process [13, 17-31].
Employing bacteriophages as surrogates for human viruses avoids health risks
and helps gains valuable data quickly. Yet, there is a need for studies with
human viruses to validate predictions based on the prior work with phages and to

discover virus-specific behaviors.

Adsorption studies show that virus properties such as surface charge [11, 12],
hydrophobicity [10, 19, 23, 31-33], size and shape [10, 33, 34] and isoelectric
point (IEP) [33] are significant controlling factors for virus adsorption. Virus
morphology and can also have an impact on adsorption. For example, tail fibers
are reported to promote virus adsorption [33] while protruding hydrophilic loops
are found to hinder adsorption [9, 10, 35]. In addition to virus properties,
environmental conditions such as ionic strength of the aqueous phase [29], pH
[10], composition of the eluate (in tests on virus elution from surfaces) [19, 21,
23, 31] and the specific ions in the water matrix [19, 22, 23, 25] also significantly

impact virus adsorption.



In our study, we investigated attachment of HAdV40 and MS2 (a surrogate for
NoV) to paint-coated and polyelectrolyte (PEM)-coated surfaces. Three different
household paints: latex and alkyd water-based and alkyd oil-based paints were
spin-coated on a QCM-D sensor. Four different PEM films were assembled on
QCM-D sensor surfaces by alternately depositing poly(sodium-4-
styrenesulfonate) (PSS) and poly(dialyldimethylammonium chloride) (PDAD)
using the layer by layer (LbL) technique. We hypothesized that (1) electrostatic
and acid-base interactions control virus-surface interaction; (2) surface
roughness enhances virus attachment, and (3) HAdV40 shows higher propensity
to attach to surfaces than MS2 does. To test the hypotheses, virus deposition
tests were conducted with surfaces of different charges and hydrophobicities
exposed to virus solutions of varying ionic strengths and pH. The XDLVO theory
was employed to interpret experimental results. Surface morphology was
guantified by AFM imaging and accounted for in the XDLVO predictions via a

modified Derjaguin model.

2.1. Derjaguin-Landau-Verwey- Overbeek (DLVO) and extended DLVO

(XDLVO) theories

DLVO theory has been widely used to calculate the energy of interaction
between various surfaces as a function of surface properties, properties of the
medium and the distance that separate the surfaces [36, 37]. The classic DLVO
theory includes Lifshitz van der Waals (LW) and electrostatic double layer (EL)

interactions. The EL interactions are either attractive or repulsive depending on



electrical charge of the surfaces. The LW interactions are usually attractive and
are longer-range than the EL interactions. Some studies demonstrated that the
DLVO theory is only applicable to surfaces that are chemically inert [38-41] so
the model does not accurately predict virus adhesion to surfaces where hydrogen
and chemical bonds are involved. This limitation can be partly overcome by
extending DLVO to include a short-ranged acid-base (AB) interaction thereby
accounting for hydrogen bonding [39, 42]. AB interactions can be attractive
(hydrophobic attraction) or repulsive (hydrophilic repulsion) and up to 10-100

time greater than electrostatic and van der Waals interactions [43].

According to the XDLVO theory [39], the total energy of interaction EXDLVO
between a virus (v) and paint-coated surface (s) in agueous medium (1) is a sum
of Lifshitz van der Waals EXY, electrostatic double layer EEL | and acid-based

EAB energies (Figure 1):

EXDLVO — ESLZIJ/ + EEL + EAB (2)

slv slv slv

In the expression above,

Egy = _:_Z (3)
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E&y(d) = 2malAG4P exp (do; d) ®)
where, a is the virus radius, d is the virus-surface separation distance [38, 43],

&, Is the dielectric constant of water (e, = 79), &, is the relative permittivity in
vacuum (g, = 8.854-10'2 CV-'m?), ¢, and i, are the surface potentials of the
virus and the surface, respectively, kj, is the reverse Debye length, d, is the
minimum separation distance (d, = 0.158 nm), A is the characteristic delay length

of the AB interaction (A = 0.6 nm) [44] and A is the Hamaker constant given by

eq. (4):

(6)
A= —12my3AGLY .

The AB and LW free energies of adhesion per unit area, AG5” and AG;Y are

given by egs. 7 and 8, respectively.

8648 = 2NV T 47~ 70D + 2 (V07 4 - [t

_2(\/ys Yo + \/ys_yv+ )

Gay = 2(\/ vt - \/VSLW)(\/VULW - Jny) (8)

(7)

where y* is the electron acceptor parameter, y~ is the electron donor parameter,

yW is the apolar surface energy component, and indices |, s, and v refer to



liquid, surface and virus. The surface energy components of the surface (y.", ygt

and y,) are calculated based on the measured contact angles, 6, of three probe
liquids (DI, glycerol and diiodomethane) and the known surface tension

components of the probe liquids (v}, ;" and y;).

(1+ cos@)y°T =2 <\/V5LWY1LW + \/V;Vz_ + \/Ys_]’z+> ©)

The hydrophobicity of a surface can be evaluated based on its free energy of
cohesion when immersed in water (AGy;s). AGg IS twice the interfacial tension y;

between the surface and water:

2
AGgs = —2y5 =2 (v YW — /VZLW> —AWYsys vt =y - (10)
\/ Ys_VL+)

A positive value of AGq;, indicates a hydrophilic surface while a negative value

indicates that the surface is hydrophobic.
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Figure 1: An example of XDLVO energy profile. The total interaction energy si a
sum of Lifshitz van der Waals (LW), electrostatic double layer (EL) and acid-
based (AB) interactions (source: Lin et al. [45]).

Viruses are not perfect spheres and the deviation from sphericity lowers the
predictive power of the DLVO and XDLVO models. Although the theories have
been extended to apply to some simple non-spherical shapes [46], the range of
these — still idealized, morphologies are very limited. In this study, we focused on
MS2 and HAdV40, both of which are relatively close to be spherical but neither is
a perfect smooth sphere. MS2 has an icosahedral capsid and short hydrophilic
polypeptide loops (~1 nm) protruding from it [35]. HAdV40 has short (~18 nm)
and long fibers (~30 nm) terminated with globular knobs [47]. The size of
HAdV40 was determined to be ~70 nm by TEM and ~90-120 nm by DLS [13, 48].
This suggested that TEM measurement failed to measure in low electron-density
of the hydration layer region. Some studies showed that virus’s fibers and tail

interfere with adhesion leading to discrepancies between experimental results



and DLVO/XDLVO modeling predictions. Shi et al. [13] reported that the fibers of
HAdV40 are longer than the Debye lengths at different pH in 1 mM NacCl and
thus suggested that fibers enhanced HAdV40 adsorption to surfaces. Loops of
MS2 are too short to have an impact on its ability to bind to surfaces [49]. They
are also dense and hydrophilic [35] resulting in higher EL and AB repulsive

forces and thus increased steric hinderance.

2.2. The modified Derjaguin technique for a rough surface

Studies on surface roughness [50-53] suggest that roughness enhances colloid
deposition in the primary and secondary minima by lowering energy barrier and
reducing hydrodynamic shear near the surface where colloid interactions occur.
This leads to a modified Derjaguin technique where surface roughness is

included in the calculation of XDLVO energies to predict virus adsorption.

The total interaction energy between a sphere and rough surface (Usg(d)) at a
separation distance d, is the sum of the sphere-asperity (Us,(d)) and sphere-flat

plate (Usp(d)) interaction energies [50, 54].

Usr(d) = nUsa(d) + (1 —m)Usp(d) (11)

where 7 is the fraction of interactions between a sphere and asperity and (1 —
n) is the fractions of interaction between a sphere and flat plate. The value of n

depends on the geometry of the rough surface. In our work, AFM imaging

10



indicated that roughness features on the painted surfaces had convex
morphology (see Figure A5 in Appendix A ) such that the following relationship

[54] held for each virus-paint pair:

7 oor (12)

a<(§—§)

where p is the asperity separation, r is the asperity radius, and a is the radius of

the attaching colloid (virus in our case). Thus 1 is given by [54]:

me? (13)

where e = [(a +1)% — a?]V/2.

2.3. Measurements using quartz crystal microbalance with dissipation

Virus deposition onto a surface can be quantified using QCM-D (Figure 2) as
long as the QCM-D sensor can be coated with a material that appropriately
represents the surface of interest. By detecting shifts in QCM sensor’s vibration
frequency, this technique can measure deposited mass with nanogram sensitivity
and can offer insights into the viscoelastic behavior of the adsorbed layer by
measuring dissipation shifts [55]. QCM-D has been used to study the attachment
of bacteriophages (e.g., MS2 [56], T4D [57]), norovirus virus-like particle [58, 59],
human viruses (e.g., adenovirus [60]), and pathogenic plant viruses (e.g.,
cowpea mosaic virus [61], maize chlorotic mottle virus [62]) to various surfaces

such as polyelectrolyte multilayers [9, 57, 60, 61], clays [9, 56], bare QCM

11



crystals [56, 59, 63] or self-assembled monolayers [58, 61, 62, 64]. The efficiency
of virus attachment to a QCM sensor increases with an increase in the ionic
strength of the deposition solution and is facilitated in the presence of divalent
cations [56, 59]. Studies on virus adsorption using QCM-D also point to
differences in the adsorption behavior between different virus strains, possibly
due to strain-to-strain variation in capsid surface properties (e. g. distribution of
amino acid residues) [59, 64]. Armanious et al. [64] studied differences in
adsorption behaviors of MS2, fr, GA and Qp bacteriophages that have similar
sizes (28.6-29.4 nm outer diameter and 21.0-21.4 nm inner dimeter) but different
surface charges, hydrophobicity and morphologies. The consensus appears to
be that virus adsorption is mainly governed by electrostatic, hydrophobic [64] and
steric [9] interactions while van der Waals interaction is of secondary importance

[64].

Figure 2: QCM-D system (source: g-sense.com)
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CHAPTER 3: ATTACHMENT OF HUMAN ADENOVIRUS 40 AND

BACTERIOPHAGE MS2 ONTO HOUSEHOLD PAINTS

Abstract

Attachment of bacteriophage MS2 and human adenovirus 40 (HAdV40) onto
negatively and positively charged paint-coated surfaces were studied using
quartz crystal microbalance with dissipation monitoring (QCM-D). Effects of pH
and ionic strength on virus attachment were probed using virus suspensions in
simple electrolyte solutions and in a model respiratory fluid. The Derjaguin-
Landau-Verwey-Overbeek (DLVO) and extended DLVO (XDLVO) theories were
used to predict virus adsorption. The paint-coated surfaces were prepared by
spin-coating the paints on QCM-D sensors. Three household paints with distinct
charge and hydrophobicity values were tested: water-based acrylic latex paint,
water-based alkyd paint, and oil-based alkyd paint. The QCM-D results showed
that HAdV40 favorably adsorbed to the painted surfaces, while the opposite was
observed for MS2. An increase in ionic strength enhanced virus adsorption. The
adsorption kinetics of HAdV40 underwent two distinct phases. Phase 1 was
governed by virus-paint interaction and was largely attributed by hydrophobicity
and charge of the paints. Phase 2 occurred when the surface was partly covered
by the virus-covered surfaces and was dependent of ionic strength. The distinct
phases were more clearly manifest for HAdV40. The XDLVO theory proved to be
a better tool for predicting of virus adsorption than the DLVO theory, especially

for deposition from high ionic strength solutions. Electrostatic and acid-base
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interactions governed virus adsorption; while the van der Waals interaction
played a relatively minor role . The roughness of the paint surface had negligible
impact on the total XDLVO energy of virus-paint interaction. The principal
component analysis (PCA) separated the data points in groups due to different

charges of the paints and energy barriers of their XDLVO energy profiles.

14



3.1. Introduction

Human adenovirus (HAdV) has been recognized as one of the most common
agents causing respiratory tract diseases and gastroenteritis in children. As a
part of the Seattle Virus Watch program, an early (1965 — 1969) study by Fox et
al. determined that HAdV caused 5% and 3% of infectious illnesses in infants
and 4 years old children, respectively [5]. A recent study by Rocholl et al. [65]
on respiratory viruses at the Primary Children’s Medical Center in Salt Lake City,
UT, showed that from December 2000 to May 2002 adenoviruses accounted for
7.5% of respiratory illness cases; in this study, 90% of the patients were 5 years

old or younger.

According to the National Human Activity Pattern Survey, humans spend an
average of 87 % time indoors [66]. The concentration of virus-like and bacterium-
like particles in buildings is ~10° particles/m?, wherein the ratio of virus to
bacteria is 0.9 £ 0.1 [67]. One can expect pathogen concentrations to be higher
in hospitals and other locations where care is provided to infected individuals. In
the U.S., 1.7 million cases of healthcare-associated infections leading to 99,000
deaths were reported in 2002 [68]. Contaminated surfaces such as clothes, walls
and medical care instruments are considered to contribute to up to 40% of such

infections [69].

To understand virus transport and fate, numerous studies have been conducted

on virus adsorption to surfaces such as soils [6-8], organic matter [9, 10],
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membrane filters [11-14] and activated carbon [15, 16]. To our knowledge, there
have been no published work on virus attachment to paints, which is a very a
common type of surface in hospitals and other indoor environments. Many
commercially available paints are designed to be waterproof and contain biocidal
materials. The hydrophobicity of the paints helps repel water but promotes
adhesion of aqueous colloids including pathogens. At the same time, the biocide
additives (e .g. silver, titanium dioxide, copper and zinc oxide, often in the form of
nanoparticles) target bacterial, but not viral pathogens. In sum, common

household paints are not designed to resist adhesion of or inactivate viruses.

There have been multiple studies on virus adhesion to various surfaces. Most of
this work though employed bacteriophages such as MS2 [7-9, 12]; while
adsorption of human viruses has been less explored. Adsorption of HAdV has
been explored in the context of the virus adsorption and elution (VIRADEL)
process [13, 17-31]. HAdV adsorption is mainly governed by electrostatic [13, 21-
24] and hydrophobic [19, 23, 31] interactions with ionic strength [29], solution
chemistry of the eluent [19, 21, 23, 31] and the composition of the water matrix
[19, 22, 23, 25] all affecting the adsorption process. Shi et al. [13] studied
HAdV40 recovery from tap and surface waters by cross-flow ultrafiltration and
found that membranes with a higher negative charge and hydrophilicity afforded
higher recoveries. In addition, using polyanions and surfactants to disrupt
electrostatic and hydrophobic interaction between the virus and the membranes
helped achieve nearly 100% efficacy of elution. Li et al. [23] studied HAdV5

adsorption to electropositive charged nanoalumina filters and negatively charged
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HAWP filters. It was found that filters played an important role in virus adsorption;
for example, nanoalumina filters helped recover 82-91 % infectious viruses at pH
6 and HAWP filters did 78-90 % infectious viruses at pH 9. With higher filter
rates, nanoalumina filters had an advantage in recovering infectious viruses from
large water volumes (up to 10 L). Therefore, the nanoalumina filters were
considered more effective than the HAWP filters in terms of virus recovery, filter
rates, pre-filtration and pH adjustment. Lambertini et al. [22] studied HAdV 41
recovery using glass wool filter and found that virus strain, water matrix and pH
contributed to virus recovery, wherein virus adsorption peaked at pH 6.5 and
then decreased dramatically at pH 7.5. The virus recovery was 70%, 14%, 19%,
21% and 29% for poliovirus, coxsackievirus B5, echovirus 18, adenovirus 41 and
norovirus, respectively. Poliovirus recovery significantly differed in tap and well 1
waters, so did HAdV41 and poliovirus recoveries in tap and well 2 waters; while
norovirus and HAdV40 recoveries were different in well 1 and 2 waters. HAdV41
and poliovirus adsorption peaked in the pH range of 6.0-6.5 and at pH 6.5,
respectively and it decreased dramatically at pH 7.5 for HAdV41 and with
increasing pH for poliovirus. A study by Wong et al. [49] revealed that HAdV had
a much higher retention time than MS2, especially in high ionic strength, leading
to a much lower HAdV recovery; for example HAdV recovery was reduced by 2
and 3 orders of magnitude at the IS of 10 and 1000 mM, respectively while MS2

recovery decreased by less than 30%.

Viruses can deposit onto painted walls as a result of direct contact with infected

humans or from respiratory droplets produced by such persons. Respiratory
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droplets can be an effective vector for pathogen transmission because they carry
high viral load. A high concentration of adenovirus (1.6-10° to 3.7-108 genome
copies per mL (GC/mL)), one of the most common pathogens causing respiratory
and gastroenteritis infections in humans, was found in respiratory tract secretions
of patients with adenovirus pneumonia [70]. Children hospitalized with lower
respiratory tract infections presented the adenovirus load of 10# to 10° GC/mL in
nasopharyngeal aspirate [71]. TT virus was measured at a high load of 3.1-10" to
1.5-:101* GC/mL in nasal samples of patients with acute respiratory diseases [72].
The number of droplets expelled was estimated to be 947 to 2085 droplets per
cough [73], 112 to 6720 over 5 min of talking [73] and ~ 10° droplets per sneeze
[74]. Yang et al. estimated that a patient with influenza A viruses could shed
1.8-10% PFU/m? by a single cough [75]. Large droplets (= 100 um) and are
effectively removed by gravity while small droplets (20 um) often dry out via
evaporation and can shrink haft their initial size in less than a second. Xie et al.
[74] quantified droplet transport using the Wells evaporation-falling curve and
showed that larger droplets (60 to 100 um) produced by sneezing, coughing and
breathing could travel more than 6 m, 2 m and 1 m, respectively with the initial
velocities of 50 m/s, 10 m/s, and 1 m/s, respectively before they completely

evaporate.

Virus deposition onto a surface can be quantified using quartz crystal
microbalance as long as the QCM sensor can be coated by a material that

adequately represents the surface in question. By detecting shifts in QCM
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sensor’s frequency, this technique can measure mass with nanogram sensitivity
and can offer insights into the viscoelastic behavior of the adsorbed layer by
measuring dissipation shifts [55]. QCM-D has been used to study the attachment
of bacteriophages (MS2 [9, 56, 64], T4D [57]), norovirus virus-like particle (VLPS)
[58, 59], adenovirus [60], air borne viruses [63] and pathogenic plant viruses [61,
62] to various surfaces such as polyelectrolyte multilayers [9, 57, 60, 61], clays
[9, 56], bare QCM crystals [56, 59, 63] or self-assembled monolayers [58, 61, 62,
64]. The efficiency of virus attachment to a QCM sensor increases with an
increase in the ionic strength and is facilitated in the presence of divalent cations
[56, 59]. The QCM-D results also point to differences in the adsorption behavior
between different virus strains, possibly due to strain-to-strain variation in capsid
surface properties (e. g. distribution of amino acid residues) [59, 64]. Armanious
et al. [64] attributed differences in adsorption behaviors of MS2, fr, GA and Qf
bacteriophages that have similar sizes (28.6-29.4 nm outer diameter and 21.0-
21.4 nm inner dimeter) but different surface charges, hydrophobicity and
morphologies. The consensus appears to be that virus adsorption is mainly
governed by electrostatic, hydrophobic [64] and steric [9] interactions while van

der Waals interaction is of secondary importance [64].

In this study, attachment of two viruses with disparate physicochemical
characteristics - bacteriophage MS2 and HAdV40 - to paint-coated surfaces was
investigated by combining QCM-D measurements and XDLVO modeling of virus

—surface interactions. The three household paints evaluated in this work are

19



compositionally different and present surfaces covering a range of electrical

charges and energies.

3.2. Materials and Methods

3.2.1 Reagents

All the regents used for this study were of high purity (>98%). DI water with a
resistivity of 18.2 MQ-cm was used to prepare all the solutions. Sodium
polyphosphate (NaPP), sodium chloride, and diiodomethane were purchased
from Sigma-Aldrich. Tween 80 was purchased from Fisher Scientific while

glycerol was purchased from J. T. Baker.

3.2.2. Propagation, purification, and quantification of bacteriophage MS2
and human adenovirus 40

MS2 and HAdV40 were purchased from American Type Culture Collection
(ATCC). To propagate MS2 (ATCC 15597-B1), an actively growing broth culture
was prepared first by adding 100 uL of E. coli incubating overnight in soy broth
for 6 h at 37 °C. The broth culture was then spiked with 0.1 mL of the diluted
phage suspension (~10° plague forming units per mL (PFU/mL)) and incubated
overnight at 37 °C. The MS2 suspension was centrifuged at ~5000 rpm for 15
min to remove cellular debris from the culture broth [76]. The supernatant was
filtered through a 0.22 um filter (Millex-GS, Merck Millipore) and then further
purified by dialysis with a 100 kDa membrane (Float-A-Lyzer G2, Spectra/Por)

[77, 78] in 1. mM NacCl for 24 h. During the dialysis, the buffer was exchanged
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after the first 12 h. The MS2 concentration in the stock was measured to be

4.10' PFU/mL using the standard double agar layer method.

HAdV40 (ATCC VR-931) was propagated in A549 cells. To purify HAdV40, the
virus suspension was dialyzed with a 100 kDa dialysis device (Spectra/Por) in 1
mM NacCl for 24 h. The buffer was exchanged after the first 12 h. The HAdV40
concentration in the stock was measured using a quantitative real-time PCR

(gPCR) and was determined to be ~ 101° GC/mL.

3.2.3. Preparation of the artificial respiratory fluid

Human adenovirus concentration (~108 GC/mL), pH value (7.2) and salinity (150
mM NacCl) in the model RF mimicked those reported for human RF [73, 75, 79].
The pH value of patients’ RF depends on their medical status [80], including
asthma [81, 82] and smoking [83]; we selected pH 7.2 [84, 85] as an average pH
measured from the patients infected with an adenovirus. We also used pH 5.2,
the value typical for patients with acute asthma [82]. The mass concentration of
proteins in human RF was reported to be 76.3 + 18.2 g/L [79], which is ~ 3-10°
larger than that of the adenovirus. This leaves QCM-D unable to detect mass
change of adsorbed virus separately from that of adsorbed protein. Therefore, we

did not include protein in the model RF.
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3.2.4. Preparation of paint-coated surfaces

The three Marquee brand (Behr Process Co.) paints used in this study were
exterior semi-gloss ultrapure white No. 5450 (a water-based latex paint), exterior
semi-gloss enamel white base No. 3900 (water-based alkyd paint), and
interior/exterior semi-gloss enamel white No. 3800 (oil-based alkyd paint). The
paints had different solvents and binders and thus presented a range of
hydrophobicities and charges (Table 1). Based on % solids by weight and weight
per gallon values provided by the manufacturer [86-88], the dried paint density
was calculated to be 1.59, 1.67-and 1.79-g-cm-3 for latex water-based, alkyd

water-based and alkyd oil-based paints, respectively.

To produce a thin paint film for QCM-D measurements, the as-purchased paints
were diluted by a factor of 100. The water-based paints were diluted with DI
water while the oil-based paint was diluted with light distillate (petroleum). Prior to
spin-coating, the diluted paints were gently shaken for at least 2 h on a shaker.
The diluted paint (0.5 mL) was then pipetted onto a clean QCM sensor. The
paint-covered sensor was immediately spin-coated at 1500 rpm for 20 s and then
heated in an oven at 80 °C for 30 min to remove the solvent. The annealed paint-

coated sensors were used in QCM-D measurements of virus attachment.
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Composition of the three paints [89-91].

Latex water-based
exterior paint

Alkyd water-based
exterior paint

Alkyd oil-based
interior/exterior paint

Component
Binder (film former) Acrylic latex Alkyd Alkyd
Distillates (petroleum),
Solvent (thinner) Water Water hydrotreated light,
kerosene
g TiO2 10 - 30 %wt 10 — 30 %owt 10 — 30 %owt
= | si0z (amorphous) | 1-5 %wt 1-5 %wt 1 -5 %wt
c
g Al(OH)3 1 -5 %wt 1 -5 %wt none
é CaCOs none None 1 -5 %wt
'é_—m MgsSiaO10(OH)2 none None 1 -5 %wt
Additives 2-ethylhexyl benzoate | Nepheline syenite none

(1 — 5 %wt)

(1 -5 %wt)
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3.2.5. Quartz crystal microbalance with dissipation measurements

The QCM-D E4 system was used to measure changes in mass on the quartz
crystal surface and viscoelastic properties of the deposited layer via frequency
and dissipation shifts, respectively. Prior to measurement, gold QCM-D sensors
were soaked in a 5:1:1 mixture of DI water, hydrogen peroxide (30%) and
ammonia (25%) at 75 °C for 5 min. The sensors were then rinsed with DI water,
dried in N2 and cleaned by Os for 20 min to remove hydrocarbon contaminants.
The cleaned sensors were mounted into the flow module and the resonance
frequency in air was determined. This was followed by a 5-min measurement to
establish a stable baseline. This step was also repeated for the annealed paint-
coated sensors. The frequencies acquired for the clean and annealed coated
sensors were fitted into the Sauerbrey equation [92] to determine the thickness of

the paint films based on the measured change in mass per unit surface area, Am

(ng-cm2):

CAf
n

(1)

Am =

where C is the mass sensitivity constant (C = -17.7 ng-Hz'l.cm), n is the
overtone number (n = 3), and Af is the frequency shift (Hz). The thickness of the

paint film was calculated by dividing Am by the paint density (ng cm).

QCM-D tests were carried out at 25 °C in a continuous flow mode at a flow rate

of 0.15 mL/min using a digital peristaltic pump (IPC, 4 channels, ISMATEC). To
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acquire QCM resonances, paint-coated sensors were first contacted with NaCl
solution of the ionic strength (10 or 100 mM) that matched that of the virus
suspension to be used in the QCM-D measurement that followed. A stable
baseline was established and maintained for at least 5 min before the surfaces
were challenged with a virus suspension. The MS2 and HAdV40 stocks were
diluted to obtain a concentration of 4-108 PFU/mL and 107 GC/mL, respectively.
The pH of the virus suspension was adjusted with 1 mM HCIl and 1 mM NaOH.
The virus suspension was also adjusted for ionic strength at 1, 100 and 150 mM
NaCl. The QCM-D measurement was carried out for 1 h with frequency and

dissipation shifts recorded every 1 min.

3.2.6. Zeta potential measurements

The {-potential values for paint surfaces were measured using an electrokinetic
analyzer (EKA, Anton Paar) as a function of pH. The paints were coated on glass
slides and then dried at room temperature for 7 days as recommended by the
manufacturer. The pH values tested were 2.5, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,

and 10.0. Every C-potential measurement was carried out three times.

3.2.7. SEM images and elemental analyses for paint film surfaces

The paint-coated surfaces were imaged using JEOL 7500F scanning electron
microscope (SEM). Energy dispersive X-ray scattering (EDS) was employed to
assess the chemical makeup of the coatings. The films were mounted face-up on

aluminum stubs using double-stick carbon tape. A small drop of carbon
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suspension cement (when imaging top surfaces) or a thin coat (~2.7 nm) of
Iridium (for imaging sample cross-sections) was used to form conducting bonds

between the film and the stub.

3.2.8. Measurement of paint layer thickness

The thickness of paint-coated films was also estimated based on SEM images of
film cross-sections. To expose a cross-section of the film, the paint-coated
sensor was fractured with a pair of tweezes. The sample was then mounted on a

stub with epoxy and then coated with Iridium to make it conductive.

3.2.9. Contact angle measurements

The samples were prepared as described in section 2.7. Contact angles of DI
water, glycerol, and diiodomethane on the dried surfaces were then measured
using a goniometer (model 250, Ramé-Hart). Contact angle values were calculated
by DROPimage Advanced software based on recorded droplets shapes. Every

measurement was repeated at least twice.

3.3. Results and Discussion

3.3.1. Surface properties of the paints: hydrophobicity and charge

Based on the measured values of contact angles the components of the surface

energy and free interfacial interaction energies of the paints were computed

(Table 2). The square root of the electron donor parameter (,/y*) was calculated
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to be very small and negative (from -1.1 to -2.1) so the value of y* was assumed

to be zero. Negative values of \/y* or y/y~are often reported for microbial cell
surfaces due to hydration [93, 94]; this is more likely to occur for surfaces that

have higher y“"and lower water contact angle values. Hwang [94] demonstrated

that negative ,/y* and /y~ are also calculated for solid surfaces depending on
the choice of the apolar liquid in contact angle measurements. The zero (or very

close to zero) value of y* makes paint surfaces monopolar and leads to the zero

value of the polar component, y48, (y42 = \/y~y*, of the total surface energy.
Comparing the electron acceptor parameter (y~) of different paints, they ranked
in the following order of decreasing basicity: alkyd water-based paint (y~ = 31.6
mJ/m?) > latex water-based paint (y~ = 28.4 mJ/m?) > alkyd oil-based paint (y~ =
11.9 mJ/m?). With y4B = 0, the total surface energy (y") is equal to the apolar

surface energy component (ytW): ytot = yIlW 4 48 ~ 1, LWy

While the hydrophobicity of a surface can be roughly evaluated based on its
contact angle with water, a more accurate measure of hydrophobicity is given by
the free energy of interfacial interaction (AG;s) of two surfaces, identical to the
one in question, when immersed in water. The negative sign of AG; indicates
that the surface is hydrophobic. The absolute value of AGg is proportional to the
degree of hydrophobicity or hydrophilicity. As shown in Table 2, the paints
ranged from strongly hydrophobic (AG;s = - 37.9 mJ/m? for alkyd oil-based paint)

to weakly hydrophobic (AG,;s = - 1.6 mJ/m? for alkyd water-based paint).
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Figure 3a shows zeta potential values of the three paints in 1 mM NaCl as
functions of pH. The isoelectric point (pl) of the oil-based paint is ~ 4.5 while the

pl values of the two water-based paints are both ~ 2.9.
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Table 2: Contact angles, calculated surface energy parameters, and free energy of the paint surfaces

Latex water- Alkyd water- Alkyd oil-
Parameter based paint based paint based paint
Contact angle (°) with probe liquids
H-0 96.3+2.5 785+1.6 825+1.0
Glycerol 1104+ 0.5 93.3+4.0 84.7+1.3
Diiodomethane 69.8+24 472 +2.3 39.0+x1.6
Surface energy parameter (mJ/m?)
Yl 23.0+1.6 38515 40.3+0.8
yt 0.0 0.0 0.0
y~ 159+4.1 26.5+2.6 11.9+20
y 4B 0.0 0.0 0.0
ytot 23.0+1.6 385+15 40.3+0.8
Free energy of interfacial surface-surface 921 +10.7 D T74+46 379462

interaction in water AG;, (mJ/m?)
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3.3.2 Surface properties of HAdV40 and MS2: Hydrophobicity and charge

Figure 3b shows zeta potential values of the two viruses (HAdV40 and MS2) in 1
mM NacCl as functions of pH. The pl values for HAdV40 and MS2 were reported
to be ~ 4.3 [13] and 3.1 [95], respectively. Based on the pl estimates for the
viruses and the paints, one can identify pH ranges for each virus-paint pair where
the virus and the paint possess charges of opposite signs making the
electrostatic interaction attractive. In the case of the oil-based paint, such pH
windows are 3.1 — 4.2 and 4.2 — 4.3 for MS2 and HAdV40, respectively. In the
case of the water-based paints, the pH windows of favorable electrostatic

interactions are 2.9 — 3.1 and 2.9 — 4.3, for MS2 and HAdV40, respectively.

3.3.3 Characteristics of paint-coated surface: Morphology and elemental
composition

Paint film thicknesses calculated from the Sauerbrey equation (eq. (1)) are 37 +
25, 42 + 30, and 45 + 26 nm for the latex water, alkyd water, and alkyd oil-based
paints, respectively. These values were calculated by dividing the total weight of
paints by its coverage area and thus represent an average thickness for an entire
film. Due to the difficulty of measuring thickness for such a thin layer on areas
covered with binders only, the measured thickness represents only an average

height of accumulated pigments.
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Figure 3: Zeta potential as a function of pH for a) the three household paints and
b) the two viruses (HAdV40 and MS2). The data sets for the viruses are adapted
from studies by Shi et al. [13] and Chrysikopoulous et al. [32]. The vertical red

lines mark two pH values (3.5 and 6.0) of the background NaCl electrolyte used
in QCM-D experiments.
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Table 3: Elemental composition of the paints as determined by energy dispersive
X-ray scattering (Figures A1-A3 in the Appendix A).
a Silica signal comes from the QCM-D sensor

Elem Latex water- Alkyd water- Alkyd oi_I-based
ent pased paint . .based aint _ _ paint .
Filler Matrix Filler Matrix Filler Matrix
Ti 34-379 |0.6 0.8-11.0 - 0-115
Al 0.6-7.9 1.2 1.3-8.2 - -
Si@ |1.7-18.7 |37.1 24.3-346 | 449 0.3-19.1 45.4
C 5.5-654 |51.8 13.0-329 |46.5 16.7 - 34.6 44.7
@) 11.9-47.0 |94 20.3-46.5 | 8.5 34.6 - 50.3 9.9
Ca - 0-324 -
Mg - 0.3-2.4 -
Na -7.2 - - -

SEM images (Figure 4) as well as EDS elemental analysis (Table 3; also see
Figures A1-A3 in the Appendix A) show a thin layer of the binder with protruding
particles of the pigment material. Spin coating a thicker layer on the QCM-D
sensor would have achieved a smoother paint surface; however, such heavier
coating would have decreased the sensitivity of the QCM-D method or made
QCM-D measurements impossible [96]. For example, when the paint solutions
prepared for spin-coating were diluted less than 50-fold it was impossible to

establish a baseline for QCM-D measurements.

The pigment particles were distributed evenly over the coated surfaces. The
prevalent component of the matrix (the area of the surface without the pigment

particles) was carbon (Table 3), a major constituent of the binder material.
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Figure 4: SEM images of planar view (A, B, C) and cross-section (D, E, F) for latex water-based paint (A, D), alkyd
water-based paint (B, E), and alkyd oil-based paint-coated (C, F)
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Based on the SEM images (Figure 4), the average paint film thickness was
estimated to be ~ 232 + 126, 274 + 115, and 217 + 88 nm, for the latex water,

alkyd water, and alkyd oil-based paints, respectively

3.3.4. DLVO and XDLVO energies of virus-paint interfacial interactions

3.3.4.1. Human adenovirus 40

Figure 5 shows the total energy of DLVO and XDLVO interfacial interaction
between HAdV40 and painted surfaces in 1 mM NaCl and pH 3.5 and 6.0. The
calculated LW interaction is attractive for all the paints; of which it is the most
tractive for alkyd oil-based paint, followed by the alkyd water-based paint and the
least attractive for the latex water-based paint. The acid-base interaction of
HAdV40 and each paint is attractive and is highest for the most hydrophobic

(AGgs= - 37.9 mJ/m?, Table 2) oil-based paint.

In 1 mM NaCl and pH 3.5 (Figure 5a, b, c), the positively charged HAdV40 (¢ =
17.8 mV) is electrostatically repulsive to alkyd oil-based paint ({ = 18.9 mV) and
electrostatically attractive to both alkyd water (¢ = -14.3 mV) and latex water (¢ =
-21.8 mV) paints (Figure 3a). The DLVO and XDLVO profiles both predict
attractive virus interaction for the water-based paints. They also predict
unfavorable adsorption for the oil-based paint by showing energy barriers
(PLLVO = 12.67 at ~2.6 nm, ®XDLVO = 11.2 kT at ~4.8 nm) and shallow
secondary minima (®,,,;,, = ~ 0.1 kT at ~ 67 nm). The AB interactions change

the DLVO energy profiles in short distances by lowering both the primary minima
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of all the paints and the energy barrier of the oil-based paint by approximately 1.5
KT. In this case, EL interactions suppressed AB interactions in prediction of virus

adsorption.

In 1 mM NaCl and pH 6.0 (Figure 5d, e and f), the negatively charged HAdV40 (¢
= -23.0 mV) is electrostatically repulsive all paints as they too carry a negative
charge ({ =-44.3 mV, - 40.1 mV, - 27.9 mV for latex water, alkyd oil, and alkyd
water paints, respectively). The DLVO and XDLVO both display energy barriers
(D ax> 24 kT) and shallow secondary minimum (®,,,;,» < 0.1 kT). Though the AB
interactions lower the DLVO energy profiles in short distances, including the
primary minimum and energy barriers (by approximately 4 kT), both the DLVO
and XDLVO profiles agree on predicting unfavorable HAdV40 adsorption for all
the paints. AB interactions again do not appear to dominate virus adsorption in

low ionic strength.
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Figure 5: Profiles of DLVO and XDLVO energies of interaction between HAdV40 and paint surfaces in 1 mM NacCl
pH 3.5 (a, b, ¢) and pH 6.0 (d, e, f)
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In 150 mM NaCl and pH 5.2 (Figures 6a, b, c), DLVO energy profiles show
overall attractive interactions for the oil-based paint but energy barriers and
secondary minimum for latex (®,,,4,= 22.8 KT, ®,,;n,= 0.09 kT) and alkyd (®,,,4,=
0.62 kT, &,,,;,2= 2.00 KT ) water-based paints. This indicates unfavorable virus
adsorption for latex water-based paint, followed by alkyd water-based paint. The
oil-based paint was predicted to be the most favorable for HAdV40 adsorption.
However, XDLVO energy profiles show overall attractive virus interactions for all
the paints. AB interactions appear to significantly change DLVO profiles. When
compared with the experimental results, XDLVO theory is more accurate than
DLVO in virus prediction. Therefore, AB interactions in this case overtake EL

interactions to control virus adsorption.

In 150 mM NaCl and pH 7.2 (Figures 6d, e, f), DLVO energy profiles display
energy barriers for all the paints (®,,,,> 7 KT) and secondary mimima (®,,,;,2 =
~0.1 KT for latex and 1.7 kT for alkyd paints. DLVO profiles predict unfavorable
virus adsorption for latex paint and possible deposition in secondary minima for
alkyd paints. XDLVO profiles present overall attractive interactions, indicating
favorable virus adsorption for all the paints. XDLVO theory again proves more
successful in predicting virus adsorption. Therefore, AB interactions play an
important role and thus suppress EL interactions to control virus adsorption in

high ionic strength.
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3.3.4.2. Bacteriophage MS2

At pH 3.5, the negatively charged MS2 is electrostatically attractive to alkyd oil-
based paint and repulsive to the water-based paints (Figure 3). At pH 6.0, MS2
and all three paints are carrying negative charges so that the electrostatic
interactions between MS2 and each paint are repulsive. MS2 attachment to the
oil-based paint should also be facilitated by this paint’s higher hydrophobicity

(Table 2).

The calculated LW interaction is least attractive for latex water-based paint and
most attractive for alkyd oil-based paint. The calculated AB interactions are

repulsive for all the paints.

In 1 mM NaCl and pH 3.5, the DLVO energy profiles show overall virus attraction
with the oil-based paint; deep primary minima and energy barriers (®,,,4,= 4.9 KT
for latex and 2.3 for alkyd water-based paint) (Figure 7a, b, c). It is likely for virus
to acquire enough kinetic energy to overcome these energy barriers to deposit in
the primary minima. Therefore, DLVO profiles predict favorable virus adsorption
for the oil-based paint and possible adsorption for the water-based paints. In
contrary, the XDLVO energy profiles show high energy barriers (®,,,,> 161 kT)
for all the paints and a secondary minimum (®,,.. = 9.7 kT) for alkyd-oil-based
paint. This indicates unfavorable adsorption to the water-based paints and
possible adsorption in the secondary minimum to the oil-based paint. Comparing

with DLVO energy profiles, XDLVO profiles are more consistent with the QCM-D
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results. AB interactions significantly change DLVO energy profiles and suppress

other interactions to control virus adsorption.

In 1 mM NaCl and pH 6 and, DLVO energy profiles show no secondary minima
but high energy barrier (®,,,,> 16 KT) for all the paints, indicating unfavorable
adsorption. XDLVO profiles also display high energy barriers (®,,,,,> 180 KT),
indicating no virus adsorption to all the paints. Both DLVO and XDLVO theories
are consistent with the QCM-D results. Even though AB interactions significantly
change the DLVO energy profiles in short distances, especially increasing the

energy barriers, they do not control virus adsorption in this case.

In 200 mM NaCl and pH 3.5 (Figure 8a, b, c), DLVO energy profiles display
overall attractive interactions for the alkyd paints but an energy barrier (®,,,,=
3.9 kT) for the latex paint. It predicts favorable adsorption for the alkyd paints and
possible adsorption in the primary minimum for the latex paint. In contrast,
XDLVO profiles show high energy barriers (®,,,,> 130 kT) and shallow
secondary minima (®,,..< 1 kT) for all the paints, predicting unfavorable
adsorption. Comparing with the QCM-D results, XDLVO theory is more
successful in prediction of virus adsorption. Therefore, AB interactions prove to

control virus adsorption in this condition - high ionic strength.
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3.3.5. Deposition of viruses on paint-coated surfaces
3.3.5.1. Deposition of HAdV40

Figure 9 shows the deposition kinetics of HAdV40 to the paint-coated surfaces
from 1 mM and 150 mM NacCl background solution at different pH values. The
kinetics undergo two distinctively different phases: a rapid growth in virus
adsorption in a short period of time (< 10 min) (phase 1) and a slow increase in
virus adsorption (phase 2). The phase 1 adsorption is caused by virus-paint
interactions; while the phase 2 by interactions between virus and virus-coated

surfaces. The following trends of deposition kinetics are observed:

1. The phase 1 adsorption kinetics was fastest for alkyd oi-based paint

((0;—’” , =~85.2in at pH 3.5 and ~69.7 at pH 6.0), followed by latex water-
t

based paint and the alkyd water-based paint had the slowest kinetics of
adsorption in 1 mM NacCl, regardless of electrostatic repulsion (Figure 9a
and b). This is consistent with the paints’ order of hydrophobicity: alkyd oil-
based paint (AGy = - 37.9 mJ/m?) is the most hydrophobic, followed by
the latex water-based paint (AG4,= -22.1 mJ/m?) and the alkyd water-
based paint is the least hydrophobic (AGs = -1.6 mJ/m?). Therefore, AB

interactions may control virus adsorption in this case.

2. The kinetics of HAdV40 adsorption is identical for the oil-based paints;
while it was slower in phase 1 but more progressive in phase 2 for the

water-based paints in 1 mM NacCl (Figure 9a and b). This is expected for
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5.

the oil-based paint due to similar EL and AB interactions in both pH 3.5
and 6.0. As for the water-based paints, EL interactions become more
repulsive at pH 6.0, resulting in slower adsorption in phase 1; more
binding area available after phase 1 could be the reason for higher virus

adsorption in phase 2.

The phase 1 adsorption kinetics for the oi-based paint was faster but lasts
shorter than those of the water-based paints in 1 mM NacCl (Figure 9a and
b). The short-distance AB interactions may be responsible for fast

adsorption but soon be weaken.

The phase 1 adsorption kinetics for the water-based paints at pH 5.2 and
7.2 (Figure 9c and d) is slower than those in at pH 3.5 (Figure 9a) but
faster than those at pH 6.0 (Figure 9b). This is expected for the water-
based paints to have higher adsorption caused by the attractive EL
interactions at pH 3.5 and by increasingly suppressed EL repulsion in high
ionic strength at pH 5.2 and 7.2. This trend was not observed for the oil-
based paint; namely its adsorption kinetics is lower in higher ionic strength
(Figure 9c and d). The QCM-D data showed that the oil-based paint
became rigid in 1 mM NaCl but more viscoelastic in 150 mM NacCl.

Restructure of surface morphology may contribute to its virus adsorption.

The phase 2 adsorption kinetics in high ionic strength (Figure 9c and d) is

more progressing than those in low ionic strength (Figure 9a and b). At
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higher ionic strength the electrostatic repulsion between virus and virus-
coated surfaces is screened out, resulting in higher virus adsorption. In
addition, this behavior also may be facilitated by virus aggregation at the

higher ionic strength [33, 34].

6. Adsorption kinetics in high ionic strength at pH 7.2 (Figure 9d) is more
identical for all the paints; while that is more progressing for the water-
based paint than for the oil-based paint at pH 5.2 (Figure 9c). This could
be explained that the surfaces are more negative at higher pH value,
resulting in thicker screening layer of Na™. In this case, the electrostatic
repulsion maybe suppressed leading to equal virus deposition on the
paints. At pH 5.2 and 150 mM NaCl, a thin layer of screening Na* does not
significantly block the electrostatic interaction, resulting in a similar

deposition behavior observed in 1 mM NacCl.

7. The dissipations increased during virus deposition for the water-based
paints (see Appendix A, Figure A6), indicating that the HAdV4O0 later
exhibits viscoelastic behavior that is sustained with the growth of the
deposit. However, the dissipation for the oil-based paint decreased in 1
mM NaCl (see Appendix A, Figure A6a and b) but increased in 150 mM
NaCl (see Appendix A, Figure A6c and d)). This indicates that HAdV40
deposit on this surface is getting more viscoelastic in high ionic strength

but more rigid in low ionic strength as more HAdV40 accumulates on the
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surface in; such behavior may be caused by restructuring and

consolidation of the virus deposit.
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3.3.5.2. Deposition of MS2

Figure 10 shows the adsorption kinetics of MS2 on the painted surfaces during 1
hin 1 mM and 100 mM NacCl at different pH values (pH 3.5 and 6.0). Unlike the
kinetics of HAdV40 adsorption, the two phases do not appear clearly for MS2
adsorption kinetics. The followings are observations of MS2 adsorption kinetics

to the paint-coated surfaces.

1. There were no statistically significant differences between the deposited
mass recorded for different paints at the same pH and ionic strength. All
the paints were observed repulsive to MS2 adsorption, regardless of EL
and AB interactions. The XDLVO theory show high energy barriers and
shallow secondary minima (®,..< 1 kT) - except for the oil-based paint
(Pgec=~9.7 KT) at pH 3.5 and in 1 mM NacCl (Figure 7) - indicating
unfavorable virus adsorption. Therefore, AB repulsion may suppress EL

interactions to control MS2 adsorption to surfaces in this case.

2. MS2 deposited more favorably to surfaces at lower pH value and in higher
ionic strength. An improved MS2 deposition at pH 3.5 may be due to the
contribution of aggregation. Some studies show that at lower pH (pH < 4)
MS2 tends to aggregate [97, 98]. In this case, the results provided by
QCM-D may results from both adsorption and aggregate processes. For
the water-based paints that are negative at pH 3.5, the surfaces become

less negative in higher ionic strength because of the electrostatic
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screening by the salt, leading to a higher MS2 deposition. However, for
alkyd oil-based paint that is positive at pH 3.5, even though the
electrostatic attraction was screened in higher ionic strength, the
hydrophobic interaction between the surface and virus may remain
significant due to a larger particle size. This increased hydrophobic
interaction might suppress the decreased electrostatic attraction, resulting

in more MS2 deposition in 100 mM NacCl.

. HAdV40 deposited much more favorably to the painted surfaces (Figure 9)
than MS2 did under the same conditions (Figure 10). This probably be
attributed by the AB interactions between virus and surfaces; namely AB
interactions are attractive for HAdV40 but repulsive for MS2. In addition,
HAdV40'’s larger size and the presence fibers of its surface also may
contribute to its favorable attachment; while MS2’s hydrophilic loops may
hinder its adsorption. This interpretation was observed in other studies,
which showed that larger size and surface fibers promote virus adsorption

[13, 33, 34].

49



i _ b)
Time, min
15 30 45 60

a)
930 o Latex water 450 | oLatex water
Alkyd water o Alkyd water
o 750 8 ‘ L 350 .
g a Alkyd oil E a Alkyd oil
550 | | | 2 250
3 | | Ax | 2 150
@ 330 202 Y ~2.g v g
E Y 2= 0.94 R?_l = }
150 il T A e CX0N00] 50
- y~1.73x -50
=0 R2=0.90
C) Time, min
0 15 30 45 60
950
e Latex water
NE 750 o Alkyd water
S A Alkyd oil
= 550
@ y~4.23
& 350 R2 = 0.99
=
150

-50

Time, min
15 30 45 60

Figure 10: Kinetics of MS2 deposition onto the paint surfaces in 1 mM NaCl: pH 3.5 (a) and pH 6.0 (b) and in 100
mM NaCl at pH 3.5 (¢)

50



3.3.6. Principal component analysis

The PCA data matrix included the following active variables: deposition rates
during phases 1 and 2 ((dm/dt), and (dm/dt),), zeta potential of the painted
surfaces (¢), and the free energy of interfacial interaction (AGj,,;) of the paints.
Two XDLVO energy profile metrics — the height of the energy barrier and the
depth of the secondary minimum during deposition phase 1 (®,,,, and ®g,.)

were used as supplementary variables.

In Figure 11, we use the following notation to describe different virus deposition
scenarios: a-X-Y-b. In this notation, a is the ionic strength (mM) of the virus
deposition solution, X is the virus (MS2 and HAdV40), Y is the paint used for
virus deposition (LW = latex water-based paint; AW = alkyd water-based paint;
AO = alkyd oil-based paint) and b is the pH of the deposition solution. For
example, 1-MS2-LW-3.5 denotes an experiment where MS2 bacteriophage was
deposited to the latex water-based paint from 1 mM NacCl electrolyte with pH 3.5.
As another example, 150-HAdV-AW-7.2 denotes an experiment where HAdV40

was deposited to the alkyd water-based paint in 150 mM NaCl and pH 7.2.

Figure 11 show factor loadings (a) and factor scores (b) of different virus
deposition experiments. The principal components F1 and F2 capture more than
61% of the variance. The factor loadings (Figure 11a) is used to study the

importance of variables to the principal components and their correlation to each
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other; while the factor scores (Figure 11b) provides information about

classification of datasets.

The factor loadings (Figure 11a) present the following information:

1. The vertical principal component (F2) is linked to paint’ hydrophobicity
(measured in terms of AG,,,;) while the horizontal principal component (F1)

is linked to paint’s electrical charge ({,qint)-

2. The deposition rate in phase 1 (dm/dt), is independent of paint

hydrophilicity .

The following observations can be made based on the factor scores (Figure 11b):

1. The principal component (F1) separates the two viruses: HAdV40 with low

@4 @and high (dm/dt), from MS2 with high ®,,,,,, and low (dm/dt);.

2. The principal component (F2) separates the most hydrophobic (AG;,,; = -
38.0 mJ/m?) oil-based paint from the least hydrophobic acrylic water-
based paint (AG;,,; = - 2.7 mJ/m?). The latex water-based paint of
intermediate hydrophobicity (AG;,,; = - 22.1 mJ/m?) corresponds to F2

values near zero.
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3. The factor scores plot classifies the data points in clusters with different

viruses and paints.

a. Data points with alkyd water-based paint are in the upper positive
domain (in green shades). Those with latex water-based paint are
in the lower positive domain (in violet shades). Those with alkyd oil-

based paint are in the negative domain (yellow shades)

b. The principal component F2 correlates to the magnitude of ®,,,,for
MS2-paint interactions. For examples, the green shade
corresponds to the highest @,,,,, followed by the pink shade. The

yellow shade has the lowest @, ..

c. 1-MS2-A0-6.0 is located far away from the other two data points

with MS2 because {yqn¢ at pH 6.0 is negative (-40 mV); while it is

positive at pH 3.5 (18 mV) for the other two data points.

d. Two data point (1-HAdV-AO-3.5) is located in the positive domain

for MS2 due to the positive charge of the paint (-40 mV) at pH 3.5.
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3.4. Conclusions

Attachment of bacteriophage MS2 and human adenovirus 40 onto negatively and
positively charged paint-coated surfaces were studied using quartz crystal

microbalance with dissipation monitoring.

1. The DLVO and XDLVO theories were used to predict virus adsorption.
Comparing with the DLVO theory, the XDLVO predictions are more
consistent with the QCM-D results and thus more successful in explaining
of virus adsorption, especially in high ionic strength and more evidently for

MS2 than for HAdV40.

2. Both the experimental results and modeling methods pointed to a more
favorable adsorption for HAdV40 than for MS2. This is attributed to more
attractive AB interactions and, tentatively, to adsorption facilitated by fibers

of HAdV40.

3. The kinetics of HAdV40 adsorption undergo 2 distinctive phases; the

separation between two phase was less clear for MS2 adsorption.

The viscoelastic behavior of the deposited layer depended on the types of the
virus and surface: the layers formed on the water-based paints became more
viscoelastic with deposited HAdV40 while the opposite trend was observed for

the oil-based paint. This trend was not clearly observed for MS2 deposition
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because of low mass gain. The approach demonstrated in this study can guide
the design of surfaces that resist virus adhesion. Paints formulated should help

reduce human exposure to viruses.
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CHAPTER 4: DEPOSITION OF BACTERIOPHAGE MS2 ONTO

POLYELECTROLYTE-COATED SURFACES

Abstract

Deposition of bacteriophage MS2 onto polyelectrolyte-coated surfaces was
studied using a combination of experimental studies and modeling. Quartz
crystal microbalance with dissipation (QCM-D) measurements were performed
with MS solutions of different ionic strengths (I,;5, = 10 or 100 mM NacCl) and
surfaces pf different charges and hydrophobicities. The experimental results
were compared with the predictions by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) and extended DLVO (XDLVO) theories. Each surface coating was
designed by assembling a polyelectrolyte multilayer via layer-by-layer deposition
of poly(styrene-4-sulfonate) (PSS) and poly(dimethyl diallyl ammonium chloride)
(PDAD) on a QCM-D sensor from solutions were of either high or low ionic
strength (I, = 100 mM or 10 mM NaCl) yielding the total of four different
surfaces. The increase in I, lead to an increase of the deposited mass on the
negative surface and a decrease of the deposited mass on the positive surface.
pointing to the importance of electrostatic interactions between the virus and the
surface. Short range hydrophilic repulsion prevented deposition into the primary
minimum. We conclude that MS2 adsorption was governed by electrostatic and
hydrophobic interactions while van der Waals interactions played a relatively

minor role. The results point to the potential use of easily coated polyelectrolyte
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multilayers for regulating virus adsorption. Specialty coatings can be created to

control virus adhesion to surface and reduce human exposure to viruses.

Keywords: polyelectrolyte multilayers, layer-by-layer deposition, bacteriophage

MS2, XDLVO
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4.1. Introduction

Deposition of virus to surfaces play an important role in determining the likelihood
of human exposure to viral pathogens. Of especial concern are noroviruses
(NoVs) recognized as the leading agent of gastroenteritis in humans, accounting
for more than 90% viral gastroenteritis and ~ 50% all the outbreaks of
gastroenteritis worldwide [99]. Non-enveloped, single-stranded RNA viruses with
the diameter in the 27 to 32 nm range, NoVs were estimated to cause ~900,000
gastroenteritis cases and ~64,000 hospitalizations in children younger than 5
years old in developed countries, up to 1.1 million hospitalizations and 218,000

deaths in children in developing countries every year [100].

Studies on virus fate and transport often employ bacteriophages as surrogates
for human viruses. Provided physicochemical characteristics such as size,
morphology, charge, and hydrophilicity match that of the target human virus,
bacteriophages are close-to-ideal model microorganisms that are convenient and
safe to work with. A suitable surrogate for NoVs have is the MS2 phage that
several key similarities with NoVs: the ability to persist in the intestinal tract,
positive sense RNA genome, single-stranded RNA, resistance to various
disinfection treatments and same size range [101]. A member of the Leviviridae
family, MS2 infects E. coli cells, has an icosahedral capsid and comprises 180
sequence-identical protein monomers. MS2 is ~ 27 nm in diameter and has ~ 1
nm loops of hydrophilic amino acids extruding from the capsid. Some studies [9,

35] suggested that these loops cause steric forces to hinder virus adsorption.
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The surface charge of MS2 is believed to stem from the ionizable amino acids
located on the outer capsid surface [10]. The isoelectric point (IEP) of these
amino acids was calculated to be 3.9, which falls within the range of IEP values
(3.5 to 4) measured for this bacteriophage [10, 32, 95]. MS2 was reported to
aggregate around its IEP and at pH < 4.5in 1 mM and 100 mM NaNOs [95, 102]
and at pH <4 in 10 mM NaCl [10]; pH was found to be a more important factor

than ionic strength in controlling aggregation [95].

Numerous studies have been conducted on MS2 adsorption to different surfaces
such as soils [32-34, 103], natural organic matter [9, 10, 104] and membrane
filters [11, 12, 76, 105]. Virus properties such as surface charge [11, 12],
hydrophobicity [10, 32, 33], size and shape [10, 33, 34] were reported to affect
virus adsorption. The hydrophilic loops of MS2 are believed to induce steric
forces that hinder adsorption [9, 10, 35]. Identifying dominant interactions that
govern virus adsorption is a key to understanding its fate and transport.
Environmental conditions such as solution ionic strength and pH also impact

virus adsorption [10].

Elucidating the relative importance of different interactions between a virus and a
surface is instrumental for understanding virus fate and transport. The DLVO |[9,
103, 104] and, more recently XDLVO theories [32, 105-107] have been broadly
applied to describe virus-surface interactions. DLVO could explain experimental
results in some (e.g. [103]) but not all (e.g. [9, 10, 104]) studies. In consistence

with DLVO, Tong et al. [103] reported an increase of MS2 deposition on
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bentonite and kaolinite when the salt concentration in the virus suspension
increased. For example, in a study on deposition kinetics of MS2 to coated
surfaces [9] DLVO energy profiles exhibited no energy barrier in ionic strengths >
60 mM while the attachment efficiencies were low (~ 0.2). The extended DLVO
(XDLVO) accounts for hydrophobic interactions. These forces were shown make
a significant contribution to the overall energy of interaction between phages
(MS2, ®X174) and clay surfaces [32]. . Chattopadhyay et al. concluded that
hydrophobic interactions controlled adsorption of T2, MS2 and ®X174 phages to

clays [33].

Virus deposition onto a surface can be quantified using quartz crystal
microbalance (QCM) as long as the QCM sensor can be coated by a material
that adequately represents the surface in question. By detecting shifts in QCM
sensor’s frequency, this technique can measure mass with nanogram sensitivity
and, by measuring dissipation shifts, can offer insights into the viscoelastic
behavior of the adsorbed layer [55]. QCM-D has been used to study the
attachment of bacteriophages (MS2 [9, 10, 103], T4D [57]), norovirus virus-like
particle (VLPs) [58, 59], adenovirus [60], air borne viruses [63] and pathogenic
plant viruses [61, 62] to various surfaces such as bare QCM crystals [56, 59, 63],
natural organic matter [9], polyelectrolyte multilayers [57, 60, 61], clays [9, 56], or
self-assembled monolayers [58, 61, 62, 64]. Armanious et al. [10] attributed
differences in adsorption behaviors of MS2, fr, GA and Qp bacteriophages that
have similar sizes (28.6-29.4 nm outer diameter and 21.0-21.4 nm inner dimeter)

but different surface charges, hydrophobicity and morphologies. The consensus
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appears to be that virus adsorption is mainly governed by electrostatic,
hydrophobic [10] and steric [9] interactions while van der Waals interaction is of

secondary importance [10].

Adsorption to polyelectrolytes surfaces is of interest due various applications of
these materials as coatings for macroscopic and colloidal surfaces. Cationic
polyelectrolytes such as polyacrylamide are used as flocculants in water
treatment applications. Polyelectrolyte multilayers feature excellent ion
separation properties and are used to make nanofiltration membranes [108]. The
ability to easily remove polyelectrolytes from a surface make them promising as
sacrificial layers for various applications from surface fouling control [109-111] to
virus detection [112, 113]. In many of these applications, virus deposition on such
surfaces occurs in a flow-through system, which motivated the use of QCM-D in
exploring virus attachment to polyelectrolytes. In addition to their prectaical
relevance, polyelectrolyte multilayers are excellent model surfaces where in
changes in thickness [114-116], surface morphology [111], charge [110, 113],
hydrophobicity [110, 111, 113] and the degree of swelling [114] can be easily
controlled by adjusting deposition conditions such as the number of deposition
cycles [114, 117], types of PEs [114], ionic strength [108, 116, 118], salt types

[117] and solvent concentration [114, 116].

In this study, we employed quartz crystal microbalance with dissipation (QCM-D)
to quantify MS2 deposition onto four different polyelectrolyte multilayer surfaces

of different charges and hydrophobicities. The bacteriophage was deposited from
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solutions of low and high ionic strength (I,;5, = 10 mM or 100 mM) to probe the
relative importance of electrostatic interactions between MS2 and PEM surfaces.
Predictions by DLVO and XDLVO theories were evaluated based on consistency
with the QCM-D results. Principal component analysis was used to identify
correlations and general trends in the dependence of deposition kinetics on virus

and surface properties.

4.2. Materials and Methods

4.2.1 Reagents

All reagents were of high purity (>98%). Deionized water with a resistivity of 18.2
MQ-cm was used to prepare all solutions. Poly(diallyldimethyl ammonium
chloride) (PDAD, MW ~ 70,000 Da) and poly(allylamine hydrochloride) (PSS,

MW ~ 100,000 to 200,000 Da) were purchased from Aldrich.

4.2.2 Propagation, purification and quantification of bacteriophage MS2

4.2.2.1 MS2 propagation

The bacteriophage MS2 was purchased from American Type Culture Collection
(ATCC). To propagate MS2, an actively growing broth culture was prepared by
incubating few drops of overnight E. coli in soy broth for 6 h at 37 °C. The broth
culture was then spiked with 0.1 mL of the diluted phage suspension (~10°8
PFU/mL) and incubated overnight at 37 °C. The MS2 suspension was

centrifuged at ~5000 rpm for 15 min to remove debris [76]. The supernatant was
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filtered through a 0.22 um filter (Millex-GS, Merck Millipore) and then stored at

40C as a S2 stock for future use.

4.2.2.2 MS2 purification

To further purify MS2, polyethylene glycol 6000 (Sigma-Aldrich) and NaCl were
added into the MS2 stock to a final concentration of 10 % and 0.5 M, respectively
[76, 119]. The mixture was stirred gently overnight to settle down MS2 and then
followed by centrifuging at 10,000 rpm for 30 min. After centrifugation, the
supernatant was discarded and the pellets were suspended with 1 mM NacCl.
Pellets were suspended by vibrating the sample on a shaker over 24 h. After the
pellets were completely dissolved, the MS2 suspension was filtered through 0.22
um filter and then dialyzed through 100 kDa dialysis tubes in 1 mM NacCl for 24
hours. The NaCl solution was exchanged after the first 12 h. The entire

purification process was performed in dark at 4 °C.

4.2.2.3 MS2 quantification using double-layer plaque assay

MS2 concentration was measured using a double-agar layer assay. To quantify
MS2, two agar media were prepared. The bottom layer contained 10 g tryptone,
1 g yeast extract, 8 g NaCl and 15 g agar, 1 g glucose, 0.294 g CaCl2 and 10 mg
thiamine in 1L of DI water. The top layer contained the same mixture of the
components except for having 5 g (and not 15 g) of agar [120]. These media
were boiled and cooled down to 50 °C. The bottom layer was then poured into

100 x 5 mm Petri dishes (15 ml in each), followed by drying in the biological
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safety cabinet until the agar layer solidified. When it was still hot (~50 °C), the top
layer agar was poured into every 20 mL culture tube at a volume of 2.5 mL and
kept in a water bath at 43-45 °C. As for MS2 stock, it was serially diluted by
pipetting 1 mL of the phage in 9 mL of broth until its final concentration was ~ 102
PFU/mL. After incubating the E. coli suspension for 6 h, one or two drops of the
host stock was pipetted into every culture tube, followed by 100 um of diluted
MS2 suspensions. The culture tube containing melted soft agar, E. coli and
phage was gently mixed before pouring over a hard agar plate. After the top agar
layer dried, the petri dish was placed upside down in the incubator for overnight
until the lysis became visible. Every MS2 dilution was analyzed for MS
concentration at least three times. The petri dishes with a number of countable
lysis spots in the 50-300 range were chosen to determine MS2 concentration of

MS2 stock.

4.2.3. Preparation and characterization of polyelectrolyte-coated surfaces

4.2.3.1 PEM deposition

PEMs were assembled on a gold crystal using QCM-D. Prior to the assembly,
the crystal was cleaned following the cleaning procedure provided by the Biolin
Scientific. It was first soaked in a 5:1:1 mixture of DI water, hydrogen peroxide
(30%) and ammonia (25%) at 75 °C for 5 min. It was rinsed with DI water and
then dried out with N2, followed by 20 min ozone cleaning to remove hydrocarbon
contaminants. The PE solutions were diluted to a repeat unit concentration of

0.02 M with the ionic strength (I;,;) adjusted to 10 or 100 mM NaCl. The pH of
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PSS and PDAD solutions was adjusted to 6.4 and 4.6, respectively, using 1 mM
HCl and 1 mM NaOH solutions. After the crystals were cleaned, they were
mounted within QCM-D modules Resonance frequencies in air were established
for each crystal, followed by a stable baseline for at least 5 min. This ensured
that the crystals were completely clean. This step was also repeated in either 10
or 100 mM NaCl solution to establish a stable baseline in wet condition. To build
up PEMs on a crystal, the PSS solution was first deposited for 5 min, followed by
rinsing with NaCl solution to remove unbound PE chains. The PDAD solution
was then deposited on top of the PSS layer, followed by 5 min NaCl rinsing. This
cycle was repeated 4 or 4.5 times to create positive or negative PEMs. Every PE

deposition and NacCl rinsing step lasted 5 min [121].

4.2.3.2 Measurements of the {-potential and hydrophobicity of PEMs

The zeta potentials of PEM surfaces were measured using an electrokinetic
analyzer (EKA, Anton Paar) in 10 mM KCI. Due to the limitation of the instrument,
surface charge of PEMs was only measured in 10 mM NacCl solution. Every

measurement was repeated at least two times.

The PEM-coated surfaces were dried in room temperature overnight prior to the
contact angle measurement. Contact angles of DI water, glycerol, and
diiodomethane on the dried surfaces were then measured using a goniometer

(model 250, Ramé-Hart). Contact angle values were calculated by DROPimage
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Advanced software based on droplet shapes. PEM hydrophobicity was estimated

based on free energy of cohesion in water, AG,,,s (Table B1 in the Appendix B).

4.2.3.3 AFM characterization of PEM morphology

The surface roughness of PEM-coated surfaces was measured using AFM
(Cypher) with the samples exposed to 10 mM NaCl or 100 mM NacCl solutions.
The measured area for each sample was 2 um x 2 um. Statistical analysis of the
recorded surface morphology rendered the followed data: average roughness,

root-mean-square roughness and surface area difference.

4.2.4 QCM-D experiments

MS2 suspension used in the deposition tests was prepared by diluting the
purified MS2 stock (see section 4.2.2.2) by either 10 mM or 100 mM NacCl
solutions to a final concentration of 1.24 + 0.07 10'° PFU/mL. The pH of the virus
suspension was adjusted to 7. Zeta potential of MS2 was taken to be - 35 mV,
which is the valued reported by Armanious et al. for MS2 at pH 7 [10]. Both PEM
assembly onto the QCM-D sensor and MS2 deposition onto PEM-coated surface
were carried out in situ within QCM-D modules at 25 °C and in a continuous flow
mode at the flow rate of 0.15 mL/min using a digital peristaltic pump (IPC, 4
channels, ISMATEC). Values of frequency and dissipation were recorded every 1

min.
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The frequency shifts acquired for a clean and PEM-coated sensor were fitted into
the Sauerbrey equation [92] to determine the mass change, Am, of PEMs on that
QCM-D sensor: Am = — CAf/n, where C is the mass sensitivity constant (C= -
17.7 ng Hz'*cm™), n is the overtone number (n = 3), and Af is the frequency shift
(Hz). The frequency shift (Af) was obtained by subtracting the frequency of the
clean sensor from the frequency of the PEM-coated sensor. The mass of MS2
deposited onto the PEM-coated sensor was calculated as the difference between
the frequencies of the PEM-coated sensor before and after 1-hr of MS2

deposition.

4.2.5. Nomenclature

In what follows we use the following notation to describe different MS2 deposition
scenarios: X-[PSS/PDAD]n-Y. In this notation, X is the ionic strength (I, mM) of
the NacCl solution from which the PEM was deposited and n is the total number of
bilayers deposited while Y is the ionic strength (I;;5,, mMM) of the MS2
suspension: For example, 100-[PSS/PDAD]4-10 denotes an experiment where
MS2 bacteriophages deposit from 10 mM NaCl solution onto a 4-bilayer PDAD-

terminated polyelectrolyte coating LbL-assembled from 100 mM NacCl solution.
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4.3. Results and Discussion

4.3.1 Characteristics of polyelectrolyte multilayer coatings

The 10-[PSS/PDAD]4 multilayer was hydrophobic (AGg;s = - 16.3 mJ/m?) and
positively charged (¢ = 6.7 mV) (Table 4). Depositing the same sequence of
polyelectrolytes from a solution with [;;,; = 100 mM led to a film (100-
[PSS/PDAD]4) that was slightly hydrophilic (AGg;s = 7.6 mJ/m?) and had higher
positive surface charge (27.5 mV). The 10-[PSS/PDAD]45 multilayer was highly
hydrophilic (AGs = 45.2 mJ/m?) and negatively charged ({ = - 5.7 mV).
Depositing the same sequence of polyelectrolytes from a solution with I;;; = 100
mM led to a film (100-[PSS/PDAD]45) that had higher negative charge (-17.8 mV)
while the hydrophilicity remained statistically the same. For both [PSS/PDAD]4
and [PSS/PDAD]4 s films, their surface roughness was higher when they were
deposited from the background solution of higher ionic strength (I, = 100 mM).
The changes in roughness were due to the increased shielding, fewer cross-links
between constituent polyelectrolytes leading to “loopier”, thicker, and rougher

PEM films [117, 122].
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Table 4: Zeta potentials, hydrophobicity, and morphological characteristics of [PSS/PDAD]4 and [PSS/PDAD]a4.5
surface coatings assembled from solutions of different background electrolyte concentrations (10 mM or 100 mM
NaCl), rinsed, and exposed to either 10mM NaCl or 100 mM NaCl solutions.

* Root mean square roughness is the standard deviation of the average roughness.
** Surface area difference is the difference between the three-dimensional surface area over its two-dimensional

projection or “footprint”.

Concentration of NaCl in the PEM LbL deposition solution, I, (mM) 10 100
Concentration of NaCl in the MS2 suspension, 15, (MmM) 10 100 10 100
[PSS/PDAD]4
Zeta potential of the PEM, ¢ (mV) 6.7+2 2751
Free energy of interfacial interaction, AGg,,; (MJ/m?) -16.3+£2.1 6.9+14.4
Root-mean-square roughness of the PEM surface* (nm) 0.3 3.3 2.3 6.3
Surface area difference** (%) 0.04 0.5 0.5 3.3
[PSS/PDAD]4s
Zeta potential of the PEM, ¢ (mV) 5.7+2 -17.8+0
Free energy of interfacial interaction, AGg,,; (MJ/m?) 452 +0.6 44.3 +10.2
Root-mean-square roughness of the PEM surface* (nm) 0.2 1.3 2.5 6.5
Surface area difference** (%) 0.03 0.07 0.08 0.9
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4.3.2 XDLVO energy profiles for MS2-interactions with PEM surfaces

Figure 12 shows DLVO and XDLVO energy profiles for MS2 interaction with the
positively charged 10-[PSS/PDAD]4 and 100-[PSS/PDAD]4 surfaces during
phase 1 of the deposition process in the assumption that the surfaces are
smooth. The calculated energy barrier (E,,,,) was high (> 69 kT) for all
combinations of the surface type and the ionic strength of the solution (Iys,)
making it unlikely for MS2 to deposit in the primary minima. The secondary
minima (E,,,;,) in 10 mM solution were - 2.8 kT and - 9.6 KT for 10-[PSS/PDAD]a4
and 100-[PSS/PDAD]4, respectively. Figure 13 shows DLVO and XDLVO energy
profiles for MS2 interaction with the negatively charged 10-[PSS/PDAD]4.5 and
100-[PSS/PDAD]as surfaces during phase 1 of the deposition process in the
assumption that the surfaces are smooth. For all scenarios, E,,,, was very high
(> 594 kT) and E,,;, low (< 0.7 KT) making irreversible deposition unlikely.
XDLVO profiles were also calculated while taking surface roughness into account
(see Appendix B, Figure B2). Roughness had only a very minor effect on the
energy profiles and, specifically, on the values of E,,,, and E,,;,. XDLVO energy
profiles for phase 2 (see Appendix B, Figure B4) were calculated using the same
approach as for phase 1 except the electrical charge and surface energy

parameters of the surface were assumed to be those of the MS2 phage.

71



4.3.3 QCM-D measurements of MS2 deposition onto polyelectrolyte-coated
surfaces

In QCM-D tests, changes in both QCM frequency and dissipation were recorded.
Frequency data translated into mass deposition rate, m(t), are shown in Figure
14 and 15. Dissipation data, D(t), and a summary of deposition kinetic
parameters (deposition rate dm/dt and lag time t;) can be found in the Appendix
B (Figures B5 and B6, Table B2). Lag time is operationally defined as the time
period between the start of the deposition test and the time mass deposition is

detected by QCM
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Figure 12: DLVO and XDLVO energy profiles of MS2 interaction with as-prepared (i.e. MS2-free) surfaces of 10-

[PSS/PDAD]4 (a, b) and 100-[PSS/PDAD]a4 (c, d) in 20 mM NacCl (a, ¢) and 100 mM NacCl (b, d) solutions. The
profiles correspond to early stages of the phase 1 of MS2 deposition (see Figure 14).
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Figure 13: DLVO and XDLVO energy profiles of MS2 interaction with as-prepared (i.e. MS2-free) surfaces of 10-
[PSS/PDAD]as (a, b) and 100-[PSS/PDAD]45 (c, d) in 10 mM NacCl (a, ¢) and 100 mM NacCl (b, d) solutions. The
profiles correspond to early stages of phase 1 of the MS2 deposition (see Figure 15).
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4.3.3.1 Deposition of MS2 bacteriophage onto positively-charged PEM
surfaces

Figure 14 illustrates the deposition kinetics of MS2 on the positively-charged
surface of the 10-[PSS/PDAD]4 and 100-[PSS/PDAD]4 surfaces from solutions of
different ionic strengths, I)s,. In each of the four scenarios, deposition occurred
in two distinct phases — an early stage with fast deposition kinetics (hereinafter,
phase 1) and a stage where the deposition was much slower or is not observed

at all (phase 2). The following specific trends could be identified:

1. The fastest phase 1 deposition kinetics was observed in 100-
[PSS/PDAD]4-10 experiments, where MS2-surface interactions (Figure
12c) are characterized by the secondary minimum in the total XDLVO
energy (~ - 9.6 kT, Figure 12c and Table B2), the deepest XDLVO
secondary minimum across all conditions considered in this study. The
100-[PSS/PDADY]4 surface has the highest positive charge and the low
ionic strength (1,5, = 10 mM) offers less screening of electrostatic
attraction between the virus and the surface. Comparison of with the 10-
[PSS/PDAD]s-10 scenario indicates that the modest difference in
hydrophobicity between the two surfaces (6.7 mJ/cm? for 100-
[PSS/PDAD]4 vs -16.3 mJ/cm? for 10-[PSS/PDAD]4) was less important

than the weekly screened electrostatic attraction.

2. In tests with low ionic strength (13,5, = 10 mM) no deposition was observed

during phase 2. It appears that the deposition of the negatively charged
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virus onto the PEM surface overcompensated the positive charge on 10-
[PSS/PDAD]4 and 100-[PSS/PDAD]4 surfaces flipping electrostatic
interactions between the virus and the surface to be repulsive. In
consistence with this reasoning, at the higher ionic strength (I;,5, = 100
mM) the deposition on both 10-[PSS/PDAD]4 and 100-[PSS/PDAD]a
continued, albeit at a slower pace than during phase 1. Repulsive
electrostatic interactions between the virus and the virus-coated surface
are effectively screened in 100 mM NacCl electrolyte making a multilayer

deposition possible.

. Phase 1 deposition kinetics depended on ionic strength I, for the highly
charged 100-[PSS/PDAD]4 but not for the weekly charged 10-
[PSS/PDAD]a. The trend is attributed to the screening of the attractive EL

interactions, which were stronger for 100-[PSS/PDAD]a.

. Pair comparisons of 10-[PSS/PDAD]4-10 vs 100-[PSS/PDAD]s-10 and 10-
[PSS/PDAD]4-100 vs 100-[PSS/PDAD]4-100 show that significantly more
deposition occurred onto the 100-[PSS/PDAD]4 than on 10-[PSS/PDAD]a4.
The trend can be tentatively attributed to the higher roughness of the 100-
[PSS/PDAD]4 which translates into higher surface area and, therefore,
stronger virus-surface interactions (attractive during phase 1). In general,
the total deposited mass was determined by both the rate of deposition
(highest in the 100-[PSS/PDAD]s-10 scenario) and the adsorptive capacity

of the surface (higher for 100-[PSS/PDAD]4 surface).
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5. The changes in dissipation (Figure B5 in the Appendix B) correlated with
changes in the deposited mass indicating that the adsorbed layer was

“soft” and exhibited a viscoelastic behavior.

6. lonic strength (Iy,5,) suppressed surface charge to determine total mass
gain; in the other word phase 2 — virus-virus interactions- plays more

important role in virus adsorption in long term.
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Figure 14: Kinetics of MS2 deposition onto (a) 10-[PSS/PDAD]4, and (b) 100-[PSS/PDAD]4 surfaces from solutions
of different ionic strengths (I;;5; = 10 mM or 100 mM NaCl). Corresponding dissipation data are given in Appendix
B (Figure B5)
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Figure 15: Kinetics of MS2 deposition onto (a) 10-[PSS/PDAD]4.5 and (b) 100-[PSS/PDAD]a4.5 surfaces from
solutions of different ionic strengths (1,5, = 10 mM or 100 mM NacCl). Corresponding dissipation data are given in

Appendix B (Figure B6).
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4.3.3.2 Deposition of MS2 bacteriophage onto negatively-charged PEM
surfaces

Figure 15 shows QCM-D frequency changes following 1 h of MS2 deposition
onto the negatively-charged surface of 10-[PSS/PDAD]a.s (Figure 15a) and 100-
[PSS/PDAD]a.5 (Figure 15b) from solutions of 10 mM NaCl and 100 mM NacCl.
Except for the100-[PSS/PDAD]a4.5-10 scenario, the distinction between slow and
fast phases of deposition was much less evident than for [PSS/PDAD]4 surfaces.

The following specific trends could be identified:

1. Deposition onto the negatively-charged surfaces was significantly (~3to 5
times in terms of ng/cm?) weaker than on positively-charged ones as was
expected based on the unfavorable electrostatic interactions and higher
hydrophilicity of negatively charged for [PSS/PDAD]45 surfaces. This was
consistent with XDLVO predictions of very shallow secondary minima (<
0.7 kT, Figure 13 and Table B2 in the Appendix B) for MS2-[PSS/PDAD]a.5
interactions. The difference was less pronounced in tests with MS2
deposition from 100 mM NaCl where the repulsive electrostatic

interactions are screened more effectively.

2. The increase in adsorbed mass was monotonous in all cases except 100-
[PSS/PDAD]asand 10 mM background electrolyte when two deposition

phases were observed.
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3. Deposition from 10 mM NaCl onto 10-[PSS/PDAD]45 was negligible.
Interestingly, this was not the case with the 100-[PSS/PDAD]4.5 surface,
which could be due to differences in the surface morphology (Table 4 in

the Appendix II).

4. Except for the 100-[PSS/PDAD]4.5-10 scenario, the lag times were
significantly higher (Table B2 in in the Appendix B) than for positively

charged [PSS/PDAD]4 surfaces.

4.3.3.3 Predictive ability of DLVO and XDLVO theories

AB interactions changed DLVO energy profiles to give rise to primary energy
barriers and secondary minima. DLVO predicted overall attractive MS2
interactions with both 10-[PSS/PDA]4 and 100-[PSS/PDA]4 surfaces in both 10
and 100 mM NacCl solutions, which was consistent with QCM-D results. However,
XDLVO predicted deeper secondary minima at low 1S and for 100-[PSS/PDA]a
pointing to more deposition in these cases. Overall, XDLVO proved to better

predict how virus deposition depends on the ionic strength, Ijs,.

DLVO profiles also showed attractive interactions of MS2 with both 10-
[PSS/PDA]45 and 100-[PSS/PDA]a5 in both 10 and 100 mM NaCl solutions. This
was not consistent with QCM-D results. In contrast, XDLVO profiles showed high
energy barriers and shallow secondary minima, predicting unfavorable MS2-

surafce interactions. This is consistent with results of QCM-D tests wherein
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almost no virus adsorption was observed in phase 1 (except for 100-[PEM]4.5-10).
We conclude that XDLVO is better suited to describe virus-surface interactions

attraction. AB interactions suppress EL interactions to control virus adsorption.

4.3.4. Principal component analysis

Principal component analysis was carried out on QCM-D experimental data
(Figure 14 and Figure 15, Table B2 in the Appendix B) and XDLVO predictions
(Figure 12 and 13, Table B2 in the Appendix B) to reveal correlations and trends
that may not be obvious based on pair-wise comparisons of data subsets. The
main objective was to discern correlations between PEM surface properties (¢,
AG,,s) and deposition conditions (I;s,) on the one hand and MS2 deposition
kinetics (dm/dt, t;) on the other hand. The secondary objective was to assess
the predictive ability of the DLVO model applied to MS2 deposition to PEMs. The

analysis was performed using XLSTAT 2018 statistical software.

The PCA data matrix included the following active variables: deposition rates
during phases 1 and 2 ((dm/dt), and (dm/dt),), lag time (t,), zeta potential of
PEM surfaces (¢), and the free energy of interfacial interaction ( AGs,,s). The

secondary minima in XDLVO total energy of virus-surface interactions during

o)

min

phases 1 ( )and 2 (Er(rfl.)n) were used as supplementary variables. Because
PEM surface roughness had only minimal effect on XDLVO predictions (Figure

B1 and B2 in the Appendix B), it was not included in the PCA.
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Figure 16 presents factor loadings and factor scores computed by PCA. More
than 80% of variability is captured by the analysis based on the two principal
components, PC1 and PC2. The factor loadings graph (Figure 16a) reveals the

following correlations:

1. The deposition rate in each of the two phases is correlated to the depth of
the secondary minimum of the corresponding XDLVO total energy of
interaction: (dm/dt), correlates with E,,;,; while (dm/dt), correlates with
Ein2- This result points to the predictive ability of the XDLVO model to

describe deposition kinetics.

2. Deposition rates during phase 1 ((dm/dt),) and phase 2 ((dm/dt),) are
nearly independent. The result is consistent with the premise that phase 1
deposition is governed by virus-surface interactions while phase 2

deposition — by virus-virus interactions.

3. The time of deposition during phase 1, t,, is countercorrelated with the
deposition rate (dm/dt),. This can be rationalized in terms of the overall
capacity of the surface for virus adsorption: the slower the deposition rate

the longer it should take to saturate the capacity and to complete phase 1.

4. For the PEMs selected in this study, hydrophobicity and negative charge
are counter correlated: regardless of the ionic strength of the PEM

deposition solution (1,;,), positively charged [PSS/PDAD]4 surfaces are
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more hydrophobic than the negatively charged [PSS/PDAD]4[PSS]
surfaces. Indeed, as shown in Table 4, both [PSS/PDAD]a4.5 are strongly
hydrophilic (AG,,,s = 44.3 and 45.2 mJ/m?) while [PSS/PDAD]4 are either
hydrophobic (-16.3 mJ/m?) or only slightly hydrophilic (6.7 mJ/m?).
Because PEM hydrophilicity and negative charge both deter attachment of
negatively charged MS2, the present selection of PEM surfaces is not
optimal for separating the effects of these two PEM properties on MS2
deposition. Comparing a positively charged and hydrophilic PEM against a
negatively charged and hydrophobic counterpart would bode better for

such analysis.

Figure 16b presents factor scores for PEMs. Several general observations could

be made:

1. The first principal component (PC1) separates the positively-charged
[PSS/PDAD]4 surfaces (negative PC1 domain) with high (dm/dt), and ¢
from the negatively-charged [PSS/PDAD]a.s surfaces (positive PC1

domain) with high ¢t; and AGg,,.

2. The second principal component (PC2 axis) separates surfaces based on
ionic strength of the MS2 deposition solution (I,5,). PEMs exposed to I,
=100 mM NacCl (domain of positive and near-neutral PC2 values) are
characterized by larger (dm/dt), than PEMs exposed to 5, = 10 mM

NaCl (negative PC2 domain).
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3. The surfaces are grouped largely by the surface charge (and
hydrophilicity, which is correlated with negative charge in the present
case). Less hydrophilic and positively charged surfaces were
characterized by much faster deposition kinetics during phase 1. In Figure
16b, the grouping is illustrated using solid shades. One surface -100-
[PSS/PDAD]4-100 - did not follow the grouping pattern due to its relatively
low (dm/dt), but high (dm/dt),). The QCM-D result showed that 100-
[PSS/PDAD]4 -100 gained more viral mass than other -[PSS/PDAD]4
surface after 1-hr virus deposition. Even though 100-[PSS/PDAD]4 was
more positive and hydrophobic than 10-[PSS/PDAD]4, the high ionic
strength (I, = 100 mM) screened EL interactions, resulting in a weak
adsorption during phase 1. During phase 2, however, the same effect of
screening helped overcome the repulsive interactions between MS2 and

MS2-coated surface.
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Figure 16: Principal component analysis (PCA): factor loadings (a) and factor scores (b)
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4.4. Conclusions

Attachment of bacteriophage MS2 on the positively-and negatively-charged
polyelectrolyte-coated surfaces was studied using quartz crystal microbalance
with dissipation (QCM-D). The polyelectrolyte multilayers were terminated by
with a cationic or an anionic polyelectrolyte and deposited from two different
solutions (10 mM and 100 mM NacCl) yielding the total of four different coating
types. Two deposition phases occurred in two distinct phases: the initial phase
(phase 1) when the surface is relatively virus-free and phase 2 when the surface
charge is affected by the viruses accumulated on the surface. The trends can be
rationalized in terms of virus-surface interactions. The attractive electrostatic
interactions between MS2, which is the negatively-charged at pH 7. The increase
in ionic strength of the MS2 deposition solution, Iys,, from 10 mM to 100 mM
mitigated the effects of electrostatic interactions, i.e. decreased both repulsive
interactions with surfaces carrying the electrical charge of the same sign and
attractive interactions with the surfaces carrying the charge of the sign opposite
to that of the virus. XDLVO theory showed that MS2 adsorption was governed
by both electrostatic and hydrophobic interactions while van der Waals
interaction played a relatively minor role. Surface roughness did not have a
significant effect on MS2 deposition. The results point to the potential use of
polyelectrolyte multilayers as surface coatings for controlling virus adhesion to

reduce human exposure to viruses.
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CHAPTER 5: SUGGESTED FUTURE RESERCH: ATTACHMENT OF
AIRBORNE VIRUSES TO HUMAN SKIN AND PERSONAL CARE PRODUCTS

AS A FUNCTION OF ENVIRONMENTAL PARAMETERS

5.1. Introduction

Human skin functions as a semipermeable epidermal barrier that prevents loss of
moisture and invasion of toxic substances as well as microbes [123]. Human
skin is complex and, even when healthy, provides an elaborate habitat for
organisms to live on. This resident microbiota includes commensal and
pathogenic bacteria [124], viruses [125-128], and fungus [129]. They can be
either harmless or pathogenic; the latter are of especially concern when the skin
barrier is impaired [130]. There has been numerous reports on human skin
diseases caused by microbes. For example, psoriasis affects 2 to 3 % of the
population worldwide and is trigged by varying factors including Malasseria
species [129, 131]. Atopic dermatitis affects ~20% of the population in developed
countries [123, 132] and is associated with microbial infection [133]; of which
more than 90% of correspond to S.aureus. High numbers of Propionibacteria,

Staphylococci and Malassezia are detected on skin of patients with acnes [134].

Human Papillomavirus (HPV) was reported to cause commensal skin infections,
associating with cutaneous and mucosal lesions and even anogenital cancers.
Skin swab samples were taken from 50 individuals from each country and HPV

was tested positive for 70% of the Swedish individuals, 68% of the Bangladesh
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individuals, 54% of the Japanese individuals, 52% of the Ethiopian individuals
and 42% of the Zambian individuals [135].) Polyomaviruses, Papillomaviruses
and Circoviruses — all pathogenic viruses - were also detected on a healthy-
appearing human skin [125]. A study on viral antigen in mice’ brain by Esiri et al.
[136] showed that facial skin is one of the most common site for herpes virus
(HSV) to target the central nervous system. In the U.S., HSV-1 affects more than
35% of African-American children, 18% of white children at age 5 and

approximately 5 to 10% university students every year [128].

Most of Americans use cosmetics in daily basic such as skin care products
(moisturizers, sun creams), facial makeup (lipsticks, mascaras, eye shadows)
and hair products (conditioners, gels and mousses). However, these products
are considered to be a transmission pathway that picks up microbes normally
present on human skin or eyelashes [137], incubate or even nourish these
microbes with substances such as animal proteins and vitamins [138] to cause
skin infection. Even though most of cosmetics products contain preservatives to
prevent microbial activities, these chemicals may not be efficient to inhibit
microbial growth [139] or even be inactivated by other substances such as

animal proteins and vitamins [138].

In the period from October 1993 through September 1998, 1,370 food and
cosmetic products, accounting for 36% of the recalls by U.S. Food and Drug
Administration were associated with microbial contamination; of which

pseudomonas aeruginosa was the most popular agent found in the cosmetic
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products [140]. A study by Pack et al. [137] on microbial contamination of
mascaras after 3 months of use by forty women showed that 36.4% of the
mascara tubes was contaminated with microbes, most commonly
Staphylococcus epidermidis, Streptococcus species and fungi. A test on quality
of hair and skin care cosmetics in Jordan showed that 5.3% of 57 brands were
contaminated with microbes at less than 102 CFU g and 28% at more than 104
CFU g; Bacillus species, Pseudomonas spp. and Staphylococci were most
frequently detected and inadequate preservative efficacy was accounted for

28.1% of the contaminated products [139].

Skin microbiota have been studied widely to identify bacterial and fungal species.
Studies on viral contamination, however, have been limited due to the difficulties
of cultivation and sequencing [125]. Skin infection was often blamed on specifics
of cosmetic product usage (e.g. person-to-person transfer due to shared use of
the product from the same container) [138]. However, another possible cause of
skin infection could be adsorption of airborne viruses to human skin — bare or
with cosmetics applied. The current lack of knowledge about related mechanisms

of virus transport and fate motivated the research proposed herein.

5.2. Experimental

5.2.1. Cosmetic products

The cosmetic products will be selected based on three criteria: (1) sale volumes;

(2) processability into a homogenous coating (this criterion will be examined
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using SEM); (3) coverage of a range adhesion properties. Silica colloids will be

first used for adhesion tests to scope out products’ adhesion properties.

All the facial products will be purchased from L’Oréal Paris, a company that has
been ranked as the most powerful and valuable cosmetics brand of the world for
three years by Brand Finance with a total brand value of $13.7 billion.

Suggested makeup products include oil-free (Super Blendable), waterproof
(Advanced Never Fail) and long-lasting (Total Cover) foundations. Suggested
skincare products are facial moisturizer (RevitaLift Daily Volumizing), facial oil
(Age Perfect Cell Renewal Facial Oil Light), facial serum (RevitaLift Triple Power
Concentrated) and sun cream (Age Perfect Day Cream SPF 15). Hair cosmetics
includes gels (Advanced Hairstyle LOCK it Clean Style) and mousses (Advanced

Hairstyle AIR DRY it Ruffled Body).

5.2.2. QCM-D procedure

Coating cosmetic products on a QCM-D sensor

Coating thin films of cosmetic products on a QCM-D sensor can be done either in
situ within the QCM-D chamber (Figure 17) or using spin-coater. Prior to coating,
the cosmetic product is diluted with DI water 10 to 100 times depending on its
viscosity. The diluted product will then then pumped through the QCM-D
chamber with clean sensors at a flow rate of of ~0.15 mL/min until the
frequencies stabilize (i.e. achieve high signal-to-noise ratio) and level off (i.e. the

average frequency reaches a steady state value). The coated-surfaces will be
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characterized in terms of roughness using AFM. The overall morphology will be

accessed using SEM (see section 3.2.9 in Chapter 3).

Electrospray aerosol generator

Filtered )
Air/CO2 Neutralizer

Quartz crystal microbalance

—

Bleach

Virus
suspension

Figure 17: Schematics of QCM-D with electrospray aerosol generator (source:
Lee et al. [117]).

When using a spin-coater, the cosmetic product will be diluted as much as
possible to make a complete but thin film so that QCM-D resonance can be
found. The diluted product will be pipetted onto a QCM-D sensor, followed by
spin-coating at 2000 rpm for 30 s. The coated sensor will then be dried at the
ambient temperature for about 10 min before being inserted into the QCM-D

chamber for virus adsorption tests.
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Virus deposition

An initial virus concentration of 10° —10*! particles/mL will be aerosolized and
neutralized using an electrospray aerosol generator before transported to contact
with the cosmetics-coated surfaces within the QCM-D instrument. The gas flow
rate will be kept constant at 4.0, 2.0 and 1.0 L/min. Humidity could be controlled
by regulating the relative flow rate of the carrier gas (air and CO2) and virus
aerosol. Mass of virus adsorbed to the surface and viscoelastic properties of the
adsorbed layer will be determined based on recorded frequency and dissipation

shifts every min, respectively.

5.3. Objectives and hypotheses

Objective 1: Evaluate the effects of environmental parameters (wind velocity and

humidity) on virus adsorption to cosmetics-coated surfaces.

Hypothesis 1: An increase in gas flow rate would result in an increase in virus
adsorption rate; however, the adsorbed mass would achieve a steady state value

faster.

Objective 2: Evaluate the effects of virus properties (enveloped and undeveloped
RNA, sizes, charge and hydrophobicity) on virus adsorption to cosmetics-coated

surfaces.
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Hypothesis 1: Larger and more hydrophobic viruses adsorb more favorably to

surfaces.

Objective 3: Evaluate the effects of properties of skin care products

(hydrophobicity and surface roughness) on virus adsorption.

Hypothesis 3: Products with more hydrophobic and rougher surface are more

attractive to viruses.

Objective 4: Evaluate the effects of properties of hair products (hydrophobicity

and charge) on virus adsorption.

Hypothesis 4: Products with more hydrophobic surface and less negative charge

are more attractive to viruses.

Objective 5: Compare mass of virus adsorbed to bare skin and to cosmetics-

coated surfaces.

Hypothesis 5: Virus adsorb more favorably to coated-surfaces than to bare skin.
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APPENDIX A

Attachment of Human Adenovirus 40 and Bacteriophage MS2 onto

Household Paints
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Al. XDLVO calculation and deposition kinetics for viruses

Table Al: Results of XDLVO modeling (values of energy barriers, E,,,,, and secondary energy minima, E,,;,, in
am
dt

XDLVO energy profiles (Figures 5, 6)), and of QCM-D experiments (mass deposition rates for phase 1, ( ) , and
1

phase 2, (‘;—T)Z, as well as deposition lag time, t; (Figures 9)) for HAdV40 deposition to painted surfaces.

* Values used as active variables in the PCA (Figure 11a and 11b)
** \Values used as supplementary variables in the PCA (Figure 11a)

Phase 1 Phase 2

| e | (@) min™ | o (50, ™ Epax
Experiment code MmN | (ng/lcm?min) | (KT) (KT) | (nglcm?/min) (KT) (KT)
1-HAdV-LW-3.5 0.10 84.96 0.00 0.00 1.18 0.12 10.36
1-HAdV-LW-6.0 0.17 25.33 0.00 36.79 3.43 0.11 19.08
150-HAdV-LW-5.2 0.12 71.47 0.00 0.00 8.14 0.00 0.00
150-HAdV-LW-7.2 0.17 43.96 0.00 0.00 10.38 0.00 0.00
1-HAdV-AW-3.5 0.10 85.16 0.00 0.00 0.53 0.12 10.36
1-HAdV-AW-6.0 0.12 12.24 0.09 24.60 2.83 0.11 19.08
150-HAdV-AW-5.2 0.12 57.03 0.00 0.00 5.67 0.00 0.00
150-HAdV-AW-7.2 0.17 46.76 0.00 0.00 8.37 0.00 0.00
1-HAdV-AO-3.5 0.12 60.16 0.11 11.19 0.00 0.12 10.36
1-HAdV-AO-6.0 0.10 69.70 0.10 32.30 1.67 0.11 19.08
150-HAdV-AO-5.2 0.17 12.26 0.00 0.00 6.20 0.00 0.00
150-HAdV-AO-7.2 0.20 36.30 0.00 0.00 11.27 0.00 0.00
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Table A2: Results of XDLVO modeling (values of energy barriers, E,,.., and secondary energy minima, E,,;,, in
XDLVO energy profiles (Figures 7, 8)), and of QCM-D experiments (mass deposition rates for phase 1, (%)1, and

phase 2, ('fi—':)z, as well as deposition lag time, t; (Figure 10)) for MS2 deposition to painted surfaces.

Notes:

* Values used as active variables in the PCA (Figure 11a and 11b)

** Values used as supplementary variables in the PCA (Figure 11a)

T The lag time estimated using linear regression was ~14 min (Figure 10a). This time was selected as the start of
deposition phasel. Due to the limited duration of the QCM-D test, Phase 2 was not observed. For completeness of
PCA calculations (Figure 11), (dm/dt), in this test was assumed to be equal to (dm/dt),.

Phase 1 Phase 2

cpeimencoce | or | (@) | s | B | (@) | e | 6o

MmN | (hg/em?/min) | (KT) (KT) | (nglcm?/min) (KT) (KT)
1-MS2-LW-3.5 0.00 0.00 0.00 261.41 3.22 0.04 558.53
1-MS2-LW-6.0 0.00 0.00 0.00 293.50 0.76 0.00 591.38
100-MS2-LW-3.5 0.00 0.00 0.03 261.98 4,23 0.51 558.36
1-MS2-AW-3.5 0.00 0.00 0.04 339.81 1.73 0.04 558.53
1-MS2-AW-6.0 0.00 0.00 0.00 350.61 0.00 0.00 591.38
100-MS2-AW-3.5 0.00 0.00 0.43 339.63 4,23 0.51 558.36
1-MS2-A0-3.5 0.00 0.00 9.68 113.42 2.54 0.04 558.53
1-MS2-A0-6.0 0.00 0.00 0.00 180.94 0.40 0.00 591.38
100-MS2-A0-3.5 0.00 0.00 0.61 130.82 4.23 0.51 558.36
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A2. SEM images and elemental analyses from the paints-coated surfaces

A2.1. Latex water-based paint
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Figure Al: SEM image and elemental analyses for latex water paint-coated surface
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Figure Al shows SEM image and elemental analyses for latex water paint-
coated surface. Based on the safety date sheet provided by BEHR, latex water-
based paint composed of acrylic latex as the binder and pigments such as TiO>
(10-30%), SiO2 (1-5%) and AI(OH)3 (1-5%). Therefore, Ti, Si, Al, C, O and H were
expected to see in the EDS analyses. The SEM image showed small dark
islands scattering over the paint film, indicating two different morphologies. We
chose three areas for elemental analysis: dark islands labeled as spectrums 1
and 3 and background area labeled as spectrum 2. In spectrums 1 and 3, we
found O (11.9 -47%), Ti (3.4 - 37.9%), Al (0.6 - 7.9%), C (1.7 - 65.4%) and Si (1.7
— 18.7%). These elements were components of the pigments so the dark islands
referred to accumulated pigments. The weights of Ti and Al in the spectrum 3
were less than those in spectrum 1 because the sampling zone for spectrum 3
covered a large portion of the film background. In spectrum 2, C (51.8%), Si
(37.1%) and O (9.4%) were found as the dominating elements. Traces of Al
(1.2%) and Ti (0.6%) were also detected. A high concentration of Carbon, one of
the three constituents (C, O, H) of the binder revealed that this area is covered
mostly with acrylic latex binder. The appearance of Al and Ti traces accounted
for small amount of pigments in this area. The EDS analyses suggested that the
paint-coated sensor was fully covered with the binder; however, pigments did not
evenly contribute over the film but had tendency to accumulate in local areas as
islands. In addition to the elements that were included in the paint, we also found
a high percentage of Au (not labeled in the spectrums) in the list of elements

detected from our samples analysis. Gold is not a component of the paint but
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used for coating a thin layer (~100 nm) on a sensor. At a voltage of 10 kV, the X-
ray could penetrate a depth of ~0.2 um through the paint film into the sensor

substrate to pick up on gold. A high percentage of Si (18.7-37.1%) was detected
in the film background while this element accounted for less than 5% of the paint,

possibly due to the penetrating of X-ray into the QCM-D substrate.

A2.2. Alkyd water-based paint
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Figure A2: SEM image and elemental analyses for alkyd water paint-coated surface
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Figure A2 shows SEM image of the alkyd water paint-coated surface and its
elemental analyses. Alkyd water-based paint had alkyd as the binder and the
same composition of pigments (TiO2 (10-30%), SiO2 (1-5%) and Al(OH)s (1-5%))
as that in latex water-based paint. Therefore, we expected to find the same
composition of the elements (e.g., Ti, Si, Al, C, O and H) in the EDS analyses.
Based on the SEM image of the paint-coated sample, we also selected three
different locations for EDS analysis: dark islands labeled as spectrums 7 and 9
and an area of the film background labeled as spectrum 8. In spectrums 7 and 9,
the predominant elements found were O (20.3 -46.5%), Si (24.3 — 34.6 %) and C
(13 — 32.9 %), followed by Al (1.3 - 8.2%), Na (7.2%) and Ti (0.8 — 11.0 %). As
expected, these elements were constituents of the pigments so the dark islands
in the SEM image corresponded to accumulated pigments. There was a fair
amount of Na detected in our measurement, probably due to contamination. In
spectrum 8, we found Carbon as the dominant element, accounting for 46.5%,
followed by Oxygen (8.5%). These elements were main ingredients of the binder
so the film background was mainly composed of the binder. Again, there were
high amounts of Gold (not labeled in spectrums) and Silica found in our EDS

analyses. These elements belonged to the composition of the QCM-D sensor.
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A2.3. Alkyd oil-based paint
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Figure A3: SEM image and elemental analyses for alkyd oil paint-coated surface
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Figure A3 shows SEM image of the alkyd oil paint-coated surface and its
elemental analyses. Based on the safety date sheet provided by BEHR, alkyd oil-
based paint had alkyd as binder, petroleum as solvent and pigments such as
TiO2 (10-30%), SiO2 (1-5%), CaCOs (1-5%) and MgsSisO10(OH)2 (1-5%). Similar
to what we observed in the SEM images for both latex and alkyd water-based
paints, the SEM image of alkyd oi-based paint also showed darks islands over
the paint film. These dark spots (spectrums 4 and 6) mainly composed of
pigments with 34.6 - 50.3% O, 32.4 % Ca, 16.7- 32.3 % C, 0.3 -19.1 % Si, 11.5
% Tiand 0.3 — 2.4 % Mg. The film background (spectrum 5) composed mostly of
alkyd where Carbon and Oxygen accounted for 44.7% and 9.9%, respectively. A
large amount of Si (45.1%) and Au (not labeled in the spectrums) appeared in

spectrum 5, contributed by the sensor’s composition.
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A3. SEM images and elemental analyses on the cross-section of the latex water paint
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Figure A4: SEM images and elemental analyses on the cross-section of the latex water paint
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Figure A4 shows SEM image of the cross-section of the latex water paint-coated
surface and its elemental analyses. Based on the SEM image, we selected three
different areas for elemental detection. These areas were labeled as spectrum 1,
2 and 3, locating on the cross-sections of the gold layer of the QCM-D sensor,
QCM-D censor substrate and paint film. In spectrum 1, Au was detected as a
dominant element in that area, as expected for Au layer of QCM-D sensor. In
addition to Au, other elements such as Si, Ir, O, Al and C were also detected; in
which Ir was used to cover the sample with a thin layer (~2.7 nm) in attempt to
create conductivity prior to the measurement. Other elements were components
of the paint that accidentally fell on the cross-section of Au layer during sample
fracturing process. In the spectrum 2, Silica was picked up as a major element in
this area, consistent with composition of the QCM-D sensor. We also detected O
and C as components of the paints in this area due to contamination. In the
spectrum 3, we found almost all elements in the pigments (e.g., Ti, O, Si, Al).

Gold was also found in the list of detected elements due to contamination.
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A4. AFM measurement

pm

Figure A5: AFM images of latex water, alkyd water and alkyd oil-based paints
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The AFM images for the paint-coated surfaces show that surface roughness of
latex and alkyd water-based paints and alkyd oil-based paint was 24.2, 28.2 and
16.1 nm, respectively. The water-based paints made rougher coating surfaces

than that of the oil-based paint.

A5. Dissipation shifts in 1 h virus deposition to the paint-coated surfaces

Figure A5 show dissipation shifts as a function of time in 1 h HAdV40 deposition
to the paint-coated surfaces. The dissipation shifts indicate that adsorbed
HAdV40 made the surface of the water-based paints relatively softer; while that

of the oil-based paint stiffer.

Figure A6 shows dissipation shifts for the water and oil-based paints as a
function of time in 1 h MS2 deposition. The dissipation shifts indicated that
adsorbed MS2 formed a fairly soft layer. With very little virus adsorption, the
dissipation shift for the oil-based paint (Figure A6b) was negative, probably due

to rigid conformation of the surface.
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Figure A6: QCM-D dissipation shifts during 1 h of HAdV40 deposition onto three paint surfaces from 1 mM NacCl
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Figure A8: Effect of surface roughness on XDLVO energy of interaction between HADV40 and painted surfaces in
1 mM NacCl (a, b) and 150 mM NaCl (c, d): at pH 3.5 (a), pH 6.0 (b), pH 5.2 (c), pH 7.2 (d) during phase 1 of the

deposition process.
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Figure A9: Effect of surface roughness on XDLVO energy of interaction between MS2 and painted surfaces in 1
mM NacCl (a, b) and 100 mM NacCl (c) at pH 3.5 (a, ¢); pH 6.0 (b) during phase 1 of the deposition process.
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APPENDIX B

Deposition of Bacteriophage MS2 onto Polyelectrolyte-coated Surfaces

116



B1l. DLVO and XDLVO theories

The XDLVO theory developed by Van Oss [141] defines the total energy of
interaction EXPLYObetween a particle (such as virus (v)) and a planar surface (s)
in liquid medium (1) as a sum of the Lifshitz van der Waals ELY, electrostatic

double layer EEL | and acid-base EAS energies:

XDLVO _ LW
Eslv - Eslv + E slv + Eslv

(B1)
where
ELW = —Aa= —12my3AGHY — — (B2)
1+ e_kd 2 2 —2kd
Edy = M goa|2ysIn T—oxa)t e +¥p)In(1 —e™™) (B3)
dy—d
Eds = 2marAGS? exp( OA > (B4)

In the expressions above, a is the virus radius, d is the separation distance, ¢, is
the dielectric constant of water (g, =79), ¢, is the relative permittivity in vacuum (
- =8.854-1012 CV-Im), y. and i, are the surface potentials of the colloid and
surface, respectively, k is the reverse Debye length, A is the characteristic delay
length of the AB interaction in water (A = 0.6 nm), d,, is the minimum separation

distance (d, = 0.158 nm).
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The AB and LW free energies of adhesion per unit area (J/m?) at the separation

distance d, are given by equations (S5) and (S6), respectively:

8648 = 2NV (T 475 = 70) + 2 (V07 4 = [t
_2(\/ys Yo t \/Vs_)’v+ )
BGEY = 2 [y = [ ri = () ®6)

(BS)

where, y*is the electron acceptor parameter, y~ is the electron donor parameter,
W is the apolar surface tension component, and indices [, s, and v refer to
liquid, surface and virus. The surface tension components (y%, y& and y;) are
calculated using eq. (S7) based on the measured contact angles, 6, of three
probe liquids (DI, glycerol and diiodomethane) and the known surface tension

components of the probe liquids (y/", y;* and y;). The square root of the
electron donor parameter (\/F) was calculated to be negative (from -1.1 to -2.1)
so the value of y* was assumed to be zero. Negative values of \/F or \/y—are
often reported for microbial cell surfaces due to hydration [94, 142]; this is more

likely to occur for surfaces that have higher y"and lower water contact angle

values.

(1+ cosO)y[°T =2 <JVSLWVfW + JV?V[ + JYs_V1+> (B7)
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The hydrophobicity of a surface can be evaluated based on its free energy of
cohesion when immersed in water (AGy;s). AGg IS twice the interfacial tension y;

between the surface and water:

2
AGgs = =2y = 2 <\/VSLW = /VfW> —4Wvys vy = (88)
VYV

A positive value of AGq;, indicates a hydrophilic surface while a negative value

indicates that the surface is hydrophobic.

B2. Estimation of the mass of virus deposited on the QCM-D sensor

The maximum possible mass of viable MS2 (Am™%* = 456 ng/cm?) deposited per
unit area of a QCM-D sensor was estimated by dividing the total mass (M) of the
viable virus in the feed by the active area (4 = 0.97 cm? [143]) of the QCM-D

Sensor:

max _—

M C,Vm, C,Vp,nd3
Am Z = =

A A 6

where C, is the viable virus concentration in the feed (C, = 1.24 + 0.07 10'°
PFU/mL, see section 2.4), m, is the weight of one MS2 bacteriophage, p, is the
density of the virus (for MS2, p, = 1.38 g/cm? [144]), d,, is the diameter of the
virus, and V is the volume of virus suspension passed through one QCM-D
chamber that houses the sensor over the duration of the QCM-D tests. The value

of d,, was taken to be the MS2 size determined by TEM imaging (d,~ 27 nm
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[145]). The flow rate into one QCM-D chamber was 2.5 mL/h and the total

duration of the test 1 h so that the total volume V was 2.5 mL.

Because the concentration of MS2 was measured using the plague assay
method, only viable virus was accounted. Thus, the true upper bound on the total
(i.e. viable and non-viable) virus mass, which is what was measured in QCM-D
tests, is expected to be much higher than the above estimate of 456 ng/cm?.
Indeed, values > 1250 ng/cm? in QCM-D tests with positively charged surfaces

(Figure 14).
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Table B1: Contact angles, calculated surface energy parameters, and free energy of the PEMs. Values of AGg,,
are also provided in Table 4 and included here for convenience only.

Notes:

a: 10-[PSS/PDAD]s; b: 100-[PSS/PDAD]4; c: 10-[PSS/PDAD]4s; d: 100-[PSS/PDAD]as

e: For all membranes, negative values for ,/y* were obtained (see section S1).

PEM [PSS/PDAD]4 [PSS/PDAD]4[PSS]
lonic strength for PEM deposition solution (mM) 102 100b 10¢ 1004
Contact angle (°) with the indicated probe liquid
H20 64.4 +2.8 53.2+7.8 29.6+1.5 27.7+2.8
Glycerol 54.1+5.9 59.5x47 544+ 3.0 51.8+3.5
Diiodomethane 37.5+3.0 40.3+1.6 23.2+3.1 23.1+£1.3
Surface energy parameters (mJ/m?)

y'W 40.8+1.3 39.5+0.2 46.8+1.0 46.8+ 0.6

yte 0.0 0.0 0.0 0.0

y~ 20.6+21 31.9+9.1 60.1+0.1 59.4+7.6

y48 0.0 0.0 0.0 0.0

ytot 40.8+1.3 39.5+0.2 46.8+1.0 46.8+ 0.6
Free energy of interfacial surface-surface
interaction in water AGg,,s (MJ /m?) -16.3+2.1 6.9+14.4 45.2+0.6 44.3 £ 10.2
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Table B2: Results of XDLVO modeling (values of energy barriers, E,, 4., and secondary energy minima, E,,;,, in

and phase 2, (Z—T) , as well as deposition lag time, t; (Figures 14, 15)).
2

Notes:

* Values used as active variables in the PCA (Figure 16a and 16b)
** Values used as supplementary variables in the PCA (Figure 16a)

T The lag time estimated using linear regression (Figures 14 and 15). This time was selected as the start of

dm
dt

XDLVO energy profiles (Figures 12, 13)), and of QCM-D experiments (mass deposition rates for phase 1, ( ) :

1

deposition phasel. Due to the limited duration of the QCM-D test, Phase 2 was not observed. For completeness of
PCA calculations (Figure 16), (dm/dt), in this test was assumed to be equal to (dm/dt),.

Experimental conditions

Predictions and observations

lonic strength Phase 1 Phase 2
Experiment code PEM MS2 tr* (%) - EQ | ESon (%) - EQ = | EQ,
formation | deposition | min | oemziming | KD | D) | (nglemzmin) | &) | (KT)
10-[PSS/PDAD].-10 10 10 0.3 111.7 -2.8 226.6 0.3 0.1 576.5
100-[PSS/PDAD]4-10 100 0.1 121.0 -9.6 292.9 0.2 ) )
10-[PSS/PDAD]s-100 10 0.3 130.6 -0.6 239.3 4.8
100 05 | 575.8
100-[PSS/PDAD]4-100 100 0.1 54.6 -0.6 322.0 10.0
10-[PSS/PDAD]45-10 10 10 13.9 0.7t -0.2 594.3 n/at 0.1 576.5
100-[PSS/PDAD]45-10 100 0 235 -0.2 609.0 2.6 ) )
10-[PSS/PDAD]45-100 10 0 7.8 -0.6 600.5 3.6
100 -0.5 575.8
100-[PSS/PDAD]45-100 100 2.9 10.7 -0.6 610.8 4.5
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Figure B1: Effect of surface roughness on the of XDLVO energy of interaction between MS2 bacteriophage and
PEM surface: a) 1°"M[PSS/PDAD]4; b) 1°°"MPSS/PDAD]4 during phase 1 of the deposition process.
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Figure B2: Effect of surface roughness on the of XDLVO energy of interaction between MS2 bacteriophage and
PEM surface: a) 1°"M[PSS/PDAD]4[PSS]; b) 1°°™M[PSS/PDAD]4[PSS] during phase 1 of the deposition process.
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(b)
()
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Figure B3: Profiles of XDLVO energy of interaction between MS2 bacteriophage and [PSS/PDAD]4 surface in a) 10
mM NaCl and b) 100 mM NacCl solutions during phase 2 of the deposition tests. Because this XDLVO calculation is
for the case of the interaction between a sphere and smooth flat surface and because the MS2-coated surface is

assumed to have the electrical charge and hydrophobicity of MS2, XDLVO profiles are identical for 10-
[PSS/PDAD]4 and 100-[PSS/PDAD]4 surfaces.
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Figure B4: Profiles of XDLVO energy of interaction between MS2 bacteriophage and [PSS/PDAD]a4.5 surface in a)
10 mM NaCl and b) 100 mM NacCl solutions during phase 2 of the deposition tests.
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Figure B5: QCM dissipation during MS2 deposition onto (a) 10-[PSS/PDAD]4, and (b) 100-[PSS/PDAD]4 surfaces
from solutions of different ionic strengths (10 mM or 100 mM NaCl). The dissipation data correspond to mass data
show in Figure 14.
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Figure B6: QCM dissipation during MS2 deposition onto (a) 10-[PSS/PDAD]a.5 and (b) 100-[PSS/PDAD]4.5
surfaces from solutions of different ionic strengths (10 mM or 100 mM NaCl). The dissipation data correspond to
mass data show in Figure 15.
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