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ABSTRACT 

UNDERSTANDING ADHESION TO MONITOR AND CONTROL ENVIRONMENT 
PROCESSES: FROM VIRUS DETECTION TO MEMBRANE FOULING MITIGATION 

By 

Xunhao Wang 

Adhesion is a physicochemical process of great importance for various environmental 

engineering technologies including those that are employed in water treatment facilities 

Understanding adhesion is the key to elucidating separation mechanisms in unit 

processes and operations such as flocculation, granular media filtration, membrane 

separation. The likelihood of adhesion can be quantified in terms of the interfacial 

energy of interaction between two objects.  

 

The first part of this dissertation is devoted to the study of virus adhesion to surfaces 

commonly encountered in various indoor settings. Fomites are inanimate surfaces, 

which can transfer the pathogens to a new human host. Fomite-based transfer is an 

important pathway of virus transmission, along with direct contact and transmission 

through aerosols. Adhesion of two viruses – one enveloped (human respiratory 

syncytial virus, HRSV) and one non-enveloped (human adenovirus 5, HAdV5) – to four 

fomites (silica, nylon, stainless steel, polypropylene) was quantified and interpreted 

based on physicochemical properties of viruses and fomites. Quartz Crystal 

Microbalance with Dissipation monitoring (QCM-D) is employed to quantify virus 

attachment to fomites. XDLVO modeling is applied to predict the virus-fomites 

interactions. It is found that for both HAdV5 and HRSV, the areal mass density of 



 

deposited viruses correlated with the free energy of virus-fomite interfacial interaction in 

water, ∆𝐺𝑣𝑤𝑓.  

 

The second part of this dissertation describes the study of membrane filter aging as a 

result of membrane’s intermittent exposure to foulants and cleaning agents. This study 

explores how the surface chemistry of polyvinylidene fluoride (PVDF) membranes 

evolves in challenge tests with humic acid (HA) fouling and sodium hypochlorite (NaClO) 

employed as a model foulant and cleaning agent, respectively. The evolution of 

physicochemical properties of the ageing membranes is characterized based on surface 

energy calculations. The results point to the formation of a chemically irreversible layer 

of foulants that is conditioned by consecutive exposures to foulants and is comprised of 

the adsorbed foulant fraction that is hard to oxidize further. 
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CHAPTER ONE 

Introduction and dissertation overview 

 

1.1 The environmental importance of adhesion 

 

Adhesion processes are of great significance in many treatment processes and 

operations employed by engineers to cure contamination of water, air, and soil. 

Common water treatment techniques, such as flocculation and sand filtration rely on 

adhesion. The efficiency of membrane separations, among many other processes, is 

often limited by fouling – a phenomenon that has adhesion as its basis. Understanding 

adhesion is critical for both gaining better mechanistic understanding of environmental 

separations and improving process performance. This dissertation considers several 

specific contexts where adhesion is of critical importance - virus adhesion to fomites, 

virus adhesion to personal care products, foulant adhesion to polymeric membranes – 

and combines experimental measurements with modeling of interfacial interactions to 

understand and predict adhesion in these contexts.  

 

1.2 Virus attachment to fomites 

 

Numerous studies have been conducted to explore virus adhesion to surfaces such as 

minerals [1-11], dissolved and particulate natural organic matter [12-14], activated 

carbon [15-18], granular media filters [19-21], ion exchange resins [22], membrane 

filters [20, 21, 23-28], vegetables and fruits [29-32], as well as human skin [33-41]. 
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However, the relationship between the interaction forces and adhesion and how the 

adhesion is controlled by the physicochemical properties of the viruses and surfaces 

remain insufficiently understood [42].  

 

Naturally, virus adhesion depends on the properties of the virus [43]. It has been 

suggested that differences in virus surface charge and hydrophobicity play a significant 

role in virus adhesion [27]. Most viruses have capsid composed of protein polypeptides 

that contain amino acids such as glutamic acid, aspartic acid, histidine, and tyrosine. 

These amino acids feature acidic and basic groups (i. e., carboxyl and amino groups) 

that, if ionized, give the viral capsid an electrical charge. The isoelectric point (IP) is the 

pH value at which a surface has a zero net charge; surfaces are positively charged at 

pH < pI and negatively charged at pH> pI. Viruses with a lipid envelope tend to be 

hydrophobic, whereas viruses without a lipid envelope are generally hydrophilic [44].  

 

Individuals across the globe spend most of their lives indoors, where they are constantly 

exposed to viruses residing on surfaces. The term “fomite” stands for any inanimate 

object that, when contaminated with infectious microorganisms, can act as a vector for 

transferring the disease-causing agents to a new human host. Most important fomites 

are those that humans contact frequently; examples include countertops, indoor walls, 

clothing, and furniture. Despite the already large and quickly growing knowledge base 

on the persistence of viruses on various surfaces, physicochemical bases of virus 

attachment to and removal from surfaces are not fully understood. can consider 

personal care products that human applies on their body as fomites. The study of 
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fomites has traditionally focused on determining whether there is presence of specific 

pathogenic organisms. Understanding virus-fomite interaction at the mechanistic level, 

in terms of specific interaction forces can help predict adhesion and identify most likely 

accumulation loci (“hot spots”) for viruses. Potentially, such knowledge can guide the 

selection and placement of materials and surface coatings as well as optimization of 

protocols of their cleaning with the ultimate goal of protecting human health.  

 

Most viruses are colloids, which making colloidal stability theories applicable to viruses. 

Virus-surface interactions can be modeled using the XDLVO theory, which builds on the 

DLVO theory and takes hydrophobic interactions into consideration. XDLVO theory has 

been widely used to study virus-fomites interactions [26, 45-52]. XDLVO theory 

describes the total energy of interaction 𝑈𝑣𝑤𝑓
𝑋𝐷𝐿𝑉𝑂 between a spherical particle 

(representing a virus (𝑣)) and a flat surface (representing a fomite (𝑓)) in water (𝑤) as a 

sum (see eq. (7)) of Lifshitz-van der Waals (LW), 𝑈𝑣𝑤𝑓
𝐿𝑊 , electrostatic double layer (EL), 

𝑈𝑣𝑤𝑓
𝐸𝐿 , and Lewis acid-base (AB), 𝑈𝑣𝑤𝑓

𝐴𝐵 , energies expressed as follows: 

𝑈𝑣𝑤𝑓
𝐿𝑊 (𝑑)  =  −

𝐴𝑎

6𝑑
= 2𝜋𝑑0

2
𝑎

𝑑
∆𝐺𝑑0

𝐿𝑊 
(4) 

𝑈𝑣𝑤𝑓
𝐸𝐿  (𝑑) =  𝜋𝜀𝑟𝜀0𝑎 [2𝜓𝑣𝜓𝑓 𝑙𝑛 (

1 + 𝑒−𝜅𝑑

1 − 𝑒−𝜅𝑑
) + (𝜓𝑣

2 + 𝜓𝑓
2) 𝑙𝑛(1 − 𝑒−2𝜅𝑑)] (5) 

𝑈𝑣𝑤𝑓
𝐴𝐵 (𝑑) = 2𝜋𝑎𝜆∆𝐺𝑑0

𝐴𝐵 𝑒𝑥𝑝 (
𝑑0 − 𝑑

𝜆
)  (6) 

𝑈𝑣𝑤𝑓
𝑋𝐷𝐿𝑉𝑂 = 𝑈𝑣𝑤𝑓

𝐿𝑊 + 𝑈𝑣𝑤𝑓
𝐸𝐿 + 𝑈𝑣𝑤𝑓 

𝐴𝐵  (7) 
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where 𝑎 is the virus radius, 𝑑 is the virus-fomite minimal interfacial separation distance, 

𝐴 = −12𝜋𝑑0
2∆𝐺𝑑0

𝐿𝑊 is the Hamaker constant, 𝜀𝑟 is the relative dielectric permittivity of 

water (for water at 25 °C, 𝜀𝑟 ≈ 78.3), 𝜀0 is the dielectric permittivity of vacuum (𝜀0  = 

8.854×1012 C·V-1·m-1), 𝜓𝑣   and  𝜓𝑠 are surface potentials of the virus and fomite, 

respectively, 𝜅 is the inverse Debye screening length, λ is the characteristic delay length 

of AB interactions in water (λ = 0.6 nm), and 𝑑0 is the minimum separation distance (𝑑0 

= 0.158 nm) due to Born repulsion. Surface potentials 𝜓𝑣  and  𝜓𝑓 are commonly 

approximated by 𝜁-potentials (𝜁𝑣 and  𝜁𝑓). Values of ∆𝐺𝑑0

𝐿𝑊 and 𝐺𝑑0

𝐴𝐵 in eq. (4) and eq. (6) 

are given by: 

∆𝐺𝑑0

𝐿𝑊 = 2(√𝛾𝑣
𝐿𝑊 − √𝛾𝑤

𝐿𝑊) (√𝛾𝑤
𝐿𝑊 − √𝛾𝑓

𝐿𝑊) 
(8) 

∆𝐺𝑑0

𝐴𝐵 = 2 √𝛾𝑤
+ (√𝛾𝑓

− + √𝛾𝑣
− − √𝛾𝑤

−) + 2√𝛾𝑤
− (√𝛾𝑓

+ + √𝛾𝑣
+ − √𝛾𝑤

+) 

−2√𝛾𝑓
+𝛾𝑣

− − 2√𝛾𝑓
−𝛾𝑣

+ 

(9) 

 

The free energy of virus-fomite interfacial interaction in water, ∆𝐺𝑣𝑤𝑓, is 

∆𝐺𝑣𝑤𝑓 = ∆𝐺𝑑0

𝐿𝑊 + ∆𝐺𝑑0

𝐴𝐵 (10) 

 

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a measurement 

technique that makes it uniquely suitable for studies of virus adhesion. First, QCM-D is 

very sensitive and can measure deposited materials with mass density as small as 17.7 

ng/cm2 [53]. Second, the technique allows for real-time monitoring of the deposited 
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mass and, therefore, can be used to measure deposition kinetics. With long range 

transport of species to the QCM-D sensor factored out, mass vs time data can offer 

insights into adsorption (or, more generally, adhesion) kinetics. The deposition of virus 

particles on the quartz surface can lead to a decrease in the frequency of vibration. 

Since the wet mass deposited onto the sensor is proportional to the changes in 

resonance and overtone frequencies, the rate of wet mass deposition can be 

represented by the rate of frequency shift [13]. Third, this technique can also offer 

information about the viscoelastic behavior of the adsorbed layer by measuring 

dissipation shifts [54]. QCM-D has been broadly used to study attachment of viruses 

such as bacteriophage MS2  [11, 12, 42], norovirus virus-like particle (VLPs) [55, 56], 

adenovirus [57], and pathogenic plant viruses [58, 59] to various surfaces including bare 

QCM crystals [11, 55, 60] (most often gold or silica but sensors with other coating are 

available), natural organic matter [12, 13, 61], polyelectrolyte multilayers [46, 57, 58, 62, 

63], or self-assembled monolayers [42, 56, 58, 59].  

 

1.3 Virus adhesion to personal care products: PCPs as an important type of 

fomites 

 

Microbial contamination of personal care products has been a significant problem for 

researchers and manufacturers worldwide [64]. Personal care products often include 

natural ingredients, including organic compounds. The raw material that these natural 

ingredients are sourced from is what often determines the potential of microbial 

contamination. Further, personal care products can be contaminated during use. Of 
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particular concern are products such as lipstick and lip balm, which can facilitate 

contagion through routes such as ingestion and inhalation.  

 

1.4 Membrane separation processes 

 

Membrane processes are being increasingly used in drinking water treatment and water 

reuse due to their effectiveness in removing a broad range of contaminants and 

relatively low cost. Microfiltration (MF) is suitable for reducing turbidity and removing 

microorganisms (bacteria, protozoans) while ultrafiltration (UF) can remove various 

waterborne viruses and most dissolved organic matter. Polyvinylidene fluoride (PVDF) 

is widely used as the base polymer for MF and UF membranes due to its chemical 

resistance and excellent mechanical strength. However, pure PVDF membranes are 

hydrophobic, making them more susceptible to fouling [65]. To mitigate this practical 

limitation, membranes made from hydrophobic polymers such as PVDF are often 

blended with hydrophilic additives. 

 

Indeed, membrane fouling is one of the critical challenges in the successful application 

of membrane processes. Fouling arises from interactions between a membrane and 

various components present in the raw water [66]. Natural organic matter (NOM), such 

as humic acid, is ubiquitous in surface water – a common source of raw water for 

drinking water treatment plants. NOM is one of the major membrane foulants as 

documented in research literature and reports from professional practice community 
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[66-69]. Fouling by humic acid is a complex phenomenon which involves both reversible 

and irreversible processes [66].   

 

Membrane cleaning is the primary approach to fouling mitigation and recovering the 

membrane performance. Membrane cleaning is defined as the action of removing 

substances that are not an integral part of the membrane surface or membrane bulk. 

Cleaning can be conducted either by using chemicals (chemical cleaning) or water flow 

(hydraulic cleaning) [70]. Other processes such as vibration and ultrasound [71, 72] are 

often used to supplement chemical and hydraulic cleaning. There are several categories 

of cleaning chemicals including surfactants, oxidants, acids, and chelating agents. 

Among them, sodium hypochlorite (NaClO) is one of the most commonly used cleaning 

reagents because of its chemical stability, low price, and effectiveness against organic 

foulants [73]. However, over an extended time, NaClO can impact the physicochemical 

characteristics of the membrane, affect membrane performance, and reduce the service 

life of the membrane [74]. NaClO can cause damage to membrane structure [75] and 

depth [76]. The membrane can also become more hydrophilic due to NaClO cleaning 

[77], which can result in a flux increase [78]. The zeta potential and the contact angle of 

the membrane can also be changed by NaClO.    
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1.5 Overview of adhesion measurements and data interpretation 

 

1.5.1 Classical method 

 

Hydrophobicity of a solid (𝑠) can be quantified in terms of the free energy of its 

interfacial interaction with an identical material when immersed in water (𝑤), ∆𝐺𝑠𝑤𝑠 [79]. 

We applied this approach to evaluate hydrophobicity of viruses (𝑣) and fomites (𝑓) by 

computing ∆𝐺𝑣𝑤𝑣 and ∆𝐺𝑓𝑤𝑓, respectively. The calculation relies on the knowledge of 

the solid’s surface energy in terms of its three components: two Lewis acid-base 

(electron acceptor, 𝛾𝑠
+, and electron donor,  𝛾𝑠

−) components and the Lifshitz-van der 

Waals component, 𝛾𝑠
𝐿𝑊. The Lewis acid-base components are also described as polar 

while the Lifshitz-van der Waals component is often referred to as dispersive or apolar. 

The components can be determined by measuring contact angles (𝜃) of three probe 

liquids (𝑙) with known 𝛾𝑙
𝐿𝑊, 𝛾𝑙

+ and 𝛾𝑙
− on the surface of the solid and substituting these 

values into the Young-Dupré equation [80, 81] 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2(√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑠

+𝛾𝑙
− + √𝛾𝑠

−𝛾𝑙
+), (1) 

where 𝛾𝑙
𝑇𝑂𝑇 is the total surface energy of the probe liquid: 

𝛾𝑡𝑜𝑡 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵 = 𝛾𝐿𝑊 + 2√𝛾−𝛾+. (2) 

The free energy of solid-solid interfacial interaction in water is given by 

∆𝐺𝑠𝑤𝑠 = −2(√𝛾𝑠
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)

2

− 4(√𝛾𝑠
+𝛾𝑠

− + √𝛾𝑤
+𝛾𝑤

− − √𝛾𝑠
+𝛾𝑤

− − √𝛾𝑠
−𝛾𝑤

+) (3) 



9 
 

where 𝛾𝑤
𝐿𝑊, 𝛾𝑤

+ and 𝛾𝑤
− are surface energy components of water. A positive value of 

∆𝐺𝑠𝑤𝑠 indicates a hydrophilic surface, while negative ∆𝐺𝑠𝑤𝑠 corresponds to a 

hydrophobic surface. The absolute value of ∆𝐺𝑠𝑤𝑠 indicates the degree of hydrophilicity 

(or hydrophobicity, when ∆𝐺𝑠𝑤𝑠 < 0) of the surface. Contact angles of three probe liquids 

– DI water, glycerol, and diiodomethane (DID) – on target solids are measured using 

sessile drop method. Additional contact angle measurements with ethylene glycol (EG) 

as the fourth probe liquid are often performed to obtain additional data and improve the 

accuracy of the prediction; in such cases, the graphical method is used.  

 

1.5.2 Graphical method 

 

For some of surfaces, the “classical method” may give a small negative value of √𝛾𝑠
+ ; 

this is attributed to a limited accuracy of the method wherein the standard error around 

a small positive “true” average result in a prediction of a small negative average.  

Therefore, a new approach – described herein as the “graphical method”, is used to 

solve √𝛾𝑠
+, √𝛾𝑠

− , and √𝛾𝑠
𝐿𝑊 of these types of surfaces. 

 

Since 𝛾𝑙
− and 𝛾𝑙

+ of DID are both equal to zero, Eq. (1) can be simplified: 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝐷𝐼𝐷
𝑇𝑂𝑇 = 2√𝛾𝑠

𝐿𝑊𝛾𝐷𝐼𝐷
𝐿𝑊  , (4) 

where 𝛾𝐷𝐼𝐷
𝑇𝑂𝑇 and 𝛾𝐷𝐼𝐷

𝐿𝑊  are the surface tension components of DID. Using Eq. (4), one can 

calculate 𝛾𝑠
𝐿𝑊 of solids by measuring their contact angles with DID only.  
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Eq. (1) can be recast as 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 − 2√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊

2√𝛾𝑙
−

= √𝛾𝑠
+ + √

𝛾𝑙
+

𝛾𝑙
− √𝛾𝑠

− (5) 

and 𝛾𝑠
− can be determined from the slope of a linear dependence of the left-hand side of 

eq. (5) on √𝛾𝑙
+ 𝛾𝑙

−⁄  with the intercept (√𝛾𝑠
+) set to zero. To improve the reliability of the 

prediction, additional contact angle measurements with additional probe liquids can be 

performed. The calculation can be done using the LINEST function in Excel; other than 

the common availability of the software, the approach is also very useful in that LINEST 

calculation returns errors for each both parameters (slope and intercept) of the linear fit.   

The methodology introduced in this section provides a brief introduction. A detailed 

discussion of the technique as applied in different adhesion contexts is provided in 

individual chapters of this dissertation. 

 

1.6 Dissertation overview 

 

The material presented in this dissertation is divided into Chapters where each Chapter 

is a manuscript either already published or in preparation for submission. 

 

Chapter 2 presents the study of virus adhesion to archetypal fomites. In this chapter, 

adhesion of two viruses – one enveloped (human respiratory syncytial virus, HRSV) and 

one non-enveloped (human adenovirus 5, HAdV5) – to four fomites (silica, nylon, 
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stainless steel, polypropylene) was quantified and interpreted based on 

physicochemical properties of viruses and fomites. Virus-fomite interactions are 

predicted using the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory and 

are experimentally assessed in tests with quartz crystal microbalance with dissipation 

(QCM-D). 

 

Chapter 3 tests the hypothesis that drying-induced decrease in lip balm surface energy 

can enhance virus adhesion due to the strong hydrophobic colloid-surface interactions. 

The surface properties of lip balm and human adenovirus 5 (HAdV5) were measured. 

Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) energy of interactions 

between lip balm coatings and HAdV5 as well as four other colloids: HAdV40, MS2 and 

P22 bacteriophages, and SiO2, were calculated.  

 

Chapter 4 describes a model of virus recovery by tangential flow filtration to guide the 

design of sample concentration process.  

 

Chapter 5 focuses on the PVDF membrane ageing due to chemical cleaning. In this 

study, the effect of humic acid fouling and sodium hypochlorite cleaning on the 

physicochemical properties and surface energy of PVDF is investigated. The home-

made PVDF membranes, with and without PVP additives, were treated by several 

cycles of humic acid fouling and sodium hypochlorite cleaning. The evolution of surface 

energy over this process is recorded. This study helps understand the evolution of 

membrane-foulant interactions when cleaned with sodium hypochlorite.   
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CHAPTER TWO 

Lip balm drying promotes virus attachment:  

Characterization of lip balm coatings and XDLVO modeling 

 

2.1 Abstract  

 

Hypothesis 

Drying-induced decrease in lip balm surface energy enhances virus adhesion due to the 

emergence of strong hydrophobic colloid-surface interactions. 

 

Experiments 

A protocol was developed for preparing lip balm coatings to enable physicochemical 

characterization and adhesion studies. Surface charge and hydrophobicity of four 

brands of lip balm (dry and hydrated) and human adenovirus 5 (HAdV5) were measured 

and used to calculate the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) 

energy of interactions between lip balm coatings and HAdV5 as well as four other 

colloids: HAdV40, MS2 and P22 bacteriophages, and SiO2. Quartz crystal microbalance 

with dissipation monitoring (QCM-D) tests employed SiO2 colloids, HAdV5 and hydrated 

lip balms. 
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Findings 

Drying of lip balms results in a dramatic decrease of surface energy (𝛿(∆𝐺𝑠𝑤𝑠) ≥ 83.0 

mJ/m2) making the surfaces highly hydrophobic. For dry lip balms, the interaction with 

all five colloids is attractive. For lip balms hydrated in 150 mM NaCl (ionic strength of 

human saliva), XDLVO calculations predict that hydrophilic colloids (MS2, P22, SiO2) 

may attach into shallow secondary minima. Due to the relative hydrophobicity of human 

adenoviruses, primary maxima in XDLVO profiles are low or non-existent making 

irreversible deposition into primary energy minima possible. Preliminary QCM-D tests 

with SiO2 colloids and HAdV5 confirm deposition on a hydrated lip balm. 

 

Keywords: adenovirus, personal care products, lip balm, lipstick, adhesion, XDLVO, 

QCM-D, fomites, virus transfer, public health 

 

2.2 Introduction1 

 

Environmental transmission via contaminated surfaces is an important pathway for 

pathogen transfer that can complement transfer with contaminated food or water, or via 

direct person-to-person contact. There is a growing body of literature on the pathogen 

adhesion to and resuspension from fomites [1]. Due to their smaller size, high infectivity, 

and resistance to disinfection, viruses are of special concern. Despite a clear need for 

 
1 Abbreviations: Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO); quartz crystal microbalance 

with dissipation monitoring (QCM-D); human adenovirus 5 (HAdV5); human adenovirus 40 (HAdV40); 
American Type Culture Collection (ATCC); scanning electron microscopy (SEM). isoelectric point (IEP). 
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such data, relatively little is known about the propensity of viruses to attach to common 

surfaces. A number of studies have explored virus transfer to and from human body. [2-

8]. Most but not all of these studies focused on unmodified human skin Julian et al. [5] 

showed that washing fingerpads reduced virus transfer; the trend was tentatively 

attributed to changes in the moisture level or pH of the skin [9] or to the presence of 

soap residuals pointing to the possible importance of skin coatings. In the two studies 

by Pitol et al. [6, 7], Vaseline was used to delimit the human skin area where 

bacteriophages were allowed to adhere to human skin. The approach was based on a 

viability assay, which showed that MS2 adsorption to Vaseline was at least one order of 

magnitude lower than to the skin. However, the duration of the longest test was 10 min 

and thus one can assume that Vaseline did not have time to dry.  

 

Microbial contamination of personal care products has been a significant problem for 

researchers as well as manufacturers worldwide [10]. The presence of high numbers of 

pathogens poses a serious health threat to consumers, especially those who are 

already ill or in a weakened state [11]. According to the Rapid Alert System database, 

from January 2008 until week 26 of 2014 sixty-two cosmetic products were recalled 

because they were contaminated with pathogenic or potentially pathogenic 

microorganisms [12]. Although the use of preservatives, good manufacturing practices 

and quality control programs have improved product quality, cases of contaminated 

cosmetic products have been reported.  For example, on December 7, 2010, there was 

an Import Alert regarding Alexia Lip gloss cosmetic contaminated by Sphingomonas 

paucimobilis and P. aeruginosa, manufactured by Maesa, Jinwan Zhuhai [13]. 
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Legislation and introduction of good manufacturing practices have improved the 

microbiological standards, but contaminated cosmetics are still found [14] and 

consequences for end users can be grave. As an example, contaminated ocular 

cosmetics caused a Pseudomonas corneal ulcer after a woman sustained minor corneal 

trauma with a mascara applicator [15]. 

 

Cosmetics are designed and manufactured to ensure product stability and 

microbiological safety during normal and reasonably foreseeable product use. However, 

according to the U.S. Food and Drug Administration, personal care products intended 

for the general population are not intended to be sterile [10]. Personal care products 

often include natural ingredients, including organic compounds; the raw materials that 

these natural ingredients are sourced from are one of the main reasons for microbial 

contamination [16]. Further, cosmetic products can be contaminated during use. Of 

particular concerns are products such as lipstick and lip balm, which can facilitate 

contagion through common routes such as ingestion and inhalation. For example, 

sharing lipstick may increase the chance of infection of Epstein–Barr virus, an agent 

linked to systemic lupus erythematosus [17]. Lipstick-associated pathogens are most 

likely to enter the human body through the mouth when eating or drinking. This 

hypothesized route is of particular importance given the scale of lipstick usage. 

According to a study conducted by the Scientific Committee on Consumer Safety, the 

estimated daily amount applied lipstick is 0.057 g and the frequency of application is 

twice a day [18]. 
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There are multiple studies on virus attachment to surfaces such as organic matter [19], 

soil [20], membrane filters [21], sand [22], polymers (e.g. polyvinylidene fluoride [23] and 

anion exchange resins [24]), and polyelectrolyte-coated surfaces [25]. Most of this work 

employed bacteriophages as human virus surrogates [19, 20]. To our knowledge, there 

has been no published work on the attachment of viruses to personal care products 

including lip balm and lipsticks. More broadly, to our knowledge, there have been no 

prior reports on the adhesion of particles of any kind to lip balm or lipstick surfaces. This 

is likely because of the absence of standard protocols for such measurements and 

difficulties of sample preparation. The present work aims at filling this knowledge gap. 

 

This study began with developing a methodology for coating lip balms to prepare 

surfaces suitable for physicochemical characterization of lip balm as well as for testing 

adhesion of colloids to such materials. Both dry and hydrated lip balms were 

characterized in terms of charge and hydrophobicity. The data was used to predict the 

XDLVO energy of interfacial interactions between these surfaces and five colloids: 

human adenoviruses (serotypes 5 and 40) and two bacteriophages (P22 and MS2), and 

SiO2 particles. The XDLVO modeling study was complemented with a preliminary 

experimental study of SiO2 and HAdV5 deposition onto hydrated lip balm. 
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2.3 Materials and Methods 

 

2.3.1 Reagents  

 

All chemical reagents were of high purity (>99%). Petroleum distillate (Penetrol, PPG 

Industries) as well as ethyl acetate, isopropanol, methanol, pentane, and hexane (all – 

Sigma Aldrich) were used as solvents for lip balms. Aqueous solutions of KCl (Sigma 

Aldrich) were employed in measurements of particle size and electrophoretic mobility of 

SiO2 colloids and HAdV5, streaming potential of lip balm surfaces, and colloid adhesion 

to lip balms. Eight different brands of over-the-counter lip balm, all purchased in the 

local supermarket (Meijer, Okemos, MI) were initially characterized in water contact 

angle tests. Based on contact angle values and manufacturer-supplied information on 

balm composition, four representative types of lip balm were selected for further 

characterization and colloid adhesion tests. While nanoparticles such as ZnO and TiO2 

are sometimes included in lip balm formulations for added UV protection, neither of the 

four lip balms selected for this study contained nanoparticles. The detailed composition 

of each lip balm is given in SM (Table 4). The stock of viable HAdV5 was purchased 

from American Type Culture Collection (ATCC) [26] (see SM, section S3). As described 

by the manufacturer, HAdV5 (ATCC VR-1516) was propagated by culturing on HEK 293 

cells from the Working Cell Bank in Cell Cubes® and purified using a single-column 

chromatography with an anion exchange resin. The method was shown to give virus 

stock of the purity comparable to that achieved with CsCl gradient purification [27]. SiO2 

suspension (Snowtex ZL, 40-41 wt%, , SiO2 density 2.3 g/cm3 [28]) was obtained from 
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Nissan Chemical Industries (Tokyo, Japan). 

 

2.3.2 Preparation of lip balm surfaces 

 

For contact angle and surface charge measurements, lip balms samples were melted 

and then spin coated into a relatively thick film on a surface of a glass slide (Protocol A, 

Fig. 1). Briefly, a solid lip balm sample was first melted on the heater and then pipetted 

on a glass slide positioned on the chuck of the spin coater operated at 3000 rpm. The 

deposition procedure was sufficiently fast (~ 5 s) to avoid premature on-contact 

solidification of the sample. The duration of spin-coating was 15 s. 

 

For QCM-D measurements, the coating layer should be not only continuous but also 

very thin (a few microns at most) to avoid overloading the QCM-D sensor. To form such 

thin layers, melted lip balm samples were mixed with a solvent prior to being spin-

coated on the QCM-D sensor surface. First, several solvents - ethyl acetate, 

isopropanol, methanol, pentane, hexane, and petroleum distillate were evaluated as 

alternatives for liquefying lip balm. The selection of solvents to test was partly based on 

the results of a study by Dasari and Goud, who extracted castor seed oil using polar 

and non-polar solvents [29]. Of the five solvents, petroleum distillate yielded the most 

homogenous lip balm solution. Then, three different protocols (B, C and D; Fig. 1) were 

assessed to select a method that gives a sufficiently thin coating with the surface 

energy most closely matching that of a solvent-free sample. Briefly, solid lip balm 

samples were melted in a glass vial using a heating plate and then dissolved in 
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petroleum distillate. The liquid sample was stirred (Multistirrer, Thomas Scientific) under 

800 rpm and autoreverse (10 s) mode for 1 day and then sonicated overnight at 37 °C 

to break up larger, undissolved particles. The processed sample (~ 0.5 ml) was pipetted 

onto a clean support surface (glass slide or QCM-D sensor), spin-coated at 7500 rpm 

for 50 s, and left in the fume hood at room temperature for 5 days. After drying, the 

sample was heated on a heater at the minimum temperature of 100 °C for 2 min to 

evaporate residual solvents. 

 

2.3.3 Characterization of the lip balm surface: Surface charge and morphology 

 

Surface charge was determined using streaming current measurements (SurPASS 

electrokinetic analyzer, Anton Paar GmbH) performed on 20 mm x 10 mm lip balm-

coated glass slides. Prior to measurements, each sample was immersed in 1 mM KCl 

solution overnight. Samples were fixed on sample holders and inserted into an 

adjustable gap cell with the gap height set at 145 µm. Measurements were done using 

KCl as the electrolyte and repeated four times for each sample. The homogeneity of the 

coating on the gold sensors was evaluated using scanning electron microscopy (SEM, 

JEOL 6610 LV microscope). Because of the concern that volatile components of lip 

balm samples may interfere with SEM imaging, microscopy was performed in the low 

vacuum mode (see SM, section S1). 
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Figure 1. Lip balm coating protocols evaluated in this work. Of the three protocols (B, C, 
D) for preparing ultrathin coatings suitable for QCM-D measurements, protocol B 
yielded lip balm surface with the surface energy most closely matching that of a 
minimally processed sample (protocol A, baseline) and was, therefore, adopted for 
studying adhesion of colloids to such coatings. 

 

 

2.3.4 Characterization of HAdV5 virions and SiO2 colloids: Size and charge 

 

Hydrodynamic diameter and electrophoretic mobility were measured by dynamic light 

scattering (ZetaPALS, Brookhaven Instruments) and laser doppler micro-

electrophoresis (Zetasizer Nano ZS, Malvern), respectively.  Zeta potential values were 
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calculated based on electrophoretic mobilities determined as a function of pH, which 

was adjusted using NaOH and HCl [30]. The particle size distribution in the SiO2 stock 

(40.5 wt%) could not be measured because of high turbidity. Thus, the samples used to 

measure the particle size and 𝜁-potential were both diluted to 0.08 wt% in 1 mM KCl. 

Prior to use, the stock suspensions were sonicated (VWR ultrasonic cleaner, 35 kHz, 40 

W, VWR International) for 20 min to ensure complete dispersion. Prior to measuring the 

hydrodynamic size and charge of colloids (virus or SiO2), the suspensions were filtered 

through 0.22 μm filter. 

 

2.3.5 Quantifying hydrophobicity of HAdV5 and lip balm surfaces 

 

While the hydrophobicity of a surface can be roughly evaluated based on its contact 

angle with water, a more accurate measure of surface hydrophobicity is given by the 

free energy of interfacial interaction (∆𝐺𝑠𝑤𝑠) of two surfaces, identical to the one in 

question, when immersed in water [31]. The negative sign of ∆𝐺𝑠𝑤𝑠 indicates that the 

surface is hydrophobic [32]. The absolute value of ∆𝐺𝑆𝑊𝑆 indicates the degree of 

hydrophobicity (or hydrophilicity, when ∆𝐺𝑆𝑊𝑆 > 0) of the surface. To determine ∆𝐺𝑠𝑤𝑠 for 

HAdV5 and lip balms (both dry and hydrated), contact angles of three probe liquids - DI 

water, glycerol, and diiodomethane - on virus lawn and on lip balm surface were 

determined using the sessile drop method (goniometer/tensiometer model 250, ramé-

hart). Contact angle values were calculated by DROPimage Advanced software based 

on recorded droplets shapes. The droplet volume was in the 8 µl to 10 µl range. To 

prepare a virus lawn, purified virus stock was filtered through a 50 kDa ultrafiltration 
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membrane. The membrane coated with a multilayer cake of virions (> 4 monolayers) 

was dried until the water contact angle on the membrane stabilized (≥ 6 h across all 

samples) [21, 30, 33]. Lip balm surfaces were prepared by spin coating as described in 

section 2.2. To hydrate lip balm, coated glass slides were immersed for 30 min in NaCl 

solution with the ionic strength (150 mM) matching that of human saliva. The contact 

angle tests in air were performed at the ambient temperature of 22 °C and the relative 

humidity of 47 %. 

 

Every contact angle measurement was repeated three times. Surface tension 

components of the surface (𝛾𝑠
𝐿𝑊, 𝛾𝑠

+, 𝛾𝑠
−) were obtained by substituting measured 

contact angles and known surface tensions of probe liquids into the Young-Dupré 

equation (Eq. (1)) where 𝜃 is the contact angle of the probe liquid on the surface, 𝛾𝑙
𝑇𝑂𝑇 is 

the total surface energy, while 𝛾𝐿𝑊, 𝛾+and 𝛾− are Lifshitz-van der Waals (i.e. apolar), 

electron acceptor, and the electron donor components of surface energy. Subscripts 𝑙 

and 𝑠 refer to the probe liquid and the surface, respectively [31]. 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2(√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑠

+𝛾𝑙
− + √𝛾𝑠

−𝛾𝑙
+) (1) 

The free energy of interfacial interaction in water, ∆𝐺𝑠𝑤𝑠, was calculated based on the 

surface energy component of the solid (virus or lip balm) and the tabulated values of the 

surface energy components of water [31]: 

∆𝐺𝑠𝑤𝑠 = −2(√𝛾𝑠
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)
2

− 4(√𝛾𝑠
+𝛾𝑠

− + √𝛾𝑤
+𝛾𝑤

− − √𝛾𝑠
+𝛾𝑤

− − √𝛾𝑠
+𝛾𝑤

−) (2) 
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2.3.6 QCM-D studies of SiO2 and HAdV5 attachment to lip balm surfaces 

 

Colloidal deposition onto a surface can be quantified using quartz crystal microbalance 

with dissipation monitoring (QCM-D). This system allows real-time monitoring of the 

changes in vibrational frequency due to mass deposition onto the quartz crystal sensor. 

With the deposited mass proportional to the changes in resonance and overtone 

frequencies, the amount of mass deposited can be computed based on the frequency 

shift [34]. This technique can also offer information on the viscoelastic behavior of the 

adsorbed layer by measuring dissipation [35]. QCM-D has been used to study 

attachment of MS2 bacteriophage [19, 20, 36], human adenovirus [37] and pathogenic 

plant viruses [38, 39] onto various surfaces such as clays [20], natural organic matter 

[19, 34, 40], polyelectrolyte multilayers [25, 41], and household paints [37]. 

 

The QCM-D E4 system (Biolin Scientific) was used to quantify the deposition of colloids 

onto the lip balm-coated QCM sensor surfaces.  Prior to measurement, gold QCM-D 

sensors were cleaned following the procedure recommended by the manufacturer (see 

SM, section S2) and then mounted into the flow chamber to determine their resonance 

frequency in air. This was followed by a 5-min measurement of resonance frequency to 

establish a stable baseline. QCM-D tests were carried out at 25 °C in a continuous flow 

mode (0.15 ml/min) using a digital peristaltic pump (IPC, four channels, ISMATEC). To 

acquire QCM resonances, lip balm-coated sensors were first contacted with 150 mM 

NaCl solution for at least 20 min until the baseline of the frequency signals was 



32 
 

stabilized using 
∆𝑓

∆𝑡
≤ 0.025 Hz/min as the baseline criterion. The 150 mM solution 

matched the continuous phase of the colloidal suspension in the QCM-D measurement 

and had the ionic strength approximating that of human saliva (~ 136 mM; Table 3) [42]. 

In tests with SiO2 colloids, the sensors were challenged with silica suspensions of one 

of two concentrations: 0.52 mg(SiO2)/ml or 1.05 mg(SiO2)/ml. In tests with HAdV5, the 

concentration of HAdV5 in the feed was ~ 109 GC/mL. Based on the measured value of 

HAdV5 hydrodynamic size (103 nm, see section 3.3) and the approximate virion density 

(assumed 1.33 g/cm3 [43, 44]) the corresponding mass concentration of HAdV5 was 

estimated to be 0.76 µg/mL. QCM frequency and dissipation were recorded every 1 

min. The frequency shifts were fitted into the Sauerbrey equation [45] to compute the 

mass change: 

∆𝑚 = −𝐶∆𝑓/𝑛 (3) 

where 𝐶 = 17.7 ng·Hz-1·cm-2 is the mass sensitivity constant, 𝑛 is the overtone number 

and Δ𝑓 is the frequency shift (Hz). Mass data were calculated based on 3rd 5th 

overtones. 

 

2.3.7 XDLVO modeling of colloid interactions with lip balm 

 

The interactions particles and surfaces include repulsive electrostatic interactions and 

attractive van der Waals forces, which can be described by the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory of colloid stability [46, 47]. The classic DLVO theory, 

however, showed only limited ability to predict nanoparticle adhesion to surfaces [19, 34, 

36, 48]. Extended DVLO (XDLVO) model [49] builds on the DLVO theory by taking 
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hydrophobic interactions into consideration. The XDLVO theory can predict interactions 

of dissolved and colloidal materials with various surfaces [50, 51] and has been applied 

to describe virus-surface interactions [21, 25, 33, 52]. The XDLVO theory describes the 

total energy of interaction 𝐸𝑠1𝑤𝑠2
𝑋𝐷𝐿𝑉𝑂 between two surfaces in an aqueous medium as a 

sum of the Lifshitz-van der Waals, 𝐸𝑠1𝑤𝑠2
𝐿𝑊 , electrostatic double layer, 𝐸𝑠1𝑤𝑠2

𝐸𝐿 , an acid-base, 

𝐸𝑠1𝑤𝑠2
𝐴𝐵 , energies. When one of the surfaces is a virus: 

𝐸𝑣𝑤𝑠
𝑋𝐷𝐿𝑉𝑂 = 𝐸𝑣𝑤𝑠

𝐿𝑊 + 𝐸𝑣𝑤𝑠
𝐸𝐿 + 𝐸𝑣𝑤𝑠   

𝐴𝐵  (4) 

The XDLVO approach extends the DLVO theory by taking hydrophobic interactions 

(𝐸𝑠1𝑤𝑠2
𝐴𝐵 ) into consideration.  In the expression above, 

𝐸𝑣𝑤𝑠
𝐿𝑊  =  −

𝐴𝑎

6𝑑
= 2𝜋

𝑎

𝑑
𝑑0

2∆𝐺𝑦0
𝐿𝑊 , (5) 

where 𝑎 is the virus radius, 𝑑 is the separation distance, 𝑑0 is the minimum separation 

distance (𝑑0  = 0.158 nm) [31, 53], and 𝐴 = −12𝜋𝑦0
2∆𝐺𝑦0

𝐿𝑊 is Hamaker constant. Further, 

𝐸𝑣𝑤𝑠
𝐸𝐿  =  𝜋𝜀𝑟𝜀0𝑎 [2𝜓𝑣𝜓𝑠 𝑙𝑛 (

1 + 𝑒−𝑘𝐷𝑑

1 − 𝑒−𝑘𝐷𝑑
)    ]  

+ (𝜓𝑣
2 + 𝜓𝑠

2) 𝑙𝑛(1 − 𝑒−2𝑘𝐷𝑑)      

(6) 

𝐸𝑣𝑤𝑠
𝐴𝐵 = 2𝜋𝑎𝜆∆𝐺𝑑0

𝐴𝐵 𝑒𝑥𝑝 (
𝑑0 − 𝑑

𝜆
)   

(7) 

where 𝜀𝑟 is the dielectric constant of water (𝜀𝑟 = 79), 𝜀0 is the relative permittivity in 

vacuum (𝜀0  = 8.8541012 C·V-1·m-1), 𝜓𝑣  and  𝜓𝑠 are the surface potentials of the colloid 

and surface respectively, 𝑘𝐷 is the reverse Debye length, λ is the characteristic delay 

length of the AB interaction (λ = 0.6 nm) [53].  
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∆𝐺𝑑0

𝐴𝐵 = 2 √𝛾𝑠
+(√𝛾𝑠

− + √𝛾𝑣
− − √𝛾𝑤

−) + 2√𝛾𝑠
− (√𝛾𝑠

+ + √𝛾𝑣
+ − √𝛾𝑤

+) 

−2(√𝛾𝑠
+𝛾𝑣

− + √𝛾𝑠
−𝛾𝑣

+ ) 

(8) 

∆𝐺𝑑0

𝐿𝑊 = 2(√𝛾𝑤
𝐿𝑊 − √𝛾𝑠

𝐿𝑊)(√𝛾𝑣
𝐿𝑊 − √𝛾𝑤

𝐿𝑊) 
(9) 

where 𝛾+ is the electron acceptor component, 𝛾− is the electron donor component and  

𝛾𝐿𝑊 is the apolar surface energy component. The surface energy components of the 

surface (𝛾𝑠
+, 𝛾𝑠

−, 𝛾𝑠
𝐿𝑊) and the virus (𝛾𝑣

+,  𝛾𝑣
𝐿𝑊, 𝛾𝑣

−) are calculated using the Young-Dupre 

equation and contact angle values of the probe liquids. 

 

2.4 Results and Discussion 

 

2.4.1 Optimal coating protocol and coating morphology 

 

At each processing step, lip balm samples remained homogenous with no apparent 

changes other than in their flowability. While phase separation may occur in similar (e.g.   

recrystallization of cocoa butter leading to “fat blooms” on the surface of lip balms [54] 

and chocolate [55]), in our study no phase separation was observed at any point during 

sample preparation (melting, coating, drying). We attribute this to the relatively simple 

composition of the lip balms used in this work (see SM, Table 4). Detailed rheological 

studies would be necessary to explore possible structural and compositional changes in 

depth [56].  
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Lip balm film morphology was assessed using SEM (Fig. 2). The coating thickness was 

relatively constant across the coated area and had a homogeneous internal structure for 

all lip balms but Vaseline. The thickness was estimated to be 1.15 ± 0.19 µm, 2.03 ± 

0.12 µm, 1.07 ± 0.16 µm, and 3.18 ± 0.10 µm for Carmex, ChapStick, Burt’s Bees, and 

Vaseline, respectively. The surface roughness of the coatings was not measured more 

accurately (e.g. with atomic force microscopy). However, how the roughness affected 

surface energy was captured by the measured values of apparent contact angles. 

(Surface roughness enhances apparent hydrophobicity of surfaces with water contact 

angle > 90 ° [57].) We also note that there may be a difference in the surface roughness 

(and, therefore, surface energy) between lip balm coatings on a relatively flat surface 

such as a glass slide, an SEM stub or a QCM-D sensor and that of a human lip. While 

outside of this study’s scope, the effects of the morphology of the underlying surface on 

the adhesiveness of personal care products should be explored in future work. 

 

Addition of petroleum distillate as a solvent enabled spin-coating of the lip balm sample 

but could also alter the physicochemical properties that affect adhesion. In this study, a 

change in the surface energy of lip balm was used as a composite indicator of solvent-

induced alterations to the sample during the preparation process. The underlying 

assumption was that the deviation of the surface energy from its baseline value 

(measured for dry samples) was indicative of the presence of residual solvent. By 

extension, return of the surface energy value to that of the baseline (protocol A) was 

accepted as evidence of the removal of residual solvent. The optimal sample 

preparation procedure was selected in tests with Carmex lip balm coated onto a glass 
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slide surface. Based on measured values of contact angles of probe liquids, surface 

energies of Carmex coatings made using protocols B, C, and D were compared with 

that for a coating made using the “solvent-free” protocol A. Protocol B has ∆𝐺𝑠𝑤𝑠 values 

matching those obtained by protocol A and, therefore, was selected as the coating 

method to prepare lip balm surfaces for adhesion studies (Fig. 3). 

 

2.4.2 Hydrophobicity and surface charge of lip balm-coated surfaces 

 

Lip balms hydrated in 150 mM NaCl (model human saliva) had the surface energy in the 

15.2 mJ/m2 to 38.4 mJ/m2 range. The energy penalty associated with the replacement 

of the layer of water molecules bound at such hydrophilic surfaces makes them less 

adhesive. Drying had a dramatic effect on the surface energy of lip balms (Fig. 4)    



37 
 

                       (a)                                (b) 

  

  

                    (c)                           (d) 

  

Figure 2. Representative SEM images of a) Carmex b) ChapStick, c) Burt's Bees, and d) Vaseline coatings on a QCM-D 
sensor.
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converting them into strongly hydrophobic surfaces with 𝐺𝑠𝑤𝑠 values ranging from - 65.0 

mJ/m2 to - 90.7 mJ/m2. Such reversal of the surface energy from positive to highly 

negative should translate into a significant change in the adhesive properties of these 

surfaces.  

 

All four lip balms had a pH-dependent charge indicating presence of ionizable surface 

groups.  The 𝜁-potential of Carmex and Vaseline showed a steady decrease with an 

increase in pH (Fig. 5a). The isoelectric point (IEP) for Carmex and Vaseline lip balm 

samples were ~ 4.15 and ~ 4.0, respectively. For ChapStick and Burt’s Bees lip balms, 

the charge had a more complex dependence on pH (Fig. 5b) with two IEPs for each 

surface: 4.0 and 7.7 for ChapStick and 4.1 and 7.7 for Burt’s Bees. The origin of the 

positive slope in the 𝜁 vs pH dependence for ChapStick and Burt’s Bees is unclear. We 

speculate that this non-monotonous nature of 𝜁(pH) function is due to the presence of 

water-soluble compounds in the lip balms with a pH dependent charge and solubility. 

The observed increase 𝜁 with an increase in pH can stem from leaching of negatively 

charged compounds at higher pH values. The irregular behavior was observed for only 

two out of four lip balms and should be explored further. This is particularly important 

given that the second IPE is close to the pH range of saliva. 

 

2.4.3 Hydrodynamic size and surface charge of HAdV5 and SiO2 colloids 

 

The particle size distribution of HAdV5 suspension had a single narrow peak at ~103 ± 

1 nm (see SM, Fig. 10) indicating high purity of the stock [26, 27].  The 𝜁-potential of 
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HAdV5 continuously decreases with an increase in pH (Fig. 5). The IEP of HAdV 5 is ~ 

4.5 consistent with the result reported by Trilisky and Lenhoff [58]. The 𝜁-potentials 

measured at pH < 4.5 and pH > 8 were different from the values reported in that earlier 

study likely due to differences in the background electrolyte (see SM, section S5).  

The particle size distribution of ST-ZL (see SM, Fig. 10) features a single narrow peak 

at ~138 nm, which is above the manufacturer-provided size range (70 to 100 nm). 

Earlier studies also reported larger sizes for ST-ZL silica (139 to 153 nm [28, 59]). The 

𝜁-potential of ST-ZL decreased with an increase in pH (Fig. 13) and remained negative 

over the pH range measured in this study, which is consistent with the result reported by 

Kim et al. [59]. The 𝜁-potentials measured at pH < 4 and pH > 8 were different from the 

result reported by Kim et al. likely due to different background electrolytes used. 
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Figure 3. Free energy of interfacial interaction in water, ∆Gsws, of the Carmex lip balm as a function of the coating protocol 
(see Fig. 1). Measured contact angles of probe liquids and calculated surface energy parameters used to compute ∆Gsws 
values are given in Table 6. Each measurement was done in triplicate. Errors correspond to standard deviations. 
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Figure 4. Free energy of interfacial interaction in water, ∆𝐆𝐬𝐰𝐬, of the four lip balms coated using protocol B (see Fig. 1) in 
dry and hydrated states. Measured contact angles of probe liquids and calculated surface energy parameters used to 
compute ∆𝐆𝐬𝐰𝐬 values are given in Table 5. Each measurement was done in triplicate. Errors correspond to standard 
deviations. 
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(a) (b) 

  

 

Figure 5. Surface charge of HAdV5 virions and lip balm surfaces as a function of pH. Vertical dashed lines indicate pH 
values (4.2 and 7.2) used in QCM-D measurements of HAdV5 attachment to lip balm surfaces. Lines connecting 
experimental data points are added to the guide the eye. Average and standard deviations for lip balm samples are based 
on four independent measurements for each lip balm.  Average and standard deviations for HAdV5 are based on three 
independent measurements. HAdV5 data is shown in both graphs to add data interpretation. 
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2.4.4 Attachment of viruses and SiO2 particles to lip balm-coated surfaces: 

XDLVO predictions 

 

XDLVO modeling of colloid-lip balm interaction was performed for five colloids: two 

human viruses (HAdV5, HAdV40), two bacteriophages (MS2, P22) and particulate SiO2. 

Colloid properties required as inputs to XDLVO model included particle size, ζ-potential  

and surface energy. For HAdV5, all these characteristics were measured (section 4.3). 

To our knowledge, this is the first report of surface energy (or any other metric of 

hydrophobicity) for HAdV5. For SiO2, size and charge were also determined in this 

study while the surface energy value was calculated based on contact angles of three 

probe liquids as reported by Zdziennicka et al. [60]. For HAdV40, P22 and MS2, the 

values were taken from the literature [21, 25, 30, 60] (Table 1). 
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Table 1. Size, charge and hydrophobicity of colloids considered in this work. The three 
properties are quantified in terms of hydrodynamic diameter (𝒅𝒉), zeta-potential (𝜻), and 
free energy of interfacial interaction in water (∆𝑮𝒔𝒘𝒔), respectively. 
Notes: 
 A This study (see SM, Fig. );B Shi et al. [21]; C Shi and Tarabara [30]; D Calculated 
based on contact angle data reported by Zdziennicka et al. [60]. The error is not 
provided because the original contact angle values are reported as averages only; E 
This study (see SM, Table 5); F Dang and Tarabara [25]; G This study (see SM, Fig. 13); 
H This study (see Fig. 5) 

 

Property 

Colloid type 

SiO2 

particles 

Human viruses Bacteriophages 

HAdV5 HAdV40 P22 MS2 

𝑑ℎ, nm 137.9 ± 0.4 A 

(n=10) 

103 ± 1.3 A 

(n=10) 

98 ± 3.0 B 

(n=10) 

54 ± 1.3 C 

(n=10) 

27 ± 0.4 C 

(n=10) 

𝜁, mV (at 

pH 4.2) 

-25 ± 2.9 G 

(n=10) 

7 ± 0.8 H 

(n=30) 

-8 ± 1.8 B 

(n=10) 

-19± 1.3 C 

(n=10) 

-31± 1.3 C 

(n=10) 

𝜁, mV (at 

pH 7.2) 

-36 ± 2.8 G 

(n=10) 

-18 ± 0.4 H 

(n=30) 

 -29 ± 4.7 B 

(n=10) 

 -47 ± 0.7 C 

(n=10) 

 -47 ± 0.9 C 

(n=10) 

∆𝐺𝑠𝑤𝑠, 

mJ/m2 

12.8D -27.7 ± 1.1 E 

(n=3) 

-30.4 ± 6.5 B 

(n=3) 

-6.3 ± 11.0 C 

(n=3) 

48 ± 15.3 F 

(n=3) 
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Two pH values (4.2 and 7.2) were selected. pH 7.2 represented that of saliva of a 

healthy person (6.2 to 7.6 typical range [61]). pH 4.2 was chosen to explore HAdV5 

deposition under different conditions of virus-balm electrostatic interaction (Fig.5). In 

what follows we present results of XDLVO modeling for two colloid/lip balm pairs 

(SiO2/Burt’s Bees and HAdV5/Carmex). Results for the other colloid/lip balm pairs are 

given in SM (Fig. 14 – 31). 

 

Figure 6 shows XDLVO energy profiles for Burt’s Bees-HAdV5 interaction. For dry lip 

balms, the XDLVO model indicates that at both pH values (4.2 and 7.2) the total energy 

of interaction is attractive: 𝐸𝑡𝑜𝑡 ≤ 0 and 
𝑑𝐸𝑡𝑜𝑡

𝑑𝑟
≥ 0 (Fig. 6a, 6c). Figure 7 illustrates 

XDLVO energy profiles for Burt’s Bees-SiO2 interaction. For dry balms (Fig. 7a, 7c), the 

trends were the same as for HAdV5. In fact, for all five colloids and for both pH values, 

the overall interaction of colloids with dry lip balm is always attractive (Fig. 14 – 31). The 

main reason for the favorable interaction is the high hydrophobicity of dry lip balms (Fig. 

4) and the resulting strong short-range hydrophobic attraction. 
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Table 2. Values (in units of kT) of the primary maximum (𝑬𝒎𝒂𝒙) and secondary minimum 

(𝑬𝒎𝒊𝒏) in the XDLVO energy profile for colloid interaction with hydrated lip balms.  

 

Lip balm 

(hydrated) 

pH HAdV5 HAdV40 P22 MS2 SiO2 

𝐸𝑚𝑎𝑥  𝐸𝑚𝑖𝑛 𝐸𝑚𝑎𝑥 𝐸𝑚𝑖𝑛 𝐸𝑚𝑎𝑥 𝐸𝑚𝑖𝑛 𝐸𝑚𝑎 𝐸𝑚𝑖𝑛 𝐸𝑚𝑎𝑥 𝐸𝑚𝑖𝑛 

Burt’s Bees 4.2 - - 10.9 -3.1 221.7 -1.1 381.4 -0.5 1099 -2.6 

Burt’s Bees 7.2 - - - - 158.0 -1.3 378.4 -0.5 1191 -2.6 

Carmex 4.2 13.7 -3.9 29.8 -2.9 262.5 -1.2 445.3 -0.5 1448 -2.6 

Carmex 7.2 5.2 -3.1 68.6 -2.2 293.0 -1.0 451.0 -0.5 1337 -2.5 

ChapStick  4.2 - - 45.7 -1.9 257.0 -0.8 403.5 -0.4 1192 -1.8 

ChapStick 7.2 13.4 -2.8 12.6 -2.3 139.5 -0.9 272.7 -0.4 922 -1.9 

Vaseline 4.2 337.7 -2.2 433.3 -1.7 477.0 -0.9 447.0 -0.4 1562 -2.2 

Vaseline 7.2 388.0 -2.0 488.0 -1.6 526.0 -0.8 493.0 -0.4 1673 -2.0 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d)  

 

Figure 6. XDLVO energies of the interaction of human adenovirus 5 with Carmex lip balm at pH 4.2 (a, b) and pH 7.2 (c, 
d) in dry (a, c) and hydrated (b, d) states. DLVO and XDLVO energy profiles for HAdV5 interaction with the other three lip 
balms (Burt’s Bees, ChapStick and Vaseline) are given in SM. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 7. DLVO and XDLVO energies of the interaction of SiO2 particles with Burt’s Bees lip balm at pH 4.2 (a, b) and pH 
7.2 (c, d) in dry (a, c) and hydrated (b, d) states. DLVO and XDLVO energy profiles for HAdV5 interaction with the other 
three lip balms (Carmex, ChapStick and Vaseline) are given in SM. DLVO total energy is provided for reference. 
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For hydrated lip balms, XDLVO modeling gives a more nuanced prediction. Across the 

20 colloid/lip balm combinations evaluated in this work, interaction energy profiles 

covered a range 𝐸𝑚𝑎𝑥 (zero to thousands kT) and 𝐸𝑚𝑖𝑛 (zero to ~ 4 kT) values (Table 2; 

Fig. 6, Fig. 7, A14-A21). Low 𝐸𝑚𝑎𝑥 (< several kT) or no primary energy barrier points to 

the likely irreversible attachment into the primary minimum. If the primary energy barrier 

(𝐸𝑚𝑎𝑥) is high, deposition into the secondary minimum, provided it exists, is possible. 

Deposition into a secondary minimum is reversible and is stronger (or less reversible) 

for deeper minima. In the case of SiO2, hydrating Burt’s Bees lip balm flipped its short-

range interaction with the colloids from strongly attractive to strongly repulsive (Fig. 7a 

vs Fig. 7b, Fig. 7c vs Fig. 7d). At the same time, hydration did not have the same 

dramatic effect on the lip balm’s interaction with HAdV5 (Fig. 6a vs Fig. 6b, Fig. 6c vs 

Fig. 6d). The contrast in the predicted total energy of interaction with hydrated lip balm 

(attractive interaction with HAdV5 virions versus strongly repulsive interaction with SiO2 

colloids) underscores the importance of the physicochemical properties of the colloids. 

 

2.4.5 Attachment of SiO2 colloids and HAdV5 virions to lip balm-coated surfaces: 

Preliminary QCM-D study 

 

To our knowledge, there have been no prior studies of particle adhesion to lip balms or 

other similar lipophilic personal care products. Establishing the experimental 

methodology for such measurements was one of the goals of this work. To study 

deposition onto dry lip balms one would need to work with aerosols and address the 

number of issues related to the transient processes of droplet evaporation and hydration 
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of the surface upon droplet deposition. The preliminary tests performed in this study 

were restricted to particle deposition from an aqueous solution onto hydrated lip balms. 

Longer term QCM-D deposition data were obtained for two colloid/lip balm pairs: 

SiO2/Burt’s Bees and HAdV5/Carmex.  

 

Silica was selected to avoid any uncertainty related to any other suspended materials 

possibly present in the feed stock. The conditions of the QCM-D tests with SiO2/Burt’s 

Bees pair were not conducive to adhesion relative to other pairs (e.g. involving HAdV5 

and 40) and could be viewed as a conservative estimate of the extent of particle 

adhesion to lip balms. 

 

The first test was performed using a 1.05 mg(SiO2)/ml suspension (Fig. 8a). QCM-D 

frequency data indicated significant deposition (Fig. 8). The monotonous increase in the 

dissipation signal was consistent with the deposition of colloids onto the lip balm.  
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(a) 

 

(b) 

 

Figure 8. QCM-D measurements of the deposition of SiO2 colloids onto hydrated Burt’s 
Bees lip balm under conditions when SiO2 loading is either a) constant (1.05 mg/ml) or 
b) increases stepwise from 0.52 mg/ml to 1.05 mg/ml. In both tests, deposition occurs 
from 150 mM NaCl electrolyte at pH 7.2. The mass values are calculated based on 
Sauerbrey equation (eq. (3)) with 𝒏 = 3. The results for 𝒏 = 5 are shown in SM (Fig. 32). 

 

The total mass of deposited SiO2 (65 µg) was ~ 0.7 % of the mass flown (~ 9.4 mg) over 

the lip balm-coated sensor. In early stages of the experiment when the lip balm surface 

was relatively SiO2-free, the deposition was determined by SiO2-lip balm interactions. 

The surface loading of 74 µg(SiO2)/cm2 recorded ~ 1 h into QCM-D test (Fig. 8a) is 

equivalent to ~ 3 monolayers of colloids.  We speculate that this relatively large amount 
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of SiO2 deposited despite repulsive SiO2-SiO2 interactions can be due to the partial 

“burial” of SiO2 in the soft hydrated surface of the lip balm. At pH 7.2, SiO2 and Burt’s 

Bees balm have surface charges of opposite signs (-36 mV and 10 mV, respectively; 

Fig. 5b) so that electrostatic interactions between these surfaces are favorable. The 

hydrophobic interactions are strongly repulsive because SiO2 and hydrated Burt’s Bees 

are both hydrophilic (Table 1, Fig. 4). As a result, XDLVO predicts a very high (> 1000 

kT) primary barrier and a shallow (~ 2.6 kT) secondary minimum (Table 3, Fig. 7d). We 

conclude that SiO2 deposition occurred into the secondary minimum and should be 

reversible. 

 

In a companion test (Fig. 8b) on SiO2 deposition, the lip balm-coated sensor was 

charged for 30 min with a two-times less concentrated SiO2 suspension (0.52 

mg(SiO2)/ml) before reverting to the same feed as in test 1 (1.05 mg(SiO2)/ml). A much 

weaker deposition was observed throughout the test. At the end of the first stage, the 

deposit was a submonolayer with the average distance between deposited particles of ~ 

0.38 µm (~ 2 particle diameters). At the end of the long (160 min) second stage, the 

mass of deposited particles was smaller than in the first test even though the total mass 

of SiO2 introduced into the QCM-D chamber in test 2 was higher. The total mass of SiO2 

deposited during test 2 (38 µg) was ~ 0.14% of the mass flown (27.5 mg) over the lip 

balm-coated sensor.  We conclude that the deposition history is important and that the 

total mass load of colloids that a lip balm surface is exposed to cannot be a sole 

predictor of the extent of deposition. 
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QCM-D tests with HAdV5 were done using as-purchased highly purified stock with 

HAdV5 concentration of 109 GC/mL and Carmex lip balm. Even when undiluted, the 

mass concentration of HAdV5 stock (~ 0.76 µg/mL) was ~ 680 times smaller than that of 

the silica suspension in QCM-D tests with SiO2. Indeed, a much smaller deposited mass 

was measured for HAdV5, accompanied by a weaker dissipation signal (Fig. 9).  The 

total mass of deposited HAdV5 (~ 2.4 µg) was ~ 10.6 % of the mass flown (~ 22.8 µg) 

over the lip balm-coated sensor. The % deposited value is significantly higher than that 

for SiO2 colloids, which is consistent with the much smaller primary energy barrier, 𝐸𝑚𝑎𝑥: 

5.2 kT for HAdV5/Carmex versus 1337 kT for SiO2/Burt’s Bees (Table 2). The 

secondary minimum, 𝐸𝑚𝑖𝑛, was also deeper for HAdV5/Carmex (- 3.1 kT) than for 

SiO2/Burt’s Bees (- 2.6 kT).  We attribute the stronger (relative to the mass loading) 

deposition of HAdV5 to a more likely association with the lip balms surface through the 

secondary energy minimum and a possible irreversible attachment into the primary 

minimum.  
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Figure 9. QCM-D measurements of the deposition of human adenovirus 5 onto 
hydrated Carmex lip balm from 150 mM NaCl electrolyte at pH 7.2. HAdV5 
concentration in the QCM-D feed is ~109 GC/mL (~ 0.76 µg/mL). The mass values are 
calculated based on Sauerbrey equation (eq. (3)) with 𝒏 = 3. The results for 𝒏 = 5 are 
shown in SM (Fig. 33). 

 

Higher mass concentrations in the feed are required for a higher QCM-D signal. To 

more accurately assess the mass flux towards the sensor surface for a given mass 

concentration in the feed, one would need to quantify the mass transfer of colloids to the 

depositional plane. This requires solving the Graetz problem of diffusion-limited 

transport to a surface from a crossflow [62, 63]. In the absence of such solution, the 

best approach is to employ virus stocks with as high virus titer as possible while still of 

high purity. 
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2.4.6 Implications for virus control and public health protection 

 

The results reported in this work indicate that dry lip balm can serve as a “hot spot” for 

virus deposition. Given the intended application of lip balms, there is a clear risk to the 

health of individuals using these products. Low humidity environments (e.g. typical for 

long air travel) are of particular concern as they promote dehydration. Designing 

materials to retain surface moisture is one possible approach to staving off adhesion of 

colloids to lip balms and similar products. A multilayer design with a lipophilic core and a 

hydrophilic outer layer is one possible strategy. 

 

Likely contagion scenarios should be identified and studied. Possible routes include 

ingestion of lip balm with associated viruses, ingestion of saliva laden with viruses 

detached from lip balm, and breathing in viruses resuspended from the lip balm surface 

into the flow of inhaled air. Given the importance of surface interactions, there is likely a 

difference between non-enveloped viruses (e.g., adenoviruses, coxsackieviruses, 

rotavirus) and enveloped viruses (influenza H1N1, human coronaviruses, herpesviruses, 

hepatitis C) in their propensity to adhere to a lipophilic surface. Future work should 

explore deposition from other relevant media (e.g. air, respiratory fluid) and onto other 

surfaces (face and hand creams) as well as virus resuspension into saliva, common 

drinks (e.g. low pH sodas, milk) and relevant fluid flows (e.g. breathed air). 

 

 

 



56 
 

2.5 Conclusions 

 

The study reports a protocol for preparing lip balm coatings to enable charge and 

surface energy measurements as well as adhesion studies with these materials. 

Surface charge and hydrophobicity were determined for four brands of lip balms. Also 

measured were size, charge and hydrophobicity of human adenovirus 5. The measured 

values were used in XDLVO modeling of adenovirus adhesion to lip balms.  Adhesion of 

four other colloids (HAdV40, MS2 and P22 bacteriophages and SiO2) spanning a range 

of sizes, charges and surface energies was also evaluated. 

 

The study tested the hypothesis that a drying-induced increase in lip balm 

hydrophobicity enhances virus adhesion due to strong hydrophobic colloid-surface 

interactions. Indeed, drying was shown to result in a dramatic decrease of surface 

energy (𝛿(∆𝐺𝑠𝑤𝑠) ≥ 83.0 mJ/m2) of lip balms making their surfaces highly hydrophobic. 

XDLVO modelling predicts that attachment to a dry lipstick (∆𝐺𝑠𝑤𝑠 < - 65 mJ/m2) is 

highly favorable as a result of strong short-range hydrophobic attraction. Lip balms 

hydrated in a solution with the ionic strength of human saliva are hydrophilic (∆𝐺𝑠𝑤𝑠 > 15 

mJ/m2) and resist colloid attachment.  Physicochemical properties of colloids are also 

important. Adhesion occurs into shallow secondary minima for hydrophilic colloids such 

as SiO2, MS2 and P22. Because of the hydrophobicity of adenoviruses, primary maxima 

in XDLVO profiles are low or non-existent making irreversible deposition into primary 

minima possible. Preliminary QCM-D tests with SiO2 colloids and human adenovirus 5 

confirm deposition even on a hydrated lip balm.  
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Prior work focused on virus adhesion to human skin [2-8], or, in two instances [6, 7],  

employed freshly applied Vaseline as a adhesion barrier for MS2. The present work 

extends these earlier investigations to study virus adhesion to lipophilic personal care 

products. The proposed methodology can help direct the compositional design of lip 

balms and similar materials and develop usage guidelines to minimize virus adhesion. 

Future work should explore deposition from other relevant media (e.g. air, respiratory 

fluid) and onto other surfaces (e. g. hand creams) as well as virus resuspension into 

saliva, common drinks (e.g. low pH sodas, milk) and relevant fluid flows (e.g. breathed 

air). 
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APPENDIX 

A1. SEM imaging of lip balm coatings  

 

The low vacuum (LV) mode enables examination of non-conducting samples or volatile 

samples up to a vapor pressure of 270 Pa [64]. While the main components of lip balm 

are petrolatum and petroleum, many other ingredients may be present (Table 4). The 

vapor pressure of petrolatum is 1.3 Pa, while for petroleum the value is in the 30 to 60 

Pa range [65]. These values fall within the safety range of the JEOL 6610 LV operated 

in the LV mode. However, lip balm may contain components (e.g. volatile oils) with 

vapor pressures above the upper limit of the LV range. To avoid potential damage to the 

microscope, osmium tetroxide (OsO4) vapor fixation was employed to stabilize lip balm 

samples. OsO4 reacts with the double bonds of lipids and oils and increases their vapor 

pressure [66]. After 5 days of exposure to OsO4 vapor, lip balm samples turned slightly 

darker, which indicated that the reaction did occur. 

 

A2. QCM-D sensor cleaning procedure 

 

QCM-D sensors were cleaned by following the procedure recommended by the 

manufacturer. After each experiment, the sensors were soaked in a 5:1:1 mixture (RCA-

1 cleaning protocol [67]) of DI water, hydrogen peroxide (30 wt%) and ammonia (25 

wt%) at 75 °C for 5 min, sonicated in DI water overnight, rinsed thoroughly with DI water, 

dried with high-purity N2and treated in a UV/ozone chamber (UV/ozone Procleaner™ , 

Bioforce Nanosciences)  for 60 min. 
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A3. Additional information on Human Adenovirus 5 (ATCC® VR1516™) 

 

The Adenovirus Reference Material [68] contains purified Adenovirus Type 5 formulated 

as a sterile liquid in 20 mM TRIS, 25 mM NaCl, 2.5% glycerol, pH 8.0 at room 

temperature, and stored frozen at -70 °C. The U.S. Food and Drug Administration has 

recommended using the Adenovirus Reference Material when characterizing adenoviral 

gene therapy products [69]. As stated by the supplier, the viability “is warranted for 30 

days from the date of shipment” [70]. In all experiments described in this work, the virus 

was used within this time frame. 

 

A4. Protocols of lip balm processing evaluated in the study 

 

To produce a thin and homogenous layer of coating on sensors for QCM-D 

measurement, four different preparation protocols A, B, C, D were designed and 

evaluated. In protocol A (Fig. 1), a grain of lip balm was cut, put it in a vial, and melted 

on a heater. After the sample was liquified, it was coated on the QCM-D sensors. 

However, because of a very high viscosity of the melted sample it was difficult to 

produce a homogenous layer with a proper thickness for QCM-D measurement. 

Because of a high solidification point of the sample. it turned solid quickly upon contact 

with the sensor surface. It was also found that heating the sensor prior to the contact 

with the melted lip balm did not help achieve coatings of acceptable quality. In order to 

prepare a lip balm sample with appropriate viscosity for spin-coating, a solvent was 
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needed. Of the five solvents evaluated (ethyl acetate, isopropanol, methanol, pentane, 

hexane, and petroleum distillate), petroleum distillate yielded the most homogenous lip 

balm solution. After lip balm was melted and mixed with petroleum distillate, the mixture 

was stirred for 24 h (Protocol C, Fig. 1). Protocol C successfully produced lip balm 

solution with proper viscosity for spin-coating. However, the added material changed the 

surface free energy of lip balm sample (Fig. 11). To solve this, the mixture with lip balm 

and solvent was left in the fume hood for 5 days to remove the residual solvent. The 

comparison of surface free energy of samples processed with protocol A and B (Fig. 11) 

indicated that drying in the fume hood for 5 days can effectively remove the solvent. The 

impact of filtration was also evaluated. Filtration with 0.45 μm filter after dissolution was 

found to enhance the homogeneity of the sample-solvent mixture, which makes the 

sample layer on QCM-D sensors more homogenous (Protocol D). However, it was 

found that majority of the sample was rejected by the 0.45 μm filter, which indicated that 

filtration removed most of the components from the sample. Therefore, protocol D was 

not employed for the sample processing.  

 

A5. 𝜻-potential measurements of HAdV5 

 

In the study by Trilsky and Lenhoff [8], the following 20 mM buffers were used in 

measurements of ζ-potential and aggregation of HAdV5 as a function of pH: acetate 

buffer for pH 3.8, 4.5 and 5; MES for 5.5 < pH < 6.7; HEPES for pH 7.8 and for pH 7.5 

and 8.5; ethanolamine for pH 8.5 and 10. In that study, no additional salt was employed 

in order to keep the ionic strength (I) minimal because ζ peaks widen with increasing I. 
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Also, at a lower I, the likelihood of electrolysis of the gold-plated electrodes of the folded 

capillary cell is lower. The gold plating from the electrodes tends to contaminate the 

sample at low pH and/or high. Trilsky and Lenhoff determined the ζ potential of HAdV5 

using light scattering (Zetasizer Nano ZS particle analyzer, Malvern Instruments 

ZEN3600) and folded capillary cells (Malvern DTS1060). The ζ potential was found from 

the electrophoretic mobility using Henry’s equation [71]. 

 

In contrast, our study employed 0.1 mM KCL as the background electrolyte. The pH of 

virus samples was adjusted by KOH and HCl. Firstly, 10 ml mixture of 0.1 mM KCl 

solution and HAdV5 sample were added into two sterile beakers. Both beakers had 10 

ml mixture. Then the pH of the solution in the first beaker was adjusted to 7, 6, 5, 4, 3, 

and the pH in the second beaker was adjusted to 8, 9, 10 using KOH and HCl. The 

mobility and ζ -potential of the virus sample was measured (Zetasizer Nano ZS) 

immediately after each pH adjustment. 

 

A6. XDLVO and DLVO modeling of colloid-lip balm interactions 

 

The DLVO and XDLVO modeling was performed for each colloid/lip balm combination 

Results for HAdV5/Burt’s Bees and SiO2/Burt’s Bees are given in Figures 6 and 7 in the 

main manuscripts. Results for the other 18 combinations are given in Figures 13 – 30. 

Table 7 can be used as a guide to locate the Figures.  
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Table 3. Concentrations of various electrolytes in human saliva [9]. 

 

 
𝐶𝑚𝑖𝑛, 

mM 

𝐶𝑚𝑎𝑥, 

mM 

𝐶𝑎𝑣𝑒, 

mM 
𝑍 

𝐶𝑎𝑣𝑒𝑍
2, 

mM 

Na+ 2 21 11.5 1 11.5 

K+ 10 36 23 1 23 

Ca2+ 1.2 2.8 2 2 8 

Mg2+ 0.08 0.5 0.29 2 1.16 

Cl- 5 40 22.5 -1 22.5 

HCO3
- 25 25 25 -1 25 

PO4
3- 1.4 39 20.2 -3 181.8 
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Table 4. Composition of the four lip balms evaluated in this work. 
Notes: 

A Components marked as “main ingredients” by lip balm manufacturers. 
B Burt Bees includes Lanolin, tocopherol, rosemary, limonene. 

ChapStick includes jojoba esters, caprylic / capric triglyceride, tocopheryl acetate, shea butter, octyldodecanol, 
tocopherol, glyceryl stearate. 
Carmex includes lanolin, cetyl esters, theobroma cacao seed butter, paraffinum liquidum, enthol, salicylic acid, 
phenol, vanillin.  

Lip balm  

Components 

Solvents 
OilsA WaxA Camphor Vitamin E 

Flavor or 

fragrance 
Other 

PetrolatumA PetroleumA 

Burt’s Bees   + +  +  

S
e

e
 n

o
te

s
 B

 

ChapStick +  + +   + 

Carmex +   + +  + 

Vaseline  +      None 
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Table 5. Contact angles (measured), surface energy parameters (calculated), and free interfacial energy of surface-
surface interaction in water (calculated) for dry and hydrated lip balm samples and for human adenovirus 5. Lip balm 
coatings were prepared according to Protocol A (see Fig. 1). 

 

Surface 
Contact angles, 𝜃 (°) Surface energy parameters, 𝛾 (mJ/m2) ∆𝐺𝑠𝑤𝑠 

(mJ/m2) H2O Glycerol DID 𝛾𝐿𝑊 𝛾+ 𝛾− 𝛾𝐴𝐵 𝛾𝑡𝑜𝑡 

h
y
d
ra

te
d

 

Carmex 55.2±1.5 69.0±0.6 37.8±1.0 40.7±0.5 0 38.8±2.7 0 40.7±0.5 17.9±5.0 

ChapStick 60.0±1.5 72.3±0.6 49.5±0.7 34.6±0.4 0 35.4±2.7 0 34.6±0.4 15.3±5.1 

Burt’s Bees 58.0±0.6 72.5±0.9 40.8±0.9 39.2±0.5 0 38.2±1.6 0 39.2±0.5 17.7±3.1 

Vaseline 55.5±1.7 78.4±0.5 45.2±0.7 36.9±0.4 0 51.1±3.5 0 36.9±0.4 38.5±6.5 

d
ry

 

Carmex 77.3±1.3 57.1±0.7 26.4±0.7 45.6±0.3 0.8±0.2 2.8±0.8 2.9±1.3 48.6±1.3 - 65.0±4.0 

ChapStick 86.9±1.4 68.7±0.4 42.4±0.8 38.4±0.4 0.5±0.1 1.4±0.6 1.6±0.7 40.0±0.8 - 72.2±4.5 

Burt’s Bees 96.7±1.1 77.0±0.6 40.8±1.7 39.2±0.9 0.1±0.1 0.1±0.1 0.2±0.0 39.4±0.9 - 94.7±4.2 

Vaseline 90.9±1.8 72.1±0.5 30.7±0.8 43.9±0.3 0.1±0.0 0.6±0.5 0.3±0.5 44.3±0.6 - 90.7±6.3 

HAdV5 72.3±0.4 70.5±1.2 28.5±1.0 36.1±1.9 0 14.9±1.2 0 36.1±1.9 - 27.7±1.1 
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Table 6. Contact angles (measured), surface energy parameters (calculated), and free interfacial energy of surface-
surface interaction in water (calculated) for three types of lip balm (dry) with four different preparation protocols (A, B. C, 
and D.) The protocols are described in Fig. 1. Values for protocol A duplicate corresponding values (protocol A) given for 
dry lip balms in Table 5. 

 

Surface 
Protoc

ol 

Contact angles, 𝜃 (°) Surface energy parameters, 𝛾 (mJ/m2) ∆𝐺𝑠𝑤𝑠 

(mJ/m2) H2O Glycerol DID 𝛾𝐿𝑊 𝛾+ 𝛾− 𝛾𝐴𝐵 𝛾𝑡𝑜𝑡 

C
a
rm

e
x
 

A 77.3±1.3 57.1±0.7 26.4±0.7 45.6±0.3 0.8±0.2 2.8±0.8 2.9±1.3 48.6±1.3 - 65.0±4.0 

B 70.8±1.0 59.1±0.5 32.6±0.8 54.1±1.3 0 7.7±1.0 0 54.1±1.3 -60.3±2.0 

C 73.2±0.5 69.3±1.1 25.1±1.0 38.7±1.8 0 12.5±1.1 0 38.7±1.8 -35.4±1.3 

D 70.5±0.6 67.6±1.4 25.1±0.5 39.4±2.3 0 14.5±1.5 0 39.4±2.3 -30.3±1.5 

C
h
a
p

S
ti
c
k
 A 86.9±1.4 68.7±0.4 42.4±0.8 38.4±0.4 0.5±0.1 1.4±0.6 1.6±0.7 40.0±0.8 - 72.2±4.5 

B 73.1±0.9 57.9±3.2 32.6±0.8 58.2±2.8 0 5.0±0.9 0 58.2±2.8 - 74.2±3.1 

C 70.9±1.7 65.1±1.7 26.1±0.7 39.2±0.9 0 11.8±1.5 0 44.0±1.6 - 40.3±1.7 

D 66.6±2.3 60.2±1.7 29.4±1.3 44.5±0.6 0.05±0.1 13.5±2.9 1.7±29.7 46.1±29.7 - 34.5±7.5 

B
u
rt

s
 B

e
e
s
 A 96.7±1.1 77.0±0.6 40.8±1.7 39.2±0.9 0.1±0.1 0.1±0.1 0.2±0.0 39.4±0.9 - 94.7±4.2 

B 95.7±0.9 78.6±1.0 41.6±1.7 40.4±1.9 0 0.4±0.3 0 40.4±1.9 -95.3±3.9 

C 76.9±1.0 76.4±0.1 32.9±0.3 30.2±0.6 0 14.1±1.3 0 30.2±0.6 -27.4±1.0 

D 84.8±2.5 106±0.9 35.9±2.8 3.8±0.8 0 36.9±5.9 0 3.8±0.8 5.8±2.9 

V
a
s
e
lin

e
 

A 90.9±0.2 72.1±3.9 30.7±0.8 43.9±0.3 0.05±0.2 0.57±0.6 0.32±0.6 44.3±0.7 -90.7±9.7 

B 84.5±0.8 56.9±2.3 29.1±0.8 44.6±0.3 1.6±0.5 0.22±0.2 1.2±0.7 45.8±0.8 -77.5±5.1 

C 71.5±2.5 63.9±1.1 25.1±0.9 46.3±2.7 0 10.3±2.9 0 46.3±2.7 -46.4±3.7 

D 73.1±2.4 67.6±2.8 25.1±0.5 41.4±5.0 0 11.2±3.7 ± 41.4±5.0 -40.5±4.6 
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Table 7. Guide to Figures with results of XDLVO modeling. Two of the 20 Figures are 
shown in the main manuscript while the other 18 are shown in the SM file. 

 

 Lip balms 

Carmex ChapStick Burt’s Bees Vaseline 

C
o

ll
o

id
s

 

HAdV5 Figure 6 Figure 15 Figure 14 Figure 16 

HAdV40 Figure 17 Figure 18 Figure 19 Figure 20 

P22 Figure 21 Figure 22 Figure 23 Figure 24 

MS2 Figure 25 Figure 26 Figure 27 Figure 28 

SiO2 Figure 29 Figure 30 Figure 7 Figure 31 
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Figure 10. Particle size distribution in the stock HAdV5 and ST-ZL SiO2 suspensions. 
Lines are added to guide the eye. 
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(a) (b) 

  

  

(c) (d) 

  

 

 

Figure 11. Free energy of interaction in water for three types of lip balm as a function of 
surface preparation method (see Fig. 1). 
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(a) (b) 

  

  

(c) (d) 

 
 

 

Figure 12. Free energy, ∆𝐆𝐬𝐰𝐬, for four lip balms as a function of drying time: a) 
Carmex; b) Chapstick, c) Burt’s Bees, d) Vaseline. Lip balms coatings were prepared 
using protocol B. In each graph, the solid line corresponds to the surface prepared 
using protocol A (melted lip balm with no dissolution and drying steps involved), which 
was used as the baseline: a) 65.03 mJ/m2 for Carmex, b) -72.18 mJ/m2  for Chapstick, 
c) -95.62 mJ/m2 for Burt’s Bees. d) -90.71 mJ/m2 for Vaseline. Measured contact angles 
used to calculate ∆𝐆𝐬𝐰𝐬 values are given Table 6. 
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Figure 13. Surface charge of ST-ZL SiO2 colloids as a function of pH. Vertical dashed 
lines indicate pH values (4.2 and 7.2) used in QCM-D measurements of SiO2 
attachment to lip balm surfaces. Lines connecting experimental data points are added to 
the guide the eye. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

 (d) 

 

Figure 14. XDLVO energy of interaction of human adenovirus 5 with Burt’s Bees lip balm at pH 4.2 (a, b) and pH 7.2 (c, 
d) in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 15. XDLVO energy of interaction of human adenovirus 5 with ChapStick lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) 
in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference.  



75 
 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 16. XDLVO energy of interaction of human adenovirus 5 with Vaseline lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in 
dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 17. XDLVO energy of interaction of human adenovirus 40 with Carmex lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) 
in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 18. XDLVO energy of interaction of human adenovirus 40 with Chapstick lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) 
in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 19. XDLVO energy of interaction of human adenovirus 40 with Burt’s Bees lip balm at pH 4.2 (a, b) and pH 7.2 (c, 
d) in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 20. XDLVO energy of interaction of human adenovirus 40 with Vaseline lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) 
in dry (a, c) and hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 21. XDLVO energy of interaction of P22 with Carmex lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 22. XDLVO energy of interaction of P22 with Chapstick lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 23. XDLVO energy of interaction of P22 with Burt’s Bees lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 24. XDLVO energy of interaction of P22 with Vaseline lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b)  

 

 

(c) 

 

 

(d) 

 

Figure 25. XDLVO energies of interaction of MS2 with Carmex lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 26. XDLVO energy of interaction of MS2 with Chapstick lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 27. XDLVO energies of interaction of MS2 with Burt’s Bees lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) 
and hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 28. XDLVO energy of interaction of MS2 with Vaseline lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 29. XDLVO energies of interaction of SiO2 with Carmex lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

    

 

(c) 

 

 

(d) 

 

Figure 30. XDLVO energy of interaction of SiO2 with Chapstick lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d)  

 

Figure 31. XDLVO energies of interaction of SiO2 with Vaseline lip balm at pH 4.2 (a, b) and pH 7.2 (c, d) in dry (a, c) and 
hydrated (b, d) states. DLVO total energy is provided for reference. 
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(a) 

 

(b) 

 

Figure 32. Deposition of SiO2 colloids onto hydrated Burt’s Bees lip balm under 
conditions when SiO2 loading is either a) constant (1.05 mg/ml) or b) increases stepwise 
from 0.52 mg/ml to 1.05 mg/ml. In both tests deposition occurs from 150 mM NaCl 
electrolyte at pH 7.2. The mass values are calculated based on Sauerbrey equation (eq. 
(3)) with 𝒏 = 5. The results for 𝒏 = 3 are similar and shown in the manin manuscript (Fig. 
8). 
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Figure 33. QCM-D measurements of the deposition of human adenovirus 5 onto 
hydrated Carmex lip balm from 150 mM NaCl electrolyte at pH 7.2. HAdV5 
concentration in the QCM-D feed is ~109 GC/mL (~ 0.76 µg/mL). The mass values are 
calculated based on Sauerbrey equation (eq. (3)) with 𝒏 = 5. The results for 𝒏 = 3 are 
similar and shown in the manin manuscript (Fig. 9).  
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CHAPTER THREE 

Virus adhesion to archetypal fomites: A study with human adenovirus and human 

respiratory syncytial virus 

 

3.1 Abstract 

 

Adhesion of two viruses – one enveloped (human respiratory syncytial virus, HRSV) 

and one non-enveloped (human adenovirus 5, HAdV5) – to four fomites (silica, nylon, 

stainless steel, polypropylene) was quantified and interpreted based on 

physicochemical properties of viruses and fomites. The selected fomites are tentatively 

identified as “archetypes” representing groups of materials distinctly different in 

mechanisms of their interfacial interactions. The surfaces are typified on the basis of 

their surface energy components including the dispersive (Lifshitz-van der Waals) 

component and two polar (electron donor and electron acceptor) components. Virus-

fomite interactions are predicted using the extended Derjaguin-Landau-Verwey-

Overbeek (XDLVO) theory and are experimentally assessed in tests with quartz crystal 

microbalance with dissipation (QCM-D). Polar interactions (manifested as hydrophobic 

attraction for all virus-fomite pairs but HAdV5/silica) governed virus attachment to 

fomites from a solution of high ionic strength typical for a respiratory fluid, while 

dispersive interactions played a relatively minor role. For both HAdV5 and HRSV, the 

areal mass density of deposited viruses correlated with the free energy of virus-fomite 

interfacial interaction in water, ∆𝐺𝑣𝑤𝑓. The dependence of virus-fomite attachment 

probability on ∆𝐺𝑣𝑤𝑓 collapsed into one trend for both HAdV5 and HRSV pointing to the 
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possibility of using ∆𝐺𝑣𝑤𝑓 as a predictor of virus adhesion. Fomite rinsing with DI water 

resulted in a partial virus removal attributable to longer range repulsive electrostatic 

interactions. The proposed methodology can guide screening and selection of materials 

that discourage virus adhesion. The information on the efficiency of virus attachment to 

materials as a function of their surface energy components can help design anti-

adhesive surfaces, develop surface cleaning solutions and protocols, and inform 

transport and fate models for viruses in indoor environments. 

 

3.2 Introduction 

 

Fomites are any inanimate surfaces that, when contaminated with pathogenic 

microorganisms, can serve as a means of transferring the pathogens to a new human 

host. There is growing evidence that fomites play an important role in the spread of 

viruses [1-3]. Higher probability of transfer is associated with fomites in indoor 

environments such as classrooms, hospitals, nursing homes, cruise ships, and 

restaurants and especially with surfaces that are frequently touched (e.g. doorknobs, 

refrigerator handles, dishcloths, faucets) or facilitate virus transmission through other 

uses (e.g. airducts, hospital linen) [3-11]. Personal protection equipment such as rubber 

gloves, N95 particulate respirators, surgical masks, gowns may also act as fomites for 

viral cross-infection [12]. Indoor airflow may enhance transport of virus and virus-laden 

particles, which could be sucked into the ventilation system through return vents [13]. 
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The COVID-19 pandemic highlighted the importance of understanding the relative 

importance of a various pathways for pathogen transmission. While it appears that 

airborne transport is the dominant mechanism for the transmission of SARS-CoV-2, 

indirect transmission via fomites does contribute to the spread of this virus [14-18]. 

Indeed, viable SARS-CoV-2 virus has been found on many surfaces and objects 

contaminated by respiratory secretions or droplets expelled by infected individuals [19-

26]. Even if the probability of transfer on a single touch is low, high persistence of 

viruses on a surface translates into a higher number of touches and a higher overall 

infection risk [26]. A number of studies have shown that respiratory pathogens are 

capable of surviving on fomites for extended periods of time - from hours to months [2, 

27, 28]. While the knowledge of SARS-CoV-2 transmission mechanisms is still 

incomplete, fomites have been firmly established as a transfer route for many other viral 

pathogens of significant concern to human health including influenza virus [29, 30] and 

norovirus [31, 32]. There is a large and growing knowledge base on the persistence of 

viruses at various surface [33]; at the same time, physicochemical bases of virus 

attachment to and removal from surfaces under different conditions remain relatively 

unexplored [1, 33]. Given the operational definition of risk as a product of availability 

and infectivity, adhesion and removal studies are needed to quantify the contribution of 

surface-meditated transmission to the availability term – that is the likelihood that a 

particular fomite surface has an attached virus that can be detached and transmitted to 

a human host.  
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In their recent review, Castaño et al. [1] described how separate virus-fomite 

interactions are accounted by the classical DLVO and XDLVO theories. There have 

been many studies that applied XDLVO modeling to describe virus adhesion to various 

surfaces including membrane filters [34], iron oxide particles [35], personal care 

products [36], foods and food-contact surfaces [37], polyelectrolyte multilayers [38] and 

sand [39]. Experimental techniques used to study virus attachment to surfaces range 

from simple direct contact tests and traditional adsorption studies to record kinetics and 

isotherms of adsorption [37] to more complex methods such as those employing 

sensors based on surface plasmon resonance (SPR) [40] and quartz crystal 

microbalance [38, 41].  SPR is a powerful surface sensing technique especially suitable 

for studying interfacial kinetics and affinity characterization. SPR is sensitive to the 

vertical position of individual viruses and, coupled with microscopy, enables high-

throughput imaging of single viruses [42]. Liu et al. recently employed plasmonic 

imaging technology to study the interfacial dynamics of SARS-CoV-2 pseudovirus 

(SARS-CoV-2 surrogate) adsorption on self-assembled monolayers with amino and 

carboxyl terminal groups from solutions including artificial saliva, artificial lung fluid and 

surface water [40]. SPR-based techniques are limited by the requirement of having a 

noble metal substrate to excite the plasmon resonance. Free of this constraint, QCM-D 

method has been used to explore virus adhesion to various surfaces while providing 

(through the dissipation data) additional information on the rheology of the adsorbed 

layers. Studied surfaces include silica [41], natural organic matter [43, 44], 

polyelectrolyte multilayers [38], household paints [45] and self-assembled monolayers 

[46]. Yet, to our knowledge neither XDLVO nor QCM-D prior studies had focused on 
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fomites with the specific goal of exploring virus adhesion to common indoor surfaces. 

The dearth of systematic knowledge in this area is likely due to the sheer diversity of 

fomites in terms of their chemical makeup, morphology and physicochemical properties 

of their surface. Viruses too, differ significantly in their size, charge, hydrophobicity and 

morphology. The broad range of possible deposition, attachment and resuspension 

scenarios adds to this complexity. Once viruses are attached, their survival on fomites 

depends on virus type, strain and inoculation titer; as a broad example, enteric viruses 

(which are mostly non-enveloped) are known to maintain their infectivity for longer that 

respiratory viruses (mostly enveloped). While a reductionist approach with its 

incremental accumulation of data based on studies of specific virus-fomite pairs is 

certainly possible, it would be desirable to identify a limited range of representative 

fomites, viruses and deposition conditions that can typify practically relevant scenarios 

and help reach generalizable conclusions. 

 

The practical goal of the present work is to develop an approach for reducing the 

complexity of the broad range of surface chemistries and morphologies presented by 

fomites to a relatively small subset of “archetype” surfaces. An “archetype” is 

operationally defined as representing a set of surface properties that are characteristic 

of a distinct group of materials and define their adhesive behavior with respect to a virus 

of concern. The practical value of the approach is in facilitating both the selection of 

surfaces with desired virus adhesion characteristics and the design of surface cleaning 

solutions and protocols. With the premise that fomites can be grouped based on the 

values of their surface energy components, we select four specific materials - silica, 
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stainless steel, nylon, and polypropylene - and rationalize the selection using the van 

Oss theory, a three-component model for surface energy [47]. SiO2 represents high 

surface energy metal oxides with a dominant electron donor component, nylon 6,6 

typifies monopolar polymer with strong dispersive interactions, stainless steel is a pure 

metal coated by an oxide-rich passivation film with commensurate electron donor and 

electron acceptor components, while polypropylene represents low surface energy 

apolar polymers with weak dispersive interactions only. 

 

The study employs two pathogenic microorganisms - human respiratory syncytial virus 

(HRSV) and human adenovirus 5 (HAdV5) - as representatives of enveloped and 

nonenveloped viruses, respectively. HRSV and HAdV5 are selected based on the high 

relevancy of both viruses for public health, demonstrated importance of fomites for their 

transmission, as well as for practical reasons (both are available commercially in high 

purity and titer). HAdV, a large nonenveloped virus [48, 49], is highly resistant to both 

monochloramine and UV irradiation [50] and can survive on fomites for many days [2]. 

HAdV is primarily spread by the fecal-oral and respiratory routes through person-to-

person contact and fomite-mediated transfer [51, 52]. Adenoviruses can cause a range 

of clinical diseases, including respiratory, gastrointestinal, and conjunctival illness. 

HRSV, which features a distribution of sizes and morphologies (spherical or filamentous) 

[53], can cause severe disease, especially in children, the elderly and 

immunocompromised adults [54]. HRSV is primarily spread by large droplets and via 

fomites, and can survive on nonporous surfaces, skin, and gloves for many hours [55, 

56]. The makeup of the solution from which deposition occurs affects the likelihood of 
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virus attachment. A large number of illnesses are associated with more than 150 

different types of pathogenic respiratory viruses transmittable from bodily secretions to 

surfaces. Indeed, viruses deposit onto fomites either as a result of direct contact with an 

infected human or from respiratory droplets produced by such person. Given that both 

HRSV and HAdV5 are present in the human respiratory tract, the present study focuses 

on the latter transmission route and explores virus deposition from a high ionic strength 

electrolyte (150 mM NaCl) typical for respiratory fluid (9 g·L-1, physiological 

concentration [57]). While the composition of respiratory fluid is complex and varies with 

individual’s health status [58, 59], some aggregate characteristics such as pH and ionic 

strength can be captured in modeling studies. 

 

The study explores the hypothesis that virus attachment to fomites in a high ionic 

strength solution is governed by hydrophobic interactions. To test the hypothesis, we 

use quartz crystal microbalance with dissipation (QCM-D) and QCM-D sensors with 

specialty coatings to experimentally determine attachment efficiency for HRSV and 

HAdV5 depositing onto four “archetypal” fomites that span a range of hydrophobicities. 

The experimental measurements are complemented by modeling based on the 

extended Derjaguin-Landau-Verwey Overbeek (XDLVO) theory. Experimental and 

modeling results are interpreted in terms of polar, dispersive, and electrostatic 

interactions between viruses and fomites.  
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3.3 Materials and Methods 

 

3.3.1 Reagents, fomites, viruses 

 

All chemical reagents were of high purity (>99%). NaCl, KCl, glycerol, sodium dodecyl 

sulfate (SDS), ethylene glycol (EG) and diiodomethane (DID) were purchased from 

Sigma Aldrich. QCM-D sensors coated with materials representing fomites – silica, 

nylon 6,6 (hereafter “nylon”), stainless steel (SS), and polypropylene (PP) – were 

purchased from Nanoscience. Deconex 11 (Fisher Scientific) was used as the cleaning 

solution for PP and nylon sensors (see Supplementary Material (SM)). Silica and SS 

sensors were cleaned with 2% SDS solution and Hellmanex II (Hellma GmbH & Co. 

KG), respectively. 

 

Human adenovirus 5 (HAdV5) was purchased from American Type Culture Collection 

(ATCC® VR-1516TM) [60]. The product is an aqueous suspension of HAdV5 in 20 mM 

TRIS, 25 mM NaCl, 2.5% glycerol (pH 8.0) [61] purified by single column 

chromatography [62]. HAdV5 is a non-enveloped dsDNA virus with an icosahedral 

nucleocapsid. Human respiratory syncytial virus (HRSV; strain: Long) was also 

purchased from ATCC (VR-26PQTM) [63]. The product is an aqueous suspension of 

HRSV in 50 mM TrisHCl, 150 mM NaCl, 1 mM EDTA prepared by concentrating 

another HRSV stock (ATCC VR-26TM) via sucrose cushion centrifugation [64]. HRSV is 

an ssRNA virus with a helical nucleocapsid surrounded by matrix protein and an 

envelope. Spherical and filamentous HRSV virions have been identified [53, 65, 66]. 
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3.3.2 Virion characterization: Hydrodynamic size, 𝜻-potential, concentration 

 

Electrophoretic mobility and hydrodynamic diameter of HRSV virions were measured by 

laser doppler micro-electrophoresis (Zetasizer Nano ZS, Malvern) and dynamic light 

scattering (DLS), respectively. The 1 mM KCl diluent used in these measurements was 

pre-filtered through 0.22 μm syringe filter. The charge and size of HAdV5 (ATCC® VR-

1516TM) were determined previously [36]. These measurement techniques capture 

averaged values of virus charge and size. While the electrical charge has a certain 

distribution over the virus surface, streaming potential is an aggregate estimate of the 

surface potential averaged over the surface. Similarly, DLS estimates particle’s diffusion 

coefficient, which is then converted to particle size assuming that the particle is 

spherical. Yet viruses (including HAdV5 [36] and HRSV [53, 65, 67]) have complex 

morphology.  The adopted approach where viruses are treated as spherical colloids with 

a chemically homogenous surface are justified as both XDLVO modeling (section 2.4) 

and interpretation of experimental data on virus adhesion obtained by QCM-D (sections 

2.5 and 3.1) rely on these assumptions. As a complement to DLS measurements, both 

HRSV and HAdV5 were imaged using transmission electron microscopy (TEM, JEM-

1400 Flash, Jeol, Nieuw-Vennep). TEM sample preparation and imaging procedures 

are described in SM, section S1. Virus concentration was measured by fluorometry 

(Qubit fluorometer, Invitrogen) with Qiagen DNA and RNA mini kits used to extract 

dsDNA from HAdV5 and ssRNA from HRSV. The ssRNA High Sensitivity and dsDNA 
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High Sensitivity modes were utilized for HRSV and HAdV5 genome quantification, 

respectively. 

 

3.3.3 Quantifying surface energy of viruses and fomites 

 

3.3.3.1 Approach 

 

Hydrophobicity of a solid (𝑠) can be quantified in terms of the free energy of its 

interfacial interaction with an identical material when immersed in water (𝑤), ∆𝐺𝑠𝑤𝑠 [47]. 

We applied this approach to evaluate hydrophobicity of viruses (𝑣) and fomites (𝑓) by 

computing ∆𝐺𝑣𝑤𝑣 and ∆𝐺𝑓𝑤𝑓, respectively. The calculation relies on the knowledge of 

the solid’s surface energy in terms of its three components: two Lewis acid-base 

(electron acceptor, 𝛾𝑠
+, and electron donor,  𝛾𝑠

−) components and the Lifshitz-van der 

Waals component, 𝛾𝑠
𝐿𝑊. The Lewis acid-base components are also described as polar 

while the Lifshitz-van der Waals component is often referred to as dispersive or apolar. 

The components can be determined by measuring contact angles (𝜃) of three probe 

liquids (𝑙) with known 𝛾𝑙
𝐿𝑊, 𝛾𝑙

+ and 𝛾𝑙
− on the surface of the solid and substituting these 

values into the Young-Dupré equation [68, 69] 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2(√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑠

+𝛾𝑙
− + √𝛾𝑠

−𝛾𝑙
+), (1) 

where 𝛾𝑙
𝑇𝑂𝑇 is the total surface energy of the probe liquid: 

𝛾𝑡𝑜𝑡 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵 = 𝛾𝐿𝑊 + 2√𝛾−𝛾+. (2) 

The free energy of solid-solid interfacial interaction in water is given by 
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∆𝐺𝑠𝑤𝑠 = −2(√𝛾𝑠
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)

2

− 4(√𝛾𝑠
+𝛾𝑠

− + √𝛾𝑤
+𝛾𝑤

− − √𝛾𝑠
+𝛾𝑤

− − √𝛾𝑠
−𝛾𝑤

+) (3) 

where 𝛾𝑤
𝐿𝑊, 𝛾𝑤

+ and 𝛾𝑤
− are surface energy components of water. A positive value of 

∆𝐺𝑠𝑤𝑠 indicates a hydrophilic surface, while negative ∆𝐺𝑠𝑤𝑠 corresponds to a 

hydrophobic surface. The absolute value of ∆𝐺𝑠𝑤𝑠 indicates the degree of hydrophilicity 

(or hydrophobicity, when ∆𝐺𝑠𝑤𝑠 < 0) of the surface. As in the case with size and charge 

measurements, the determination of virus and fomite surface energies based on contact 

angles of probe liquids treats these surfaces as chemically homogeneous. Thus, the 

presence of hydrophobic or hydrophilic “patches” on a surface is not accounted for and 

energy values describe interaction of “equivalent” chemically homogenous surfaces. 

 

3.3.3.2 Experiments 

 

Contact angles of three probe liquids - DI water, glycerol, and DID - on fomite surfaces 

and HRSV lawns were measured using the sessile drop method (goniometer / 

tensiometer model 250, ramé-hart). Additional contact angle measurements with EG as 

the fourth probe liquid were done for the polypropylene surface. Virus lawns were 

formed by filtering virus stock suspensions through a polyethersulfone ultrafiltration 

membrane (50 kDa, Pall Life Sciences) to form a multilayer (> 5 monolayers) cake, or 

lawn, of virions [70]. Prior to recording contact angle values, the lawn was allowed to dry 

in air until the contact angle of water on the virus lawn stabilized. A separate set of 

measurements was performed to study the effect of pH and ionic strength on water 

contact angles on fomite surfaces. All measurements were performed in the air at the 

ambient temperature of 22 °C and the relative humidity of 47 %. The droplet volume 
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was 6 μl. Contact angle values were calculated by DROPimage Advanced software 

based on recorded droplet shapes.  

 

3.3.4 Modeling virus-fomite interactions. Extended Derjaguin-Landau-Verwey-

Overbeek theory 

 

The interactions between colloidal and surfaces can be predicted by XDLVO theory. 

The theory describes the total energy of interaction 𝑈𝑣𝑤𝑓
𝑋𝐷𝐿𝑉𝑂 between a spherical particle 

(representing a virus (𝑣)) and a flat surface (representing a fomite (𝑓)) in water (𝑤) as a 

sum (see eq. (7)) of Lifshitz-van der Waals (LW), 𝑈𝑣𝑤𝑓
𝐿𝑊 , electrostatic double layer (EL), 

𝑈𝑣𝑤𝑓
𝐸𝐿 , and Lewis acid-base (AB), 𝑈𝑣𝑤𝑓

𝐴𝐵 , energies expressed as follows: 

𝑈𝑣𝑤𝑓
𝐿𝑊 (𝑑)  =  −

𝐴𝑎

6𝑑
= 2𝜋𝑑0

2
𝑎

𝑑
∆𝐺𝑑0

𝐿𝑊 
(4) 

𝑈𝑣𝑤𝑓
𝐸𝐿  (𝑑) =  𝜋𝜀𝑟𝜀0𝑎 [2𝜓𝑣𝜓𝑓 𝑙𝑛 (

1 + 𝑒−𝜅𝑑

1 − 𝑒−𝜅𝑑
) + (𝜓𝑣

2 + 𝜓𝑓
2) 𝑙𝑛(1 − 𝑒−2𝜅𝑑)] (5) 

𝑈𝑣𝑤𝑓
𝐴𝐵 (𝑑) = 2𝜋𝑎𝜆∆𝐺𝑑0

𝐴𝐵 𝑒𝑥𝑝 (
𝑑0 − 𝑑

𝜆
)  (6) 

𝑈𝑣𝑤𝑓
𝑋𝐷𝐿𝑉𝑂 = 𝑈𝑣𝑤𝑓

𝐿𝑊 + 𝑈𝑣𝑤𝑓
𝐸𝐿 + 𝑈𝑣𝑤𝑓 

𝐴𝐵  (7) 

where 𝑎 is the virus radius, 𝑑 is the virus-fomite minimal interfacial separation distance, 

𝐴 = −12𝜋𝑑0
2∆𝐺𝑑0

𝐿𝑊 is the Hamaker constant, 𝜀𝑟 is the relative dielectric permittivity of 

water (for water at 25 °C, 𝜀𝑟 ≈ 78.3), 𝜀0 is the dielectric permittivity of vacuum (𝜀0  = 

8.854×1012 C·V-1·m-1), 𝜓𝑣   and  𝜓𝑠 are surface potentials of the virus and fomite, 

respectively, 𝜅 is the inverse Debye screening length, λ is the characteristic delay length 

of AB interactions in water (λ = 0.6 nm), and 𝑑0 is the minimum separation distance (𝑑0 
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= 0.158 nm) due to Born repulsion. Surface potentials 𝜓𝑣  and  𝜓𝑓 are commonly 

approximated by 𝜁-potentials (𝜁𝑣 and  𝜁𝑓). Values of ∆𝐺𝑑0

𝐿𝑊 and 𝐺𝑑0

𝐴𝐵 in eq. (4) and eq. (6) 

are given by: 

∆𝐺𝑑0

𝐿𝑊 = 2(√𝛾𝑣
𝐿𝑊 − √𝛾𝑤

𝐿𝑊) (√𝛾𝑤
𝐿𝑊 − √𝛾𝑓

𝐿𝑊) 
(8) 

∆𝐺𝑑0

𝐴𝐵 = 2 √𝛾𝑤
+ (√𝛾𝑓

− + √𝛾𝑣
− − √𝛾𝑤

−) + 2√𝛾𝑤
− (√𝛾𝑓

+ + √𝛾𝑣
+ − √𝛾𝑤

+) 

−2√𝛾𝑓
+𝛾𝑣

− − 2√𝛾𝑓
−𝛾𝑣

+ 

(9) 

The free energy of virus-fomite interfacial interaction in water, ∆𝐺𝑣𝑤𝑓, is 

∆𝐺𝑣𝑤𝑓 = ∆𝐺𝑑0

𝐿𝑊 + ∆𝐺𝑑0

𝐴𝐵 (10) 

Note that eq. (3) can be obtained from eqs. (8 - 10) by substituting subscripts 𝑣 and 𝑓 

for 𝑠.  Lewis acid-base interactions are also referred to as electron donor/electron 

acceptor or polar interactions. Hydrophobic attraction and hydrophilic repulsion (i. e. 

hydration pressure) are two types of polar interactions [47]. 

 

Virion size, surface charge and surface energy components as well as surface charge 

and surface energy components of each of the four fomites were used as inputs to the 

XDLVO model. In its description of the energy of sphere-plate interaction energy, the 

model assumes that both surfaces are smooth. The effect of surface roughness can be 

taken into account by adding the sphere-asperity term to the calculation of the total 

interaction energy [71, 72]. Applied to the calculation of the energy of interaction 

between household paint coatings and human adenovirus 40 (a virus similar to HAdV5), 

this approach showed that the presence of ~ 27 nm asperities on paint-coated QCM-D 
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sensors had only a minor effect (~ 10% change in the total energy) [38]. Based on the 

manufacturer’s data, the root mean square surface roughness of QCM-D sensors is < 1 

nm for stainless steel and silica and ~ 3.5 nm for nylon and polypropylene [73] – well 

below the 27 nm value for which XDLVO predictions were only weakly affected. 

 

Most data were obtained in experiments as described in sections 2.2 and 2.3. Size and 

charge of HAdV5 were determined in our earlier study and used in the present work [36]. 

Values of the 𝜁-potential of the four fomites as a function of pH were adopted from 

literature (Zemljic et al. [74] for PP, Hedberg et al. [75] for SS, Zhang et al. [76] for nylon, 

and Wang et al. [36] for silica). 
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3.3.5 QCM-D studies of HAdV5 and HRSV attachment to fomites 

 

3.3.5.1 Approach: Quantifying virus-fomite attachment efficiency 

 

To accurately assess the mass flux of viruses towards the QCM-D sensor surface one 

needs to solve the Graetz problem of diffusion-limited transport to a flat plate from a 

crossflow [77, 78]. Given the complexity of the QCM-D chamber geometry and the need 

to add surface reaction (describing the finite probability of virus attachment to the 

sensor surface), the solution would need to be numerical. Instead, we propose a simple 

model that describes the rate of virus deposition (ng/min) onto QCM-D sensor surface 

as 

𝑑𝑚𝑣

𝑑𝑡
= 𝛼𝑣𝑓𝑗𝑚𝐴𝑠 (11) 

where 𝛼𝑣𝑓 (unitless) is the virus-fomite attachment efficiency, 𝐴𝑠 (cm2) is surface area of 

the sensor and 𝑗𝑚 (ng·cm-2·min-1) is the mass flux of viruses towards the sensor. We 

define mass transfer coefficient, 𝑘 (m·s-1), as follows: 

𝑗𝑚 = 𝑘(𝐶𝑏 − 𝐶𝑠) (12) 

where 𝐶𝑏 and 𝐶𝑏 are virus concentrations in the bulk of the flow and at the sensor 

surface, respectively. For early stages of deposition 𝐶𝑠 ≪ 𝐶𝑏, the sensor is mostly virus-

free and the rate of virus deposition is approximately constant: 

𝑑𝑚𝑣

𝑑𝑡
≈ 𝛼𝑣𝑓𝑘𝐶𝑏𝐴𝑠 (13) 

The linearity of the deposition rate dependence on concentration was confirmed in tests 

with different 𝐶𝑏 (see SM, Fig. 12). Because the rate of mass transfer across the viscos 
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sublayer at the QCM-D sensor surface depends on virus diffusivity, mass transfer 

coefficient, 𝑘, needs to be determined for each virus separately. 

 

3.3.5.2 QCM-D experiments 

 

The QCM-D E4 system (Biolin Scientific) was used to quantify the deposition of viruses 

onto sensor surfaces. Prior to measurement, QCM-D sensors were cleaned (see SM, 

section S4) and then mounted into the flow chamber to determine their resonance 

frequency in air. QCM-D tests were carried out at 25 °C in a continuous flow mode (0.15 

ml/min) using a digital peristaltic pump (IPC, four channels, ISMATEC). The sensors 

were first equilibrated with DI water (pH 5.8), then with 0.22 µm filtered NaCl electrolyte 

(pH 5.8) and only after the vibration frequency stabilized were challenged with a virus 

suspension. Procedures performed to avoid air bubble formation on the surface of 

hydrophobic PP sensors are described in SM, section S2. QCM frequency and 

dissipation were recorded every 1 min. The frequency shifts were fitted into the 

Sauerbrey equation [79] to compute the change in areal mass density, ∆𝑚 (ngcm-2): 

∆𝑚 = −
𝐶∆𝑓

𝑛
 (14) 

where 𝐶 is the mass sensitivity constant (𝐶 = 17.7 ngHz-1cm-2), 𝑛 is the overtone 

number and ∆𝑓 is the frequency shift (Hz). All virus suspensions used in QCM-D tests 

were prepared by diluting the virus stock in a background electrolyte pre-filtered through 

a 0.22 μm filter. Background electrolytes were either 150 mM NaCl (pH 5.8) or 1 mM 

NaCl (pH 4.1 in tests with HAdV5 and pH 3.8 in tests with HRSV). The 150 mM NaCl 

solution was used in most tests with all 8 fomite-virus pairs. The 1 mM NaCl was used 
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in additional tests with HAdV5/PP and HRSV/PP pairs to simulate conditions of 𝛼𝑣𝑓 = 1 

(see SM, section S6). Prior to use in QCM-D experiments, virus suspensions were 

vortexed for 15 s to ensure a uniform dispersion of virions. 

 

After ~ 60 min of QCM-D measurement, the sample chamber and tubing were flushed 

with the background electrolyte followed by DI water (pH 5.8). Each sensor was used in 

5 to 7 different QCM-D experiments and cleaned after each test. To ascertain that 

cleaning did not affect the hydrophobicity of the sensor coatings, contact angles of three 

probe liquids were re-measured after multiple cycles of QCM-D tests and cleaning (see 

SM; Tables 4 – 6). 
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3.4 Results and Discussion 

 

3.4.1 Virus concentration, size, charge and hydrophobicity 

 

The concentrations of HAdV5 and HRSV in stock suspensions were verified by 

fluorometry (Qubit, Invitrogen) and found to be somewhat different from the values 

given by ATCC for these specific lots. The measured concentrations were 3.45×1011 

GC/ml for HAdV5 (lower than ATCC-reported 5.8×1011 GC/ml [61]) and 2.65×1010 

GC/ml for HRSV (higher than ATCC-reported 1.7×1010 GC/ml [64]). Based on the 

measured values of the hydrodynamic size (see below) and the approximate virion 

density, the corresponding mass concentrations of HAdV5 and HRSV in the feed 

suspensions were estimated to be 28 ng/mL and 12 ng/mL. 

 

The hydrodynamic diameter, 𝑑ℎ, of HAdV5 was ~ 102 nm as determined by DLS in our 

previous study [36]. This size is derived using Stokes-Einstein equation (eq. (15)) based 

on the measured value of HAdV5 diffusivity, 𝐷 = 4.27×10-12 (m2·s-1). 

𝐷 =
𝑘𝐵𝑇

3𝜋𝜇𝑑ℎ
 (15) 

The difference between HAdV5 diameter values estimated from TEM images (~ 90 nm, 

Figures 10G and 10H) and measured by DLS is likely due to the presence of fibers on 

the HAdV5 surface [39, 48], which slow down diffusion. 



118 
 

 

 

Figure 34. -potential as a function of pH (A, D), size distribution (B, E), and TEM images (C, F, G) of HRSV (A-C) and 
HAdV5 (D-G). In A, B, D and E, lines are added to guide the eye. Charge and size values for HAdV5 (D, E) are adopted 
from our earlier report [36]. Additional TEM images are shown in SM, Figure 42. 
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Table 8. Contact angle of probe liquids, surface energy parameters (𝜸𝑳𝑾, 𝜸+, 𝜸−, 𝜸𝑨𝑩, 𝜸𝒕𝒐𝒕) and the free energy of 
interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of four fomites (clean, before use) and two viruses. Error estimates were obtained 
by propagating experimental errors in measured contact angles through the calculation of surface energy components 
(eqs (1) and (2)) and ∆𝑮𝒔𝒘𝒔 (eq. (3)). Additional contact angle measurements were performed for the four fomites using 
150 mM NaCl solution at pH 5.8; the contact angle data and calculated surface energy values are given in SM (Table 11). 
 

 

Parameter Fomites  Viruses 

Silica Nylon Stainless steel Polypropylene  HAdV5 B HRSV C 

C
o
n

ta
c
t 

a
n

g
le

 

H2O A 12.1 ± 0.9 50.1 ± 1.4 60.7 ± 1.9 100.5 ± 1.5  72.3 ± 0.4 73.5 ± 2.6 

Glycerol 14.7 ± 1.5 50.5 ± 1.0 31.4 ± 0.8 89.4 ± 1.6  70.5 ± 1.2 63.6 ± 1.3 

DID 31.4 ± 2.6 12.4 ± 0.9 50.2 ± 1.5 58.6 ± 2.9  28.5 ± 1.0 45.2 ± 2.0 

EG n/a n/a n/a 77.5 ± 1.8  n/a n/a 

S
u

rf
a

c
e
 e

n
e

rg
y
 

(m
J
·m

-2
) 

𝛾𝐿𝑊 43.6 ± 1.1 49.6 ± 0.2 34.2 ± 0.8 29.4 ± 1.7  36.1 ± 1.9 36.9 ± 1.1 

𝛾+ 2.2 ± 0.2 0.02 ± 0.02 6.8 ± 0.5 0  0 0.4 ± 0.2 

𝛾− 44.5 ± 0.7 26.9 ± 2.1 7.4 ± 1.5 0.5 ± 0.2  14.9 ± 1.2 9.0 ± 2.6 

𝛾𝐴𝐵 19.7 ± 0.6 1.4 ± 0.4 14.2 ± 1.6 0  0 3.8 ± 1.1 

𝛾𝑡𝑜𝑡 63.3 ± 1.2 51.0 ± 0.4 48.4 ± 1.8 29.4 ± 1.7  36.1 ± 1.9 40.7 ± 1.5 

∆𝐺𝑠𝑤𝑠 15.7 ± 1.1 - 8.5 ± 3.9 - 25.5 ± 2.9 - 88.9 ± 2.5  - 27.7 ± 1.1  - 40.2 ± 

7.8  
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Notes: A DI water, pH 5.8; B Wang et al. [36]; C Contact angle measurements were 

performed on top of a multilayer lawn of viruses assembled, by filtration, on the surface 

of a hydrophilic (∆𝐺𝑠𝑤𝑠 = 18.9 mJ·m-2) polyethersulfone ultrafiltration membrane. 

 

In addition, drying-induced shrinkage of virions during negative staining may have 

decreased the diameters observed in TEM images [80]. A similar discrepancy between 

DLS- and TEM-derived sizes was also reported for HAdV40 [81]. For the HRSV 

suspension, the volume-based particle size distribution obtained by DLS (Fig. 10B; note 

the logarithmic size scale) was bimodal with a larger peak at ~ 30 nm and a smaller 

peak at ~ 132 nm, indicating varied particle size or morphology of HRSV [53, 65, 67]. 

Given that volume-based distributions are sensitive to the presence of larger particles, 

the small intensity of the 132 nm peak points to their low abundance. Still, because 

deconvolution of DLS scattered light frequency data assumes monodisperse scatterers, 

multimodal distributions should be treated with caution as quantitatively inaccurate. In 

such case, direct visualization by TEM is especially valuable. TEM imaging showed the 

preponderance of smaller and spherical HSRV virions (Fig. 10C) although larger and 

irregularly shaped virions were also occasionally observed. The latter observation is 

consistent with earlier reports of HRSV polymorphism [53, 65, 67]. 

 

Based on the measured values of HRSV electrophoretic mobility as a function of pH 

(Fig. 41), the isoelectric point (pI) of HRSV was estimated to be 3.91 ± 0.07. 

Electrophoretic mobilities were converted to 𝜁-potentials (Fig. 10A) using Ohshima 

equation [82] (see SM, section A5, Table 10). The Ohshima approach was used 
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because for HRSV in 1 mM KCl, 𝜅𝑎 ≈ 6.4, making neither Smoluchowski expression 

(valid when 𝜅𝑎 ≫ 1) nor Hückel expression (valid when 𝜅𝑎 ≪ 1) applicable. At pH 5.8, 

which has been reported to fall within the pH range typical for human respiratory fluid 

[83], the 𝜁-potential of HRSV is - 33.9 ± 2.6 mV. The electrophoretic mobility of HAdV5 

was measured earlier [36]; the pI of HAdV5 is 4.6 ± 0.03 while 𝜁-potential at pH 5.8 is -

18.2 ± 0.1 mV (Fig. 10D). 

 

Hydrophobicity of adenoviruses is responsible for their low recoveries from water [84-86] 

presumably in relation to virus loss to surfaces during sample handling (e. g. storage, 

transfer, sample concentration) [81]. The high negative values of ∆𝐺𝑠𝑤𝑠 reported for 

HAdV40 (- 30.4 mJ·m-2 [81]) and HAdV5 (- 27.7 mJ·m-2 [36]) confirm their 

hydrophobicity. The propensity of these viruses to attach to surfaces also implies a 

higher likelihood of fomite-mediated transfer. In the present work, HRSV was 

determined to be even more hydrophobic (than HAdV5 and HAdV40) with ∆𝐺𝑠𝑤𝑠 of - 

40.2 mJ·m-2. In terms of surface energy components, the hydrophobicity of HAdV40, 

which is a monopolar virus (𝛾+ = 0; Table 3), was due to the small value of the only non-

zero component of virus-water polar interactions, √𝛾𝑠
−𝛾𝑤

+, when compared to the polar 

interaction between water molecules, √𝛾𝑤
+𝛾𝑤

− (see eq. (3)). The latter term represents 

the hydrogen bonding energy of the cohesion of water. To our knowledge the present 

study is the first report of HRSV surface energy and, more generally, of HRSV 

hydrophobicity.  
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3.4.2 Fomite hydrophobicity 

 

In the order from most hydrophilic to most hydrophobic, the four fomites ranked as 

follows: silica > nylon > SS > PP, with ∆𝐺𝑓𝑤𝑓 values of 15.7, - 8.5, -25.5, and - 88.9 

mJ·m-2, respectively (Table 3). These estimates were computed based on contact 

angles measured using DI water at pH 5.8 as one of the probe liquids. For PP, √𝛾𝑠
+ took 

on a small negative value; this is a common observation for monopolar or near-

monopolar materials where an experimental error prevents solving eq. (1) to determine 

surface tension components of the solid [87]. In this study, we assumed that 𝛾𝑠
+ for PP 

is zero and computed 𝛾𝑙
− using a graphical approach described by McCafferty [88] (see 

SM, section S8). 

 

Surfaces in contact with aqueous solutions are most hydrophobic at pH near the pI of 

the surface. Indeed, isoelectric points can be determined by contact angle titration [89]. 

Cuddy et al. [90] performed such measurements for several common QCM-D sensors 

(Al2O3, Au, SiO2, Ag, Ti). Because pH of the deposition and cleaning solutions can vary, 

it is important to evaluate hydrophobicity of fomites at different pH. The pH dependence 

of ∆𝐺𝑓𝑤𝑓 for each fomite is shown in Fig. 11. The trends closely followed those of water 

contact angles (Fig. 44). For all four fomites the dependence of ∆𝐺𝑓𝑤𝑓 on pH was a 

curve with a minimum. The dependence was strongest for stainless steel, which was 

considerably hydrophobic (∆𝐺𝑓𝑤𝑓 = - 24.2 mJ·m-2) near its pI but became hydrophilic 

(∆𝐺𝑓𝑤𝑓 > 0) at pH ≲ 2.1 and pH ≳ 8.4. Hydrophobicity of nylon, PP, silica and SS 

peaked at pH of ~ 2.5, 2.6, 3.9 and 4.0 respectively. The estimate for silica is in good 
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agreement with the pI value determined for silica-coated QCM-D sensors by Cuddy et al. 

[90]. 

 

Virga et al. [91] showed that the contact angle of an aqueous electrolyte is a stronger 

function of pH for higher ionic strength electrolytes. For the solutions employed in this 

work (DI water, 1 mM NaCl, 150 mM NaCl), the effects of the ionic strength of the 

contact angle (Fig. 44) and, by extension, hydrophobicity (Fig. 11) were not statistically 

significant. It was also assumed that the dependence of the surface tension of the 

aqueous solution on its ionic strength and pH was insignificant. Indeed, for the 

electrolyte used in the present work (150 mM NaCl) the effect was reported to be small: 

~ 2 mJ·m-2 increase over the surface tension of DI water [92]. 

 

3.4.3 Quantifying virus-fomite interactions. Four archetypal fomites 

 

Table 4 presents values of ∆𝐺𝑣𝑤𝑓 and its dispersive and polar constituents (∆𝐺𝑑0

𝐿𝑊 and 

∆𝐺𝑑0

𝐴𝐵, see eqs (8-10)) for all eight virus-fomite pairs. The net interfacial interaction is 

attractive (∆𝐺𝑣𝑤𝑓 < 0) for all pairs except HAdV5/silica. A detailed analysis of ∆𝐺𝑣𝑤𝑓 in 

terms of surface energy components (i. e. relative contributions of various terms in eqs. 

(8) and (9)) can identify surface properties responsible for the strength, or weakness, of 

the overall interaction. Potentially, such analysis can help with the selection of surfaces 

resisting virus adhesion as well as the optimal makeup of surface cleaning solutions.  
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Figure 35. Free energy of interfacial interaction in water (∆𝑮𝒇𝒘𝒇) of four fomites as a 

function of pH. Depending on the type of aqueous solution used as a probe liquid, 
values are shown using either empty symbols (150 mM NaCl at pH 5.8; Table 10) or 
gray symbols (DI water at pH 5.8; Table 3) or black symbols (1 mM NaCl water at pH 
3.8 and 4.1; Table 14). 
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Table 9. Free energy of virus-fomite interfacial interaction in water, ∆𝑮𝒗𝒘𝒇, and its 

dispersive (∆𝑮𝒅𝟎

𝑳𝑾) and polar (∆𝑮𝒅𝟎

𝑨𝑩) components, for eight different virus-fomite pairs. 

Standard deviations were obtained by propagating experimental errors in measured 
contact angles (Table 3) through the calculation of surface energy parameters (eqs. (1) 
and (2)) and ∆𝑮𝒗𝒘𝒇 (eqs. (8), (9), and (10)). 

 

Virus Fomite 

Interaction energy (mJ·m-2) 

∆𝐺𝑑0

𝐿𝑊 ∆𝐺𝑑0

𝐴𝐵 ∆𝐺𝑣𝑤𝑓 

Human 
respiratory 
syncytial virus 

Silica - 5.5 ± 0.4 - 0.4 ± 3.2 - 5.8 ± 3.2 

Nylon - 6.7 ± 0.4 - 19.0 ± 1.8 - 25.7 ± 1.9 

Stainless steel - 3.3 ± 0.3 - 30.6 ± 3.3 - 33.9 ± 3.2 

Polypropylene - 2.1 ± 0.5 - 59.1 ± 4.6 - 61.3 ± 4.6 

Human 
adenovirus 5 

Silica - 5.2 ± 0.6 7.9 ± 1.1 2.7 ± 1.3 

Nylon - 6.4 ± 0.8 - 10.4 ± 0.0 - 16.7 ± 0.8 

Stainless steel - 3.2 ± 0.4 - 29.4 ± 0.8 - 32.5 ± 0.9 

Polypropylene - 2.0 ± 0.5 - 56.0 ± 0.0 - 58.0 ± 0.5 

 

 

A common feature for all four fomites and the two viruses studied in this work is that 

their 𝛾𝐿𝑊 component is higher than that of water (𝛾𝑤
𝐿𝑊 = 21.8 mJ·m-2); as a result, for 

none of the virus-fomite pairs the conditions (𝛾𝑓
𝐿𝑊 < 𝛾𝑤

𝐿𝑊 < 𝛾𝑣
𝐿𝑊 or 𝛾𝑣

𝐿𝑊 < 𝛾𝑤
𝐿𝑊 < 𝛾𝑓

𝐿𝑊) 

necessary for dispersive interaction to be repulsive (∆𝐺𝑑0

𝐿𝑊 > 0; eq. (8)) were fulfilled. 

Thus, for both HAdV5 and HRSV their dispersive interactions with each of the four 

fomites were attractive. Notably, some common materials such as PTFE (𝛾𝑤
𝐿𝑊 = 18.6 
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mJ·m-2; see Table 2.3 in the book by Kinloch [93]) would have repulsive dispersive 

interactions with HAdV5 and HRSV in water. 

 

In several other respects, the four selected fomites differed. In what follows, the 

differences are described and presented as the basis for considering the four fomites as 

typifying distinct groups of materials (i. e. as “archetypes”). 

1. Silica is characterized by a large electron donor component of its surface tension 

such that 𝛾𝑓
− ≫ 𝛾𝑓

+. Silica’s polar interactions with HAdV5 are repulsive due to 

hydration of both silica and virus surfaces (large 𝛾𝑓
−𝛾𝑤

+ and 𝛾𝑣
−𝛾𝑤

+ terms in eq. (9)). 

Repulsive polar interactions (∆𝐺𝑑0

𝐴𝐵 > 0) are referred to as hydration pressure. For the 

HAdV5/silica pair, hydration pressure overcomes water cohesion given by 𝛾𝑤
−𝛾𝑤

+ so 

that even in the presence of attractive dispersive forces (∆𝐺𝑑0

𝐿𝑊 < 0), the overall 

interaction is a mild repulsion (∆𝐺𝑣𝑤𝑓 > 0). 

2. Nylon is less polar than silica. A near-monopolar surface (𝛾𝑓
+ ≅ 0), nylon also has a 

smaller 𝛾𝑓
−. As a result, the electron-donor attraction between nylon and viruses is 

weaker than water cohesion leading to ∆𝐺𝑑0

𝐴𝐵 < 0. Attractive polar interactions (∆𝐺𝑑0

𝐴𝐵 

< 0) are referred to as hydrophobic attraction. In case of nylon, the attraction is 

further enhanced due to the high (the highest among the four fomites) dispersive 

component of nylon’s surface tension, 𝛾𝑓
𝐿𝑊. 

3. Stainless steel surface has a substantial electron acceptor component such that 

𝛾𝑓
+ ≅ 𝛾𝑓

−. This gives stronger polar interactions with viruses (i. e. higher 𝛾𝑓
+𝛾𝑣

− and 
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𝛾𝑓
−𝛾𝑣

+). Notably, these terms are independent of the properties of the continuous 

phase. 

4. Polypropylene is an apolar material (𝛾𝑓
+ ≅ 0; 𝛾𝑓

− ≅ 0). Because the dispersive 

component of PP’s surface tension, 𝛾𝑓
𝐿𝑊, is close to that of water (29.4 vs 21.8 

mJ·m-2; Table 3), dispersive interactions of PP with any virus are also weak (eq. (8)). 

For viruses such that 𝛾𝑣
𝐿𝑊 > 𝛾𝑤

𝐿𝑊 (which is the case for both HRSV and HAdV5), the 

dispersive interactions are attractive. As a result, hydrophobic attraction is the 

dominant mechanism of virus interaction with PP surface. 

Many common materials are monopolar or nearly so with 𝛾𝑓
+ very close to zero [94]. For 

such materials, substituting eq. (8) and eq. (9) into eq. (10), and posing ∆𝐺𝑣𝑤𝑓 = 0, gives 

the following relationship between 𝛾𝑓
− and 𝛾𝑓

𝐿𝑊: 

𝛾𝑓
− =

[
 
 
 √𝛾𝑣

𝐿𝑊𝛾𝑤
𝐿𝑊 + √𝛾𝑓

𝐿𝑊𝛾𝑤
𝐿𝑊 − √𝛾𝑣

𝐿𝑊𝛾𝑓
𝐿𝑊 − 𝛾𝑤

𝐿𝑊 − 2√𝛾𝑤
−𝛾𝑤

+ + √𝛾𝑤
−𝛾𝑣

+ + √𝛾𝑤
+𝛾𝑣

−

√𝛾𝑣
+ − √𝛾𝑤

+

]
 
 
 
2

 

 

(16) 

In the 2D space with 𝛾𝑓
− and 𝛾𝑓

𝐿𝑊 as coordinates, eq. (16) corresponds to the boundary 

separating all monopolar materials into those that have an overall attractive interaction 

(∆𝐺𝑣𝑤𝑓 < 0) and those having an overall repulsive interaction (∆𝐺𝑣𝑤𝑓 > 0) with a given 

colloid. Figure 12 illustrates such boundary for the case when the colloid is HRSV2. Both 

the monopolar PP and the near-monopolar nylon (Table 3) interact with HRSV favorably. 

 
2 In his book “Interfacial Forces in Aqueous Media”, van Oss pointed out that electron donor-only 

monopolar (𝛾𝑠
+ = 0) surfaces with 𝛾𝑠

𝐿𝑊 = 40 mJ·m-2 (“a typical value for most biological and many 
other organic materials”) are hydrophilic when their 𝛾𝑠

− is above 28.3 mJ·m-2. In effect, this 
comment referred to a specific point on the ∆𝐺𝑠𝑤𝑠= 0 curve on a graph similar to Fig. 3 but 

drawn for ∆𝐺𝑠𝑤𝑠. 
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Note that ∆𝐺𝑣𝑤𝑓 does not account for electrostatic interactions, which, under appropriate 

conditions (see section 3.5), can create a substantial primary barrier and prevent 

adhesion. Such graph constructed for a given virus with known surface tension 

components would allow screening of various candidate materials and selecting ones 

with desirable adhesive properties vis-à-vis the virus. 

 

Figure 36. Free energy, ∆𝑮𝒗𝒘𝒇, of interfacial interaction of HRSV with monopolar 

fomites (𝜸𝒇
+ = 0) in DI water. The solid line corresponds to ∆𝑮𝒗𝒘𝒇 = 0 (i. e. solution of eq. 

(16)). 
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3.4.4 Virus adhesion to fomites: QCM-D measurements 

 

3.4.4.1 Model of mass transfer in QCM-D chamber. Assumptions 

 

Virus transport to the QCM-D sensor surface can be viewed a s a two-step process – 

long range transport from the bulk of the flow to the surface followed by a collision event, 

which may or may not result in an attachment. The attachment efficiency, 𝛼𝑣𝑓, is defined 

as the probability that a collision results in attachment. The QCM-D part of the present 

work is designed to determined 𝛼𝑣𝑓 values so that they can be related to the energy of 

virus-fomite interactions. In the simple mass transfer model given by eq. (13), the long-

range transport of a virus and short-range virus-fomite interactions are described by 𝑘 

and 𝛼𝑣𝑓, respectively. The linearity of eq. (13) was tested and confirmed (𝑅2 > 0.99) in a 

subset of QCM-D tests with HAdV5 and SS (see SM, Fig. 43). Further, it was assumed 

that deposited virions formed a laterally homogeneous film. In reality, the deposited 

layer is laterally heterogeneous, consisting of discrete virions with a solvation shell 

contributing to the QCM-D signal to different extents at different coverages. The use of 

the Sauerbrey equation is justified, however, in view of the near-overlapping time 

dependencies of ∆𝑓𝑛 𝑛⁄  for different harmonics  (see section 3.4.3) and a relatively weak 

dissipation signal ∆𝐷𝑛 (∆𝑓𝑛 𝑛⁄ )⁄  << 4×10-7 Hz-1) [41, 95]. 
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3.4.4.2 Quantifying mass transfer in QCM-D chamber: Mass transfer coefficients 

for HAdV5 and HRSV and size of depositing virions 

 

Based on 𝑑𝑚𝑣 𝑑𝑡⁄  values measured in tests with PP under conditions of attractive 

electrostatic interactions (i. e. assuming 𝛼𝑣𝑓 = 1; Fig. 49a, Fig. 49c), eq. (13) predicted 

the mass transfer coefficient, 𝑘, for HRSV and HAdV5 to be 5.97×10-9 (m/s) and 

1.87×10-9 (m/s), respectively. The value of 𝑘 for HAdV5 together with HAdV5 diffusion 

coefficient measured by DLS (section 3.1) can be used to estimate the effective 

thickness of the mass transfer boundary layer in the QCM-D chamber: 

𝛿 ≈
𝐷

𝑘
 (17) 

The thickness of boundary layer is defined by the hydrodynamics of the flow in the 

chamber and should be the same for both viruses. Given the very narrow size 

distribution for the HAdV5 stock (Fig. 10E) and, therefore, a more accurate 𝐷 estimate 

for this virus, eq. (17) was applied to HAdV5 to predict 𝛿 ≈ 2.3 mm. This value of 𝛿 

together with the value of 𝑘 for HRSV can be used to predict the effective hydrodynamic 

diameter of HRSV based on Stokes-Einstein equation. Combining eq. (15) and eq. (17)  

gives: 

𝑑ℎ =
𝑘𝐵𝑇

3𝜋𝜇𝑘𝛿
 (18) 

Eq. (18) predicts HRSV hydrodynamic diameter of 32 nm, which is an almost exact 

match to the higher peak in the size distribution for this virus (Fig. 10B). We conclude 

that the smaller size fraction of HRSV is the morphological subset of HRSV virions that 

predominantly deposit on the QCM-D sensor surface. While the polydispersity of HRSV 
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(Fig. 10B) confounds a direct application of size data in mass transfer calculations for 

this virus, the above analysis shows that QCM-D signal is due to the deposition of 

virions from the smaller size fraction of the HRSV population. 

 

3.4.4.3 Virus deposition onto fomites. Virus-fomite attachment efficiency, 𝜶𝒗𝒇 

 

Figure 13 shows a QCM-D dataset recorded in experiments on virus deposition from 

150 mM NaCl solution. Representative QCM-D results (both frequency and dissipation 

signals) from tests with all virus-fomites pairs are given in SM (Figures 50 – 57). During 

the virus deposition stage, the dissipation signal increased monotonously, with a 

relatively constant deposition rate, 𝑑𝑚𝑣 𝑑𝑡⁄ , indicating early stages of the deposition 

process, far from the jamming limit. Indeed, based on the areal mass density and virion 

size, the surface coverage was below 4 % for HRSV and below 1 % for HAdV. 

 

Three additional observations in QCM-D tests require a commentary. First, changes in 

the QCM-D signal in response to changes of the background solution (from DI to 150 

mM and back) were not immediate. The transient period is due to a finite retention time 

within the QCM-D chamber. The lower bound on the retention time in the tubing and the 

QCM-D chamber is ~ 1.5 min; the estimate considers QCM-D chamber as an ideal 

completely mixed flow reactor so that the actual retention time should be higher.  
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Figure 37. Example QCM-D data set: deposition of HRSV on stainless steel. 
Representative QCM-D data for all virus-fomite pairs and deposition conditions are 
given in SM (Figures 50 – 57).  All calculations based on the QCM-D data were 
performed using the signal for the 5th overtone (𝒏 = 5 in eq. (14)). The reason for 
choosing the 5th harmonic was that the signals for the 3rd and 1st harmonics were 
unstable, likely due to their high sensitivity to mounting stress caused by the O-rings 
holding the sensor within the QCM-D chamber [96]. 

 

Second, averaged over all 24 QCM-D experiments (8 virus-fomite pairs, triplicate tests),  

the frequency shift due to the change of the solution from DI water to 150 mM NaCl was 

20.9 ± 4.0 Hz. This was smaller than the shift predicted by the Kanazawa-Gordon 

equation (64.6 Hz; see eq. (S1)) based on the density and viscosity of the two solutions 

at 20 °C [97, 98]. The discrepancy may be due to a limited sensitivity of the sensors or a 

variation in the density of the quartz sensor. Third, the high reproducibility of 𝑑𝑚𝑣 𝑑𝑡⁄  

values for each condition indicated that the limited reuse of QCM-D sensors (for 

cleaning protocols see SM, section S4) had little impact on virus adhesion. This is 
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consistent with results of t-testing, which showed that sensor surface energy, ∆𝐺𝑓𝑤𝑓, 

remained stable (𝑝 > 0.1) after repeated usage-cleaning cycles (Tables 12 and 13 vs 

Table 11). 

 

Figure 14 shows values of the attachment efficiency computed based on 𝑑𝑚𝑣 𝑑𝑡⁄  slopes 

in QCM-D tests with various virus-fomite pairs. For both HAdV5 and HRSV, more 

favorable interfacial interaction (quantitatively expressed in terms of ∆𝐺𝑣𝑤𝑓) 

corresponded to a higher probability of attachment. Remarkably, normalization by 𝐶𝑏 (a 

step in the computation of 𝛼𝑣𝑓), made the 𝛼𝑣𝑓 vs ∆𝐺𝑣𝑤𝑓 dependencies for both viruses 

collapse into one trend, pointing to the possibility of using of ∆𝐺𝑣𝑤𝑓 as a predictor of 

virus adhesion. Whether this result holds true for other viruses and fomites warrants 

further testing.  

 

As described in section 2.5.1, the determination of 𝛼𝑣𝑓 relies on quantifying the mass 

transfer coefficient, 𝑘, which is based on tests performed under conditions of highly 

favorable virus-fomite interaction with 𝛼𝑣𝑓 = 1. To model this scenario, QCM-D tests 

were performed with polypropylene as the most hydrophobic of the four fomites (to 

maximize hydrophobic attraction 𝑈𝑣𝑤𝑓
𝐴𝐵 ), and under conditions when the electrostatic 

interactions are favorable (𝑈𝑣𝑤𝑓
𝐸𝐿 < 0) and strongest. The latter conditions were achieved 

by a) adjusting pH to be within the pH range bracketed by the pI values of 

polypropylene and the virus in question (see SM, section S6) and b) switching to low 

ionic strength electrolyte (1 mM NaCl) to minimize screening of attractive electrostatic 

interactions.  
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Figure 38. Virus-fomite attachment efficiency as a function of the free energy of virus-
fomite interaction in water. Empty symbols correspond to tests with 150 mM NaCl 
electrolyte as the deposition solution. Filled symbols correspond to tests with virus 
deposition onto polypropylene from 1 mM NaCl at pH 4.1 for HAdV5 and at pH 3.8 for 
HRSV where virus-fomite electrostatic interaction is favorable and at its maximum 
absolute value. (See SM, section S6 for the algorithm used to select these pH values.). 

 

Figure 15 gives examples of two QCM-D datasets that correspond to the least 

hydrophobic fomite-virus pair (silica and HAdV5 with ∆𝐺𝑓𝑤𝑓 of 15.7 and - 27.7 mJ·m-2, 

respectively) and the most hydrophobic one (HRSV and PP with ∆𝐺𝑓𝑤𝑓 of - 40.2 and - 

88.9 mJ·m-2, respectively). As mentioned earlier, one simplification behind the 

presented approach is that the deposited layer is assumed to be laterally homogeneous. 

We note that this assumption provides a conservative estimate on the difference 

between hydrophilic and hydrophobic fomites in terms of their adhesiveness. The 

contribution of the solvent to the QCM-D signal should be higher for attached particles 
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with a larger shell of associated solvent, especially at lower coverages [95], such as 

those (< 4%) that occurred in our QCM-D tests. Thus, we expect that due to the higher 

contribution of the solvation shell, the values of 𝛼𝑣𝑓 are overpredicted for more 

hydrophilic virion-fomite pairs; therefore, the contrast between PP and silica should be 

more pronounced than what is apparent from Fig. 14. 
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(a) 

 

 

(b) 

 

Figure 39. Mass and dissipation QCM-D data for the deposition of a) HRSV on 
polypropylene and b) HAdV5 on silica. Insets illustrate areal mass density values 
computed based on 5th, 7th, 9th, and 11th harmonics of the QCM-D signal.  
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3.4.5 XDLVO predictions 

 

Virus properties required as inputs to XDLVO model included virus size as well as 

surface energy and 𝜁-potential of viruses and fomites. The 𝜁-potential of the four fomites 

as a function of pH was obtained from literature [36, 74, 75]. There was a significant 

variation in the reported values of 𝜁-potential of stainless steel [75, 99, 100] likely due to 

different degrees of passivation of the surface. While pure metals have very high 

surface energy, fast oxidation in air passivates the surface and minimizes its energy 

through the formation of a metal oxide bilayer. The passive film on the stainless steel 

surface consists of an inner sub-layer with segregated chromium oxide and an outer 

sublayer enriched in iron oxyhydroxide [101-103]. For XDLVO simulations, we adopted 

surface charge data reported by Hedberg et al. [75]. 

 

For both viruses, the XDLVO model predicted attractive interactions with nylon, SS and 

PP at all virus-fomite separation distances (Figures 16a, 45a, 45c, 46a, 47a, 47c, 48a) 

due to strong hydrophobic attraction. The XDLVO energy of interaction between silica 

and each of the two viruses featured a primary maximum and a secondary minimum. 

For HAdV5/silica (Fig. 16c), the corresponding energy values were 200 kT and - 3.0 kT; 

the reason for the very high primary energy barrier was the strong repulsive Lewis acid-

base interaction between HAdV5 and silica (“hydration pressure”) as indicated by the 

positive value of ∆𝐺𝑑0

𝐴𝐵 (~7.9 mJ·m-2; Table 4). For HRSV/silica (Fig. 48c), the primary 

maximum was much lower (21 kT) while the secondary minimum was shallower (– 2.3 

kT). The repulsive electrostatic interaction between HRSV and silica results in slightly 
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repulsive total interaction even though LW and AB interactions are both attractive (∆𝐺𝑑0

𝐿𝑊 

= -5.5 J·m-2, ∆𝐺𝑑0

𝐴𝐵 ≈ - 0.4 J·m-2; Table 4). During DI water rinse, there was always an 

energy barrier for all virus-fomite pairs except for the condition of 𝛼𝑣𝑓 = 1. In XDLVO 

simulations describing the DI rinse, the ionic strength of the solution was assumed to be 

10-5 M. 

 

In XDLVO energy profiles corresponding to the conditions of DI water rinse (Fig. 16b, 

Fig 16d), the energy barriers were observed in all the cases at longer distance (> 5 nm) 

except for HAdV5/silica, where barrier was located at the distance of ~ 0.4 nm. The 

appearance of energy barriers is due to the increased importance of repulsive 

electrostatic interactions. In high ionic strength solution, the electrostatic interaction is 

limited due to the compression of the electric double layer, making the 𝑈𝑣𝑤𝑓
𝐸𝐿  decrease 

much faster with distance. With the lowering of the ionic strength, this restriction 

disappears, making 𝑈𝑣𝑤𝑓
𝐸𝐿  higher at longer distance. This is consistent with QCM-D 

results showing a much more effective removal of viruses when switching from 150 mM 

rinse to DI water rinse.  
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(a) (b) 

 
 

(c) (d) 

  

 

Figure 40. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HRSV interaction with 
polypropylene (a, b) and HAdV5 interaction with silica (c, d).  
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While outside of the scope of the present work, testing non-polar liquids as cleaning 

agents for virus removal is also of interest. 

 

The XDLVO modeling complements interfacial energy analysis (Table 4) by providing 

insights into the relative importance of electrostatic interactions as a function of ionic 

strength. Accounting for classical DLVO (LW, EL) as well as polar (AB) interactions, the 

model predicts that at lower ionic strengths a solution with an appropriate pH deters 

adhesion and can help resuspend attached viruses. Separation distances that 

correspond to primary maxima (barriers for irreversible adhesion) and secondary 

minima (loci for possible reversible adhesion) correspond to a fraction of a virus 

diameter. Thus, for solution chemistries that discourage adhesion, a very minor 

disturbance in a virus’ position at the surface may lead to detachment. While almost no 

removal of viruses was observed by flowing 150 mM NaCl solution after virus deposition, 

removal of 28.8% on average was possible after switching to DI water as the rinsing 

solution. These findings are also consistent with the results reported by Liu et al who 

employed SPR imaging to study adsorption of SARS-CoV-2 pseudovirus onto model 

surfaces [40]. Under conditions when the virus and the surface carried the charge of the 

same sign, adsorption was stronger at a higher ionic strength where the repulsive 

electrostatic interactions are screened out.   

 

In general, anti-adhesion surfaces should have high positive value of the interfacial free 

energy of its interaction with a virus, ∆𝐺𝑣𝑤𝑓 (see Fig. 12). Consistent with XDLVO 
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modelling results, QCM-D data show that for both HAdV and HRSV, the efficiency of 

their attachment to fomites is correlated with ∆𝐺𝑣𝑤𝑓. For a virus with known surface 

tension parameters, this knowledge can be used to select surfaces with as high ∆𝐺𝑣𝑤𝑓 

as practically possible to deter virus adhesion. The proposed approach can also guide 

the selection of surface cleaning solutions and protocols. When the virus and surface 

carry electrical charges of the same sign, a cleaning solution with low ionic strength will 

allow for electrostatic repulsion. Whereas if the virus and surface are oppositely charged, 

cleaning solution with a high ionic strength can screed out attractive electrostatic 

interactions. Both strategies should promote virus detachment. 

 

3.5 Conclusions 

 

The present work considers interactions of two human enteric viruses – one enveloped 

(HRSV) and one non-enveloped (HAdV5) – with four fomites (silica, nylon, stainless 

steel, polypropylene). The selected fomites are tentatively identified as “archetypes” 

representing surfaces that are distinctly different in mechanisms of their interfacial 

interactions. The surfaces are typified on the basis of their surface energy components:  

− Archetype 1 (e. g. silica) is characterized by a large electron donor component such 

that 𝛾𝑓
− ≫ 𝛾𝑓

+. For these surfaces, hydration pressure can overcome water cohesion 

to result in an overall repulsion of viruses. 

− Archetype 2 (e. g. nylon) is less polar than archetype 1 and has high dispersive 

component, 𝛾𝑓
𝐿𝑊. A near-monopolar surface (𝛾𝑓

+ ≅ 0), archetype 2 also has a smaller 
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𝛾𝑓
−. As a result, the electron-donor attraction between archetype 2 and viruses is 

weaker than water cohesion leading to hydrophobic attraction that is further 

enhanced due to dispersive forces. 

− Archetype 3 (e. g. stainless steel) has a substantial electron acceptor component 

such that 𝛾𝑓
+ ≅ 𝛾𝑓

−. This gives stronger polar interactions with viruses (i. e. higher 

𝛾𝑓
+𝛾𝑣

− and 𝛾𝑓
−𝛾𝑣

+).  

− Archetype 4 (e. g. polypropylene) is an apolar material (𝛾𝑓
+ ≅ 0; 𝛾𝑓

− ≅ 0) with the 

dispersive component, 𝛾𝑓
𝐿𝑊, close to that of water. Hydrophobic attraction is the 

dominant mechanism of virus interaction with such surfaces. 

 

Areal mass density on the fomite surface is found to correlate with the free energy of 

virus-fomite interfacial interaction in water, ∆𝐺𝑣𝑤𝑓. For both HAdV5 and HRSV, more 

negative ∆𝐺𝑣𝑤𝑓 values correspond to higher virus-fomite attachment efficiencies. 

Moreover, 𝛼𝑣𝑓 vs ∆𝐺𝑣𝑤𝑓 dependencies for HAdV5 and HRSV collapse into one trend 

pointing to the possibility of using ∆𝐺𝑣𝑤𝑓 as a predictor of virus adhesion. Virus 

deposition from 150 mM NaCl electrolyte is defined by polar interactions. Under 

conditions of low ionic strength, however, electrostatic forces emerge as a dominant 

interaction at a longer range.  

 

Through the analysis of relative contributions of separate surface tension components 

to the energy of interfacial interaction, the study describes a possible approach to the 

selection of surfaces with desired adhesion properties. The methodology helps fill the 
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knowledge gap on virus adhesion to fomites – an important component of models on 

virus transport and fate in built environments. The study can help guide screening and 

selection of materials that discourage virus adhesion, design of anti-adhesive surfaces, 

as well as development of surface cleaning solutions and protocols.  

 
Acknowledgements 

 

This material is based upon work supported in part by the U.S. National Science 

Foundation under Grant OISE-1952438 and in part by the Research Council of Norway 

under project #310074. We are grateful to Dr. Wei Zhang (Department of Plant, Soil and 

Microbial Sciences, Michigan State University) for making available the Malvern 

Zetasizer Nano-ZS instrument in his laboratory as well as to Dr. Irene Xagoraraki and 

Brijen Miyani (Department of Civil and Environmental Engineering, Michigan State 

University) for providing training on the procedures for RNA and DNA extraction. 

 

 

  



144 
 

Nomenclature 

 

𝛼𝑣𝑓 virus-fomite attachment efficiency  

𝛾𝑙
𝐿𝑊 Lifshitz-van der Waals component of the surface energy of probe liquid 

𝛾𝑠
𝐿𝑊 Lifshitz-van der Waals component of the surface energy of solid 

𝛾𝑤
𝐿𝑊 Lifshitz-van der Waals component of the surface energy of water 

𝛾𝑙
+ electron acceptor component of the surface energy of probe liquid 

𝛾𝑠
+ electron acceptor component of the surface energy of solid 

𝛾𝑤
+ electron acceptor component of the surface energy of water 

𝛾𝑙
− electron donor component of the surface energy of probe liquid 

𝛾𝑠
− electron donor component of the surface energy of solid 

𝛾𝑤
− electron donor component of the surface energy of water 

𝛿 effective diffusion distance 

𝜀𝑟 relative dielectric permittivity of water 

𝜀0 dielectric permittivity of vacuum  

𝜁 𝜁-potential 

𝜃 contact angle 

𝜅 inverse Debye screening length (also referred to as Hϋckel parameter) 

λ (=0.6 nm) the decay length for Lewis acid-base interaction in water 

𝜇 dynamic viscosity 

𝜓𝑣 surface potential of a virus  

𝜓𝑓 surface potential of a fomite 
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𝐴 Hamaker constant 

𝐴𝑠 surface area of the QCM sensor 

𝑎 virus radius  

𝐶 QCM sensor mass sensitivity constant 

𝐶𝑏 virus concentration in the bulk of the flow  

𝐶𝑠 virus concentration at the sensor surface  

𝐷 diffusion coefficient  

𝑑 virus-fomite minimal separation distance 

𝑑ℎ hydrodynamic diameter 

𝑑0 minimum separation distance due to Born repulsion 

𝑘 mass transfer coefficient  

𝑘𝐵 Boltzmann’s constant 

𝐸𝑚𝑎𝑥 primary maximum in the total XDLVO energy of interaction 

𝐸𝑚𝑖𝑛 secondary minimum in the total XDLVO energy of interaction 

∆𝑓 QCM vibration frequency shift 

∆𝐺𝑓𝑤𝑓 free energy of interfacial interaction of two identical fomites in water 

∆𝐺𝑠𝑤𝑠 free energy of interfacial interaction of two identical solids in water 

∆𝐺𝑣𝑤𝑣 free energy of interfacial interaction of two identical viruses in water 

∆𝐺𝑣𝑤𝑓 free energy of virus-fomite interfacial interaction in water 

𝑗𝑚 mass flux of virus towards the QCM sensor 
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𝑚 areal mass density 

𝑛 QCM vibration overtone number 

𝑈𝑠𝑙𝑣
𝑋𝐷𝐿𝑉𝑂 total XDLVO energy of interaction between a sphere and a plate  

𝑈𝑣𝑤𝑓
𝐿𝑊  energy of Lifshitz-van der Waals interaction between a sphere and a plate  

𝑈𝑣𝑤𝑓
𝐸𝐿  energy of electrostatic interaction between a sphere and a plate 

𝑈𝑣𝑤𝑓
𝐴𝐵  energy of Lewis acid-base interaction between a sphere and a plate 

𝑇 absolute temperature  
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APPENDIX 

A1. Transmission electron microscopy of HAdV5 and HRSV 

 

In correlation with using dynamic light scattering as a method to measure the particle 

size, transmission electron microscopy can also be used to determine particle size, 

shape, and chemical makeup. TEM provides the primary particle size (exact particle 

diameter) in comparison to the hydrodynamic diameter, obtained using DLS, which 

tends to be larger. If agglomeration of the particles is present, larger particle size 

distributions or multi-model particle size distributions will most likely occur using DLS. 

TEM is the preferred method for determining the primary particle size of dilute colloidal 

dispersions [104].  In order to avoid exposure of lab personnel and the public by 

accidentally released viruses during handling of HAdV5 and HRSV, efficient and 

feasible safety precautions should be addressed. Virus sample inactivation was 

performed to guarantee biosafety. The inactivation procedures must not only inactivate 

the virus, but also preserve their morphology. In diagnostic negative staining EM, 

Formaldehyde (FA) at a concentration of 2% to 4% is commonly used because it 

stabilizes biological structures [105]. In our study, 37% FA was added in the virus 

suspension to reach a final concentration of 3.7% of FA. The mixture was vortexed for 

15 s and then incubated in 25 °C for 12 h as suggested by Moeller et al. [105]. To 

prepare specimen for TEM imaging, one drop of purified virus stock was applied to a 

carbon-coated formvar grid. The virus sample was incubated on the grid for 5 min and 

the washed away by drops of water. Uranyl acetate (1%) was then used to stain the grid, 

and excess stain was removed with filter paper. The grid was air-dried prior to TEM 
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imaging. Images were recorded using JEM-1400 Flash (Jeol, Nieuw-Vennep, Tokyo). 

High accelerating voltages give higher resolution, but less contrast, and can result in 

greater specimen damage. For these reasons, studies of biological samples tend to 

employ low accelerating voltages (60 kV to 100 kV), while studies of inorganic materials, 

which often require higher resolution, usually employ an accelerating voltage of 200 kV. 

In this study, 100 kV accelerating voltage was utilized. 

 

A2. QCM-D experiments: Avoiding air bubbles in tests with hydrophobic sensors 

 

When an aqueous solution is brought into contact with a dry hydrophobic surface of a 

QCM-D sensor, air bubbles tend to form on the surface confounding QCM-D 

measurements [106-108]. Accordingly, in tests with hydrophobic PP sensors, we 

adopted a different protocol to establish a baseline All sample solutions (except virus 

suspensions) were first sonicated for at least 30 min in the air, and then degassed in a 

vacuum desiccator. Virus suspensions were degassed in a vacuum desiccator but not 

sonicated. An Erlenmeyer flask was filled with solution so there was no head space. 

The sample solution was kept in the vacuum desiccator for at least 15 s and was 

immediately sealed with parafilm after being taken out of the vacuum desiccator to 

avoid re-aeration. The QCM-D tubing was inserted into the solution through a parafilm 

cover. Further, before each QCM-D test, the PP sensors were flowed first with ethanol 

for at least 2 h at 0.1 ml/min [106] and then with the DI water for at least 60 min while 

QCM frequency was recorded. No significant frequency changes during this time 

indicated absence of air bubbles. Finally, the baseline was established with DI water at 
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0.15 ml/min flow rate. The rest of the procedure was the same as with hydrophilic (SiO2,) 

and less hydrophobic (nylon-6,6, SS) sensors. 

 

A3. QCM-D experiments: Accounting for the effect of liquid viscosity and density 

 

The effect of fluid’s viscosity and density on QCM-D sensor vibration frequency when 

switching from DI water to the electrolyte solutions (150 mM NaCl) was accounted for 

using eq. (S1), which is commonly attributed to Kanazawa and Gordon [109, 110]. (See 

Revyakine et al. [111] for references to earlier reports where the equation appears). The 

relationship expresses the change in the oscillation frequency of a quartz crystal in 

contact with a fluid as a function of materials parameters of the fluid and the quartz: 

∆𝑓 = −√𝑓0
3

𝜂𝐿𝜌𝐿

𝜋𝜇𝑄𝜌𝑄
 (S1) 

where 𝜇𝑄 = 2.974×1011 g∙cm-1·s-2 (2.974×1010 Pa) and 𝜌𝑄 = 2.648 g∙cm-3 are the shear 

modulus and density of quartz, respectively; 𝑓0 = 25 MHz is the nominal vibration 

frequency of the dry quartz crystal at the 5th harmonic, 𝜂𝐿 and 𝜌𝐿 are the absolute 

viscosity and density of the liquid respectively [109, 110]. For pure water at 25 °C, 𝜂𝐿 

and 𝜌𝐿 are 0.89×10-3 Pa·s and 0.997 g∙cm-3, respectively. For 150 mM NaCl solution at 

25 °C, 𝜂𝐿 and 𝜌𝐿 are 0.9×10-3 Pa·s [112] and 1.003 g·cm-3 [113], respectively.  
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A4. QCM-D experiments: Cleaning protocols 

 

Protocol for cleaning QCM-D tubing  

After the test with viruses, the fluid path (including both tubing and QCM-D chamber) 

was first disinfected with bleach using the following steps: 

1) Priming the fluid path with deionized water.  

2) Flushing the fluid path with a 0.625% NaOH solution. The solution was prepared 

by diluting commercial bleach (12.5% NaOH) with DI water. 

3) Pausing the priming sequence. 

4) After 30 min of leaving the fluid path filled with the bleach solution and no 

pumping, priming the fluid path using DI water to remove the remaining bleach 

solution from the tubing and into the waste container.  

After disinfection, the fluid path was cleaned to remove any virions possibly remaining 

on the inner surfaces of the tubing and the QCM-D chamber. The procedure included 

the following steps: 

1) Flushing the fluid path with a 2% SDS solution 

2) Pausing the priming sequence. 

3) After 30 min of leaving the fluid path filled with the SDS solution and no pumping, 

resume flushing and prime the fluid path using deionized water to remove the 

remaining SDS solution from the tubing and into the waste container.  
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Protocols for cleaning stainless steel and silica sensors  

The cleaning protocol for stainless steel sensor included the following seven steps: 

1. Immersing in 1% Hellmanex II for 12 h at room temperature. 

2. Rinsing with DI water. 

3. Drying with nitrogen gas. 

4. Sonicating in 99% ethanol for 10 min. 

5. Rinsing with DI water. 

6. Drying with nitrogen gas. 

7. Treating with UV and O3 (Bioforce UV-Ozone Cleaner) for 60 min. 

The cleaning protocol for SiO2 sensor (QSX 303) included the following five steps: 

1. Treating with Bioforce UV-Ozone Cleaner for 10 min. 

2. Sonicating in 2% SDS aqueous solution for 60 min.  

3. Rinsing with DI water. 

4. Drying with nitrogen gas. 

5. Treating with UV and O3 (Bioforce UV Ozone Cleaner) for 60 min.  

 

Protocols for cleaning polypropylene and nylon sensors  

The manufacturer does not provide the standard cleaning protocols for polypropylene 

and nylon-6,6 sensors. The cleaning procedure for these two types of sensors was 

designed based in part on that for polystyrene and included the following five steps: 

1. Immersing in 1% Deconex 11 solution for 60 min at room temperature. 

2. Rinsing with DI water and keep immersed in DI water for 2 h. 
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3. Rinsing with 99% ethanol. 

4. Drying with nitrogen gas. 

 

 

A5. Determination of ζ–potential based on measured electrophoretic mobility 

 

Experimentally determined values of HRSV electrophoretic mobility as a function of pH 

(Fig. 41) were converted to 𝜁–potential values, using an expression derived by Ohshima 

[114]: 

𝜇 =
2

3

𝜀𝑟𝜀0

𝜂
𝜁

[
 
 
 

1 +
1

2 [1 +
2.5

𝜅𝑎[1 + 2𝑒−𝜅𝑎]
]
3

]
 
 
 

 (S2) 

where 𝜅 (nm-1) is the Hückel parameter (𝜅−1 (nm) is the Debye screening length), 𝜂 is 

the viscosity of the electrolyte where viruses are suspended, and 𝑎 is the radius of the 

virus. Equation (S2) provides an accurate (< 1% error) estimate of ζ–potential for any 

value of 𝜅𝑎. For HRSV in 1 mM KCl, 𝜅𝑎 ≈ 6.4, making neither Smoluchowski expression 

(assumes 𝜅𝑎 ≫ 1) nor Hückel expression (assumes 𝜅𝑎 ≪ 1) for the relationship 

between 𝜁 and 𝜇 applicable. The Ohshima equation was employed in our earlier study 

to determine 𝜁-potential of HAdV5 [115]. 
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Figure 41. Electrophoretic mobility of HRSV virions as a function of pH. Table 10 lists 
mobility and zeta potentials as functions of pH in a tabular format. 

 

A6. Algorithm for selecting the pH value where electrostatic interactions between 

a virus and a fomite surface are most attractive 

To determine the pH when 𝐸𝑣𝑤𝑓
𝐸𝐿  is most attractive, a few pH values were first selected 

between isoelectric point (pI) of virus and PP to ensure the attraction of 𝑈𝑣𝑤𝑓
𝐸𝐿 . For 

example, the pls of HAdV5 and PP were 4.6 and 3.8 respectively, so 3.9, 4.0, 4.1, 4.2, 

4.3, 4.4, 4.5 were selected. Then the 𝐸𝑣𝑤𝑓
𝐸𝐿  at these pH were calculated and compared. 

The pH at which the 𝑈𝑣𝑤𝑓
𝐸𝐿  reaches the highest value was selected for these QCM-D 

tests. In eq. (5),  𝑙𝑛 (
1+𝑒−𝜅𝑑

1−𝑒−𝜅𝑑
) is positive for all distances,  (𝜓𝑣

2 + 𝜓𝑓
2) 𝑙𝑛(1 − 𝑒−2𝜅𝑑) is 

negative for all distances, Thus, for 𝑈𝑣𝑤𝑓
𝐸𝐿  (𝑑) to be highly negative (virus-fomite 

attraction), the 𝜓𝑣𝜓𝑓 should be highly negative. 
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𝑈𝑣𝑤𝑓
𝐸𝐿  (𝑑) =  𝜋𝜀𝑟𝜀0𝑎 [2𝜓𝑣𝜓𝑓 𝑙𝑛 (

1 + 𝑒−𝜅𝑑

1 − 𝑒−𝜅𝑑
) + (𝜓𝑣

2 + 𝜓𝑓
2) 𝑙𝑛(1 − 𝑒−2𝜅𝑑)] (5) 

 

Based on the 𝑈𝑣𝑤𝑓
𝐸𝐿  calculated, 4.1 and 3.85 was selected as the experimental pH for 

HAdV5-PP and HRSV-PP respectively.  
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(a) (b) 

  

  

(c) (d) 

  

 

Figure 42. TEM images of (a, b) HAdV5 virions and (c, d) HRSV virions. 
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A7. Verification of linearity of the concentration dependence of virus mass flux to 

the sensor 

 

Figure 43. Rate of HAdV5 deposition on stainless steel QCM-D sensors (
𝒅𝒎𝒗

𝒅𝒕
) as a 

function of HAdV5 concentration in the feed suspension (𝑪𝒃). The intermediate value of 
𝑪𝒃 and deposition conditions are the same as in all other QCM-D tests. Solution is 150 

mM NaCl. The observed linearity validates the assumption behind eq. (3): 
𝒅𝒎𝒗

𝒅𝒕
≈

𝜶𝒗𝒇𝒌𝑪𝒃𝑨. 

 

A8. Computing surface tension components for polypropylene 

 

Eq. (1) was recast as 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 − 2√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊

2√𝛾𝑙
−

= √𝛾𝑠
+ + √

𝛾𝑙
+

𝛾𝑙
− √𝛾𝑠

− (S3) 
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and 𝛾𝑠
− was determined from the slope of a linear dependence of the left-hand side of 

eq. (S3) on √𝛾𝑙
+ 𝛾𝑙

−⁄  with the intercept (√𝛾𝑠
+) set to zero. To improve the reliability of the 

prediction, additional contact angle measurements with EG, a probe liquid with a high 

√𝛾𝑙
+ 𝛾𝑙

−⁄  ratio, were performed. 
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a) b) 

  

  

c) d) 

  

 

Figure 44. Contact angle of four fomites: a) silica, b) nylon, c) stainless steel, d) 
polypropylene, as a function of pH. Depending on the type of aqueous solution used, 
values are shown using either empty symbols (150 mM NaCl at pH 5.8) or gray symbols 
(DI water at pH 5.8) or black symbols (1 mM NaCl at pH 3.8 and 4.1). 
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(a) (b) 

  

  

(c) (d) 

  

Figure 45. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HRSV interaction with 
polypropylene (a, b) and stainless steel (c, d). 
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(a) (b) 

  

  

(c) (d) 

 
 

Figure 46. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HRSV interaction with 
nylon (a, b) and silica (c, d). 
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(a) (b) 

  

  

(c) (d) 

  

Figure 47. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HAdV5 interaction 
with polypropylene (a, b) and stainless steel (c, d). 
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(a) (b) 

  

  

(c) (d) 

  

Figure 48. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HAdV5 interaction 
with nylon (a, b) and silica (c, d). 
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(a) (b) 

  

  

(c) (d) 

  

Figure 49. XDLVO total energy of interactions during virus deposition (a, c) and 
cleaning (b, d) stages of QCM-D experiments. The results are for HRSV (a, b) and 
HAdV5 (c, d) interaction with polypropylene Conditions correspond to 𝜶𝒗𝒇 = 1.  
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Figure 50. Example QCM-D data set: deposition of HRSV on polypropylene. The data 
are based on the 5th harmonic of the QCM-D signal. 
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Figure 51. Example QCM-D data set: deposition of HRSV on stainless steel. The data 
are based on the 5th harmonic of the QCM-D signal.  
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Figure 52. Example QCM-D data set: deposition of HRSV on nylon. The data are based 
on the 5th harmonic of the QCM-D signal. 
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Figure 53. Example QCM-D data set: deposition of HRSV on silica. The data are based 
on the 5th harmonic of the QCM-D signal.  
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Figure 54. Example QCM-D data set: deposition of HAdV5 on polypropylene. The data 
are based on the 5th harmonic of the QCM-D signal  
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Figure 55. Example QCM-D data set: deposition of HAdV5 on stainless steel. The data 
are based on the 5th harmonic of the QCM-D signal.  
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Figure 56. Example QCM-D data set: deposition of HadV5 on nylon. The data are 
based on the 5th harmonic of the QCM-D signal  
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Figure 57. Example QCM-D data set: deposition of HAdV5 on silica. The data are 
based on the 5th harmonic of the QCM-D signal.  
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Table 10. 𝜻-potential values computed using Ohshima’s expression (eq. (S1)) based on 
measured electrophoretic mobilities of HRSV as a function of pH. 

 

pH Mobility (μm/s)/(V/cm) 𝜁-potential (mV) 

3.22 ± 0.02 0.613 ± 0.079 10.0 ± 1.3 

3.82 ± 0.07 0.119 ± 0.059 1.9 ± 1.0 

4.51 ± 0.05 -0.793 ± 0.092 -12.9 ± 1.5 

4.74 ± 0.04 -1.527 ± 0.079 -24.8 ± 1.3 

5.74 ± 0.11 -2.054 ± 0.143 -33.4 ± 2.3 

6.65 ± 0.11 -2.546 ± 0.107 -41.4 ± 1.7 

7.71 ± 0.08 -2.852 ± 0.086 -46.4 ± 1.4 

9.00 ± 0.10 -2.985 ± 0.142 -48.6 ± 2.3 
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Table 11. Contact angle of probe liquids, surface energy parameters (𝜸𝑳𝑾, 𝜸+, 𝜸−, 𝜸𝑨𝑩, 𝜸𝒕𝒐𝒕) and the free energy of 
interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of four fomites (clean, before use). Surface energies are calculated based on 
contact angles of 150 mM NaCl instead of DI water. Corresponding surface energy values calculated based on contact 
angles of DI water are given in Table 3. Error estimates were obtained by propagating experimental errors in measured 
contact angles through the calculation of 𝜸 (eq. (1)) and ∆𝑮𝒔𝒘𝒔 (eq. (3)).  

Notes: A pH 5.8; B The data are the same as those reported in Table 3. 

 

Parameter 
Fomites 

Silica Nylon Stainless steel Polypropylene 

C
o
n

ta
c
t 
a

n
g

le
 150 mM NaCl A 11.3 ± 1.0 47.8 ± 0.7 59.0 ± 0.8 99.0 ± 0.7 

Glycerol B 14.7 ± 1.5 50.5 ± 1.0 31.4 ± 0.8 89.4 ± 1.6 

DID B 31.4 ± 2.6 12.4 ± 0.9 50.2 ± 1.5 58.6 ± 2.9 

EG B n/a n/a n/a 77.5 ± 1.8 

S
u

rf
a

c
e
 e

n
e

rg
y
 (

m
J
/m

2
) 

 43.6 ± 1.1 49.6 ± 0.2 34.2 ± 0.8 29.4± 1.7 

 2.2 ± 0.2 0.003 ± 0.008 6.5 ± 0.4 0 

 44.9 ± 0.7 30.1 ± 1.2 8.8 ± 0.7 0.7 ± 0.2 

 19.7 ± 0.6 0.59 ± 0.15 15.1 ± 0.8 0 

 63.3 ± 1.2 50.2 ± 0.22 49.3 ± 1.1 29.4 ± 1.7 

 16.1 ± 1.1 - 2.6 ± 2.3 - 23.6 ± 1.4 - 85.9 ± 2.8 
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Table 12. Contact angle of probe liquids, surface energy parameters (𝜸𝑳𝑾, 𝜸+, 𝜸−, 𝜸𝑨𝑩, 𝜸𝒕𝒐𝒕) and the free energy of 
interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of four fomites (after use and subsequent cleaning; see section S4 for the 
description of cleaning protocols). Error estimates were obtained by propagating experimental errors in measured contact 
angles through the calculation of 𝜸 (eq. (1)) and ∆𝑮𝒔𝒘𝒔 (eq. (3)).  

Notes: A pH 5.8; B The data are the same as those reported in Table 3. 

 

Parameter 
Fomites 

Silica Nylon Stainless steel Polypropylene 

C
o
n

ta
c
t 
a

n
g

le
 H2O A 14.9 ± 1.6 51.6 ± 2.1 63.1 ± 1.2 102.4 ± 2.3 

Glycerol 24.4 ± 2.7 47.5 ± 2.3 37.2 ± 1.3 91.0 ± 0.6 

DID 37.6 ± 2.0 15.7 ± 1.9 45.3 ± 1.6 59.7 ± 1.2 

EG n/a n/a n/a 78.1 ± 1.5 

S
u

rf
a

c
e
 e

n
e

rg
y
 (

m
J
/m

2
) 

 40.8 ± 1.0 48.9 ± 0.5 36.9 ± 0.8 28.8 ± 0.7 

 1.8 ± 0.3 0.14 ± 0.13 4.9 ± 0.5 0 

 48.0 ± 1.9 25.5 ± 2.1 6.9 ± 1.1 0.38 ± 0.14 

 18.5 ± 1.1 3.7 ± 0.7 11.7 ± 1.1 0 

 59.3 ± 1.5 52.7 ± 0.9 48.6 ± 1.4 28.8 ± 0.7 

 22.0 ± 2.3 - 10.9 ± 3.8 - 31.3 ± 2.5 - 90.5 ± 2.3 
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Table 13. Contact angle of probe liquids, surface energy parameters (𝜸𝑳𝑾, 𝜸+, 𝜸−, 𝜸𝑨𝑩, 𝜸𝒕𝒐𝒕) and the free energy of 
interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of four fomites (after use and subsequent cleaning; see section S4 for the 
description of cleaning protocols). Surface energies are calculated based on contact angles of 150 mM NaCl instead of DI 
water. Error estimates were obtained by propagating experimental errors in measured contact angles through the 
calculation of 𝜸 (eq. (1)) and ∆𝑮𝒔𝒘𝒔 (eq. (3)).  

Notes: A pH 5.8; B The data are the same as those reported in Table 11. 

 

Parameter 
Fomites 

Silica Nylon Stainless steel Polypropylene 

C
o
n

ta
c
t 
a

n
g

le
 150 mM NaCl A 12.7 ± 1.1 47.5 ± 0.7 62.0 ± 1.6 101.7 ± 1.9 

Glycerol B 24.4 ± 2.7 47.5 ± 2.3 37.2 ± 1.3 91.0 ± 0.6 

DID B 37.6 ± 2.0 15.7 ± 1.9 45.3 ± 1.6 59.7 ± 1.2 

EG B n/a n/a n/a 78.1 ± 1.5 

S
u

rf
a

c
e
 e

n
e

rg
y
 (

m
J
/m

2
) 

 40.8 ± 1.0 48.9 ± 0.5 36.9 ± 0.8 28.8 ± 0.7 

 1.7 ± 0.3 0.09 ± 0.10 4.7 ± 0.5 0 

 49.3 ± 1.7 28.2 ± 2.0 7.9 ± 1.4 0.47 ± 0.16 

 18.4 ± 1.1 3.2 ± 0.7 12.2 ± 1.3 0 

 59.2 ± 1.4 52.1 ± 0.8 49.1 ± 1.6 28.8 ± 0.7 

 23.5 ± 2.1 - 5.9 ± 3.6 - 29.8 ± 3.1 - 89.1 ± 2.3 
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Table 14. Contact angle of probe liquids, surface energy parameters (𝜸𝑳𝑾, 𝜸+, 𝜸−, 𝜸𝑨𝑩, 𝜸𝒕𝒐𝒕) and the free energy of 

interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of polypropylene at pH 4.1 and 3.8. 

 

pH 

Contact angle Surface energy (mJ/m2) 

1 mM NaCl Glycerol DID 𝛾𝐿𝑊 𝛾+ 𝛾− 𝛾𝐴𝐵 𝛾𝑡𝑜𝑡 ∆𝐺𝑠𝑤𝑠 

4.1 102.8 ± 1.4 91.0 ± 0.6 59.7 ± 1.2 29.4 ± 1.7 0 ± 0 0.23 ± 0.09 0 ± 0 29.4 ± 1.7 -93.4 ± 1.9 

3.8 102.3 ± 1.9 91.0 ± 0.6 59.7 ± 1.2 29.4 ± 1.7 0 ± 0 0.28 ± 0.11 0 ± 0 29.4 ± 1.7 -92.5 ± 2.2 
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CHAPTER FOUR  

PVDF membrane ageing due to chemical cleaning: Understanding the evolution 

of membrane-foulant interactions 

 

4.1 Abstract 

 

This study investigates the surface chemistry evolution of polyvinylidene fluoride (PVDF) 

under the effect of intermittent Humic acid (HA) fouling and sodium hypochlorite (NaClO) 

cleaning. The surface physicochemical evolutions of aged membranes are 

characterized based on surface energy calculation. The membrane ageing tests show 

that NaClO cleaning have opposite effect on pristine PVDF membrane and pristine 

PVDF/PVP membrane. Specifically, NaClO cleaning enhances the hydrophilicity of 

PVDF membrane but hydrophobicity of PVDF/PVP membrane. Static fouling-cleaning 

tests show that the surface energy of the membrane floats between a lower value after 

each cleaning stage and a higher value after each fouling stage. More experiments will 

be performed, including FTIR and XPS analysis, to help interpret the surface energy 

change from molecular level. 
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4.2 Introduction 

 

Membrane processes are being increasingly used in drinking water treatment due to 

their effectiveness to remove many contaminants in raw water as well as their low cost. 

Polyvinylidene fluoride (PVDF) is widely used as the base polymer for many 

membranes due to its high hydrophobicity, chemical resistance, and excellent 

mechanical strength. However, pure PVDF membranes are highly hydrophobic, making 

them more susceptible to fouling in water treatment [1]. In this sense, hydrophilic 

additives which have hydroxyl, amine, or carboxylic acid groups are often blended into 

PVDF, which enhance the filtration performance of these membranes [2, 3]. Yet these 

polymeric additives may leach out from the membrane due to their relatively small sizes 

and their affinity to the water.  

 

Indeed, membrane fouling is one of the critical challenges in the successful application 

of membrane processes. Fouling arises from interactions between a membrane and 

various components present in the raw water [4]. Natural organic matter (NOM), such 

as humic acid, is ubiquitous in surface water – a common source of raw water for 

drinking water treatment plants. NOM is one of the major membrane foulants as 

documented in research literature and reports from professional practice community [4-

7]. Humic acid fouling is a complex phenomenon which involves both reversible and 

irreversible processes [4].   
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Chemical cleaning is necessary to remove irreversible pollution. There are several 

categories of cleaning chemicals including surfactants, oxidants, acids, and chelating 

agents. Among them, sodium hypochlorite (NaClO) is one of the most commonly used 

cleaning reagents because of its low price and effectiveness against organic foulants [8]. 

However, chemical agents can cause damage to the membrane [9]. Numerous studies 

have shown that changes in the characteristics of aged membranes were due to the 

oxidation or decomposition of the hydrophilic additives in blended PVDF membranes [1]. 

The evolution of hydrophilicity of aged PVDF membranes was extensively studied [8, 10] 

However, there are no unified conclusions obtained on the evolution of the intrinsic 

characteristics of PVDF membranes when cleaned with NaClO solutions [10]. 

 

In this study, humic acid (Sigma-Aldrich) was chosen as the model organic foulant. This 

humic acid has been thoroughly characterized and used in numerous membrane fouling 

studies [4, 11, 12]. Humic acid (HA) is representative of natural organic matter, a 

common component in surface water where it is present in both dissolved and 

suspended fractions. HA is a complex and heterogeneous combination of many 

macromolecules. The fouling potential of HA during membrane filtration of surface 

waters varies greatly depending on the solution chemistry and membrane properties 

[13]. 

 

The study explores the hypothesis that adlayer of residual foulants offers increasing 

protection of the membrane polymer against bleach as it develops on the membrane 

surface.   
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4.3 Experimental 

 

4.3.1 Reagents and materials  

 

The humic acid sodium salt (HA), polyvinylpyrrolidone (PVP) powder, NaClO (10%), 

Dimethylformamide (DMFA), glycerol, ethylene glycol (EG) and diiodomethane (DID) 

were purchased from Sigma Aldrich. Polyvinylidene fluoride (PVDF) powder (Solef 

1015, Solvay) and DMFA was used in PVDF membrane preparation (See 

Supplementary Materials (SM), section S1). QCM-D sensors coated with PVDF were 

purchased from Nanoscience.  

 

4.3.2 Chemical cleaning study of membranes 

 

The cleaning agent used in the study is 1% NaClO (pH 12). Pristine membranes were 

kept in NaClO solution or DI water for 5, 10, 20, 30, 50, 60, 80, 100 hours. The contact 

angles of four probe liquids (water, glycerol, DID, EG) on the PDVF membrane were 

measured at the end of each cleaning period. The surface energy and surface tension 

components were calculated and plotted as a function of CT values.  
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4.3.3 Static fouling-cleaning test of membranes  

 

Prior to static fouling-cleaning tests, 100 mg/ml HA solution was prepared and 

maintained at a pH of 7. The ionic strength (IS) of HA was kept at 15 mM. The following 

two steps were continuously performed for several cycles of fouling (HA for 24 hours) 

and cleaning (1% NaClO for 5 hours). The solution was strred during the whole process 

to keep its homogeneity.  

 

4.3.4 Quantifying surface energy of PVDF membrane  

 

The hydrophobicity of membrane was quantified  

(1 + 𝑐𝑜𝑠𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2(√𝛾𝑠

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑠

+𝛾𝑙
− + √𝛾𝑠

−𝛾𝑙
+), (1) 

where 𝛾𝑙
𝑇𝑂𝑇 is the total surface energy of the probe liquid: 

𝛾𝑡𝑜𝑡 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵 = 𝛾𝐿𝑊 + 2√𝛾−𝛾+. (2) 

The free energy of solid-solid interfacial interaction in water is given by 

∆𝐺𝑠𝑤𝑠 = −2(√𝛾𝑠
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)

2

− 4(√𝛾𝑠
+𝛾𝑠

− + √𝛾𝑤
+𝛾𝑤

− − √𝛾𝑠
+𝛾𝑤

− − √𝛾𝑠
−𝛾𝑤

+) (3) 

 where 𝛾𝑤
𝐿𝑊, 𝛾𝑤

+ and 𝛾𝑤
− are surface energy components of water. A positive value of 

∆𝐺𝑠𝑤𝑠 indicates a hydrophilic surface, while negative ∆𝐺𝑠𝑤𝑠 corresponds to a 

hydrophobic surface. The absolute value of ∆𝐺𝑠𝑤𝑠 indicates the degree of hydrophilicity 

(or hydrophobicity, when ∆𝐺𝑠𝑤𝑠 < 0) of the surface. 
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Contact angles of four probe liquids (DI water, glycerol, DID, and EG) were measured 

using the sessile drop method (goniometer/tensiometer model 250, ramé-hart). The 

droplet volume was 6 μl. All measurements were performed in the air at the room 

temperature of 22 °C and the relative humidity of 46 %. Contact angle values were 

calculated by DROPPimage Advanced software based on droplet shapes recorded by 

camera.   

  

4.3.5 Quantification of HA-membrane interactions 

 

The free energy of virus-PVDF interfacial interaction in water ∆𝐺𝑣𝑤𝑚, is calculated as 

follows:  

∆𝐺𝑑0

𝐿𝑊 = 2(√𝛾𝑣
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)(√𝛾𝑤
𝐿𝑊 − √𝛾𝑚

𝐿𝑊) 
(8) 

∆𝐺𝑑0

𝐴𝐵 = 2 √𝛾𝑤
+(√𝛾𝑚

− + √𝛾𝑣
− − √𝛾𝑤

−) + 2√𝛾𝑤
− (√𝛾𝑚

+ + √𝛾𝑣
+ − √𝛾𝑤

+) 

−2√𝛾𝑚
+𝛾𝑣

− − 2√𝛾𝑚
−𝛾𝑣

+ 

(9) 

 

∆𝐺𝑣𝑤𝑚 = ∆𝐺𝑑0

𝐿𝑊 + ∆𝐺𝑑0

𝐴𝐵 (10) 

 

 

 

 

 

 



195 
 

4.4 Results 

 

4.4.1 Impact of NaClO cleaning on membrane characteristics 

 

 

 

Figure 58. Free energy of interfacial interaction in water (∆𝑮𝒔𝒘𝒔) of membrane as a 

function of cleaning time (cleaning agent: 1% NaClO). 

 
 
 

From Fig. 58, one can observe that DI water has no influence on the surface energy of 

PVDF and PVDF/PVP membrane. Fig. 58 also shows that pristine PVDF membrane is 

hydrophobic (∆𝐺𝑠𝑤𝑠 = -29.3 mJ/m2), and PVP causes an increase in hydrophilicity of as-
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cast membrane (∆𝐺𝑠𝑤𝑠 = 2.5 mJ/m2 for PVDF/PVP membrane). Fig. 58 shows that 

NaClO cleaning increases the hydrophilicity of pristine PVDF membrane. This is 

consistent with one previous study, in which PVDF membrane is also shown to become 

more hydrophilic with NaClO cleaning [14]. One possible explanation of this 

hydrophilicity increase is the formation of carbonyl groups in PVDF polymeric structure. 

For PVDF/PVP membrane, Fig. 58 shows that extended ageing in NaClO makes the 

PVDF/PVP membrane more hydrophobic, presumably because the increase in 

hydrophobicity caused by PVP leaching overcame the increase in hydrophilicity due to 

the formation of carbonyl group. This result is consistent with the study conducted by 

Ren [10]. 
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4.4.2 Static fouling and cleaning cycles 

 

Figure 59. Free energy of interfacial interactions (∆𝑮𝒎𝒘𝒎) of PVDF (red) and 
PVDF/PVP (blue) membrane as a function of fouling and cleaning cycles. The solid and 
empty symbols refer to replicated tests.  

 

Fig. 59 shows that surface energy of the membrane floats between a lower value after 

each cleaning stage and a higher value after each fouling stage. The asymptotic value 

corresponds to the chemically irreversible layer of foulants that is conditioned by 

consecutive exposures to foulants and is comprised by the adsorbed foulant fraction 

that is hard to oxidize further. The hydrophilicity of PVDF and PVDF/PVP membrane are 

enhanced after each fouling may be attributed to the hydrophilic nature of humic acid. 

PVDF/PVP membrane became more hydrophobic after three cycles of fouling-cleaning 

compared to the pristine membrane, as presented in Fig. 59. This hydrophobicity 
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increase may be due to the leaching of PVP from PVDF/PVP membrane.  After the third 

cycles of fouling-cleaning, PVDF/PVP membrane is still less hydrophobic than pristine 

PVDF membrane, suggesting the existence of residual PVP in the membrane. However, 

for the rest of the fouling-cleaning cycles, PVDF and PVDF/PVP membrane have similar 

trends of surface energy change, as shown in Fig. 59, which may indicate that after 

three cycles most PVP was leached out from PVDF/PVP membrane so PVDF structure 

change prevails over PVP leaching as a factor responsible for the overall change in 

membrane surface energy. 

 

4.5 Discussion 

 

In this study, reagent grade NaClO (10%, Sigma Aldrich) is used as the cleaning agent. 

Some wastewater treatment facilities such as Traverse City Regional Wastewater 

Treatment Plant, citric acid and NaClO are used for maintenance cleaning. Therefore, 

more research is needed to study the effect of citric acid and NaClO cleaning on the 

surface chemistry of PVDF membrane. Also, the fouling solution used in this study is 

humic acid sodium salt (Sigma Aldrich), which is a standard humic acid. In general, the 

raw water, which treated by municipal water treatment plant, usually contains various 

components apart from humic acid. These components will have potential influence on 

the kinetics of membrane fouling and cleaning. Future study is needed to study the 

surface chemistry evolution of PVDF when raw water is involved.  
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Furthermore, both PVDF and PVDF/PVP membranes used in this study were made in 

the lab. In WWTPs, however, commercial membranes are more commonly used in the 

filtration systems. Commercial membranes are usually modified with coatings or 

blended with additives to enhance the membrane performance and mechanical strength. 

Typically, the chemical components of these coatings or additives are not known since 

they belong to the intellectual properties of manufacturers.  

 

Lastly, the concentration of NaClO selected in this study (1%) is much higher than that 

in Traverse city WWTPs (0.036%). The purpose of choosing this concentration (C) is to 

accelerate the ageing effect, so that reasonable cleaning time (T) can be selected to 

reach the same CT value as Traverse city WWTPs.   

 

 
4.6 Conclusions 

 

From the data collected so far, one can tentatively conclude that a firmly attached humic 

acid layer may be formed on membrane surface after a few cycles of fouling and 

cleaning. This humic acid layer can protect the membrane from being further aged by 

NaClO. This study is still in progress. More experiment including FTIR, XPS analysis will 

be performed to investigate the change of functional groups on the surface of 

membrane. FTIR and XPS analysis will help understand the evolution of this humic acid 

layer from molecular level. This study can help understand the adsorption kinetics of 

humic acid on PVDF membrane as well as the NaClO cleaning effect on PVDF 

membrane fouled with humic acid.  
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APPENDIX 

 

S1. PVDF and PVDF/PVP membrane preparation 

 

The PVDF and PVDF/PVP membranes were prepared using phase inversion method 

by immersion precipitation. The preparation procedure is as follows:  

 

Table 15. The amount of each ingredient to make 50 g 15% solution of PVDF and 
PVDF/PVP in DMFA. 

 PVDF DMFA PVP 

PVDF membrane 7.5 g 45 ml 0 

PVDF/PVP membrane 7.5 g 43.4 ml 1.5 g 

 

 

1. Preparation of PVDF and PVDF/PVP solution: certain amount of PVDF, PVP and 

DMFA (density 𝜌 = 0.9445 𝑔/𝑐𝑚3) were added in a beaker. The polymer solution 

was stirred and heated until complete dissolution. The solution must not boil, 

otherwise it will take additional time to remove bubbles.     

2. Degassing of the polymer solution: The polymer solution was degassed using a 

vacuum desiccator (Wheaton) and a vacuum pump (model UN726 FTP, KNF 

NEUBERGER).   

3. Casting of membranes: The membrane was casted using an automatic film 

applicator (Elcometer 4340) with a molding knife (Elcometer 3570) on a glass 
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plate. Homogenous polymer solution was poured into the molding knife. A 

uniform layer of polymer on the surface of the glass plate was made.  

4. Immersion precipitation: Immersing the glass with a layer of polymer solution into 

precipitating bath (stage of coagulation) for 5 min at 20 ℃. In our study, DI water 

was used as the coagulant.  

The membranes were stored in the DI water at room temperature prior to use.   
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CHAPTER FIVE  

Conclusions and future work 

 

Conclusions on individual projects are provided at the end of corresponding Chapters. 

This Chapter lists several overarching conclusions drawn from the entirety of the work.  

 

Overall, this dissertation considers the interactions of various viruses to various fomites 

(personal care products, silica, nylon, stainless steel, polypropylene) as well as the 

interactions of natural organic matter foulants to PVDF membrane. The methodology 

proposed in this study helps fill the knowledge gap on virus adhesion to fomites – an 

important component of models on virus transport and fate in the built environment. The 

proposed approach can help guide screening and selection of materials that discourage 

virus adhesion, design of anti-adhesive surfaces, as well as development of surface 

cleaning solutions and protocols.  

 

Virus adhesion can be affected by various variables including the characteristics of virus 

(particle size, zeta potential, hydrophobicity, etc.), characteristics of fomites (surface 

charge, hydrophobicity, surface roughness, etc.), and environmental conditions (ionic 

strength, pH, temperature, etc.). This dissertation considers three types of interactions 

between virus and fomites: van der Waals interaction, electrostatic interaction, and acid-

base (or hydrophobic) interaction. However, other forces (apart from the three 

mentioned above) can play a role. For instance, steric repulsions and specific 

interactions with divalent cations were shown as important for controlling rotavirus 
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deposition [1]. Steric effects caused by irregular topographies of the virus (e.g., protein 

loops that protrude from the capsid into solution) and the deposition surface may affect  

adhesion [2-4].  

 

This dissertation considers virus adhesion to surfaces with static properties. Yet, 

surface characteristics can change over time due to environmental influences or 

intrinsic evolution. For example, in water treatment plants, the surface chemistry of 

membrane filters evolve due to fouling and cleaning. As another example, fomite 

surfaces undergo changes through repeated use: for instance, doorknob surface can 

change its roughness and attain a coat of oxides and/or foulants over an extended 

period of usage, which can affect their interaction with pathogens of interest. More 

research is needed to understand such changes and they affect virus adhesion to 

surfaces. 

  

One important direct for future research is on the design of surfaces with tailored 

properties to control adhesion. Due to their size and unique functionalities, 

nanomaterials are of particular interest in this regard. As a part of my future work, I 

intend to use Janus particle to develop novel coatings to prevent bacterial and protein 

fouling as well as the interactions of lipids and proteins in biomembranes. Janus 

particles are particles containing at least two different chemical compounds, and this 

chemical asymmetry gives Janus particles two or more different properties [5]. 

Biofouling is of great concern in numerous applications ranging from biosensors to 

biomedical implants and devices, and from food packaging to industrial and marine 
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equipment [6]. Janus nanoparticles have strong adsorption force, orientation, and 

surface activity on the interface, which may reduce the interfacial tension of foulants and 

materials [7].  

 

Another research area that is of great interest for the design of surfaces with controlled 

adhesion properties is to use machine learning to predict material characteristics based 

on their molecular structure. Design of new membrane materials has been guided 

mostly by experience and intuition. Synthesis of new polymeric materials and testing of 

permeability is time-consuming and expensive. Machine learning (ML) models can be 

selected and trained on the experimental database to correlate polymer chemical 

structure and their surface properties. The information obtained from the modeling can 

guide the design of new polymer compositions with target characteristics (resistance to 

virus adhesion, antifouling, etc.).  
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