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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, ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣. The dependence of virus-fomite attachment 

probability on ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 collapsed into one trend for both HAdV5 and HRSV pointing to the 

possibility of using ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 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 
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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. 

 

 

Keywords: adenovirus; respiratory syncytial virus; adhesion; QCM-D; XDLVO; surface 

energy 

 

 

1. 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 



4 
 

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]. 

 

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

a human host.  

 

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 
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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 

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 
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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, 

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 
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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 

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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2. Materials and Methods 

 

2.1 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 
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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]. 

 

2.2 Virion characterization: Hydrodynamic size, 𝜻𝜻-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 
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(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 

High Sensitivity modes were utilized for HRSV and HAdV5 genome quantification, 

respectively. 

 

2.3 Quantifying surface energy of viruses and fomites 

 

2.3.1 Approach 

 

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

interfacial interaction with an identical material when immersed in water (𝑤𝑤), ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 [47]. 

We applied this approach to evaluate hydrophobicity of viruses (𝑣𝑣) and fomites (𝑓𝑓) by 

computing ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 and ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓, 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, 𝛾𝛾𝑠𝑠+, and electron donor,  𝛾𝛾𝑠𝑠−) components and the Lifshitz-van der 

Waals component, 𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿. 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 (𝜃𝜃) of three probe 

liquids (𝑙𝑙) with known 𝛾𝛾𝑙𝑙𝐿𝐿𝐿𝐿, 𝛾𝛾𝑙𝑙+ and 𝛾𝛾𝑙𝑙− on the surface of the solid and substituting these 

values into the Young-Dupré equation [68, 69] 
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(1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝛾𝛾𝑙𝑙𝑇𝑇𝑇𝑇𝑇𝑇 = 2��𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿𝛾𝛾𝑙𝑙𝐿𝐿𝐿𝐿 + �𝛾𝛾𝑠𝑠+𝛾𝛾𝑙𝑙− + �𝛾𝛾𝑠𝑠−𝛾𝛾𝑙𝑙+�, (1) 

where 𝛾𝛾𝑙𝑙𝑇𝑇𝑇𝑇𝑇𝑇 is the total surface energy of the probe liquid: 

𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛾𝛾𝐿𝐿𝐿𝐿 + 𝛾𝛾𝐴𝐴𝐴𝐴 = 𝛾𝛾𝐿𝐿𝐿𝐿 + 2�𝛾𝛾−𝛾𝛾+. (2) 

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

∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 = −2��𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿 − �𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿�
2

− 4 ��𝛾𝛾𝑠𝑠+𝛾𝛾𝑠𝑠− + �𝛾𝛾𝑤𝑤+𝛾𝛾𝑤𝑤− − �𝛾𝛾𝑠𝑠+𝛾𝛾𝑤𝑤− − �𝛾𝛾𝑠𝑠−𝛾𝛾𝑤𝑤+� (3) 

where 𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿, 𝛾𝛾𝑤𝑤+ and 𝛾𝛾𝑤𝑤− are surface energy components of water. A positive value of 

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

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

(or hydrophobicity, when ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 < 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. 

 

2.3.2 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 
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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 

was 6 μl. Contact angle values were calculated by DROPimage Advanced software 

based on recorded droplet shapes.  

 

2.4 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 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 between a spherical particle 

(representing a virus (𝑣𝑣)) and a flat surface (representing a fomite (𝑓𝑓)) in water (𝑤𝑤) as a 

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

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸 , and Lewis acid-base (AB), 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴 , energies expressed as follows: 

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 (𝑑𝑑)  =  −
𝐴𝐴𝐴𝐴
6𝑑𝑑

= 2𝜋𝜋𝑑𝑑02
𝑎𝑎
𝑑𝑑
∆𝐺𝐺𝑑𝑑0

𝐿𝐿𝐿𝐿 (4) 

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸  (𝑑𝑑) =  𝜋𝜋𝜀𝜀𝑟𝑟𝜀𝜀0𝑎𝑎 �2𝜓𝜓𝑣𝑣𝜓𝜓𝑓𝑓 𝑙𝑙𝑙𝑙 �
1 + 𝑒𝑒−𝜅𝜅𝜅𝜅

1 − 𝑒𝑒−𝜅𝜅𝜅𝜅
� + �𝜓𝜓𝑣𝑣2 + 𝜓𝜓𝑓𝑓2� 𝑙𝑙𝑙𝑙(1 − 𝑒𝑒−2𝜅𝜅𝜅𝜅)� (5) 
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𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴 (𝑑𝑑) = 2𝜋𝜋𝜋𝜋𝜋𝜋∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒 �

𝑑𝑑0 − 𝑑𝑑
𝜆𝜆

�  (6) 

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 = 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 + 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸 + 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣 
𝐴𝐴𝐴𝐴  (7) 

where 𝑎𝑎 is the virus radius, 𝑑𝑑 is the virus-fomite minimal interfacial separation distance, 

𝐴𝐴 = −12𝜋𝜋𝑑𝑑02∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 is the Hamaker constant, 𝜀𝜀𝑟𝑟 is the relative dielectric permittivity of 

water (for water at 25 °C, 𝜀𝜀𝑟𝑟 ≈ 78.3), 𝜀𝜀0 is the dielectric permittivity of vacuum (𝜀𝜀0  = 

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

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

of AB interactions in water (λ = 0.6 nm), and 𝑑𝑑0 is the minimum separation distance (𝑑𝑑0 

= 0.158 nm) due to Born repulsion. Surface potentials 𝜓𝜓𝑣𝑣  and  𝜓𝜓𝑓𝑓 are commonly 

approximated by 𝜁𝜁-potentials (𝜁𝜁𝑣𝑣 and  𝜁𝜁𝑓𝑓). Values of ∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 and 𝐺𝐺𝑑𝑑0

𝐴𝐴𝐴𝐴 in eq. (4) and eq. (6) 

are given by: 

∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 = 2��𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿 − �𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿� ��𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 − �𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿� 

(8) 

∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 = 2 �𝛾𝛾𝑤𝑤+ ��𝛾𝛾𝑓𝑓− + �𝛾𝛾𝑣𝑣− − �𝛾𝛾𝑤𝑤−� + 2�𝛾𝛾𝑤𝑤− ��𝛾𝛾𝑓𝑓+ + �𝛾𝛾𝑣𝑣+ − �𝛾𝛾𝑤𝑤+� 

−2�𝛾𝛾𝑓𝑓+𝛾𝛾𝑣𝑣− − 2�𝛾𝛾𝑓𝑓−𝛾𝛾𝑣𝑣+ 

(9) 

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

∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 + ∆𝐺𝐺𝑑𝑑0

𝐴𝐴𝐴𝐴 (10) 

Note that eq. (3) can be obtained from eqs. (8 - 10) by substituting subscripts 𝑣𝑣 and 𝑓𝑓 

for 𝑠𝑠.  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]. 



15 
 

 

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 

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 𝜁𝜁-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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2.5 QCM-D studies of HAdV5 and HRSV attachment to fomites 

 

2.5.1 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 

𝑑𝑑𝑚𝑚𝑣𝑣

𝑑𝑑𝑑𝑑
= 𝛼𝛼𝑣𝑣𝑣𝑣𝑗𝑗𝑚𝑚𝐴𝐴𝑠𝑠 (11) 

where 𝛼𝛼𝑣𝑣𝑣𝑣 (unitless) is the virus-fomite attachment efficiency, 𝐴𝐴𝑠𝑠 (cm2) is surface area of 

the sensor and 𝑗𝑗𝑚𝑚 (ng·cm-2·min-1) is the mass flux of viruses towards the sensor. We 

define mass transfer coefficient, 𝑘𝑘 (m·s-1), as follows: 

𝑗𝑗𝑚𝑚 = 𝑘𝑘(𝐶𝐶𝑏𝑏 − 𝐶𝐶𝑠𝑠) (12) 

where 𝐶𝐶𝑏𝑏 and 𝐶𝐶𝑏𝑏 are virus concentrations in the bulk of the flow and at the sensor 

surface, respectively. For early stages of deposition 𝐶𝐶𝑠𝑠 ≪  𝐶𝐶𝑏𝑏, the sensor is mostly virus-

free and the rate of virus deposition is approximately constant: 

𝑑𝑑𝑚𝑚𝑣𝑣

𝑑𝑑𝑑𝑑
≈ 𝛼𝛼𝑣𝑣𝑣𝑣𝑘𝑘𝐶𝐶𝑏𝑏𝐴𝐴𝑠𝑠 (13) 
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The linearity of the deposition rate dependence on concentration was confirmed in tests 

with different 𝐶𝐶𝑏𝑏 (see SM, Fig. S3). Because the rate of mass transfer across the viscos 

sublayer at the QCM-D sensor surface depends on virus diffusivity, mass transfer 

coefficient, 𝑘𝑘, needs to be determined for each virus separately. 

 

2.5.2 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, ∆𝑚𝑚 (ng⋅cm-2): 

∆𝑚𝑚 =  −
𝐶𝐶∆𝑓𝑓
𝑛𝑛

 (14) 

where 𝐶𝐶 is the mass sensitivity constant (𝐶𝐶 = 17.7 ng⋅Hz-1⋅cm-2), 𝑛𝑛 is the overtone 

number and ∆𝑓𝑓 is the frequency shift (Hz). All virus suspensions used in QCM-D tests 
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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 

in additional tests with HAdV5/PP and HRSV/PP pairs to simulate conditions of 𝛼𝛼𝑣𝑣𝑣𝑣 = 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 S2 – S4). 
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3. Results and Discussion 

 

3.1 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, 𝑑𝑑ℎ, 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, 𝐷𝐷 = 4.27×10-12 (m2·s-1). 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇

3𝜋𝜋𝜋𝜋𝑑𝑑ℎ
 (15) 

The difference between HAdV5 diameter values estimated from TEM images (~ 90 nm, 

Figures 1G and 1H) and measured by DLS is likely due to the presence of fibers on the 

HAdV5 surface [39, 48], which slow down diffusion. 
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Figure 1. ζ-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 S2. 
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Table 1. Contact angle of probe liquids, surface energy parameters (𝛾𝛾𝐿𝐿𝐿𝐿, 𝛾𝛾+, 𝛾𝛾−, 𝛾𝛾𝐴𝐴𝐴𝐴, 𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡) and the free energy of 2 

interfacial interaction in water (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠) of four fomites (clean, before use) and two viruses. Error estimates were obtained 3 

by propagating experimental errors in measured contact angles through the calculation of surface energy components 4 

(eqs (1) and (2)) and ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 (eq. (3)). Additional contact angle measurements were performed for the four fomites using 5 

150 mM NaCl solution at pH 5.8; the contact angle data and calculated surface energy values are given in SM (Table S2). 6 

 7 

Parameter 
Fomites  Viruses 

Silica Nylon Stainless steel Polypropylene  HAdV5 B HRSV C 

C
on

ta
ct

 

an
gl

e 

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 

Su
rfa

ce
 e

ne
rg

y 

(m
J·

m
-2

) 

𝛾𝛾𝐿𝐿𝐿𝐿 43.6 ± 1.1 49.6 ± 0.2 34.2 ± 0.8 29.4 ± 1.7  36.1 ± 1.9 36.9 ± 1.1 

𝛾𝛾+ 2.2 ± 0.2 0.02 ± 0.02 6.8 ± 0.5 0  0 0.4 ± 0.2 

𝛾𝛾− 44.5 ± 0.7 26.9 ± 2.1 7.4 ± 1.5 0.5 ± 0.2  14.9 ± 1.2 9.0 ± 2.6 

𝛾𝛾𝐴𝐴𝐴𝐴 19.7 ± 0.6 1.4 ± 0.4 14.2 ± 1.6 0  0 3.8 ± 1.1 

𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡 63.3 ± 1.2 51.0 ± 0.4 48.4 ± 1.8 29.4 ± 1.7  36.1 ± 1.9 40.7 ± 1.5 

∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 15.7 ± 1.1 - 8.5 ± 3.9 - 25.5 ± 2.9 - 88.9 ± 2.5  - 27.7 ± 1.1  - 40.2 ± 

   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 (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 = 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. 1B; 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. 1C) 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. S1), the isoelectric point (pI) of HRSV was estimated to be 3.91 ± 0.07. 

Electrophoretic mobilities were converted to 𝜁𝜁-potentials (Fig. 1A) using Ohshima 
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equation [82] (see SM, section S5, Table S1). The Ohshima approach was used 

because for HRSV in 1 mM KCl, 𝜅𝜅𝜅𝜅 ≈ 6.4, making neither Smoluchowski expression 

(valid when 𝜅𝜅𝜅𝜅 ≫ 1) nor Hückel expression (valid when 𝜅𝜅𝜅𝜅 ≪ 1) applicable. At pH 5.8, 

which has been reported to fall within the pH range typical for human respiratory fluid 

[83], the 𝜁𝜁-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 𝜁𝜁-potential at pH 5.8 is -

18.2 ± 0.1 mV (Fig. 1D). 

 

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 ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 

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 ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 of - 

40.2 mJ·m-2. In terms of surface energy components, the hydrophobicity of HAdV40, 

which is a monopolar virus (𝛾𝛾+ = 0; Table 1), was due to the small value of the only non-

zero component of virus-water polar interactions, �𝛾𝛾𝑠𝑠−𝛾𝛾𝑤𝑤+, when compared to the polar 

interaction between water molecules, �𝛾𝛾𝑤𝑤+𝛾𝛾𝑤𝑤− (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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3.2 Fomite hydrophobicity 

 

In the order from most hydrophilic to most hydrophobic, the four fomites ranked as 

follows: silica > nylon > SS > PP, with ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 values of 15.7, - 8.5, -25.5, and - 88.9 

mJ·m-2, respectively (Table 1). These estimates were computed based on contact 

angles measured using DI water at pH 5.8 as one of the probe liquids. For PP, �𝛾𝛾𝑠𝑠+ 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 𝛾𝛾𝑠𝑠+ for PP 

is zero and computed 𝛾𝛾𝑙𝑙− 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 ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 for each fomite is shown in Fig. 2. The trends closely followed those of water 

contact angles (Fig. S4). For all four fomites the dependence of ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 on pH was a 

curve with a minimum. The dependence was strongest for stainless steel, which was 

considerably hydrophobic (∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 = - 24.2 mJ·m-2) near its pI but became hydrophilic 

(∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 > 0) at pH ≲ 2.1 and pH ≳ 8.4. Hydrophobicity of nylon, PP, silica and SS 
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peaked at pH of ~ 2.5, 2.6, 3.9 and 4.0 respectively. The estimate for silica is in good 

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. S4) and, by extension, hydrophobicity (Fig. 2) 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]. 

 

3.3. Quantifying virus-fomite interactions. Four archetypal fomites 

 

Table 2 presents values of ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 and its dispersive and polar constituents (∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 and 

∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴, see eqs (8-10)) for all eight virus-fomite pairs. The net interfacial interaction is 

attractive (∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 < 0) for all pairs except HAdV5/silica. A detailed analysis of ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 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 
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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.  

 

 

Figure 2. Free energy of interfacial interaction in water (∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓) 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 S1) or 

gray symbols (DI water at pH 5.8; Table 1) or black symbols (1 mM NaCl water at pH 

3.8 and 4.1; Table S5). 
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Table 2. Free energy of virus-fomite interfacial interaction in water, ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣, and its 

dispersive (∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿) and polar (∆𝐺𝐺𝑑𝑑0

𝐴𝐴𝐴𝐴) components, for eight different virus-fomite pairs. 

Standard deviations were obtained by propagating experimental errors in measured 

contact angles (Table 1) through the calculation of surface energy parameters (eqs. (1) 

and (2)) and ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 (eqs. (8), (9), and (10)). 

 

Virus Fomite 
Interaction energy (mJ·m-2) 

∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 ∆𝐺𝐺𝑑𝑑0

𝐴𝐴𝐴𝐴 ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 

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 𝛾𝛾𝐿𝐿𝐿𝐿 component is higher than that of water (𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 = 21.8 mJ·m-2); as a result, for 

none of the virus-fomite pairs the conditions (𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿 < 𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 < 𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿 or 𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿 < 𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 < 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿) 

necessary for dispersive interaction to be repulsive (∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 > 0; eq. (8)) were fulfilled. 
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Thus, for both HAdV5 and HRSV their dispersive interactions with each of the four 

fomites were attractive. Notably, some common materials such as PTFE (𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 = 18.6 

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 𝛾𝛾𝑓𝑓− ≫ 𝛾𝛾𝑓𝑓+. Silica’s polar interactions with HAdV5 are repulsive due to 

hydration of both silica and virus surfaces (large 𝛾𝛾𝑓𝑓−𝛾𝛾𝑤𝑤+ and 𝛾𝛾𝑣𝑣−𝛾𝛾𝑤𝑤+ terms in eq. (9)). 

Repulsive polar interactions (∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 > 0) are referred to as hydration pressure. For the 

HAdV5/silica pair, hydration pressure overcomes water cohesion given by 𝛾𝛾𝑤𝑤−𝛾𝛾𝑤𝑤+ so 

that even in the presence of attractive dispersive forces (∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 < 0), the overall 

interaction is a mild repulsion (∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 > 0). 

2. Nylon is less polar than silica. A near-monopolar surface (𝛾𝛾𝑓𝑓+ ≅ 0), nylon also has a 

smaller 𝛾𝛾𝑓𝑓−. As a result, the electron-donor attraction between nylon and viruses is 

weaker than water cohesion leading to ∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 < 0. Attractive polar interactions (∆𝐺𝐺𝑑𝑑0

𝐴𝐴𝐴𝐴 

< 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, 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿. 
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3. Stainless steel surface has a substantial electron acceptor component such that 

𝛾𝛾𝑓𝑓+ ≅ 𝛾𝛾𝑓𝑓−. This gives stronger polar interactions with viruses (i. e. higher 𝛾𝛾𝑓𝑓+𝛾𝛾𝑣𝑣− and 

𝛾𝛾𝑓𝑓−𝛾𝛾𝑣𝑣+). Notably, these terms are independent of the properties of the continuous 

phase. 

4. Polypropylene is an apolar material (𝛾𝛾𝑓𝑓+ ≅ 0; 𝛾𝛾𝑓𝑓− ≅ 0). Because the dispersive 

component of PP’s surface tension, 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿, is close to that of water (29.4 vs 21.8 

mJ·m-2; Table 1), dispersive interactions of PP with any virus are also weak (eq. (8)). 

For viruses such that 𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿 > 𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 (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 𝛾𝛾𝑓𝑓+ very close to zero [94]. For 

such materials, substituting eq. (8) and eq. (9) into eq. (10), and posing ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 = 0, gives 

the following relationship between 𝛾𝛾𝑓𝑓− and 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿: 

𝛾𝛾𝑓𝑓− =

⎣
⎢
⎢
⎡�𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 + �𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 − �𝛾𝛾𝑣𝑣𝐿𝐿𝐿𝐿𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿 − 𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 − 2�𝛾𝛾𝑤𝑤−𝛾𝛾𝑤𝑤+ + �𝛾𝛾𝑤𝑤−𝛾𝛾𝑣𝑣+ + �𝛾𝛾𝑤𝑤+𝛾𝛾𝑣𝑣−

�𝛾𝛾𝑣𝑣+ − �𝛾𝛾𝑤𝑤+
⎦
⎥
⎥
⎤
2

 

 

(16) 

In the 2D space with 𝛾𝛾𝑓𝑓− and 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿 as coordinates, eq. (16) corresponds to the boundary 

separating all monopolar materials into those that have an overall attractive interaction 

(∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 < 0) and those having an overall repulsive interaction (∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 > 0) with a given 
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colloid. Figure 3 illustrates such boundary for the case when the colloid is HRSV1. Both 

the monopolar PP and the near-monopolar nylon (Table 1) interact with HRSV 

favorably. Note that ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 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 3. Free energy, ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣, of interfacial interaction of HRSV with monopolar fomites 

(𝛾𝛾𝑓𝑓+ = 0) in DI water. The solid line corresponds to ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 = 0 (i. e. solution of eq. (16)). 

 
1 In his book “Interfacial Forces in Aqueous Media”, van Oss pointed out that electron donor-only 
monopolar (𝛾𝛾𝑠𝑠+ = 0) surfaces with 𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿 = 40 mJ·m-2 (“a typical value for most biological and many other 
organic materials”) are hydrophilic when their 𝛾𝛾𝑠𝑠− is above 28.3 mJ·m-2. In effect, this comment referred to 
a specific point on the ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠= 0 curve on a graph similar to Fig. 3 but drawn for ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠. 
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3.4 Virus adhesion to fomites: QCM-D measurements 

 

3.4.1 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, 𝛼𝛼𝑣𝑣𝑣𝑣, is 

defined as the probability that a collision results in attachment. The QCM-D part of the 

present work is designed to determined 𝛼𝛼𝑣𝑣𝑣𝑣 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 𝑘𝑘 and 𝛼𝛼𝑣𝑣𝑣𝑣, respectively. The linearity of eq. (13) was tested and confirmed 

(𝑅𝑅2 > 0.99) in a subset of QCM-D tests with HAdV5 and SS (see SM, Fig. S3). 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 ∆𝑓𝑓𝑛𝑛 𝑛𝑛⁄  for different harmonics  (see section 3.4.3) and 

a relatively weak dissipation signal ∆𝐷𝐷𝑛𝑛 (∆𝑓𝑓𝑛𝑛 𝑛𝑛⁄ )⁄  << 4×10-7 Hz-1) [41, 95]. 
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3.4.2 Quantifying mass transfer in QCM-D chamber: Mass transfer coefficients for 

HAdV5 and HRSV and size of depositing virions. 

 

Based on 𝑑𝑑𝑚𝑚𝑣𝑣 𝑑𝑑𝑑𝑑⁄  values measured in tests with PP under conditions of attractive 

electrostatic interactions (i. e. assuming 𝛼𝛼𝑣𝑣𝑣𝑣 = 1; Fig. S9a, Fig. S9c), eq. (13) predicted 

the mass transfer coefficient, 𝑘𝑘, for HRSV and HAdV5 to be 5.97×10-9 (m/s) and 

1.87×10-9 (m/s), respectively. The value of 𝑘𝑘 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: 

𝛿𝛿 ≈
𝐷𝐷
𝑘𝑘

 (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. 1E) and, therefore, a more accurate 𝐷𝐷 estimate for 

this virus, eq. (17) was applied to HAdV5 to predict 𝛿𝛿 ≈ 2.3 mm. This value of 𝛿𝛿 together 

with the value of 𝑘𝑘 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: 

𝑑𝑑ℎ =
𝑘𝑘𝐵𝐵𝑇𝑇

3𝜋𝜋𝜇𝜇𝜇𝜇𝜇𝜇
 (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. 1B). We conclude that 

the smaller size fraction of HRSV is the morphological subset of HRSV virions that 
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predominantly deposit on the QCM-D sensor surface. While the polydispersity of HRSV 

(Fig. 1B) 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. 

 

3.4.3 Virus deposition onto fomites. Virus-fomite attachment efficiency, 𝛼𝛼𝑣𝑣𝑣𝑣. 

 

Figure 4 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 S10 - S17). 

During the virus deposition stage, the dissipation signal increased monotonously, with a 

relatively constant deposition rate, 𝑑𝑑𝑚𝑚𝑣𝑣 𝑑𝑑𝑑𝑑⁄ , 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 4. 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 S10 – S17).  All calculations based on the QCM-D data were 

performed using the signal for the 5th overtone (𝑛𝑛 = 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 
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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 𝑑𝑑𝑚𝑚𝑣𝑣 𝑑𝑑𝑑𝑑⁄  

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 

consistent with results of t-testing, which showed that sensor surface energy, ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓, 

remained stable (𝑝𝑝 > 0.1) after repeated usage-cleaning cycles (Tables S3 and S4 vs 

Table S2). 

 

Figure 5 shows values of the attachment efficiency computed based on 𝑑𝑑𝑚𝑚𝑣𝑣 𝑑𝑑𝑑𝑑⁄  slopes 

in QCM-D tests with various virus-fomite pairs. For both HAdV5 and HRSV, more 

favorable interfacial interaction (quantitatively expressed in terms of ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣) 

corresponded to a higher probability of attachment. Remarkably, normalization by 𝐶𝐶𝑏𝑏 (a 

step in the computation of 𝛼𝛼𝑣𝑣𝑣𝑣), made the 𝛼𝛼𝑣𝑣𝑣𝑣 vs ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 dependencies for both viruses 

collapse into one trend, pointing to the possibility of using of ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 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 𝛼𝛼𝑣𝑣𝑣𝑣 relies on quantifying the mass 

transfer coefficient, 𝑘𝑘, which is based on tests performed under conditions of highly 

favorable virus-fomite interaction with 𝛼𝛼𝑣𝑣𝑣𝑣 = 1. To model this scenario, QCM-D tests 

were performed with polypropylene as the most hydrophobic of the four fomites (to 

maximize hydrophobic attraction 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴 ), and under conditions when the electrostatic 
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interactions are favorable (𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸 < 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.  

 

Figure 5. 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.)  

 



37 
 

Figure 6 gives examples of two QCM-D datasets that correspond to the least 

hydrophobic fomite-virus pair (silica and HAdV5 with ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 of 15.7 and - 27.7 mJ·m-2, 

respectively) and the most hydrophobic one (HRSV and PP with ∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 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 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 𝛼𝛼𝑣𝑣𝑣𝑣 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. 5. 
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(a) 

 

 

(b) 

 

Figure 6. 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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3.5 XDLVO predictions 

 

Virus properties required as inputs to XDLVO model included virus size as well as 

surface energy and 𝜁𝜁-potential of viruses and fomites. The 𝜁𝜁-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 𝜁𝜁-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 7a, S5a, S5c, S6a, S7a, S7c, S8a) 

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. 7c), 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 ∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 (~7.9 mJ·m-2; Table 2). For HRSV/silica (Fig. S8c), the primary 

maximum was much lower (21 kT) while the secondary minimum was shallower (– 2.3 
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kT). The repulsive electrostatic interaction between HRSV and silica results in slightly 

repulsive total interaction even though LW and AB interactions are both attractive (∆𝐺𝐺𝑑𝑑0
𝐿𝐿𝐿𝐿 

= -5.5 J·m-2, ∆𝐺𝐺𝑑𝑑0
𝐴𝐴𝐴𝐴 ≈ - 0.4 J·m-2; Table 2). During DI water rinse, there was always an 

energy barrier for all virus-fomite pairs except for the condition of 𝛼𝛼𝑣𝑣𝑣𝑣 = 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. 7b, Fig 

7d), 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 𝑈𝑈𝑣𝑣𝑤𝑤𝑓𝑓𝐸𝐸𝐸𝐸  decrease 

much faster with distance. With the lowering of the ionic strength, this restriction 

disappears, making 𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸  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 7. 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 2) 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, ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 (see Fig. 3). 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 ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣. For a virus with known surface 

tension parameters, this knowledge can be used to select surfaces with as high ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 

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. 

 

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 𝛾𝛾𝑓𝑓− ≫ 𝛾𝛾𝑓𝑓+. For these surfaces, hydration pressure can overcome water cohesion 

to result in an overall repulsion of viruses. 
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− Archetype 2 (e. g. nylon) is less polar than archetype 1 and has high dispersive 

component, 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿. A near-monopolar surface (𝛾𝛾𝑓𝑓+ ≅ 0), archetype 2 also has a smaller 

𝛾𝛾𝑓𝑓−. 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 𝛾𝛾𝑓𝑓+ ≅ 𝛾𝛾𝑓𝑓−. This gives stronger polar interactions with viruses (i. e. higher 

𝛾𝛾𝑓𝑓+𝛾𝛾𝑣𝑣− and 𝛾𝛾𝑓𝑓−𝛾𝛾𝑣𝑣+).  

− Archetype 4 (e. g. polypropylene) is an apolar material (𝛾𝛾𝑓𝑓+ ≅ 0; 𝛾𝛾𝑓𝑓− ≅ 0) with the 

dispersive component, 𝛾𝛾𝑓𝑓𝐿𝐿𝐿𝐿, 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, ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣. For both HAdV5 and HRSV, more 

negative ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 values correspond to higher virus-fomite attachment efficiencies. 

Moreover, 𝛼𝛼𝑣𝑣𝑣𝑣 vs ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 dependencies for HAdV5 and HRSV collapse into one trend 

pointing to the possibility of using ∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 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.  
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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 

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.  
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Nomenclature 

 

𝛼𝛼𝑣𝑣𝑣𝑣 virus-fomite attachment efficiency  

𝛾𝛾𝑙𝑙𝐿𝐿𝐿𝐿 Lifshitz-van der Waals component of the surface energy of probe liquid 

𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿 Lifshitz-van der Waals component of the surface energy of solid 

𝛾𝛾𝑤𝑤𝐿𝐿𝐿𝐿 Lifshitz-van der Waals component of the surface energy of water 

𝛾𝛾𝑙𝑙+ electron acceptor component of the surface energy of probe liquid 

𝛾𝛾𝑠𝑠+ electron acceptor component of the surface energy of solid 

𝛾𝛾𝑤𝑤+ electron acceptor component of the surface energy of water 

𝛾𝛾𝑙𝑙− electron donor component of the surface energy of probe liquid 

𝛾𝛾𝑠𝑠− electron donor component of the surface energy of solid 

𝛾𝛾𝑤𝑤− electron donor component of the surface energy of water 

𝛿𝛿 effective diffusion distance 

𝜀𝜀𝑟𝑟 relative dielectric permittivity of water 

𝜀𝜀0 dielectric permittivity of vacuum  

𝜁𝜁 𝜁𝜁-potential 

𝜃𝜃 contact angle 

𝜅𝜅 inverse Debye screening length (also referred to as Hϋckel parameter) 

λ (=0.6 nm) the decay length for Lewis acid-base interaction in water 

𝜇𝜇 dynamic viscosity 

𝜓𝜓𝑣𝑣 surface potential of a virus  

𝜓𝜓𝑓𝑓 surface potential of a fomite 
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𝐴𝐴 Hamaker constant 

𝐴𝐴𝑠𝑠 surface area of the QCM sensor 

𝑎𝑎 virus radius  

𝐶𝐶 QCM sensor mass sensitivity constant 

𝐶𝐶𝑏𝑏 virus concentration in the bulk of the flow  

𝐶𝐶𝑠𝑠 virus concentration at the sensor surface  

𝐷𝐷 diffusion coefficient  

𝑑𝑑 virus-fomite minimal separation distance 

𝑑𝑑ℎ hydrodynamic diameter 

𝑑𝑑0 minimum separation distance due to Born repulsion 

𝑘𝑘 mass transfer coefficient  

𝑘𝑘𝐵𝐵 Boltzmann’s constant 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 primary maximum in the total XDLVO energy of interaction 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 secondary minimum in the total XDLVO energy of interaction 

∆𝑓𝑓 QCM vibration frequency shift 

∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓 free energy of interfacial interaction of two identical fomites in water 

∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 free energy of interfacial interaction of two identical solids in water 

∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 free energy of interfacial interaction of two identical viruses in water 

∆𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣 free energy of virus-fomite interfacial interaction in water 

𝑗𝑗𝑚𝑚 mass flux of virus towards the QCM sensor 
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𝑚𝑚 areal mass density 

𝑛𝑛 QCM vibration overtone number 

𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 total XDLVO energy of interaction between a sphere and a plate  

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿  energy of Lifshitz-van der Waals interaction between a sphere and a plate  

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐸𝐸𝐸𝐸  energy of electrostatic interaction between a sphere and a plate 

𝑈𝑈𝑣𝑣𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴  energy of Lewis acid-base interaction between a sphere and a plate 

𝑇𝑇 absolute temperature  
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