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particles in indoor spaces and do not include characteristics specific to

viruses. Studies have explored the biological and kinetic processes of microbes’
attachments on surfaces in other fields but not in the built environment.
There is also extensive literature on the influence of indoor architecture

on air flow, temperature profiles, and forces influencing aerosol transport.
Bridging the gap between these fields will lead to the generation of novel
frameworks, methodologies and know-how that can identify undiscovered
pathways taken by viruses and other microbes in the built environment. Our
study summarizes the assessment of the influence of surface properties on
the adhesion kinetics of vaccinia virus on gold, silica, glass, and stainless-
steel surfaces. We found that on gold the virus layer was more viscoelastic
compared to stainless-steel. There was negligible removal of the layer

from the stainless-steel surface compared to the others. The results further
highlight the importance of converging different fields of research to assess
the fate and transport of microbes in indoor built spaces.

Introduction

The significance of the built environment and
the materials that construct it has become critical
during the ongoing pandemic. How long does the
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) survive in the air and on surfaces?
Since the pandemic hit this has been a perpetual
question with the answer still being investigated.
It is well known that contaminated surfaces are
significant vectorsin the transmission of infection
both in hospitals and in the community." ?
Recent investigations® into determining stability
of the virus on different surfaces and in the
aerosolized form revealed that the SARS-CoV-2
virus can survive for 3 hours in the aerosolized
form and 72 hours on plastic and stainless steel*
with survivability varying based on indoor and

outdoor conditions.” ¢ The transmission forms
for both SARS-CoV-1 and SARS-CoV-2 are
similar.> 7 Studies on transmission routes for
influenza virus have documented the dominant
influence of airborne transmission via suspended
and settled droplets®'® resulting in guidelines
of social distancing (~6 feet, about 1.83 m) to
prevent person to person transmission.!!

The studies all focus on obtaining data on either
the influence of air circulation such as sampling
in an aerosolized environment or via inoculating
different types of surfaces. The investigations do
not account for the fact that the two events are
not isolated. Aerosolized virus laden droplets
must be transported to the boundaries near the
surfaces, deposit from the boundary layer on
to the surface and subsequently adhere. Recent
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events have also shown the high probability of aerosolized
transmission.'>"* The question that needs to be answered to
successfully limit transmission is, “What conditions control the
transport, deposition, adhesion, and persistence of airborne
SARS-CoV-2 in air and on surfaces?” The interface of the
boundary layer and the surface influences the transport and
deposition of particles including virus laden droplets. Figure 1
illustrates the concept. The fluid mechanical boundary layer is
the flow region (air) very near the surface where viscous forces
dominate and transitions to a region of high velocity of air."®
Air flow in indoor spaces is often treated as well mixed but,
investigations have shown the significant influence of near
surface air motion on particle deposition'® and resuspension.'’

Virus laden droplets moving towards
the surface

Droplet in the
boundary layer

Deposition Adhesion

Biomaterials Translational

There is however a lack of information on the relationship
between the magnitude of shear forces and boundary flow
velocity characteristics on the transport mechanism of viruses
particularly near surfaces. Released virus droplets or aerosolized
viruses will over time reach the boundary layers near the
surface where they will subsequently ‘attach’ to the surface
and adhere to it. Investigations in aqueous suspensions have
shown the wide ranging and variable influence of wall shear
rates on the deposition, adhesion and detachment of particles
and microbes.'** The attachment process is influenced by the
surface characteristics which include surface roughness (RH),
porosity or morphology, or microbial characteristics which are
mobility, flexibility, or hydrophilicity.*" 2

Detachment and re-entrain-
ment into boundary layer
and into bulk flow

= Resuspension

Figure 1. Schematic illustration of the fate and transport of virus particles at the intersection of bulk and boundary layer

flow.

To gain insight on these processes and their influence on the
fate and transport of microbes in the indoor space, the authors
assessed the adhesion behavior of a model enveloped virus,
vaccinia virus (VACV), on various types of surface seen in the
built environment under flow conditions. The investigation is
a prelude to further studies on how the complex interaction of
the multiple variables of an indoor space can influence the fate
and transport of microbes in the bulk flow and boundary layer.
This article also summarizes the current knowledge on particle
deposition, attachment and re-entrainment in indoor spaces
and the influence of properties of materials on the particle
transport behavior. The paper concludes by discussing the
results of the authors” work in context of past investigations
and future directions.

Methods

VACYV culturing and purification

Vero cells (Centers for Disease Control and Prevention,
Atlanta, GA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (Corning, Manassas, VA, USA) supplemented
with 10% fetal bovine serum (Atlanta Biologicals, Flowery
Branch, GA, USA), 2 mM L-glutamine, 1 mM sodium
pyruvate, and 100 U/mL penicillin-streptomycin (HyClone,
Marlborough, MA, USA). Cell cultures were maintained at
37°Cin a CO, incubator with 5% CO, and 95% air. VACV was
propagated in Vero cells with the presence of 2% fetal bovine
serum Dulbecco’s modified Eagle’s medium. The infected cells
were incubated at 37°C for 2 to 4 days until the microscopic

cytopathic effect was complete.

The virus purification method was modified from Hruby et
al.? In brief, the infected cells were harvested and subjected
to homogenization. Cell debris was removed by centrifugation
at 12,296 x g for 15 minutes at 4°C (Sorvall® RC5C plus,
Newtown, CT, USA). The virus pellets were precipitated by
centrifugation at 81,799 x g for 3 hours at 4°C (Beckman L§-
70M, Palo Alto, CA, USA) and resuspended in 1 mM Tris buffer
(pH 8) overnight. Purified virus was obtained through a side-
band-pull from a gradient of sucrose centrifuged at 22,504 x g
for 40 minutes at 4°C. Vero cells were plated in 6-well plates at a
density of 6 x 10° cells per well one day prior experiment. Ten-
fold serial dilutions of purified virus were made in phosphate
buffered saline. The virus samples of each dilution were placed
onto the prepared 6-well plate cultured with Vero cells, then
incubated at room temperature in a laminar flow hood for 30
minutes. After infection, unbound virus was removed and
replaced with 1% agarose (VWR Life Science, Radnor, PA,
USA) in 2% fetal bovine serum Dulbecco’s modified Eagle’s
medium. The plates were incubated at 37°C and 5% CO, for
2 to 4 days until able to visualize plaques. The virus titer was
calculated using an average number of plaques, dilution factor,
and the inoculum volume as described elsewhere.**

Quartz crystal microbalance with dissipation analysis

The quartz crystal microbalance with dissipation (QCM-D)
approach was applied to investigate virus adhesion and
detachment on four types of sensor surfaces.”> * QCM-D
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technique was performed using Q-sense E4 (Biolin Scientific,
Gothenburg, Sweden). Polished AT-cut 5-MHz quartz crystals
coated with four materials were selected: gold (QSX 301) with
RH < 1 nm, SiO, (QSX 303) with RH < 1 nm, sodalime-glass
(QSX 337) with RH < 20 nm, and stainless-steel (QSX 304) with
RH < 1 nm. Temperature in the modules was controlled at 23°C.
Three flow rates were assessed: 8.33 x 10° m3/s (50 uL/min),
1.67x10°m?/s (100 wL/min),and 3.33 x 10~ m>/s (200 pL/min).
Before the experiment, all sensors were pre-cleaned with
ultraviolet/ozone light for 10 minutes to remove organic
contaminants on the surface. MilliQ water was first injected
into the modules to provide a baseline measurement. Then,
virus suspension suspended in 1 mM Tris buffer was injected
at a selected flow rate. Experiments were initiated at four initial
concentrations, 6.45 x 10%, 2.00 x 10°%, 2.25 x 10° and 2.68 x 10°
plaque-forming unit/mL. Virus attachment resulted in the
decrease of frequency and increase of dissipation. Once both
frequency and dissipation attained a constant value, the modules
were rinsed with the baseline solution. Changes of frequency
(Af) and dissipation (AD) on the sensor crystal were recorded
using QSoft401 and the data were analyzed using QSense Dfind
software (Biolin Scientific). Before the start of any experiment
and in between each experiment, QCM-D modules and
sensors were thoroughly cleaned using a 2% sodium dodecyl
sulfate solution (Fisher Scientific, Waltham, MA, USA) and
ultraviolet/ozone treatment and dried with N, gas.

The QCMD detects mass and dissipation change through the
excitation of the sensor crystal which oscillates at a specific
frequency due to the application of a certain voltage across the
electrodes because of piezoelectric properties.”’ 2 Mass change
(Am) on the sensor crystal causes frequency change (Af) and is
defined by Sauerbrey relation as shown in equation (1) where
cis 17.7 ng/Hz/cm? for a 5-MHz crystal, and 7 is the overtone.

_Hxe (1)

n

Am =

Dissipation (D) is caused by the adsorption of the viscoelastic
film and is described as the ratio of dissipated and stored
energy.”” *° Energy lost during crystal oscillation is calculated
using the measured dissipation based on equation (2) where,
where E_ is the energy dissipated during one oscillatory cycle
and E_, is the energy stored in the oscillation system.*"

E

b= 271'? (2)

strd

Characterization of virus coated surfaces

Atomic force microscopy

Glass slides were cleaned by Piranha solution (30% hydrogen
peroxide and concentrated sulfuric acid with 3:7 ratio from
Fisher) at 75°C for 2 hours following by washed and sonicated
in MilliQ water. The cleaned glass slides were then immerged
in 1 mg/mL poly(diallyl dimethylammonium chloride)
(PDDA) solution overnight, rinsed with MilliQ water
(Millipore, Burlington, MA, USA) and dried with N, gas.
PDDA (molecular weight 100,000 to 200,000) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The PDDA-
glass substrate was then immerged in VACV solution at the
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concentration of 1 x 10* plaque-forming unit/mL for 1 hour,
gently rinsed with water and dried with N, gas. Atomic force
microscopy images of VACV on glass slides and RH were
obtained by SPA 300 instrument (Veeco, Santa Barbara, CA,
USA) in ambient conditions under tapping mode at a scan rate
of 1 Hz and scan size of 10 x 10 um?.

Fluorescence microscopy

A recombinant VACV expressing green fluorescence protein
was placed onto a glass slide and evaporated to dryness in a
laminar flow hood. The excessive green fluorescence protein-
tagged viruses were gently washed out by phosphate buffered
saline solution. The fluorescence images were acquired using a
fluorescent microscope (Olympus IX81, Shinjuku-ku, Tokyo,
Japan) with disk scanning unit confocal mode.

Zeta potential measurement

The purified virions were incubated for 5 minutes and
overnight in 1 mM Tris buffer pH 8 and pH 4.5. The virus
samples were then transferred to a DTS1070 disposable
capillary cell (Malvern, Malvern, Worcestershire, UK) for zeta
potential measurements. The measurements were performed
at 25°C with a Zetasizer Nano-ZS (Malvern).

Transmission electron microscopy imaging

The virus was dropped onto a carbon coated copper grid for
30 minutes, and the excess virus solution was blotted off.
The grid was washed with several drops of MilliQ water and
dried by slow evaporation in air at room temperature. After
the adsorption, 2% uranyl acetate was applied to the grid for
negative staining. The morphology of the purified VACV was
characterized by Transmission electron microscopy (Hitachi
HT7800, Chiyoda-ku, Tokyo, Japan).

Results

VACYV characteristics

VACV, a member of the poxvirus family, is an enveloped
virus.” It consists of a large double-stranded DNA genome
approximately 190 kb in length, a protein layer known as
the palisade, and the envelope composed of surface tubules,
enveloped proteins, and lipid membranes, as illustrated in
Figure 2A.*** VACV has an oval to brick-shaped architecture
with the dimensions of 270 nm in diameter and 350 nm in
length.*> * The purified VACV using in this study expresses
green fluorescence protein and can be observed under a
fluorescent microscope as shown in Figure 2B. Surface
charge of the virus is one of the important factors that play
an essential role in numerous sorption processes, for example
adsorption and adhesion, which are governed by electrostatic
interactions.”® To investigate the physical and charge
characteristics of the purified virions, atomic force microscopy
and dynamic light scattering were performed. In Figure 2C,
VACV shows a negative surface charge with a zeta potential
of approximately -30 mV in pH 8 Tris buffer solution and -20
mV in pH 4.5 Tris buffer solution, incubated in the buffers for
5 minutes and overnight, using Zetaseizer. In addition, atomic
force microscopy revealed that a good deposition of negatively
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charged virions on a positively charged PDDA-glass substrate
was found (Figure 2D). The average size of VACV is ~200-
350 nm in different directions as observed under transmission
electron microscope (Figure 2E), which is consistent with

literature survey.***!

Virus adhesion kinetics via QCM-D

Table 1shows the details of the frequency and dissipation shifts
for both adhesion and detachment, and Figure 3A-D display
the frequency (Af), and dissipation (AD) shifts of the third
overtone. Four types of sensors were applied to investigate
the relation between the types of sensor material and virus
adhesion, gold, silica, glass, and stainless-steel (SS).

MilliQ water was first entered for a baseline. A stable
baseline was observed prior to VACV injection regardless
of the type of sensor material. The black arrows indicated
the injection of VACV (2.0 x 10° plaque-forming unit/mL).
At 4 minutes, sensors were exposed to the virus suspension,
thus, rapid decrease in frequency was observed due to sensor
— virus bindings. Rapid increase in dissipation was observed
corresponding to the virus adhesion to the sensor surface. The
frequency and energy dissipation were monitored in real time
while the virus adhesion resulted in the built up of multilayers
on the sensor crystals. When no more significant changes in

A

DNA genome

Core membrane

Palisade layer

B C

VACV-in Tris buffer

Zerapotential (mV)

5 min

Outer membrane

Inner membrane

Surface tubules

Overnbight
Incubatuib time
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frequency and dissipation were observed, MilliQ water (blue
arrows in Figure 3A-D) flow was started to rinse the sensor
surface and to measure the virus detachment, concurrently.
Gold sensor resulted in the smallest change of frequency, Af
= —5.77 Hz while silica had the maximum frequency shifts of
-31.70 Hz. Glass had a frequency shift of -29.81 Hz while SS
exhibited a frequency shift between silica and glass, -22.16
Hz. AD for all sensors ranged from 1.85 x 107 to 2.52 x 107,
Increase in frequency and decrease in dissipation were
observed due to virus detachment and is an indicator of virus
- surface adhesion characteristics i.e., whether the film layers
formed is soft or rigid or became rigid due to multi-layer
formation. Even though increase in frequency and decrease
in dissipation were measured after rinsing, the values did not
return to baseline levels. This indicates that the cleaning step
washed away soft layers, but remaining layers on the sensor
crystals had become rigid and could not be ‘cleaned’ thoroughly
to negligible values. Figure 3E shows the calculated mass of
virus layers after adhesion and then after rinsing i.e., extent
of detachment applying the Sauerbrey relation. For SiO,, 13%
of mass was removed after rinsing (189.1 ng/cm? of adsorbed
virus layer and 164.6 ng/cm? of remained virus layer), followed
by glass, 9% (177.8 and 162.4 ng/cm?), gold, 7% (34.4 and 32.0
ng/cm?). The lowest removal occurred for stainless-steel after
rinsing (132.2 and 126.7 ng/cm?).

Physical properties of VACV
» Genomic capacity: 190 kb
Envelope . Shape: a brick

* Average size: 270 nm x 350 nm

Enveloped protein

+ Surface charge: negative

mpH 8

m=pH 4.5 100 nm
50 nm
0 nnm

e B S AL

Figure 2. VACV structural and physical properties. (A) Schematic illustration of the VACV structure, genomic capacity,
shape, average size, and surface charge. (B) Fluorescence imaging of green fluorescence protein-tagged VACV (green).
(C) Zeta potentials of VACV over the pH 8 and pH 4.5 in 1 mM Tris buffer. Data are expressed as mean + SD. (D) Atomic
force microscopy image of VACV deposited on PDDA-glass substrate. The black arrows point to VACV particles. (E)
Representative transmission electron microscopic images of VACV. The white arrows point to (1) outer membrane, (2)
core membrane, and (3) surface tubules. Scale bars: 100 pm in B, 20 pm in enlarged part in B, 1 pm in D and 100 nm in
E. PDDA: poly(diallyl dimethylammonium chloride); VACV: vaccinia virus. The duplicate samples were measured and

two experiments were repeated to acquire the data.
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Table 1. Frequency (Af) and dissipation (AD) shift due to VACV adhesion and mass (Am) of adhered VACV on the sensor
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surface calculated by Sauerbrey relation
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Sensor VACYV adhesion VACYV detachment

Af (Hz) AD (x107) Af (Hz) AD (x107%)
Gold -5.77 1.90 -5.37 1.39
SiO, -31.70 1.85 -27.60 0.98
Glass -29.81 2.52 -27.22 1.72
Stainless-steel -22.16 2.40 -21.23 2.11

Note: VACV: vaccinia virus. This is representative of an experiment started at 2.00 x 10° plaque-forming unit/mL.
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Figure 3. Quartz crystal microbalance with dissipation analysis of the frequency (Af, black line) and dissipation (AD, red
line) (x10°) shifts of VACV on gold (A), SiO, (B), glass (C), and stainless-steel (D). Black arrow: VACV injection; blue
arrow: rinsing with MilliQ. (E) Mass of adhered and remained virus layer on the sensor surfaces calculated by Sauerbrey
relation. SS: stainless-steel; VACV: vaccinia virus. This is representative of an experiment started at 2.00 x 10° plaque-

forming unit/mL.

Figure 4 displays the f~D plots to assess the structural
conformation of the adhered VACV layers. The slope (K,
AD/ Af) represents the adsorption kinetic process on the sensor
crystal. Higher K indicates the structural conformation of the
layer on the sensor surface is soft and flexible whereas lower K
represents that the layer is thin and rigid. Initially a soft layer
(K,) is formed while as it adheres to the sensor surface and then
the layer becomes firm (K ). After the rinsing step, part of the
adhered layer has been removed from the sensor (increase in
frequency) and the remaining layer is more rigid (K,).

Figure 4A shows the adsorption process for VACV-gold. In
comparison to Figure 4B-D which represents the adhesion
process of VACV for silica, glass, and SS respectively, K, and
K, is the steepest for gold sensor indicating the layer attached is
more viscoelastic compared to the others. The sensor also has
the lowest K, value which indicates that the layer remaining is
thin, and rigid as opposed to its counterparts. Figure 4B and
C show similar characteristics of the layer formed initially at
the beginning of adherence of VACYV to silica and glass. K, and
K, values for silica are less than glass. VACV-SS interaction
based on K, K, and K, is very similar in magnitude to glass. SS
surface is positively charged* and the extent of detachment of

negatively charged VACV is significantly less compared to the
other sensors.

Discussion

The results focus on one aspect of the multi-faceted problem
- influence of surface type on attachment and detachment
of VACV. The significance of understanding how surface
properties control the adhesion kinetics is highlighted. During
the initial adhesion process the viscoelastic nature of the virus
layer was dependent on the surface type. After the first phase
of attachment, there is a plateau indicating saturation has
been reached and the layer is becoming rigid. Rinse cycle is
started immediately, and the extent washed off differs based
on the properties of the layer formed and for these surface
types, surface charge. Gold behaves very differently from the
other surfaces, in that while mass attached is lower than SS,
it remains attached. Glass and silica appear to be the ‘cleanest’
surfaces since adhered viruses were easily cleaned compared to
other surfaces. The effect of ‘flow’ on the behavior of VACV-
surface interactions remains to be investigated and correlated.
In the sections below the factors that can influence fate and
transport of aerosols including microbes are discussed.

www.biomat-trans.com
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Figure 4. Frequency-dissipation plots for VACV for gold (A), SiO, (B), glass (C), and stainless-steel (D). ‘', ‘2’, and ‘3’
show the steps of the adhesion process, ‘1’ adhesion, 2’ reaching saturation and ‘3’ detachment due to the wash cycle.
The numbers correspond to the slope represented by K, K, and K,. VACV: vaccinia virus. This is representative of an

experiment started at 2.00 x 10° plaque-forming unit/mL.

Phenomena influencing deposition

Extensive investigation in the factors influencing deposition
of inorganic particles has been done because of the significant
role it plays on human health and exposure. The deposition
phenomena are influenced by multiple factors which include
particle characteristics, air flow, interior design, and surface
coverings.*“* The interacting effect of ventilation, location
of furniture and air changes have shown that while higher
air changes removed particles faster, localized exposure
and deposition is influenced by a combination of multiple
factors.” Experimental and modeling studies determined a
lumped parameter: deposition velocity or loss rate coefficient
for a range of particle sizes to distinguish the effects of the
multi-dimensional design space which describe the indoor
environment.** Deposition velocities and loss rate coefficients
provide a bulk perspective of the transport and removal of
particles from the air.*® The rate at which deposition occurred
is represented by deposition velocity, v, as shown in v =%
where M is the mass of particle on a sample surface, t is time
of exposure, Cis time-weighted average mass concentration of
particles in air and A_is the surface sample area.

Studies in small scale chambers and real houses have shown
that particle removal by deposition is significantly correlated
to diameter, surface to air temperature difference, surface
orientation, spatiallocation,and RH.**** Deposition constants
have been shown to be related to building wall textures,
orientation and particle size.”’ Among surface properties, the
influence of RH has been assessed. Lai and Nazaroff** observed
that particle deposition increased for most particle sizes onto
smooth and rough vertical surfaces, with roughness simulated
using smooth glass plates and sandpaper. While deposition
clearly increased with near wall airflow velocity the influence
of RH became less evident*® probably due to the dominance of
the fluid momentum boundary layer.

Deposition velocities in relation to microbe carrying particles
or for microbes have not been investigated extensively.
Typically, the studies incorporate properties or stay within
the range of parameters accepted for inorganic particles. For
example, a computational fluid dynamics model based on
Eulerian-Lagrangian framework simulated the deposition of
Staphylococcus and Micrococcus, the conclusions identified that
mixing and ventilation conditions influenced deposition of
the bacterial species.”> The spherical species have a diameter

Biomater Transl. 2021, 2(1), 50-60

~1 pm and were selected because of the proximity of the
physical characteristics for the application of stokes’ law and
lack of information for microbes. Studies cannot account
for the characteristics of the different types of microbes,
bacteria, viruses, and fungi which can influence transport and
deposition. Whyte and Eaton® calculated deposition velocities
as a function of concentration of airborne particles carrying
microbes by collecting samples from clean rooms and operation
theatres. They reported higher deposition rates for lower
concentrations. Seong and Hoque® assessed the influence of
sampling region and sampling location on bacterial species
detected.

Adhesion forces governing surface interaction

The forces encountered in adhesion of solid particles on
solid surfaces either in air (at different humidity levels) or
in water or other media are molecular interactions defined
by Van der Waals' forces, electrostatic interaction, liquid
bridges, double layer interaction and polar and/or metallic
bonds.**** Dust and activated carbon appear to preferentially
adhere to insulated surfaces such as polyvinyl chloride or
glass compared to aluminum and copper.”® Physics-based
model such as the Hamaker model depending exclusively on
Van der Waals forces was not successful in interpreting the
adhesion mechanism and results indicated the significance of
considering polar contributions.®>¢' Other investigations have
looked into particle shape and size pointing out the limitation
that most studies tend to focus on spherical particles.®>

Deryaguin—Muller-Toporov, Johnson-Kendall-Roberts and
Maugis-Pollock models*** have been applied to describe
molecular attraction forces and the influence of contact
areas between particles and surfaces. RH and contact angle
have a high impact on the magnitude of the Van der Waals
forces. Higher humidity levels, beyond 50% tend to enhance
adhesion;*® ®* however, the hydrophilic/hydrophobic nature
of particles and surfaces impacts the degree of influence.”
For example, adhesion force of glass on glass or glass on
silica surfaces for diameters ~20 to 60 um treated to be
hydrophobic remained constant for all humidity levels while
for hydrophilic conditions, at 50-60% humidity adhesion force
increases or resuspension decreased.® The anomaly observed
for hydrophobic surfaces and the increasing deviation from
classical theoretical predictions for larger size particles have
been attributed to the water film formed between particles

55



Research Article

56

and surfaces and/or the electrostatic forces. Adhesion force
magnitudes decreasing with particle size.*® Particles of size in
the range > 1 pm to ~5 pm adherence to surfaces is determined
by the nature of the contact and are harder to resuspend but
larger size particles are easier to resuspend and the adhesion

mechanism is influenced by contact points, and geometry.*”

This literature survey on adhesion of microbiological particles
to surfaces target bacteria and viruses. Studies focusing
on bacteria are dominated by areas such as biocorrosion,”
biomaterial implants,”"”* environmental microbiology,” food
industry,”* and microbial fuel cells.”” The adhesion mechanism
is modeled typically using the Derjaguin, Landau, Verwey,
Overbeek (DLVO) approach, or the thermodynamic approach
or the extended DLVO model.”*” The DLVO theory is based
on the non-specific interaction energies between the van der
Waals forces and the electrostatic double layer forces which can
be attractive or repulsive contingent on the bacteria-surface
combination. Thermodynamic theory on the other hand is
based on the concept of surface free energies which would
account for the various types of interactions including van
der Waals, electrostatic and dipole moments. Since the DLVO
theory assumed inert chemical surfaces, a modification was
added to the theory by adding a short-range Lewis acid-base
term which will account for the hydrophobicity/hydrophilicity
in an extended DLVO theory.®

The extended DLVO theory has been applied to shed light
on the mechanisms governing the adhesion of viruses to
certain surfaces. For example, a study by Chrysikopoulos
and Syngouna®' looked at the interaction of bacteriophages,
MS2 and X174 with clay colloids. The virus attachment
was described by the Freundlich isotherm and the Lewis
acid-base term in the extended DLVO model was critical in
explaining the hydrophobic interaction mediated attachment.
The extended DLVO approach was utilized to model the
attachment of human adenoviruses and two bacteriophages,
P22 and MS2% to lip balms. The study showed that drying of
the lip balms resulted in the drop of surface free energy which
made the surfaces highly hydrophobic. The extended DLVO
model results predicted that attachment was favored due to
short range strong hydrophobic interaction. Hydrophobic
and electrostatic interactions were also shown to govern the
attachment of MS2 bacteriophage to surfaces treated with
polyelectrolyte multilayers.*

Recent investigations have tried to unravel the implications of
virus adhesion kinetics with regard to health effects, infection
transmission and SARS-CoV-244%¢ by utilizing representative
surrogates such as a lentivirus®® or through conducting a
theoretical analysis utilizing existing data to assess the influence
of different surfaces and environmental conditions including
temperature, humidity, and pH.® * % Experimental methods
for determining the adhesion force and kinetic mechanisms
include using the centrifuge approach® * or the QCM-D? 3%
and AFM.°"** Liu et al.”® used floor dust as surrogates for
fungal spore and high-speed imaging to capture the effect of
velocity on resuspension. For microbes and surfaces of the
built environment, investigation has focused on antimicrobial
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properties of metal alloys such as copper - zinc, copper - silver
on surfaces and their application.”*”” The studies highlight
the significant differences that exist between the adhesion
mechanisms for inorganic particles versus microbes.”®

The mechanism of resuspension

Measurements of resuspension have been expressed as
resuspension factors or resuspension rates.” Resuspension
factor is the ratio of air borne contaminant concentration per
unit air volume to the contaminant surface concentration per
unit area on the ground and resuspension rate is defined as the
fraction of a surface species removed in unit time.”

Experimental results showed that smaller particles required
larger flow velocity to achieve the same amount of detachment
as the larger particles. The detachment fraction was also
dependent on the surface adhesion energy of the particles
ranging between ~32 um and ~76 pm with higher velocities
required for higher adhesion energy.!® Punjrath and
Heldman'®' studied particle entrainment in a wind tunnel
and theorized that two mechanisms: a) initiation of particle
movement when shear stresses on the particles exceed friction
forces acting on the particles and b) transfer of momentum
from other moving particles dominated resuspension.

Modeling studies comprised of two approaches — statistical
and/or force balance. Theoretical models have simulated the
mechanisms at a micro scale,'” ' whereas computational
fluid dynamics models have focused on capturing the movement
of a specific activity such as foot tapping®® and analytical
models'® have applied multiple fundamental concepts such
as dimensional analysis to model the effects. The Eulerian
method, in which particles are treated as a continuum, has
been traditionally applied to the cases of heavy particle deposits
while Lagrangian methods have been applied to individually
track relatively light particles in monolayer or few multi-layer
systems.'% ' In Lagrangian-based models, particle transport
is generally modeled through the addition of gravitational,
drag, added mass, Saffman’s lift, bed impact forces and Bassett
forces.'® Among these forces, Bassett forces (force due to
acceleration of the particle) have been considered negligible
and bed impact forces are more dominant than lift forces.
Braaten et al.'” assumed that fluid forces are applied at the
surface in discrete ‘bursts’ following a probability distribution.
Saffman’s lift force!® has been used in the literature to describe
the particle motion when studying particle deposition mainly.
Mollinger and Nieuwstadt''® and Leighton and Acrivos''! also
developed expressions for the lift force for particles touching
the wall. Shi and Bayless'? developed a computational fluid
dynamics model of a gas-particle flow in cyclones. The authors
incorporated a balance of adhesion and lift-off forces to
account for particle detachment from the surfaces.

Due to the inherent random nature of particle behavior,
statistical approaches for predicting resuspension such as
Monte Carlo simulations'”® and Lagrangian stochastic models
have been proposed.'* The stochastic models showed that
resuspension can be captured numerically but appropriate
attention needs to be given to fluctuations created due to
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turbulent flow or bursts created due to surface impacts.'” '

Loosmore” developed empirical models to calculate
resuspension rate, using five parameters: friction velocity, time
since the wind flow begin, particle diameter, particle density,
and roughness height and identified friction velocity and time
of exposure as the most important factors. In an indoor space
particle resuspension magnitude could vary by two to three
orders of magnitude. Resuspension rates between 3 x 10”7 and
6 x 10 min~' were found for super micron particles of density
1000 kg/m?®. Substantial resuspension of particles of diameter
2.5 pm and 5 pm occurred with source strengths ranging from
0.03 mg/min to 0.5 mg/min, a range estimated for human

activities.*> 4115

Few studies have explored the effects of resuspension
of microbes. Krauter and Biermann''® examined the
reaerosolization of dry spores (0.6-1.1 pm) in a ventilation
duct. Resuspension rates of fungal spores on both steep and
plastic duct materials were between 6 x 10~ and 6 x 10~ min™!,
which decreased to 10 times less than the initial rates within
30 minutes. In depth analysis of the influence of friction,
RH, exposure time and forces which have been assessed to
an extent for particles have not been quantified regarding
bacteria, viruses, or fungi.
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yarticle and surface
properties)

Category 1:
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f (Indoor environmenta
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Microbe surface
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properties, microbial
properties environmental
variables
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Conclusions

The current pandemic has reinforced the necessity of
establishing baseline information on how viruses under
indoor environmental conditions optimize survivability and
transmission. Based on the discussions above, investigations
into understanding this phenomenon can be separated into
three main categories. One category investigates the effects
of indoor environmental factors and surface properties
on boundary flow characteristics. The second group of
studies assesses the influence of the same variables on
various phenomena such as drag force, electrostatic force or
thermophoretic force which effects aerosol fate and transport.
The last category is the effect of physical and biological
properties on the deposition, attachment, and persistence of
microbes on surfaces. Typically, the three categories discussed
are investigated independent of each other with some overlap
occurring in categories 1 and 2. But, an indoor environment
with a range of bacteria, viruses and fungal species, and an
evolving microbial world encompasses all three categories as
shown in Figure 5. To successfully understand, assess, and
predict how the indoor environment perpetuates transmission,
we must bridge the gaps between these fields.

Category 1:

Boundary flow=

f (Indoor environmental
variables, surface
properties)

" Category 3:

Category 2:
Aerosol
deposition/resuspensio
n = f(indoor conditions,

particle and surface
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Microbe surface
interaction = f (surface
properties, microbial

properties
environmental
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Figure 5. A schematic representation of the current state and future research directions. f: function.
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