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Abstract

The factors contributing to the survival of enveloped viruses (e.g., influenza and SARS-CoV-2)
on fomite surfaces are of societal interest. The bacteriophage Phi6 is an enveloped viral surrogate
commonly used to study viability. To investigate how viability changes during the evaporation of
droplets on polypropylene, we conducted experiments using a fixed initial Phi6 concentration
while systematically varying the culture concentration and composition (by amendment with 2%
FBS,0.08%wt BSA, or 0.5%wt SDS). The results were consistent with the well-founded RH effect
on virus viability; however, the measured viability change was greater than that previously
reported for droplets containing either inorganic salts or proteins alone, and the protein effects
diverged in 1xDulbecco’s Modified Eagle’s Medium (DMEM). We attribute this discrepancy to
changes in virus distribution during droplet evaporation that arise due to the variable solute drying
patterns (i.e., the ‘coffee-ring’ effect) that are a function of droplet biochemical composition. To
test this hypothesis, we used surface-enhanced Raman spectroscopy (SERS) imaging and three
types of gold nanoparticles (pH nanoprobe, positively charged (AuNPs(+)), and negatively
charged (AuNPs(-))) as physical surrogates for Phi6 and determined that lower DMEM
concentrations as well as lower protein concentrations suppressed the coffee-ring effect. This result
was observed irrespective of particle surface charge. The trends in the coffee-ring effect correlate
well with the measured changes in virus infectivity. The correlation suggests that conditions
resulting in more concentrated coffee-rings provide protective effects against inactivation when

viruses and proteins aggregate.
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Introduction

The SARS-CoV-2 virus responsible for the COVID-19 pandemic is transmitted by aerosols and
droplets produced when an infected individual speaks, coughs, sneezes, sings, or breathes.!®
Aerosolized droplets potentially collect on surfaces (i.e., fomites) and may remain infectious.*!3
Human exhalate contains respiratory fluids that serve as the carrier of respiratory viruses such as
SARS-CoV-2 and influenza virus.'*!5 These respiratory fluids (e.g., saliva, lung fluid, etc.) have
complicated chemical and biochemical compositions that reflect the location and processes
responsible for exhalate production.'*!® Important fluid constituents include surfactants, fatty
acids, and proteins.'® Proteins, in particular, are thought to provide protective effects that enhance

virus viability.*

Infective viruses persist on surfaces for periods ranging from hours-to-days depending on the
environmental conditions (e.g., temperature and relative humidity (RH), surface material, and
viral suspension media).'>!317:¥ Prior studies have shown a consistent decline in SARS-CoV-2
half-life with increased temperature (from around a days to hours with a =10 °C increase in
temperature) under moderate RH (20 — 60%) conditions; more extreme RH conditions better
preserve the virus.!”? More generally, surface material and suspension media are known to affect
the persistence of enveloped viruses, with half-lives varying from tens of hours on plastic
surfaces to 1-2 hours or even less on metal surfaces.!%!22122 Both surface material identity and
suspension media dictate the drying behavior of droplets on surfaces as they collectively define
the surface tension between the surface, the droplet, and the surrounding air.* Improved
characterization of droplet evaporation on surfaces is needed to improve interpretation of virus
longevity data and to advance infection control in health care facilities, households, and

communities.



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

When a sessile droplet (e.g., a static droplet on a surface) dries, the non-volatile components
within the droplet often deposit at the water-surface contact line. This phenomenon, known as
the ‘coffee-ring effect’,>2* reflects the balance between capillary and Marangoni flows in a
drying droplet.? Capillary flows deposit particles at the water-surface contact line whereas
Marangoni flows transport particles from the periphery to the center.? These different convection
and deposition processes dominate at different evaporation stages and collectively give rise to the
final deposition pattern.?’?® Past studies have shown the coffee-ring effect is affected by surface
hydrophobicity,?® pH,* droplet chemical composition?! as well as particle morphology.*> Within
industry, control of the coffee-ring effect can be very important during material manufacturing
processes.?® Of relevance to the present work is the recognition that the coffee-ring effect
enhances performance of surface-enhanced Raman spectroscopy (SERS) substrates through
aggregation of gold nanoparticles (AuNPs) and analytes. -

Aggregation can provide a 2 to 10x increase in viral resistance to disinfection, thus enhancing
virus survival and longevity.*>** We hypothesized that the relative magnitude of the coffee-ring
effect, which alters the spatial deposition of viruses on surfaces, can impact viability. To test this
hypothesis, we conducted studies examining how coffee-ring formation impacted the viability of
the bacteriophage Phi6 under various RH and droplet compositions. Phi6 is an enveloped virus
often used as a surrogate.’’2® SERS imaging can be used to determine the spatial distribution of
nanoscale target analytes within droplets.**#° Unfortunately, direct detection and imaging of
viruses within a biomolecule laden matrix by SERS or any other light microscopy based
technique is extremely challenging. We therefore used AuNPs with similar geometrical shape,
size, and surface charge as physical viral surrogates to determine their spatial distribution during

droplet evaporation.*! Past studies examining viral transport*? and surface attachment* have
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shown that appropriately charged and sized AuNPs are useful viral surrogates. To the best of our
knowledge, this is the first study relating virus infectivity to drying-induced aggregation within
sessile droplets.

Experimental

Chemicals and Virus. All chemicals were used directly as purchased. Dulbecco’s Modified
Eagle’s Medium (DMEM 1x, MiliporeSigma D6546) with high glucose (4500 mg/L) and
supplementations (1% L-glutamine, 1% penicillin-streptomycin (Pen/Strep), and 2% fetal bovine
serum (FBS)) was kindly provided by Dr. Vincent J. Munster of the U.S. National Institutes of
Health. The detailed DMEM composition is listed in Table S1. Phi6 virus was propagated in the
bacterial host Pseudomonas syringae (suspended in Luria-Bertani broth (LB) with 0.75%
autoclaved agar) on LB agar plates and cultured at 25 °C for 24 h. Propagated Phi6 was purified
by filtration through a 0.22 ym cellulose acetate filter. The propagated Phi6 was resuspended into
DMEM after ultra-centrifugation (59,100 xg, 2 hrs) and stored in a 4 °C freezer as stock culture.
The titer of the stock culture was =10° plaque forming units (PFU/mL). The initial Phi6 titers of
all sessile droplets in this study were =10° PFU/mL, a 1000x dilution from the stock culture, to
minimize interference from the original culture medium (e.g., protein and salt residues from LB).
AuNP Synthesis. Three different AuNPs with distinct sizes and surface charges were
synthesized: positively charged (AuNPs(+)), negatively charged (AuNPs(-)), and a pH
nanoprobe. Synthesis of AuNPs(+) followed the method of Li et al** with modification of the
volumes of NaBH, (0.2 mL, 100 mM), HAuCl, (2 mL, 1 mM), and cetyl trimethyl ammonium
bromide (CTAB, 2 mL, 10 mM) to generate larger sized AuNPs(+). The suspension was stirred
15 min and the AuNPs(+) were centrifugally washed (4900 xg, 15 min). AuNPs(-) were

synthesized by a seed-mediated growth method adapted from Yuan et al.*> AuNP seeds were
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produced by refluxing 15 mL of 1% Na;Citrate:2H,O with 100 mL of boiling 1 mM
HAuCl,:3H,0 for 15 mins and then filtered through a 0.22 ym nitrocellulose filter after cooling.
Ascorbic acid (50 L, 100 mM) was added to the synthesized AuNP seeds (100 ¢L) and 10 mL
solution containing 0.25 mM HAuCl,-3H,0 and 1 mM HCI to initiate Au(IIl) reduction. The
suspension was mixed 30 s prior to centrifugation (4900 xg, 15 min). pH nanoprobe synthesis is
described elsewhere.*447 The pH nanoprobes were 4-mercaptobenzoic acid (4-MBA)
functionalized AuNPs with a polyethylene glycol thiol (m-PEG-SH, 5 kDa) protective layer.
Characterization of AuNPs and Phi6. Synthesized AuNPs and propagated Phi6 were dispersed
in DI water and characterized by dynamic light scattering (DLS; Malvern Zetasizer Nano-ZS
3600) for Z-average sizes and electrophoretic mobilities (Ug, m? - V™1 - S71) and by scanning
electron microscope (SEM) for the approximate relative size (Figure S1). The measured sizes
and electrophoretic mobilities of the AuNPs and Phi6 are listed in Table 1.

Table 1.Sizes and electrophoretic mobilities of Phi6 and nanoparticles measured by DLS and SEM.

Sample Type Phi6 pH nanoprobe  AuNPs(+) AuNPs(-)
Z-average (nm) 88.1+4.0 111.9+92 562 +154 410+09
Size - SEM (nm) 102.6+212 813512 554+204 46.6+103

Ug(m?-v-1-s71) -075+£008 -1.01+0.07 +4.19+0.02 -2.14+024

Evaporation of sessile droplets. The evaporation of 5 L sessile droplets on polypropylene
(ePlastics, reference PRONAT.030X24X47S/M) was quantified inside an Electro-Tech Systems
5518 environmental chamber. Polypropylene is a commonly used commercial surface which was
investigated by Morris et al to study SARS-CoV-2 inactivation.? In this study, the smooth side of
the polypropylene substrate was consistently used and SEM images of the smooth surface can be
found in Figure S2. Experiments were conducted at 25 °C under three RH conditions (25%,
50%, and 75%) using a series of DMEM dilutions (1x to 0.001x). Substrates was rinsed 3x with

IM sulfuric acid and ethanol before the experiments. Droplet mass was measured inside the



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

environmental chamber by placing the substrate onto a microbalance (Sartorius MSE3.6P-000-
DM) and then pipetting a droplet directly on the substrate. The change in droplet mass was
digitally recorded every minute. The balance chamber was left half-open to maintain air
circulation during the measurements. This airflow decreased balance accuracy to = 0.01 mg. As
justified in the SI, we calculated the evaporation rate of each droplet using linear-regression due
to a negligible contact angle.**#° Evaporation rates determined using contact angle were
estimated from droplet photos using ImageJ and the values were consistent with those
determined gravimetrically (Figure S3). Final droplet residues were observed using an EVOS-
FL2 microscope.

Phi6 infectivity. Plaque assays, following the procedure of previous studies from Dr. Marr
group’, were performed to quantify Phi6 in PFU/mL for stock culture, control (bulk samples),
and experimental 5 L droplets. Droplet residues were collected after complete evaporation (1 h

for RH 25 & 50%;, 2h for RH 75%) by pipetting the original DMEM (50 xL in total) onto the

substrate and rinsing 20x. The relative infectious ratio for Phi6 = %, where Cy and C, are the Phi6
0

concentration before and after evaporation. Phi6 infectivity is reflected by the log;, decay
(—loglo(g—t)): a lower log;, decay indicates less change in Phi6 infectivity. The Phi6 infectivity
0

change was observed under various droplet dilution chemistries: 1) supplemented DMEM (Table
S1); 2) DMEM with no supplementations; 3) DMEM with 2% FBS (= 800 pg/mL protein); 4)
DMEM with bovine serum albumin (BSA, 0.08%wt, = 800 xg/mL protein).

The coffee-ring effect in sessile droplets. Sessile droplets (5 L) containing AuNPs were
monitored via SERS to quantify the coffee-ring effect. A home-made chamber compatible with
our WITec Alpha 500R Raman controlled RH during droplet evaporation. Saturated potassium

acetate and NaCl were used to maintain RH 25% and 75%, and the lab RH during the summer
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was stable at ~50%. RH within the chamber was monitored before and after each experiment.
The measured RH values were 25.6 £ 0.1%, 50.8 + 0.4%, and 74.5 £ 1.3%, respectively. SERS
maps of droplets were collected every 10 min at 25 and 50% RH and every 20 min at 75% RH.
SERS maps of droplets were collected every 10 min at 25 and 50% RH and every 20 min at 75%
RH using a 10x objective and a 3 mW 785 nm laser. Each SERS map consisted of 50 x 50 points
that covered a droplet. SERS maps representing the AuNP spatial distribution were generated
based upon the intensity of the pseudo-peak at = 80 cm'. This pseudo-peak reflects the density of
SERS hot-spots that formed due to AuNP aggregation.>

To succinctly describe temporal changes in the coffee-ring effect, we define the coffee ring
coefficient (CRC). The CRC reflects the relative proportion of AuNPs that reside near the edge
(i.e., a spatial distance within 20% of the initial wet droplet radius) of a dried droplet. Details
about the CRC derivation can be found in the SI. If the AuNPs are homogeneously distributed
across the droplet residue then CRC = 0.36. As the magnitude of the coffee-ring effect increases
the CRC approaches 1.

The pH of droplets. Droplet pH was calculated based upon SERS maps of droplets that
contained pH nanoprobes.*’4¢ In brief, the Raman spectrum of 4-MBA functionalized AuNPs has
a pH-insensitive peak at 1080 cm™! and a pH-sensitive (-COO") peak at 1410 cm™'. Ambient pH in
the nanoprobe vicinity is estimated using the ratio of the peak intensities (I1410/I10s0). The reported

pH values reflect the average of the 250 most intense spectra for a given droplet.

Results and Discussion

Infectivity of Phi6 in DMEM droplets under different RH. We incubated droplets containing
10° PFU/mL of Phi6 in the presence of a range of DMEM concentrations (1x to 0.001x) at 25%,

50%, and 75% RH. The three selected RH values reflect typical RH for winter indoor (25%),
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summer indoor (50%), and humid summer outdoor (75%) in the U.S. state of Virginia. The logo
decay of Phi6 was consistently lowest at RH 75% and highest at RH 25%, a result consistent
with previous studies.*’*” We note that the droplets were incubated for two hours at 75% RH to
ensure complete droplet evaporation whereas droplets evaporated within an hour at 25 & 50%
RH. At 75% RH, complete evaporation was determined as the time when the droplet mass
plateaued at =100 mins (Figure S3) leaving a viscous droplet residue. The potential effects of
changes in incubation time were evaluated to relate virus viability at 75% RH with that at 25 and
50% RH. We evaluated Phi6 decay at 1 h for 75% RH by measuring the virus infectivity change
and by estimating Phi6 infectivity change assuming exponential decay.!>!5? Both observed and
calculated Phi6 log,, decay at 1 h for 75% RH was comparable or slightly higher than the
observed log decay at 50% for all DMEM concentrations (Figure S5). This indicates that
additional inactivation, which might be related to the droplet drying patterns, happened between
1h and complete droplet evaporation at 75% RH. The same effect occurs at other RH values as
well. The RH effect observed herein in which we consistently observe greater virus decay at
higher RH agrees with prior studies over the same RH range,” thus validating our experimental
procedures. For all RH values, we observed a decrease in Phi6 log;, decay at higher DMEM
concentrations — indicating less decay in Phi6 infectivity and illustrating the protective effect of
DMEM (Figure 1a). In the following parts of this study, we investigated how droplet
composition affects evaporation rate, acidity, and the droplet drying pattern during evaporation,
and then determined which parameters resulted in the greater protective effect.

Evaporation rate and pH of sessile droplets. The evaporation of sessile droplets is often
described in terms of two modes: pinned contact line mode and constant contact angle mode with

a receding contact line.>*-3 Droplet evaporation in this study followed the pinned contact line
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mode except for a short period towards the end of evaporation which is reflected by the droplet
mass change shown in Figure S3 and the correlated change in CRC value depicted in Figure SS5.
This result corroborates previous studies on sessile droplets containing both protein and salts.>’=8
The evaporation rate of droplets containing only DMEM, DMEM with pH nanoprobes, DMEM
with Phi6, and DMEM with both pH nanoprobes and Phi6 was examined at RH 25% and 50%
(Figure S6). No quantifiable difference in evaporation rate was observed across these droplet
compositions thus indicating no effect of Phi6 or AuNP addition. Figure 1c shows the
evaporation rates for Phi6 containing droplets with different DMEM concentrations at the three
RH values. For any given RH, similar evaporation rates were observed across all DMEM
concentrations. Droplets evaporated most rapidly at RH 25% and slowest at RH 75%. The
measured evaporation rate directly reflects evaporation time since differences between the final
droplet masses for each RH and DMEM combination were negligible (~0.1mg, Figure S3).
Droplet pH might evolve during evaporation due to the changing concentration of
dissolved components.’?* We evaluated droplet pH over the course of droplet evaporation and
observed stable pH values (= 8) for all experimental conditions (Figure 1d). We attribute the
stable pH values to the buffer capacity provided by DMEM. The measured pH is closely
correlated with the ion distribution inside the droplets at the point of drying,*® thus indicating the
relative ratios of the chemical species were consistent during droplet evaporation. The stable
evaporation rate and mean pH measured for different conditions indicates that neither of these
parameters differentially impacts virus viability under our test conditions.
The effect of droplet composition on Phi6 infectivity. We varied the composition and
concentration of DMEM droplets by adding additional proteins and surfactants to investigate the

effect of such additions on droplet virus infectivity. Prior work examined Phi6 decay in sessile
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droplets using the same protocol. In that study, Lin et al observed an increase in virus
inactivation when the cumulative dose of NaCl increased and interpreted this result in terms of
CT (C = concentration, T = time of contact).”* The major inorganic salts in DMEM are NaCl
(=6.4 g/L) and NaHCO; (=3.7 g/L). In our study (Figure 1a & 1b), at a given RH, lower initial
DMEM and thus lower salt concentrations resulted in greater loss of virus infectivity in both
supplemented and non-supplemented DMEM droplets. Such a relation contrasts with the effect
of salts on virus infectivity observed by Lin et al. and thus changes in NaCl do not account for
our findings.

We also investigated the effect of additional proteins on virus infectivity (Figure 1b). Droplets
with 2% FBS amendment (cyan line in Figure 1b) showed a consistent protein protective effect
regardless of the DMEM concentration. In droplets with 0.08% BSA (green line in Figure 1b) the
0.01x and 0.1x DMEM solutions exhibited protective effects; however, significantly greater
virus inactivation (~1 log;, unit higher) was observed in IXDMEM and 0.08% BSA droplets
relative to IXDMEM with 2% FBS thus suggesting a more complicated role of BSA alone on
Phi6 viability. The protective effects of proteins on Phi6 within suspended aerosols in a rotating
drum were quantified previously by Kormuth et al.* In that study, for RH between 55-75%, the
logo decay of Phi6 declined ~1-2 when aerosolized in the presence of a human bronchial
epithelial (HBE) cell wash protein source (100-500 xg/mL). No apparent protective effect was
observed at either 23 or 30% RH. In this study, DMEM was supplemented with FBS protein and
protective effects were observed at 25% RH for high DMEM concentrations (~1 log;, unit less
decay). At 50% RH, the log;, decay for the 0.5x DMEM dilution, which has a comparable
protein concentration to that of Kormuth et al., was 2.4-log,, units lower than that for the 0.001x

dilution of DMEM. These results collectively show that changes in solution composition beyond
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that of the protein alone impact Phi6 infectivity when sessile droplets dry. To further investigate
this effect, we examined how different droplet composition and DMEM concentrations altered
the droplet drying patterns and quantified the magnitude of the coffee-ring effect.
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Figure 1. a) Log, decay in virus infectivity as a function of RH and DMEM concentration. Each
data point represents the average of triplicate experiments measured after complete evaporation
of droplets. The error bar is the standard deviation from triplicates. The value 0 on the x-axis is
equivalent to 1 x DMEM, and the lower x-axis value refers to lower DMEM concentrations. b) The
Log,o decay of Ph6 after complete droplet evaporation at 50% RH. The droplet composition varied
from dilutions of stock DMEM (supplemented with 2% FBS initially), dilutions of DMEM with no
supplementation, and dilutions of DMEM with constant amount of two proteins, FBS and BSA. c)
Evaporation rate of droplets at different DMEM concentration and RH. The lower x-axis
represents the relative DMEM concentration in log scale, Cy in the x-axis refers to the composition
of stock DMEM (1x, Table S2). d) The droplet pH characterized by pH nanoprobe as a function
of time during droplet evaporation for all DMEM concentrations and all three RH conditions.

The drying patterns of DMEM droplets. Microscopic images of droplet residues for similar
compositions consistently showed similar patterns. Droplet residues of supplemented DMEM +

Phi6 are presented in Figure 2a. Images of droplet residues for other droplet compositions are
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included in Figure 2b. Overall, droplet residues with higher initial protein concentrations
exhibited an easily visible contact line whereas droplets with higher DMEM concentration are
characterized by crystal structures within the interior of the droplet residues. Such inner crystal
structures were not observed for low DMEM concentrations (< 0.01x, Figure 2a & 2b). The
presence of a surfactant (0.5%wt SDS) suppressed formation of the inner crystal structures, but
retained the contact line when the protein concentration was high (Figure S7). The SDS
concentration investigated in this study was lower than the critical micelle concentration (CMC);
similar uniform suppression of the coffee-ring effect was observed for SDS at concentrations
lower than the CMC.*! These microscopic photos are consistent with previously reported
findings that the formation of the contact line is driven by protein concentration, whereas crystal
structure development is driven by inorganic salts.’’® SEM images collected near the edge of the
droplet residues suggest greater accumulation of droplet components in IXDMEM droplet
residues relative to more dilute DMEM suspensions (Figure S8). Importantly, the dendritic
crystal structures formed within the 1x DMEM residues differ from the cuboidal crystals
produced in droplets containing only NaCl (e.g., 0.1 M [equivalent to the concentration in 1x
DMEM] in Figure 2c, and other concentrations in Figure S9). These differences reflect the
combined effect of proteins and salts on dendritic crystallization.®*¢* Recent studies observed
similar crystal structures in droplets of respiratory fluid surrogates on different substrates.*! 64
Even though proteins initiate coffee-ring formation, they may still deposit when salt crystals
develop within the interior of the droplet residue. Similarly, inorganic salts may crystalize within

the coffee-ring.%
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Figure 2. a) Microscopic images of DMEM + Phi6 droplets after evaporation under 50% RH. b)
Microscopic images of droplet residues for various droplet compositions: row 1) non-
supplemented; row 2) fixed 2% FBS; row 3) fixed 0.08%wt BSA. c) Microscopic image of 0.1 M
NaCl droplet residue. This NaCl concentration is similar to that in 1 x DMEM.

AuNPs as surrogates for Phi6. The observations obtained from the optical microscopic images
are qualitative and it is not possible to visualize nanometer particles, such as Phi6; therefore, we
used three types of AuNPs as nanoscale surrogates for Phi6 and employed SERS imaging to
determine their spatial arrangements. Colloid deposition within a drying droplet can be affected
by droplet surface tension and colloid concentration.®*%” Previous modeling approaches of virus
transport and attachment in subsurfaces as well as porous media have been following the theories
developed for colloids (e.g. DLVO theory, extended DLVO theory) for decades.*>** The DLVO
theory, which depict colloid stability, relied highly on the surface potential of colloids, and is the
theoretical foundation for us to use AuNPs as spatial surrogate for Phi6. Moreover, in this study
the small degree of variance in the initial contact angles (Table S2) for all droplets indicated that

addition of Phi6 or the AuNPs did not alter the surface tension due to their relatively low
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concentrations (Phi6 =10° PFU/mL, AuNPs =10® NPs/mL). Initial contact angles were measured
for each polypropylene substrate and the small standard deviation (< 5°) showed the consistent
surface properties of the substrates.

Using our SERS maps and a binary filter, we calculated the CRC as a function of time to
evaluate the magnitude of the coffee-ring effect (Figure 3a & 3b). Note that the CRC evaluated
from SERS maps directly reflects the relative coffee-ring effect of AuNPs and provides an
indication of the Phi6 distribution due to their similar size and surface charge. Further
investigation is needed to generalize how the CRC values reflect the distribution of all
components in droplets. In general, for AuNPs, they were homogeneously distributed initially
(CRC = 0.3) and then exhibited variable accumulation patterns towards the end of evaporation.
For all RH values, the CRC value for the 1x DMEM droplets increased significantly near the end
of droplet evaporation. Figure 3b shows how the CRC values change over time for three types of
AuNPs. Although there is variability in the CRC values across the different conditions, similar
trends were observed for all AuNPs at RH 50% as well as for the pH nanoprobes at the other RH
values (Figure S10). We calculated the CRC of initially supplemented DMEM droplets at the
conclusion of droplet drying and report it in Figure 3c. This value reflects the final dried state for
a given droplet. We observed a systematic decrease in the CRC with a decrease in the DMEM
concentration thus suggesting suppression of the coffee-ring effect. The change in DMEM
concentration alters the relative importance of surface tension gradient induced capillary flow
relative to concentration gradient induced Marangoni flow and thus alters the final CRC.25686 As
indicated in Table 1, the AuNPs had diameters ranging from 41 to 112 nm and electrophoretic
mobility values varying from -1.01 to +4.19 m? - V=1 - S=1_ This range bounds the measured size

(88.1 nm) and electrophoretic mobility (-0.75 m? - V=1 - S71) of Phi6. The similar trends
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observed for AuNPs(+), AuNPs(-), and the pH nanoprobes suggest that deposition of colloids
with sizes and surface charges within the range involved in this study should be similar during
evaporation. Accordingly, the AuNPs, especially the pH nanoprobes, which have the closest size,

charge, and most similar surface characteristics can be regarded as physical surrogates for Phi6.
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Figure 3. a) Determination of coffee-ring coefficient (CRC). b) The final CRC (30 mins for 25%
RH, 50 mins for 50% RH, and 120 mins for 75% RH) calculated for each droplet at different
conditions. Cy in the x-axis refers to the composition of stock DMEM (1x, Table S2).c) CRC values
for different AuNPs at 50% RH as a function of time and initial DMEM concentration. d) CRC
values of different droplet residues and different DMEM concentration at 50% RH, the CRC values
were calculated according to the distribution of pH nanoprobe. The error bar in panel c) and d)
represent the stranded deviation from duplicate measurements.

The correlation between the coffee-ring effect and virus infectivity. Neither droplet
evaporation rate nor final pH were impacted by droplet composition; however, both viral
viability and the magnitude of the coffee ring effect were affected. We therefore investigated the

potential correlation between these two latter factors. We observed lower CRC values, which
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indicate more homogeneous distributions within dried droplets, for low DMEM (<0.01x)
concentration in both supplemented and non-supplemented DMEM droplets (Figure 3d). This
trend correlates well with the greater decrease in Phi6 infectivity observed for lower DMEM
concentrations (Figure 1b). Addition of 2% FBS produced readily apparent coffee-rings (CRC >
0.9) at all DMEM concentrations, correlating with the observed suppression of virus inactivation.
Droplets with 0.08% BSA exhibited a comparable CRC to FBS droplets for lower DMEM
concentrations (0.1x and 0.01x); however, 1x DMEM with BSA showed a decreased CRC that
may reflect the altered interaction between BSA and charged molecules in concentrated

DMEM 61707t The greater CRC for 1x DMEM-BSA droplets coincides with increased decay of
Phi6. To suppress salt crystallization and the coffee-ring effect, we amended DMEM with
0.5%wt SDS (Figure S7). SDS addition resulted in more homogeneous droplet residues and Phi6
was below our limit of detection (<3 log;, unit). This result is consistent with previous studies
that have shown enhanced Phi6 inactivation in the presence of SDS.”>"* The Pearson’s
correlation coefficient relating the calculated CRC values and virus decay for comparable
conditions was -0.87, thus suggesting a strong inverse correlation. This inverse correlation
suggests that the magnitude of the coffee-ring effect affects virus inactivation during sessile
droplet evaporation.

A very high spatial resolution SERS map acquired under 50% RH (Figure 4) indicated that while
the majority of AuNPs aggregated within the coffee ring that some are retained at the edges of
protein-salt crystal structures formed within the interior of the droplet residue. The partitioning
of nanoparticulate species inside a dried droplet, including Phi6, should follow a similar pattern
wherein the majority of the particles aggregate within the coffee ring, and the remainder

associate with crystal structures that form in the residue interior. Decreased DMEM
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Figure 4. Overlapping high-resolution SERS and optical images of a 1x DMEM droplet residue.
As shown, AuNPs primarily aggregate within the coffee ring, however, some AuNPs are retained
at the edges of the protein-salt crystals found within the residue interior.

concentrations result in less apparent or unobservable crystal structures. The droplet components
become more highly aggregated when the DMEM concentration and the protein concentration,
(with the exception of the DMEM-BSA system), are high. Virus accumulation due to the coffee-
ring effect and protein or salt crystallization impact viability*>*¢ as they result in decreased
environmental exposure due to the formation of a protective microenvironment.”

Conclusion.

This study has shown that processes dictating the physical deposition of enveloped viruses
within drying droplets, as illustrated using AuNPs, may affect virus infectivity during

evaporation and that even the potential protection provided by proteins is altered. DMEM is a
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complex media with many similarities to human exhalate and thus the observed correlation
between the coffee ring effect and virus inactivation is expected to apply for environmental
droplets. Designs or interventions that suppress the coffee-ring effect, such as the use of porous
substrates or addition of surfactants,**? may decrease virus longevity — a hypothesis supported
by recent studies.'>’”* An increase in temperature also suppresses the coffee-ring effect, which
along with more direct effects on viral capsid and envelope stability, may explain increased viral
inactivation at high temperatures.!>’> Recently, Fedorenko et al.” reported longer Phi6
persistence on glass compared to that reported herein. Glass is generally more hydrophilic than
polypropylene and exhibits a larger coffee-ring effect and thus enhanced Phi6 longevity is
expected. Recently, surface disinfection methods using engineered surfaces and various droplet
compositions have been suggested.”””® Our findings will aid in the design and fabrication of such
surface-dictated disinfection methods and materials. Finally, the relation between colloid
deposition and viral longevity is affected by numerous environmental parameters, and cannot be
independently assessed based solely upon chemical composition; therefore, future studies that
examine the impacts of other surfaces and droplet compositions on the coffee ring effect are
required to obtain a more mechanistic understanding of virus disinfection on surfaces.
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